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Abstract: Wastewater treatment using microbial fuel cells (MFCs) is a potentially useful technology
due to its low cost, environmental friendliness, and low sludge production. In this study, a single-
chambered air cathode MFC (SCMFC) was developed and investigated regarding its performance
and microbial community evolution following nitrate exposure. During long-term operation, diverse
denitrifiers accumulated on the electrodes to form a denitrifying MFC (DNMFC) with stable activity
for nitrate reduction. The DNMFC presented considerably higher electroactivity, stability, and
denitrification rates than the SCMFC. Though energy recovery decreased in the DNMFC by partial
organics utilized for heterotrophic denitrification, the electron transfer efficiency increased. Geobacter
as the absolutely dominant genus in the SCMFC anode was eliminated and replaced by Azonexus
and Pseudomonas in the DNMFC. Furthermore, the biomass of Pseudomonas (151.0 ng/uL) in the
DNMEC cathode was five-fold higher than that in the SCMFC, although the bacterial community
compositions were quite similar. The DNMFC with highly abundant Pseudomonas exhibited much
better performance in terms of electrochemical activity and nitrate removal. The evolution process
of functional bacteria from the SCMFC to the DNMFC comprehensively reveals the significant
role of denitrifying electroactive bacteria in a bioelectrochemical system for nitrogen-containing
wastewater treatment.

Keywords: microbial fuel cells; nitrogen; denitrification; community evolution; denitrifying electroac-
tive bacteria

1. Introduction

Nitrogen, as one of the main targeted pollutants in wastewater treatment [1], is exten-
sively removed through the A/O process involving aerobic nitrification by autotrophic
bacteria and anaerobic denitrification by heterotrophic bacteria [2,3]. This process is charac-
terized as occupying a large area and producing excess sludge, with high energy consump-
tion and costs, which is an unsustainable strategy for the development of the ecological
environment. The microbial fuel cell (MFC), especially the single-chamber air cathode
MEFC (SCMFC), seems to be a high-potential technology for wastewater treatment because
it not only provides benefits in terms of direct electricity generation and reduced sludge
production but also saves aeration energy and enhances nutrient removal [4,5]. There-
fore, the SCMFC has become an amazing technology for nitrogen removal in wastewater
treatment [6-8].

As known, SCMFCs can efficiently remove nutrients and nitrogen while enhancing
energy recovery through various improvement strategies [9-12]. These strategies generally
include the tailoring of the electrode spacing [13] and external resistance [14], solution con-
ductivity or a buffer [15], different chemical oxygen demand (COD)/N wastewaters [16,17],
electrode materials [18,19], and catalysts [20,21]. The maximum removal efficiencies of
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chemical oxygen demand (COD), NH;*-N, and total nitrogen (TN) are above 90%; mean-
while, the maximum columbic efficiency (CE) increases to 69.2%. Major studies have
remarked that nitrogen removal in SCMFCs is consistent with conventional nitrification
and denitrification [22,23]; however, a few researchers have thought that bioelectrochemical
denitrification plays a key role in a denitrifying MFC (DNMFC) for low-COD wastewater
treatment [24,25].

In a common chamber, the nitrogen removal mechanism in a DNMFC appears to
be considerably complex: ammonium is oxidized to nitrite /nitrate by nitrifying bacteria
on the cathode, and nitrification products are either reduced through heterotrophic den-
itrification [26] or via bioelectrochemical denitrification [27]. Further, nitrate reduction
by denitrifying bacteria is also accompanied by the consumption of organics as electron
donors, which compete with anode respiration [11,26,28]. Therefore, in order to clarify
the mechanism of nitrogen removal in the bioelectrochemical system, it is necessary to
comprehensively compare the quantitative distribution of nutrients and dominated bacteria
between SCMFCs and DNMFCs for nitrogen-containing wastewater treatment.

This study focused on quantifying the distribution of acetate and nitrogen and the
exact concentrations of the dominant functional bacteria in MFCs. Therefore, we fabricated
a special SCMFC and DNMFC to compare their performances in terms of electrochemical
activity and nitrogen removal. Furthermore, the functional bacterial distribution was
accurately quantified based on the DNA concentrations. Quantifying the distribution of
nutrients and functional microorganisms in SCMFCs and DNMFCs can not only clearly
explain the evolution process of the MFC system after nitrate exposure, but can also
effectively guide the efficient removal of nitrogen in wastewater.

2. Materials and Methods
2.1. MFC Configuration and Operational Conditions

The single-chamber microbial fuel cell (SCMFC) consisted of a chamber ($3 cm x 4 cm)
with a total working volume of 30 mL. The anode was composed of a circular carbon
cloth (Alfa Aesar, Thermo Fisher Scientific Inc., Waltham, MA, USA) with a diameter
of 3.0 cm, which was pre-enriched by hanging on a mature anode in the dual-chamber
MFC in long-term stable operation [29]. Poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow
Inc., Auburn, MI, USA) was brushed on the blocking layer of a commercial carbon cloth
(W1s1009, Phychemi Co., Ltd., Hong Kong, China) as the diffusion layer, and platinum was
coated on the other side as the catalyst layer of the cathode [29]. The anode and cathode
were placed on opposite sides of the chamber and connected to a 1 k() resistor using a
titanium wire.

The synthetic wastewater (W1) was composed of 1.0 g/L CH3COONa, 10.13 g/L
NayHPOy, 6.08 g/L NaH;POy, 0.13 g/L KCl, 0.31 g/L NH4Cl, and 12.5 mL/L Wolfe’s
mineral solution. NaNOj3 instead of NH4Cl was added into W1 as nitrate-containing
wastewater (W2). Then, wastewater was purged with N2 until the dissolved oxygen (DO)
was maintained below 0.2 mg/L and fed into the SCMFC and DNMFC chambers. The
system was operated in fed-batch mode at an ambient temperature of 30 & 1 °C. After
operation for 15 d, 38 d, and 50 d, polarization curves were tested by varying the external
resistance from 10,000 to 10 (2 and measuring the voltage at each resistance. All tests were
conducted in duplicate, and parallelization of more than three cycles was tested under
identical conditions in each test to ensure the accuracy of the results.

2.2. Analysis

During the stable operation stage, the effluent samples were withdrawn from each
batch using a syringe and passed through a syringe filter (0.45 um pore diameter) before
analysis. The concentrations of chemical oxygen demand (COD), NH;*-N, NO,-N, and
NO;7~-N were measured according to the APHA standard methods [30]. The output
voltages were recorded at 5 min intervals using a computer with a data acquisition system,
as described previously [28]. Power density curves were calculated by varying the external
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resistor. The total genomic DNA was extracted from an entire piece of each electrode, and its
concentration of nucleic acid was measured to express the electrode biomass. The dominant
bacteria in the microbial community were identified by high-throughput sequencing. The
quantification of the dominant bacterium was calculated as the percentage multiplied by
the total DNA concentration. The charges from the collected electric charge (Ee) by MFCs,
the theoretically consumed electric charge for nitrate reduction (EN), and the theoretically
generated electric charge by acetate oxidation (EA) were calculated by using the equations
presented in the Supporting Information, as well as the coulombic efficiency (CE, %) and
electron transfer efficiency (ETE, %).

2.3. Micromorphology Observation and Microbial Community Analysis

The micromorphology of the electrode biofilms was observed by using a scanning
electron microscope (SEM) (JSM-6510LV, JEOL Ltd., Tokyo, Japan) and confocal laser
scanning microscope (CLSM) (InVia Reflex, Renishaw Plc., Gloucestershire, UK). The
sample treatment method before SEM and CLSM is described in the Supporting Information.
The V3-V4 regions of the bacterial 165 rDNA were amplified by using the Gene Amp
PCR System (Applied Biosystems, Foster City, CA, USA) using the primers 338F (5'-
CCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTA CHVGGGTWTCTAAT-3'), where
the barcode was an eight-base sequence unique to each sample [31]. The PCR products
were sequenced using the MiSeq Illumina platform (Majorbio Bio-pharm Technology,
Shanghai, China). The raw data were processed using the Illumina RDP database, and
reads were demultiplexed according to the index sequence [28]. The analyzed data were
used to express the microbial community distribution of electrode biofilms at the class and
genus levels.

3. Results and Discussion
3.1. Performance Evaluation of DNMFC and SCMFC
3.1.1. Electroactivity Performance

Power densities and polarization curves were measured to express the electroactive
stability of electrode biofilms in the DNMFC and SCMFC during operation. As shown in
Figure 1, similar waves of power density and polarization curves on days 38 and 50 indicate
the stability of the operating system and the electrode biofilms. Furthermore, according to
the polarization curves, the anode potentials were highly consistent with the increase in
current densities, attributed to the pre-enriched biofilm of the anodes before reactor startup.
The cathode potential tended to be stable after 38 d, indicating the appearance of stable
and mature biofilms on the surface of the Pt/C cathode. Significantly, from the moment
of reactor startup, the maximum power density of the DNMFC only decreased by 16.5%
from 13.3 £ 0.6 to 11.1 & 0.8 V/m?3 after 50 days, whereas that of the SCMFC reduced by
more than 41.3% (declined from 12.1 # 0.3 to 7.1 & 0.4 V/m3). The considerable difference
between the DNMFC and SCMFC was attributed to the cathode potential decay rather than
the anode potentials, implying the presence of a more highly electroactive biofilm on the
DNMEFC cathode.
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Figure 1. Power densities (A,C) and electrode polarization curves (B,D) of MFCs for different
incubation times. DNMFC (A,B); SCMFC (C,D).

3.1.2. Voltage Variation and Nitrogen Removal

On the other hand, electron recovery and nitrogen removal abilities were exhibited by
MECs with the W1 and W2 treatments (Figure 2 and Table 1). To begin with, the cycle time
of MFCs in the presence of NH;* was approximately two times longer than that in the pres-
ence of NO3 ™. Therefore, the relative electron recovery of the DNMFC and SCMFC sharply
decreased from 106.8 + 0.3 to 46.7 & 0.2 umol/e and from 127.3 4+ 0.3 to 36.2 + 4.5 umol/e,
respectively. Additionally, the NH,* losses in the DNMFC and SCMFC were only 6.2% and
13.5%, respectively; furthermore, a null concentration of NO, ™ and NO3; ™~ was detected in
the bulk solution throughout cycle operation, indicating that ammonium oxidation did not
occur on the air cathode surface (Figure 2B). The voltage in the SCMFC gradually decreased
and remained constant throughout the DNMFC cycle, implying that nitrogen significantly
influenced the voltage stability in the SCMFC. Last but not least, significant differences in
the route of NO3 ™~ reduction were notably observed in the DNMFC and SCMFC. In the
DNMFC, NO3;~ was rapidly reduced, with no noticeable accumulation of intermediates
during the entire process, demonstrating the efficient biological denitrification by denitri-
fying bacteria [32]. However, distinct accumulations of NO, ™ and NH4* were observed
in the SCMFC, implying that NO3 ™~ was removed by converting it to N, or ammonia via
dissimilatory nitrate reduction [33]. In the SCMFC, the removal rates of NO3 ™~ and total
nitrogen were 80.3 & 2.0% and 65.0 & 3.5%, respectively, which were considerably lower
than those in the DNMFC. Similarly, the DNMFC exhibited a higher COD removal ability
than the SCMFC, implying that nitrate reduction also promoted organic matter removal.
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Figure 2. Voltage outputs and nitrogen concentration changes in DNMFC and SCMFC with NH,*
/NO3 ™ -containing wastewater treatment.

Table 1. Comparisons of energy recovery and nitrogen removal in SCMFC and DNMFC under NH4*
or NO3 ™ -containing conditions.

DNMEC SCMEFC
Electron recovery (NH4 ") 106.8 + 0.3 1273 £ 0.3
NH,4*-N loss 6.2 £ 0.5% 13.5 + 1.0%
NO3™-N generation 0.3 £0.1% nd.!
COD removal 934 £0.2 87.4 £ 0.4%
Electron recovery (NO3 ™) 46.7 + 0.2 36.2 +4.5
NO3 ™ -N removal 99.2 + 1.0% 80.3 + 2.0%
NO,™-N generation 0.03 + 0.01% 49 +0.2%
NH,*-N generation 0.1+0.2% 114 £1.2%
TN removal 98.1 £ 0.2% 65.0 + 3.5%
COD removal 954 £+ 0.2% 89.3 £ 0.5%

n.d. ! means that the NO3 ~-N concentration is below the detection limit.

3.1.3. Performance of DNMFC

The electron fluxes in the DNMFC were also investigated at COD/NO3 ™ ratios from 8
to 3.6 (Figure 3 and Table 2). NO3;~ was majorly removed when the COD/NO3™ ratio was
above 4.3, which was quite close to that of 3.5 for removal by heterotrophic denitrifying
bacteria [1]. Therefore, compared to traditional biological denitrification in wastewater
treatment, bioelectrochemical systems (BESs) for nitrogen removal have the advantages
of a lower production of active sludge, high efficiency, and energy recovery. Compared to
the electroactivity and electricity generation in BESs, the CE of 38.0 £ 1.1% in the DNMFC
was slightly lower than that of 45.3 4= 0.8% in the SCMEFCs, in the absence of NO3 ™. CEs
sharply declined with a decrease in the COD/NOs3~ ratio, whereas ETEs increased from
52.5 + 0.5% to 71.1 £ 0.8% and then decreased to 44.2 + 0.5% at a COD/NOj3 ™ ratio of 3.6.
Under the conditions of insufficient organic matter, the intermediates of NHs* considerably

accumulated, suggesting the presence of electrochemical nitrate reduction to ammonia in
the DNMFC.
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Figure 3. Voltage outputs (A), nitrogen distribution, and the collected electric charge (B) of DNMFCs
at different COD/NOj3 ™ -N ratios.

Table 2. Comparison of electron transfer efficiency in DNMFC under different COD/NO3;~-N ratios.

_ Epl Ee 2 En?® CE ETE
COD/NO;™-N (umol/e) (umol/e) (umol/e) (%) (%)
8:0 281.1+£3.5 106.8 £4.5 / 38.0+£1.1 380+£1.1
8:1 281.1+£2.5 464 +2.0 101.2+1.2 16.5+ 0.5 5254+ 0.5
5.4:1 210.8 £ 2.8 23.0+1.2 1153+ 15 109+ 0.5 65.6 £ 0.5
4.3:1 168.7 £ 2.1 73+ 0.6 1126 £1.0 434+08 71.1£0.8
3.6:1 1405+ 1.7 52+05 56.9 + 0.5 3.7+05 442 4+ 0.5

! Theoretically generated electrical charge of acetate; 2 collected electric charge from current generation; 3 theoreti-
cally consumed electric charge for nitrate reduction.

3.2. Microbial Community Analysis of DNMFC and SCMFC

The surface morphology of the electrodes showed that bacteria were densely dis-
tributed on the carbon fiber of the anode and the Pt/C nanoparticles of the cathode to
form a thin biofilm (Figure S1). Based on Illumina sequencing, the bacterial community
diversity in the DNMFC and SCMFC was investigated at the genus level (Figure 4). The
observed bacterial community compositions differed significantly, especially in the anode.
Geobacter, a model genus of electroactive bacteria (EAB), was widely found in acetate-fed
BESs [32-34]. In this study, Geobacter, which was the most dominant genus in the SCMFC
anode (accounting for 63.7%), practically disappeared in the DNMFC. In contrast, the
bacterial communities of the DNMFC were dominated by Azonexus (33.1%), Pseudomonas
(17.6%), and Comamonas (10.7%), which are usually identified as chemoheterotrophic deni-
trifiers (DNBs) and denitrifying exoelectrogens (DENBs) [35-37]. Moreover, other genera
related to nitrate reduction, such as Rhodocyclus, Azoarcus, Chryseobacterium, Ignavibacterium,
and Aminiphilus, were also dominant in the system and mainly involved in the microbial
degradation of organic matter and nitrogen [8,38].

Interestingly, similar compositions of the bacterial community were notably found
in the cathode of the DNMFC and SCMFC but at different abundances. Pseudomonas
species, which are identified as DENBs [39], accounted for 49.6% and 29.4% of the bacteria
in the DNMFC and SCMEC, respectively. It seems that the addition of nitrate enriched
the DNBs in the DNMFC, and the few species that adhered to the cathode surface were
involved in the extracellular electron transfer on the cathode [34]. Thus, compared to the
SCMEFC, the cathode biofilm in the DNMFC displayed an increased DENB abundance,
which partly compensated for the active site reduction of Pt/C. The oxygen reduction
reaction (ORR) using a chemical catalyst of Pt/C can be performed in a series of reactions
with the cooperation of Pt/C, DNBs, and DENBs. Compared to the metal-free carbon cloth
used as a cathode, the metal-coated cathode in the SCMFC had a shorter startup time, with
higher bioelectrochemical activity and nitrogen removal efficiency [8].
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Figure 4. Microbial community analysis of the anode (A) and cathode (B) at the genus level in the
DNMEC and SCMFC.

3.3. Quantitative Analysis of Functional Bacteria

The biomass densities of the SCMFC and DNMFC considerably differed when viewed
through a scanning electron microscope (Figure S2). The anode biofilm biomass of the
DNMEFC expressed by the total DNA concentration was 145.1 &+ 5.5 ng/uL, which was
slightly lower than that of the SCMFC at 197.1 £ 5.1 ng/uL. Conversely, the cathode
biofilm biomass of the DNMFC (306.4 & 13.5 ng/uL) was approximately three times thicker
than that of the SCMFC (109.7 £ 7.1 ng/uL). Furthermore, when viewed at a macroscopic
level, the biomass in the solution significantly differed between the DNMFC and SCMFC
(Figure S1). The DNMFC solution was slightly turbid, whereas the SCMFC solution was
clear, implying that nitrate induced microbial metabolism in the solution and subsequently
increased the cathode biofilm biomass.

According to the total DNA of the samples and the relative abundance of each domi-
nant genus, the biomass was quantitatively determined, and the change trends achieved
between the SCMFC and DNMFC were identified (Figure 5). The dominant genera of the
anode biofilm in the DNMFC were in the order of Azonexus, Pseudomonas, Comamonas, Chry-
seobacterium, and Aminiphilus, which are considered DNBs and EAB. However, the single
most dominant genus on the SCMFC anode was Geobacter, which reached 125.6 ng/uL
and accounted for 63.7%. The genus Azonexus dominated the anode of the DNMFC with a
high relative abundance of 33.1%, which practically disappeared in the cathode biofilm,
implying that Azonexus as an alternative DNB needs anaerobic conditions for growth. In
contrast, few aerobic bacteria (including Aquamicrobium and Azoarcus) exhibited remark-
ably high relative abundances in the cathode chamber, consuming O, permeating from the

air cathode, thereby making the cathode a hypoxic environment suitable for the growth
of denitrifiers.
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Figure 5. Comparisons of bacterial concentrations in anodes (A) and cathodes (B) of DNMFC
and SCMEFC.
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The Pseudomonas biomass of 151.0 ng/uL in the DNMFC cathode was five-fold higher
than that in the SCMFC, confirming the involvement of DENBs in nitrate reduction and
cathode electron transfer. The high abundance absolutely dominated the cathode micro-
bial community, indicating that this special genus remarkably reduced nitrate through
heterotrophic/electrochemical denitrification [28,40]. Additionally, the biomasses of other
dominant genera, except for Aquamicrobium [40] and Pannonibacter [41], were rather sim-
ilar between the DNMFC and SCMFC, which may be related to the inoculum. These
results proved that the good performance of the DNMFC benefited from the cooperation
of nitrogen-removing bacteria. In brief, for nitrate reduction, the DNMFC with nitrate
exhibited higher values for functional abundance compared to that of the SCMFC, which
enhances the simultaneous electricity generation and denitrifying process in nitrogen-
containing wastewater treatment [28]. During long-term operations of the DNMFC, when
observed using CLSM, copious amounts of bacteria in the inner layer of the electrode
biofilms died (Figure 6), demonstrating that the inner layer of the thick biofilm could not
satisfy the nutrient demand in the oligotrophic micro-environment [34].

A

60-days

Figure 6. CLSM of proteins within the interior layers of electrode biofilms in the DNMFC after
7 d (A,B) and 60 d (C,D) of operation. (A,C) are the anodes of the DNMFC; (B,D) are the cathodes of
the DNMFC.

3.4. Insights into the Evolution Process after Nitrate Exposure

According to the above results, the microbial community evolution process in the
single-chamber MFC following nitrate exposure can be described. The community structure
of the anode biofilm was relatively simple; Geobacter was absolutely dominant in the acetate-
fed SCMEC [28,34]. However, Azonexus and Pseudomonas, which are known DNBs and
DENBs, prefer to grow in nitrogen-containing solutions, replacing Geobacter and becoming
the new dominant species in DNMFCs [8,35,42]. Nitrate stimulates the growth of nitrogen-
metabolizing bacteria, resulting in DNB enrichment, with a remarkable ecological impact
on DNMEFCs [26,43].

When considering both the relative abundances and total biomass in the test system,
the compositions of the dominant genera from the SCMFC to DNMFC were comprehen-
sively analyzed. In this study, the functional bacteria can be grouped into three categories:
DNB, EAB, and DENB. First, DNBs were rapidly accumulated in the solution and then
adhered to the electrodes after nitrate exposure. Second, EAB that could adapt to the nitrate-
containing aqueous environment were either retained (such as Ignavibacterium, Rhodocyclus,
and Desulfomonile) or gradually eliminated (for example Geobacter) during system opera-
tion [11]. Finally, the relative abundance of Pseudomonas increased considerably in both
the cathode and anode biofilms, which identified its capacity to metabolize nitrogen and
transfer electrons. Previous studies have confirmed that Pseudomonas is widespread in the
electrode, which contains nitrate-reducing species [28,39]. In this system, Pseudomonas was
related to simultaneous nitrate reduction and electron transfer, consistent with a previous
study [28].
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Compared to the DNMFC, the relative abundance of EAB, especially Geobacter, was
high in the SCMFC anode, whereas the cathode biomass remarkably increased based on the
similar microbial community structure. Therefore, nitrate exposure not only influences the
microbial community structure, but also enriches the relative functional bacteria, resulting
in an increase in the cathode biofilm biomass [39]. Despite the promising results achieved in
the DNMEC, the scalability and stability of microbial communities after long-term operation
should be investigated in further research. Furthermore, maintenance requirements and
performance under variable real-world conditions must also be addressed to fully realize
the potential of MFC technology in practical applications.

4. Conclusions

This study first compared the performance of SCMFCs and DNMFCs on nitrogen-
containing wastewater treatment and comprehensively elucidated the response of the
SCMEC to nitrate exposure, revealing the distribution of nutrients and functional bacteria
in DNMFCs. Though energy recovery decreased by 22.5% from the SCMFC to the DNMFC
for partial electron donors consumed by heterotrophic denitrification, the electron transfer
efficiency increased from 38.0% to 52.5%. At the same time, Geobacteria was the most
dominant genus in the SCMFC anode, while it was eliminated and replaced by Azonexus
and Pseudomonas in the DNMFC. The biomass of Pseudomonas (151.0 ng/puL) in the DNMFC
cathode was five-fold higher than that in the SCMFC, though the bacterial community
compositions were quite similar. The DNMFC with highly abundant Pseudomonas exhib-
ited much better performance in terms of electrochemical activity and nitrogen removal
following nitrate exposure. This microbial community evolution comprehensively reveals
the significant role of denitrifying electroactive bacteria in bioelectrochemical systems for
nitrogen-containing wastewater treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/separations11060187/s1. The calculation formula for electric
transfer and the treatment methodes of electrodes for SEM and CLSM were listed in the Supporting
Informations. The physical images of reactors and electrodes in DNMFC and SCMFC were shown in
Figure S1. The microbial morphology of electrodes were shown in Figure S2.
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