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Full length article
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A B S T R A C T

Mutual symbiosis of electroactive bacteria (EAB) and denitrifier may be the key for solving the refractory carbon 
and residual nitrogen in wastewater treatment plant effluent. However, its application is hampered by unclear 
co-metabolic model and uncertain electron transfer. Here, we achieved 3–5 times increase in refractory carbon 
degradation, 40 % improvement in denitrification, and 36.0 % decrease in N2O emission by co-culturing 
P. aeruginosa strain GWP-1 and G. sulfurreducens. Such an enhancement is obtained by both refractory carbon 
co-metabolism and interspecies electron transfer (IET) between GWP-1 and G. sulfurreducens. Importantly, IET 
was quantified via isotopic approach, which revealed that G. sulfureducens supplies more electrons to GWP-1 
when the system was fed with cellulose (0.071 mM) than glucose (0.012 mM). This study demonstrates that 
the residual refractory carbon and nitrogen in treated wastewater could be further converted by mutual sym
biosis of EAB and denitrifiers, which paves a synergic way for pollution and carbon reduction.

1. Introduction

As estimated, global wastewater production is about 359.4 × 109 

m3/year, of which 52 % is treated targeting on organic carbon and ni
trogen removal (Jones et al., 2021). However, the current wastewater 
treatment is still considered a hotspot of environmental pollution and 
carbon emission (Rothausen and Conway, 2011; Wastewater monitoring 
comes of age, 2022). As reported, the wastewater treatment in EU, US, 
and China emitted 23 million, 45 million, and 53 million tons of CO2-eq 
in 2019, respectively (Du et al., 2023). This is mainly due to the high 
energy and material consumption in wastewater treatment plants 
(WWTPs) (Wastewater monitoring comes of age, 2022). Besides, the 
considerable amounts of residual nitrogen (nitrate or nitrite) and carbon 
(e.g. cellulose) in effluents that are difficult to be removed by current 
biochemical processes (Zhou et al., 2022; Buzzini et al., 2006). For 

example, Amsterdam’s urban wastewater annually released 
17,000–21,000 tons of cellulose, representing 25–30 % of the total COD 
load (van der Hoek et al., 2016), and these refractory carbon sources 
were discharged with effluents into the receiving water indirectly. In 
addition, WWTPs also discharge residual nitrogen when carbon sources 
for denitrification are missing (Garrido-Amador et al., 2023). Therefore, 
elevating the denitrification efficiency by utilizing refractory carbon 
sources (e.g. cellulose) in effluent would be ideal solution tackling car
bon and nitrogen problems.

The integration of electroactive bacteria (EAB) and denitrifiers has 
been considered as a promising approach for sustainable wastewater 
treatment (Wan et al., 2018; Guo et al., 2023; Shi et al., 2016). Although 
significant progresses have been made regarding its performance on 
nitrogen removal and electricity generation, its wider application is 
hampered by the limited understanding on the co-metabolic pathways 
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and efficiency of interspecies electron transfer (IET) in such co-culture 
system (Graf et al., 2021). Studies have found significant amounts of 
EAB in wastewater treatment system, e.g., Geobacter was estimated to 
constitute approximately 10 %-14 % of the overall microbial community 
(Doherty et al., 2015; Aguirre-Sierra et al., 2020; Lu et al., 2015), and its 
abundance appeared to be positively correlated with the efficiency of 
nitrogen removal (Yan et al., 2021). However, most of EAB are generally 
unable to directly degrade refractory carbon sources (e.g. cellulose, 
lignin, hemicellulose, etc.), and on the contrary, Geobacter can absorb 
and metabolize small organic molecules produced by denitrifiers that 
degrade high-molecular carbon sources (Liu et al., 2017). Moreover, 
Wan, et al. (2018) have demonstrated an improvement of nearly 50 % in 
denitrification efficiency by introducing G. sulfurreducens into actual 
anaerobic denitrifying sludge with a low carbon-to-nitrogen ratio, which 
confirmed that G. sulfurreducens selectively enhanced the expression of 
the nirS gene coding for the nitrite reductase and leading to faster and 
more thorough denitrification. Although it is established that EAB can 
promote denitrifiers in completing the nitrogen removal process, several 
scientific questions about the internal mechanisms of this process 
remain unresolved. These include: i) Whether EAB and denitrifiers can 
co-metabolize carbon sources, especially refractory carbon sources like 
cellulose; ii) How the co-metabolic model of EAB and denitrifiers re
sponds to receiving and giving electrons; iii) How to determine the 
electron transfer path and quantify the transferred electrons of each 
transfer path.

To answer these questions, further studies employing binary culture 
systems are needed to determine the mechanisms underlying the mutual 
symbiosis between EAB and denitrifiers. In this study, the denitrification 
efficiency of P. aeruginosa GWP-1 (sieved from denitrifying sludge) and 
G. sulfurreducens co-cultured system was investigated with glucose and 
cellulose as carbon sources. The key protein enzymes and electron 
transfer quantity were qualitatively and quantitatively investigated. 
Integrally, the emitted nitrous oxide (N2O) was monitored together with 
carbon degradation and nitrogen removal. Overall, this study is ex
pected to unveil co-metabolic pathway and IET between EAB and de
nitrifiers and also to hold broader significance for achieving rapid 
enhancement and stable operation of denitrifiers in wastewater treat
ment systems with refractory carbon sources.

2. Materials and methods

2.1. Preparation of strains and synthetic wastewater

Geobacter (G.) sulfurreducens PCA (ATCC-51573) was activated from 
laboratory frozen stocks, and Pseudomonas (P.) aeruginosa strain (named 
GWP-1, GenBank: OR143777.1) was enriched and screened for the first 
time in our study. For the GWP-1 isolation, the enrichment was initiated 
with a secondary sedimentation tank sample, in which the relative 
abundances of denitrifiers (represented by nirS number/16S rRNA gene) 
were 18.6 %. The highest dilution denitrification was transferred into 
the liquid medium amended with 2.0 % agar with vitamin solution (1 
mL⋅L-1) and appropriate electron donor and acceptor (10 mM sodium 
cellulose and 20 mM sodium nitrate) (Wang and He, 2020). The pH of 
the liquid medium was kept constant at 7.0 before the experiment. The 
enrichment medium for GWP-1 isolation was modified with a N2/CO2 
[80:20 (vol/vol)] atmosphere at 30 ◦C under sterilizing oxygen-free 
stocks. Colonies were visible after five days. Individual colonies were 
picked with a disposable, sterilized needle in an anaerobic chamber and 
transferred into the streak plate containing 10 mL solid medium. This 
process was completed six times to further purify and achieve the ho
mogeneity and single GWP-1 colony (Huang et al., 2022). To identify the 
strain, a near full-length 16 S rRNA gene sequence was PCR amplified 
using the universal primer 27F(5′-AGAGTTTGATCCTGGCTCAG-3′) and 
1490R(5′-TACGGCTACCTTGTTACGACTT-3′). The 16S rRNA gene 
amplicon sequence was deposited in the National Center for Biotech
nology Information (NCBI) database and annotated using NCBI’s online 

Basic Local Alignment Search Tool (BLAST). Fig. S1 depicts GWP-1′s 
phylogenetic relationship and functions compared to other species 
within the same genus of Pseudomonas. GWP-1 is closely related to 
P. aeruginosa ATCC 15692 and PAO1, both of which are capable of 
denitrification and cellulose degradation.

In experiment, the 100 μL of pure GWP-1 and G. sulfurreducens were 
inoculated into the liquid pressure-resistant sterile flasks. The culture 
medium was prepared by simulating the composition of bio-tank 
effluent (Text S1), and the composition was approximately 90 mg 
COD /L from glucose and cellulose and 15 mg/L NO3

–-15N from K15NO3 
(15N for the calculation of electron transferring capacity) according to 
pervious study with slight modification (Chen et al., 2015). The initial 
pH of the culture medium was adjusted to 7.0. The anthraquinone-2,6- 
disulfonate (AQDS) as the efficient electron mediators was added into 
the culture medium to enhance the IET process at a concentration of 100 
μg/L. Before inoculating bacteria, the culture medium was treated at the 
high temperature (121 ◦C) and helium (He) blowing (10 min) to ensure 
the sterility and anoxic conditions.

2.2. Experimental design and procedures

The experiment was divided into two treatments: control group 
(glucose as “simple” carbon source, “S”) and treatment group (cellulose 
as “hard” carbon source, “H”). According to the presence or absence of 
AQDS, each group was set into two batches: no AQDS (control, CK) and 
AQDS (enhanced, E), and each batch was set into three groups: CK/CKE 
(no microorganisms with/without AQDS), P/PE (only GWP-1 with/ 
without AQDS), GP/GPE (co-existence of G. sulfurreducens and GWP-1 
with/without AQDS). All experimental groups were set in absolute 
anaerobic conditions in triple treatments. Therefore, in the experiment 
there are 36 microcosm systems (Fig. S2). The culture medium was 
placed in a 250 mL pressure-resistant sterile flask (liquid/headspace 
ratio is 3/2), and the OD600 value of culture medium with bacteria so
lution was within the range of 0.7–0.72. After inoculation and sealing, 
the flask was placed in an air bath incubator with 100 rpm and at 30 ◦C 
constant temperature for culture, and the whole process was carried out 
in an anaerobic glove box before sealing.

2.3. Solution and gas detection

Solution samples were taken from each flask at 0, 2, 4, 8, 12, 18, 24, 
36, 48, 56, 64, 72, 80, 88, 96, 108, and 120 h by a 2 mL syringe. The 
water samples were filtered through 0.22 μm polyethersulfone filters 
and immediately stored at − 20 ◦C until analysis, and then the water 
qualities were analyzed after diluting by using the segmented flow 
analyzer (SAN++, SKALAR, Netherlands). After the 5-days experiment, 
the headspace gas samples were undertaken by a syringe driving by the 
inter-pressure and stored in the 10 mL gas bag. The gas samples were 
measured using gas chromatography with the ECD (for N2O) detectors 
(GC-2010Plus, Shimadzu, Japan) (Su et al., 2021).

The N2O emission equivalent was calculated by the following 
equation: 

N2O emission equivalent(mMCO2) = 273 × V⋅CN2O (1) 

where CN2O and V is the N2O concentration (mM) and volume (ml), 
respectively; and “273” is constants for transforming N2O into CO2- 
equivalent emissions (Climate Change, 2022).

2.4. Characterization of AQDS electrochemical property

Electron spin resonance (ESR) measurements: This approach has 
previously been used as an indicator for the quinone and hydroquinone 
(AHAQDS and AH2AQDS) content in AQDS solution (Scott et al., 1998). 
The ESR spectra were obtained with a ESP300E spectrometer (Bruker, 
Germany). With the ESR measurements, the liquid culture medium was 
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added with a 0.1 M NaOH solution to obtain a 10 % v/v concentration. A 
glass capillary was then immediately filled with the solution and placed 
into the ESR cavity. The concentration of organic radicals was measured 
as a function of time in the basic solution at room temperature to obtain 
a stable concentration of organic radicals. The ESR instrument was 
operated with the following parameters: microwave frequency 9.85 
GHz, microwave power 20 mW, modulation frequency 100 kHz, con
version time 16 ms, and time constant 81.92 ms. Signal intensity varied 
linearly with the square root of the microwave power (R2 = 0.9997), 
indicating that power saturation was avoided under the operating con
ditions of the instrument. 3-Carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin- 
1-yloxy, a compound containing a nitroxyl free radical, was used as 
the standard for ESR. The spectra were electronically integrated on the 
Bruker ESP300E instrument. Replicate samples (n = 3) were measured 
to determine standard deviations. After the data file was exported, the 
Origin software was used for processing and drawing.

Electron-accepting (EAC) and electron-donor (EDC) capacities: 
Electrochemical experiments were performed with an electrochemistry 
workstation (CHI660D, Chenhua Co. Ltd, China) with a conventional 
three-electrode cell at an ambient temperature (Guo et al., 2023). A 
platinum plate electrode (Pt) with a projected surface area of 5 cm2 was 
used as the working electrode, and Pt net and Ag/AgCl electrodes as the 
counter and reference electrodes, respectively. The chronoamperometry 
(CA) measurements were performed to evaluate the EDC and EAC of 
AQDS or AHQDS in a N2 saturated PBS (pH = 7.2) at a potential of − 0.6 
V (vs. Ag/AgCl) under stirring. Chronoamperometric curves of AQDS in 
culture solution containing bacteria cells were detected at the applied 
potentials of − 1.0 V and +1.0 V at the begin and end of the experiment, 
respectively (Yuan et al., 2011). After the data file was exported, the 
Origin software was used for processing and drawing. Detailed, the 
quantification method primarily involves scanning the electron capacity 
of the culture system over a unit time using an electrochemical work
station. The scanning results are analyzed using Origin software to 
integrate the peak area, which reflects the electron acquisition and loss 
capacity of AQDS.

2.5. Characterization of microbial morphology

After the formal experiment, 5 mL of culture medium were sampled 
from each microcosm flask to use for observing microbial morphology 
and the co-existence relationship of EAB (rhabditiform) and denitrifiers 
(sphericity) under the scanning electron microscope (SEM, Quattro S, 
Thermo Fisher, U.S.) (Liu et al., 2019; Liu et al., 2012). The procedure of 
SEM was as follows: culture medium containing EAB and denitrifiers 
were centrifuged with a 5 mL centrifuge tube at 8000 rpm, 4 ◦C for 5 min 
and were washed three times with the phosphate buffer (0.1 M, pH =
7.4). Then, 2.5 % glutaraldehyde was added to fix the bacteria at 4 ◦C for 
at least 4 h. Subsequently, the bacterial samples were dehydrated in 
ethanol and tertiary butanol serials (50 %, 70 %, 80 %, 90 %, and 100 %, 
15 min per step). Finally, the dehydrated bacterial samples were dried 
using a critical evaporator. The dried bacterial samples were mounted 
on aluminum stubs, coated with gold, and imaged using the SEM.

Fluorescence in situ hybridization (FISH) analysis was referenced to 
previous study (Roots et al., 2019). Oligonucleotide probes for FISH 
were designed specifically for targeted bacteria cells with (EAB: 5′- 
GAAGACAGGAGGCCCGAAA-3′ labeled with CY5 and denitrifiers: 5′- 
GCTGGCCTAGCCTTC-3′ labeled with 6-FAM) and used for microscopic 
identification of the filamentous EAB and spherical denitrifiers by FISH. 
The plates were examined using the confocal laser scanning microscope 
(CLSM, Leica, TCS SP8 CSU, Germany). The detail profile is provided in 
the Supplementary Materials (Text S2).

2.5.1. Microbial growth monitoring
Solution samples were taken from each flask at 0, 10, 24, 48, 72, 96, 

and 120 h. All samples were maintained in an ice box as soon as possible 
and then analyzed within 24 h. Adenosine triphosphate (ATP) 

measurements and quantitative PCR (qPCR) analysis were used to 
analyze the total bacteria activity and quantify the bacteria abundance 
and denitrifying function. The measurements of ATP and qPCR were 
conducted as described by Yao et al. (Yao et al., 2023) and Livak et al. 
(Livak and Schmittgen, 2001). Among, details of the DNA extraction for 
qPCR analysis were described in our previous publication (Yang et al., 
2022; Yang et al., 2020), and the information of primers are listed in the 
Supplementary Materials (Table S1). The detail processes are described 
in Supplementary Materials (Text S3).

2.5.2. Proteomic analysis
At the end of 120 h experiment, the bacteria suspensions in a part of 

experiment groups (P, GP, and GPE) with feeding glucose or cellulose 
were collected and centrifuged at 8000 g under 4 ◦C for 10 min to obtain 
the bacterial precipitates. And then, the bacterial precipitates were sent 
to the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) for 
proteomic analysis. The detail processes are described in Supplementary 
Materials (Text S4). Finally, based on the quantitative results, the 
function enrichment analysis, protein–protein interaction (PPI) and 
subcellular localization analysis of the differential proteins were per
formed (Ma et al., 2020; Xu et al., 2019; Zhu et al., 2020). The mass 
spectrometry proteomics data have been deposited to the Proteo
meXchange Consortium (https://proteo-mecentral.proteomexchange. 
org) via the iProX partner repository (Ma et al., 2019) with the data
set identifier PXD044018. In this study, the key proteins with the 
remarkable fluctuation of abundance in main metabolic pathways in 
different culture systems was analyzed. For GWP-1, the relative abun
dance of HGP vs. HP and HGPE vs. HGP was compared, and for 
G. sulfurreduens, HGPE vs. HGP and HGP vs. SGP were compared. In 
addition, ‘Rich Factor’ was calculated to indicate the degree of differ
entially expressed proteins in different groups.

2.5.3. Electron-transferring efficiency
Electron transfer efficiency was measured in this study through an 

electron respiration approach by reducing tetrazolium chloride to for
mazan (Yang et al., 2020; Broberg, 1985). After the 120 h experiment, 5 
mL of bacterial solution were collected from each bottle in all groups and 
placed in a 50 mL centrifugal tube. Bacterial solution was first washed 
with 4 ◦C 0.05 M PBS thrice. 5 mL 0.5 % tetrazolium chloride and 5 mg 
NADH were added into the centrifugal tube. After incubation in the dark 
for 30 min (25 ◦C), 1 mL formaldehyde (HCHO) was injected into the 
centrifugal tube to terminate the reaction. The supernatant of the 
mixture was removed by centrifuging at 4500 rpm for 10 min. Then, 5 
mL 96 % methanol was added into the treatment samples, and the 
centrifugal tube was shaken to extract formazan at 200 rpm for 30 min. 
The supernatant was collected after being centrifuged at 8,000 rpm for 5 
min. Absorbance of the generated orange-like supernatant was quanti
fied at 490 nm. The electron transfer efficiency was estimated as 
following: 

ETE
(
μgO⋅min− 1⋅ml− 1solution

)
=

ABS490

15.9
⋅

V
V0t

⋅16⋅
1

Vm
(2) 

where ABS490 is the absorbance of the supernatant at 490 nm; 15.9 is the 
absorptivity of tetrazolium chloride − formazan; V0 and V (ml) are the 
volumes of initial mixture and methanol, respectively; t (min) is the 
incubation time; 16 is the factor for the transformation of tetrazolium 
chloride–formazan to O; and Vm (item) is the column of bacteria 
solution.

2.5.4. Electron-transferring capacity
After the experiment, the volume of the upper space of the culture 

bottle was recorded, and 15NO, 15N 2O, 15N 2 and CO2 gases were 
collected for concentration detection, and the yield of each component 
was calculated. Isotopic ratio mass spectrometer was used to detect the 
proportion of isotopically labeled elements in each component and to 
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calculate the content of isotopically labeled gas components in each 
component (Niemann et al., 2005). Finally, according to the law of 
material balance and conservation of electrons, the efficiency and 
improvement of denitrification and nitrogen removal driven by EAB 
were calculated. The detailed calculation process is as follows: 

• For GWP-1 (shorted by P.):

NO−
3 +3e− +4H+→NO+2H2O (1) 

2NO−
3 +8e− +10H+→N2O+5H2O (2) 

2NO−
3 +10e− +12H+→N2 +6H2O (3) 

C6H12O6 +6H2O→6CO2 +24H+ +24e− (4) 

• For G. sulfurreducens (shorted by G.):

C6H12O6 +6H2O→6CO2 +24H+ +24e− (5) 

First of all, in the denitrification process, NO3
–-N was reduced to 

produce NO (formula (1)), N2O (formula (2)) and N2 (formula (3)), 
which required the total of N e-, namely: 
∑

e−P. =
∑

e−NO +
∑

e−N2O +
∑

e−N2
= Ne− (6) 

Second, in the whole culture system, the microbial respiration (GWP- 
1 and G. sulfurreducens) completely degraded glucose and cellulose to 
produce CO2 (No other organic metabolite) (formula (4) and (5)), which 
could release M e-, namely: 
∑

e−CO2
=

∑
e−P.CO2

+
∑

e−G.CO2
= Me− (7) 

Among them, the number of electrons from denitrifiers degrading 
glucose through respiration was assumed to be a e-, the total number of 
electrons generated by respiration of G. sulfurreducens was assumed to be 
b e-, and the number of electrons provided by G. sulfurreducens to GWP-1 
through IET was assumed to be x e-. M, N, a, b, and x have the following 
relationship: 

ae− + be− = Me− (8) 

ae− + xe− = Ne− (9) 

By quantifying the headspace volume, M and N can be accurately 
obtained. As the presence/absence of AQDS had no effect on the phys
iological activity of denitrifiers, the electron contents (a e-) produced by 
denitrifiers degrading substrate were constant. When a was a constant 
value, in formula (8) and (9), ΔN = Δx, ΔM = Δb. In no AQDS groups, 
the total number of electrons transferring from G. sulfurreducens to GWP- 
1 was x e-, and the total number of electrons generated by 
G. sulfurreducens was b e-. In the AQDS groups, the abovementioned 
numbers were improved into x+Δx and b + Δx. To compare the in
crease of electron content transferring from G. sulfurreducens to GWP-1 
in glucose and cellulose groups, we first calculated the x value. Since 
in the same carbon source group, the presence/absence of AQDS only 
changed the efficiency of electron transfer but not the transfer capacity, 
the values of xb and x+Δx

b+Δx should be equal (x
b −

x+Δx
b+Δx = 0). Furthermore, the 

formula x
b −

x+Δx
b+Δx can be changed to (ΔM− ΔN)x− ΔN(b− x)

b(b+ΔM)
, therefore 

(ΔM − ΔN)x − ΔN(b − x) = 0 . Assuming that (ΔM − ΔN)x − ΔN(b − x) =

0, we can get x =
ΔN(b− x)
ΔM− ΔN. Formula (8)-(9) can get b − x = M − N. 

Therefore, x =
ΔN(M− N)

ΔM− ΔN can be derived. At this point, the value of 15NO, 
15N 2O, 15N 2 and CO2 gases we detected through isotopic tracers were 
plugged into the final formula, and we could quantify and compare the 
number of electrons transferring from G. sulfurreducens to GWP-1 (x e-) 
in glucose and cellulose groups, respectively.

2.6. Statistical analysis

All data assays were conducted in triplicate, and the results are 
presented as mean ± standard deviation. Analysis of variance (ANOVA) 
was used to compare results by group; p < 0.05 was considered to be 
statistically significant (SPSS 22.0, IBM). In the proteinic analysis, ‘Rich 
Factor’ is calculated by dividing the number of differentially expressed 
proteins annotated to that pathway by the total number of identified 
proteins annotated to that pathway.

3. Results

3.1. Growth dynamics of GWP-1 and G. sulfurreducens

Using glucose as carbon source, the bacterial growth dynamics 
showed expected patterns for both pure and co-cultured systems (Fig. 1a 
and S3). Differently, using cellulose as carbon source, the growth of 
G. sulfurreducens was significantly inhibited, while the growth of GWP-1 
was not influenced which showed similar, though lower, peaks in both 
pure and co-cultured systems compared to using glucose as carbon 
source (Fig. 1b). The above results indicate that G. Sulfurreducens can co- 
grow with GWP-1 via co-metabolizing the inedible carbon sources (only 
for G. Sulfurreducens), but it grew slowly in utilizing cellulose than 
glucose. Interestingly, the presence of AQDS greatly favored the growth 
of G. sulfurreducens, which is especially true for the case using cellulose, 
because G. sulfurreducens relied on AQDS for the electron transfer 
(Fig. 1b and S2b).

3.2. Denitrification performance

Using glucose as carbon source, nitrate removal remained consis
tently high (57.6 % ± 6.7 %) across all experimental groups, with 
negligible nitrite accumulation (0.060 ± 0.010 mg/L) (Fig. 2a). Differ
ently, when using cellulose as carbon source, G. sulfurreducens signifi
cantly enhanced nitrate removal in the co-cultured systems (GP, 43.3 %) 
compared to the pure cultured system (P, 28.3 %; PE, 12.2 %). The 
addition of AQDS further increased nitrate removal to 64.6 % (GPE). In 
co-culture systems (GP and GPE), there was nitrite accumulation in the 
middle stage (50–60 h, ~ 0.20 mg/L), which may be due to the rapid 
reduction of nitrate to nitrite, but not enough electrons to further 
reduce. And then, the accumulating nitrite gradually decreased towards 
the end of the experiment. Additionally, the degradation ability of de
nitrifiers to cellulose was also improved in the co-culture system 
compared to the pure GWP-1 system (increasing 3.0 – 5.0 folds), and it 
was further enhanced by the presence of AQDS. This improvement even 
was basically similar to that of glucose carbon source (Fig. S4).

Regarding the N2O emission, as shown in Fig. 2b, the N2O emission 
equivalent (CO2-eq) was lower in co-cultured systems than in pure GWP- 
1 systems, which was further reduced by adding AQDS. Remarkably, the 
presence of G. sulfurreducens and AQDS contributed to a significant 
reduction in CO2-eq in the co-culture systems using both glucose and 
cellulose as carbon source. For co-cultured systems fed with cellulose 
(GPE), the addition of AQDS contributed to 17.8 % reduction in CO2-eq 
compared to the co-cultured systems without AQDS and 36.3 % reduc
tion compared to the pure culture system with only GWP-1. Overall, the 
integral analysis of water and gas samples demonstrated that the pres
ence of EAB and AQDS not only increased the denitrification efficiency 
but also reduced N2O emission regardless fed with glucose or cellulose as 
carbon source. In order to explain these results, we conducted a verifi
cation analysis of the IET and substrate co-metabolism processes in the 
co-culture systems.

3.3. Interspecies electron transfer between GWP-1 and G. sulfurreducens

Fig. 3a shows that benzoquinone moieties were gradually reduced to 
semiquinone moieties as the main organic radicals over time, indicating 
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that AQDS received and stored electrons transferred from 
G. sulfurreducens. This is confirmed by results of electron acceptor 
capability (EAC) and electron donor capability (EDC) of AQDS (Fig. 3b- 
e). Initially, AQDS displayed strong EAC (840 μmol⋅e-/g) and weak EDC 
(3.9 μmol⋅e-/g), which reversed 120 h later (EDC, 220 μmol⋅e-/g; EAC, 
6.72 μmol⋅e-/g). Notably, the fluctuating redox state of AQDS suggested 
its continuously gain and loss of electrons (Fig. 3c and 3e). These results 
provided direct evidence for the presence of an indirect IET process in 
the co-culture system facilitated by AQDS.

Besides, the FISH images revealed distinct clusters formed by the two 
species, with interweaving bacteria resembling the cluster form. 
Notably, the clusters were predominantly composed of G. sulfurreducens 
in the inner region and GWP-1 in the outer region (Fig. 3f). As depicted 
in Fig. 3g and 3 h, many thin pili structures were clearly observed by 
SEM images between G. sulfurreducens and GWP-1 in the co-cultured 
systems, which may be considered as potential evidence for possible 
existence of direct IET.

3.4. Quantifying interspecies electron transfer

According to formula 1–9, the average electron transport efficiency 
(ETE) in cellulose-fed co-cultured systems were 23.2 % lower than in 
those feds with glucose (Fig. 4). By adding AQDS, the ETE increased by 
36.5 % in glucose-fed co-cultured systems, but no significant increase 
was observed in cellulose-fed co-cultured systems. Specifically, the 
number of electrons accepted for denitrification (N) in the cellulose-fed 
co-cultured systems was significantly lower than in the glucose-fed 
systems. The addition of AQDS promoted electron utilization for ni
trate reduction for co-cultured systems fed with both glucose (ΔN =
0.0070 mM e-) and cellulose (ΔN = 0.0030 mM e-) (Fig. 4c). As 
mentioned above, these results align with the observed trends of 

denitrification efficiency. Similarly, the generation of electrons through 
respiration (M) in the glucose-fed co-cultured systems was significantly 
higher than in those fed with cellulose, and the addition of AQDS 
enhanced the respiration process and electron generation (ΔM = 0.0090 
mM e-, glucose; ΔM = 0.029 mM e-, cellulose; Fig. 4c). Hence, the dif
ference between donor and acceptor electrons revealed significant dif
ferences in electron-storing potential (M− N) between co-culture systems 
fed with glucose (0.064–0.090 mM e-) and cellulose (0.021–0.024 mM 
e-), highlighting the importance of AQDS for electron-storing potential. 
The efflux electrons from extracellular electron acceptor bacteria (i.e., 
G. Sulfurreducens) are likely stored in AQDS as semiquinone groups. 
More specifically, G. sulfurreducens supplies more electrons to de
nitrifiers when fed with cellulose (x = 0.071 mM e-, x=0.025 mM/ 
mg⋅cellulose, with AQDS) compared to fed with glucose (x = 0.012 mM 
e-, x=0.0030 mM/mg⋅cellulose, with AQDS). Overall, these results 
indicate that IET processes between EAB and denitrifiers collectively 
enhanced ETE in the co-cultured systems, especially under the 
enhancement of AQDS, and in cellulose group there was more electron 
transferring from EAB to denitrifier.

3.5. Co-metabolism processes between GWP-1 and G. sulfurreducens

Fig. 5 illustrates the statistical analysis of protein abundance 
changes. It revealed that the presence of G. sulfurreducens particularly 
increased the abundances of key protein enzymes in GWP-1 regarding 
carbon metabolism, electron and energy conversion, and denitrification 
(Fig. 5a). Meanwhile, the abundances of key protein enzymes in extra
cellular respiration of G. sulfurreducens were significantly higher in the 
cellulose group than in the glucose group, and the results was further 
increased by the presence of AQDS (P value < 0.05, Fig. 5a and 5b). 
Remarkably, the key enzymes responsible for cellulose degradation, 

Fig. 1. The growth kinetics curve of G. sulfurreducens and P. aeruginosa strain GWP-1 in the different systems and temporal variations in the unique gene abundance 
ratio of the two bacteria in the co-cultured systems feeding with glucose [a] and cellulose [b]. Data are presented as the means ± standard deviation, n = 3.

Fig. 2. [a] Temporal variations in NO3
–-N and NO2

–-N concentrations for 120 h feeding with glucose and cellulose in the presence/absence of AQDS in the different 
culture systems. [b] The N2O emission equivalent in the different culture systems after 120 h. The different letters (a and b) indicate statistically significant dif
ferences between the different culture systems. Data are presented as the means ± standard deviation, n = 3.
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such as endoglycanase (2.67 folds) and β-glucosidase (3.72 folds), 
exhibited a significant increase in abundance in the co-cultured systems 
compared to pure culture systems. These results suggested carbon co- 
metabolism between the G. sulfurreducens and GWP-1, benefiting cel
lulose utilization and nitrate reduction (Fig. 5a). Moreover, the addition 
of AQDS further increased the relative abundance of key protein en
zymes of carbon metabolism in G. sulfurreducens and GWP-1. The 
abundances of nitric oxide reductase (NOR) and nitrous oxide reductase 
(N2OR) enzymes in GWP-1 were significantly higher by above 1.5 folds 
compared to systems without AQDS, which aligned with the observed 
trends of NO3

–-N reduction and N2O emission as shown in Fig. 2a and 
Fig. 2b. The abundances of NADH dehydrogenase and cytochrome 
proteins (MacA, PpcB, OmcB, OmcC, and OmcZ) in G. sulfurreducens 
were also significantly higher by 1.36–3.27 folds compared to systems 
without AQDS (Fig. 5). Overall, as confirmed by proteomics results, 
G. sulfurreducens was capable to utilize small molecule carbon produced 
from cellulose and glucose degraded by GWP-1. Moreover, through the 
IET process, electrons generated by extracellular respiration are trans
ferred to GWP-1 and promoted carbon co-metabolism and denitrifica
tion efficiency.

4. Discussion

In previous studies, the mutual symbiosis processes involving EAB 
mainly focused on enhancing redox reactions that were otherwise 

difficult to achieve through IET. For instance, the co-culture of 
G. sulfurreducens and G. metallireducens not only enhanced ethanol 
degradation but also facilitated fumarate reduction, with the addition of 
granular activated carbon significantly accelerating this process (Liu 
et al., 2012; Summers et al., 2010). Similarly, the co-culture of 
G. metallireducens and Methanosaeta improved methane production from 
recalcitrant acetate, while the addition of conductive magnetite or 
activated carbon further enhanced methane yield (Morita et al., 2011; 
Kato et al., 2012). Additionally, the co-culture of G. sulfurreducens and 
Thiobacillus denitrificans utilized sodium acetate, a substrate that deni
trifying bacteria cannot degrade, to reduce nitrate, which was signifi
cantly promoted by the addition of magnetite or Fe3+ ions (Kato et al., 
2012). These studies shared a common characteristic: the organic sub
strates are preferentially utilized by EAB, which transfer the electrons 
generated via electron mediators to other bacteria, enabling the reduc
tion or degradation of other compounds. However, in practical waste
water treatment systems, most carbon sources are not readily utilized by 
EAB, i.e., glucose and cellulose. Moreover, there are limited studies on 
the co-metabolism of carbon sources and electron syntrophy between 
EAB and denitrifying bacteria. Particularly, research on substrates that 
can be directly utilized by denitrifying bacteria but are efficiently 
degraded by EAB through co-metabolism, with effective IET process, to 
enhance nitrate reduction from low-carbon effluent is rarely reported. 
The findings of our study provided a new insight from two perspectives: 
on one hand, it demonstrated that EAB could form microbial aggregates 

Fig. 3. The direct evidences of the interspecies electron transfer between G. sulfurreduens and GWP-1. [a] Variation of hydroquinone@AQDS (AHAQDS or 
AH2AQDS) (in abscissa) using ESR spectra for the co-culture systems. The ESR instrument was measured using a gaussmeter probe and operated with the following 
parameters: microwave frequency 9.85 GHz, microwave power 20 mW, modulation frequency 100 kHz, conversion time 16 ms, and time constant 81.92 ms. The 
semiquinone species contains an unpaired electron could be measured. [b-e] Chronoamperometric curves of AQDS in culture solution at the applied potentials of 
− 1.0 V ([b] for 0 h and [c] for 120 h) and +1.0 V ([d] for 0 h and [e] for 120 h) (vs. Ag/AgCl) at the begin and end of the experiment. The arrows indicate the 
addition of the co-culture strain solution with AQDS. [f] Scanning laser confocal microscopy image of the aggregates after FISH, which targeted G. sulfurreduens cells 
with a red probe (Cy3) and the GWP-1 cells with an indigo probe (Cy5). [g-h] SEM images for aggregates formed in colocalization of G. sulfurreducens (rhabditiform) 
and GWP-1 (sphericity) in 120 h after initiating the cultivation in the glucose [g] and cellulose [h], and the pili structures (arrow pointing) were distinctly seen 
between the two strains in both the glucose and cellulose groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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with common gram-negative denitrifying bacteria, achieving interspe
cies electron syntrophy through direct electron transfer; on the other 
hand, it showed that with the addition of electron mediators, recalci
trant organic compounds can be efficiently degraded, driving effective 
nitrate reduction from the low-carbon effluent of WWTPs.

Although some studies showed that EAB can enhance denitrifying 
bacteria activity (Wan et al., 2018; Guo et al., 2023), the direct IET 
process between EAB has not been proven. In this study, we observed the 
formation of G. sulfurreducens and GWP-1 aggregates and the presence of 
filamentary cable (named as “nanowire” (Jiang et al., 2018; Boesen 
et al., 2021) between them, which seemly demonstrated the presence of 
direct IET between G. sulfurreducens and GWP-1 (Walker et al., 2020). 
Besides, we demonstrated that AQDS (mediator) not only improved the 
metabolic activity of G. sulfurreducens but also enhanced their electron 
export efficiency. In our study, carbon sources were theoretically suffi
cient in the experiment system. After small molecular organic matter 
from cellulose or glucose biodegradation being utilized by 
G. sulfurreducens through extracellular electron transport chains, a sig
nificant potential difference existed between G. sulfurreducens, oxidized 
AQDS, and GWP-1. This potential difference facilitated the directional 
transfer of electrons. AQDS stored the electrons after accepting them, 
and GWP-1 subsequently used these electrons to reduce nitrate. The 
carbon sources were cellulose and glucose, both of which can be 
metabolized by GWP-1. Moreover, the small-molecule carbon metabo
lites derived from these carbon sources could be further utilized by 
G. sulfurreducens. As a result, the electrons generated by G. sulfurreducens 
from metabolizing the carbon source were not directly transferred to 
GWP-1 (due to the absence of a significant potential difference between 
them). Instead, the electrons were stored in the quinone functional 
groups of AQDS, reducing them to hydroquinone (Fig. 3a). When GWP-1 
could no longer obtain sufficient electrons from the cellulose carbon 

source, a significant potential difference developed between AQDS and 
G. sulfurreducens on one side and GWP-1 on the other. This facilitated 
electron transfer and resulted in enhanced nitrate and nitrite reduction 
efficiency during this period (80 – 100 h, Fig. 2a).

Beyond observing direct and indirect IET between GWP-1 and 
G. sulfurreducens, this study quantified the IET via isotopic approach. 
The G. sulfurreducens supplied 0.071 mM electrons to GWP-1 when fed 
with cellulose, which decreased to 0.012 mM when fed with glucose. In 
other words, more electrons were provided by EAB when denitrifiers 
utilized a refractory carbon source, proving that EAB could favor deni
trification even when small-molecular carbon sources are not available. 
These results could be explained through the combined analysis of 
electron transfer quantification and proteomics results. On one hand, 
cellulose, a recalcitrant carbon source, was degraded by extracellular 
cellulase from GWP-1 into small-molecule carbon sources, which could 
then be utilized by G. sulfurreducens. Through extracellular respiration, 
G. sulfurreducens transferred electrons to AQDS, facilitating an indirect 
IET process mediated by the electron mediator. On the other hand, 
glucose, a readily utilizable carbon source, could be efficiently metab
olized by GWP-1. Under conditions with sufficient glucose, GWP-1 used 
it as an electron donor to reduce nitrate, thereby reducing the need for 
electrons supplied by other donors (Fig. 4b).

This makes it very promising to be applied in wastewater treatment, 
which could solve the problems of refractory carbon discharge and ni
trogen discharge due to the lack of denitrification (Desmond-Le Quem
ener et al., 2021). Moreover, the isotopic approach is more advanced 
than previously applied chronoamperometry (Yuan et al., 2011) 
(measuring electron transfer capacity of mediators) or surface-enhanced 
Raman spectroscopy (Ly et al., 2013) (determining electron releasing 
rated from EAB), both of which cannot determine the number of elec
trons used for substance reduction or the effective electron transfer 

Fig. 4. [a] Syntrophy schematic model of G. sulfurreduens and GWP-1 mediated by substrate co-metabolism and interspecies electron transfer to drive the deni
trification in co-culture system. [b] Electron transfers efficiency of G. sulfurreduens and GWP-1 in co-culture system feeding with glucose and cellulose in the 
presence/absence of AQDS. [c] Quantity of electrons for the denitrifying requirements, carbon consumption, AQDS store, and interspecies transfer were quantified 
in co-culture systems fed with glucose and cellulose in the presence/absence of AQDS (M, N, and M− N) and different carbon source groups (x). The differences in 
different groups were analyzed, and the green distance lines are value gaps between with/without AQDS for the values of N, M, and M− N in [c]. Asterisks (*) indicate 
significant differences (n = 3, P < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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amount.
Regardless of carbon sources, glucose and cellulose, as carbon 

sources, only were utilized by GWP-1, while G. sulfurreducens cannot 
utilize either of these carbon sources. Therefore, carbon source compe
tition didn’t occur in this study. We observed significantly increase of 
denitrification efficiency and decrease of N2O emission by co-culturing 
GWP-1 and G. sulfurreducens. For example, when using cellulose, the 
co-culture system increased the denitrification efficiency by 15.0 %, 
which was further enhanced by an additional 21.3 % after adding AQDS. 
Those results indicated that there is no competition for both of two 
carbon sources. At the same time, the co-culture system achieved 36.3 % 
(with AQDS) and 18.5 % (without AQDS) reduction in N2O emission 
(CO2-eq) compared to that of a pure culture system. This is remarkable, 
considering the needs and difficulties in wastewater treatment regarding 
deep carbon and nitrate removal. Meanwhile, it paves a new route for 
wastewater treatment that can enhance denitrification using the left- 
over refractory carbon instead of adding additional small molecule 
carbon (e.g. glucose or acetate).

In the co-culture system with AQDS, the enhanced denitrification, 
cellulose utilization and N2O reduction were achieved through 

synergistic interaction between G. sulfurreducens and GWP-1 and the 
increase of key genes and enzymatic proteins (Zhai et al., 2022; Tang 
et al., 2024), involving direct and indirect IET and the co-metabolism 
processes. However, this did not occur until 100 h, after sufficient pro
liferation of G. sulfurreducens and reduction of AQDS quinone groups. 
The mechanisms might be different for different carbon sources: i) only 
IET when glucose is the carbon source; ii) substrate co-metabolism and 
IET processes when cellulose is the carbon source. Evidenced by prote
omic analysis, we observed key enzymes (e.g. endoglycanase and 
β-glucosidase) being responsible for the production of small molecular 
carbon sources generated from glucose and cellulose degradation by 
GWP-1 were utilized by G. sulfurreducens (known as “cross-feeding” 
(D’Souza et al., 2018), which aided GWP-1 in successfully completing 
denitrification and reducing N2O production. Through proteomics 
analysis and electron transfer quantification, we have also demonstrated 
that AQDS not only improves the metabolic activity of G. sulfurreducens 
but also enhances their electron export efficiency.

In summary, we pioneered the use of isotope tracing to quantita
tively measure effective electron transfer amount to reduce the nitrate in 
the presence or absence of electron mediators and under feeding 

Fig. 5. Metabolic model of G. sulfurreduens and GWP-1 was focused by the proteome analysis. Colors indicate that the relative abundance of functional proteins was 
up (green) or down (red) in the different groups or the proteins were not annotated in the database (cross). [a] and [b] are the statistical graphs of significantly 
enriched pathways for GWP-1 in HGPE vs. SGPE and G. sulfurreducens in HGPE vs. HGP, respectively. A higher value indicates a larger proportion of differentially 
expressed proteins. The size of the dots in the Fig. represents the number of differentially expressed proteins annotated to that pathway (A, B, …, and specific process 
names are provided in the supplementary materials, Table S2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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different carbon source. This study extends prior knowledge by 
revealing the enhanced IET process and critical co-metabolic patterns 
involved in electron acceptor reduction and residual carbon source 
degradation. We demonstrated that the co-culture of EAB and de
nitrifiers not only enhanced refractory carbon degradation and deep 
denitrification, but also reduced N2O emission during wastewater 
treatment. It is evident that AQDS was used at a very low concentration 
of just 100 μg/L in this study, yet it played a significant role. As a 
representative humic substance material, AQDS can be replaced with 
humic substances with similar functions in engineering applications. 
Moreover, its charge–discharge cycling ensures its potential for long- 
term effectiveness in wastewater treatment systems. From this 
perspective, AQDS and similar auxiliary enhancement materials offer a 
unique economic advantage in improving denitrification performance in 
wastewater treatment systems. It is important to acknowledge that this 
study is grounded in bacterial culture experiments and may not fully 
capture the complexity of actual environmental conditions. Nonetheless, 
our findings provide a robust theoretical basis and practical guidelines 
for advancing denitrification in real-world engineering systems.

5. Conclusion

In this study, we proved that the mutual symbiosis between EAB and 
denitrifiers could help solve residual carbon and nitrogen issues in 
wastewater treatment. The co-culture system of G. sulfurreducens and 
GWP-1 achieved a 3–5 time increase in refractory carbon degradation, a 
40 % improvement in denitrification, and a 36 % reduction in N2O 
emissions. This enhancement was driven by IET and carbon co- 
metabolism processes, quantified using isotopic tracing, which showed 
G. sulfurreducens supplying more electrons when cellulose was used as 
the carbon source. The findings suggest a synergistic approach for ni
trogen pollution control and carbon reduction in wastewater treatment.
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