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Energy recovery from low-strength wastewater through anaerobic methanogenesis is constrained by
limited substrate availability. The development of efficient methanogenic communities is critical but
challenging. Here we develop a strategy to acclimate methanogenic communities using conductive
carrier (CC), electrical stress (ES), and Acid Orange 7 (AO7) in a modified biofilter. The synergistic inte-
gration of CC, ES, and AO7 precipitated a remarkable 72-fold surge in methane production rate compared
to the baseline. This increase was attributed to an altered methanogenic community function, inde-
pendent of the continuous presence of AO7 and ES. AO7 acted as an external electron acceptor, accel-
erating acetogenesis from fermentation intermediates, restructuring the bacterial community, and
enriching electroactive bacteria (EAB). Meanwhile, CC and ES orchestrated the assembly of the archaeal
community and promoted electrotrophic methanogens, enhancing acetotrophic methanogenesis elec-
tron flow via a mechanism distinct from direct electrochemical interactions. The collective application of
CC, ES, and AO7 effectively mitigated electron flow impediments in low-strength wastewater meth-
anogenesis, achieving an additional 34% electron recovery from the substrate. This study proposes a new
method of amending anaerobic digestion systems with conductive materials to advance wastewater
treatment, sustainability, and energy self-sufficiency.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The objectives of wastewater treatment have evolved beyond
environmental pollution control to include resource and energy
recovery, driven by the global energy crisis and climate change
concerns [1,2]. While anaerobic methanogenesis is a preferred
method for harnessing the energy potential of wastewater, its en-
gineering in the treatment of low-strength wastewater, character-
ized by a chemical oxygen demand (COD) of less than 1000 mg L�1,
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has always been challenged by insufficient productivity and high
process sensitivity [3]. Anaerobic digestion (AD) typically encom-
passes four stages: hydrolysis, fermentation, acetogenesis, and
methanogenesis. Achieving high biogas productivity necessitates
the formation of efficient methanogenic communities with unob-
structed electron transfer pathways. However, under low-strength
conditions, electron flow during AD, especially in acetogenesis and
methanogenesis, is often impeded by the kinetic limitation of low
substrate levels [4]. The metabolism rate of acetoclastic metha-
nogens (AM) is generally very low, approximately a quarter of that
of fermentative bacteria (FB), and further decreases when acetate is
insufficient (with a half-saturation rate constant of 150 mg L�1 for
AM) [5]. Additionally, in the absence of an adequate population of
methanogens as hydrogen scavengers, the anaerobic oxidation of
fermentation intermediates (mainly volatile fatty acids) to acetate
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Nomenclature

AO7 Acid orange 7
AM Acetotrophic methanogens
AN 1-amino-2-naphthol
CM Conductive materials
DIET Direct interspecies electron transfer
EAB Electroactive bacteria
FB Fermentative bacteria
HPA Hydrogen-producing acetogens
NC Nonconductive carriers
PCR Polymerase chain reaction

SHE Standard hydrogen electrode
AD Anaerobic digestion
AMA Apparent methanogenic activity
CC Conductive carriers
COD Chemical oxygen demand
DNA Deoxyribonucleic acid
ES Electrical stress
HM Hydrogenotrophic methanogens
HRT Hydraulic retention time
OLR Organic load rate
SA Sulfanilic acid
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(i.e., acetogenesis) becomes thermodynamically unfavorable [6,7].
This results in the trapping of electrons in fermentation products
and exacerbates the starvation of methanogens. Therefore, it is
imperative to enhance energy recovery from low-strength waste-
water by employing appropriate technical means to regulate
community development and overcome blockages in the electron
transfer pathway during acetogenesis and methanogenesis.

Historically, methods for directly regulating the growth and
metabolism of methanogens have been somewhat limited. How-
ever, a recent breakthrough has revealed that the introduction of
conductivematerials (CM) into AD can expeditemethanogenesis by
inducing a direct interspecies electron transfer (DIET) access be-
tween electroactive methanogens and electroactive bacteria (EAB)
[8e10], which is faster than interspecies electron exchange via
diffusive electron carriers (such as H2 and formate) [11,12]. CM
amendment enriches methanogens, accelerates system startup,
and promotes systemic efficiency and stability [13e15].

In most cases, CMs were introduced into AD by dosing particle
materials, but this approach faced practical challenges such as high
dosage and loss, difficult separation, and potential environmental
risks [11]. Given the substantial capacity and rapid processing
characteristic of low-strength wastewater treatment [16],
employing fixed conductive carriers (CC), whose enhancing effects
have also been confirmed [17,18], is more economically and oper-
ationally feasible than dosing particle materials [11]. Furthermore,
drawing from the experiences in bioelectrochemical systems, the
application of electrical stress (ES) based on conductive carriers,
which here also serve as electrodes, can be beneficial to meth-
anogenesis by supplying additional electrons or habitats with
suitable redox potential [19e21].

A widely overlooked issue is that a well-developed EAB popu-
lation is necessary (but insufficient) to intensify DIET-type meth-
anogenesis [22]. Currently, efforts in promoting methanogenesis
through regulating EAB metabolism are limited. EAB are phyloge-
netically diverse and functionally versatile (such as electricity
generation, metal ion or organic pollutant reduction, etc.), and they
are characterized by the ability of extracellular electron transfer
through cytochromes, conductive pili, or redox-active shuttles
[19,23]. Interestingly, observations from studies on pollutant
remediation indicated that EAB could be easily enriched in systems
with exogenous electrophiles serving as electron acceptors, such as
sulfate [7], nitrate [24], ferric iron [25], and even certain organic
pollutants [26,27]. This presents an opportunity to enhance EAB
development and metabolism by using exogenous electron accep-
tors as a special domestication method. Furthermore, the role of
electron acceptors in promoting the degradation of organic acids
has been confirmed by recent studies [28e31], which potentially
alleviates the blockage in acetogenesis in low-strength environ-
ments. Acid orange 7 (AO7) is a typical azo dye with electrophilic
2

azo bond [32] and low toxicity to methanogenesis [33], and it has
been reported to effectively accelerate the decomposition of vola-
tile organic acids (especially propionate) [29]. Therefore, it was
employed in this study as a model electron acceptor, aiming to
enrich EAB and accelerate acetogenesis.

This study proposed a novel strategy combining CC, ES, and AO7
to enhance methanogenesis in low-strength wastewater. Six
modified anaerobic biofilters (as simplified pattern biofilm sys-
tems) treating artificial wastewater (COD ~350 mg L�1) were star-
ted up under different conditions (with nonconductive or
conductive carriers, with or without ES, with or without AO7). The
efficacy of this strategy was assessed by evaluating methanogenic
performance in the presence of ES/AO7 and subsequent removal of
these factors start-up. The mechanism influencing community as-
sembly and electron transfer was disclosed by bacterial and
archaeal sequencing, electron flux balance analysis, and thermo-
dynamic analysis. The findings contribute to an expanded under-
standing of electrical communication within the AD community
and hold valuable insights for improving low-strength wastewater
treatment processes.

2. Materials and methods

2.1. Reactor start-up and operation

Six modified up-flow anaerobic biofilters were conducted
(configuration in Fig. S1 and operation scheme in Table S1), with
one test group R6 (applied CC, ES, and AO7), and five distinct
controls, including the conventional AD control with nonconduc-
tive carriers (NC) (R1), NC with AO7 (R2), CC alone (R3), CC with
AO7 (R4), and CC with ES (R5). Each biofilter has a liquid volume of
1 L, and the filter bed was vertically divided into four equal sections
(I, II, III, and IV) by perforated plates. R1 and R2 were filled with
nonconductive quartz sand (resistivity >100 U m), while the
remaining biofilters utilized conductive granular graphite (re-
sistivity <2� 10�6Um), as described in Table S2. In groups with ES,
sections I and III served as cathodes, and sections II and IV acted as
anodes. Electrodes were contacted with a DC power supply, and a
low voltage of 0.5 V was applied.

Before formal operation, reactors with ES (R5 and R6) under-
went a batch mode start-up to establish electrochemical functions.
Considering the influence of this stage on microbial community
development, other reactors without ES (R1eR4) were also oper-
ated similarly. Specifically, all reactors were inoculated with a
mixture of 100 mL effluent from a long-term operated single
chamber MEC and 900 mL culture solution. This culture solution
contained sodium acetate (1000 mg L�1), a 50 mmol phosphate
buffer solution (PBS), and trace elements [34]. The culture solution
was refreshed every two days until stable current outputs were
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obtained and anode potentials dropped below �400 mV (vs.
Standard hydrogen electrode, SHE), indicating successful electrode
acclimation.

Subsequently, all reactors transitioned to continuous mode
operation under a hydraulic retention time (HRT) of 8 h, fed by
artificial wastewater, consisting of glucose (given a COD of
350mg L�1), 50 mM PBS, and trace elements. AO7 was added to the
influent of R2, R4, and R6 at a concentration of 50 mg L�1. When
methanogenic performances reached a relatively steady state after
an initial lag time and fluctuation, more than ten valid running data
(over 30 HRTs) were collected, and the average efficacy was
calculated. The variation curve of the methane production rate and
the valid data range are shown in Fig. S2. Subsequently, reactors
were conducted under an HRT of 6 h for another 80 HRTs, and more
than ten running data were selected and calculated similarly. The
operation was at room temperature (27 ± 2 �C).

2.2. Analytics

AO7 (analytical reagent, purity >95%) was purchased from
Sangon Biotech (Shanghai, China), and its concentration was
quantified by an ultravioletevisible (UV/Vis) spectrophotometer
(UV-1800, Shanghai Meipuda instrument, China) at awavelength of
484 nm. Sulfanilic acid (SA), one reduction product of AO7, was
quantitatively measured with a high-performance liquid chroma-
tography (HPLC, e2695, Waters, USA) equipped with a UV/Vis de-
tector and a C18 column (5 mm; 4.6 � 250 mm, Symmetry, Waters,
USA). COD was determined according to the standard methods
(Potassium Dichromate Method). Volatile fatty acids were
measured by a gas chromatography (Agilent 7890, USA). Biogas
compositionwas analyzed by a gas chromatograph (7890A, Agilent,
USA) equipped with a flame ionization and thermal conductivity
detector. The current and electrode potentials weremeasured using
a multimeter/data acquisition system (Keithley Instruments, 2700,
USA).

2.3. Control tests removing ES and AO7

Control tests removing AO7 and ES were carried out after the
regular operation in each HRT phase for 10 HRTs. Specifically, for
R2, R4, and R6, the influent without AO7 was supplied, and the
voltages in R5 and R6 were cut down. Liquid and gas samples were
collected and analyzed using the same methods employed during
regular operation. This control test aimed to assess the direct
contribution of ES and AO7 on methanogenic performance.

2.4. Biomass sampling and analysis

Following the operation's completion, all carriers from each
reactor were carefully removed and subjected to thorough washing
with sterilized water, repeated 8e10 times to ensure complete
detachment of the biofilm. All liquid was combined and concen-
trated by centrifugation (8000 rpm). The supernatant was dis-
carded, and the residue was evenly divided into 20 samples, which
were then preserved at �20 �C for subsequent biomass and met-
agenomics analysis.

Total biomass was assessed using three indicators: wet weight
(weight after centrifugation), dry weight (dried to a constant
weight at 105 �C), and total protein content, which was measured
with a BCA protein assay kit (Shanghai Sangon Biotech, China) after
pretreatment by an ultrasonic homogenizer (BioSafer, China). All
measurements were conducted in triplicate for accuracy.

Total genomic deoxyribonucleic acid (DNA) extraction, poly-
merase chain reaction (PCR) amplification, bacterial 16S rDNA
sequencing, archaeal 16S rDNA sequencing, and archaeal
3

quantitative real-time PCR were all conducted by Sangon Biotech
(Shanghai) Co., Ltd. Total genomic DNA of biomass sample was
extracted with E. Z.N.A. Soil DNA Isolation Kit. The quantity and
quality of the extracted DNAwere assessed by agarose gel test. The
bacterial V3eV4 region of the 16S rDNA gene was amplified using
general primers Nobar_341F (CCTACGGGNGGCWGCAG) and
Nobar_805R (GACTACHVGGG TATCTAATCC). Archaeal V3eV4 re-
gion of 16S rDNA was amplified using general primers 340F
(CCCTAYGGGGYGCASCAG) and 1000R (GGCCATGCACYW CYTCTC)
for first round amplification, 349F (GYGCASCAG KCGMGAAW) and
806R (GGACTACVSGGG TATCTAAT) for the second-round amplifi-
cation. PCR products of both bacterial and archaeal amplification
were purified and sent to the Illumina Miseq™ sequencing plat-
form. Quantitative real-time PCR was performed on ABI Stepone
plus PCR System with primers of 349F and 806R to quantify the
total archaea in each reactor. A calibration curve (log DNA con-
centration versus an arbitrarily set cycle threshold value) was
constructed using genomic DNA from standard plasmids. Amplifi-
cation efficiency and correlation coefficients for standard curves
were 81% and 0.998, respectively.

2.5. Calculations

Electrochemical efficiency was calculated according to the
literature [34]. The significance of the results was determined using
analyses of variance (ANOVAs) at a significance level of 0.05. Elec-
tron fluxes in three stages (fermentation, acetogenesis, and meth-
anogenesis) in R1 and R6 were estimated based on the COD balance
of all components. Both gaseous and dissolved methane were
considered in the calculation. Given the absence of detectable
gaseous hydrogen, it was assumed that all hydrogen converted to
methane. The proportions of fermentation products were derived
from literature [35], with acetate at 44%, hydrogen at 9%, and other
fermentation intermediates at 47%.

Reduction potentials were calculated under specific conditions:
pH ¼ 7.0, T ¼ 298 K, p(H2) ¼ 5 hPa, [Acetate] ¼ 0.05 mol L�1,
[Butyrate] ¼ [Propionate] ¼ [Ethanol] ¼ 0.01 mol L�1,
[Lactate] ¼ 0.005 mol L�1, [HCO3

�] ¼ 0.02 mol L�1. The standard
reduction potential of AO7was inferred based on the fact that it can
be reduced by the redox mediator anthraquinone sulphonate (AQS)
(E0’ ¼ �0.22 V) [36,37]. Note that relevant potential differences are
presented as minimum values rather than exact values.

3. Results and discussion

3.1. Methanogenic performance

Reactors started up under different conditions exhibited notably
distinct methanogenic efficiencies (Fig. 1). With the organic loading
rate (OLR) increasing from 1.2 to 1.6 kg COD m�3 d�1 (corre-
spondingly HRT from 8 to 6 h), the methane yield of each group
significantly improved, indicating that methanogenesis was con-
strained by the low substrate level. This suppression was most
pronounced in traditional AD (R1), with a methane production rate
of less than 0.002 m3 m�3 d�1 and a methane yield of less than
3.1 mL per g COD.

All three environmental factors (CC, ES, and AO7) demonstrated
a certain promoting effect on methanogenesis (P < 0.05). Specif-
ically, compared to R1, AO7 alone (R2) led to a 2e3-fold increase in
methanogenic productivity, while CC (R3) resulted in a 14.7e27.1-
fold promotion under an HRT of 6 h. For the systems with CC,
applying ES (R5) further slightly accelerated methanogenesis with
up to a 33.0-fold increase compared to R1, while AO7 (R4) produced
contradictory effects under two hydraulic conditions.

Remarkably, the simultaneous application of CC, AO7, and ES



Fig. 1. Average methane production rate and yield under a hydraulic retention time
(HRT) of 8 and 6 h.
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(R6) caused a substantial boost in methanogenesis, surpassing the
cumulative effects of each factor. Under an HRT of 8 h, the methane
production rate and methane yield of R6 were 0.065 m3 m�3 d�1

and 64.3 mL per g COD, respectively, 63.5 and 72.0 times higher
than those of R1. These indexes increased to 0.127 m3 m�3 d�1 and
116.9 mL per g COD under an HRT of 6 h. This outstanding
enhancement highlights the synergistic stimulating effect of three
factors on methanogenesis.

In this study, to elucidate the regulatory role of CC, ES, and AO7,
only extremely low biomass (less than 1% of the final biomass) was
initially inoculated into the system. Biofilms proliferated and
colonized spontaneously under unfavorable conditions, including
constant low strength, high-rate operation, and non-optimal tem-
perature. In addition, dissolved methane was not counted, which is
estimated to account for approximately 40% of the total methane,
according to Henry's law [38]. Despite the suboptimal overall per-
formance due to these constraints, the current results fully
demonstrate the effectiveness of the reinforcement strategy. This
insight is enlightening for upgrading various biofilm-based meth-
anogenic engineering of low-strength wastewater.

3.2. Performance without ES & AO7

To discern the direct contribution of ES and AO7 to methano-
genesis, control tests removing ES and AO7 after regular operation
Fig. 2. Methanogenic efficiency in control tests removing electrical stress (ES) and acid
orange 7 (AO7). R stands for regular operation, R0 stands for control tests without ES
and AO7.
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were performed (Fig. 2). Without ES and AO7, the decline in
methanogenic performance in each group was minimal or even
insignificant (Table S3). This suggests that, after sufficient domes-
tication, the methanogenic performance became independent of
the continuous supply of ES and AO7. This implies that the effect of
ES and AO7 was attributed to the enhancement of biofilms’ meta-
bolic function rather than direct contributions to methanogenesis.

Despite the remarkable promoting effect, adding AO7 (typically
considered an organic pollutant) presented a potential risk of sec-
ondary pollution. Encouragingly, the results suggest that ES and
AO7 can only be applied temporarily during the startup or adjust-
ment phases. This reduces the safety risk associated with AO7 use,
making the strengthening strategy more practical and economi-
cally feasible.

3.3. Methanogenic activity and archaeal content of biomass

The biomass activity in the AD system is generally evaluated by
specific methanogenic activity tests. However, considering the
mediation of CC, the isolated biofilms' methanogenic activity may
not accurately represent their in situ state. Therefore, in this
experiment, an apparent methanogenic activity (AMA) was calcu-
lated based on the total biomass in the bioreactor and the in situ
methanogenic performance in control tests without ES and AO7
(Table 1). The total biomass was promoted by CC (P < 0.05), likely
attributed to its surface properties. ES did not significantly affect
total biomass (P > 0.05). AO7, however, reduced the wet and dry
weight of total biomass (P < 0.05) but did not impact protein
amount (P > 0.05). This discrepancy may be due to AO7's influence
on forming or degrading intracellular reserve polymers, such as
glycogen and trehalose, commonly found in sugar-fed dynamic AD
systems [39].

All factors (CC, ES, and AO7) positively influenced AMA, with R6
showcasing superior performance compared to other controls. The
archaeal content in unit biomass mirrored the same trend (Table 1)
and exhibited a positive linear correlation with AMA (Fig. S3). Ac-
cording to the archaeal sequencing results, over 90% of archaea
were identified as methanogens. Consequently, the archaeal con-
tent in biomass can be approximated as the content of metha-
nogens. Both AMA and archaeal content directly demonstrate that,
under the mediation of CC, the synergistic application of ES and
AO7 significantly promoted the proliferation of methanogens and
enhanced the methanogenic function of the microbial community.

3.4. Electron flux analysis

Based on the COD balance of all components, electron fluxes in
three stages (fermentation, acetogenesis, and methanogenesis)
were estimated for both R1 (conventional AD) and R6 (with ES and
AO7 removed) (Fig. 3a and b). Inevitably, a significant portion of
electrons (40e60%) was consumed for microbial growth and stored
as intracellular reserve polymers. The insufficient decomposition of
reserve polymers under short HRTs led to some wastage of elec-
trons, while ES and AO7 can alleviate this problem.

In a conventional AD system (R1), there was almost no electron
flow between metabolites after the initial electron distribution
during the fermentation stage. Electrons in most fermentation
products (except hydrogen) were directly lost to the effluent. This
indicates that only fermentative biochemical reactions were suffi-
cient, but the electronic pathways of subsequent acetogenesis and
acetotrophic methanogenesis were severely obstructed, and the
metabolic functions of related microbial populations were not fully
realized.

In R6, electrons originating from fermentation intermediates to
acetate and hydrogen increased from 1% to 19%, and a substantial



Table 1
Total biomass, apparent methanogenic activity (AMA), and archaeal content in the biofilm of each group.

Group Total biomass (g) Daily methane productiona

(L d�1)
Apparent methanogenic activityc

(LCH4
per d per g biomass)

Archaeal contentd

(copies per g biomass)
Wet weight Dry weight Protein

R1 12.09 ± 0.18 2.07 ± 0.52 0.07 ± 0.01 0.002 0.03 1.6 � 105

R2 10.33 ± 0.18 2.50 ± 0.06 0.08 ± 0.01 0.007b 0.09 2.1 � 105

R3 25.11 ± 0.15 7.14 ± 0.13 0.18 ± 0.02 0.054 0.30 3.6 � 105

R4 10.85 ± 0.41 1.19 ± 0.28 0.12 ± 0.01 0.038b 0.32 3.7 � 105

R5 24.57 ± 1.30 6.34 ± 0.77 0.17 ± 0.02 0.059b 0.35 4.7 � 105

R6 10.99 ± 0.39 1.41 ± 0.06 0.16 ± 0.02 0.117b 0.73 7.1 � 105

a Average methane production (dissolved methane not included) under an HRT of 6 h.
b Data in control tests without ES and AO7.
c Total protein amount used as total biomass in the calculation.
d Analyzed by real-time qPCR with general archaeal prime.

Fig. 3. Estimated electron flux in anaerobic digestion in R1 (a) and R6 (b).
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portion of electrons in acetate (71%) flowed to methane. This in-
dicates that the modulation of CC, ES, and AO7 stimulated the
electronic communication between microbial populations, scav-
enged the blockage of electron flow in acetogenesis and aceto-
trophic methanogenesis, and reduced the number of wasted
electrons in reserve polymers and effluent.

3.5. Bacterial community assembly

In an AD system, the electron communication between metab-
olites relies on the metabolism of various microbial populations, so
understanding the microbial community's structure is crucial.
Given the small initial biomass (less than 1% of the final biomass)
and the extended culture time (over 120 days) in this experiment, it
is reasonable to assume the microbial community assembly,
particularly the evolution of functional populations, was dominated
by the deterministic effect of environmental factors rather than
stochastic effect. The community's responses to each factor can be
elucidated through statistical analysis.

Bray-Curtis analysis (Fig. 4a) highlighted a significant difference
between groups without AO7 (R1, R3, and R5) and those with AO7
(R2, R4, and R6) in bacterial community structures. This indicates
that AO7, rather than CC or ES, played a decisive role in bacterial
community assembly. AO7 notably increased bacterial community
diversity (Fig. 4b) and influenced the distribution of metabolic
groups (Fig. 4c). Despite variations in genera composition (domi-
nant genera abundance summarized in Table S4), the abundance of
each metabolic population was quite similar in AO7-free (or AO7-
5

adding) groups.
FB are fast-growing flora responsible for fermenting glucose or

glycolytic products to various acids, CO2, and H2, mainly including
lactic acid bacterium Lactococcus [40], acetate and propionate
producer Alkaliflexus [41], Propionivibrio [42], and so on. FB was the
most abundant in all groups, accounting for 74.5 ± 0.6% in groups
without AO7 and 41.5 ± 2.2% in groups with AO7.

In typical AD systems, the conversion of fermentation in-
termediates to acetate and hydrogen mainly relies on syntrophic
hydrogen-producing acetogens (HPA) [43,44]. As the symbiotic
partner, HPA's evolution and metabolism are regulated by meth-
anogenesis and are difficult to develop in low-strength wastewater
[6,7]. In this experiment, only three acetogenic genera were
detected with extremely low abundances (1.0 ± 0.4% without AO7
and 3.2 ± 0.3% with AO7), including two HPA (Candidatus Cloa-
camonas and Syntrophomonas) [45e47] and one homoacetogen
(Acetobacterium), which produces acetate from CO2 and H2 [48].
The scarcity of acetogens explained the blocked electron flow
during acetogenesis in R1.

AO7 significantly facilitated the enrichment of various EAB
(from 7.1 ± 1.0% to 23.7 ± 3.2%). This group included genera such as
Aeromonas, Geobacter, Enterococcus, and Raoultella, as well as serval
sulfate-reducing bacteria (Desulfovibrio, Desulfuromonas, Desulfiti-
bacter, and Desulfobulbus). Most genera have azoreductases,
allowing them to utilize AO7 as an electron acceptor in anaerobic
respiration [49e51]. Additionally, with the mediation of conductive
materials, methanogens can act as electron acceptors for some EAB
in DIET-type methanogenesis [12,52]. EAB are metabolically



Fig. 4. a, Bray-Curtis analysis of bacterial community structure. b, Shannon rarefaction
plot. c, Metabolic group abundance and genera distribution. NC stands for noncon-
ductive carrier, and CC stands for conductive carrier.

Fig. 5. a, Bray-Curtis analysis of archaeal community structure. b, Archaeal distribution
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versatile, utilizing a variety of intermediates as electron and energy
donors, which are oxidized either completely to CO2 or partially to
smaller organic compounds [53e55].

Interestingly, it is observed that conductive materials and elec-
trodes with low external voltage are not as effective as soluble
electron acceptors (like AO7) in enriching EAB (2% vs. 15% increase).
This disparity can be attributed to the challenges associated with
electron transfer. Compared to the well-diffused and cell-
penetrable soluble acceptors, the electron transfer between extra-
cellular solid mediators and EAB is more difficult and generally
limited by spatial distance [12,56].

Another noteworthy observation is that the enrichment of EAB
does not necessarily lead to improved methanogenic efficiency, as
seen in the case of R4. The ecological relationship between EAB and
methanogens (whether cooperative or competitive) mainly
6

depends on environmental factors [57]. Even under the mediation
of conductive materials, DIET-type methanogenic syntrophs may
not be fully established.

In general, in the absence of AO7, the bacterial community was
“monopolized” by FB, while other populations faced challenges in
development. In particular, the scarcity of acetogens led to a
blocked electron flux during acetogenesis. The introduction of AO7
was crucial in reshaping the bacterial community, promoting di-
versity, and enriching EAB. This enrichment of EAB potentially
contributes more electrons for methanogens, either through DIET
with the mediation of CC or by facilitating the partially oxidizing
intermediates to acetate.
3.6. Archaeal composition

Different from the bacterial community, according to archaeal
sequencing results (Fig. 5a), the archaeal community structure was
mainly determined by CC and ES rather than AO7. The genera dis-
tribution further reveals distinct patterns (Fig. 5b). In groups with
NC, like R1 and R2, Methanobrevibacter, a hydrogenotrophic
methanogen (HM) [58], dominated with a relative abundance
ranging from 36.4% to 76.2%. On the other hand, groups with CC (R3
to R6) were characterized by the dominance of another HM,
Methanobacterium, accounting for 46.1e66.1% of the community.
Methanobacterium is known for its ability to accept electrons from
electrodes or syntrophic partners [59].

In a well-functioning AD system, AM typically dominates the
methanogenic community, constituting about 70% of the popula-
tion. However, due to its faster growth rate, HM tends to prevail
over AM in low-strength environments. In R1, the content of AM
was notably low, accounting for only 1.6%. The application of ES
induced a significant increase in AM content. Methanosarcina, a
typical AM that could participate in DIET-type methanogenesis
[60], was specifically enriched (4.4% in R5 and 27.2% in R6). This
enrichment well explained the promoted electron flux in aceto-
philic methanogenesis in R6. The response of Methanosarcina to ES
and AO7 and its important role in promoting AMA were also
confirmed by canonical correlation analysis between characteristic
genera, environmental factors, and AMA (Fig. S4).
3.7. The synergistic mechanism of AO7 and ES

As previously mentioned, AO7 and ES profoundly affected the
microbial community's composition and function, mainly attrib-
uted to their intervention on microbial metabolism in the biofilm
formation (start-up or adjustment) stage.

In anaerobic conditions, the eN]N- bond in AO7 can be bio-
logically (in R2, R4, and R6) or electrochemically (in R6, less than
at the genus level.
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60% of the total reduction) reduced, resulting in the production and
two reduction products, SA and 1-amino-2-naphthol (AN) (equa-
tion (1)) [33].

Considerable AO7 decolorization efficiencies ranging from 85%
to 98% and high product recovery efficiencies in 84%e92% were
observed in all groups (details in Table S5), suggesting a sufficient
reduction of AO7. The reduction products of AO7 can be fully
mineralized under aerobic conditions [61]. Therefore, the envi-
ronmental risks associated with introducing AO7 can likely be
mitigated by following an appropriate oxidation operation.
Fig. 6. a, The possible redox reactions and their estimated electromotive force in the
system with and without acid orange 7 (AO7). b, Hypothetical influencing mechanism
of the conductive carrier (CC), electrical stress (ES), and AO7 on anaerobic digestion
metabolic network. A1: intermediates, acetate, and hydrogen oxidized by electroactive
bacteria; A2: electroactive bacteria takes AO7 as an electron acceptor; A3: direct
interspecies electron transfer (DIET) between electroactive bacteria and methanogens
under the mediation of CC and the stimulation of ES.
The respiration of anaerobic flora exhibits great flexibility, and
various redox pairs with potential differences can generate electron
flow in their respiratory chain and provide energy for their growth.
In typical AD without exogenous electron acceptors, the aceto-
genesis of fermentation intermediates, such as lactate, butyrate,
propionate, and ethanol, is generally accompanied by Hþ reduction,
which is thermodynamically feasible only at very low hydrogen
partial pressures. In the start-up stage, hydrogen consumers are
usually lacking due to the slow growth of methanogens, especially
in low-strength wastewater, leading to hydrogen inhibition on
acetogenesis. This issue can be addressed by the addition of AO7.

Fig. 6a shows the reduction potentials of redox couples of some
typical fermentation intermediates at a hydrogen partial pressure
of 5 hPa. In the absence of AO7, only ethanol and lactate can be
oxidized by Hþ, while the acetogenesis of butyrate and propionate
cannot be carried out. Adding AO7 increases the potential of elec-
tron acceptors in the AD system, making the oxidation of various
intermediates thermodynamically feasible. The specific reactions
that take place depend on the metabolic properties of the bacteria
present. For instance, among the EAB detected in this study,
Desulfovibrio mainly produces acetate, which accumulates as the
end product of the oxidation of lactate, malate, pyruvate, and other
organics [62]. Desulfuromonas generally conducts complete acetate
oxidation, and some species can also use propionate and lactate
[53,54]. Desulfobulbus can propionate oxidizing [55], and Geobacter
prefers acetate and ethanol [12]. Importantly, using AO7 as an
acceptor is advantageous in providing metabolic energy because it
can increase the reaction electromotive force. Therefore, bacteria
with AO7-reducing ability generally have a higher growth rate and
are easier to enrich in the system. It is worth noting that the role of
AO7 may not be unique, and other substances with high reduction
potentials (or wastewater containing electrophilic pollutants) may
have similar functions.

Beware that AO7, with a higher reduction potential than the
redox couples Acetate/CH4 and HCO3

�/CH4 (about �0.24 V), may
compete with methanogens for acetate and hydrogen, which could
explain the contradictory effects of AO7 on methanogenesis in R4.
Similar issues arise with other electron acceptors like sulfate and
iron ions [7]. Theoretically, whether electron acceptors competi-
tively inhibit methanogenesis depends on various factors, such as
the type of electron donors, the concentration of electron acceptors,
and their degradation dynamics [63,64]. Their concentration
should be carefully considered when applying exogenous electron
acceptors for methanogenesis promotion. Using them as a short-
term regulation rather than a continuous condition may be more
beneficial.
7

In many cases where AD was coupled with bioelectrochemical
systems, the improvement in methanogenesis is mainly attributed
to the direct contribution of various electrochemical reactions, such
as hydrogen evolution, methane electrosynthesis, and anode
respiration [20,65]. However, in this study, the situation was quite
different. Despite the current generation by ES in R5 and R6, the low
electrochemical efficiency (seen in Table S6) indicates that the
promoting effect obtained was not primarily due to the direct
contribution of electrochemical processes. The average currents in
R5 and R6 were less than 1.5 mA (corresponding to a current
density of less than 1.5 A per m3 of reactor volume), and anode
coulombic efficiencies were less than 1%. Moreover, the theoretical
maximum contributions of circuit current to methanogenesis
(assuming all electrons in the circuit are involved in methano-
genesis) were less than 3%. It suggests that the electrochemical
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process’ direct contribution to organic matter degradation and
methanogenesis was negligible. This observation explains why
methanogenic efficiency was not significantly reduced after
removing ES.

Referring to the analyses of the archaeal community and elec-
tron flux, it can be inferred that ES promoted the electron flow in
acetotrophic methanogenesis in a manner that excluded the cur-
rent's direct contribution. This effect was likely due to alternations
in the electrochemical state of the carrier surface. Without ES, the
carrier potential was about �0.25 V (vs. SHE), and with ES, the
potential at the cathode was about �0.5 V (vs. SHE). The low-
potential carrier surface may influence the electrochemical
gradient of attached methanogens for basic cellular functions,
including chemo-osmotic transport and ATP synthesis [66,67].
Alternatively, the presence of an electric field force could cause a
directional guiding effect on the originally disordered electron
transfer on the carrier and make it easier for methanogens to
establish electrical connections with EAB.

Overall, the combination of CC, ES, and AO7 synergistically
affected the assembly and metabolism of the anaerobic community
in low-strength wastewater (Fig. 6b). AO7, acting as an exogenous
electron acceptor, enriched EAB and promoted the degradation of
organic acids. With the mediation of CC and the stimulation of ES,
the electrical communication between EAB and methanogens is
enhanced. This facilitated the establishment of ametabolic network
involving EAB respiration and DIET methanogenesis, overcoming
the blockage of electron flow and resulting in more efficient re-
covery of electrons from the substrate.

4. Conclusion

Simultaneously applying CC, ES, and AO7 in a biofilm system
generated a synergistic effect on functional community domesti-
cation and methanogenesis. AO7 enhanced the acetogenesis of
fermentation intermediates by acting as an exogenous electron
acceptor and reshaped the bacterial community structure by
enriching electroactive bacteria. CC and ES, in contrast, regulated
the archaeal community assembly and promoted electrotrophic
methanogen proliferation. The combined action of these three
factors synergistically cleared the blockage in electron flow, con-
structing a more efficient metabolic network in low-strength
wastewater methanogenesis.
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