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A B S T R A C T   

Electrostimulated hydrolysis acidification (eHA) has been used as an efficient biological pre-treatment of re
fractory industrial wastewater. However, the effects of electrostimulation on the function and assembly of 
planktonic anaerobic sludge microbial communities are poorly understood. Using 16S rRNA gene and meta
genomic sequencing, we investigated planktonic sludge microbial community structure, composition, function, 
assembly, and microbial interactions in response to electrostimulation. Compared with a conventional hydrolysis 
acidification (HA) reactor, the planktonic sludge microbial communities selected by electrostimulation promoted 
biotransformation of the azo dye Alizarin Yellow R. The taxonomic and functional structure and composition 
were significantly shifted upon electrostimulation with azo dyes degraders (e.g. Acinetobacter and Dechloromonas) 
and electroactive bacteria (e.g. Pseudomonas) being enriched. More microbial interactions between fermenters 
and decolorizing and electroactive bacteria, as well as fewer interactions between different fermenters evolved in 
the eHA microbial communities. Moreover, the decolorizing bacteria were linked to the higher abundance of 
genes encoding for azo- and nitro-reductases and redox mediator (e.g. ubiquinone) biosynthesis involved in the 
transformation of azo dye. Microbial community assembly was more driven by deterministic processes upon 
electrostimulation. This study offers new insights into the effects of electrostimulation on planktonic sludge 
microbial community function and assembly, and provides a promising strategy for the manipulation of 
anaerobic sludge microbiomes in HA engineering systems.   

1. Introduction 

Hydrolysis acidification (HA) has been widely used as a biological 
pre-treatment of refractory industrial wastewater to transform macro
molecular organic compounds into bioavailable organics for improved 
biodegradability (Chen et al., 2020; Guerrero et al., 1999; Wang et al., 
2014). However, numerous toxic and hazardous organic contaminants 
derived from industrial production and discharges could inhibit the 
metabolic activity of hydrolytic and acidifying bacteria (Bai et al., 2021; 
He et al., 2020; Luo et al., 2016). In particular, refractory organic ni
trogen contaminants (e.g. nitro-aromatics and azo dyes), with the low 
electron cloud density of the benzene ring and large steric hindrance 
formed by nitrogen coupling, have resulted in limited decomposition 

and ammonization (NH4
+ release) efficiency via the traditional hydro

lysis and acidification process (Cohen and Wang, 2002). Using con
ventional anaerobic biotechnology to efficiently remove organic 
nitrogen contaminants and total nitrogen is a great challenge. It is also 
very difficult to upgrade wastewater treatment plants (WWTPs) to meet 
more stringent discharge standards (Katritzky et al., 2010). 

Electrostimulation, the supplying of extra reductive energy (elec
trode as non-exhaustible electron donor) to anaerobic microorganisms 
through direct external voltage (< 1.0 V) input for overcoming the en
ergetic barrier, has been thoroughly proven to accelerate the detoxifi
cation and degradation of various refractory organic nitrogen 
contaminants (Chen et al., 2019b; Kong et al., 2015; Liang et al., 2013; 
Liang et al., 2019; Lin et al., 2019; Wang et al., 2011). Electrostimulated 
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hydrolysis acidification (eHA) has resulted in a breakthrough in the 
enhancement of the metabolic activity of functional bacteria partici
pating in hydrolysis-acidification and the biodegradation efficiency of 
refractory organic pollutants (Cui et al., 2014; Cui et al., 2016a; Cui 
et al., 2016b; Wang et al., 2016). Our previous studies have created an 
engineered electrode module (EEM) and a power management system, 
and subsequently established a construction engineering standard for 
EEMs that could be assembled on-site for immediate use (Wang et al., 
2020a; Wang et al., 2017). The applicable EEM provides a viable and 
clear path to facilitate the transition between the success of 
laboratory-based studies and real-world application of the proposed 
eHA technology to enhance detoxification and decomposition of re
fractory organics and improve wastewater bioavailability (Wang et al., 
2020a). 

Numerous studies have focused on examining the microbial com
munity structure and function of electrode biofilms due to the unique 
ability of extracellular electron transfer by bacteria able to colonize the 
surfaces of electrodes (Du et al., 2018; Hirose et al., 2018; Yanuka-Go
lub et al., 2021; Yu et al., 2020; Zhou et al., 2013). In the eHA system for 
pollutant biotransformation, electrostimulation can make significant 
impacts on the composition, structure, and function of the electrode 
biofilm and planktonic sludge microbial communities (Chen et al., 
2019a; Jiang et al., 2018; Xu et al., 2016; Zhao et al., 2019). Compared 
with the limited electrode biofilm, planktonic sludge plays a more sig
nificant role in the removal of various pollutants due to the higher 
biomass and overall metabolic activity (De Vrieze et al. 2018; Park et al., 
2020). However, the response of planktonic sludge microbial commu
nities to electrostimulation are poorly understood. 

Here, we propose a new concept of “electrical selection”, with the 
aim to directionally regulate the niche and function of the planktonic 
sludge microbial communities in HA systems during wastewater treat
ment. We hypothesize that (i) planktonic sludge microbial community 
structure and microbial interactions would be significantly altered with 
electrostimulation; (ii) the electrostimulation-selected planktonic 
sludge communities would greatly promote the biotransformation of 
refractory organic nitrogen contaminants (e.g. azo dye), and (iii) 
planktonic sludge microbial community assembly would be dominated 
by deterministic process under electrostimulation. Such information is 
important to provide a basis for the targeted manipulation of anaerobic 
sludge microbiomes in wastewater treatment engineering systems. 

2. Materials and methods 

2.1. Reactor construction 

A single chamber reactor made of polymethyl methacrylate was 
constructed (Fig. S1). The working volume was approximately 200 mL 
with an inner diameter of 7.5 cm and a height of 7 cm. Both the anode 
and cathode were manufactured using a stainless-steel mesh, which 
were pretreated according to previously published protocols (Wang 
et al., 2017). During the experiment, a weak voltage of 0.5 V was sup
plied by a DC power (FDPS-180, Fudan Tianxin Scientific and Educa
tional Instruments Co., Ltd, Shanghai, China), and a saturated calomel 
electrode (SCE, + 0.247 V vs. standard hydrogen electrode, SHE) was 
used as a reference electrode to record the cathode potential. For the 
control group, the same electrodes, but without power supplement, were 
installed in the reactors. 

2.2. Inoculation and operation 

Activated sludge derived from Wenchang municipal wastewater 
treatment plant (Harbin, China) was used as inoculum. The sludge was 
added to each reactor and adjusted the mixed liquor suspended solids 
was 6.0 g/L. Synthetic wastewater containing sewage collected from a 
local residential area and 100 mg/L azo dye Alizarin Yellow R (AYR) was 
used as influent. Each reactor was equipped with a magnetic rotor 

placed on a six-position magnetic stirrer (84–1, Shanghai Meiyingpu 
Instru. Co., Ltd., China) at 200 rpm to maintain thorough mixing of the 
reactor contents. The supernatant was discharged and replaced by fresh 
medium after AYR was completely transformed and decolorized. The 
influent was flushed with pure nitrogen (purity > 99.99%) to remove 
dissolved oxygen. Three different operational modes were conducted, (i) 
anaerobic reactor without supplying DC power, denoted as HA, (ii) 
anaerobic reactor with DC power supplied as a closed-circuit, denoted as 
eHA, and (iii) anaerobic reactor where DC power was temporarily 
removed (the circuit disconnected for 12 h and remained open when 
AYR removal efficiency was determined), denoted as eHA-O. Each 
operational condition was run in three parallel reactors and for at least 
three repetitions. 

2.3. Chemical analysis 

Samples taken from the bioreactors were centrifuged at 5000 rpm for 
5 min. The supernatant was then filtered through a 0.22 μm filter 
(Tianjin Jinteng Experiment Equipment Co., Ltd., China) and the 
collected cells were returned to the corresponding reactor. AYR con
centration was determined using a UV–vis spectrophotometer (UV- 
1800, Shanghai Meipuda instrument Co., Ltd., China) at 374 nm. Its 
transformation products, p-phenylenediamine (PPD) and 5-aminosali
cylic acid (5-ASA), were quantified using an ultra-performance liquid 
chromatography (UPLC, Agilent 1290, Agilent Co., Ltd., USA) equipped 
with a UV detector at 288 nm and a C18 column (2.1 × 100 mm, Waters 
Co., USA). The mobile phase was ultrapure water with 0.1% formic acid 
and methanol (9:1, V/V) at a flow rate 0.2 mL/min. The AYR degrada
tion rates were fitted using pseudo-first-order kinetic reaction and its 
degradation efficiency (DE) was calculated as previously reported (Cui 
et al., 2016b). Volatile fatty acid (VFA) and biogas were analyzed by a 
gas chromatograph (7890A GC system, Agilent Co., Ltd., USA) equipped 
with FID (flame ionization detector) and TCD (thermal conductivity 
detector) detectors as previously described (He et al., 2021). 

2.4. DNA extraction and microbial community analysis 

Planktonic sludge was sampled when the reactor was stirring to 
obtain a homogenous microbial sample after the bioreactor start-up (day 
30, designated as HA-1 for control group and eHA-1 for the electro
stimulation group) and during stable operation (day 100, designated as 
HA-2 for control group and eHA-2 for the electrostimulation group). 
Nine samples were collected from three biologically replicated reactors. 

Sludge DNA was extracted following the method previously 
described (Zhou et al., 1996). The V4 region of the 16S rRNA genes were 
amplified using primers 515F and 806R and subsequently sequenced on 
the Illumina MiSeq platform (Illumina, San Diego, USA) by Majorbio 
Bio-pharm Technology Co., Ltd. (Shanghai, China). Operational taxo
nomic units (OTUs) were generated by UPARSE at 97% identity and 
sequencing results were analyzed utilizing an online platform (www. 
majorbio.com). Metagenomic sequencing was performed to determine 
the relative abundance of functional genes and analyzed according to 
previous protocols (Bai et al., 2021). The raw 16S rRNA genes and 
metagenomic reads have been deposited into the NCBI Sequence Read 
Archive (SRA) database (Accession number: PRJNA704102). 

2.5. Statistical analysis 

The difference of bioreactor performance between electro
stimulation and control groups was calculated by two-paired Student’s t- 
test. The ordination pattern of the sludge microbial communities in the 
eHA and HA systems were determined by Principal co-ordinates analysis 
(PCoA) based on Bray-Curtis distance. Three complementary non- 
parametric multivariate analysis of variance (Adonis), analysis of simi
larity (ANOSIM), and multi-response permutation procedure (MRPP) 
based on Jaccard and Bray-Curtis distances were performed to test the 
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dissimilarities in the planktonic sludge microbial community composi
tion and structure under different operational modes. Redundancy 
analysis (RDA) and Spearman’s rank correlation analysis were con
ducted to determine the linkage between bioreactors’ performances and 
microbial community composition. The difference of microbial com
munity composition at genus level was performed by the Welch’s t-test. 
The phylogenetic molecular ecological networks (pMENs) based on 
random matrix theory (RMT) were constructed according to a previously 
published pipeline (Deng et al., 2012; Zhou et al., 2010; Zhou et al., 
2011) and the networks were visualized with Gephi 0.9.2 software. Infer 
Community Assembly Mechanisms by Phylogenetic-bin-based null 
model analysis (iCAMP) (Ning et al., 2020) was used to quantitate the 
planktonic sludge microbial community assembly in response to elec
trostimulation and the standardized effect size (Cohen’s d) was calcu
lated to assess the effect of electrostimulation on ecological processes (| 
d| > 0.8 defined as large effect size, 0.5 < |d| ≤ 0.8 defined as medium 
effect size, 0.2 < |d| ≤ 0.5 defined as small effect size and |d| ≤ 0.2 
defined as negligible effect size). Normalized stochasticity ratio (NST) 
(Ning et al., 2019) and neutral species percentage (NP) (Burns et al., 
2016; Sloan et al., 2010) were also applied to the dataset. The signifi
cance of the difference in relative importance of ecological process be
tween electrostimulation and control groups was analyzed based on 
permutation t-test (1000 times). 

3. Results and discussion 

3.1. AYR transformation performance under different operational modes 

After 30 days of stable current generation, an indication of successful 
eHA start-up, AYR degradation efficiency was determined (Fig. 1a). For 
eHA, the AYR degradation efficiency at 8 h (DE8h) reached 91.94 ±
1.49% and was 89.97 ± 0.94% when electricity was temporarily 

removed (eHA-O). Meanwhile, the AYR degradation efficiency for HA 
was 84.57 ± 2.98%. The AYR degradation data was fitted with pseudo- 
first-order kinetics and the rate constant of eHA-O was significantly (P <
0.01) higher than HA (Fig. 1b). After the bioreactors were steadily 
operated for 100 days, the AYR degradation efficiency tendency was 
consistent with the former stage (Fig. 1c). DE8h of eHA was 94.62 ±
2.73%, 12.60% higher than that of HA (82.02 ± 3.37%). DE8h was 
91.67 ± 2.59% for eHA-O, which was 9.65% higher than that of HA. The 
rate constant of eHA-O was also significantly higher than that of the HA 
(P < 0.01). 

To confirm AYR transformation was the cleavage of the azo bond 
rather than adsorption, the AYR reduction products were also deter
mined (Fig. S2a, b). The anaerobic AYR transformation pathway has 
been previously investigated (Cui et al., 2014), and PPD and 5-ASA were 
found to be formed by the cleavage of the azo bond. PPD concentration 
increased with AYR transformation, and the recovery efficiency was 
more than 70% after 6 h. The relatively low recovery efficiency during 
the first 4 h may be derived from the adsorption of AYR to sludge instead 
of biotransformation. Accordingly, the DE6h and DE8h (AYR degradation 
efficiency at 6 h and 8 h) was selected to evaluate the performance of the 
different operational modes. AYR transformation efficiency was signif
icantly improved under electrostimulation and the order was eHA >
eHA-O > HA. 

The major VFAs were acetic acid and propionic acid under the 
different operational modes (Fig. S2c). The lower VFA concentrations 
during eHA mode indicated that exoelectrogens on the anode are 
potentially consuming the organic acid for current generation, which 
was the driving force improving AYR biotransformation at the cathode. 
The results also corresponded with lower methane production (0.079 
mmol/d for HA and 0.031 mmol/d for eHA) and higher AYR trans
formation efficiency. Therefore, electrostimulation may alter the elec
tron transfer pathway within planktonic sludge microbial communities. 

Fig. 1.. Effects of electrostimulation on azo dye degradation efficiencies. Degradation efficiency (DE) and rate constant (k) on day 30 (a, b) and day 100 (c, d) (** 
denotes Student’s t-test, P < 0.01). 
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During eHA-O mode, the accumulated VFAs concentration was lower 
than HA, which may be derived from a greater number of corporative 
relationships between fermenters and decolorizer after electro
stimulation. However, during HA mode, the complex organics were 
fermented to VFAs by fermentative bacteria, and the additional acetic 
acid was further utilized to produce methane. 

The superior pollutant removal efficiency after supplying with 
external power has been widely recognized due to the combined 
contribution of electrochemical reduction and biological reduction (Cui 
et al., 2016b; Dan et al., 2012; Jiang et al., 2018; Wang et al., 2016). 
Interestingly, AYR degradation efficiency was still higher than that of 
HA when the external power was temporarily removed. The degradation 
efficiency at day 100 was also significantly higher than day 30 (P <
0.01) regardless of the operational modes (Fig. S2 d, e). Although pre
vious research has documented that anodic electroactive biofilms can 
store charge in self-produced redox proteins, with a discharge time of 60 
s (Zhang et al., 2018) or intermittent power supply (Wang et al., 2020b). 
In our experiment, the higher AYR transformation efficiency was 
determined when the circuit was kept open after having been discon
nected for 12 h, and the planktonic sludge may play a more important 
role in AYR transformation due to its larger biomass. These results 
implied that the distinct planktonic sludge microbial community 
composition and interactions of the eHA group contributed to the 
improved functional performance. 

3.2. Shifts in planktonic sludge microbial communities 

To examine the effects of electrostimulation on the selectivity of 
functional microbes, planktonic sludge microbial community composi
tion and structure were analyzed using 16S rRNA gene-based Illumina 
MiSeq sequencing. As indicated by PCoA, based on Bray-Curtis distance 
matrix, electrostimulation markedly shifted phylogenetic structure of 
the planktonic sludge microbial communities. HA and eHA groups were 
well separated from each other, especially after 100 days (Fig. 2a). 
Additionally, three complementary non-parametric multivariate statis
tical tests (MRPP, ANOSIM, and Adonis), calculated with Bray-Curtis 
and Jaccard distances, further indicated that the planktonic sludge mi
crobial community structure was substantially different (P < 0.05) be
tween the HA and eHA groups on day 30, and the difference became 
more significant as time proceeded (P < 0.01, on day 100) (Table 1). 
These results indicated that the composition and structure of the 
planktonic sludge microbial communities varied markedly under elec
trostimulation. To link the shift of microbial communities in the eHA 
system to bioreactor performance, RDA was performed and showed that 
microbial community structure (response variables) was significantly 

shaped by explanatory variables including DE8h (P = 0.007), rate con
stant (k) (P = 0.001), the accumulated concentration of VFAs (P < 0.01), 
CH4 (P = 0.036), and cathode potential (P = 0.016) (Fig. 2b). Overall, 
explanatory variables related to AYR transformation efficiency were 
significantly and positively correlated with the microbial community 
structure within the eHA group, and those related to the accumulated 
concentration of VFAs were significantly negative correlated. However, 
the relationships between measured bioreactor performance and the 
microbial community structure within the HA group were the opposite. 

To detect the difference between the potential functional populations 
within HA and eHA, dissimilarity analyses were conducted based on the 
Welch’s t-test at the genus level (Fig. 3). The dominant genera are 
usually regarded as functionally significant populations within a mi
crobial community. Acinetobacter had the highest relative abundance 
and significantly enriched under electrostimulation, which was posi
tively correlated with azo dye reduction (r = 0.39, P < 0.05, Fig. S5). In 
addition, a previous study reported Acinetobacter could utilize acetate as 
a substrate to transform azo dye (Kong et al., 2018). Dechloromonas, 
which was enriched in eHA, has also been reported to transform azo dye 
(Long et al., 2019). Geobacter, Desulfovibrio, and Desulfobulbus were 
enriched after 100 days. Additionally, the relative abundance of Geo
bacter and Desulfobulbus were positively correlated with azo dye reduc
tion rate (r = 0.35–0.57, P < 0.05, Fig. S5). Geobacter is capable of 
reducing nitro groups and azo bonds except for extracellular electron 
transfer (Liu et al., 2013; Logan et al., 2019; Xu et al., 2019). Desulfo
vibrio and Desulfobulbus are capable of electron transfer and have been 
associated with azo dye degradation under anaerobic conditions (Miran 
et al., 2015). The two genera also may take part in SO4

2− reduction 
because the concentration of SO4

2− in sewage are up to dozens of mil
ligrams per liter and the products S2− could be acted as electron donor 
for AYR bioreduction (Luo et al., 2019). Pseudomonas, a bacterial genus 
with electroactive members that can secrete mediators such as phena
zine, were enriched under electrostimulation on the day 30 (P < 0.05). 
Pseudomonas has been shown to be capable of reducing azo dyes and 
nitroaromatics (Chang et al., 2001). Pseudomonas was positively corre
lated with azo dye reduction rate (r = 0.45, P = 0.006) and cathode 
potential (r = 0.32, P = 0.061) (Fig. S5). The relative abundance of 
norank_f_Bacteroidetes_vadinHA17, norank_o_ Saccharimonadales, and 
norank_f_Anaerolineaceae were not significantly different between HA 
and eHA. These genera are able to degrade complex organic compounds 
under anaerobic or facultative conditions (Shi et al., 2021). The above 
results suggested that decolorizers were enriched under electro
stimulation, while the relative abundance of fermentative bacteria were 
not significantly different from the control group. Worth noting, the 
electrode biofilm might indirectly affect the planktonic microbial 

Fig. 2.. Effect of electrostimulation on planktonic sludge microbial community structure. (a) Principal co-ordinates analysis (PCoA) based on Bray-Curtis distance of 
16S rRNA gene sequences, significance test based on ANOSIM (r = 0.7417, P = 0.001), and (b) Redundancy analysis (RDA) of 16S rRNA gene sequences data and 
explanatory variables. 
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community. Electrostimulation could gather differed core functional 
groups across electrode and plankton (Cheng et al., 2021; Lin et al., 
2019; Wang et al., 2020c). Microorganisms capable of extracellular 
electron transfer assemble on the anode, pollutant reduction (e.g. 
dechlorinators and decolorizers) and methane production (e.g. hydro
genotrophic methanogens) on the cathode, organics degradation (e.g. 
fermenters) and pollutants reduction in the plankton. Also, the detached 
biofilm might participate in planktonic microbial community 
alternation. 

3.3. Variation of microbial interactions within planktonic sludge 
communities 

Beyond microbial community structure and composition difference, 
biodiversity includes the complex microbial interactions between 
different species, and various biological populations interact with each 
other to conduct special ecological functions (Zhou et al., 2011). 
Phylogenetic molecular ecological networks (pMEN) are constructed 
using the random matrix theory (RMT)-based network approach, which 
is powerful tool for describing microbial associations using 
high-throughput sequencing data (Feng et al., 2017; Yuan et al., 2021; 
Zhou et al., 2010; Zhou et al., 2011). On day 30, the HA network con
sisted of 200 nodes (OTUs) and 539 links (interactions), and for eHA, 

191 nodes and 444 links (Fig. S6). The number of nodes and links 
decreased after 100 days. The difference of overall network topological 
properties was compared by calculating several important parameters 
(Table 2). The average connectivity (avgK), an indicator of network 
complexity, was 5.39 and 4.65 for HA-1 and eHA-1, 4.76 and 3.57 for 
HA-2 and eHA-2, respectively. Higher average connectivity indicates a 
more complex relationship, and lower average clustering coefficient 
indicates stronger connections. As illustrated, more complicated in
teractions appeared in HA, and the majority of links (> 70%) in all 
networks were positive (Fig. S6). The average path distance value was 
close to the logarithm of the total number of network nodes, meaning 
that the pMENs had typical small world properties. The modularity 
(0.639–0.782) was higher than the corresponding randomized networks 
(0.377–0.504), suggesting the constructed networks were modular. 
Although the pMENs across different operational stages, with or without 
electrostimulation, had the typical topological features of many micro
bial interaction networks (scale-free, small world, and modular archi
tecture), the average path distance, average clustering coefficient, and 
modularity of HA and eHA networks were significantly different (P <
0.01) (Table. 2). 

Subnetworks were constructed with the keystone microorganisms 
identified by Z-P plot (Fig. S8) and dominant genera (Fig. 4). For HA-1, 
this subnetwork consisted of 27.50% of total nodes and 23.93% of total 

Table 1 
Significance tests of the effects of electrostimulation on the overall planktonic sludge microbial community structure with three different statistical approaches (Bold 
indicates P < 0.05).   

Jaccard distance Bray-Curits distance  
MRPP Anosim Adonis MRPP Anosim Adonis  
δ P R P F P δ P R P F P 

HA-1 vs eHA-1 0.420 0.024 0.110 0.039 1.255 0.028 0.249 0.019 0.239 0.020 2.892 0.016 
HA-2 vs eHA-2 0.424 0.001 0.328 0.001 1.559 0.001 0.280 0.002 0.389 0.005 4.066 0.002  

Fig. 3.. Effect of electrostimulation on planktonic sludge microbial community composition at the genus level on day 30 (a) and day 100 (b); (*: Welch’s t-test, P <
0.1, **: P < 0.05). 
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links from the original network. There was a connected cluster among 
the fermentative bacteria in which all links were positive, while the 
microbial interactions of the nodes related to azo dye reduction (e.g. 
Acinetobacter) and organics fermentation was little (Fig. 4a). For eHA-1, 
the network size (24.08% of total nodes, whereas covering 33.55% of 
total links) was similar to HA-1 (Fig. 4b). However, there was a cluster 
centralized with Acinetobacter (a decolorizer). On day 100, networks of 
the HA and eHA communities consisted of 67.48% of total nodes 
covering 81.23% of total links and 73.28% of total nodes covering 
81.16% of total links, respectively, suggesting that microbial in
teractions of dominant bacteria and keystones were the majority of all 
interactions at this stage whether or not electrostimulation be used. 
However, more complicated interactions (more links) among fermenters 
and fewer interactions between fermenters and decolorizers were 
observed in the HA-2 group (Fig. 4c). Electrode biofilm (e.g. electro
active bacteria and decolorizers) detachment was inevitable, which 
could affect the planktonic microbial interactions (Lin et al., 2019). For 
the eHA-2 group, fermenters (e.g. norank_o_Saccharimonadales) had 
more positive relationships with decolorizers (e.g. Acinetobacter) and 
electroactive bacteria (e.g. Desulfovibrio) (Fig. 4d). However, there were 
fewer interactions among fermenters. Collectively, microbial in
teractions were not conserved between the HA and eHA groups. 
Although less connectivity was observed in the eHA network, functional 
OTUs (decolorizers, fermenters, and electroactive bacteria) shared more 
interactions. Therefore, electrostimulation could optimize the microbial 

interactions which synergistically enhance the biotransformation of azo 
dye AYR. 

3.4. Variation of the metabolic potential within planktonic sludge 
communities 

In addition to basic microbial community structure, the metabolic 
potential of planktonic sludge microbial communities on day 100 was 
explored through metagenomic sequencing, due to more significant 
difference of microbial communities between the HA-2 and eHA-2 
groups. The original gene-set of each community consisted of more 
than 40 million clean reads and 6 billion bps. PCoA of the original gene- 
sets at KEGG Orthology (KO) level was performed. The gene-sets derived 
from the planktonic sludge communities of HA-2 were well separated 
from those of eHA-2 (Fig. S9), indicating electrostimulation changed 
functional gene structure. RDA suggested that the composition of 
functional genes within the eHA-2 group was significantly positively 
correlated with azo dye transformation rate (P = 0.058) and cathode 
potential (P = 0.075), and negatively correlated with accumulated 
propionate concentration (P = 0.003) (Fig. S9). While the relationships 
of these explanatory variables and the functional gene structure within 
the HA-2 group was the opposite. 

Azoreductase catalyzes the cleavage of the azo bond (-N=N-) to form 
colorless aromatic amine (Sarkar et al., 2017). According to KEGG 
annotation, the azoreductase genes detected in this study are NADH 

Table 2. 
Topological properties of the empirical pMENs of planktonic sludge microbial communities under electrostimulation and control, and their associated random pMENs.   

Empirical networks Random networks c 

Datasets Similarity 
threshold 

Avg connectivity 
(avgK) 

Avg 
path 
distance 

Avg clustering 
coefficient 

Modularity Avg 
path 
distance±
SD 

Avg clustering coefficient 
±SD 

Modularity 
±SD 

HA-1 0.890 5.390 7.507 a 0.336a 0.639 a 3.259 ±
0.050 

0.068 ± 0.010 0.377 ± 0.007 

eHA-1 0.890 4.649 5.468 a 0.377 a 0.714 a 3.496 ±
0.051 

0.036 ± 0.009 0.430 ± 0.008 

HA-2 0.920 4.764 5.817b 0.452 b 0.725 b 3.208 ±
0.065 

0.069 ± 0.014 0.400 ± 0.009 

eHA-2 0.920 3.569 5.612b 0.393 b 0.782 b 3.775 ±
0.077 

0.030 ± 0.011 0.504 ± 0.013  

a Significant difference (P < 0.001) between HA-1 and eHA-1 values. 
b Significant difference (P < 0.001) between HA-2 and eHA-2 values. 
c The random networks were generated by rewiring all of the links of a pMEN with the identical numbers of nodes and links to the corresponding empirical pMEN. 

Fig. 4.. Subnetworks to visualize interactions among dominant genera and keystone microorganisms of planktonic sludge microbial communities. Green and red 
lines indicate positive and negative associations, respectively. (a) HA-1, (b) eHA-1, (c) HA-2, (d) eHA-2, and (e) topological properties of the subnetworks and brief 
summary of link numbers (FF: links among fermenters; FD: links between fermenters and decolorizers; FE: links between fermenters and electroactive bacteria). 
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dependent, which means that oxidizable molecules serve as an electron 
donor to take part in the azo bond breakdown. The total abundances of 
azoreductase gene (K01118) and NAD(P)H dehydrogenase genes 
(K00355, K03809, and K19267) were relatively higher in the electro
stimulation microcosms (Fig. 5a). Nitroreductase could catalyze the 
reduction of nitroaromatics using NAD(P)H as an electron donor (Liang 
et al., 2014) and the gene encoding for nitroreductase (K10679) was also 
relatively higher in the electrostimulation microcosms (Fig. 5c). More 
importantly, Acinetobacter and Dechloromonas related NAD(P)H dehy
drogenase genes (K03809) (3.58 and 3.91 times higher, respectively) as 
well as Dechloromonas related nitroreductase gene (K10679) (7.62 times 
higher) were significantly (P < 0.05) more abundant in the electro
stimulation microcosms. Based on the 16S rRNA gene sequencing re
sults, these genera were significantly enriched in the planktonic eHA-2 
communities, suggesting that they may be involved in the trans
formation of azo dye AYR by participating in the synthesis of NAD(P)H 
dehydrogenase and nitroreductase. 

Redox mediators could act as electron shuttles between the extra
cellular NADH dependent azoreductase and NADH dehydrogenase 
under anaerobic condition (Sarkar et al., 2017). In particular, genes 
coding for menaquinone (K01661) and ubiquinone (K03182) biosyn
thesis were identified with significantly (P < 0.05) higher relative 
abundance in the electrostimulation microcosms with Dechloromonas as 
the major source of these genes (Fig. 5b, d). K01661 sequences assigned 
to this genus were significantly (4.64 times) more abundant in the 
electrostimulation microcosms. Other functional genes, taxonomically 
linked to Dechloromonas, coding for redox mediators including ribo
flavin (K00793) and menaquinone (K03183) biosynthesis were also 
significantly more abundant in the electrostimulation microcosms at 
6.04 and 6.86 times, respectively, although the total abundances of 

those genes were not higher in the electrostimulation microcosms. 
Similarly, genes coding for ubiquinone (K06134 and K03179) and 
riboflavin (K00793 and K11753) biosynthesis were not significantly 
higher in the electrostimulation groups, while the genes assigned to 
Acinetobacter were significantly (P < 0.05) more abundant in the elec
trostimulation groups (1.81, 3.87, 2.12, and 2.86 times higher, respec
tively). These results suggested Dechloromonas and Acinetobacter also 
played important roles in electron transfer during the reduction of the 
azo dye AYR as a previously reported Acinetobacter can secrete quinone 
to facilitate extracellular electron transfer (Wang et al., 2020b). Pseu
domonas are electroactive bacteria that secrete redox mediators such as 
quinone (Choi et al., 2008). Sequences related to Pseudomonas genes 
coding for ubiquinone (K03182 and K03179) and menaquinone 
(K03183) biosynthesis were relatively higher in the electrostimulation 
groups. Genes coding for K03183 assigned to Desulfobulbus were 
significantly (P < 0.01) more abundant, indicating this genus may 
provide additional mediators to accelerate AYR reduction. Overall, the 
majority of genes participating in AYR transformation were more often 
taxonomically assigned to decolorizers and electroactive bacteria, and 
the relative abundance of these genera were also significantly higher 
under electrostimulation. 

3.5. Stochastic vs. deterministic planktonic microbial community 
assembly 

Dissecting the mechanisms controlling biodiversity and microbial 
community composition under electrostimulation could provide valu
able insights into the importance of various ecological processes to 
planktonic sludge microbial community assembly (Zhang et al., 2019; 
Zhou et al. 2017; Zhou et al., 2013). 

Fig. 5.. Effect of electrostimulation on functional genes. (a) Relative abundances of genes encoding for azoreductase (K01118), nitroreductase (K10679), NADH 
dehydrogenase (K00329 and K03885), NAD(P)H dehydrogenase (K00355, K03809 and K19267), (b) Menaquinone biosynthesis (K01661and K03183), Ubiquinone 
biosynthesis (K06134, K03179 and K03182), and Riboflavion biosynthesis (K00793 and K11573) in planktonic sludge microbial communities with electrostimualtion 
(eHA-2 group) or not (HA-2 group) from metagenomic sequencing (*: Student’s t-test, P < 0.05, **: P < 0.01 and ***: P < 0.005), (c) Heatmap showing the log ratio 
(log2 eHA/HA) of relative abundances of genes coding for nitroreductase and azoreductase, (d) Mediator biosynthesis assigned to microbial community at genus level 
(top 30 most abundant genera only) in HA-2 and eHA-2 groups. The gray cells indicate data had not been detected. 
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Firstly, the ecological deterministic process was quantified by 
abundance-weighted neutral taxa percentage (NP) based neutral-theory 
model, normalized stochasticity ratios (NST) based on taxonomic (tNST) 
or phylogenetic metrics (pNST), and iCAMP (Fig. 6a–d). According to NP 
and NST, the deterministic process contributed an average of 
10.31–15.84% and 7.23–18.87% of the community variation for HA-1 
and eHA-1, respectively. The estimated deterministic ratio was on 
average 43.82 and 42.65% based on iCAMP, and the ratio was not 
significantly different between HA-1 and eHA-1, with negligible effect 
size (Cohen’s d = 0.17). But on day 100, tNST and NP revealed that 
electrostimulation led to a significant (P < 0.05) increase of the deter
ministic ratio. pNST (Cohen’s d = 2.57) and iCAMP (Cohen’s d = 1.09) 
also showed that deterministic process was more important for eHA 
microbial community assembly with a large effect size. Various ap
proaches indicated that microbial community assembly was more 
deterministic under electrostimulation over the course of the experi
ment. Furthermore, the relative importance of different ecological pro
cesses including homogeneous selection (HoS), heterogeneous selection 
(HeS), dispersal limitation (DL), homogenizing dispersal (HD), and drift 
(DR) was quantified based on iCAMP. In general, the combined faction 
of DL, HD, and DR in microbial ecology are considered to be the sto
chastic processes (Ning et al., 2020). In this study, HoS, DL, and DR were 
more important in bacterial community assembly, with an average 
relative importance of 42.60–51.75%, 2.37–11.51%, and 
35.65–48.75%, respectively. On day 30, electrostimulation had altered 

the relative importance of different processes by only an insignificant 
amount with medium or small effect size (|Cohen’s d| = 0.17–0.73), but 
had significantly decreased the importance of dispersal limitation (P =
0.044). However, electrostimulation increased the relative importance 
of homogeneous selection with large effect size (Cohen’ s d = − 1.09), 
and significantly (P = 0.035) decreased dispersal limitation with large 
effect size (Cohen’s d = 2.46) after 100 d of operation, suggesting the 
relative importance of the deterministic process increased with the time 
of electrostimulation. 

More importantly, iCAMP can provide useful information on the 
relative importance of different ecological processes in individual 
phylogenetic bins or groups (Ning et al., 2020). For this purpose, the 
3777 observed OTUs were divided into 69 phylogenetic bins (Fig. 6e and 
f). After 100 days, homogeneous selection dominated 19 bins (27.53% of 
bin numbers and 49.86% relative abundance) for the HA-2 group and 22 
bins (31.88% of bin numbers and 58.99% relative abundance) for the 
eHA-2 group (Table. S3). Two of the major bins were Bacteroidetes (Bin 
23, 11.32% in total abundance of bins) and Proteobacteria (Bin 65, 
21.24% in total abundance of bins). By contrast, drift dominated 23 bins 
(33.33% of bin numbers and 28.30% relative abundance) and 19 bins 
(27.54% of bin numbers and 24.45% relative abundance) for HA-2 and 
eHA-2, respectively, with the most abundant drift-governed bin (Bin 57, 
5.67% in total abundance of bins) belonging to the phylum 
Patescibacteria. 

To determine which ecological process was more important for the 

Fig. 6.. Relative importance of stochasticity in response to electrostimulation. Stochasticity estimated by different methods at 30 d (a) and 100 d (c). Relative 
importance of different ecological processes based on iCAMP at 30 d (b) and 100 d (d). Variations of ecological processes across different phylogenetic groups (e–i). 
Phylogenetic tree (e), relative abundance of each bin (only the top 20 bins were shown in this figure, accounting for a total relative abundance of 86.06%) (left) and 
the genus with greatest relative abundance in each bin (right) (f). Relative importance of homogeneous selection (g), dispersal limitation (h), and drift (i) in the 
assembly of the major bins in HA-2 and eHA-2. (One-side significance based on bootstrapping test was expressed as *P < 0.05. L, M, S, and N represent large (|d| >
0.8), medium (0.5 < |d| ≤ 0.8), small (0.2 < |d| ≤ 0.5), and negligible (|d| ≤ 0.2) effect sizes of electrostimulation, based on Cohen’s d (the mean difference between 
electrostimulation and control divided by pooled standard deviation). HoS: homogeneous selection, HeS: heterogeneous selection, DL: dispersal limitation, HD: 
homogenizing dispersal, and DR: drift and others). 
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assembly of dominant genera under electrostimulation, bins containing 
bacteria contributing to the electrostimulation-induced changes of ho
mogeneous selection, dispersal limitation, and drift on day 100 were 
further analyzed (Fig 6g and i). The most abundant genus, Acinetobacter 
(88.93% of total abundance in bin 65) was entirely (100%) governed by 
homogenous selection within the HA-2 group and mainly (52.89%) 
dominated by homogeneous selection within the eHA-2 group. Dech
loromonas (19.94% of bin 64) contributed 22.59% of the 
electrostimulation-induced increase in homogeneous selection. The two 
major genera of bin7, Desulfobulbus (44.84%) and Geobacter (32.43%), 
were 100% and 70.59% governed by stochastic processes within HA-2 
and eHA-2, respectively. Pseudomonas (relative abundance of 79.26%) 
was the most abundant genus of bin 66 and increased the relative 
importance of homogenous selection under electrostimulation by 
54.25%. Based on available metabolic information, the dominant fer
menters were norank_f_Bacteroidetes_vadinHA17 (39.40% in total 
abundance of bin 23) and norank_o_Saccharimonadales (56.03% in total 
abundance of bin 57). Bin 23 was 85.26% and 100% governed by ho
mogenous selection for HA-2 and eHA-2, respectively. While bin 57 was 
83.85% and 94.26% predominated by stochastic processes for HA-2 and 
eHA-2, respectively. These results indicated electrostimulation drove 
the planktonic sludge microbial community assembly to be more 
deterministic, especially for azo dye degraders and electroactive 
bacteria. 

4. Environmental implications 

Undoubtedly, eHA could improve the biotransformation efficiency 
towards various organic contaminants (Cui et al., 2014; Jiang et al., 
2018; Wang et al., 2017). Consequently, it is important to understand 
how planktonic sludge microbial communities respond to electro
stimulation. However, the majority of studies have focused on microbial 
alpha- and beta-diversity patterns and microbial community composi
tion at the phylum, class, and genus levels for electrode biofilm and 
planktonic sludge (Chen et al., 2019a; Jiang et al., 2018; Xu et al., 2016). 
This study demonstrated the significant changes in the planktonic sludge 
microbial community structure, function, and assembly in response to 
electrostimulation in a eHA bioreactor. 

The directional enrichment of functional microorganisms is the core 
to ensure the treatment efficiency and functional stability of the 

engineering water system. Our results highlighted at least three possible 
major mechanisms by which the biotransformation efficiency of re
fractory nitrogen-containing organics could be enhanced by electro
stimulation (Fig. 7). The first is through obvious changes in the 
planktonic sludge microbial community composition and structure. Our 
findings that significant differences occur in the planktonic sludge mi
crobial communities under electrostimulation is in agreement with 
studies on electrode biofilm communities that were obviously affected 
by electrostimulation (Guo et al., 2013; Liao et al., 2018; Lin et al., 
2019). Redundancy analysis indicated the shift of functional microbial 
communities was responsible for more efficient biodegradation of pol
lutants in eHA. The second is by altered and evolved microbial in
teractions. Functional redundancy, many coexisting but taxonomically 
different microorganisms could perform same metabolic functions and 
the identified taxa encoding each function could vary substantially 
across time with negligible effect on the function, is common (Louca 
et al., 2018). Also, microorganisms do not thrive in isolation but in 
complex associations (Yuan et al., 2021). Phylogenetic microbial 
ecological networks allow insight into the interactions of different mi
crobial functional populations (Banerjee et al., 2019; Zhou et al., 2011). 
Our study highlighted that electrostimulation could significantly affect 
the network structure, and revealed that communities that did not 
receive electrostimulation had significantly more complex interactions 
between fermenters. However, more positive interactions of fermenters 
and decolorizers, as well as fermenters and electroactive bacteria 
occurred under electrostimulation, which could be responsible for the 
more efficient functional performance. The last is by enhancing the 
relative abundance of some functional genes, especially those involved 
in redox mediator biosynthesis. Mediators play a critical role in indirect 
extracellular electron transfer (Martinez and Alvarez 2018). These genes 
were more prevalent in dominant genera such as Dechloromonas, Aci
netobacter, and Pseudomonas. More importantly, deterministic assembly 
played a more significant role in regulating the structure of the eHA 
planktonic sludge communities, which implies that polarized electrodes 
could be used as a microbial selector to acclimatize microbial consortia 
for more efficient functional performance. Accordingly, the introduction 
of engineered electrode modules (EEM) into HA units would be a 
practicable manipulation to select functional microorganisms for the 
efficient biotransformation of various pollutants. Considering the actual 
operability and energy savings, the planktonic sludge after 

Fig. 7.. Conceptual model of the effect of electrostimulation on planktonic sludge microbial community in the eHA system.  
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electroselection could be transferred to the HA unit through a bypass 
backflow, which may also have the effect of improving the functional 
performance. The proposed electro-regulation strategy is expected to 
update the technical concept of wastewater anaerobic biological treat
ment. Furthermore, more systematic and in-depth studies are needed to 
evaluate the relationship of planktonic sludge and electrode biofilm as 
well as the effect and mechanism of electrostimulation on microorgan
isms within the eHA system at the molecular level. 

5. Conclusion 

Refractory organic nitrogen contaminants (e.g. azo dye AYR) 
biotransformation could be significantly accelerated with electro
stimulation as compared to conventional HA. Electrostimulation 
significantly altered the planktonic sludge phylogenetic and functional 
microbial community composition and structure, also, fermenters (e.g. 
norank_f_Bacter_vadinHA17) entered into a greater number of cooper
ative relationships with decolorizers (e.g. Acinetobacter) and electro
active bacteria (e.g. Desulfobulbus). Higher abundances of decolorizer (e. 
g. Acinetobacter and Dechloromonas) related degradative genes (e.g. 
azoreductase and nitroreductase) and electroactive bacteria (e.g. Pseu
domonas and Desulfobulus) related mediator biosynthesis genes (e.g. 
menaquinone and ubiquinone) were observed in the electrostimulation 
microcosms. Furthermore, the planktonic sludge microbial community 
assembly was more driven by deterministic processes upon electro
stimulation. This study provides new insights into our understanding of 
how electrostimulation affects planktonic sludge microbial community 
function and assembly and improves the biotransformation efficiency of 
refractory organic nitrogen contaminants in the HA system. 
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