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A B S T R A C T   

Bioelectrochemical anaerobic digestion (BEAD) is a promising next-generation technology for simultaneous 
wastewater treatment and bioenergy recovery. While knowledge on the inhibitory effect of emerging pollutants, 
such as microplastics, on the conventional wastewater anaerobic digestion processes is increasing, the impact of 
microplastics on the BEAD process remains unknown. This study shows that methane production decreased by 
30.71% when adding 10 mg/L polyethylene microplastics (PE-MP) to the BEAD systems. The morphology of 
anaerobic granular sludge, which was the biocatalysts in the BEAD, changed with microbes shedding and granule 
crack when PE-MP existed. Additionally, the presence of PE-MP shifted the microbial communities, leading to a 
lower diversity but higher richness and tight clustering. Moreover, fewer fermentative bacteria, acetogens, and 
hydrogenotrophic methanogens (BEAD enhanced) grew under PE-MP stress, suggesting that PE-MP had an 
inhibitory effect on the methanogenic pathways. Furthermore, the abundance of genes relevant to extracellular 
electron transfer (omcB and mtrC) and methanogens (hupL and mcrA) decreased. The electron transfer efficiency 
reduced with extracellular cytochrome c down and a lower electron transfer system activity. Finally, phyloge-
netic investigation of communities by reconstruction of unobserved states analysis predicted the decrease of key 
methanogenic enzymes, including EC 1.1.1.1 (Alcohol dehydrogenase), EC 1.2.99.5 (Formylmethanofuran de-
hydrogenase), and EC 2.8.4.1 (Coenzyme-B sulfoethylthiotransferase). Altogether, these results provide insight 
into the inhibition mechanism of microplastics in wastewater methane recovery and further optimisation of the 
BEAD process.   

1. Introduction 

In a world with a rapidly growing population, energy shortage is one 
of the major global challenges. As a consequence, the invention and 
expansion of alternative renewable energy technologies is critical (Choi 
et al., 2017). Bioelectrochemical anaerobic digestion (BEAD), which 
integrate bioelectrochemistry and anaerobic digestion (AD), has proven 
to be a promising technology to recover bioenergy from wastewater at a 
low voltage power supply (0.2–0.8 V) (Park et al., 2019; Wang et al., 
2020a). The selection of hydrogenotrophic methanogens is the strategy 
to enhance methane production in the BEAD (Geppert et al., 2016). 
Various kinds of substrate, including domestic wastewater, industrial 
wastewater, sewage sludge, food waste, animal manure, and other 
organic waste (Li et al., 2021; Park et al., 2020; Wang et al., 2021b; 

Zhao et al., 2021a), have been successfully used in BEAD systems to 
produce methane. Furthermore, anaerobic granular sludge has been 
successfully coupled with BEAD recently with a high wastewater treat-
ment and methane production ability (Sun et al., 2020; Zhou et al., 
2022). The high density of the microbes of the anaerobic granular sludge 
could help this system to treat high-strength organic wastewater and 
also degrade refractory organic pollutants. Though methane recovery in 
the BEAD system is promising, there are still some challenges to over-
come, particularly the influence of emerging pollutants in the waste-
water on the microbial community and activity in the BEAD system. 

As a result of the ubiquitous and increasing production, use, wear, 
and disposal of plastic products, microplastics are continuously released 
into the environment. Here they have been detected in all aquatic en-
vironments compartments, including municipal wastewater, fresh 
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waters, oceans, and polar region (Eerkes-Medrano et al., 2015; Law and 
Thompson, 2014; Wei et al., 2021). In a comparison of ten Danish 
wastewater treatment plant (WWTP), microplastics concentrations be-
tween 0.06 and 1.2 mg/L were found in raw wastewater (Simon et al., 
2018). At a Swedish WWTP up to 290 mg microplastics/kg sewage 
sludge and 460 mg microplastics/kg digested sludge has been measured 
(Chand et al., 2021). Microplastics have caused wide concerns, due to 
their ubiquitous distribution and their potential threat to the environ-
ment and human health (Auta et al., 2017; Wei et al., 2019), exacerbated 
by recent discoveries of microplastics in human placentas (Ragusa et al., 
2021), blood (Leslie et al., 2022), and lung tissue (Jenner et al., 2022). It 
has been suggested that microplastics might act as vectors of different 
pollutants, such as heavy metals, organic contaminants, antibiotics, and 
also antibiotic-resistant bacteria and pathogens, which contributes to 
their toxicity, resulting in more serious environmental problems (Auta 
et al., 2017; Li et al., 2018). 

Previous studies have shown that the presence of microplastics can 
alter the structure of microbial communities, affect gene expression and 
may damage cells and tissues (Galloway and Lewis, 2016; Wang et al., 
2020b). Seeley et al. (2020) have reported that microplastics including 
polyethylene microplastics (PE-MP), polyvinyl chloride, polyurethane 
foam, and polylactic acid microplastics can alter the sedimentary ni-
trogen cycling process and microbial community composition. Recently, 
the effect of microplastics on methane recovery from wastewater in AD 
process has been widely investigated (Wei et al., 2021; Zhang et al., 
2020b). It has been found that polystyrene nanoplastics (Nano-PS) can 
decrease the methane recovery efficiency in anaerobic granular sludge 
AD reactor. A high concentration of Nano-PS was shown to decrease the 
generation of extracellular polymeric substance (EPS) resulting in the 
breakage of granular sludge and a decline in cell viability (Wei et al., 
2020). EPS, complex high-molecular-weight polymers, play an impor-
tant role in maintaining the aggregates and the functional integrity of 
anaerobic granular sludge (Zhang et al., 2017). As the primary compo-
nent of the EPS, protein contributes significantly to the granulation of 
anaerobic granular sludge (Ding et al., 2021). During methane produc-
tion cytochrome c and nicotinamide adenine dinucleotide (NADH) 
function as electron donors and acceptors, respectively (Noori et al., 
2020; Song et al., 2019). Therefore, these two are a good starting point 
for investigating the electron transfer activity, which is essential in order 
to understand how microplastics influence the overall processes in AD 
systems. 

BEAD has been developed based on the conventional AD process, but 
differ in terms of the biochemical reactions, methane production 
pathway, microbial communities, and interspecies interactions. In the 
BEAD system, the direct interspecies electron transfer (DIET) between 
exoelectrogenic bacteria and electrohydrotrophic methanogens could 
enhance methanogenesis (Noori et al., 2020). When the BEAD systems 
were applied to treat the real wastewater or the sludge, the presence of 
microplastics could also have a different influence on the performance of 
methane recovery. Therefore, it is essential to assess whether and how 
microplastics in the wastewater would affect the methane recovery and 
wastewater treatment capacity of the BEAD systems. So far, this key 
knowledge is still missing. This research will have guiding significance 
for the application of BEAD in the actual wastewater treatment process. 

In this study, the effect of PE-MP on methane recovery and waste-
water treatment in fed-batch BEAD reactors was evaluated. Specifically, 
the impact of different concentrations of PE-MP on the system perfor-
mance, granule morphology, cell viability, and the granule size distri-
bution of anaerobic granular sludge were explored. Additionally, 
variations in microbial community composition as well as functional 
methanogens consortia were investigated to map a mechanism for 
reduced methane production. Finally, the change of EPS content, cyto-
chrome c, NADH, and electron transfer system (ETS) of the system were 
combined with phylogenetic investigation of communities by recon-
struction of unobserved states (PICRUSt2) analysis to putative the va-
riety of potential methanogenic mechanisms under PE-MP stress. 

2. Methods and materials 

2.1. Sources of inoculum and PE-MP 

Anaerobic granular sludge obtained from a potato wastewater 
treatment plant in the Netherlands (Colsen) was directly used as the 
inoculum for BEAD reactor start-up because it is widely utilised to treat 
high-strength organic wastewater and recover methane from waste-
water (Wei et al., 2020). In addition, PE-MP with the size of 40–48 µm 
were purchased from Sigma (USA). Various kinds of microplastics have 
been found in the wastewater, amongst which PE-MP is regarded as the 
most common polymer type (Beiras et al., 2018; Zhang et al., 2020b). 

2.2. BEAD reactor setup and operation 

Experiments were conducted using single chamber bio-
electrochemical reactors made of polycarbonate plates assembled by 
stainless steel bolts and nuts described as previously (Pan et al., 2021). 
The total volume was 200 ml (5 × 5 × 8 cm) with a 180 ml working 
volume and 20 ml headspace. The anode and the cathode electrodes 
were made of titanium mesh (Schiedam, The Netherlands) and carbon 
plate, respectively (Xu et al., 2021). The carbon plate was chosen as 
cathode electrode for the reduction of CO2 to methane since it has been 
widely used (Zheng et al., 2022). The two electrodes had a surface area 
of 16 cm2 (4 × 4 cm), with a distance of 3 cm between each other. All 
reactors were operated with a multichannel potentiostat (Ivium-n-Stat, 
Ivium Technologies, the Netherlands) to supply 0.8 V. A gas bag was 
connected to the reactor to collect the methane. 

Each of the reactors were filled with 20 ml anaerobic granular sludge 
and 160 ml synthetic wastewater. The wastewater contained (g/L): 2.27 
NaH2PO4⋅2H2O, 11.54 Na2HPO4⋅12H2O, 0.05 Na2SO4, 0.1 MgCl⋅6H2O, 
0.05 CaCl2⋅2H2O, 0.23 urea, 1.0 mL absolute ethyl ethanol, 12.5 ml of 
vitamin solution and 12.5 ml of trace element solution (Zhou et al., 
2020; Sun et al., 2020). Ethanol was chosen not only because it widely 
existed in brewery wastewater, but also because it could be used as the 
substrate and as the precursor to stimulate the DIET process (Sun et al., 
2020; Feng et al., 2021). The reactors were operated in batch mode, and 
the medium was refreshed every 144 h. The control experiment 
continued running in batches with synthetic wastewater without 
microplastics. In addition, three concentrations of PE-MP (0.05, 1 and 
10 mg/L) were supplemented for the exposure experiments. The two 
lower concentrations (0.05 and 1 mg/L) are within the range of MP 
concentrations that have been measured in raw wastewater in Denmark 
(Simon et al., 2018). PE-MP was added when all reactors ran well with a 
stable methane production. After that, the exposure experiment was 
conducted for nine batches, when all the reactors run stable. The sam-
ples were collected from the end of the experiment. The characterisation 
of anaerobic granular sludge and the microbial analysis were conducted 
at the end of the experiment. Before each batch, the reactors were 
flushed with nitrogen gas for 30 min to get anaerobic conditions. Re-
actors were prepared in duplicate and operated at a temperature of 
37 ◦C. 

2.3. Analytical methods 

Methane content was analysed using gas chromatography (GC- 
TRACE 1310, Thermo Fisher Scientific, US) equipped with a thermal 
conductivity detector. The gas volume collected from the gasbag was 
measured using a syringe. COD was determined according to the APHA 
standard methods (Zhao et al., 2019). The concentration of volatile fatty 
acids (VFAs) was measured using a gas chromatograph (Agilent 6890) 
equipped with a flame ionisation detector. The current of the system was 
recorded by the potentiostat every 10 min. Cyclic voltammetry (CV) 
curves of the sludge were made with the potentiostat. CV tests were 
conducted on the cathode electrode with a three-electrode configura-
tion. The cathode was used as the working electrode, a platinum 
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electrode as the counter electrode, and an Ag/AgCl (0.197 V vs. standard 
hydrogen electrode) electrode as the reference electrode. The CV was 
scanned from − 0.8 to +0.8 V with a scanning rate of 2.5 mV/s. 

A modified heating method was used to extract the EPS of the 
anaerobic granular sludge (Wu et al., 2020). Briefly, 2 ml 0.9% NaCl 
solution was added to 2.5 ml anaerobic granular sludge and then heated 
for 30 min at 60 ◦C in a shaker. The solution was centrifuged at 7000 g 
for 15 min and filtered through a membrane filter (0.22 µm). Finally, the 
protein and polysaccharides in the EPS were tested using a BCA Protein 
Assay Kit (Thermo, USA) and the sulfuric acid phenol method (Yang 
et al., 2021), respectively. The organic moieties of the EPS were further 
identified by analysing the functional group using Fourier transform 
infrared (FTIR) spectroscopy (Bruker, Invenio S, Germany). 

2.4. Anaerobic granular sludge characterisation analysis 

At the end of the experiment, the anaerobic granular sludge was 
withdrawn from the reactors. The sludge size distribution was measured 
using Mastersizer 2000 (Malvern Instruments, UK). The surface 
morphology of the anaerobic granules was observed through scanning 
electron microscopy (SEM) (FEI Quanta 200 ESEM FEG, Oxford) with 
energy dispersive X-ray spectrometry (EDS) to analyse the element 
content. The pretreatment process of the granular sludge was according 
to our previous research (Zhao et al., 2019). 

To further visualise the cell viability on the surface of the granular 
sludge, live/dead staining was used with LIVE/DEAD BacLight Bacterial 
Viability Kit (Invitrogen, Carlsbad, CA, USA) and observed using 
confocal laser scanning microscopy (CLSM) (Leica TCS SP5, Germany). 
The live (green) and dead (red) cells were identified as previously stated 
(Wang et al., 2020a, 2022b). The ETS activity of the anaerobic granular 
sludge was measured as previously stated (Su et al., 2019). The 
extraction and measurement of cytochrome c and NADH were con-
ducted according to previous procedures (He et al., 2021). 

2.5. Microbial community analysis and quantifications of functional 
genes 

The mixed granular sludge which was the main biocatalyst for 
methane production was collected from the reactors at the end of the 
experiment to analyse the microbial community structure and change in 
functional genes abundance. We didn’t observe obvious biofilm forma-
tion on the anode and cathode, which could be due to the relatively short 
operation time. According to the manufacturer’s protocol, total genomic 
DNA from the sludge was extracted using PowerSoil DNA Isolation Kit 
(MoBio PowerSoil, Carlsbad, CA). Bacterial 16S rRNA genes and 
archaeal sequences were amplified with primer pair 338F/806R and 
524F10ext/Arch958R, respectively (He et al., 2021). The sequencing 
was performed on an Illumina Miseq platform by Majorbio (Shanghai, 
China). The raw data were processed as previously described (He et al., 
2020; Wang et al., 2020c). All the raw 16S rRNA sequences have been 
submitted to the NCBI Sequence Read Archive database under the 
accession number PRJNA787451. Change in methanogen and electron 
transfer related genes abundance was quantified with real-time qPCR 
normalised with DNA concentration using the same biomass (Applied 
Biosystems, USA). Two genes involved in methane production (mcrA 
and hupL) and two genes involved in electron transfer (omcB and mtrC) 
were selected. The primers used were listed in Table S1. 

3. Results and discussion 

3.1. Effect of PE-MP on the performance of BEAD 

The performance of BEAD was evaluated in terms of methane pro-
duction, COD concentration changes and, the electrochemical properties 
assessed by current density and CV. With PE-MP exposure, the cumu-
lative methane decreased from 81.35 ± 9.44 mL to 56.37 ± 10.35 mL 

(30.71% declined) with the PE-MP concentration increasing from 0 to 
10 mg/L (Fig. 1A). A clear dose-dependant decline was observed be-
tween the tested PE-MP concentrations. The results indicated that PE- 
MP addition affected the performance of methanogenic microbes and 
weakened methane production from the BEAD process, when compared 
with the control groups. Moreover, previous research reported that 
exposure of microplastics could inhibit microbial growth, which led to 
lower microbial performance (Wang et al., 2022a). Following the 
change in methane production upon increasing PE-MP concentration 
from 0.05 to 10 mg/L, the COD removal ability also decreased (Fig. 1B). 
The remaining COD concentration increased from 243.35 ± 33.18 (0.05 
mg/L) to 334.99 ± 53.98 mg/L (10 mg/L), which was 174.06 ± 54.10 
mg/L in the control. VFAs are amongst the most important intermediate 
products of the methane production process. In this study, acetic acid 
was the only intermediate product from the conversion of ethanol to 
methane. Ethanol was firstly metabolized to acetate with the release of 
electrons and then the acetate could be further converted to methane by 
methanogens (Rotaru et al., 2014). The exposure of PE-MP can inhibit 
the consumption of VFAs, resulting in the accumulation of acetic acid, 
with the consumption time increased from 120 in control to 144 h 
(Fig. 1C). The VFAs accumulation (40.3%–272.7%) also occurred in the 
conventional AD process due to exposure to polyvinyl chloride micro-
plastics (Zhang et al., 2020b). 

The current density changed significantly after adding PE-MP 
(Fig. S1). The current density variation showed that the maximum 
current density in the control was 864.38 mA/m2, higher than 467.50 
mA/m2 in 10 mg/L, 723.13 mA/m2 in 1 mg/L, and 266.88 mA/m2 in 
0.05 mg/L. The circuit current of the microbial electrolysis cell assisted 
AD was partly influenced by the substrate oxidation by the exoelectro-
genic anode and CO2 reduction by the biocathode (Cheng et al., 2009; 
Choi et al., 2017). The presence of PE-MP inhibited the biological ac-
tivity of the electroactive bacteria. In the control reactor, the current 
density decreased immediately from 864.38 to around 57.50 mA/m2 at 
73.5 h, while it took 103.33 h for the current to decrease in the reactor 
with 0.05 mg/L PE-MP, 114.83 h in the reactor with 1 mg/L reactor and 
more than 144 h in 10 mg/L reactors. When the reactor was running 
without PE-MP, it had an active electroactive consortium and fast 
methane conversion rate. Conversely, the PE-MP inhibited the conver-
sion rate resulting in a long time to convert the ethanol to methane, 
responding to a long lag time of current density. When measuring CV 
(Fig. 1D), clear redox peaks were observed, including one reduction 
current peak at approximately − 0.40 V and two oxidation current peaks 
at approximately − 0.07 and − 0.39 V. The peak oxidative current with 
PE-MP at 10 (1.85 mA) and 0.05 mg/L (3.00 mA) was lower. The highest 
current was observed in the control (3.71 mA) and 1 mg/L (4.41 mA) 
reactors, and similar reductive peak height were visible except for 0.05 
mg/L. Notably, a lower redox peak was observed for 10 mg/L. The 
height of oxidative peak was correlated with the content of redox active 
intermediate (Ren et al., 2019), which indicated that there were more 
active oxidative components accumulated in control and 1 mg/L re-
actors. Meanwhile, the reductive peak indicated the electron transfer 
between the electrode and the microorganism during the CO2 reduction 
process (Hu et al., 2021). The low redox peak in 10 mg/L corresponds to 
a lower redox activity and the hindering of methane production from a 
high concentration of PE-MP. 

3.2. Anaerobic granular sludge morphology characteristics 

The morphology variation of the anaerobic granular sludge between 
the control and the one exposure to 10 mg/L PE-MP is visualised in 
Fig. 2. As shown in Fig. 2A, the appearance of the granular sludge from 
the control (Fig. 2A1) was rougher and rounder than that with PE-MP 
exposure (Fig. 2A2). The outer surface of the control granular sludge 
was covered with cells, while the microplastics significantly influenced 
the granule from the exposure reactors with microbes shedding and 
granule cracks. From a higher magnification, it became visible that the 
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amount of the coccoid and bacilli bacteria, which could be presumed as 
methanogen-like (Morkhade et al., 2020), decreased in the exposure 
reactors (Fig. 2B). This might respond to the reduced methane produc-
tion. The viability of the granule surface bacteria showed that the cell 
viability reduced from the exposure reactor (10 mg/L) (Fig. 2C) with an 
increased dead cell fraction from 43 ± 1.25% (control) to 51 ± 3.85% 
(10 mg/L) (Fig. S2). In line with the SEM result, broken granules were 
also identified in the fluorescence photos (Fig. 2C2). The presence of 
PE-MP can be toxic to the bacteria through the release of chemical ad-
ditives (Wei et al., 2021), resulting in a higher fraction of dead cells, 
which could also explain the weakened reactor performance. 

The results of the EDS for the granular sludge depicted that elements 
including carbon, oxygen, silicon, sodium, calcium, and aluminium 
were the main skeleton of the granule (Fig. 2D). The increased carbon 
and oxygen content has been reported in exoelectrogenic anaerobic 
granular sludge (Zhao et al., 2019). However, in our bioelectrochemical 
granule, the content of these two elements declined under exposure to 
PE-MP. This might be attributed to the decreased EPS content of gran-
ular sludge under the influence of microplastics (Zhang et al., 2020b) 
because EPS was mainly composed of carbon and oxygen (Li et al., 
2020b). Besides, it was clear that the content of metals including aurum, 
aluminium, and magnesium was higher in the PE-MP exposure granule. 
Therefore, the metals released from microplastics and the decreased 
carbon content could explain the increased metal proportion. In addi-
tion to the additives, the enriched metals might also contribute to the 
loss of cell viability (Fig. 2C) (Zhao et al., 2021b). The size distribution 
was further measured to reveal the change in the anaerobic granular 
sludge characteristics under PE-MP influence (Fig. 2E). Compared to the 
control reactor, the granule under the exposure of PE-MP trended to 
decrease with an increased concentration of microplastics. As shown in 

Fig. 2E, the size of the largest proportion amongst these three PE-MP 
influenced reactors was similar (around 1250 µm), with 1445 µm for 
the control. At the same time, with the PE-MP concentration increased 
from 0.05 to 1 and 10 mg/L, the volume fraction of the largest pro-
portion decreased from 11.66 to 7.30 and 6.48%, respectively. Inter-
estingly, there was a significant increase in volume fraction for the 
granules exposure to 10 mg/L PE-MP at around 0.16 µm accounting for 
4.11%, indicating granular breakage under high PE-MP concentrations. 
This phenomenon is consistent with the SEM result and the results from 
other types of microplastics (Wei et al., 2020; Zhang et al., 2020a). 

3.3. PE-MP reshaped the microbial community 

The changes in the microbial community were analysed at the end of 
the experiment. From the result of high-throughput sequencing, an 
average of 54,510 sequences per sample was achieved, and a total of 693 
operational taxonomic units (OTUs) were assigned at a 97% similarity. 
The rarefaction curves amongst all the samples nearly reached satura-
tion indicating proper sequencing depth (Fig. S3). Alpha diversity in-
dexes from the microbial community under the influence of different 
concentrations of PE-MP were summarised and visualised in Fig. 3A. An 
increasing tendency of bacterial richness was observed with exposure to 
PE-MP, seen as increased Ace and Chao indexes. It seems that the 
community diversity declined with PE-MP concentration increase, 
shown by low Shannon and high Simpson index implying that PE-MP 
selects for certain bacteria. Similar microbial diversity was reflected 
by the low PD whole-tree and low coverage. These results indicate that 
the presence of PE-MP can reshape the microbial community structure to 
a lower diversity but higher richness without considering the signifi-
cance. Longer term and higher concentration of PE-MP need to be tested 

Fig. 1. The performance response of BEAD under the stress of PE-MP. (A) Cumulative methane yield; (B) changes of COD concentration; (C) concentration changes of 
acetic acid; (D) CV curve. 
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to see the significant change of microbial community. Principle co-
ordinates analysis (PCoA) was executed to further show the beta di-
versity (i.e. change in diversity between reactors) based on unweighted 
UniFrac distances (Fig. 3B). Differentiation from the control shows that 
the EP-MP affected the microbial community to shift under growth with 
microplastics. The high concentrations (1 mg/L and 10 mg/L) localised 
close to each other in the PCoA plot, demonstrating higher similarity in 
community structure under high microplastic concentrations, whilst the 
0.05 mg/L and control localise separately. This also fits with the 
methane yield from the reactors (Fig. 1A). A Venn diagram shows that 
all the samples shared 372 OTUs from a total of 693 OTUs, which 
indicated that most of the OTUs were generated from the inoculum 
(Fig. 3C). 

To reveal the variation of the functional bacteria under the effect of 
the PE-MP, the microbial community composition was characterised at 
phylum and genus level for both bacteria and archaea. Methanogens 
belong to the archaeal domain (Tang et al., 2020), and since the relative 
abundance of archaea decreased when the PE-MP was added (Fig. S4), 
this could be responsible for the declined methane production. The main 
phyla were Proteobacteria, Chloroflexi, Firmicutes, Spirochaetes, and 
Bacteroidetes for the bacteria, and Euryarchaeota, Crenarchaeota, and 
Thaumarchaeota for Archaea (Fig. S5). As the most predominant phyla, 

the abundance of Proteobacteria increased with the exposure to PE-MP, 
which was 37.40% for the control, 49.29% for the 0.05 mg/L reactor, 
40.50% for the 1 mg/L reactor and 44.58% for the 10 mg/L reactor. 
However, for the phylum of Spirochaetes, the percentage decreased 
from 13.03% in the control to 8.93% in the 10 mg/L reactor. Eur-
yarchaeota was the dominant Archaea phylum accounting for more than 
97% in all the reactors (Fig. S5B). The relative abundance of domain 
genus from bacteria and archaea were calculated and illustrated. It was 
found that most of the dominant genera represented microorganisms 
related to electroactivity or methane production (Fig. S5C and S5D). 
Amongst the bacteria, the electroactive microorganism Geobacter was 
the most abundant genera in all reactors (Fig. S5C). Geobacter can oxi-
dise organic matter like acetate to produce CO2 and transfer electrons to 
cathodes for H2 production in bioelectrochemical systems (He et al., 
2021). Also as the abundant genus, Clostridium and Syntrophomonas have 
been reported as electroactive bacteria and acids degrading bacteria 
(Mei et al., 2018; Noori et al., 2020). The 16S sequencing showed 
abundance of the fermenters Levilinea, Leptolinea, Syntrophorhabdus, and 
Exilispira as well as the acetogens Treponema, Syntrophobacter. Meth-
anothrix was the most dominant archaeal genus across all the samples, 
where the relative abundance ranged from 40.45% to 50.17%. 

Based on the different functions in the process of bioelectrochemical 

Fig. 2. Characteristic variation of the anaerobic granular sludge. (A and B) SEM image (A1 and B1: control; A2 and B2: 10 mg/L); (C) fluorescence images of live and 
dead cells (C1: control; C2: 10 mg/L); (D) EDS results of anaerobic granular sludge in control and 10 mg/L reactor; (E) particle size distribution under different 
concentrations of PE-MP. 
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assisted methane production, different functional consortia were iden-
tified, including fermentative bacteria, acetogens, electroactive micro-
organisms, acetoclastic methanogens, and hydrogenotrophic 
methanogens, amongst which acetoclastic methanogens and hydro-
genotrophic methanogens were most likely direct methanogensis path-
ways in this BEAD system (Fu et al., 2021). It was noticeable that there 
were declining trends for the population of fermenters, acetogens, and 
hydrogentrophic methanogens. On the other hand, an increase in elec-
troactive microorganisms and acetoclastic methanogens were observed 
under PE-MP exposure (Fig. 4A). Specifically, with increased concen-
tration of PE-MP the relative abundance of fermenters dropped from 
36.98% in the control reactor to 27.13% at a concentration of 10 mg/L 
PE-MP. The drop in abundance of fermenters was likely accompanied by 
a decrease in the fermentation process from organic compounds to VFAs 
(Zhao et al., 2021a), which could explain the reduced conversion of 
ethanol to acetate. In addition, the total abundance of acetogens 
decreased significantly when the concentration of PE-MP increased. 

Although a high abundance of electroactive microorganisms was seen in 
the microplastic exposure reactors, a low maximum current density was 
observed (Fig. S1). Wu et al. (2019) have reported that the electron 
transfer rate is inhibited under microplastic induced stress, which affects 
the current generation and the DIET process for methane production. In 
the study presented here, the abundance of both acetoclastic and 
hydrogenotrophic methanogens declined. As the traditional acetoclastic 
pathway (Yang et al., 2021), the energy conversion of acetate to 
methane has been enhanced with PE-MP exist, while the 
bioelectrochemical-enhanced hydrogenotrophic methanogens were 
inhibited along with low methane producing from CO2 and H2. Whilst 
the total abundance of direct methane producing archaea decreased 
(Fig. S4), the abundance ratio between hydrogenotrophic and aceto-
clastic methanogens increased remarkably from 0.47 in the inoculum to 
1.01 in the BEAD control reactor, and then decreased to 0.81–0.97 when 
PE-MP was added (Fig. S6). This could not only show the enhancement 
of hydrogenotrophic methanogens in BEAD systems but also the 

Fig. 3. Microbial community structure under various concentrations of PE-MP stress. (A) Alpha diversity including the richness, diversity, and coverage index; (B) 
PCoA based on microbial OUT; (C) Venn diagram based on OTU abundance data. 
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attenuation of this methanogenesis pathway by PE-MP. According to the 
abundance of the functional consortium, it was apparent that the first 
step of methane production including fermentation and acetogenesis 
was inhibited when PE-MP was added and the BEAD assisted hydro-
genotrophic methane production ability was weakened. To show the 
variation of specific functional microorganisms more clearly, bubble 
chart were drawn based on the log value of the abundance of the 

individual taxa (Fig. 4B, 4C). Log value was calculated because this is a 
general method to show the results more clear without influence the 
trends when calculating the numbers with large differences. The 
fermentative bacteria Levilinea (Pierangeli et al., 2021) and Leptolinea 
(Zhang et al., 2020a) have the ability to produce organic acids from 
carbohydrates, and here the populations dropped when exposed to 
PE-MP, except for the Levilinea at 1 mg/L concentration. Similarly, as the 

Fig. 4. The composition difference of function microbes at genus level. (A) Relative abundance distribution of functional consortium; (B and C) the variety of in-
dividual functional taxa based on the calculation of relative abundance. 
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predominant acetogen (Zhang and Chen, 2020), Treponema was nega-
tively affected by PE-MP leading to a low acetate generation. While 
Geobacter was abundant when exposed to PE-MP, another electroactive 
bacteria Syntrophomonas, which are capable of metabolising VFAs to 
acetate and participate in the DIET (Wang et al., 2021a), showed no 
obvious variation between the control and PE-MP influenced reactors. 
The methanogens Methanothrix and Methanosarcina can receive the 
electron from electroactive bacteria via DIET directly to produce 
methane through cleavage of acetate (Wang et al., 2021a). Other slightly 
dropped methanogenic taxa include various genera with capacity for 
hydrogenotrophic methane production such as Methanobacterium and 
Methanobrevibacter, which can use H2 or fumarate to produce methane 
(Yang et al., 2021). Therefore, the shift in functional consortium indi-
cated that the methanogenic pathway was influenced by PE-MP. 

3.4. Variations of the functional genes, enzymes, and mechanism 

The change of EPS main components were quantified under different 
concentrations of PE-MP because of its critical role in maintaining the 
stability of the sludge granule. It was apparent that the content of pro-
tein was largely higher than that of polysaccharides (Fig. 5A) because 
the protein was the vital component of EPS. With the PE-MP concen-
trations increased from 0 up to 10 mg/L, the amounts of protein and 
polysaccharide decreased by 26.15% and 48.32%, respectively. The 
exposure of PE-MP could remarkably decline the content of EPS of 
anaerobic granular sludge in the BEAD system. The inhibitory influence 
of polyvinyl chloride microplastics on the EPS content of the anaerobic 
granular sludge was also reported previously in up-flow anaerobic 
sludge blanket systems (Zhang et al., 2020b). Three peaks appeared at 

around 989, 1075, and 1638 cm− 1 in FTIR spectra of sludge EPS from 
different reactors, which was assigned to O-P-O of nucleic acids, C-O-C 
of polysaccharides, and C=O of proteins (Chen et al., 2021; Hou et al., 
2021). Peak intensity was weakened with the microplastics level 
increasing representing the reduced nucleic acids, polysaccharides and 
proteins content (Fig. 5B). The PE-MP mediated suppression of EPS 
might also explain the broken granules and dead cells (Fig. 2). Moreover, 
the decreased EPS weaken its contribution to the extracellular electron 
transfer (EET) process in bioelectrochemical systems and reduced the 
service for methane production (Hou et al., 2020; Tang et al., 2020). 
Finally, this could reduce the methane recovery from wastewater in 
BEAD reactors. 

Electron transfer genes such as omcB and mtrC are involved in the 
EET process, where they mediate electron transfer to extracellular 
electron acceptors (Fujikawa and Inoue, 2020). In addition, hupL, the 
large subunit of a hydrogenase, and mcrA, a methyl coenzyme M 
reductase, were quantified. These two genes participate in hydrogen 
oxidation and methane production (He et al., 2020). When traditional 
AD is coupled to bioelectrochemical systems, the EET process is 
enhanced due to enrichment of electromethanogens and hydrogen 
producing microorganisms (Noori et al., 2020). However, in the pres-
ence of PE-MP, the abundance of EET-related genes (omcB and mtrC) 
decreased (Fig. 5C). The copy number of omcB decreased slightly from 
1197.75 ± 4.42 in the control to 1045.81 ± 50.92 copies/ng DNA in 
0.05 mg/L reactor. When the concentration increased to 1 and 10 mg/L, 
there was a remarkable decrease of 56.24% and 51.46% compared to the 
control. A similar declining trend was found for mtrC gene. The 
decreased genes could reflect the weaken of the EET process. This fits 
well with the previous report that the EET process of iron(III) reduction 

Fig. 5. Quantifications of the EPS content, functional genes, and enzymatic activities. (A) Compositions of EPS; (B) FTIR spectra of EPS; (C) abundance of the 
functional gene involved in methane production and electron transfer; (D) content of cytochrome c, NADH, and ETS. Student’s t-test was performed between the PE- 
MP influenced reactors and control reactors to establish statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001). 
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by Geobacter sulfurreducens can be inhibited by polyvinyl chloride 
microplastics (Li et al., 2020a). This existing report, along with the data 
presented here, suggests that the microplastics and their toxic additives 
might block the EET pathway and weaken the methane conversion 
pathway. Moreover, the abundance of the hupL gene dropped when 
PE-MP was added. On the other hand, the copy number of mcrA at low 
PE-MP concentrations (0.05 mg/L, and 1 mg/L) seems to be same with 
the control and then decreased at the high level of microplastics 
(Fig. 5C). The decreased hupL gene coupled with a reduced [NiFe] hy-
drogenase, which corresponded to a low hydrogen oxidation rate (He 
et al., 2020). The weaken hydrogen oxidation rate reflect a low hydro-
genotrophic methanogens capacity, which is consistent with the low 
relative abundance of hydrogenotrophic methanogens shown in Fig. 4A. 
As the methanogen-specific gene, the decreased gene copies of mcrA 
might encode a lower methanogenic capacity of some specific metha-
nogen (He et al., 2020). 

The content of functional enzymes involved in the electron transfer 
during methane production varied slightly under the influence of PE-MP 
(Fig. 5D). Minor changes of cytochrome c content were found (from 4.91 
± 0.02 to 4.26 ± 0.30 mg/g VSS), while the 1 mg/L reactor showed 
higher abundance of NADH (13.81 ± 0.07 mg/g VSS) compared with 
the control reactor (12.97 ± 0.13 mg/g VSS), however, it still declined 
when the PE-MP concentration was increased to 10 mg/L. Through the 
oxidation of intracellular cytochrome c, electrons can transfer from 
extracellular NADH to cytochromes and quinones, which can allow 
methanogens to accept electrons through DIET (Mei et al., 2018). Here, 
the presence of PE-MP suppresses the expression of biological electron 
transfer enzymes cytochrome c and NADH, which may limit EET related 
methane production. Meanwhile, ETS activity in the 10 mg/L reactor 
was 93.18 ± 20.89 mg/g h, much lower than in the control (124.19 ±
14.92 mg/g h). The value of ETS presents the relevant metabolic ac-
tivities of interspecies electron transfer, one of which is the redox re-
action driven by dehydrogenase (Yang et al., 2021). Thus, the activity of 
dehydrogenase declined with the presence of PE-MP, implying that 
PE-MP inhibited the electron transfer during methane production and 
caused the dropped of methane production. 

To further understand the influence mechanism of PE-MP on 
methane production in BEAD reactors, the potential key enzymes 
involved in the methane production process were predicted by 

PICRUSt2 based on 16S rRNA sequencing data and the KEGG pathway 
database (Fig. 6). The metabolism pathways were drawn and the 
description and the abundance of potential enzymes are summarised in 
Table 1 (Zhao et al., 2022; Zheng et al., 2018). A lot of enzymes 
participate in the whole methane production pathway. Here we focused 
on some specific enzymatic processes. The ethanol in the synthetic 
wastewater was first oxidised into acetate by EC 1.1.1.1 (Alcohol de-
hydrogenase) and EC 1.2.1.1 (Acetaldehyde dehydrogenase). Fig. 6 
shows that these two enzymes related to fermentation and acetic acid 
production were down-regulated when PE-MP was added, which is 
consistent with the reduced relative abundance of fermenters and ace-
togens (Fig. 4A). Acetoclastic methanogens can utilise acetate directly, 
while acetate oxidised bacteria use the Wood-Ljungdahl pathway to 
produce CO2/H2 (Zhao et al., 2022). Several regulated enzymes are 
involved in this pathway, including EC 1.2.1.1 (CO-methylating 
acetyl-CoA synthase) and EC 1.2.1.1 (Co-methyltransferase), which 
were both upregulated. Therefore, it might complement for the results of 
increased electroactive bacteria under PE-MP exposure. In the direct 
acetoclastic methane production pathway, the predicted enzymes, EC 
2.3.1.8 (Phosphate acetyltransferase) and EC 1.2.1.1 (CO-methylating 
acetyl-CoA synthase), were slightly higher in the 0.05 mg/L reactor and 
then declined at higher microplastics concentrations. Such observations 
indicate that a low concentration of PE-MP might favour the acetoclastic 
methanogenic pathway while the higher concentrations have the 
opposite effect. Amongst all the selected enzymes, EC 1.2.99.5 (For-
mylmethanofuran dehydrogenase) was the most abundant one, which 
participated in the first step of hydrogenotrophic conversion of CO2 to 
formyl-MFR (Table 1). In the BEAD methanogenic process, part of the 
acetoclastic process would be weaken but hydrogenotrophic mechanism 
would be enhanced, resulting in a higher contribution to methanogen 
from hydrogenotrophic pathway (Zhao et al., 2021a). PICRUSt2 pre-
dicted that the enzymes (from EC 1.2.99.5 to EC 1.5.98.2) involved in 
the hydrogenotrophic methanogenesis pathway were less abundant in 
the reactors containing PE-MP. Finally, in the conversion from a 
mid-product of Methyl-H4MPT produced from both methanogenesis 
pathways to methane, the participating enzymes including EC 2.1.1.86 
(Tetrahydromethanopterin S-methyltransferase) and EC 2.8.4.1 (Coen-
zyme-B sulfoethylthiotransferase) were all down. Collectively, based on 
the key enzyme results, when the reactors contained PE-MP the 

Fig. 6. The potential pathway and the involved key enzymes abundance changing under different concentration of PE-MP.  
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fermentative, acetogenic, acetoclastic, and hydrogenotrophic processes 
were all weakened, while the acetate generic process was enhanced at 
low concentration but still inhibited at high concentration of PE-MP. 

4. Conclusions 

The effect of PE-MP on the BEAD systems was evaluated in not only 
wastewater methane recovery performance but also the functional mi-
crobial consortia and the mechanisms including the functional genes 
and the enzymes. The presence of PE-MP (10 mg/L) inhibited the 
methane recovery from wastewater by 30.71% compared to the control 
reactors, accompanied by low COD removal efficiency and VFAs accu-
mulation. The granule sludge breakage and cells viability decreasing 
occurred when PE-MP existed. Correspondingly, microbial community 
analysis revealed that the PE-MP could suppress the diversity, enhance 
the richness, and tight clustering. The population of fermentation, ace-
togenesis, and hydrogenotrophic methanogenesis decreased with the 
exposure of PE-MP. Genes relevant to EET (omcB and mtrC) and 
methanogens (hupL and mcrA) significantly decreased at 10 mg/L PE- 
MP. EET-related enzymes and electron transfer activity including cyto-
chrome c and ETS weakened with PE-MP, responding a low EET activ-
ities and low methane recovery efficiency. Moreover, PICRUSt2 results 
predicted that the PE-MP would be able to restrain the key methano-
genic enzymes activities, thereby further lessening the methane 
recovery. 
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