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ABSTRACT

This study explored the fate of mobile genetic elements (MGEs) in anaerobic digestion (AD) system with four
nanoparticles (NPs) added, including carbon NPs, Al;O3 NPs, ZnO NPs, and CuO NPs. 16S rRNA amplicon
sequencing and quantitative PCR to investigate the microbial community, MGEs abundance and the potential
host in the AD process. The results of high-throughput sequencing showed that ZnO NPs and CuO NPs signifi-
cantly reduced the microbial diversity and significantly changed the microbial community structure. Simulta-
neously, the absolute abundance of MGEs increased by 145.01%, 159.67%, 354.70%, and 132.80% on the
carbon NPs, Al;03 NPs, ZnO NPs, and CuO NPs. The enrichment rate of tnpA-03 in ZnO NPs group was the
highest, which could reach up to 2854.80%. Co-occurrence analysis revealed that Proteobacteria harbored the
vast majority of MGEs followed by Firmicutes. Redundancy analysis and variation partitioning analysis showed
that metabolites were the main factors that shifted the succession of bacterial communities. Moreover, there were
significant positive correlations between metabolites and part MGEs (such as tnpA-01, tnpA-02, tnpA-03, tnpA-04,
tnpA-05, tnpA-07 and ISCR1). This study provides a new perspective that NPs increase the risk of antibiotic

resistance through MGEs during AD process.

1. Introduction

Antibiotics are widely used to maintain the health of humans and
animals, because of their ability to treat infectious diseases (W.H. Or-
ganization, 2015; Yan et al., 2020). However, the overuse and misuse of
antibiotics have also resulted in the spread of antibiotic-resistant bac-
teria (ARB) and antibiotic resistance genes (ARGs) in the environment
(Xu et al., 2020c). Mobile genetic elements (MGEs) are the elements that
promote DNA mobility within or between cells, including plasmids,
transposons, insertion sequences and integrons (Nolivos et al., 2019).
Insertion sequences and transposons are discrete DNA fragments, which
that could move the associated resistance genes to new positions in the
same or different DNA molecules within a cell. Integrons can be used to

transfer resistance genes between identified sites via site-specific
recombination. These MGEs together facilitate horizontal gene trans-
fer (HGT), thereby promoting the acquisition and dissemination of
ARGs. The capture, accumulation and transmission of resistance genes
are mainly due to the action of MGEs. After the selective pressure has
been removed, the intact DNA may survive and transfer ARGs to other
bacteria via HGT through MGEs, so ARGs can widely exist in environ-
ment, regardless in living or dead cells (Partridge et al., 2018a). Since
these MGEs usually have multiple copies at different locations in the
genome, they could promote sequence exchange between identical or
related fragments (Partridge et al., 2018b). The interaction among the
different MGE is the driving force for the rapid evolution of multi-
resistant pathogens. Thus, MGEs detection could be used to assess the
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potential transmission risk of antibiotic resistance (Hall and Stokes,
1993).

Most of the urban wastewater treatment plants (WWTPs) receive
domestic wastewater from urban residents, which contains high con-
centrations of antibiotics. Therefore, WWTPs are considered as potential
sources of resistance genes and MGEs in the environment (Rizzo et al.,
2013). There was no special process designed for removing resistance
genes and MGEs in traditional WWTPs and the abundance of resistance
genes and MGEs in waste activated sludge even increased after the
biological wastewater treatment process (Di Cesare et al., 2016; Liu
et al., 2020). From the perspectives of energy conservation and resource
recovery in WWTPs, anaerobic digestion (AD) is considered as a suc-
cessful technologies for sustainable alternative energy recovery (Xu
et al., 2019). During AD process, the organic material of waste activated
sludge will be converted into the biogas by bacteria. AD was considered
to hinder the transmission of antibiotic resistance in waste activated
sludge (Yan et al., 2019). However, an increasing number of studies
have documented that AD process can only reduce part of resistance
genes (Zhang et al., 2020). One potential reason for this behavior is that
the remaining survivors related to resistance genes experienced a sig-
nificant resurgence due to the micro-environment generated from AD,
which can lead to HGT of antibiotic resistance through MGEs (Wallace
et al., 2018). However, in existing researches, there have been lack of
the studies on the fates of MGEs in AD systems. A knowledge gap re-
mains regarding how MGEs in waste activated sludge respond to
different AD processes.

Engineered nanoparticles (NPs) are widely used in various fields.
Carbon NPs have been used in advanced treatment of sewage sludge.
This is because carbon NPs will gradually be converted into bio-
activated carbon in the long-term use process, which enables the
pollutant to be degraded by microorganisms (Sun et al., 2020). Engi-
neered metal oxide NPs, such as Al;03 NPs, ZnO NPs and CuO NPs, have
been mass-produced and applied to industry and individuals due to their
catalytic activities, photoelectric performance, and antibacterial prop-
erties (Yuan et al., 2020). AloO3 NPs are widely used in water absorbent
materials, antibacterial materials and abrasive materials. ZnO NPs have
been widely used in biomedical field, such as drug delivery and bio-
logical imaging probes. CuO NPs are widely produced as a by-product of
chemical mechanical polishing in semiconductor industry. As a result,
these four NPs are inevitably released into the industrial and municipal
wastewater. The concentrations of engineered NPs in WWTPs could
reach to mg/L (Kapoor et al., 2018; Sun et al., 2016). The cytotoxicity to
the biological activities from engineered NPs has become a new
emerging environmental issue (Yuan et al., 2019). The presence of NPs is
considered as a stimulus to sludge microbes, which may have adverse
effects on the AD performance by inhibiting hydrolysis and methanation
steps (Mu and Chen, 2011). NPs could cause ARB death, while the cell
permeability of ARB is increased when exposed to highly abundant NPs,
thereby enhancing the antibiotic resistance of ARB. Bacteria can sense
stimuli and make transcriptional responses through signal transduction
pathway (Wosten et al., 2000). Thus, the presence of NPs may also
trigger the transduction pathways in sludge microbes. It is plausible to
speculate that stimulated transduction pathways might affect the asso-
ciated behaviors of MGEs and change the distribution of MGEs. Several
studies have indicated that NPs can promote HGT of plasmid borne
ARGs (Qiu et al., 2012). In addition, it has been proved that some bac-
teria were the carriers of MGEs. NPs can cause succession of bacterial
community carrying MGEs, which is responsible factor for the variation
of MGEs abundance.

In conclusion, most studies paid attention to the effect of engineered
NPs on the AD performance (Xiang et al., 2019; Wang et al., 2019; Li
et al., 2020). These studies rarely highlight how various NPs affected
microbial community, MGEs propagation and bacteria carrying-MGE in
AD system. Especially, previous studies on the changes of MGEs during
AD system mainly focused on integrons, while studies on other MGEs
were less. It is necessary to further study the NPs in waste activated
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sludge and understand the potential hazards of NPs-enhanced MGEs
propagation in AD system. The microbial community, MGEs abundance,
potential host of MGEs, and various environmental parameters need to
be investigated as fundamental factors when studying MGEs propaga-
tion in AD systems with different NPs added. This study investigated the
effect of four engineered NPs (including carbon NPs, Al,O3 NPs, ZnO
NPs, and CuO NPs) on MGEs in the mesophilic AD system. The purposes
of this study were to (1) reveal the effects of microbial community and
MGEs among AD reactors with or without NPs added by 16S rRNA
amplicon sequencing and quantitative PCR, (2) identify the potential
host of MGEs and (3) find out the performance parameters that affect the
abundance of MGEs and the structure of bacterial community. This
study extends current understanding that the release of NPs may influ-
ence the propagation of ARGs in AD system.

2. Materials and methods

2.1. Preparation of inoculum sludge, feed sludge and conductive
nanoparticles

Feed and inoculum sludge were both collected from a local WWTP in
Changsha, China. Inoculum sludge was the anaerobic acclimated sludge
under the mesophilic environment, and many anaerobic microorgan-
isms are enriched in inoculum sludge. Feed sludge provided necessary
organic matter for anaerobic microorganisms to carry out metabolic
activities. pH of feed and inoculum sludge ranged from 6.31 to 7.58.
Total solid contents were 30.33 g/L (inoculum) and 90.67 g/L (feed
sludge). Details of inoculum and feed sludge could be found in Table 1.
Four types of engineered NPs were used in this study, including carbon
NPs (99.5%, 30 nm), Al;O3 NPs (99.9% metals basis, 30 nm), ZnO NPs
(99.9% metals basis, 30 nm) and CuO NPs (99.5%, 40 nm). All these
engineered NPs were purchased from Shanghai Macklin Biochemical
Co., Ltd., China.

2.2. Setup of anaerobic digesters

Five groups marked as A (blank), B (carbon NPs), C (Al;03 NPs), D
(ZnO NPs) and E (CuO NPs). The dosage of NPs was 50.0 mg g’1 TS in
different digesters. Lab scale AD was adopted in this study. The working
volume of the digesters is 3 L, including 2 L of inoculum sludge and 1 L of
digestive materials initially. There is a silica gel plug at the top of each
reactor, and two holes are drilled on the silica gel plug to connect a gas
collecting bag and a sludge sample tube, respectively. Before the
experiment was started, nitrogen was pumped into the reactors for
20 min to create an anaerobic environment. All reactors were operated
in a constant temperature water bath at 35°C. When the daily biogas
production is less than 5% of the previous day’s biogas production, the
experiment is over. Operational temperature of reactors was manipu-
lated by an electronical water-bath. Three parallel digesters were set for
each group.

2.3. Sample collection and physico-chemical analysis

Five groups of digestion samples were collected after the experiment.

Table 1

Main characteristics of feed sludge and inoculum sludge used in this study.
Parameter Feed Inoculum
pH 6.31+0.01 7.58 £0.02
Moisture (%) 91.45+0.04 96.90 +£0.12
TS (gL~ ! substrate) 90.67 £6.55 30.33 +1.89
VS (gL' substrate) 35.00 +2.45 10.00 +0.81
sCOD (g L 3.62+0.30 0.60 +0.03
Total polysaccharides (gL™1) 0.378 £0.011 0.047 +£0.014
Protein (gL 1) 0.12+0.03 0.11+0.01
NH4-N (gL 84.06 +£0.53 36.99 +£1.36
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Each sample was divided into two parts. One part was used to determine
the physico-chemical parameters. The other part was freeze-dried before
molecular analysis and stored in the sterile centrifuge tubes at — 80 °C.
The main AD parameters, including pH, biogas yield, total solids (TS),
volatile solids (VS), moisture, soluble chemical oxygen demand (SCOD),
total polysaccharides, protein and volatile fatty acids (VFAs), were
measured in triplicates to monitor the AD performance. Detailed mea-
surement methods were listed in our previous work (Xu et al., 2018a;
Zhang et al., 2019b). In short, daily biogas yield was measured by the
drainage method. Digested samples were centrifuged (5000 rpm,
15min) and filtered (0.45um) to measure pH, sCOD, total poly-
saccharides and protein. VFAs were detected by the gas chromatograph
(GC, Shimazu 2010) with a flame ionization detector (Liu et al., 2019a).
All measurements were in triplicate.

2.4. DNA extraction and quantitative PCR (qPCR) of MGEs

The genomic DNA of each freeze-dried sludge sample (0.5g) was
extracted by the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA,
USA) which was in line with the manufacture introduction. Genomic
DNA was qualified and quantified by gels electrophoresis and Qubit.
Detailed measurement methods were shown in the previous work (Xu
et al.,, 2017). Quantitative PCR (qPCR) is a feasible method to detect
gene fragment concentrations in complex environmental samples.
Therefore, qPCR was used to quantify the screened MGEs in this study.
Based on the existing study (Zhu et al., 2017), eleven MGEs with higher
detection frequency in activated sludge were selected for quantitative
analysis. These MGEs including one integron (intl1), nine transferases
(IS613, tipA-01, tnpA-02, tnpA-03, tnpA-04, tnpA-05 and tnpA-07, Tp614
and Tn916/1545), one insertion sequences (ISCR1) and microbial 16S
rRNA genes for bacteria were selected. The forward and reverse primer
sequences expected amplicon size and primer annealing temperature of
gene targets selected in this study were listed in Table S1 of supple-
mentary material. The standard curve and amplification efficiency of
t11 selected MGEs and bacteria by qPCR were listed in Table S2.

The qPCR of 11 selected MGEs and bacteria was performed on iQ5
real-time PCR thermocycler (BIO-RAD, USA) with Super Real fluores-
cence premixing (SYBR Green) kit. Each target gene was quantified in
triplicate for each sample by the purified DNA template calibration
curve, which had been amplified by conventional PCR and negative
control. The reaction mixture (20 pL) was formed with 10 pL of 2 x
Power PreMix (Tiangen, China), 0.6 pL of forward/reverse primer
(10 uM), 1.0 pL of template DNA, and 7.8 pL of RNase-Free ddH»O. The
temperature of melting curves analysis was between 50 °C and 95 °C
with 0.5 °C/30 s per cycle. Bacterial 16S rRNA genes was selected as the
internal reference gene to minimize the basis caused by different bac-
terial abundance (Xu et al., 2018b).

2.5. 168 rRNA amplicon sequencing

The bacterial community was analyzed by the primers 338F (5'-
ACTCCTACGGGAGGCAGCA-3')/806R (5- GGACTACHVGGGTWTC-
TAAT-3') targeting the V3-V4 hyper variable regions. And the primers
524F (5- TGYCAGCCGCCGCGGTAA-3)/958R (5'- YCCGGCGTT-
GAVTCCAATT) targeting the V4-V5 hyper variable regions were
selected for archaeal community analysis as described in the previous
study (Xu et al., 2018a). Raw sequences were deposited to NCBI and the
project is No. SRP212983.

2.6. Statistical analysis

UCHIME was used to identify and remove the chimeric 16S rRNA
amplicon sequences. The clean 16S rRNA amplicon sequences were
clustered into operational taxonomic units (OTUs) at 97% sequence
identity by UCLUST. Microbial diversity and relative abundance were
analyzed in the Microbiome Analyst platform (http://www.microbi

Journal of Hazardous Materials 405 (2021) 124206

omeanalyst.ca/) (Dhariwal et al., 2017). The differential analysis be-
tween two groups was conducted in STAMP. The relationships among
performance parameters, bacterial genera and MGEs were explored by
Spearmans’ rank correlation coefficient. The bacterial genes with rela-
tive abundances > 1% and MGEs were subjected to Spearman’s corre-
lation analysis. The correlation between bacterial genes and MGEs was
greater than 0.8 (P < 0.005), which was considered as a significant
pairwise correlation between two nodes (Xu et al., 2020a). The co-
occurrence network of MGE-bacteria was visualized using the Gephi
(V0.9.1) toolkit. Redundancy analysis (RDA) was performed using
Canoco 5.0. The “vegan” packages in R software (version 3.3.0) were
applied to explore the variation partitioning analysis (VPA). HemlI 1.0
was used to conducted heat-map.

3. Results and discussion
3.1. General digestion characterization

The digesters of five groups were operated at mesophilic condition
for 36 days. The general digestion performances were summarized in
Table 2. The four NPs did not change the pH of these digesters
dramatically (ranged from 7.09 £+ 0.11 to 7.37 + 0.31) at the end of the
experiment. The average accumulative biogas yield in five groups were
201.93 +£12.30 (blank), 313.56 + 11.29 (carbon NPs), 296.97 + 20.16
(Al203 NPs), 24.79 +3.36 (ZnO NPs) and 194.26 £9.79 (CuO NPs)
mL g~ ! VSaqded, Tespectively. Compared with the group A, the cumula-
tive biogas yield increased by 47.07% and 55.28% in group B and group
C, while decreased by 90.2% and 3.80% in group D and group E,
respectively. By the end of the digestion, the accumulate biogas yield of
five groups could be also consist with the solid content (moisture, TS and
VS) and the metabolites concentrations (SCOD, VFAs, protein and sol-
uble polysaccharide). The solid content and metabolites concentrations
of group B and group C were lower than that of group A, while those
parameters of group D and group E were higher than that of group A.

Several studies have reported that there is a range of concentration
for carbon-based NPs that can be feasible for enhancing AD performance
(Li et al., 2020; Xu et al., 2020b). A study has shown that addition of
200 mg L~} nano-magnetic carbon could significantly reduce the accu-
mulation of VFAs, thereby avoiding acidification in AD process. The
methane productions were enhanced by 33.4% in the nano-magnetic
carbon systems, compared with the blank digester (Li et al., 2020).
Carbon NPs has been demonstrated to enriched hydrogen-utilizing
methanogens and Geobactor which could enhance the electron ex-
change efficiency between syntrophs and methanogens by direct inter-
species electron transfer. In addition, carbon NPs also promoted the
conversion of CO, to methane, shorten the lag time of initiating methane
yield, and increased methane yield (Yang et al., 2017). There were
limited researches on the influence of Al;O3 NPs on anaerobic di-
gestibility, and almost all the conclusions were that Al;O3 NPs has no
inhibition on AD biogas production (Gonzalez-Estrella et al., 2013;
Vodovnik et al., 2012; Mu et al., 2011). This may be due to the weak
solubility of Al,O3 NPs. In addition, the increase in biogas production
caused by AloO3 NPs may be due to its hexagonal crystal structure. This
structure has large specific surface area and appropriate pore structure.
Therefore, Al;03 NPs can provide a carrier of anaerobic medium for
microorganisms. Studies have shown that when the concentration of
ZnO NPs in the AD reactor reached 30 mg g~! TSS, the methane pro-
duction was 77.2% of the control group (Mu et al., 2011). The CuO NPs
with a concentration of 250 mgL ™! could decrease the normalized
methanogenic activity to 79.9% of the control group (Gonzalez-Estrella
et al., 2013). Previous studies have shown that the corrosion and
dissolution of the NPs release toxic Cu>* and Zn®*, which is the main
mechanism of methanogenic inhibition by CuO NPs and ZnO NPs (Mu
et al., 2011). Zn?* can inhibit the protein hydrolysis, resulting in the
decrease of VFAs production rate (Zhang et al., 2017). cu®t also
inhibited the acetolactic methanogens (Gonzalez-Estrella et al., 2013). A
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Table 2

Summary of digestion parameters for each group.
Parameter A B C D E
pH 7.35+0.12 7.37 £0.31 7.36 £0.22 7.09+0.11 7.22+0.18
Cumulative biogas yield (mL gflvsadded) 201.93+12.30 313.56 +11.29 296.97 +20.16 24.79+£10.36 194.26 +9.79
Moisture (%) 93.82+£0.33 94.19 £ 2.09 95.01 +£0.16 91.01 +£3.25 89.79 +£5.63
TS (g L~! substrate) 62.50 +4.80 58.00 +2.05 49.5+2.65 109.25 +6.26 95.00 + 3.67
VS (g Lt substrate) 17.75 +£2.22 17.5+1.91 17.00 +1.15 18.75 +0.50 20.00+0.82
SCOD (mg LY 642.56 + 54.78 515.74 +12.41 560.83 + 32.80 3386.57 +£23.95 1503.05+11.03
Total polysaccharides (mg L") 42.80+3.34 26.96 +1.58 31.22+£2.98 150.93 £1.52 45.85+3.13
Protein (mg LY 86.14 +£2.09 47.5+1.88 77.05+2.85 512.27 +£22.38 511.14 +28.49
VFAs (mg L'hH 16.02 +2.61 11.5945+1.21 11.767 £1.05 1488.10 + 23.67 322.18 +5.74

higher dose of ZnO NPs and CuO NPs can inhibit the hydrolysis-
acidification of AD.

SCOD, VFAs, protein and total polysaccharide are metabolites in
methane-producing processes, which could represent the degree of
sludge digestion (Zhang et al., 2019b). Carbon NPs and Al,O3 NPs could
enhance the activity of anaerobic microorganisms through direct
interspecific electron transfer or provide anaerobic environment, thus
accelerate the organic matter degradation. As carbon NPs and Al,O3 NPs
could promote biogas production, the substrate digestion was more
thorough, so the concentration of metabolites is lower than the control
group. On the contrary, ZnO NPs and CuO NPs could inhibit the
degradation rate of soluble protein and soluble polysaccharide, which
may be due to the inhibition of protease and cellulose activity by the
ZnO NPs and CuO NPs (Gonzalez-Estrella et al., 2013). Protease and
cellulase are the key enzymes in the hydrolysis stage, which could
enhance the hydrolysis of soluble protein and soluble polysaccharide
(Mu and Chen, 2011). Therefore, the increase of SCOD, VFAs, protein
and total polysaccharide accumulation verified the inhibition of the
biogas production ability in AD process with the addition of ZnO NPs
and CuO NPs.

3.2. Effects of four NPs exposure on the abundance of MGEs

Different NPs have varying degrees of influence on the MGEs abun-
dance. The absolute abundance of MGEs significantly increased in the
digesters with NPs added (Fig. 1a). The total absolute abundance of
MGEs was 8.41 x 10° copies pL™! in group A, in which IS613 was
dominant, and the absolute abundance of IS613 was 3.90 x 10° copies
pL’l. The absolute abundance of MGEs increased by 145.01%, 159.67%,
354.70%, and 132.80% in the group B, C, D and E, respectively,
compared to group A. The total absolute abundance of MGEs was
highest in group C. IS613 was also dominant in group B, C and D, but the
abundance of IS613 was significantly decreased in the group E. It is
worth noting that in group D, tnpA-02 and tnpA-04 also dominated. The
variation trend of MGEs relative abundance was consistent with that of
absolute abundance. The relative abundance of almost all MGEs were

enriched in the groups with NPs added, while the relative abundance of
1S613 decreased in the group E (Fig. 1b).

The enrichment efficiency of all MGEs was calculated, yielding
58.09-129.29%  of IS613, 114.90-502.50% of tnpA-04,
215.64-562.30% of tnpA-02, 90.41-758.04% of tnpA-05,
270.05-620.23% of intl1, 91.76-336.61% of tnpA-07, 98.89-403.83%
of tnpA-01, 500.03-1412.22% of Tn916/1545, 148.81-2854.80% of
tnpA-03, 46.71-67.06% of Tp614, and 11.06-662.01% of ISCR1
(Fig. 1c). tnpA-03 had the highest enrichment rate in group D. The
abundance of MGEs in ZnO NPs group was significantly increased,
suggesting that MGEs enrichment would occur if ZnO NPs were added
during anaerobic digestion. The addition of 50 mg g~! TS NPs (carbon
NPs, Al;03 NPs, ZnO NPs and CuO NPs) significantly increased the MGEs
abundance in the anaerobic digestion product.

A large number of studies have shown that MGEs contributed to the
migration of antibiotic resistance in different environmental intervals.
Transposases were reported to be encoded with tetracycline resistance
genes and macrolide resistance genes (Okitsu et al., 2005). As a marker
of anthropogenic pollution (Hall and Stokes, 1993), intll is often
detected in AD systems. tnpA-02 and tnpA-05 were strongly associated
with the resistance genes in different substrates. Studies have shown that
nano-carbon can promote the appearance of multibacterial zoogloea,
resulting in the cell membrane contact of different bacterium (Qiu et al.,
2012). Al,03 NPs could promote conjugative transfer of ARGs from
Escherichia coli to Streptomyces (Liu et al., 2019b). Both carbon NPs and
Al;03 NPs provided a suitable environment for the conjugative transfer
of resistance gene from donor bacteria to recipients or other bacteria via
plasmid-mediated conjugation in environment (Sun et al., 2020). The
conjugative frequency of antibiotic resistance plasmid RP4 showed a
marked increase in bacterial, which exposure to ZnO NPs at sublethal
concentrations (1-10 mg L'l) (Wang et al., 2018). CuO NPs and ZnO NPs
could increase both the abundance and the diversities of plasmids.
Moreover, compared with the control group, the integrons abundance
increased by 92% in CuO NPs group and 58.67% in ZnO NPs group
(Huang et al., 2019). The gene cassettes, which reside in intl1, would
integrate and expresses more than a hundred subtypes of ARGs (Gillings
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et al., 2008). Insertion sequences linked with respect to non-cassette
ARGs played a significant role in their migration. For instance, non-
cassette ARGs such as dfrA and gnr could form complex class 1 inte-
grons mediated by the ISCR1 family (Toleman et al., 2006). Conse-
quently, this study suggested that more ARGs might be migrated among
bacteria with the increased abundance of MGEs in AD system with the
NPs added.

NPs enhanced horizontal transfer of resistance gene by regulating
gene expression through the nanoparticle-specific effect. The reason for
this phenomenon was the increase of bacterial cell permeability after
bacteria exposed to NPs (Wang et al., 2018). The presence of NPs
initiated bacterial cell signaling such as quorum sensing, pili synthesis
and metal tolerance, which in turn leads to the succession of bacteria
community (ARGs hosts), enhanced transgenosis potential and stimu-
lated co-selection. For example, functional pili were suggested to play
major roles in the transport of MGEs, which could even initiate conjugal
DNA transfer (Harshey, 2003). NPs stimulated the synthesis of regula-
tory signaling responsible for chemosensory pili and type IV fimbriae.
KOs proteins such as ChpA and Pil were all increased with NPs, indi-
cating that biogenesis and transcription of type IV pili was promoted
(Kaiser, 2000). Besides, NPs also promoted the synthesis of flagella,
which facilitate the movability of bacteria. Therefore, in the presence of
NPs, the connection of ARG hosts to the potential receptors became
easier. In addition, the intracellular reactive oxygen species content
increased after adding ZnO NPs and CuO NPs. Reactive oxygen species
facilitated the mRNA expression levels of conjugative genes by sup-
pressing global regulation genes. Simultaneously, it also stimulated the
expression of intA, a conjugation related gene, which eventually
increased the abundance of MGEs (Liu et al., 2019b). This could explain
why ZnO NPs and CuO NPs have a more significant enrichment effect on
MGEs during AD process.

(b)
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3.3. Effects of four NPs exposure on the variation of microbial community

According to 16S rRNA gene Miseq-PE250 sequencing data, the
variation of microbial communities in the five groups was explored. The
microbial community composition at phylum and genus level were
displayed in Fig. 2a-d. Among the five identified archaeal phyla, the
phylum Euryarchaeota was the dominant member with a relative
abundance of 97.76-98.63%. Members of the phyla Firmicutes (ac-
counting for 28.59-29.51% of total reads), Proteobacteria
(15.55-16.67%), and Bacteroidetes (6.37-7.82%) were the dominant
bacterial phylum in all groups. There were 4 archaea phyla and 9 bac-
terial phyla statistically significant differences among five groups
(Fig. 1le and f). The relative abundance of Euryarchaeota (P = 0.027),
Crenarchaeota (P = 0.023), Asgardaeota (P = 0.036), Thaumarchaeota
(P = 0.028) were all significantly difference in the five groups. Among
the top 10 bacterial phyla in relative abundance, there were significant
differences in the nine phyla (Firmicutes, Proteobacteria, Bacteroidetes,
Patescibacteria, Actinobacteria, Acidobacteria, Synergistetes, Spiro-
chaetes and Caldiserica) except for the Chloroflexi. At the genus level,
the influence of NPs on microbial abundance was significant. Meth-
anosaeta were dominant in group A (75.25%), B (76.34%) and C
(80.89%), but the abundance of Methanosaeta in reactors D and E was
only 42.63% and 22.55%, respectively. In digestor A, B and C, the
abundance of Methanobacterium was only 2.30-2.68%, while in digestor
D, it was 26.13%, and in digestor E, it was the highest, accounting for
64.55%. Proteiniclasticum, Clostridium_sensu_stricto_12 and Christense-
nellaceae R 7 group were the top three abundant bacterial genera among
five groups. As the predominant genus, the abundance of Proteiniclasti-
cum in the digesters with NPs added were higher than that of the blank
digesters.

The microbial Alpha-diversity indices (including Chao 1, ACE,
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Fig. 2. The Circos graph showed the distribution of bacterial community (a) and archaea community (b) of five groups at phylum level. The heat-map revealed the
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Shannon and Simpson) of the five groups (Table S3) showed that, the
addition of carbon NPs and Al;03 NPs decreased the bacterial diversity
indices but increased the archaea diversity indices compared with the
blank group. In the ZnO NPs group and CuO NPs group, the diversity
index of bacteria and archaea was much lower than that of the blank
group. These results partly explained that carbon NPs and AloO3 NPs
promoted the biogas production of AD, while ZnO NPs and CuO NPs
inhibited the biogas production of AD. Partial least squares discriminant
analysis (PLS-DA), a supervised analysis method, was used to reveal the
differences among digesters with or without NPs added at phylum level.
COMP1 and COMP2 explained 51.75% and 19.49% of the archaea
composition variation, respectively (Fig. 3a). As for the bacterial
composition, COMP1 and COMP2 explained 44.42% and 27.54% of the
bacterial composition variation, respectively (Fig. 3b). It can be
observed that the distances of microbial community among the group A,
B and C were very close. Moreover, group D and group E had a long
distance from the other three groups. The PLS-DA results explored that
the microbial community among blank, carbon NPs and Al,O3 NPs di-
gesters were similar. The community structure of bacteria and archaea
in AD digester was significantly affected by CuO NPs and ZnO NPs.

In a previous study, it is found that carbon NPs can selectively enrich
microorganisms participating in AD (Li et al., 2020; Lee et al., 2016).
Carbon NPs significantly shorten the microbial contact distance and
promote the direct interspecies electron transfer between the elec-
tricigens and methanogens. The electrogenic archaea Methanobacterium
and Methanospirillum participate in the direct interspecies electron
transfer mechanisms for the enhancement (Rotaru et al., 2014). The
relative abundance of these genera was higher in the digester with
carbon NPs added (2.52%) than in the control digester (2.30%). Due to
the weak solubility of the Al,O3 NPs, the activity of methanogenic
archaea was not be suppressed even when exposed to high level Al,O3
NPs, which indicated that the AD process could tolerate high concen-
trations of Al,O3 NPs (Yang et al., 2013). Carbon NPs and Al,03 NPs
have no obvious biological toxicity on microorganisms, so the microbial
community in the group with the addition of carbon NPs and Al;03 NPs
were similar to those in the blank group. In the existence of CuO NPs and
ZnO NPs, the reduction in microbial diversity was attributed to the
bioavailable portion of the existed metal. CuO and ZnO are difficult to
biodegrade, so they are easy to accumulate and reach the concentration
with potential toxicity to microorganisms. The toxicity of CuO NPs and
ZnO NPs to microbes was reflected in that they could induce microbial
toxicity and damage microbial cell membranes. CuO NPs and ZnO NPs
can not only be adsorbed on the microbial cell surface, but also produce
reactive oxygen species when suspended in water. CuO NPs could pro-
duce superoxide anion and ZnO NPs could produce hydroxyl radicals
(Applerot et al., 2009, 2012). Moreover, NPs could produce more
reactive oxygen species due to their smaller particle size. Excessive
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production of active oxides induced by nano particles could cause
oxidative stress leading to bacterial inactivation. Some of the CuO NPs
and ZnO NPs with smaller particle size infiltrated into the microbial
cells, which eventually led to the damage of microbial cells. Meanwhile,
the increase of intracellular reactive oxygen species could damage the
bacterial cell membrane and lead to bacterial cytoplasmic leakage (Xia
et al., 2008). Moreover, reactive oxygen species are toxic to metabolites
(such as protein and soluble polysaccharide) in AD process, which also
explain that CuO NPs and ZnO NPs inhibited the methane generation
and changed the microbial community structure. The difference be-
tween the microbial community structure of CuO NPs and ZnO NPs in
AD reactors was mainly due to the different solubility of CuO NPs and
ZnO NPs in sludge, which leads to different toxic effects on microor-
ganisms (Wang et al., 2017).

3.4. Co-occurrence network between MGEs and bacteria

Co-occurrence network analysis was usually be used to reveal the
potential hosts of the selected target genes in the complex environment.
There were 98 nodes and 246 edges in the network. Fig. 4 showed that
87 bacterial genera (belonging to 6 phyla) were identified as the po-
tential hosts for 11 targeted MGEs. All 98 nodes were clearly divided
into four main modules. Module 1 showed that most bacterial genera
were related to tmpA-02, tnpA-04, tnpA-07 and ISCR1. Module 2 only
comprised Tp614 and Roseomonas. Module 3 consisted of potential hosts
(Brooklawnia, Dechlorobacter and Rhodoplanes) related to Tn916/1545.
Notably, module 4 showed that 5 selected MGEs (IS613, tnpA-01, tnpA-
03, tnpA-05and intl1) had no correlation with potential hosts with
relative abundances > 1% in this study. The numbers of potential host
bacteria for tnpA-02, ISCR1 and tnpA-07 were relatively high at 69, 67
and 64, respectively. Additionally, different MGEs share common po-
tential hosts, for example, the potential host bacteria Acetonema of tnpA-
02, tnpA-04 and tnpA-07 were also possible hosts of ISCR1.

Most of these potential hosts, such as Albidovulum, Defluviimonas and
Acidovorax, belong to the phylum Proteobacteria, which suggested that
Proteobacteria played an important role in the variations and dissemi-
nation of MGEs during AD process with NPs added. Acidovorax is a
member of antibiotic-resistant bacteria, it is known as the harboring
transposases (Pala-Ozkok et al., 2019). In Fig. 2a, the abundances of
Proteobacteria in the digesters with NPs added was higher than that of
blank digester. The Proteobacteria abundance of the four experimental
groups was 15.25% (carbon NPs), 15.20%, 16.08% and 16.00%,
respectively, while that of the control group was 15.05%. In addition,
Firmicutes has also been explored as a frequent host for selected MGEs.
As the dominant bacterial genus, the abundance of Proteiniclasticum
(Firmicutes) in ZnO NPs group (7.15%) and CuO NPs group (7.82%) was
higher than that in the blank group (6.74%). Proteiniclasticum, a
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Fig. 3. Distribution of bacterial (a) and archaeal (b) community composition at genus level by PLS-DA.
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bacterium able to digest proteins (Dong, 2010), is the potential host for
ISCR1, tnpA-02 and tnpA-07. In ZnO NPs group, the abundance of ISCR1,
tnpA-02 and tnpA-07 increased by 662.01%, 562.30% and 336.61%,
respectively. In CuO NPs, the abundance of these three genes increased
by 327.30%, 519.15% and 254.01%, respectively. A previous study
showed that Clostridium_sensu_stricto_1 and Lachnoclostridium belonged
to Firmicutes were potential host bacteria of Tn916,/1545 and ISCR1,
which consist with another study (Wang et al., 2020). Changes of the
potential host in the AD process generally synchronized with the evo-
lution of MGEs. The addition of NPs in AD system led to the increase of
host bacteria abundance, so that the enhance of MGEs abundance would
be promoted. Therefore, network analysis further showed the bacteria
community had a strong influence on the variation of MGEs.

It’s worth noting that Mycobacterium and Acinetobacter are the two
human pathogenic bacteria found in the study. Mycobacterium, a genus
of Actinobacteria, is the cause of human tuberculosis (Dong, 2010). The
overuse of antibiotics makes Acinetobacter acquire drug resistance and
become “multi-drug resistance Acinetobacter”. Acinetobacter has been
considered as a “red alert” human pathogen because of its extensive

antibiotic resistance spectrum (Chen et al., 2011). Mycobacterium is a
potential host for tnpA-02 and tnpA-07. While, Acinetobacter is the po-
tential host for ISCR1, tnpA-02 and tnpA-04. “Superbugs” may be
generated when pathogenic bacteria acquire ARGs via HGT. Therefore,
attention should be paid to NPs promote the HGT of multi resistance
genes mediated by MGEs in AD process.

3.5. Effects of performance parameters on microorganisms and MGEs

3.5.1. Response of microbial community to performance parameters
Redundancy analysis (RDA) was used to reveal the correlation be-
tween the AD performance parameters and the microbial communities
in five groups. The abundance of the top 10 bacteria and archaea at
genus level, as well as 9 performance parameters were selected for the
RDA analysis. As shown in Fig. 5a, the two ordination axes of RDA
jointly explained 97.9% of the bacterial community changes. The first
and the second axes represented 95.0% and 2.9% variation of the mi-
crobial community, respectively. Distribution of samples appeared a
significant evolution. Blank group, carbon NPs and Al;03 NPs group
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Fig. 5. Redundancy analysis (RDA) based on Bray-Curtis distance illustrated the correlation of performance parameters with bacterial community (genus level) in
the five groups (a). Variation partitioning analysis (VPA) analysis of bacterial community variations explained by performance parameters (b).
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were clustered closely, while the samples of ZnO NPs group and CuO
NPs group had a great distance. The results of RDA and PLS-DA were
consistent.

The performance parameters were mainly distributed in two quad-
rants and there was a positive correlation between performance pa-
rameters in the same quadrant. Total polysaccharides, VFA, SCOD,
proteins, TS and VS were clustered closely. Moisture, pH, and cumula-
tive biogas yield were very close in the other quadrant. It is worth
mentioning that, the metabolites in the reactor had been consumed by
microorganisms at the end of the AD, while the accumulative gas pro-
duction reached the maximum yield. The more thoroughly the metab-
olites were consumed, the higher the cumulative gas production.
Therefore, the cumulative biogas yield is inversely proportional to the
metabolites in RDA, which was coincided with above discussion. The
distribution of microbial communities can be also revealed in RDA re-
sults. Most archaea were directly proportional to metabolites, they
played an important role in converting metabolites into methane. But
these archaea were inversely proportional to pH and moisture. Meth-
anosaeta and Methanobacterium are the important methanogenic bacte-
rium, which are positively relationship with accumulative biogas yield.
These two methanogens may participate in the methanogenesis process
in AD process. The dominant bacterial genus Proteiniclasticum also had a
positive response to metabolites, TS and VS. Most other bacterial genus,
such as Clostridium sensu_stricto_12, Christensenellaceae R_7 group, and
Longilinea were located near the arrow of biogas production indicating
that they had a significant effect on biogas accumulation.

To explore the statistical significance of the performance parameters
affecting bacterial community, the Mantel test based on Bray-Curtis
distance revealed that there was a remarkable correlation between the
performance parameters and the bacterial community (R = 0.956,
P = 0.001). Variation partitioning analysis (VPA) can further explain
the putative interactions among species, functions and samples (Xiang
et al., 2018). The AD performance parameters were divided into three
groups: metabolites, pH, and accumulative biogas yield. The metabolites
included SCOD, total polysaccharides, protein and VFA. The changes of
bacterial community in this study were more attributed to metabolites
(47.06%) shift than that of biogas (0.22%) and pH (0.61%) revealed by
VPA (Fig. 5b), while the combined effects of the AD performance pa-
rameters accounted for 39.78%. The results of VPA suggested that me-
tabolites may be an important driver of bacterial community in the AD
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process. At the same time, it also shows that the performance parameters
affecting the bacterial community were interdependent in the AD
system.

3.5.2. Response of MGEs to AD performance parameters

To understand the interconnections between AD performance pa-
rameters and MGEs, Spearman’s rank correlation analysis was con-
ducted in the five AD groups (Fig. 6). In this case, all the environmental
variables didn’t have significant relationships with IS613, Tp614,
Tn916/1545 and intll. For the remaining MGEs, performance parame-
ters are divided into two categories: one is negatively correlated with
these MGEs (including pH, gas production and moisture), the other is
positively correlated with these genes (including TS, VS, SCOD, total
polysaccharides, protein and VFA). pH was significantly negatively
correlated with nearly half of the MGEs, and the cumulative gas pro-
duction rate was only significantly negatively correlated with tnpA-03 (R
= —0.885, P = 0.046). TS was significantly positively correlated with
tnpA-04 (R = 0.882, P =0.048) and ISCR1 (R = 0.905, P = 0.035),
respectively. Moreover, the four metabolites were significantly corre-
lated with tnpA-01, tnpA-02, tnpA-03, tnpA-04, tmpA-05, tnpA-07 and
ISCR1. The bacterial communities varied in response to AD performance
parameters. The addition of different NPs resulted in different perfor-
mance parameters during AD process. The number of specific bacteria
carrying MGEs changed in AD system with NPs added, which indirectly
alter the abundance of MGEs (Zhang et al., 2019a). The results of VPA
showed that the metabolites were the dominant factors affecting bac-
terial community, suggesting that the metabolites are the key determi-
nant of MGEs in AD process.

4. Conclusions

The present study evaluated different effects of four NPs (carbon
NPs, AloO3 NPs, ZnO NPs, and CuO NPs) on the removal/enhance of
MGEs in AD system. The microbial community variety and the potential
host of the MGEs were also explored in this study. Carbon NPs and Al,O3
NPs could promote the biogas production of AD, while ZnO NPs and CuO
NPs could inhibit biogas production. Nevertheless, the four NPs reduced
the bacterial diversity. Carbon NPs and Al,O3 NPs increased the archaea
diversity, while ZnO NPs and CuO NPs decreased the archaea diversity.
Compared with carbon NPs and Al,O3 NPs, ZnO NPs and CuO NPs have
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more significant influence on the variety of microbial community
structure. The qPCR results showed that the abundance of MGEs were
significantly enriched in the digesters with conductive NPs added. Co-
occurrence network analysis showed that 87 bacterial genera (belong
to 6 phyla) exhibited relative abundance greater than 1% and they were
considered as potential host bacteria of MGEs. Proteobacteria and Fir-
micutes were the main potential hosts of MGEs. Metabolites (total
polysaccharides, VFA, SCOD and proteins) were the most important
parameters influencing bacterial community changes, and the amount of
explanation for bacterial community variation was 47.06%. The bacte-
rial communities that may carry MGEs respond differently to environ-
mental factors. Therefore, metabolites were also significantly positively
correlated with some MGEs in this study. Overall, this study forewarns
that the release of NPs could be contribute to the propagation of ARGs
via MGEs in sludge AD system.
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