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• Iron NPs promotedmethane production
and organic matter degradation in an-
aerobic digestion.

• Iron NPs changed microbial communi-
ties and reduced microbial diversity in
anaerobic digestion.

• The absolute abundance of total ARGs
decreased in the anaerobic digestion
with iron NPs.

• Proteobacteria, Firmicutes and
Actinobacteria were potential hosts of
ARGs.

• The potential host of ARGswas themain
driving factor for the fate of ARGs and
intI1.
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In this work, we investigated the impact of iron nanoparticle, includingmagnetite nanoparticles (Fe3O4 NPs) and
nanoscale zero-valent iron (nZVI), on the anaerobic digestion (AD) performance. Moreover, the evolutions of an-
tibiotic resistance genes (ARGs), class 1 integrons-integrase (intI1) and potential hosts of ARGs were also inves-
tigated. The optimal addition of Fe3O4 NPs and nZVI to promotemethane productionwas 0.5 g/L and 1 g/L, which
led to 22.07% and 23.02% increase inmethane yield, respectively. The degradation rate of organicmatter was also
enhancedwith the addition of Fe3O4 NPs or nZVI. The results of high-throughput sequencing showed that the re-
actorswith ironNPs exhibited significant differences inmicrobial community structure, compared to the reactors
with the non‑iron NPs. Iron NPs have caused the relative abundance of the dominant bacteria (Proteobacteria,
Firmicutes and Actinobacteria) generally decreased, while the dominant archaea (Euryarchaeota) increased in
AD sludge. Quantitative PCR results revealed that ironNPs accelerated the reductions in total absolute abundance
of ARGs, especially a beta-lactamase resistance encoded gene (blaOXA). Network analysis displayed that the
cience and Engineering, Hunan University, Changsha 410082, PR China.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.138248&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.138248
mailto:yzh@hnu.edu.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2020.138248
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 Y. Zhang et al. / Science of the Total Environment 724 (2020) 138248
Potential hosts
 attenuation of ARGs was mainly attributed to the decline of potential hosts (Proteobacteria, Firmicutes and
Actinobacteria). Meanwhile, environmental factors (such as pH, soluble chemical oxygen demand and heavy
metals) were also strongly correlated with ARGs.

© 2018 Published by Elsevier B.V.
1. Introduction

The contamination caused by the antibiotics and the related antibi-
otic resistance genes (ARGs) has been the research focus on environ-
mental pollution and human health risks (Organization, 2015). ARGs
have been transferred from environment to human commensals and
pathogens due to the abuse of antibiotics and selection with antimicro-
bial agents, reducing the therapeutic potential of antibiotics for human
and animal pathogens (Wright, 2010). Wastewater treatment plants
(WWTPs) were considered as the reservoir of ARGs. WWTPs could re-
duce the load of antibiotics and pathogens of the receiving environ-
ments while the overall risk was not decreased (Ahmed et al., 2018;
Jia et al., 2020). The ARGs inWWTPs effluent andwaste activated sludge
may increase due to selection pressure of antibiotics and the preferen-
tial survival of antibiotic resistance bacteria (ARBs) (Munck et al.,
2015). The vertical gene transfer caused by the reproduction of bacterial
host and the horizontal gene transfer caused by the mobile gene ele-
ments (MGEs) were two main modes of ARGs proliferation (Miller
et al., 2015). The waste activated sludge of WWTPs has many features,
such as largemicrobial density, high nutrient content and subinhibitory
concentrations of antibiotics. Therefore the waste activated sludge
could provide comfortable environment for the selection of antibiotic
resistant bacteria or the horizontal gene transfer of ARGs (Qiao et al.,
2017). It is essential to evaluate the fate of ARGs and MGEs in existing
waste activated sludge treatment processes of WWTPs. Furthermore,
finding effective ways to attenuate ARGs in waste activated sludge is
also essential to limit ARGs spread to the environment.

Anaerobic digestion (AD) has been chosen as a common treatment
method of waste activated sludge due to its advantage in renewable
bioenergy production and pollutant removal (Rasheed et al., 2016). It
could biologically convert chemical energy into methane-rich biogas,
which was a substitute fuel for industry (eng, 2015). AD could also
slow down the spread of antibiotics and ARGs in waste activated sludge
(Diehl and Lapara, 2010b). In the process of sludge AD, the operation
conditions (e.g., pH, temperature and hydraulic retention time) caused
different influences in fate of ARGs (Tong et al., 2018). The change of
bacterial community in different AD operation conditions might cause
the distinct fate of ARGs, especially the ARGs hosts (Xiang et al., 2019;
Xu et al., 2018a). However, it has been found that traditional AD
might exhibit poor performance in ARGs removal. In mesophilic AD,
ARGs cannot be effectively removed if the pathogens and gene transfer
elementswere not effectively inhibited (Sui et al., 2016). TheAD residue
still plays an important role in to the proliferation and propagation of
ARGs (Huang et al., 2019). Before the digested sludge was utilized, con-
trolling ARGs diffusion in waste activated sludge was crucial (Diehl and
Lapara, 2010a). Moreover, due to the poor biodegradability of waste ac-
tivated sludge and the low biogas production, a cost-effective approach
must be developed for simultaneously enhancing methane production
and removing ARGs from the AD sludge.

Iron nanoparticles (NPs) can promote the hydrolysis-acidification
process of AD, improve the biogas production and realize the harmless
treatment of waste activated sludge (Zhang et al., 2019b). Therefore,
iron NPs were widely used in AD as the cheap pollutant absorber and
a strong reductant (Xu et al., 2019; Zhang et al., 2019b). It has been
proved that magnetite nanoparticles (Fe3O4 NPs) could promote the
formation of syntrophic methane by accelerating the direct interspecies
electron transfer (Holmes et al., 2017). Nanoscale zero-valent iron
(nZVI) could also promote methane production by releasing hydrogen
during the nZVI corrosion/oxidation process. The released hydrogen
was considered as the electronic donor of methanogenic bacteria (Jing
et al., 2018). In addition, research has shown that addition of iron NPs
could raise themicrobial activity, alter the distribution of dominant bac-
teria, and ultimately improve themethane production efficiency during
the AD process (Zhang et al., 2017). It has been proved that some bacte-
ria were the carriers of ARGs. For example, Enterococcus might be the
potential host of the ARGs and could encode erythromycin ribosome
methylase (Li et al., 2015). As the potential host of ARGs, the succession
of microbial community is the main factor for the variation of ARGs
abundance. Based on the network analyses, researchers have found
that five bacterial genera, including Corynebacterium_1, Acinetobacter,
Solibacillus, Enterococcus, and Facklamia, were the most common hosts
for selected ARGs (such as ermB, sul1, and dfrA7) (Song et al., 2017).
And the decline in the abundances of ermB, sul1, and dfrA7might be re-
lated to the decrease of Corynebacterium_1. ARGs-carrying microbial
communities may react variously with the addition of Fe3O4 NPs or
nZVI in AD, which may lead to variations in ARGs abundance. Studies
have confirmed that both Fe3O4 NPs and nZVI caused the ARGs attenu-
ation in the AD of swinemanure. Particularly, the addition of iron NPs is
a potential mean of tetracycline resistance gene attenuation (Zhang
et al., 2019a).

Adding Fe3O4 NPs and nZVI into AD systemofwaste activated sludge
was an effective technique for organic matter degradation and antibi-
otics removal (Xu et al., 2019; Zhang et al., 2019b). Nevertheless, the
evolution ofmicrobial community, the determination of theARGs abun-
dance and the fate of bacteria carrying-ARGs in AD sludge caused by the
addition of iron NPs have not beenwell understood. Thus, it is necessary
to systematically study the process of AD sludge added with Fe3O4 NPs
or nZVI to assess the performance of AD, explore the fate of microbial
community, ARGs and MGEs and identify the potential hosts of ARGs.
The correlation between physicochemical properties and ARGs abun-
dance of AD sludge should also be considered. The purpose of this
study was to (i) understand the influence of Fe3O4 NPs or nZVI on AD
performance; (ii) explore the fate of microbial community ARGs, and
intI1,; (iii) identify the potential host of ARGs and explain the mecha-
nism of ARGs abundance variation; and (iv) investigate the relationship
betweenARGs and parameters of AD sludge. Eleven frequently detected
genes were selected for quantitative analysis, including tetW, tetT, tetE,
ermF, ermT, ermATR, sulI, sulII, blaOXA, dfrA12 and aac(6′)-IB. intI1 was
also quantified to study the potential of horizontal gene transfer. This
work could bring novel insights for exploring the fate of ARGs in AD sys-
tem with iron NPs.

2. Materials and methods

2.1. Pretreatment of sludge and iron NPs

The feed sludge used in this workwas amixture of secondary sludge
and dewatered sludge, which was collected from amunicipal WWTP in
Changsha, China. After collecting the sludge, part of secondary sludge
was domesticated to be seed sludge at 35 °C to obtain the mesophilic
methanogenic bacteria. Both the feed and seed sludge were filtrated
by the stainless-steel net (2.0 mm). Total solids (TS) and volatile solids
(VS) concentration of the feed sludge were 8.19 ± 0.09% and 4.77 ±
0.06%, respectively, with the pH of 7.17± 0.01. TS and VS concentration
of the seed sludge were 1.58 ± 0.06% and 0.79 ± 0.01%, respectively,
with the pH of 6.79 ± 0.02 (Table 1). The other characteristics of seed
and feed sludge were also summarized in Table 1. The iron nanoparti-
cles were nZVI (diameter of 50 nm, purity 99.9%) and Fe3O4 NPs



Table 1
Main characteristics of feed sludge and seed sludge used in this study.

Parameter Feed Seed

Volume (mL d−1) 150.00 –
pH 7.17 ± 0.005 6.79 ± 0.015
Moisture (%) 91.84 ± 0.089 98.45 ± 0.056
TS (%) 8.193 ± 0.089 1.577 ± 0.056
VS (%) 4.772 ± 0.059 0.788 ± 0.000
SCOD (g/ L) 9.47 ± 0.033 0.44 ± 0.042
C/N (w/w) 62.33 ± 7.8 80.00 ± 5.3
NH4

+-N (g/ L) 65,804.93 ± 4341.98 29,101.08 ± 792.98
sulIa (2.28 ± 0.10) × 10−1 –
sulIIa (2.56 ± 0.22) × 10−2 –
acc(6′)-Iba (8.05 ± 0.79) × 10−2 –
dfrA12a (9.28 ± 0.48) × 10−4 –
blaOXAa (3.97 ± 0.40) × 10−1 –
tetTa (3.22 ± 0.33) × 10−3 –
tetEa (5.55 ± 0.20) × 10−3 –
tetWa (1.96 ± 0.68) × 10−3 –
ermFa (3.60 ± 0.23) × 10−5 –
ermTa (1.04 ± 0.11) × 10−5 –
ermATRa (2.60 ± 0.42) × 10−2 –
intI1a (3.11 ± 0.31) × 10−2 –

a The relative abundance of ARGs was normalized by total 16S rRNA gene numbers.
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(diameter of 20 nm, purity N99.5%). Fe3O4NPs andnZVIwere purchased
from Macklin Biochemical Technology Co., Ltd., Shanghai.

2.2. Continuous stirred-tank reactors (CSTRs) construction and operation

The CSTRs were divided into the nZVI group and the Fe3O4 NPs
group. Five test dosages of Fe3O4 NPs (0, 0.5, 1, 2, 4 g/L) were assessed
in the exposure experiments, namely F0, F1, F2, F3, F4. Similarly, five
test dosages of nZVI (0, 0.5, 1, 2, 4 g/L) were added into separate reactor
labeled as N0, N1, N2, N3, N4. The digesters were 5 L serum bottles with
3 L working volume. The working volume included 2 L of seed sludge
and 1 L feed sludge initially. The butyl stoppers were used to capped di-
gesters. All digesters were pre-operated for 20 days atmesophilic (37±
1 °C) by circulating hot water around the flask. After the biogas produc-
tion was stabilized, different doses of iron NPs were added to the di-
gesters of the experimental group every day, and these digesters were
operated for 100 days. In these digesters, 150 mL of digested sludge
was removed and then the feed sludge of equal volume was refilled
every day to maintain a hydraulic retention time of 20 days and a con-
stant working volume. The feed sludge and iron NPs were added to
the AD reactor with a 150 mL syringe. The AD reactors were placed in
a shaker to mix the digesters and irons NPs.

2.3. Sample collection and chemical analysis

The samples of digested sludge were collected on day 0, 20, 40, 60,
80, 100, respectively. The samples collected on day 100 were divided
into two portions. One portion of each samplewas freeze-dried in a vac-
uum freeze dryer for DNA extraction, and the other portionwas used for
chemical analysis, including pH, TS, VS, NH4

+-N, volatile fatty acids
(VFAs), soluble chemical oxygen demand (sCOD), total organic carbon
(TOC), total polysaccharides and heavy metal. Sludge samples collected
on day 0, 20, 40, 60, 80, 100 were measured to monitor the dynamic
changes of ARGs and intI1.

The biogas production and pH value of all anaerobic reactors were
measured daily. The pH was measured using a pH meter (Mettler To-
ledo). Daily biogas production was measured by the drainage method.
The determination of biogas compositions was determined by a gas
chromatography (GC-2014, Shimadzu, Kyoto, Japan). The gas chroma-
tography is composed of a 2 m × 4 mm stainless steel column (GDX-
101, Bio-Rad, Berkeley, CA, USA) and a thermal conductivity detector.
TOC, sCOD, TS, VS, total polysaccharide, NH4
+-N and C/N were deter-

mined through Standard Methods (Eaton, 2005). The content of VFAs
was determined by a gas chromatograph (Agilent 7890A, USA) with a
flame ionization detector (FID) and a DB-1 DB-FFAP (Agilent, USA) col-
umn (30m× 0.32mm× 0.50 μm). In addition, the sludge sampleswere
freeze-dried and grounded to sieve through 100 mesh. Each treated
sludge sample (0.2 g) was added into a 10 mL mixture of aqua regia
and hydrofluoric acid (3:1,v/v) according to the microwave assisted di-
gestionmethod 3051A (EPA, 2007), and amicrowave digestion appara-
tus (Mars 5, CEM, USA) was used for digestion. The concentrations of
heavymetals including Cu, Zn, Cr, Pb, Cd, andNiwere determined by in-
ductively coupled plasma mass spectrometry (ICP-MS). Each sample
was tested in triplicate.

2.4. DNA extraction and high-throughput sequencing

The total genomic DNA of each dried sludge sample (0.2 g) was ex-
tracted by the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA,
USA) according to themanufacturers' protocols. DNA sampleswere am-
plified by PCR and the amplified products were purified by an AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). The
purified amplicons obtained abovewere polymerized in equimolar con-
centrations and paired-end sequenced (2 × 250) on an Illumina MiSeq
PE250 platform with MiSeq Reagent Kit v3 at Shanghai Personal Bio-
technology Co., Ltd., Shanghai, China (Xu et al., 2019; Xu et al., 2018b).
The bacterial community was analyzed by the primers 524F (5′-ACTC
CTACGGGAGGCAGCA-3′)/958R(5′-GGACTACHVGGGTWTCTAAT-3′)
targeting the V3-V4 hyper variable regions. And the primers 338F(5′-
TGYCAGCCGCCGCGGTAA -3′)/806R(5′- YCCGGCGTTGAVTCCAAT-3′)
targeting the V4-V5 hyper variable regions were selected for archaeal
community analysis as described in the previous study (Yang et al.,
2016b). QIIME was used to deal with the amplicon data analysis, such
as quality filtering, chimerism inspection, and taxonomic classification
to obtain clean sequences (Caporaso et al., 2010a). The high-quality se-
quenceswere available in theNCBI Sequence read archive under the ac-
cession number SRP199815.

2.5. Quantitative PCR (qPCR) of ARGs and intI1

Quantitative PCR (qPCR) is a feasible method to detect gene frag-
ment concentrations in complex environmental samples. Therefore,
qPCR was used to quantify the screened ARGs and intI1 in this study.
Three tetracycline resistances encoded genes (tetW, tetT, tetE), three
MLSB resistance encoded genes (ermF, ermT, ermATR), two sulfon-
amides resistance encoded genes (sulI and sulII), one beta-lactamase re-
sistance encoded gene (blaOXA), one gene encoding other/efflux
(dfrA12), one aminoglycoside resistance encoded gene (aac(6′)-IB)
and microbial 16S rRNA genes for archaea/bacteria were selected.
intI1, which is a representative mobile genetic element, was also
assessed to reveal the potential of horizontal gene transfer. The forward
and reverse primer sequences, expected amplicon size, primer anneal-
ing temperature and resistance mechanism of gene targets selected in
this study were listed in Table 1 of supplementary material (Table S1).

The qPCR of 11 selected ARGs andMGE (intI1)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 con-
trol. The reaction mixture (20 μL) was formed with 10 μL of 2 × Power
PreMix (Tiangen, China), 0.6 μL of forward/reverse primer (10 μM),
1.0 μL of template DNA, and 7.8 μL of RNase-Free ddH2O. The tempera-
ture of melting curves analysis was between 50 °C and 95 °C with
0.5 °C/30s per cycle. 16S rRNA genes for bacteriawere selected as the in-
ternal reference genes to minimize the basis caused by different bacte-
rial abundance (Xu et al., 2018a).
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2.6. Statistical analysis

The clean sequences were clustered into operational taxonomic
units (OTUs) at 97% sequence identity by UCLUST. The chimeric se-
quences were identified and removed by UCHIME (Caporaso et al.,
2010b). TheOTU table inQIIMEwasused to calculate the alphadiversity
index ofmicroorganisms, including Chao1 abundance estimation, Shan-
non diversity index, Simpson index and abundance-based coverage es-
timator (ACE). SPSS 23 (IBM, USA) software was used for analysis of
variance (ANOVA) to determine the significant difference of the results
among the samples, whichwas statistically significant when P b 0.05. In
addition, correlation analysis was also performed by SPSS 23 (IBM, USA)
to determine the relationships between the measured parameters. The
bacterial genera with a correlation index higher than 0.8 (P b 0.05)
was considered as a potential host for selected ARGs and intI1 (Junker
and Schreiber, 2008). Visualization of network analysis was produced
on the Cytoscape (version 3.2.0) interactive platform. Origin 2015 and
HemI 1.0 were used to conducted figures. The absolute abundance of
ARGs and intI1 were used for the co-occurrence network analysis and
the correlation analysis.

3. Results and discussion

3.1. Performance of CSTRs

Generally, during the entire experiment, Fe3O4 NPs and nZVI could
not result in the drastic alteration of pH values (ranged from 7.30 to
8.03) among these digesters (Fig. S1). Detail performances of CSTRs on
day 100 were summarized in Fig. 1. Fig. 1(a) and (b) showed the influ-
ence of iron NPs on accumulativemethane yield in AD process. The dose
of Fe3O4 NPs and nZVI for themaximumaccumulativemethane produc-
tionwas 0.5 g/L (F1) and 1 g/L (N2), respectively. And the highest accu-
mulative methane production was 112.76 L from F1 and 112.01 L from
N2, which increased by 22.07% and 23.03% compared with the non‑iron
NPs added digesters (F0 and N0), respectively. Besides, the removal ef-
ficiency for TS and sCOD of the digesters with iron NPs was higher than
the control digester. As shown in Fig. 1(c) and (d), the TS removal effi-
ciency in F0 and N0 were 49.19% and 49.11% after anaerobic digestion
for 100 days, while F1 and F2 could reach to 87.90% and 82.90%, respec-
tively. In Fig. 1(e) and (f), a similar result occurred in non‑iron NPs di-
gesters. Removal efficiency of sCOD was only 52.99% and 52.63%,
respectively. In digesters with iron NPs, the highest removal efficiency
of sCOD was 85.29% (F1) and 76.20% (N2). These results showed that
AD performance decreased with the increase of Fe3O4 NPs concentra-
tion, and 0.5 g/L Fe3O4 NPs was the optimum dosage in this dose-
response experiment. Similarly, excessive amount of nZVI would also
lead to AD performance degradation, and 1 g/L nZVI was the optimum
dosage.

Iron NPs was the ideal multifunctional cofactors for many pro-
teins because of its ability to up-take or lose electrons. The mecha-
nism of electron transferred from nZVI to the microbe is microbial
corrosion and surface oxidation through nZVI. Under anaerobic con-
ditions, nZVI is oxidized to ferrous iron (Fe2+), and further formed
cathodic hydrogen (H2/[H]) to synthesize the key enzymes
(Srilakshmi et al., 2010). Many studies have confirmed that nZVI
could effectively promote the hydrolysis and acidification process
of AD sludge and stimulate the production of sCOD (Xu et al., 2019;
Zhang et al., 2019b). nZVI could also maintain a reducing environ-
ment by reducing the oxidation-reduction potential and improve
the conversion of complex organic compounds into VFAs. This pro-
cess provided a bountiful substrate for the subsequent methane pro-
duction (Su-li et al., 2011). Fe3O4 NPs could also release iron ions for
methanogens in the anaerobic reaction process, thus increasing the
activity of characteristic enzymes in the system. As a carrier of inter-
specific electron transfer, Fe3O4 NPs could promote the metabolic
process of anaerobic microorganisms, strength the utilization of
sCOD and accelerate the degradation process of organic compounds
in the AD system (Pan et al., 2019). However, excessive active iron
ions would have a fatal effect on methanogenic bacteria and eventu-
ally lead to the inhibition of methanogenesis (Suanon et al., 2016).
3.2. Characterization of microbial communities

In all sludge samples, Miseq sequencing of 16S rRNA amplicons
yielded 481,853 effective sequences for the bacterial community,
OTUs were identified into 40 phyla and 719 genera. As for the composi-
tion of the archaea community, 412,838 effective sequences were
yielded, and a total of 34 genera belonged to 5 phyla were identified.
Based on the diversity indices (Table 2), the bacterial diversity indices
(including Shannon, Simpson, ACE and Chao-1) of samples with iron
NPs addition were significantly lower than that samples without iron
NPs addition. On the contrary, the iron NPs could increase the richness
and diversity of the archaeal community in the AD sludge. The archaea
diversity of F group was higher than the N group. No significant change
(P N .05) in the alpha diversity of the microbial community was ob-
served with the further increase of Fe3O4 NPs/nZVI doses.

After 100 days in AD, the dominant phyla of bacteria were
Proteobacteria (accounting for 26.69% of total reads), Firmicutes
(24.80%), and Actinobacteria (10.92%) in all CSTRs (Fig. 2(a)).
Euryarchaeota was dominant among the five identified archaeal phyla
and its stable range was N95% (Fig. 2(b)). As for the genus level
(Table S2), the relative abundance of the top 10 genera together only
accounted for 0.2%–14.4% in total bacteria composition, and most of
the genera comprising b1%. Methanosarcina was dominant in the ar-
chaea genus (accounting for 70.60%–90.00%). Generally, the relative
abundance of the top 10 bacterial genera in the digesters with Fe3O4

NPs/nZVI were significantly lower than that in the digesters without
iron NPs (F0/N0). The abundance of Methanosarcina was increased in
the digesters with Fe3O4 NPs/nZVI, which was consistent with the re-
sults of alpha diversity indices. These results also proved that biogas
production in iron NPs added digesters were higher than that in the N
group, because Euryarchaeota is the main methanogens. Besides, both
Methanobacterium and Methanosarcinawere positively correlated with
biogas yield, which meant that they might be involved in the methane
production process of the AD system (Wang et al., 2018).

Partial least squares discriminant analysis (PLS-DA) was used to an-
alyze the similarity of bacterial and archaeal community composition in
different samples. The results of PLS-DA showed that both the bacterial
and archaeal community structure changed throughout AD sludge with
the addition of Fe3O4 NPs/nZVI. Samples from the same treatment were
more likely to cluster together. In Fig. 3(c) and (d), thedigesterswithout
iron NPs (F0 and N0), Fe3O4 NPs added digesters (F1, F2, F3 and F4) and
nZVI added digesters (N1, N2, N3 and N4) formed distinct clusters, re-
spectively. Thus, the addition of Fe3O4 NPs/nZVI in the AD system
could influence microbial compositions. However, the microbial com-
munity structure did not change significantly with the increased dosage
of Fe3O4 NPs/nZVI in mesophilic CSTRs.

These results indicated that the effect of Fe3O4 NPs/nZVI on the bac-
terial diversity of AD sludge was negative, whichmight be attributed to
the biological toxicity on microorganisms. Fe3O4 NPs and nZVI could
both interact with key components (such as functional proteins) of
the cell membrane, which could damage cell membrane and disrupt
the bacterial integrity (Yang et al., 2016a). High concentration iron
ions could inhibit the formation of methane. It was probably because
phosphorus is one of the key nutrients of methanogens, and the high
concentration iron ions formed stable complexes with PO4

3−, which
led to a decrease in the amount of available phosphorus formicroorgan-
isms and the decrease of microbial abundance (Rudnick et al., 1990).
Appropriate iron NPs were beneficial to from anaerobic environment
which provided stable and favorable conditions for methanogenic ar-
chaea to produce methane (Liu et al., 2015).



Fig. 1. General performance of CSTRs with/without iron NPs added. (a) and (b) Cumulative methane production; (c) and (d) TS content and removal rate; (e) and (f) sCOD content and removal rate.
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Table 2
Microbial diversity index of CSTRs sludge.

Simpson Chao1 ACE Shannon

Bac Arc Bac Arc Bac Arc Bac Arc

F0 0.99 0.36 2537.83 436.22 2569.52 449.52 8.57 1.80
F1 0.99 0.91 1654.00 673.00 1654.00 673.00 8.40 5.07
F2 0.99 0.93 1672.00 784.94 1672.00 801.70 8.44 5.51
F3 0.99 0.92 2273.88 671.00 2445.52 671.00 8.46 5.29
F4 0.99 0.91 2361.88 641.00 2446.27 641.00 8.39 5.06
N0 0.99 0.34 2548.84 431.14 2549.57 442.62 8.58 1.88
N1 0.99 0.89 2396.14 637.00 2603.05 637.00 8.47 4.84
N2 0.99 0.80 2488.05 585.00 2554.41 585.00 8.29 4.16
N3 0.99 0.83 1832.65 619.28 1927.27 623.67 8.10 4.32
N4 0.98 0.83 1600.43 606.00 1693.73 606.72 7.85 4.36
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3.3. Changes of ARGs and intI1 during CSTRs

The selected ARGs abundance of the feed sludge was summarized
in Table 1. Feed sludge from the WWTP is an important repository of
resistance genes, which exhibited high ARGs relative abundance, es-
pecially blaOXA, tetWand sulI. The standard curves and amplification
efficiency of qPCR for selected ARGs were given in Table S3. Fig. 3
displayed the absolute abundance of total ARGs in the 100-day
CSTRs. Both Fe3O4 NPs and nZVI could significantly reduce the abso-
lute abundance of total ARGs. F0 (1.33 E+8 gene copies μL−1) and N0
Fig. 2. Profiles of microbial community from CSTRs. (a) and (b) Relative abundance ofmicrobial
composition (genus level) by PLS-DA.
(1.34 E+8 gene copies μL −1) had the highest absolute abundance of
total ARGs in the F group and N group, respectively. There was a neg-
ative correlation between the total ARGs removal rate and the Fe3O4

NPs dosage. The ARGs removal rate of F1 was the highest, reaching
70.73%, followed by F2 (57.87%), F3 (47.67%) and F4 (37.60%). The
absolute abundance of total ARGs for the N group also experienced
a reduction of 28.27%–62.69% after 100 days. ARGs removal rate
was the highest obvious in N4 (62.69%). Both Fe3O4 NPs and nZVI
had the most obvious removal effect on blaOXA compared with
other target genes, and the absolute abundance of blaOXA in F0
was 6.42 times of that in F1. The absolute abundance of ermF,
ermATR, sulII and tetT decreased in the AD reactors with the addition
of iron NPs, while the absolute abundance of sulI, tetWand dfrA12 in-
creased. The abundance of aac(6′)-IB, tetE and ermT did not increase
or decrease significantly. These results indicated that sludge ADwith
iron NPs could only remove some ARGs but could not effectively re-
move all ARGs. Conversely, the absolute abundance of some ARGs in-
creased after this disposal, which was corroborated with previous
studies (Xu et al., 2018a).

16S rRNA gene for bacteria was used to normalize the relative
abundance of ARGs. Fig. 4 displayed the relative abundance changes
of 11 selected ARGs and intI1 during the 100-day AD process. Varia-
tions in the prevalence of most selected ARGs displayed a similar
trend over time in the AD process. In different reactors, the relative
abundance of the same ARG showed an upward or downward
trend with time. Iron NPs could deteriorate the enrichment of tetra-
cycline resistance genes. Compared with the initial value (D0), gene
community at phylum level. (c) and (d) Distribution of bacterial and archaeal community



Fig. 3. The absolute gene copies of ARGs and intI1 of CSTRs with/without iron NPs added.
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abundance of tetT, tetE, tetW reduced by 64.74%–92.37%, 80.28%–
85.82%, and 91.66%–93.63% from F group. As for N group, gene abun-
dance of tetT, tetE, tetW reduced by 57.96%–87.48%, 61.58%–88.58%
and 93.07%–94.94%, respectively. There was a significantly removal
effect of the aac(6′)-IB relative abundance in all the groups. The av-
erage removal rate of aac(6′)-IB in F group, N group and control
group was 95.10%, 93.70% and 93.93%, respectively, indicating that
AD had a significant effect on aac(6′)-IB. Although the relative abun-
dance of drfA12 and intI1 decreased during the AD process, the abun-
dance of these genotypes in the iron NPs added digesters were
higher than those in control digesters. Gene targets like ermF, ermT,
ermATR, sulI, sulII and blaOXA were found to be enriched on 100th
day. It was worth noting that sulI and sulII were significantly
(P b 0.05) increased in the nZVI or the Fe3O4 NPs added digesters
compared to the reactor without the iron NPs added. The relative
abundance of sulI and sulII reached the peak on the 60th day
(6.25 × 10−1 for sulI and 1.33 × 10−1 for sulII). Threemacrolide resis-
tance genes (ermF, ermT, ermATR) enriched in all CSTRs, but the
abundance of three macrolide resistance genes in F0/N0 were higher
than that in the digesters with iron NPs added. As for the blaOXA,
compared with the initial value, a low concentration of Fe3O4 NPs
(0.5 g/L and 1 g/L) could significantly reduce the relative abundance
of blaOXA, while a high concentration of Fe3O4 NPs (4 g/L) and nZVI
(4 g/L) could enrich blaOXA. Nevertheless, the abundance of blaOXA
in digesters with iron NPs added were much lower than that in the
control digesters.

Extracellular DNA can be physically destroyed by hydrolysis and
biodegradation in the AD system (Mager and Thomas, 2011). Fe3O4

NPs had been proved to accelerate the hydrolysis acidification of
AD and improve the biological reaction rate (Zhang et al., 2019a).
However, the nZVI corrosion products could be deposited onto the
microbial cells, and cause the deformation and damage of microbial
cellular structure (Zhu et al., 2014). The addition of both nZVI and
Fe3O4 NPs led to various variations in ARGs abundance, which pre-
sumably ascribing to ARGs coded for different resistance mecha-
nisms. For example, the removal performance of tet genes encoding
tetracycline resistance was similar because tetE encode for tetracy-
cline efflux, tetT and tetW encode for ribosomal protection, iron
NPs can disable these two resistance mechanisms (Chopra and
Roberts, 2001). Some ARGs with increased abundance, which host
different bacteria, may share resistance through the same mecha-
nism, e.g., blaOXA and aac(6′)-IB with Lutispora and Rhodobacter, re-
spectively (Diehl and Lapara, 2010b). The other reason for the
variations of ARGs could be associated with bacterial community
succession caused by iron NPs. In previous studies, nZVI and nano-
magnetite decreased the abundance of bacteria belonging to
Firmicutes, which was the host for ARGs (Shi et al., 2019). Therefore,
the bacterial community structure changed and the ARGs abundance
reduced. There was a co-occurrence pattern of bacteria and ARGs,
which indicated that the evolution of the bacterial community
might be the key driving factor for the fate of ARGs.

3.4. Co-occurrence among ARGs, intI1, and potential hosts

11 selected ARGs, intI1 and 152 bacterial genera were combined to
explore the co-occurrence patterns between ARGs and bacterial taxa.
The potential hosts of ARGs and intI1 had also been explored. The co-
occurrence patterns were visualized by network analysis. As shown in
Fig. 5, 30 genera (belong to 7 phyla) were identified as the potential
hosts for selected ARGs and intI1. Specifically, most identified bacteria
genus (N80%), which belonged to Proteobacteria, Firmicutes and
Actinobacteria, were significantly (P b 0.05) related to selected ARGs
and intI1. These bacteria phyla were frequently related to antibiotic re-
sistance in existing studies (Liao et al., 2018;Wu et al., 2017). The dom-
inant intI1-associated genera belonging to the phyla of Firmicutes and
Bacteroidetes were Family_XIII_UCG-002 (P = 0.043) and Sphingopyxis
(P=0.044), respectively. These genera also exhibited high connectivity
with sulI and aac(6′)-IB. The aac(6′)-IB had the most potential hosts
(8) followed by ermF (7), tetW (7), blaOXA (6) and tetT (5). Different
ARGs exhibited a significant positive correlation with the same host, in-
dicating that multiple resistance existed in AD sludge widely.

It was reported that the bacterial community composed of
Firmicutes and Actinobacteria might be the reason for carrying and
transmitting ARGs, and some bacteria could even synthesize antibiotics
(Huerta et al., 2013). Some potential host bacteria have been annotated,
for example, Acinetobacter was elucidated to be the host of blaOXA (Jia
et al., 2017). As the potential hosts, Proteobacteria, Firmicutes and
Actinobacteria, were reduced in abundance in the CSTRs with iron NPs
added (Fig. 4). Therefore, the addition of iron NPs showed a better
ARGs reduction performance, which was related to the destruction of
host bacteria by iron NPs. The result was consistent with the previous
study that the addition of iron NPs in AD system led to the decrease of
bacterial community diversity index, so that the host bacterial range
of ARGs was reduced, and eventually the removal of ARGs abundance
would be promoted (Ma et al., 2011). In addition, most ARGs were not
significantly correlated with intI1, only sulI (P = 0.004), acc (6′)-IB
(P = 0.003) and tetE (P = 0.022) were significantly positively corre-
lated with intI1 in this study (Table 3). The result might indicate a
lower frequency of horizontal gene transfer caused by iron NPs. In con-
clusion, network analysis revealed that the evolution in the bacterial
community was the main factor for the changed ARGs in the AD system
with Fe3O4 NPs/nZVI.



Fig. 4. Dynamic change of target genes and intI1 relative abundance during the AD process in all reactors. The quantity of ARGs detected in this study was normalized by the 16S rRNA gene copies to minimize the basis caused by different microbial
abundance.
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Fig. 5.Network analysis showed the co-occurrence patterns between the bacteria genus and ARGs as well as the intI1 in CSTRs. The thickness of arrows and lines were based on Pearson's
correction coefficient.
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3.5. Correlations analysis among ARGs, intI1 and sludge physicochemical
properties

In addition to microbial communities, physicochemical charac-
teristics could also affect the fates of ARGs and intI1 (Tong et al.,
2018). The correlations of the sludge physicochemical properties,
the abundance of ARG and intI1were evaluated by the spearman cor-
relation analysis at the end of the 100-day experiment (Fig. 6).
Table S4 summarized the digestion parameters for each reactor on
day 100. Results showed that the absolute abundance of ARGs were
significantly related to the characteristics of AD sludge, especially
the content of heavy metals in sludge. There was a significant nega-
tive correlation (P = 0.006–0.017) between sludge characteristics
(such as pH, TOC, and the cumulate methane) and several antibiotic
resistant genotypes (e.g., tetW, ermT, and blaOXA), while sCOD and
VFA had significant positive correlation with ermT (P = 0.034) and
Table 3
Correlation analysis between absolute abundance of ARGs and intI1on day 100.

Correlation coefficient ermF blaOXA sulI sulII acc(6′)-IB

ermF
blaOXA 0.011⁎

sulI 0.265 0.852
sulII 0.409 0.236 0.055
acc(6′)-IB 0.129 0.696 0.024⁎ 0.361
tetT 0.001⁎⁎ 0.002⁎⁎ 0.573 0.337 0.188
tetW 0.464 0.918 0.625 0.719 0.008⁎⁎

tetE 0.456 0.908 0.050 0.744 0.045⁎

dfrA12 0.858 0.151 0.376 0.493 0.367
ermT 0.658 0.570 0.715 0.427 0.333
ermATR 0.227 0.045⁎ 0.488 0.115 0.355
intI1 0.193 0.465 0.004⁎⁎ 0.121 0.003⁎⁎

Correlation is significant at the 0.05 level (P b 0.05)* and 0.01 level (P b 0.01)* *.
tetE (P = 0.022), respectively. Among the sludge characteristics,
heavy metal explained the variations in the distributions of some
ARGs. drfA12 had a significant positive correlation with Pb (P =
0.047) and Cu (P = 0.033), respectively. Especially, there was a sig-
nificant negative correlation between blaOXA and heavy metal ele-
ments. There was no significant correlation between any sludge
characteristics and intI1.

The succession of the bacterial community was beneficial to the
distribution of ARGs, while it was not the decisive driving force of
the fate of ARGs. The succession of bacterial community structure
was largely affected by sludge physicochemical properties such as
pH, VFAs, sCOD, TOC and heavy metals. These sludge properties
might play the indirect role in the evolution of potential host bacteria
(Ma et al., 2019). Therefore, controlling properties was an effective
way to optimize the bacterial community structure and promote
ARGs attenuation. Recently, increasing evidence suggests that
tetT tetW tetE dfrA12 ermT ermATR intI1

0.378
0.970 0.232
0.539 0.171 0.196
0.149 0.277 0.856 0.711
0.022⁎ 0.839 0.479 0.295 0.176
0.193 0.146 0.022⁎ 0.508 0.131 0.286



Fig. 6. Heatmap based on the relationship between ARGs, intI1 and sludge characteristics. Color intensity shows the correlation between each factor, as shown by the color key at the
bottom right.
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heavy metals can also select and stimulate antibiotic resistance via
both co-resistance and cross-resistance mechanisms (Zhao et al.,
2019). The influence of metal toxicity on the amount of detected
ARGs accounted for 78% and the influence of metal toxicity on the
co-occurring ARGs abundance via MGEs accounted for 69% of the
total influence in the previous study (Zhao et al., 2019). The presence
and transfer of ARGs in AD sludge were partially driven by heavy
metals, so there was a significant correlation between ARGs and
heavy metals.

4. Conclusions

The AD performancewas optimizedwhen iron NPswas added prop-
erly. IronNPs could stimulate the attenuation of the total absolute abun-
dance of ARGs, especially a beta-lactamase resistance encoded gene
(blaOXA). Iron NPs also reducedmicrobial diversity and changedmicro-
bial community structure in AD sludge. Network analysis showed that
three dominant bacteria phyla (Proteobacteria, Firmicutes and
Actinobacteria) were also the main potential hosts of ARGs. Therefore,
the succession of bacterial community was the major reason to explain
the attenuation of ARGs abundance. Meanwhile, bacterial populations
carrying ARGs responded to different sludge physicochemical proper-
ties (e.g., pH, sCOD and heavy metals).
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