
Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Response and mechanisms of the performance and fate of antibiotic
resistance genes to nano-magnetite during anaerobic digestion of swine
manure

Junya Zhanga,b,c,⁎, Ziyue Wangd, Tiedong Lue, Jibao Liua,b,c, Yawei Wanga,b,c, Peihong Shene,
Yuansong Weia,b,c,⁎

a State Key Joint Laboratory of Environmental Simulation and Pollution Control, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China
bDepartment of Water Pollution Control Technology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China
cUniversity of Chinese Academy of Sciences, Beijing 100049, China
d School of Energy and Environmental Engineering, Hebei University of Technology, Tianjin 300401, China
e College of Life Science and Technology, Guangxi University, Nanning 530005, Guangxi, China

A R T I C L E I N F O

Keywords:
Antibiotic resistance genes
Swine manure
Anaerobic digestion
Nano-magnetite
Microbial community

A B S T R A C T

Swine manure is an important reservoir of environmental antibiotic resistance genes (ARGs), and anaerobic
digestion (AD) is a commonly used method for swine manure treatment. In this study, the optimized dosage of
nano-magnetite to enhance methane production was figured out, the changes of the fate of ARGs response to
nano-magnetite were investigated, and the microbial mechanisms were deciphered through the microbial
community analysis and key functional genes quantification. Results showed that nano-magnetite could improve
the methane production by maximum 6.0%, the maximum daily methane production could be increased by
47.8%, and the AD time could be shortened by above 20.0% at the addition of 75mmol. The improved per-
formance could be associated with the enhancement of direct interspecies electron transfer (DIET) and the
inhibition release due to the formation of Fe-S precipitation not the nutrition elements role of nano-magnetite,
and nano-magnetite did not significantly influence the dynamics of microbial community. Nano-magnetite could
enhance the methanogenesis instead of the acetogenesis reflected by the functional genes analysis, and the
limited effects of nano-magnetite on the fate of ARGs could be associated with its limited influence on the
microbial community which determined the fate of ARGs during AD of swine manure.

1. Introduction

Everything about China’s pork industry is outsized, and above 60%
of meat consumed in China is pork [1]. Nonetheless, with the devel-
opment of large-scale swine farming, amounts of wastes are produced,
and it was estimated that 618 billion kilograms of manure were pro-
duced each year, which has lead to many unpleasant environmental
consequences, especially the environmental spread of antibiotic re-
sistance [1–3]. Antibiotics were generally added as the feed additives to
promote growth and keep healthy in swine farms [4,5], which led to
swine manure as the typical reservoir of antibiotic resistance genes
(ARGs) and antibiotic-resistant bacteria (ARB) [3,6,7], and antibiotic
resistance has been consider as the emerging issues of environmental
concern in the frontiers 2017 by United Nations Environment

Programme [8].
With inherent energy and fertilizer values of swine manure, anae-

robic digestion (AD) is generally considered the effective method to
minimize waste and recover bioenergy, and the improvement, optimi-
zation and maximization of methane production is a research hotspot
[9]. The use of additives has been elucidated effectively to improve the
methane production especially the iron oxides and ferric salts, and the
iron-based AD has been considered as a promising and sustainable
strategy [10]. Nonetheless, the suitability of an additive is expected to
be strongly dependent on the type of substrate, and previous studies
mainly focused on the effects of iron associated chemicals on the AD of
sewage sludge [10–12], whether their suitability for the AD of swine
manure deserved to be elucidated.

It was proved that magnetite (Fe3O4) could function as an electron
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conduit to improve the rates of organic biodegradation and methane
production under anaerobic conditions [13], and nanoparticles have
also been found to accelerate AD hydrolysis, improve methane yield
and produce more stabilized sludge [14]. Nonetheless, the effects of
nano-magnetite on the performance of the AD of swine manure were
deficient, and the data concerning the response of microbial community
to nano-magnetite during AD of swine manure is still limited. More-
over, previous studies focused on the enzymatic activity caused by the
nano-magnetite [15], but the effects of nano-magnetite on the changes
of functional genes covering the acetogenesis phase and methanogen-
esis phase were overlooked.

AD could reduce the ARGs, and the addition of zero valent iron
(ZVI) has been demonstrated to enhance the ARGs reduction during the
AD of swine manure [16], but the role of nano-magnetite on the ARGs
reduction was unclear. The co-selection of heavy metals to ARGs was
considered as an important way of ARGs spread in the environment
[5,17], and it was demonstrated that magnetite could avail the passi-
vation of some types of heavy metals and the degradation of antibiotics
in AD [14,18], which indicated that nano-magnetite could provide the
opportunity of the ARGs reduction through the reduction of selective
pressure. Nonetheless, previous studied mainly focused on the behavior
of the heavy metals through conventional sequential fractionation
[14,19], and the bioavailable fraction could not well be reflected, while
heavy metal resistance genes (MRGs) could make up the deficiency [6].
However, the effects of nano-magnetite on the changes of MRGs during
AD of swine manure were not clarified.

Thus, the optimization of the nano-magnetite addition on the me-
thane production during AD focusing on the swine manure was clarified
through batch experiments, and the response of the performance and
the fate of ARGs to nano-magnetite were answered. The microbial
community dynamics were followed and changes of the key functional
genes including FTHFS (formylterahydrofolate synthetase), ACAS
(acetyl-CoA synthetase) and mcrA (methyl-coenzyme M reductase)
covering the homoacetogenesis, acetoclastic methanogenesis and me-
thanogenesis were quantified to elucidate the mechanisms of the effects
of nano-magnetite on the performance. The changes of physiochemical
parameters, microbial community, horizontal gene transfer (HGT) po-
tential reflected by intI1 and typical MRGs were collected to further
elucidate the potential mechanisms of the response of the ARGs fate.

2. Materials and methods

2.1. Materials

Swine manure and the inoculum were collected from a large-scale
swine farm with the feedstock of 10,000 in Beijing, China, and the farm
run an AD reactor treating the swine manure. The total solids (TS) and
volatile solids (VS) of swine manure were 25.8% and 82.9%, respec-
tively, and the TS and VS of the inoculum were 4.2% and 57.5%, re-
spectively. The concentrations of the chlortetracycline (CTC), copper
and zinc (the most widely used food additives in the swine farming in
China) in the feed manure are 4.6mg/Kg DW (dry weight), 320.5 mg/
Kg DW and 750.4 mg/Kg DW, respectively. 98% metals basis of nano-
magnetite (CAS, 1371-61-9) was obtained in the form of powder from
Aladdin Reagent Co. Ltd., China, and the particle size ranged 20–30 nm.

2.2. Experiment setup

Batch experiments were set up through the Automatic Methane
Potential Test System II (Bioprocess Control, Sweden) as previously
described [16]. Briefly, swine manure and inoculum sludge were mixed
at the ratio of 3:1 (TS), and then transferred to each bottle (working
volume, 0.4 L) with the final TS of about 8%. Appropriate nano-mag-
netite were added to the bottles to attain the final concentrations of iron
element at 0mmol (Control), 5 mmol (NM-5), 75mmol (NM-75),
150mmol (NM-150) and 350mmol (NM-350). The dosage of the nano-

magnetite was determined based on previous studies [13,14], where
about 3 mmol∼150mmol of nano-magnetite was adopted. In this
study, much higher concentrations were adopted to figure out whether
there existed a turning point concerning enhancement of the methane
production caused by nano-magnetite. Each treatment was set in tri-
plicate and incubated in a water bath at the temperature of
37 ± 0.1 °C. Methane production was automatically recorded, and CO2

was removed through 3M NaOH solution before the record. The fre-
quency of the recording depended on the methane production rate, and
the methane volume was recorded every 10mL of the methane pro-
duction, which could be controlled by the gas measuring unit. The
batch experiments lasted for 38 days, and sampling was conducted on
days 0, 5, 13 and 38 for further analysis.

2.3. Physicochemical analysis

Samples were centrifuged at 4000 rpm for 10min and filtered
through 0.45-μm cellulose membrane. The filtrate was analyzed for pH,
NH4

+-N, Total and soluble chemical oxygen demand (TCOD and
SCOD), proteins, polysaccharides and VFAs (volatile fatty acids) as
previously described [20]. The concentration of iron ions in the filtrate
was determined through ICP-OES, and the PO4

3− and SO4
2- were

quantified through ion chromatography.

2.4. Quantitative PCR (qPCR)

0.2mL of each sample was used for DNA extraction using FastDNA
Spin Kit for Soil (MP Biomedicals, USA), and quality and concentration
of the extracted DNA were determined through 1% agarose gel elec-
trophoresis and NanoDrop ND-1000 (NanoDrop, USA), respectively.
The triplicate extracts of the same treatment were composited to get a
representative DNA sample.

Eleven typical ARGs in swine manure (two sulfonamide resistance
genes: sulI, sulII; four macrolide resistance genes: ermB, ermF, ereA,
mefA; two β-lactam resistance genes: blaCTX-M, blaTEM; three tetracycline
resistance genes: tetM, tetG, tetX and one colistin resistance gene: mcr-1)
were selected to represent the changes of ARGs [6,21]. The intI1 was
chosen to represent the mobile genetic elements (MGEs) and multi-re-
sistance [22]. The functional genes (FTHFS, ACAS, mcrA) were quan-
tified to reflect the effects of nano-magnetite on the acetogenesis and
methanogenesis [23]. Four MRGs (merA, pcoA, arsC and czcA) were
chosen to represent the selection pressure from Hg, Cu, As, Co, Zn and
Cd [5]. The qPCR process was described as previously [24], and the
primers, annealing temperature and the corresponding amplification
efficiencies were summarized in Tables S1 and S2.

2.5. Microbial community analysis

The primers 515 F/ 806R were selected for bacterial community
analysis [25], and archaeal community was analyzed using the nested
PCR primers (Arch340 F/Arch1000R and Arch349 F/Arch806R) as
previously described [20]. The samples were sent to Sangon Co., Ltd.,
(Shanghai, China) for the small-fragment library construction and pair-
end sequencing (Illumina Miseq, USA). Pair-end reads were merged
(PEAR: -x, 0.1) and assigned to each sample according to the unique
barcode; the merged reads were quality controlled (PRINSEQ) and
chimers filtered (USEARCH) to get the clean sequences; the clean se-
quences were normalized and submitted to the NCBI Sequence Read
Archive (SRA) under the project number of PRJNA475185. The taxo-
nomic classification was carried out using the Ribosomal Database
Project (RDP) Classifier with the taxon below 0.01% being removed
[26], and the diversity indexes were calculated by the Mothur software
package.
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2.6. Statistical analysis

The maximum production potential and rate were calculated
through the modified Gompertz model [27]. The paired samples t test
was used to evaluate the significance of the differences of the methane
production caused by the nano-magnetite addition during anaerobic
digestion of swine manure. Free ammonia concentration was calculated
using the formula: Free ammonia=(Total NH4

+−N)×(1+ 10−pH/
10−(0.09018 + 2729.92/T))−1, and T indicated the temperature (Kelvin).
Principal component analysis (PCA) and redundancy analysis (RDA)
were performed using Canoco 5.0. LEfSe and PICRUSt analysis against
the EggNog database were conducted on the Galaxy platform (hutten-
hower.sph.harvard.edu/galaxy/).

3. Results and discussion

3.1. Enhancement of methane production by nano-magnetite

The paired samples t test indicated that nano-magnetite significantly
influenced the methane production during anaerobic digestion of swine
manure (p＜0.01), and nano-magnetite could improve the accumulative
methane production by maximum 6.0% at NM-75, but further increase
of nano-magnetite addition neither improved nor reduced the methane
production (Fig. 1). There existed two key methane production peak
periods (day 3 and day 12) for the daily methane production, and it was
generally the same among the treatments at the first peak, while the
improvement of methane production mainly happened at the second
peak (days 7–15). The easily degradable organics formed the first peak,
and the poorly biodegradable organics formed the second peak. It is
easy to understand, because swine manure was a mixture of organic
components with different biodegradability [28]. These indicated that
nano-magnetite could enhance the degradation of the poorly biode-
gradable organics.

Because there was generally no lag phase for the batch experiments,
only the P and R value was collected for the Gompertz model analysis
(Table 1). Although the improvement of cumulative methane produc-
tion through nano-magnetite was limited, the maximum methane pro-
duction rate was significantly increased (maximum 47.8% at NM-75).
Meanwhile, the T50 and T90 indicated that nano-magnetite addition
could effectively shorten the AD time by above 20% (Table 1). Inter-
estingly, the extent of the shortening AD time was increased along with
AD, for instance, the enhancement of T30 was generally 2.7%, but T90

could exceed to 29.0%, and this further indicated that the nano-mag-
netite could enhance the degradation of the poorly biodegradable or-
ganics.

3.2. Changes of VFAs and physicochemical parameters

The initial concentration of the VFAs was 7839.9mg/L, and it was
decreased along with the anaerobic digestion. The final concentration
of VFAs was generally below 500mg/L (Fig. 1C). The changes of VFAs
indicated that the hydrolysis was not the limited step for the AD of
swine manure, and butyrate and acetate were fast degraded before day
5. Then, iso-valerate and propionate generally accumulated along with
AD due to the energetically unfavorable [29], and nano-magnetite
could alleviate the accumulation. The energetically unfavorable VFAs
were gradually degraded, and nano-magnetite could enhance the
transformation of these energetically unfavorable VFAs. The accumu-
lation of VFAs was relieved along with the addition of nano-magnetite,
and the more nano-magnetite was added, the less VFAs were left at the
end of AD (Fig. 1). These were consistent with previous studies that
magnetite could trigger faster and more robust VFAs degradation [30].

TCOD and SCOD decreased along with AD, and nano-magnetite
could enhance the TCOD and SCOD reduction by maximum 51.9%
(NM-75) and 63.7% (NM-150), respectively (Fig. 2). The changes of
soluble polysaccharides showed the same pattern. In contrast, the so-
luble proteins increased along with AD, but nano-magnetite could im-
prove the degradation. The pH generally increased along with AD, and
nano-magnetite increased the pH value, which caused higher free am-
monia after nano-magnetite treatment. The PO4

3− decreased sig-
nificantly during AD, and nano-magnetite seemed no influence on the
changes of PO4

3−, because no ferrous ions were released from nano-
magnetite reflected by the changes of soluble iron (Fig. 2), which went
against the formation of precipitates, such as vivianite
[Fe3(PO4)2·8H2O]. Moreover, the significant decrease of SO4

2- in the
nano-magnetite treatments at day 5 indicated sulfate reduction was
enhanced by the nano-magnetite, and Fe-S precipitate was easily
formed during AD. Thus, it was hypothesized that the Fe-S precipitate
was formed at the surface of nano-magnetite which could contribute to
the improvement of the methane production. However, the changes of
physicochemical parameters of nano-magnetite itself deserve further
investigation, because no release did not mean stability. For instance,
how the iron form transformation happened, whether the nano-mag-
netite clustered or entered into the microbes and how the interfacial

Fig. 1. The profiles of accumulative and daily methane production and changes of VFAs accumulation during AD of swine manure.
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reaction on the nano-magnetite happened. These need further research
investigation.

3.3. Changes of the key functional genes

AD generally contained four steps including hydrolysis, acidogen-
esis, acetogenesis and methanogenesis, and acetogenesis and metha-
nogenesis were generally considered as the limited step [6,31]. As
shown in Fig. 3, the gene copies of FTHFS, ACAS and mcrA were ca. 108,
106 and 109, respectively during AD of swine manure, and the much
lower ratio of ACAS/mcrA indicated that the methanogenesis was not
mainly conducted by aceticlastic methanogens but hydrogenotrophic
methanogens. The effects of nano-magnetite on the key functional
genes mainly happened at the second peak (D13) shown in Fig. 3, and
the gene copies of ACAS and mcrA increased along with the nano-
magnetite addition. At D13, there existed significantly correlation be-
tween 16 s rRNA, ACAS, mcrA and nano-magnetite (p＜0.05), while
there was no such correlation between FTHFS and nano-magnetite.
These could well explained the enhancement of the methane produc-
tion at this phase, and further elucidated the assumption that nano-
magnetite improve the AD of swine manure through the enhancement

of methanogenesis instead of acetogenesis. Because FTHFS could re-
present the acetogenesis, and ACAS and mcrA indicated the changes of
the methanogenesis. At D5, 16 s rRNA and these functional genes
changed little corresponding to the nano-magnetite, but these gene
copies were generally reduced especially for the gene copies of mcrA,
which indicated that nano-magnetite could avail the biomass reduction
after AD of swine manure, and this was in accordance with the higher
removal of TCOD after nano-magnetite addition.

3.4. Effects of nano-magnetite on the fate of intI1 and MRGs during AD of
swine manure

The horizontal gene transfer (HGT) was very important for the en-
vironmental dissemination of ARGs, and it was mobile genetic elements
(MGEs) including plasmids, transposons and integrons that was re-
sponsible for the HGT [32]. The integrons, especially class I integron
(intI1), were generally used to represent the HGT potential, because
they could not only capture the gene cassettes which contained various
ARGs, but also generally located on the conjugative plasmids and
transposons, which could transfer between microbes at the genus and
phylum level [32]. The gene copies of intI1 increased along with AD of

Table 1
Results of the fitting of the modified Gompertz model.a

Treatments R2 R (mL/(g VSadded·d) P (mL/g VSadded) T50 (d) T90 (d)

Control 0.986 9.0 269.8 13.1 33.8
NM-5 0.993 11.4 (26.7%) 251.2 (-6. 9%) 10.2 (22.0%) 25.5 (24.7%)
NM-75 0.996 13.3 (47.8%) 286.1 (6.0%) 10.6 (19.0%) 25.5 (24.7%)
NM-150 0.995 13.4 (48.9%) 274.7 (1.8%) 9.9 (24.0%) 24.1 (28.7%)
NM-350 0.994 13.4 (48.9%) 284.5 (5.4%) 10.4 (20.4%) 25.1(25.8%)

a T50 and T90 indicated the time needed for the 50% and 90% of total methane production. The number in the brackets indicated the extent of the improvement
by the nano-magnetite compared to the control.

Fig. 2. The dynamic changes of the physicochemical parameters during AD of swine manure.
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swine manure, which was associated with the biomass (p＜0.05), and
nano-magnetite could enrich the intI1 at the D5 and D13, but high
amounts of nano-magnetite reduced the gene copies of intI1 after AD
(Fig. S1). As for the changes of the relative abundance, AD of swine
manure effectively reduce the intI1, but no significant influence was
figured out by the nano-magnetite except at D5. These indicated that
the effects of nano-magnetite on the HGT control were limited, and the
HGT was even enhanced at certain phase during AD of swine manure.

Heavy metals existed in the form of many fractions, and only the
bioavailable fraction could exert selective pressure to the microbes,
while the MRGs could well represent the selective pressure from heavy
metals [33]. The gene copies of czcA and merA changed little after AD,
but nano-magnetite could reduce the gene copies of czcA significantly
at NM-350 (p＜0.05). Nonetheless, the gene copies of merA and pcoA
were increased due to the effects of nano-magnetite, while the gene
copies of arsC decreased significantly after AD, and the influence of
nano-magnetite was limited (Fig. S1). The relative abundance of target
MRGs were all reduced afte AD, and nano-magnetite only enhance the
reduction of czcA, while the reduction of merA was deteriorated, and
the changes of the arsC and pcoA caused by nano-magnetite were lim-
ited (Fig. 3). These indicated that AD could passivate the heavy metals,
but the enhancement from nano-magnetite varied from heavy metal
types.

3.5. Effects of nano-magnetite on the fate of ARGs during AD of swine
manure

The changes of gene copies of ARGs varied significantly during AD
of swine manure, and tetG, tetM and tetX increased after AD, while
nano-magnetite could deteriorate the enrichment of tetG and tetM, but

tetX was significantly reduced by 70.2% in the NM-350 compared to the
control (Fig. S2). The gene copies of ermB was reduced, while the gene
copies of ermF changed little after AD, and nano-magnetite has no
significant effects on the fate of ermB and ermF. The gene copies of mefA
and ereA were enriched along with AD of swine manure, and nano-
magnetite at high concentration could alleviate the enrichment. Nano-
magnetite deteriorated the reduction of the gene copies of sulI and sulII,
while the reduction of blaTEM could be enhanced by nano-magnetite,
and the reduction of mcr-1 and the changes of blaCTX-M was not influ-
enced much. Biomass could well explain the changes of the gene copies
of tetG, tetM, tetX, ermB, ermF, mefA and ereA, and the correlation of
them with biomass was positively significant (p＜0.05). Nonetheless,
the changes of the gene copies of sulI, sulII, blaCTX-M, blaTEM and mcr-1
was not correlated significantly with biomass.

As for the changes of the relative abundance of ARGs, AD of swine
manure reduced all the target ARGs, which indicated that AD was an
effective measure for the ARGs control (Fig. 4). Unfortunately, nano-
magnetite did not avail the reduction, and many ARGs reduction like
tetM, ereA, sulI, sulII and blaCTX-M were deteriorated instead. The reason
for the changes could be associated with the microbial community
changes, co-selection from heavy metals or the horizontal gene transfer
(HGT) caused by nano-magnetite.

3.6. Changes of microbial community

There existed significantly negative correlation between diversity
index and nano-magnetite at day 13 and day 38 (p＜0.05), which in-
dicated that nano-magnetite could reduce the diversity during anae-
robic digestion of swine manure. The phylum Firmicutes and
Bacteroidetes dominated throughout the anaerobic digestion of swine

Fig. 3. The dynamic changes of the target genes including 16 s rDNA, functional genes, intI1 and MRGs during AD of swine manure.
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manure, and the abundance of Firmicutes (44.8%–69.3%) was gen-
erally higher than Bacteroidetes (21.7%–46.9%). The abundance of
Firmicutes showed the tendency of increase while Bacteroidetes
showed the opposite tendency along with AD (Fig. S3). While nano-
magnetite did not significantly influence the changes of Firmicutes and
Bacteroidetes even at the concentration of 350mmol.

The dominant genus were unclassified_Bacteroidales, Clostridium
sensu stricto and unclassified_Clostridiales throughout AD of swine
manure, and the average abundance of these genus were above 10%
(Fig. 5A). Nano-magnetite did not significantly influence the changes of
these microbes, and these genus were typical fermentation microbes in
AD, which were responsible for the degradation of macromolecular
substances [34]. PCA analysis and similarity analysis showed that nano-
magnetite did not significantly influence the changes of microbial
community (p＞0.05). The changes of microbial community could be
divided into three stages through PCA analysis (Fig. 5C), and Lefse
analysis showed the biomarkers of the separate stages (Fig. 5D). The
three stages could be attributed to the hydrolysis and acetogenesis
phase, methanogenesis phase and the end of anaerobic digestion. No
significantly positive correlation was found between nano-magnetite
and any of these biomarkers at the three stages, which further con-
firmed that nano-magnetite did not significantly influence the changes
of microbial community. At the hydrolysis and acetogenesis phase, the
genus considered as the biomarker was various, which could be at-
tributed to the complexity of the substances. The genus of Petrimonas
was typically described as a mesophilic, strictly anaerobic and fer-
mentative bacterium, and acetic acid was the major end products [35],
and Proteiniphilum was obligately anaerobic and could use proteins as
the energy sources excluding carbohydrates, while the acetic acid and
propionate were the major fermentation products [36]. The easily used
substances including specific VFAs like acetate and butyrate and mac-
romolecular substances were quickly used for the methane production,
which also led to higher abundance of methanogens at the hydrolysis
and acetogenesis phase, and methanogenesis was not the limited step at
this phase.

Along with AD, amounts of VFAs were produced and accumulated
due to the quicker metabolisms of hydrolysis and acetogenesis com-
pared to the methanogenesis, which led to the methanogenesis was the

limited step, and the AD approached to the methanogenesis phase.
Besides, propionate was not energy favored, which also deteriorate the
accumulation of VFAs, and thus, the syntrophic degradation of VFAs
with methanogens for the methane production was the key at this
phase. The biomarker at this phase were Alkaliflexus, Tepidanaerobacter,
Anaerobacterium, Syntrophomonas, and Dethiobacter, and the Alkaliflexus
(8.6%) and Syntrophomonas (4.2%) shown in Fig. 5D. The genus of
Syntrophomonas was an typical syntrophic acetogens, which was cap-
able of syntrophic degradation of butyrate degradation with methano-
gens [37]. The Alkaliflexus could further utilize several carbohydrates,
in particular those that may result from the hydrolysis of cellulose,
hemicelluloses and other natural polysaccharides to produce VFAs [38].
At the end of AD, the dominant biomarkers were the genus of Un-
classified-Ruminococcaceae, Clostridium III and Thiopseudomonas, and
they were generally increased along with AD. The average abundance
was 14.9%, 12.0% and 2.3%, respectively. These genus were generally
fast-growing bacteria and could endure oligotrophic environments,
which could well explain their dominance at the end [39].

The average abundance of archaea during anaerobic digestion was
ca. 1.4%, and the dominant archaea were Methanobrevibacter (34.3%),
Methanosphaera (19.8%) and Methanosarcina (37.5%) based on the
specific archaeal community analysis (Fig. 5B). The abundance of genus
Methanobrevibacter and Methanosarcina increased along with AD, and
the abundance of Methanosphaera decreased. The genus of Methano-
brevibacter was the hydrogenotrophic methanogens which could only
use H2 or formate instead of acetate for the methane production, while
the substances for the Methanosarcina were various including H2, CO2,
acetate and methyl compounds, but not formate [40]. In contrast, Me-
thanosphaera could not use H2, CO2, formate, acetate and methylamines
for the methane production, but it could obtain energy for growth by
using H2 to reduce methanol to methane [41]. The much higher
abundance of Methanosphaera corresponding to the higher amounts of
methane production indicated that methanol might be very important
for the production of methane at the hydrolysis and acetogenesis phase.
The nano-magnetite also did not influence the changes of archaeal
community significantly (p＞0.05), and it seemed that hydro-
genotrophic methanogens played more important role compared to
acetoclastic methanogens during AD of swine manure.

Fig. 4. The dynamic changes of the relative abundance of target ARGs during AD of swine manure.
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3.7. Potential mechanisms of the performance response to nano-magnetite

Generally, iron could improve or change the microbial community
through its role as trace elements [42], but there was no obvious soluble
iron release from the nano-magnetite, and microbial community was
not influenced significantly by the nano-magnetite. These demonstrated
that nano-magnetite contributed to the improvement of swine manure
AD not through its role as nutrient elements. It was hypothesized that
nano-magnetite improved the methane production through the en-
hancement of direct interspecies elctron tranfer (DIET) and surface
chemical reaction of Fe-S precipitation. The establishment of DIET can
accelerate the consumption of VFAs by reinforcing the electron transfer
between syntrophic bacteria and methanogens, and nano-magnetite
could facilitate the establishment of DIET between acetogens and me-
thanogens without the need for pili and c-type cytochromes [43,44].
The dominant bacteria (Alkaliflexus and Syntrophomonas) and archaea
(Methanobrevibacter, Methanosphaera and Methanosarcina) at the me-
thanogenesis were all well-known to perform DIET [45], which pro-
vided the micro-environment for the effectiveness of nano-magnetite as
the DIET transporter. The magnetite-mediated DIET is an intrinsically
faster electron transfer mechanism compared to interspecies H2 transfer
[30], which could well explain the improved methane production rate
after the nano-magnetite addition.

Besides, the direct cellular uptake of nano-magnetite to the mi-
crobes could integrate with the metabolic intermediates and improve

the key enzyme activity [46]. The changes of the key functional genes
(ACAS and mcrA) demonstrated the effects of nano-magnetite on the
enhancement of methanogenesis, and the PICRUSt analysis showed that
there existed about 63 kinds of function genes associated with iron
(Table S4). The most abundant functional genes associated iron was the
COG0535, which function the predicated Fe-S oxidoreductases [47],
and this confirmed the Fe-S precipitation effects of nano-magnetite.
While further investigation was needed to provide the direct evidence
for the Fe-S precipitation using the advanced methods like the X-ray
photoelectron spectroscopy (XPS) and scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDS). The significantly po-
sitive correlation between the COG2086 (electron transfer flavoprotein)
and nano-magnetite demonstrated the enhancement of DIET by nano-
magnetite. Besides, nano-magnetite significantly increased the abun-
dance of Ferredoxin-like proteins, which are also involved in many
other electron transfer reactions. Meanwhile, the COG1969 (Ni, Fe-
hydrogenase I cytochrome) was correlated significantly with nano-
magnetite, which suggested that the enhancement of methane pro-
duction may be also associated with the improvement of H2 pressure
due to the nano-magnetite.

3.8. Potential mechanisms of the fate of ARGs response to nano-magnetite

The target ARGs could well represent the changes of the total ARGs,
and the factors influencing the ARGs fate were deciphered in the

Fig. 5. Changes of the bacterial and archaeal community response to nano-magnetite during AD of swine manure. A: heatmap of the top 10 genus in each sample; B:
circus showing the changes of archaeal community at genus level; C: PCA showing the dynamic changes of bacterial community, and the size of the black circle
indicated the concentration of nano-magnetite added. The bigger of the size, the higher of the concentration; D: LefSe analysis showing the biomarker of different
phases.
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present study. Mantel test showed that the fate of ARGs was sig-
nificantly correlated with microbial community (p=0.0003), en-
vironmental variables (p= 0.0007), intI1 (p= 0.0001) and MRGs
(p=0.0018), but no significant correlation were found between ARGs
and biomass or nano-magnetite. These indicated the limited effects of
nano-magnetite and the importance of other concern factors on the fate
of ARGs. The importance of microbial community was further con-
firmed by the Procrustes analysis, and changes of the abundance of the
hosts of ARGs definitely significantly influence the fate of ARGs (Fig. 6).
Because, the hosts of ARGs not only act as ARB but also as important
functional bacteria for the methane production during AD, which could
be well explained by the co-occurrence of functional genes and ARGs,
and many key functional microbes were identified as the potential hosts
of ARGs through network analysis (Fig. 6A).

Along with AD, microbial community changed response to the
micro-environments like the VFAs accumulation, substance degradation
and methane production. At different phases, specific microbes were
enhanced or reduced, and the ARGs they possessed changed accord-
ingly. Meanwhile, horizontal gene transfer (HGT) happened, which
complex the fate of ARGs, and the significant correlation between ARGs
and intI1 indicated the importance of HGT on the ARGs fate (Fig. 6A).
Who, when and where the HGT happened during AD of swine manure
should be answered, which need further investigation. The significant
correlation between MRGs and ARGs also indicated the assignable ef-
fects of heavy metals on the ARGs fate. Toxic metals in some cases may

exert a stronger selection pressure for environmental selection of re-
sistance to an antibiotic than the specific antibiotic itself [48].

As for the specific ARG, certain ARG changed a lot after the nano-
magnetite addition, and the dominant factors varied from ARG types.
For instance, there existed significant correlation between sulI and intI1,
pcoA and some genus (p＜0.01), and they all contributed to the fate of
sulI, while czcA contributed to the fate of tetG. Thus, the ARGs were
considered as a whole, not separately, to figure out the dominant factor
influencing the ARGs fate. RDA analysis indicated that these factors
(microbial community, environmental variables, intI1, MRGs) account
for the 78.6% changes of ARGs, and partial RDA indicated that mi-
crobial community contributed the most (34.0%) to the changes of
ARGs followed by environmental variables (22.1%), MRGs (15.8%) and
intI1 (9.1%). The dominance of microbial community has been widely
elucidated [24,49,50], and nano-magnetite could not significantly
change the microbial community, which could well explain the limited
effects of nano-magnetite on the ARGs reduction. As for the specific
ARG response to the nano-magnetite, the changes and dominant factors
varied from ARG types.

Interestingly, the daily methane production was significantly cor-
related with the abundance of ARGs (Fig. 7), which indicated that the
more active the microbial community, the higher abundance of ARGs,
thus, to improve the ARGs reduction, the effects of AD on the stabili-
zation of swine manure should be enhanced. This means that it is
compatible between the improvement of methane production and the
enhancement of ARGs reduction, and if we want to improve the ARGs
reduction in swine manure through AD, figure it out to get more me-
thane from it.

4. Conclusions

This study investigated the effects of nano-magnetite on the per-
formance and fate of ARGs during anaerobic digestion of swine manure.
Nano-magnetite could improve the methane production maximum by
6.0% at the addition of 75mmol due to the enhancement of DIET and
Fe-S precipitation. Dynamics of microbial community was not sig-
nificantly influenced by nano-magnetite, while nano-magnetite could
increase the methanogenesis instead of the acetogenesis reflected by the
functional genes analysis. Microbial community dynamics contributed
most to the fate of ARGs, which well explained the limited effects of
nano-magnetite on the ARGs fate. The improvement of methane pro-
duction was closely correlated with the ARGs reduction, and the en-
hancement of ARGs reduction could be realized through the

Fig. 6. Network (A) and Procrustes (B) analysis showing the relationship between ARGs and microbial community.

Fig. 7. The significant correlation between daily methane production and re-
lative abundance of ARGs.
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enhancement of methane production during AD of swine manure.
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