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g r a p h i c a l a b s t r a c t
� Substrate types significantly influ-
enced the ARGs fate during anaerobic
digestion.

� The influence from the substrate
microbial community on the ARGs
fate was limited.

� The ARGs in the substrates them-
selves contributed little to the ARGs
fate.

� The dominant factors influencing the
separate ARGs were determined.

� Nutrient variance led to microbial
community variance that dominated
ARGs fate.
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Anaerobic digestion (AD) is regarded as a promising technology in energy recovery and the spread
mitigation of antibiotic resistance. However, the performance of AD is dependent on various factors, and
substrate type is one of the most important. In this study, the fate of antibiotic resistance genes (ARGs)
response to the substrate types was investigated, and three typical environmental reservoirs of ARGs (pig
manure, chicken manure and sewage sludge) were selected. The role of substrate microbial community
on the fate of ARGs was clarified through the comparison between the AD of the substrates with and
without a prior autoclave-disinfected step. Results showed that substrate types significantly influenced
the fate of ARGs, while the influence from the substrate microbial community was limited. The con-
centration of antibiotics, the horizontal gene transfer reflected by intI1 and co-selection from heavy
metals reflected by metal resistance genes (MRGs) were all reduced effectively. Microbial community
varied from substrate types and dominated the ARGs fate concerning the standardized total effects
through the mantel test and SEM analysis. The fate of tetX, ermF, tetM and ermB was mainly determined
by the physicochemical parameters and the phyla of Firmicutes and Bacteroides. The phyla of
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Substrate microbial community
Antibiotics
Actinobacteria, pcoA and czcA contributed most to the reduction of blaTEM and mcr-1, and the phyla of
Proteobacteria, Chloroflexi, Synergistetes, Euryarchaeote, intI1 and merA correlated significantly with the
fate of blaCTX-M, ereA, tetG and sulI. This study highlighted the importance of substrate types when
considering the fate of ARGs during AD.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Antibiotic resistance genes (ARGs) have been generally consid-
ered as an environmental pollutant, and the control of the ARGs in
the environment has become one of the emerging frontiers in 2017
indicated by United Nations Environment Programme (UNEP)
(Chen et al., 2018; Li et al., 2018; UNEP, 2017; Zhang et al., 2017a, b).
Antibiotics are generally used for human-associated cure and
livestock industry, which resulted in that sewage sludge and live-
stock manure have become the typical reservoirs of ARGs in the
environment (Burch et al., 2017; LaPara et al., 2011; Zhang et al.,
2015a, b, c). Anaerobic digestion (AD) is the commonly used
method for the resource utilization, volume reduction and harm-
lessness of these organic wastes (Zhang et al., 2016b), and it is also
assumed that AD is a potentially effective way of the control for the
ARGs (Ma et al., 2011; Pruden et al., 2013; Zhang et al., 2015a, b, c).

Nonetheless, there are inconsistent results and no universal
conclusions concerning the fate of ARGs during AD (Zhang et al.,
2016a). The abundance of specific ARG could increase in one sub-
strate while reduced in another substrate during the AD process.
For instance, as for the AD of sewage sludge, the gene copies of sulI
and sulII (sulfonamide resistance gene) could be reduced by 1.0e1.2
log copies in one study (Ma et al., 2011), while they were enriched
by 25.8% and 48.2%, respectively, in another study (Zhang et al.,
2015a, b, c). It is generally considered that AD could reduce the
abundance of ermB (macrolide resistance gene) in the swine
manure (Zhang et al., 2017b, 2018a, c), but the abundance of ermB in
sewage sludge generally increased after AD (Zhang et al., 2017a).
The fate of tetX (tetracycline resistance gene) was even controver-
sial in the same study at different time (Ghosh et al., 2009). Our
previous study at the controlled condition also indicated that the
fate of ARGs varied from substrate batches and types (Zhang et al.,
2017a, 2018a, c, 2017b, 2015a, b, c, 2016a). The reason for the
inconsistency could be complicated, which might include the dif-
ference of digester operation (hydraulic retention time (HRT),
temperature, etc.) or the difference of the substrates (Lin et al.,
2017; Tian et al., 2016; Wu et al., 2016; Xu et al., 2018;
Youngquist et al., 2016). The operational parameters were generally
emphasized concerning the fate of ARGs during AD (Ma et al., 2011),
but therewas little information on the role of substrate types on the
fate of ARGs, which should be answered concerning the control of
environmental ARGs spread.

There are a lot of factors in the different substrate types thatmay
influence the fate of ARGs. Firstly, the physicochemical parameters
varied significantly from substrate types. For instance, sewage
sludge contained high amounts of proteins (32.0%e41.0%) with less
cellulose (8.0%-15.0) compared with swine manure which was rich
in cellulose (17.19%e18.48%) and hemicellulose (22.55%e31.87%)
(Tuesorn et al., 2013; Vardon et al., 2011). The microbial community
needed for the degradation of sewage sludge and swine manure
would be definitely divergent, while the evolution of microbial
community has been widely determined to significantly influence
the fate of ARGs (Forsberg et al., 2014; Jia et al., 2015; Narciso-da-
Rocha et al., 2018). Meanwhile, the dominant antibiotics could
vary from substrate types, and it was indicated that the penicillins,
macrolides, and fluoroquinolones were the most frequently used
classes for human consumption and the tetracyclines, penicillins,
and sulfonamides were the most frequent for livestock industry,
which led to the different distribution of ARGs in the sewage sludge
and animal manure (Cheng et al., 2014; Liao et al., 2018; Xiong et al.,
2018; Zhou et al., 2012). The different concentration and types of
antibiotics resulted in different selective pressure in AD, and the
different abundance of ARGs in the substrates determined the
enrichment or reduction through the comparison between influent
and effluent.

Thus, three typical ARGs reservoirs including pig manure,
chicken manure and sewage sludge with different physic-chemical
parameters were chosen to investigate the fate of ARGs in different
substrate types during AD through the batch experiments under
the controlled condition. Meanwhile, the role of substratemicrobial
community on the fate of ARGs was determined through the
comparison between the AD of the substrates with and without a
prior autoclave-disinfected step. The factors including the hori-
zontal gene transfer (HGT) reflected by intI1, the selective pressure
from antibiotics, co-selection from heavy metal revealed by heavy
metal resistance genes (MRGs), changes of microbial community
and environmental variables were involved to determine the
mechanisms behind the role of substrate types and substrate mi-
crobial community on the fate of ARGs during AD.
2. Materials and methods

2.1. Materials and autoclave treatment

Swine manure and chicken manure were collected from an
intensive pig and chicken farming facility in Beijing, China,
respectively. The sewage sludge used in this study was the dewa-
tered sludge collected from a wastewater treatment plant in Bei-
jing, China. The total solids (TS) and volatile solids (VS, per TS) of
swine manure, chicken manure and sewage sludge were 31.2% and
24.3%, 15.2% and 79.9%, 86.0% and 56.6%, respectively. In order to
minimize the impact of the inoculum sludge during AD, the uni-
form inoculum sludge which has no contact with any of the sub-
strate types ever was adopted. The inoculum sludge was collected
from a UASB reactor with a volume of 2100m3 in a sugar refinery
treating bagasse spraying wastewater. The pH, TS and VS of inoc-
ulum sludge was 7.68, 7.2% and 72.7%, respectively.

The pig manure, chicken manure and sewage sludge were
thermo-treated through the conventional autoclave sterilization
(121 �C, 30min) to kill the bacteria in these substrates (Kang et al.,
2016). R2A culture was used to testify the sterilization efficiency
with the no sterilization substrates as the positive control. The R2A
culture is a kind of low nutrient agar which could provide much
higher counts than high nutrient mediums, because the low
nutrient agar allows awide spectrum of bacteria that prevents fast-
growers to inhibit the growth of slow-growers during incubation
(Yu et al., 2014). Results showed that there was no microbe colony
in themedium after cultivation of 28 �C for 5 days for the autoclave-
treated substrates, while there were amounts of microbes for the
positive control. These demonstrated the effective sterilization by
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autoclave treatment. There existed little influence on the VS by
sterilization, and the VS of autoclave-treated pig manure, chicken
manure and sewage sludge were 80.3%, 86.7% and 57.3%,
respectively.

2.2. Experimental design

The different substrates were subjected to the batch AD either
with or without a prior autoclave-treated step. Experiments were
established using the Automatic Methane Potential Test System II
(Bioprocess Control, Sweden) in which digesters were a series of
serum bottles (working volume: 0.4 L) equipped with a sampling
tap and plastic caps including agitators and rubber stoppers. The
mixing was semi-continuous at the rate of 150 rpm in the cycle of
1min mixing and 1min resting. The substrates (pig manure (PM),
chicken manure (CM), sewage sludge (SS), autoclave-treated pig
manure (TPM), autoclave-treated chicken manure (TCM) and
autoclave-treated sewage sludge (TSS)) and inoculum sludge used
for the batch experiments were mixed thoroughly at a ratio of 3:1
(TS), and then, 0.4 L of the mixture were transferred to each bottle.
Each treatment was conducted in triplicate. The final TS was
adjusted to ca. 8%, and the headspaces were flushed with nitrogen
gas for 3e5min to remove traces of oxygen after sealing. Then the
bottles were incubated in a water bath to control temperature at
about 37 �C, and the methane production was automatically
measured excluding CO2 which was removed by a gas-washing
bottle containing 3M NaOH solution.

The batch experiments lasted for 44 days, and sampling was
conducted on days 0, 8, 20 and 44 according to the methane pro-
duction phase. Samples were centrifuged at 4000�g for 10min and
filtered through the 0.45 mm cellulose membrane. The filtrate was
analyzed for pH, NH4

þ-N, Total and soluble chemical oxygen de-
mand (TCOD and SCOD), proteins, polysaccharides and volatile
fatty acids (VFAs) as previously described (Zhang et al., 2017b). The
concentration of total inorganic carbon (TIC) was determined with
a liquiTOC II (Elementar Analysensysteme GmbH, Germany).

2.3. Antibiotics determination

The antibiotics concentration in the collected samples was
determined in this study. The concentrations of twenty-five anti-
biotics, including 3 tetracyclines and their degradation by-products
[tetracycline (TC), 4-epi-tetracycline (ETC), oxytetracycline (OTC),
4-epi-oxytracycline (EOTC), chlortetracycline (CTC), Demeclocy-
cline (DMCTC)], 5 sulfonamides [sulfamethizole (SML), sulfadiazine
(SDZ), sulfamerazine (SMR), sulfadimidine (SDMD), sulfamono-
methoxine (SMM)], 7 macrolides [clarithromycin (CLA), erythro-
mycin (ERY), roxithromycin (ROX), spiramycin (SPM),
neospiramycin (NSPM), tilmicosin (TILM), tylosin (TYL)], 4 fluo-
roquinolones [ciprofloxacin (CIP), enrofloxacin (ENO), norfloxacin
(NOR), ofloxacin (OFL),] and 3 b-lactams [ampicillin (AMP), cefo-
taxime (CTX), Penicillin G (PCN G)], were determined using ultra-
high performance liquid chromatography and tandem mass spec-
trometry (UPLC-MS/MS, Agilent 1260/6420, USA) coupled with
Agilent eclipse plus C18 (100mm� 2.1mm, 1.8 mm) as indicated
previously (Zhang et al., 2019). The antibiotics concentration in one
sample is calculated by the sum of the detected antibiotic
concentrations.

2.4. Quantitative PCR (qPCR)

0.2mL of each sludge 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 electrophoresis and NanoDrop ND-1000 (NanoDrop,
USA), respectivelyThe three resulting extracts from the same
treatment on each sampling day were composited to get a repre-
sentative DNA sample for further analysis.

Twelve typical ARGs including sulI, sulII, ermB, ermF, ereA, mefA,
blaCTX-M, blaTEM, tetM, tetG, tetX and mcr-1 were quantified through
the qPCR. The changes of intI1 representing the mobile genetic el-
ements (MGEs) was followed to reflect the potential of HGT and
multi-resistance (Amos et al., 2018). MRGs including merA, pcoA,
arsC and czcAwere chosen to represent the selection pressure from
Hg, Cu, As, Co, Zn and Cd, respectively (Zhang et al., 2018b, c). The
qPCR process was adopted as previously described (Zhang et al.,
2018b), and the primers, annealing temperature and the corre-
sponding amplification efficiencies in this study were summarized
in Tables S1 and S2.

2.5. Microbial community analysis

The primers 515F/806R targeting the 16s V4 region of both
bacteria and archaea were selected for the microbial community
analysis (Caporaso et al., 2010). Amplicons were sent out to Sangon
Co., Ltd., in Shanghai for small-fragment library construction and
pair-end sequencing using the Illumina MiSeq PE250 sequencing
system (Illumina, USA). Pair-end reads were firstly merged using
PEAR (�x, 0.1) (Zhang et al., 2014), and then sequencing reads were
assigned to each sample according to the unique barcode. PRINSEQ
was used for the quality control of these merged reads (Schmieder
and Edwards, 2011). PCR chimeras were filtered out through
UCHIME to get the clean sequences (Edgar et al., 2011). The clean
sequences were normalized to the same sequencing depth (ca.
43 600) for further analysis. The clean sequences were submitted to
the MG-RAST under the project number of mgp84939.

The taxonomic classification of the sequences was carried out
using the Ribosomal Database Project (RDP) Classifier, and the
classifier data was denoised with the OTU abundance below 0.01%
removed. The alpha diversity index including Shannon, ACE, Chao1
and Simpson were calculated through the Mothur software
package.

2.6. Data analysis

The abundance indicated the specific gene copies divided by the
corresponding 16s rRNA gene copies. Free ammonia concentration
was calculated as previously indicated (Zhang et al., 2017b), and
principal component analysis (PCA), redundancy analysis (RDA)
and partial RDA were performed using Canoco 5.0. The one-way
ANOSIM (analysis of similarities) showing the difference between
treatments was conducted through PAST 3.0. Network based on
spearman analysis (p＜0.01) and structural equation model (SEM)
based on the correlation matrix were conducted through Gephi
(https://gephi.org/) and AMOS (SPSS Inc., Chicago, IL, USA),
respectively.

3. Results and discussion

3.1. Anaerobic digestion performance

Although autoclave treatment killed the bacteria effectively
without VS reduction reflected by the R2A culture, the methane
production was generally increased for the three substrates espe-
cially for the PM and CM (Fig. 1a). There was no obvious delay for
the PM, SS, TPM and TSS digestion, but there was distinct delay for
the CM and TCM digestion (Fig. 1b). The changes of VFAs could also
reflect the inhibition, and this may be associated with the inoculum
used in the batch experiments (Fig. 1c). The methane production
was increased by 49.2% for the TPM digestion, and there is no

https://gephi.org/


Fig. 1. Dynamic changes of accumulative methane production (a), daily methane production (b) and VFAs accumulation (c) during AD in each treatment. PM: Pig manure; CM:
Chicken manure; SS: Sewage sludge; TPM: autoclave-treated pig manure; TCM: autoclave-treated chicken manure; TSS: autoclave-treated sewage sludge.
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inhibition any more for the TCM compared to the TM digestion,
while the increase for the SS digestion was limited.

The difference of the characteristics of the substrates were
further clarified in the study as shown in Table 1. Although CM and
PM are similar in characteristics, SS is far different from them. CM
and PM containedmuch higher VS (＞80%) compared to SS (＜60%),
and the ammonia concentration in the AD of CM and PM (1.0e3.5 g/
L) was generally higher than SS (0.5e1.9 g/L). Although SS con-
tained higher concentration of TCOD, the concentration of SCOD,
proteins and polysaccharides were much lower compared to CM
and TM.

The VS reduction of AD were generally about 50% for PM and
CM, even the efficiency of methane production in CM digestionwas
limited, while it was only 26.0% for the SS (Table 1). The pH was
generally lower in CM, TCM, PM and TPM compared with SS and
Table 1
Changes of the chemical parameters during the anaerobic digestion.

Group Time TS (%) VS (%) VS/TS pH TCOD (g/L) SCOD (g/L) N

PM D0 8.28± 0.01 6.42± 0.01 77.46 6.92± 0.01 71.92± 0.02 23.52± 0.57 1
D8 7.07± 0.20 75.20± 0.16 17.28± 0.76 2
D20 7.62± 0.04 69.40± 7.08 12.36± 2.24 2
D44 4.92± 0.03 3.17± 0.03 64.50 8.20± 0.08 52.86± 2.74 6.58± 0.66 2

TPM D0 7.02± 0.06 5.37± 0.05 76.56 6.81± 0.02 83.44± 0.05 23.76± 2.45 1
D8 7.40± 0.01 96.56± 2.08 13.74± 0.02 1
D20 7.83± 0.02 82.16± 5.28 9.94± 0.10 2
D44 4.97± 0.10 3.13± 0.06 62.92 8.29± 0.04 52.22± 1.14 7.86± 0.22 2

CM D0 8.66± 0.03 7.17± 0.03 82.74 5.66± 0.02 72.40± 0.84 27.72± 0.45 1
D8 6.23± 0.15 90.91± 9.83 33.05± 1.33 2
D20 7.14± 0.34 96.43± 9.67 29.88± 3.58 3
D44 4.99± 0.28 3.52± 0.20 70.55 7.73± 0.19 78.04± 0.79 32.29± 3.80 3

TCM D0 8.33± 0.16 6.87± 0.17 82.38 6.01± 0.03 116.24± 2.43 25.68± 0.65 1
D8 6.47± 0.05 83.40± 10.60 26.30± 1.78 2
D20 7.18± 0.07 90.60± 7.88 22.50± 0.78 2
D44 3.71± 0.02 2.36± 0.01 63.49 8.27± 0.02 40.66± 0.30 8.84± 1.04 3

SS D0 8.54± 0.15 5.15± 0.11 60.27 7.28± 0.03 101.36± 0.45 6.80± 0.67 0
D8 7.55± 0.11 82.88± 2.12 4.39± 0.25 1
D20 7.59± 0.09 82.91± 6.38 5.17± 2.51 1
D44 7.14± 0.12 3.79± 0.05 53.13 8.21± 0.04 63.43± 0.67 3.11± 0.39 1

TSS D0 8.29± 0.01 5.00± 0.01 60.33 7.62± 0.03 101.20± 0.56 10.32± 0.87 0
D8 7.68± 0.02 93.28± 4.24 5.60± 0.28 1
D20 7.69± 0.06 86.28± 6.36 4.10± 0.10 1
D44 6.90± 0.15 3.60± 0.07 52.17 8.31± 0.10 75.64± 2.68 5.04± 0.80 1
TSS, but the ratio of SCOD/TCODwasmuch higher, which could well
explain the higher amounts of methane production in TCM, PM and
TPM than SS and TSS (Table 1). The soluble proteins and poly-
saccharides were well degraded along with AD, but the concen-
trations of the soluble proteins in the CM, TCM, PM and TPM were
generally higher than SS and TS, which led to higher ammonia, pH,
free ammonia and TIC in TCM, PM and TPM. CM and TCM contained
higher amounts of polysaccharides, and the initial pH and TIC of CM
digestion was pretty low, which indicated that the low alkalinity
was the reason that led to the failure of CM digestion. The differ-
ence in the environmental parameters between treatments maybe
further influence the fate of ARGs through the microbial commu-
nity dynamics, efficiency of the antibiotics degradation, co-
selection from heavy metals and HGT potential.
H4
þ-N (g/L) Free ammonia (mg/L) Protein (g/L) Polysaccharides (g/L) TIC (g/L)

.68± 0.02 17.98± 0.06 3.55± 0.30 0.73± 0.01 0.51± 0.03

.08± 0.05 31.32± 0.79 3.11± 0.21 0.48± 0.08 1.21± 0.33

.39± 0.01 121.22± 0.15 2.88± 0.03 0.53± 0.07 2.20± 0.11

.49± 0.04 425.41± 6.83 1.72± 0.11 0.45± 0.02 3.13± 0.06

.40± 0.01 11.65± 0.02 2.96± 0.04 0.84± 0.04 0.29± 0.01

.80± 0.11 56.97± 3.44 3.39± 0.02 0.41± 0.03 2.22± 0.02

.25± 0.12 179.80± 9.19 2.95± 0.19 0.46± 0.04 2.84± 0.10

.55± 0.12 515.80± 24.9 1.72± 0.08 0.38± 0.01 3.13± 0.06

.32± 0.01 0.78± 0.05 5.53± 0.03 2.64± 0.01 0.21± 0.02

.98± 0.02 6.60± 0.04 2.93± 0.20 0.58± 0.07 0.25± 0.01

.12± 0.11 54.46± 1.98 2.90± 0.14 0.55± 0.16 1.18± 0.52

.40± 0.07 221.52± 4.84 2.33± 0.45 0.35± 0.04 1.80± 0.51

.05± 0.01 1.40± 0.01 4.83± 0.20 4.06± 0.01 0.20± 0.02

.77± 0.04 10.45± 0.15 2.40± 0.01 0.59± 0.09 0.26± 0.02

.95± 0.03 56.79± 0.67 3.17± 0.25 0.42± 0.02 1.66± 0.03

.13± 0.16 609.39± 30.2 3.37± 0.39 0.45± 0.05 3.94± 0.10

.90± 0.02 21.64± 0.04 0.75± 0.04 0.32± 0.01 0.67± 0.20

.04± 0.27 45.88± 12.1 0.17± 0.04 0.28± 0.02 2.06± 0.13

.41± 0.04 67.26± 2.09 0.53± 0.10 0.26± 0.01 1.78± 0.17

.61± 0.02 277.61± 4.02 0.61± 0.01 0.28± 0.04 2.07± 0.04

.57± 0.03 29.48± 0.02 1.91± 0.05 0.74± 0.01 0.51± 0.01

.61± 0.06 93.42± 3.68 1.27± 0.18 0.51± 0.04 2.50± 0.24

.79± 0.03 106.97± 1.53 0.59± 0.06 0.43± 0.01 2.10± 0.08

.87± 0.17 392.28± 35.0 0.56± 0.05 0.40± 0.01 2.26± 0.13
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3.2. Fate of target antibiotics

The antibiotics concentration in PM (5.49mg kg�1 DW) and CM
(5.23mg kg�1 DW) were much higher than SS (3.48mg kg�1) (p＜
0.05), but the antibiotics concentration in inoculum (0.13mg kg�1)
was very low because the inoculum was used to treat the waste-
water generated from sugarcane spraying (Fig. 2a). The composi-
tion of antibiotics in PM, CM and SS was significantly different, and
the dominant antibiotics in PM and CMwas chlortetracycline, while
it was ofloxacin and norfloxacin in SS, and these was in accordance
with previous studies (Thanner and Drissner, 2016; Zhang et al.,
2015a, b, c). The composition of the antibiotics could be attrib-
uted to the difference relate to consumption by veterinary and
humans use. The antibiotics were removed by 6.0%, 79.2% and
45.6% for the PM, CM and SS, respectively, after autoclave treat-
ment, which indicated that the autoclave treatment could signifi-
cantly remove the antibiotics in CM and SS (p＜0.05) except PM and
substrate characteristics could influence the effects of autoclave
treatment on the antibiotics removal.

The concentration of the antibiotics was progressively reduced
along with AD, and the final removal efficiency reached above
95.0% in all the treatment (Fig. 2a). The disinfection of the sub-
strates showed no significant influence on the final removal effi-
ciency of antibiotics (p＞0.05). Interestingly, the maximum removal
efficiency of antibiotics all happened between days 22e44, and at
this phase, some treatments stopped the methane production,
which indicated that most of the degradation byproducts of anti-
biotics might not enter into the methane metabolism, and it was
necessary for the antibiotics removal to add an anaerobic storage
time after the methane production.
3.3. Comparison of the fate of ARGs between substrates during AD

The biomass reflected by the 16s rRNA indicated that there
existed no significant difference between substrates, and the gen-
eral gene copies of 16s rRNA was 108 for the three substrates with
PM a little higher (9.02� 108 gene copies mg�1 DNA) (Fig. S1). The
relative abundance of ARGs in CM was the highest with the inoc-
ulum the lowest, and autoclave treatment could reduce the relative
abundance of total ARGs in all the substrates (Fig. 2b). The domi-
nant ARGs are ermB and tetM in the PM and CM but tetX, sulI and
sulII dominated in SS, which indicated the distribution of ARGs
varied significantly from substrates. The autoclave treatment did
not influence the relative proportion of each ARG significantly (p＞
0.05), but the AD changed the relative proportion significantly
(Fig. 2b) (p＜0.05).
Fig. 2. Fate of target antibiotics (a) and antibiotic resis
Contrary to the changes of the antibiotics concentration, the
relative abundance of ARGs increased significantly after AD for PM,
TPM, CM and TCM, while it changed little for the SS and TSS
(Fig. 2b). The relative abundance of ARGs was increased by 6.14,
7.38, 2.65 and 1.19 times for PM, TPM, CM and TCM, respectively,
while it was reduced by 8.95% and 51.5% for SS and TSS, respec-
tively. The autoclave treatment contributed to the reduction of
ARGs in SS, decreased the enrichment of ARGs in CM but increased
the enrichment of ARGs in PM. However, it seemed that the
disinfection did not further availed the ARGs reduction significantly
(p＞0.05), which indicated that the contribution of the live sub-
strate microbial community to the fate of ARGs during AD was
limited. Although there was no microbes that could be cultured,
there still existed amounts of ARGs, which could be attributed to
the release of DNA from the cells, and the extracellular ARGs
(eARGs) could persist and survive from the autoclave treatment.

The fate of specific ARGs varied from substrates and ARGs types,
and there was no universal conclusion concerning the fate of spe-
cific ARG (Fig. 3). After AD, ermF and tetX dominated in the PM,
TPM, CM and TCM, and ermF became dominant in SS and TSS. The
tetGwas reduced in PM, TPM, CM, TCM and TSS, but it was enriched
in SS, and autoclave treatment could avail the reduction of tetG
during AD. The relative abundance of tetM was further enriched in
all the treatments except SS, but tetX and mefA were enriched in
PM, TPM, CM and TCM and reduced in SS and TSS. The relative
abundance of ermBwas reduced a lot in PM, CM and TCM, but it was
enriched in TPM and changed little in SS and TSS. The ermF was
enriched but the blaTEM and mcr-1 were reduced in all the treat-
ments. The sulI changed little in PM, TPM, CM and TCM but was
reduced in SS and TSS. The fate of ereA, sulII and blaCTX-M varied
between the substrate types, and the effects of autoclave treatment
also varied from substrate types.
3.4. Comparison of the fate of intI1 and MRGs between substrates
during AD

The relative abundance of intI1 was much higher in SS than PM
and CM, and autoclave treatment effectively reduce the intI1, while
there existed higher abundance of intI1 in the inoculum, although
the concentration of antibiotics and total ARGs were very low
(Fig. 3). Generally, AD reduced the intI1 effectively, and the killing of
the live microbes could have caused the reduction in SS and CM
except PM. Although the relative abundance of intI1 was reduced
significantly, the tendency along with the AD varied from each
other. For instance, the relative abundance of intI1 decreased along
with time in PM, but the tendency was contradictory in TPM, so did
tance genes (b) during AD in different treatments.



Fig. 3. Heatmap of the dynamic changes of the relative abundance of target genes in this study. The values were log2 transformed.
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CM and TCM, SS and TSS. It seemed that the killing of the live mi-
crobes turned over the fate of intI1 from the reduction to enrich-
ment in AD. It could be attributed to that the autoclave treatment
provided more nutrients through the destruction of the macro-
molecular structure which availed the HGT of ARGs reflected by
intI1 (Udikovic-Kolic et al., 2014; Wang et al., 2015). The much
higher abundance of intI1 in inoculum further confirm the hy-
pothesis, because the inoculum sludge were collected from the
reactors treating the spraying wastewater which was a kind of
easily degraded and nutritious wastewater (Shen et al., 2013). As
shown in Fig. 3, the MRGs were also reduced in all the treatments,
which indicated the effective passivation of heavy metals by AD,
and this was in accordance with previous studies (Zhang et al.,
2017b, 2018a, c). Nonetheless, the component of MRGs varied
significantly among PM, CM and SS, and the pcoA (resistance to
copper) dominated in the PM and CM, while it was czcA (resistance
to Cd/Zn/Co) in the SS. This could be attributed to the widely use of
copper in the feed in the livestock industry, but the occurrence of
heavy metals in the SS was more complex from the perspective of
heavy metal types (Bolan et al., 2004; Smith, 2009).
3.5. Response of microbial community to substrate types during AD

The microbial diversity in SS was much higher than PM and CM
(Table S3). After autoclave treatment, there existed amounts of
survived extracellular DNA (eDNA) and microbial community
structure reflected by the 16s rRNA amplicon sequencing was not
significantly changed. Nonetheless, the microbial community was
changed significantly after AD, and the microbial community
structure varied significantly from substrate types (p＜0.05).

The dominant phylum in PM and CM were both Firmicutes
(85.3% and 74.5%, respectively), and CM also contained amounts of
Proteobacteria (16.5%), while the Proteobacteria (40.4%) followed
by Firmicutes (31.2%) and Bacteroidetes (17.0%) dominated in SS
(Fig. S2). The autoclave treatment did not change the relative
abundance of these phylum in PM and SS, but the relative abun-
dance of Bacteroidetes increased significantly from 5.3% to 25.0%
for CM after autoclave treatment, which indicated that the eDNA
released from Bacteroidetes might persist in CM compared to
others during autoclave treatment. The dominant phylum in the
inoculum were Proteobacteria (21.2%), Bacteroidetes (13.8%) and
Chloroflexi (11.2%), and there also existed much higher abundance
of archaea, Euryarchaeota (18.5%), in the inoculum. The changes of
microbial community varied significantly between treatments, and
Firmicutes and Bacteroidetes dominated in PM, TPM, CM and TCM
after AD, while it was Proteobacteria, Firmicutes, Bacteroidetes and
Chloroflexi for SS and TSS (Fig. S2).

The dominant genera in the inoculum were generally not
influenced during AD in different treatment like unclassified_A-
naerolineaceae, unclassified_Marinilabiliaceae, Methanobacterium,
Methanothrix, Syntrobacter and Syntrophomonas as shown in D1
(Fig. 5), which indicated that the dominant methanogens and
syntrophic microbes were similar, and they are the key for the
methane production. This demonstrated that the discrepancy of
methane production between treatments might not be attributed
to the acetogenesis andmethanogenesis but the acidogenesis. Most
of the dominant genera in the substrates could not well adapt to the
micro-environment of the AD and generally decreased significantly,
and the autoclave treatment influence the microbial community
dynamics a lot during the subsequent AD through the PCA analysis
(Fig. 4a, b and 4c). For instance, the genera of Clostridium sensu
stricto decreased from 29.8% to 5.3% for PM, and autoclave treat-
ment reduced the abundance to 1.9% and the abundance was only
0.03% after AD (Fig. 5). The dominant genera Anaerococcus (21.2%)
in PM showed the similar pattern, and the abundance was below
the detection for TPM, so did the microbes that were shown in D2
like the dominant genera Lactobacillus (20.1%), Escherichia/Shigella
(9.3%) and Terrisporobacter (8.3%) in CM and Pseudomonas (22.5%)
in SS. The genera Petrimonas which was not dominant in both
inoculum (0.2%) and the substrates (0.1%e1.2%) increased to (3.1%e
27.3%) especially for PM, TPM, CM and TCM inwhich the abundance
of Petrimonaswas above 20.0% after AD. The genera in D3 showed a
similar pattern, although there existed significant difference for
some genera like Clostridium III and Alkaliflexus which were only
significantly in PM and TPM. These genera were famous fermen-
tation bacteria, and they contributed the most to the fermentation
of the substrates during AD (Zhilina et al., 2004).

Although some specific genera were significantly influenced by
the autoclave treatment, the impact on the dynamics of microbial
community was not significant through the one-way ANOSIM
analysis (p＞0.05), while there existed significant difference be-
tween the livestock manure (PM and CM) and SS (p＜0.05).
Nonetheless, the changes and discrepancy of the microbial com-
munity response to the substrate types could definitely impact the
death and persistence of the host bacteria of ARGs, which further
influenced the fate of ARGs. The relationship between microbial



Fig. 4. Principal component analysis (PCA) of the microbial community changes based on the genera data (a: PM and TPM treatment groups; b: CM and TCM treatment groups; c: SS
and TSS treatment groups) and the Procrustes analysis showing the relationship between ARGs fate and microbial community (d).

Fig. 5. Heatmap showing the dynamic changes of the microbial community at the genera level. Only the top 10 genera in each sample were collected.
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community and ARGs fate should be further discussed.
3.6. Deciphering the fate of ARGs response to the substrate types
and substrate microbial community

Substrate types significantly influenced the fate of ARGs during
AD especially for the livestock manure and SS, and SS show
significantly different behavior in both ARG point of view and mi-
crobial community. Nonetheless, the influence from the substrate
microbial community was limited, which indicated that the
extracellular and intracellular ARGs in the substrates themselves
contributed little to the fate of ARGs during AD. No significant
correlation between ARGs types and antibiotics was found in this
study (p＞0.05), which indicated the limited selective pressure
caused by the antibiotics in the substrates. It was hypothesized that
the discrepancy of the microbial community dynamics caused by
the characteristics of substrates, not the substrate ARGs, substrate
microbial community, mobile genetic elements or selective pres-
sure from antibiotics and heavy metals originated from substrates,
contributed the most to the ARGs fate during AD.

The mantel test and Procrustes analysis indicated that the cor-
relation between microbial community and ARGs fate was signifi-
cantly positive (R¼ 0.6577, p¼ 0.0001), and the discrepancy of
microbial community could explain the 63.5% changes of ARGs fate,
which confirmed the significant contribution of changes of micro-
bial community to the ARGs fate (Fig. 4d). Nonetheless, the signif-
icantly positive correlation between ARGs fate and MRGs, intI1 and
changes of environmental variables were also figured out through
the mantel test (p＜0.05), and thus, pathway analysis based on the
structural equation models (SEMs) was further conducted to rank
the influences caused by the factors considered in the study
(Fig. 6a). Results showed that microbial community have the most
standardized total effects on the ARGs (R¼ 0.67), and the effects
were mainly caused by the changes of microbial community
structure directly (R¼ 0.63). It was understandable that most of
ARGs existed in the live microbes during AD (Zhang et al., 2013),
and the microbial community structure changed with the abun-
dance of some microbes increase or reduction, so did the ARGs in
the microbes.

Network analysis indicated the potential hosts of ARGs (Deng
et al., 2012; Li et al., 2015; Wen et al., 2018), and the changes of
Fig. 6. Results of the structural equation models (SEMs) (a) and network analysis (b) show
intI1, MRGs and environmental variables. A connection represents a significant positive
connections.
the abundance of the ARGs hosts definitely influence the fate of
ARGs (Fig. 6b). The proliferation and death of the hosts were
accompaniedwith the release of ARGs to the environments, and the
environmental variables could significantly impact the chemical
and enzymatic degradation of eARGs, thus, environmental variables
ranked the first to the influence of the fate of ARGs indirectly
(R¼ 0.12) (Fig. 6a). The co-selection from heavy metals also
contributed highly to the fate of ARGs, but the selective pressure
from antibiotics and HGT represented by intI1 did limited influence,
which indicated the effective antibiotics removal and HGT restric-
tion by AD.

Network analysis along with the partial RDA could further
separate the target ARGs into three modules, and the dominate
influence was quite different in the three modules (Fig. 6b). The
environmental variables including SCOD, Ammonia, pH, FA and TIC
dominated the module I including (tetX, ermF, tetM and ermB), and
the potential host mainly belong to the phyla of Firmicutes and
Bacteroides. This indicated that the fate of tetX, ermF, tetM and ermB
during AD was mainly determined by the environmental variables
and the changes of the phyla of Firmicutes and Bacteroides. The
increase of TIC, pH, FA and ammonia along with the AD contributed
to the enrichment of tetX, mefA and ermF, which indicated that
higher value of these variables might favor the persistence of the
eARGs or the proliferation of the hosts of these ARGs. The changes
of the phyla of Firmicutes contributed the most to the tetM and
ermB during AD, and the relationship has beenwidely confirmed in
the AD system previously (Zhang et al., 2016a). The phyla of Acti-
nobacteria, pcoA and czcA contributed the most to the module II
which contained blaTEM and mcr-1, while it was the phyla of Pro-
teobacteria, Chloroflexi, Synergistetes, Euryarchaeote, intI1 and
merA for the module III which contained blaCTX-M, ereA, tetG and
sulI. These indicated that the effective removal of blaTEM and mcr-1
could be associated with the effective reduction of co-selection of
heavy metals by pcoA and czcA and the decline of the phyla of
Actinobacteria during AD. The changes of blaCTX-M, ereA, tetG and
sulI were complicated, and the tendency varied from substrate
types, but the changes of the phyla of Proteobacteria, Chloroflexi,
Synergistetes and Eurarchaeota could well explain these ARGs fate.
The significant correlation (p＜0.01) between intI1 and blaCTX-M,
tetG and sulI were also figured out, and the changes of merA also
contributed to the fate of sulI, ereA and tetG (p＜0.01).
ing the potential hosts of ARGs and the significantly positive correlation among ARGs,
correlation (p< 0.01). The bigger the size of each node, the greater the number of
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In summary, the composition of the nutritive substance be-
tween the substrate types in this study was quite different, which
led to the different changes of the environmental variables and
promoted the discrepant microbial community structure during
AD. Besides, antibiotics composition and concentrations are far
different from each other; different microbial groups are affected;
different resistancemechanisms are emphasized; different physical
and molecular characteristics as well as ARGs are affected in AD.
These dominant factors determined the discrepancy of the ARGs
fate, and the substrate microbial community did limited influence
on the ARGs fate and microbial community dynamics, although the
abundance of some specific genera was significantly impacted.
Although the dominant role of microbial community has been
widely proved (Chen et al., 2019; Forsberg et al., 2014; Liu et al.,
2017; Wang et al., 2017), this study further figured out the domi-
nant factors influencing each ARG. There are still some limitations
in this study: the coverage of the ARGs was limited, the role of
inoculum sludge on the ARGs fate need further research and the
discrepant fate of extracellular and intracellular ARGs during AD
should be clarified.
4. Conclusions

Although the fate of ARGs during AD has been widely investi-
gated, there generally existed inconsistent results, and the role of
the substrate types was overlooked. The fate of ARGs response to
the substrate types and the role of substrate microbial community
during AD were deciphered in this study. Conclusions and pro-
posals derived from this study are as follows:

● Substrate types significantly influenced the ARGs fate (p＜0.05),
but the influence from the substrate microbial community was
limited.

● Mantel test and Procrustes analysis indicated that there existed
significant correlation between microbial community and ARGs
fate, and pathway analysis based on the SEM determined the
standardized total effects of microbial community on the ARGs
fate. Network analysis further figure out the dominant factors
influencing the separate ARGs.

● The difference of the nutrition composition between substrate
types determined the discrepancy of the environmental vari-
ables and microbial community structure which further domi-
nated the fate of ARGs during AD.

● The substrate type should be emphasized when considering the
effectiveness of the AD on the ARGs reduction.
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