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As a major reservoir of antibiotics, animal manure contributes a lot to the augmented

environmental pressure of antibiotic resistance genes (ARGs). This might be the first study

to explore the effects of different ventilation types on the control of ARGs and to identify

the relationships between archaeal communities and ARGs during the composting of dairy

manure. Several ARGs were quantified via Real-time qPCR and microbial communities

including bacteria and archaea were analyzed by High-throughput sequencing during

vacuum-type composting (VTC) and positive-pressure composting (PPC). The total detected

ARGs and class I integrase gene (intI1) under VTC were significantly lower than that under

PPC during each stage of the composting (p < 0.001). The relative abundance of potential

human pathogenic bacteria (HPB) which were identified based on sequencing information

and correlation analysis decreased by 74.6% and 91.4% at the end of PPC and VTC,

respectively. The composition of archaeal communities indicated that methane-producing

archaea including Methanobrevibacter, Methanocorpusculum and Methanosphaera were domi-

nant throughout the composting. Redundancy analysis suggested that Methanobrevibacter

and Methanocorpusculum were positively correlated with all of the detected ARGs. Network

analysis determined that the possible hosts of ARGs were different under VTC and PPC, and

provided new sights about potential links between archaea and ARGs. Our results showed
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better performance of VTC in reducing ARGs and potential HPB and demonstrated that

some archaea could also be influential hosts of ARGs, and caution the risks of archaea

carrying ARGs.

© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
(Fuchsman et al., 2017), which might bring out another

Introduction

In the past decades, extensively overused antibiotics have

created conditions of high selective pressure for antibiotic-

resistant organisms and generated massive amounts of anti-

biotic resistance genes (ARGs) (Wichmann et al., 2014). The

increasing spread of ARGs has gained wide attention, and

threatened the performance of existing antibiotics and raising

substantial risks to human health, particularly when ARGs are

obtained by HPB (Arias andMurray, 2009). As amajor reservoir

of antibiotics and ARGs, animal manure is supposed to make

much contribution to the augmented environmental pressure

of ARGs (Zhu et al., 2013).

Composting is the process of aerobic digestion that could

utilize natural microbes to convert animal manure into a

humus-like fertilizer (Bernal et al., 2009). Previous studies

showed that positive-pressure composting (PPC) could

significantly affect the evolution of some ARGs and HPB (Joy et

al., 2014; Selvam et al., 2012). The abundances of three tetra-

cycline resistance genes decreased but two sulfonamide

resistance genes increased after composting (Qian et al.,

2016a). Another 42-day composting showed that 0.86 log

units of ARGs could be removed and the abundance of path-

ogenic bacteria reduced by 57.1% at the end (Cui et al., 2016).

However, a major problem that limits the application of PPC

is the emission of odorous gases and greenhouse gases (GHGs),

especially volatile organic compounds, ammonia and CH4

(Ermolaev et al., 2014; Wei et al., 2017). Unlike in PPC systems,

vacuum-type composting (VTC) uses the vacuumpumpto force

the air via atmospheric stress into the fermenter downward

throughtheopen top toaerate the rawmaterials (Lin, 2008).And

the ammonia discharge under VTC was obviously reduced

compared with that of a positive-pressure aeration system

(Wang et al., 2018). In addition, the odorous gases could bemore

effectively collected and treated to avoid environmental issues

(Lin, 2008). Thus, the different ventilation systems might have

considerable impacts on the profiles of ARGs and HPB during

manure composting. Although plenty of studies investigated

theprocesses of PPCof animalmanure (Millner et al., 2014; Qian

et al., 2016b), a robust understanding of the evolution of ARGs

and HPB during VTC has remained unclear.

Both bacteria and archaea are present and active during

the decomposition process (Zeng et al., 2011). The variations

in ARGs have been demonstrated to be strongly correlated

with the evolution of bacterial community during composting

(Qian et al., 2016b; Su et al., 2015; Zhang et al., 2016). However,

Methanobrevibacter, a genus of Euryarchaeota, has been re-

ported carrying tetracycline resistance gene (Li et al., 2015). In

fact, it has been reported that horizontal gene transfer (HGT)

was found between archaea and thermophilic bacteria
reservoir for ARGs. These facts indicated the risks of archaea

carrying ARGs, but the relationship between archaea and

ARGs during composting is unclear.

Therefore, the main objectives of this study are: (1) to

compare the effects of different ventilation systems, i.e., PPC

and VTC, on the temperature, pH, total nitrogen, and abun-

dance of ARGs and potential HPB during composting; (2) to

investigate the dynamics of microbial communities

throughout the composting; (3) to identify the relationship

between ARGs and archaea.
1. Materials and methods

1.1. Experiment setup of composting

The compost was performed in two 50 L cylindrical fermenters

(height, 750 mm, diameter, 350 mm), which were connected to

an air compressor (Greeloy GA-82, Shanghai, China) for PPC and

a vacuum pump (JINTENG, China) for VTC. In this study, dairy

manure was collected from a medium-scale farm in Shi-

jiazhuang, Hebei, China. Dried corn straw was ground to

approximately 2e4 cm. Dairy manure and corn straw were

mixed to achieve a C:N of 25:1, then themixturewas utilized as

the rawmaterial for composting. The originalmoisture content

of the mixture was adjusted to around 55%. The final weight of

compost in each fermenter was 25 kg. The controlling and

recording systemswereconnected to the two fermenters for the

real-timemeasurementof temperatureandmaintenanceof the

flowrates of air at 0.50 L/(min$kg) dry weight (DW) for both

inflow and outflow. The feedstock was taken out and mixed

thoroughly (within 5 min) in a separate large vessel ondays 3, 7,

10, 14, 17, 21, 28 and 35 before placing back in its original com-

posting reactor to simulate the pile turning of the rawmaterial.

1.2. Sampling

Sampling has followed four phases: (1) prepared mixture was

taken as control sample, day 0; (2) thermophilic phase, day 3;

(3) cooling phase, day 14; (4) maturation phase, days 21, 28 and

35. Three subsamples from the upper, central, and lower po-

sition of the fermenter were taken and mixed thoroughly as

one representative sample. Each sampling process repeated

three times to obtain replicates and the total sampling weight

was approximately 240 g (Wu et al., 2011).

1.3. Determination of chemical properties

The temperature was measured with a digital thermometer

(STT-T, EXCEED, China). The oxygen content was measured

https://doi.org/10.1016/j.jes.2019.09.006
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with a digital sensor (BF2-CPR-G, ZHONGXI, China). The pH

was detected by Seven Compact pH Meter (Mettler-Toledo,

Switzerland). The total nitrogen was measured using the

Automatic Kjeldahl Apparatus (K9840, Hanon, China). The

concentrations of ammonia were obtained titrimetrically

(Komilis and Ham, 2000). CH4 concentrations were measured

through gas chromatography (7890B, Agilent, USA) with GS-

CarbonPLOT column (Agilent, USA). The injection, column

and detection temperatures were 150, 35 and 200�C, respec-
tively (Zhang et al., 2019).

1.4. DNA extraction and qPCR

120 mmol/L phosphate buffer (pH 8.0) was used to wash the

compost samples three times to reduce the organic content of

compost samples before the DNA extraction. All of the pre-

treated samples for DNA extraction were freeze-dried by a

vacuum freeze dryer (dSCIENTZ-10 N, SCIENTZ, China) and

then ground to <1 mm using a centrifugal mill (Z200, Retsch,

Germany). 0.2 g pretreated samples were used for DNA

extraction with a FastDNA™ Spin Kit for Soil (MP Biomedical,

USA) according to the manufacturer’s guidelines. The quality

and concentration of extracted DNA were determined via

spectrophotometric analysis using NanoDrop 2000 (Thermo

Scientific, USA) and the information were provided in Ap-

pendix A Table S1.

In order to minimize the impacts of inhibitory compounds,

the DNA for PCR was diluted 10-fold from the original extracts.

Regular PCR was applied to detect the presence of three tetra-

cycline resistance genes (tetX, tetG and tetW), two macrolide

resistance genes (ermA and ermB), two sulfonamide resistance

genes (sulI and sulII), two Beta-lactam resistance genes (blaTEM
and blaCTX-M), one quinolone resistance gene (aac(60)-Ib-cr), two

chloramphenicol resistance genes (cmlA and fexA), and the

universal class I integron-integrase gene (intI1) (Appendix A

Table S2). Several ARGs were detected including tetW, tetX,

cmlA, aac(60)-Ib-cr, sulI, sulII and intI1. Then the detected ARGs

were quantified via Real-time qPCR. The 25 mL reactionmixture

for qPCR contained 1 mL of DNA template, 1 mL each of forward

and reverse primer (Sangon Biotech, China) with 10 mmol/L,

12.5 mL of SYBR® PreMix Ex Taq™ (TaKaRa, Japan), and 9.5 mL of

sterilized ddH2O. The procedures for Real-time qPCR were as

follows: (a) initial hold for 30 sec at 95�C; (b) 95�C for 4 sec; (c)

annealing temperature for 34 sec; (d) 72�C for 32 sec, where

steps (b) to (d) were repeated 39 times. Reactions were per-

formed by a CFX Connect Real-time PCR detection system (Bio-

Rad, USA). The information of standard curves for Real-time

qPCR were provided in Appendix A Table S3.

1.5. High-throughput sequencing and bioinformatics
analysis

The V3eV4 region of 16S rRNA genes were amplified using the

primers 338F (50-ACT CCT ACG GGA GGC AGC AG-30)/806R (50-
GGACTACHVGGGTWTCTAAT-30) (Lee et al., 2012) andV4eV5

region of 16S rRNA genes were amplified using the primers

Arch524F(50-TGY CAG CCG CCG CGG TAA-30)/Arch958R (50-YCC
GGC GTT GAV TCC AAT T-30) (Pires et al., 2012). The High-

throughput sequencing was conducted at Majorbio (Shanghai,

China) using the IlluminaMiSeq platform. All the raw sequence
data was deposited in the NCBI SRA database (Accession

number: SRP 139896). Raw data were demultiplexed and qual-

ity-filtered by Quantitative Insights into Microbial Ecology

softwarewith the regular instruction. TheUPARSEpipelinewas

then utilized to assign taxonomy at 97% similarity by the Ri-

bosomal Database Project (RDP) classifier (Amato et al., 2013).

The qualified cluster data were then compared with the path-

ogenic bacteria at genus level according to National Microbial

Pathogen Data Resource (NMPDR) (http://www.nmpdr.org) for

identification of potential HPB (Appendix A Table S4). Then the

relative abundance of potential HPB was calculated based on

OTU numbers of each sample.

1.6. Statistical analysis

The calculations and generation of figures for the patterns of

ARGs and mobile genetic element (MGE) were conducted with

OriginPro 8.0 (OriginLab Corporation, MA, USA). Since the

environmental DNA including cell-free DNA and cell-associ-

atedDNAhas been extracted and the abundances of ARGswere

used to analyze the correlation not only with bacteria but also

with archaea, the gene copies indicate the absolute gene copy

numbers present per mg of extracted DNA as the relative

abundance of ARGs and MGE (Zhang et al., 2018). Two-way

ANOVA and t-test were used to evaluate the statistical differ-

ences during different composting time of two systems (Ap-

pendix A Table S5). Differences among various time and

treatments with p<0.05 were considered significant. The

analysis of bacterial compositions and generation of figures

were performed using the free online platform of Majorbio I-

Sanger Cloud Platform (www.i-sanger.com). Redundancy

analysis (RDA) were conducted via the R Programming Lan-

guage (vegan package). The Spearman correlation between

ARGs and the bacterial community (based on OTU) was per-

formed using SPSS 21.0 (IBM, USA). Spearman’s correlation

coefficient (r) was >0.8 a p-value < 0.05 was considered statis-

tically significant. Based on the Spearman analysis, network

analysis between ARGs and the microbial communities was

visualized through the Gephi platform (Bastian et al., 2009).
2. Results

2.1. Effects of different ventilation systems on the
evolution of ARGs

The abundances of detected ARGs changed dramatically

during both the PPC and VTC (Fig. 1). Most of the ARGs or MGE

detected in this study such as sulI, sulII, aac(60)-Ib-cr and intI1

could be the possible indicators to evaluate the antibiotic

resistance status during composting (Berendonk et al., 2015).

The total abundances of ARGs (p <0.001) and intI1 (p<0.0001)

were significantly lower under VTC than under PPC during

each stage of the processes. After composting, the abun-

dances of total ARGs including MGE (intI1) decreased by 1.07

and 1.20 log for PPC and VTC, respectively. Under PPC, the

abundances of total ARGs increased during the thermophilic

phase (P_3d, as shown in Fig. 1) due to the increase in the

abundances of tetracycline resistance genes (tetW and tetX)

and one of the sulfonamide resistance genes (sulI). In contrast,

http://www.nmpdr.org
http://www.i-sanger.com
https://doi.org/10.1016/j.jes.2019.09.006
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Fig. 1 e Changes in relative abundances of ARGs and MGE (intI1) during PPC and VTC. The error bars indicate the standard

deviations based on three replicates.
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the total ARGs under VTC were relatively less abundant at the

same stage since the abundance of the sulfonamide resistance

genes (sulI and sulII) were significantly reduced (p < 0.001).

When the composting reached the cooling phase (day 14), the

abundances of total ARGs decreased to the lowest level during

the entire composting process, especially for the tetracycline

resistance genes (tetW and tetX). Then each of the detected

ARGs became slightly more abundant during the maturation

phase. The chloramphenicol resistance gene (cmlA) and the

quinolone resistance gene (aac(60)-Ib-cr) were relatively less

abundant than the other ARGs in the initial composting ma-

terials. However, the abundances of cmlA genes and aac(60)-Ib-
cr genes were still reduced by 0.59 and 2.21 logs under VTC,

and reduced by 0.75 and 1.96 logs under PPC as well. The

relative abundances of intI1 dropped by 0.94 and 1.29 logs

under PPC and VTC (p <0.0001), respectively.

2.2. Changes in bacterial and archaeal communities

Since the patterns of ARGs were strongly affected by bacterial

compositions during composting (Su et al., 2015), the
Fig. 2 e Relative abundances of bacteria (a) and a
variations of bacterial community structures during the pre-

sent processes were examined through high-throughput

sequencing. According to the a diversity analysis (Shannon

index, OTU level) (Appendix A Fig. S1), the raw composting

materials had the highest diversity, which decreased during

the thermophilic phase, then slightly increased at the cooling

and maturation phases. And the a diversity in VTC at each

stage was lower than that in PPC (p<0.05) which means the

species in the process of PPCweremore abundant than that in

VTC. The compositions of bacterial communities at the

phylum and genus level during the composting process can be

seen in Figs. 2a and 3a. Firmicutes, Proteobacteria, Actino-

bacteria and Bacteroidetes were the most dominant phyla,

collectively accounting for 92.3%e99.2% in each sample. It is

notable that the relative abundance of Firmicutes augmented

to reach the peak values of 80% and 90% during the thermo-

philic phase under PPC and VTC, respectively, whereas they

declined to 25% and 23% at the end of composting in PPC and

VTC, respectively. In addition, the abundance of Bacillus

(representative genus of Firmicutes) was always greater under

PPC than the abundance under VTC (Fig. 3a). The relative
rchaea (b) at phylum level in PPC and VTC.

https://doi.org/10.1016/j.jes.2019.09.006
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Fig. 3 e Heatmap showing the relative abundances of the dominant genera in all samples. (a) Heatmap of the top 30 bacterial

genera for all samples; (b) Heatmap of the top 10 archaeal genera for all samples. The color intensity shows the log-

transformed number of reads as the color key indicates at the bottom right.
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abundance of Actinobacteria at the end of composting

increased to 8.5% under PPC but declined to 4.0% under VTC

from 5.8% in the initial samples.

On the other hand, the Euryarchaeota phylum accounted

for 67.2%e99.8% of the total archaea 16S rRNA sequences in

each sample (Fig. 2b). As shown in Fig. 3b, the most abundant

archaea at genus level was Methanobrevibacter. It decreased

from 56.8% to 4.3% at the end of VTC, yet it kept almost un-

changed in PPC. Remarkably, some Euryarchaeota have been

detected carrying several ARGs according to an antibiotic

resistance database (Liu and Pop, 2009).

2.3. Relationships among ARGs, environmental factors,
bacterial and archaeal communities

A Mantel test confirmed that the variations of ARGs during

composting were significantly correlated with bacterial com-

munity composition and structure based on Bray-Curtis dis-

tance (R ¼ 0.678, p ¼ 0.001, permutation N ¼ 999). And

redundancy analysis (RDA) was conducted to determine the

significant environmental variables determining the changes

of relative abundances of ARGs. Fig. 4 showed that the axes 1

and 2 accounted for 86.80% of the total variation. It can be seen

that the two genera of Euryarchaeota, Methanobrevibacter and

Methanocorpusculum, were positively correlated with all types
of ARGs. It could be explained that these archaea influence the

variations of ARGs during composting by changing the envi-

ronmental factors. More speculative explanation could also be

derived that some archaea may carry ARGs. In addition, Fig. 4

showed temperature was the most important environmental

factor in the thermophilic phase. The temperature was pre-

viously reported to significantly affect the profiles of ARGs

during composting (Diehl and LaPara, 2010) and the high

temperature in the thermophilic phase (Appendix A Fig. S2)

led to the high proportion of Bacillus, whichmight be related to

the temporary enrichment of some ARGs. The different

changes of temperature between VTC and PPC could be

caused by the distinct oxygen contents during composting

(Appendix A Fig. S4). Nitrogen content played an important

impact during the aerobic digestion of manure (Li et al., 2013)

and the total nitrogen was also negatively correlated with

ARGs.

Because of the different evolution of ARGs and microbial

communities in PPC and VTC, the possible hosts of ARGs

were supposed to be differentiated during the processes.

Network analysis was introduced to further reveal the im-

pacts of the microbial communities on the evolution of

ARGs by identifying the potential hosts (Li et al., 2015).The

detected ARGs were positively and significantly (R > 0.8,

p < 0.05) correlated with various bacteria and archaea at the

https://doi.org/10.1016/j.jes.2019.09.006
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Fig. 4 e Redundancy analysis of the relationships between environmental factors, bacterial communities, archaeal

communities and changes of relative abundances of ARGs in VTC and PPC. Blue dots represent samples during VTC and

PPC. Gray arrows represent the top genera of bacteria and archaea. Red arrows represent the single ARG and relevant

parameters. The strength of arrow and the angles between two arrows indicates the correlations. The acute angles between

the arrows showed positive correlation and the length of each arrow of an environmental parameter indicates the strength

of its relationship with the composition of ARGs.
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level of genus (Appendix A Figs. S5eS7). Fig. 5 showed that

the bacterial host species of ARGs under PPC were quite

different from those under VTC. However, one of the most

interesting points in the present study is that Meth-

anocorpusculum was both potential hosts of several ARGs in

VTC and PPC. Methanocorpusculum was found possibly car-

rying most of the detected ARGs including chloramphenicol

resistance gene (cmlA) and sulfonamide resistance genes

(sulI and sulII), tetracycline resistance gene (tetX) and qui-

nolone resistance gene (aac(60)-Ib-cr) during VTC (Fig. 5a).

And it can be seen in Fig. 5b that Methanocorpusculum was

possibly carrying sulfonamide resistance genes (sulII) and

tetracycline resistance gene (tetW). This outcome is also

consistent with the results of redundancy analysis. In

addition, the most diversity in terms of different host bac-

teria were cmlA and sulI under VTC and sulII under PPC. The

different potential hosts in PPC and VTC indicated that

although the ARGs came from same raw material they
might also transfer to various bacteria during different

composting processes.

2.4. Potential HPB analysis

Relative abundances and diversities of potential HPB were

investigated because ARGs were potentially transferred to

these pathogenic bacteria via HGT, which could increase

the risks to human health (Dong et al., 2019; Fang et al.,

2015). As shown in Table 1, Paeniclostridium, Corynebacte-

rium, Acinetobacter, Campylobacter, Streptococcus, Bordetella

were the dominant potential HPB (at genus level). It is noted

that some genus may harbor non-pathogenic species.

Several kinds of HPB can be found among the possible

hosts. For instance, Paeniclostridium (Kim et al., 2017) was

not only one of the most abundant potential HPB during

composting but also the host bacteria of sulI and tetW in

PPC. The total relative abundance of 12 types of potential

https://doi.org/10.1016/j.jes.2019.09.006
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Fig. 5 e Network analysis showing the co-occurrence of ARGs and their potential hosts during VTC (a) and PPC (b). A

connection represents a strong (Spearman’s correlation coefficient p >0.8) and significant (p <0.01) correlation. The size of

each node is proportional to the number of connections, that is, the degree.
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HPB accounted for 3.39% of the raw materials and

decreased to 0.86% and 0.29% at the end of PPC and VTC,

respectively. Four kinds of genera including Paeniclostridium,

Corynebacterium, Acinetobacter, and Burkholderiales were still

present at substantial proportions (>0.1%) at the end of PPC

but only Corynebacterium was present in the product of VTC.

Therefore, VTC not only performed much better than PPC in

reducing the abundance of ARGs and intI1 of animal

manure but also showed better performance in lowering

the risks of potential HPB.
3. Discussion

The present study investigated the effects of different com-

posting systems on the abundances of ARGs and dynamics of

bacterial and archaeal communities. Higher removal rates of

ARGs and HPB after VTC suggested that VTCmight be a better

strategy to relatively lower the environmental risks of ARGs

than PPC. Moreover, several potential hosts have been iden-

tified in this work. And one of the major findings was that
archaea could also be influential hosts of ARGs during com-

posting, which should not be underestimated.

After 35 days composting, compared with PPC, the VTC

treatment with better aeration was able to maintain higher

temperatures, which was beneficial for the quality of com-

posting (Wang et al., 2018). As for the evolution of ARGs, our

results showed that the total ARGs (p < 0.001) and intI1

(p < 0.0001) were significantly less abundant under VTC than

under PPC during each phase of the processes. It was noted

that a similar tendency but lower rate of elimination of these

ARGs was obtained under a previous normal thermophilic

composting treatment (Qian et al., 2016b). Another advantage

of VTC was the significant elimination of the low abundant

quinolone resistance gene (aac(60)-Ib-cr) since there were a few

studies that have analyzed the quinolone resistance genes in

the composting. And it has been reported that the abundance

of the aac(60)-Ib-cr gene augmented by 0.3 logs after a 183 days

composting (Zhang et al., 2016). This discrepancy was likely

because of the various composting materials (dairy manure

and corn straw vs. sludge and spent mushrooms) and diverse

changes of temperatures, which led to the different microbial

https://doi.org/10.1016/j.jes.2019.09.006
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Table 1 e Changes in relative abundances of detected potential HPB during PPC and VTC. Color gradient (red-white-green)
indicates the relative abundance from high to low.

0d P_3d P_14d P_21d P_28d P_35d V_3d V_14d V_21d V_28d V_35d

Paeniclostridium 1.68% 0.58% 0.18% 0.44% 0.44% 0.22% 0.57% 0.73% 0.14% 0.15% 0.06%

Corynebacterium 1.30% 3.40% 2.02% 3.47% 1.16% 0.19% 0.95% 0.66% 0.05% 0.29% 0.15%

Acinetobacter 0.21% 0.45% 2.16% 0.01% 0.00% 0.16% 0.02% 0.08% 0.02% 0.09% 0.00%

Burkholderiales 0.00% 0.00% 0.05% 0.04% 0.12% 0.14% 0.00% 0.00% 0.00% 0.01% 0.01%

Mycobacterium 0.00% 0.01% 0.01% 0.04% 0.19% 0.08% 0.00% 0.05% 0.01% 0.04% 0.01%

Bordetella 0.00% 0.04% 0.01% 0.00% 0.01% 0.04% 0.00% 0.39% 0.11% 0.07% 0.05%

Rickettsia 0.01% 0.00% 0.00% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.01% 0.00%

Streptococcus 0.07% 1.56% 0.12% 0.54% 0.08% 0.00% 0.60% 0.02% 0.04% 0.02% 0.00%

Escherichia-Shigella 0.01% 0.25% 1.12% 0.13% 0.00% 0.00% 0.17% 0.02% 0.00% 0.04% 0.01%

Staphylococcus 0.00% 0.00% 0.02% 0.01% 0.00% 0.00% 0.00% 0.01% 0.00% 0.01% 0.00%

Campylobacter 0.09% 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Vibrio 0.02% 0.00% 0.02% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.01% 0.00%
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communities. The intI1 gene has been recognized as an indi-

cator of MGEs and can be used to estimate the rate of hori-

zontal gene transfer (HGT) of the process (Binh et al., 2008).

The remarkable reduction of intI1 in VTC and PPC was

consistent with other studies (Cui et al., 2016; Qian et al.,

2016b). The higher removal rate of intI1 under VTC indicated

that it could slow down the spreading of ARGs by the inhibi-

tion of genetic exchanges betweenmicrobial cells. In addition,

the consensus is that when ARGs were acquired by HPB,

serious risks to human health would raise (Arias and Murray,

2009). The higher removal rate of potential HPB under VTC

(p ¼ 0.021) conformed with the dynamic changes of ARGs,

whichmight indicate these pathogenic bacteria were carrying

ARGs. For instance, Acinetobacter is a leading emerging noso-

comial pathogen that is resistant to tetracyclines, sulfon-

amides, chloramphenicol, ampicillin and others (Seruga

Music et al., 2017). The relative abundance of Acinetobacter

augmented to 2.16% in PPC at day 14 whereas it dropped to

0.02% in VTC, which indicated that VTC could inhibit the

growth of Acinetobacter. Streptococcus (Yang et al., 2016) was

another potential HPB and host bacteria in composting but the

abundance of Streptococcus was too low to detect after VTC.

The different possible hosts of ARGs under PPC and VTCmight

partially explain the different shifts in ARGs during com-

posting. The potential hosts might not be real antibiotic-

resistant bacteria but these findings further heightened the

concerns of ARGs in HPB. Therefore, our results indicated that

VTC couldmore effectively reduce the abundance of the high-

risk ARGs and HPB than traditional PPC.
In order to further understanding the evolution of ARGs in

VTC and PPC, High-throughput sequencing was performed to

derive the changes and relations between bacterial and

archaeal communities and ARGs during the processes. The

dominant bacteria at the phylum level were typical for the

composting process (Zhang et al., 2016). Firmicutes played a

key role in the thermophilic phase of composting and were

primarily represented by the genus Bacillus, which are

frequently associated with ARGs (Wang et al., 2015). The

relatively higher abundance of Bacillus might be related to the

high abundance of ARGs in PPC. It has been reported that

Actinobacteria were possibly responsible for carrying ARGs

(Huerta et al., 2013). The lower abundance of Actinobacteria

after VTC might explain the higher removal rate of detected

ARGs under VTC.

There is no doubt that bacteria play an important role in

spreading of ARGs as hosts. However, archaea, which is

essential to the methane production and ammonia oxidation,

is also abundant in composting (Yamamoto et al., 2011). In the

present study, the composition of archaeal communities

indicated that methane-producing archaea (Methano-

brevibacter, Methanocorpusculum and Methanosphaera) was the

dominant archaea throughout the VTC and PPC. Meth-

anocorpusculum was also founded as the primary archaea in

another composting process (Yamamoto et al., 2011). These

results might be explained by some anaerobic spots in the

composting system. Moreover, some archaea like Methano-

brevibacter and Methanocorpusculum have been identified to

carry ARGs and found to be able to make genetic exchanges

https://doi.org/10.1016/j.jes.2019.09.006
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with bacteria (Fuchsman et al., 2017; Li et al., 2015), which

suggested that the contribution of archaea to the development

of antibiotic resistance should not be ignored. For instance,

Methanobrevibacter were resistant to many antibiotics

including tetracycline and chloramphenicol (Dridi et al., 2011).

Methanobrevibacter was one of the dominant archaeal species

in our work which might come from the dairy manure itself

because many methanogens such as Methanobrevibacter smi-

thii, and Methanobrevibacter thaueri have been detected in the

bovine rumen (Skillman et al., 2006). Thus, it is indispensable

to investigate the relationship between archaea and ARGs.

Notably, RDA and network analysis confirmed that Meth-

anocorpusculum could be potential hosts of several ARGs in

both VTC and PPC,whichwere consistentwith the results that

Methanocorpusculum were resistant to oxytetracycline (Wang

et al., 2016). In addition, Methanocorpusculum was also found

possibly carrying chloramphenicol resistance genes and sul-

fonamide resistance genes during VTC in our study. Another

metagenomic and network analysis of 10 typical environ-

ments also showed that the domain methanogen in our sys-

tem, Methanobrevibacter, were hosts of three types of ARGs

(tet32, ermB and aminoglycoside phosphotransferase) (Li et al.,

2015). Based on the results in this study and relevant data

from others, archaea could be recognized as important hosts

of ARGs. Furthermore, it has been documented that archaea

could share a lot of genes with thermophilic and anaerobic

bacteria through HGT (Fuchsman et al., 2017; Nelson et al.,

1999). The thermophilic phase during the composting and

the anaerobic spots might provide the appropriate conditions

for ARGs exchange between bacteria and archaea. More seri-

ously, ARGs associated with archaea were more difficult to

eliminate since archaea could survive in extreme environ-

ments with high stress resistance (Rothschild and Mancinelli,

2001). Therefore, the contribution of archaea to the mobili-

zation of ARGs should not be ignored especially during the

process of composting.
4. Conclusions

To our knowledge, this might be the first study to investigate

the effects of different ventilation types (VTC and PPC) on

ARGs and the relationships between archaeal communities

and ARGs during the composting of dairy manure. This work

showed that VTC performed much better at reducing the

abundances of ARGs, intl1 and potential HPB than PPC.

Moreover, RDA and network analysis indicated that archaea

could be potential hosts of ARGs, which suggested that

archaea might be another essential reservoir of ARGs. Yet

this is a preliminary study on evaluating the potential links

between archaea and ARGs through both direct or indirect

ways, more work will be done in the future especially in

composting.
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