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Abstract: Antibiotic resistance caused by antibiotic resistance genes (ARGs) threatens human health.
ARGs in animal manure can be degraded by composting. This study explored the changes in ARGs
and microbial communities during co-composting of pig manure and tea stalks with (T) thermophilic
microbial agents, including Geobacillus toebii ZF1 and Geobacillus sp. ZF2 for 15 days in a 4 L vacuum
flask. Composting without thermophilic microbial agents served as control (CK). The results showed
that the compost temperature of group T peaked at 72.1 ◦C and maintained above 70 ◦C for 4 days.
The maximum temperature of group CK was 64.0 ◦C. The seed germination index showed that
group T had reached maturity on day 9, while group CK reached maturity on day 15. The dominant
bacteria in group CK were Bacillus. In group T, the dominant bacteria changed from Bacillus and
Corynebacterium to Geobacillus. Compared with that of group CK, group T increased the removal of cmx,
baeS and TaeA by 24.6%, 18.6% and 12.1%, respectively. Group T promoted and inhibited the removal
of arlR and novA, respectively (p < 0.05), while group CK showed the opposite effect. Network
analysis suggested that group T effectively inactivated Dietzia, Clostridium and Corynebacterium
(p < 0.05) and promoted the removal of cmx and baeS. These results showed that thermophilic
microbial agents could accelerate the maturation of pig manure and tea stalks, change microbial
communities and promote the removal of ARGs. It is of great significance to reduce the spread of
ARGs and, in turn, human health risks.

Keywords: antibiotic resistance genes; thermophilic agents; CARD; pig manure; tea stalks;
microbial communities

1. Introduction

In China, the yield of tea has reached 2.6 million tons in 2019, almost half of the world’s
yield [1]. Tea stalks are the most common waste in the tea production process, and 0.3 tons of
tea stalks will be produced for each ton of tea [2]. Therefore, lots of tea stalks are produced
in China. If tea stalks are not handled in time, they will cause environmental pollution. By
composting pig manure and tea stalks into organic fertilizer, it can not only increase the value
of waste, but also protect the environment and promote sustainable development.

Large amounts of antibiotics are produced and consumed in China. The total amount
of antibiotics consumed each year accounts for 12.5% of global consumption, and more than
half of these antibiotics are used in animals in order to improve production [3]. In animals,
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approximately 58% of antibiotics are not absorbed and are discharged into the environment
through urine and faeces [4]. These discharged antibiotics may induce the production of
antibiotic resistance genes (ARGs) in microorganisms, resulting in antibiotic resistance [5].
Due to the application of many antibiotics in animal breeding, animal manure contains
high abundance of antibiotic-resistant bacteria (ARB) and ARGs. Applying manure and
wastewater in agriculture are the main reasons leading to the spread of ARB and ARGs [6].
The ARB and ARGs are transported into surface water or groundwater may occur through
runoff or leaching. In Europe, nearly all types of ARGs have been frequently found in
various bodies of water, including human-derived wastewater, surface water and so on [3].
Direct exposure of humans to polluted water through a variety of activities, including direct
consumption and contact in aquatic environmental activities or direct interactions between
humans and animals as well as between the environment and humans, may lead to direct
pollution risks. Therefore, it is very important to reduce ARB or ARGs from manure to curb
the spread of ARGs. Due to this drug resistance, some antibiotics fail to be effective, leading
to hundreds of thousands of deaths caused by bacterial infections worldwide [6]. In 2005,
blaKPC was first detected in hospital isolates in Colombia [7]; since then, the prevalence
of diseases with antibiotic resistance related to blaKPC has increased in hospitals [8]. An
increasing number of reports have shown that a variety of ARGs are present in animal
manure. For example, more than 100 types of ARGs were detected in faeces collected from
12 large farms [9]. Sarmah et al. found that applying untreated manure to farmland will
lead to the accumulation of ARGs in the soil [10]. Xiao et al. found that the leaves and roots
of Chinese cabbage have the same ARGs as the soil utilized for planting [11], indicating
that ARGs have a certain migration ability. More notably, ARGs can spread through the
food chain and further threaten human health [12]. Therefore, the control and degradation
of ARGs are of great significance for environmental and human health.

Antibiotics and ARGs in animal manure can be degraded by composting [13]. Co-
composting of clay and poultry manure could effectively reduce the concentration of ARGs
in compost [14]. The degradation rates of six ARGs (tetg, tetC, tetx, tetq, ermB and sul1) were
increased by 42~92% during pig manure composting with passivators (biochar, zeolite
and fly ash) [15]. Zhang et al. found that co-composting rice husk and chicken manure
could lead to the effective degradation of ARGs [16]. However, great differences in the
degradation rates of ARGs are observed when different raw materials are treated with
different composting methods [17]. Cow manure composting could degrade tetQ, tetM and
tetW but promote the relative abundance of sul1 and other ARGs [18]. Therefore, it is of
practical significance to find an effective composting method to degrade ARGs during the
co-composting of pig manure with tea stalks.

The degradation of ARGs and antibiotics is conducive to high temperature [19], and it
can kill pathogenic bacteria carrying ARGs in faecal sewage [20]. The maximum composting
temperature of approximately 90 ◦C could remove 89% of ARGs in sludge [21]. Extension
of the thermophilic period of pig manure composting can promote the degradation of
ARGs, especially Sul [22]. The addition of microbial agents can increase the composting
temperature. However, the degradation of ARGs is known little during the co-composting
of pig manure and tea stalks after the addition of thermophilic microbial agents.

So far, most studies on ARGs have utilized the Antibiotic Resistance Database (ARDB;
http://ardb.cbcb.umd.edu (accessed on 26 May 2021)) for analysis. However, the ARDB has
not been maintained since 2009. The shortcomings of the database will lead to inaccuracy
in ARG research results. The Comprehensive Antibiotic Resistance Gene Database (CARD;
https://card.mcmaster.ca, (accessed on 26 May 2021)) [23], in addition to including the
ARDB, contains all antibiotic resistance-related genes identified before October 2021 and is
still being actively maintained and updated. Therefore, using the CARD to analyse ARGs in
the environment can more accurately explain the changes in ARGs. To date, there has been
little research on composting using the CARD, and only a few reports have investigated
ARGs with the CARD. For example, Haan utilized the CARD to evaluate ARGs related
to the thawing of frozen soil in inland Alaska [24]. The CARD was also applied to the
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analysis of the transmission risk of ARGs in landfills and ARG pollution after sewage
irrigation [25,26]. Zhong et al., by using the CARD, found that the levels of ARGs were
significantly reduced in strain-enhanced biogas residue composting [27]. Other than these
cited references, there are no reports of using the CARD to analyse ARGs.

Therefore, in this study, the CARD was used to explore the changes in ARGs during
the co-composting of pig manure and tea stalks after the addition of thermophilic microbial
agents, yielding results of great significance. The purpose was as follows: (1) to compare
the changes in the relative abundance of ARGs and microbial communities during the
co-composting of pig manure and tea stalks before and after the addition of thermophilic
microbial agents and (2) to explore the factors influencing the changes in ARGs during
composting before and after the addition of the agents. Through this research, we could
accurately understand the changes in ARGs and microbial communities that occur during
the co-composting of pig manure and tea stalks, providing a theoretical basis for devel-
oping novel technology to degrade ARGs, and the findings could have certain practical
significance for environmental protection.

2. Materials and Methods
2.1. Preparation of the Thermophilic Microbial Agents

The sources of the raw materials are described in Table 1 and the experimental process
is showed in Figure 1a. Geobacillus toebii ZF1 and Geobacillus sp. ZF2 were screened from
horse manure and cow manure and used as the source of thermophilic bacteria for the
co-composting of pig manure and tea stalks. The fresh pig manure was dehydrated by
approximately 50% by a solid-liquid separator (SE260-550, Power = 3 kw, Shanghai Jiangnan
Sanmiao Biological Engineering Equipment Company, China). The water content of sample
was determined with a moisture content tester (JH-505Q, Taizhou Yixinde Company, China).
The variety of tea stalks applied was Camellia, and the average length of the tea stalks did
not exceed 2 cm. The pig manure and tea stalks used as raw materials were not sterilized. A
total of 278 g of tea stalks (water content: 10%) was added to each kilogram of pig manure
(water content: 50%) and mixed evenly. Then, the sterile water was used to adjust the water
content of the mixture to 80%, and 1 kg of the resulting mixture was mixed evenly with
1 mL of approximately 1 × 1010 CFU strain ZF1 and 1 mL of approximately 1 × 1010 CFU
strain ZF2. The 7.5 L solid tank (Figure 1b) was used to ferment the mixture for 5 days at
70 ◦C with a ventilation rate of 0.5 L/min to enrich the bacterial agents for thermophilic
co-composting of pig manure and tea stalks.

Table 1. Source of samples.

Name Sampling Location

Pig manure Pig farms near Shanghai
Tea stalks Fujian Wuyishan tea company

Cow manure Dairy farms near Shanghai
Horse manure Shanghai Wildlife Park
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During the fermentation process, the water content of the mixture was maintained
above 60% with sterile water. After fermentation, we added 1 L of sterile water into the
mixture for every 100 g of dry matter. After shaking for 10 min, we filtered the samples
and collected the liquid. After centrifuging the liquid at 7000 rpm for 8 min, we remove the
supernatant. We added 100 mL of sterile water to resuspend the sediment. This bacterial
fluid was utilized as the thermophilic microbial agent.

2.2. Composting Experiment and Sampling

After each kilogram of pig manure (water content: approximately 50%) was evenly
mixed with 278 g of tea stalks (water content: approximately 10%), we adjusted the water
content of the mixture to approximately 50% with sterile water. A total of 250 mL of
inoculum was added to each kilogram of the mixture as the test group (group T), and
250 mL of sterile water was added to each kilogram of the mixture as the control group
(group CK). We carried out the composting experiment in a 4 L vacuum flask (Figure 1c)
for 15 days. A total of 1 kg of composting raw materials was added into each bottle, and
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the ventilation rate was 0.05 L/min at the bottom of the bottle. We repeated all of the
treatments three times. We collected approximately 50 g of samples from the three bottles
treated in each group, and the collection times were 0, 1, 3, 5, 7, 11 and 15 days. We
divided each collected sample was into two portions: one portion was stored at 4 ◦C for
the determination of physical and chemical indexes, and the other portion was stored at
−80 ◦C for DNA extraction.

2.3. Determination of Physicochemical Properties

During the composting process, three thermometers were inserted into each pile at
a depth of 30 cm for daily temperature monitoring. We determined the moisture content
of each sample with a moisture content tester and adjusted it to 75% with sterile water.
We mixed the adjusted sample with sterile water at a ratio of 1:10 (wt:wt). We centrifuged
the mixed samples at 7000 rpm for 8 min to obtain the supernatant. According to a
previously described method [28], the supernatant was utilized to determine the pH,
electrical conductivity (EC) and seed germination index (GI). We used the Kjeldahl digestion
and dichromate oxidation to determine the content of total nitrogen (TN) and total organic
carbon (TOC), respectively [29]. We calculated the C/N ratio by TOC/TN. The basic
physical and chemical properties of two groups are shown in Table 2.

Table 2. Physicochemical properties of the mixture of pig manure and tea stalks.

Physical and Chemical Indexes CK T

Moisture (%) 60.9 ± 0.2 59.6 ± 0.3
pH 7.3 ± 0.1 7.5 ± 0.1

EC (µS/cm) 1651.1 ± 17.0 1686.7 ± 23.7
TOC (%) 1 45.9 ± 1.1 45.66 ± 0.4
TN (%) 1 3.4 ± 0.1 3.7 ± 0.03

C/N ratio 1 12.6 ± 0.6 12.4 ± 0.3
1 Calculated on a dry weight basis.

2.4. Metagenomic Sequencing

In each experiment, three groups of parallel samples were evenly mixed by using equal
amounts of dry matter. Then, we sent them to Shanghai Majorbio Bio-Pharm Technology
Co., Ltd., China, for metagenomic sequencing (Illumina HiSeq sequencing).

According to the manufacturer’s instructions, we extracted total genomic DNA from
the composting samples using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA,
USA). A TBS-380 and NanoDrop2000 were used to determine the concentration and purity
of the extracted DNA, respectively. The 1% agarose gel was applied to check the quality of
the extracted DNA.

We used a Covaris M220 device (Gene Company Limited, Shanghai, China) to frag-
ment the DNA extract to an average size of approximately 400 bp for paired-end library con-
struction. We constructed the paired-end library with NEXTflexTM Rapid DNA-Seq (Bioo
Scientific, Austin, TX, USA). We ligated adapters with the full complement of sequencing
primer hybridization sites to the blunt-ended fragments. According to the manufacturer’s
instructions (www.illumina.com, (accessed on 24 February 2021)), we applied NovaSeq
Reagent Kits to perform paired-end sequencing on an Illumina NovaSeq (Illumina Inc., San
Diego, CA, USA) at the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

We have deposited all metagenomic datasets in the NCBI Sequence Read Archive
under accession number SRP364546.

2.5. Sequence Quality Control, Genome Assembly and Gene Prediction

We used fastp (https://github.com/OpenGene/fastp, version 0.20.0, (accessed on
27 March 2021)) to clean reads by removing adaptor sequences and trimming and removing
reads with N bases, a minimum length threshold of 50 bp and a minimum quality thresh-

www.illumina.com
https://github.com/OpenGene/fastp
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old of 20 on the free online Majorbio Cloud Platform (cloud.majorbio.com, (accessed on
27 March 2021)).

We used BWA (http://bio-bwa.sourceforge.net, version 0.7.9a, (accessed on 27 March
2021)) by mapping clean reads to the host reference genome to remove host DNA sequences,
which were as follows:

(1) https://www.ncbi.nlm.nih.gov/genome/?term=pig (accessed on 27 March 2021).
(2) https://www.ncbi.nlm.nih.gov/genome/?term=Camellia (accessed on 27 March 2021).

We applied MetaGene (http://metagene.cb.k.u-tokyo.ac.jp/, (accessed on 27 March
2021)) to identify open reading frames (ORFs) in contigs and used the NCBI translation ta-
ble (http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.cgi?chapter=
tgencodes#SG1, (accessed on 27 March 2021)) to retrieve and translate the predicted ORFs
(lengths ≥ 100 bp) into amino acid sequences.

We used CD-HIT (http://www.bioinformatics.org/cd-hit/, version 4.6.1, (accessed on
27 March 2021)) to construct a nonredundant gene catalogue (90% sequence identity, 90%
coverage) and applied SOAPaligner (http://soap.genomics.org.cn/, version 2.21, (accessed
on 27 March 2021)) to map reads to the nonredundant gene catalogue (95% identity) and
evaluate the abundance of gene in each sample.

2.6. Taxonomic and Functional Annotation

We used DIAMOND (version 0.9.19, blastp) to annotate representative sequences of
the nonredundant gene catalogue (e-value ≤ 1 × 10−5) on the NCBI NR database and
used Diamond (http://www.diamondsearch.org/index.php, version 0.8.35, (accessed on
26 May 2021)) for taxonomic annotation.

We used Diamond for ARGs annotation (e-value ≤ 1 × 10−5) on the CARD database
(https://card.mcmaster.ca/home, version 3.0.9, (accessed on 26 May 2021)).

2.7. Data Analysis

Correlation network analysis was used to explore the correlations among the two
groups of experimental environmental factors, ARGs and microbial communities. We
applied Spearman correlation test to evaluate significant correlations (|r| > 0.9 and
p < 0.05) with each pair of factors and used Cytoscape (version 3.7.2) to visualize the
network analysis results.

SPSS (version 19.0) was utilized for one-way analysis of variance (ANOVA) to test
the significance of differences between physical and chemical indexes. The significance of
differences between the experimental groups was determined by Tukey’s test (α = 0.05,
p < 0.05).

PERMANOVA, Shannon index analysis and principal coordinate analysis (PCoA)
were performed by R 4.1 with the vegan and ade4 packages, and Bray-Curtis distances
were used for PCoA. Origin (version 2021) was applied to plot figures.

3. Results and Discussion
3.1. Changes in Physical and Chemical Indexes

During the co-composting of pig manure and tea stalks, the observed temperature
curves of groups CK and T were different (Figure 2a). After adding the thermophilic
microbial agents, the temperature of group T increased significantly (p < 0.05), peaked at
72.1 ◦C on the first day of composting, and remained above 70 ◦C for 4 days. Even without
the addition of the thermophilic microbial agents, the temperature of group CK increased
rapidly and peaked at 64.0 ◦C on the first day, which may be because the fresh pig manure
was rich in microorganisms. Then, the temperature of group CK decreased slowly. During
the co-composting of pig manure and tea stalks, the maximum temperature of group CK
was 8.1 ◦C lower than that of group T (p < 0.05), and the temperature did not exceed 70 ◦C
throughout the process. In the early screening experiment, we found some thermophilic
bacteria in the pig manure, but the growth of these bacteria was limited, and thus, the
composting temperature of group CK did not exceed 70 ◦C.

cloud.majorbio.com
http://bio-bwa.sourceforge.net
https://www.ncbi.nlm.nih.gov/genome/?term=pig
https://www.ncbi.nlm.nih.gov/genome/?term=Camellia
http://metagene.cb.k.u-tokyo.ac.jp/
http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.cgi?chapter=tgencodes#SG1
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As shown in Figure 2b, at the beginning of composting, the seed GI values of the two
groups were very low, no more than 40%. After composting, the values for both groups
increased significantly (p < 0.05). On day 9, the GI of group T reached 102.3%, achieving
the composting maturity standard (more than 85%), and was 77.6% higher than that of
group CK (57.6%). Subsequently, the GI of group T remained above 85%. At the end of
composting (day 15), the GI of group T reached 109.9%, which was 14.8% higher than that
of group CK (95.7%). At this time, the GI of group CK also reached the maturity standard.
The results showed that it took only 9 days for pig manure with tea stalks to reach maturity
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in group T, while it took 15 days in group CK. In the thermophilic stage of composting, a
high temperature will reduce the activity of general microorganisms, so it will affect the
maturity of the composting process. The thermophilic microorganisms can grow at high
temperature and have a degrading activity on the substrate at the thermophilic stage, so
it will accelerate the decomposing of the compost. Thus, thermophilic microbial agents
could improve composting efficiency by accelerating the maturation of pig manure with
tea stalks and shortening the composting cycle.

As shown in Figure 2c, the pH changes in the two groups were similar. The pH of the
two groups increased to a certain value and then remained unchanged. As the temperature
of the two groups increased significantly and the degradation of nitrogen-containing
organic compounds became noticeable, the pH increased rapidly. During composting,
the average temperature of group T was higher than that of group CK, and thus, the
nitrogen-containing organic matter in group T was degraded more rapidly, resulting
in the average pH (9.0) of group T being 0.3 units higher than that in group CK (8.7).
Therefore, thermophilic microbial agents could significantly improve the pH by increasing
the composting temperature.

3.2. Changes in Microbial Communities

The changes in α diversity in microbial communities can be reflected by the Shannon
index and Simpson index during composting [30]. The higher the index is, the richer the
microbial communities. Figure 3 shows the changes in the Shannon index and Simpson
index in both groups during the co-composting of pig manure and tea stalks. The results
showed little difference in the Shannon index and Simpson index between group CK and
group T at the beginning of composting, which indicated that the addition of thermophilic
microbial agents had little effect on the microbial community structure of the raw materials.
However, with increasing composting time, the changes in both indexes between the
two groups gradually differed. Both indexes of group CK increased slowly with time,
while those of group T first decreased and then increased. In group CK, because the
composting temperature was low and suitable for the growth of most microorganisms, the
microorganisms in the pile became increasingly abundant, resulting in an increase in the
Shannon index and Simpson index [31]. Therefore, both indexes in group CK rose slowly.
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A high temperature can inactivate most microorganisms, especially harmful microor-
ganisms in pig manure, and reduce the microbial diversity in the compost [32]. Therefore,
both indexes of group T decreased in the early stage of composting. With the decrease
in composting temperature in group T, most microorganisms began to recover, and the
microbial community became abundant. Therefore, both indexes of group T increased
in the later stage. After composting, both indexes of group CK were higher than those
of group T, which showed that the microbial diversity in compost after low-temperature
composting was higher than that after high-temperature composting.
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According to the PCoA (Figure 4a), PC1 and PC2 accounted for 69.3% of the total
variance in the microbial communities. CK0 and T0 were close, which showed that there
was no significant difference in the initial microbial communities between the two groups,
which was consistent with the results of Shannon index analysis. From the first day of
composting, the points of group CK and group T were scattered on the PCoA diagram,
which indicated that their microbial communities had changed, and the microbial commu-
nity structures of group CK and group T also had some differences. From the first day of
composting, the distribution of points in group CK and group T was relatively divergent on
the PCoA diagram, which indicated that their microbial communities had changed and also
had certain differences. During composting, the different temperatures of the two groups
led to significant differences in their microbial communities, which was similar to research
results from the co-composting of pig manure and apple pomace [33]. In addition, Table 3
shows that the composting time had a significant impact on the microbial communities of
the two groups (p < 0.05). The effect on group T was the most significant (p < 0.05), while
that on group CK was not significant (p > 0.05), indicating that the addition of thermophilic
microbial agents can significantly change the microbial communities during composting.
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Table 3. Results of PERMANOVA.

Group Characteristics p Value SumsOfSqs MeanSqs F. Model R2

All Time 0.018 0.42 0.42 4.06 0.34
T Time 0.017 0.44 0.44 4.68 0.54

Ck Time 0.064 0.24 0.24 3.17 0.44
Note: Characteristics: environmental factor indicators. SumsOfSqs: total variance. MeanSqs, mean variance. F.
Model: F inspection value. R2: the degree of explanation of environmental factor indicators for sample differences.
A greater R2 refers to a higher degree of explanation of a group or environmental factor indicators for differences.
p value: the reliability of this analysis, less than 0.05 indicates that the reliability of this test is high.

As shown in Figure 4b, on day 0, the microbial communities in both groups were
mainly dominated by unclassified_d_unclassified and Corynebacterium, accounting for ap-
proximately 30% of the total microbial community. During composting, the microbial
communities of group CK were dominated by unclassified_d_unclassified and Bacillus on
day 1, and this trend continued until the end of composting. The microbial communities
changed frequently in group T during composting. On day 1, the microbial communities of
group T were dominated by unclassified_d_unclassified, Bacillus and Corynebacterium, and
this trend continued until day 5. According to a previous study, Corynebacterium is common
in the early and thermophilic stages of composting and then disappears in the cooling
and maturity periods of composting [34], which was consistent with the results of this
study. Bacillus and Corynebacterium have strong urease activity, which can promote the
decomposition of urea into ammonia and carbon dioxide [34]; this may explain why the
temperature of group T rose faster than that of group CK. On day 5 in group T, the abun-
dance of Saccharomonospora was 15.7%. Many studies have found that Saccharomonospora
is always present in the thermophilic stage of composting [35,36] and may play an impor-
tant role in this stage. On day 7, the abundance of Corynebacterium in group T decreased
significantly. At this time, the dominant bacteria became unclassified_d_unclassified and
Geobacillus, and this trend continued until the end of composting. Figure 4a shows that
there were obvious differences in the microbial communities between groups T and CK
on day 7 and day 15, which may be the result of the influence of thermophilic microbial
agents. Figure 4b shows that the most abundant microbial genus in group T on day 7 and
day 15 was Geobacillus, with abundances of 38.2% and 15.9%, respectively. The addition
of Geobacillus to the thermophilic microbial agent did not increase the initial abundance
of Geobacillus in group T (only 0.2%), which may be because the number of indigenous
microorganisms in pig manure was much greater than that in the added agent. Over time,
the abundance of Geobacillus gradually increased, reaching a maximum value on day 7
in group T, which was still 15.9% even at the end of composting, while the abundance in
group CK was only 7.6%. This suggested that Geobacillus in thermophilic microbial agents
had grown during composting and may affect the changes in relative abundance of ARGs
in group T.

3.3. Changes in the Relative Abundance of ARGs

Figure 5 shows the relative abundance of ARGs during the co-composting of pig
manure and tea stalks. There was no significant difference in the relative abundance of
ARGs between T0d and CK0d, indicating that the addition of thermophilic microbial
agents had little effect on the relative abundance of ARGs. After composting, the relative
abundance of ARGs decreased to different degrees in the two groups. After composting, six
ARGs in group CK were significantly degraded, namely, novA, cmx, efrA, optrA, baeS and
TaeA, which were degraded by 29.6%, 71.5%, 20.4%, 50.1%, 10.9% and 22.0%, respectively.
Six ARGs in group T were significantly degraded, namely, cmx, efrA, arlR, optrA, baeS and
TaeA, which were degraded by 96.2%, 17.0%, 33.0%, 49.7%, 29.5% and 34.2%, respectively.
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The ARGs were classified according to ARO, and the top 15 relative abundance of ARGs are shown.

The ARGs degraded in group T were mostly the same as those in group CK; novA and
arlR were the only ones that were different. novA is a gene expressing the type III ABC
transporter, which can participate in the transport of and resistance to aminocoumarin
antibiotics [37]. The degradation of novA was relatively noticeable in group CK but not in
group T. It is possible that the microorganisms degrading novA could survive at low tem-
peratures or that the host microorganisms carrying novA could grow at high temperature.

In contrast to novA, the degradation of arlR was not noticeable in group CK, but it was
noticeable in group T. The gene arlR is involved in the efflux of a variety of antibiotics, such
as fluoroquinolones, and is common in Staphylococcus aureus [38]. S. aureus can cause a wide
variety of diseases, ranging from moderately severe skin infections to fatal pneumonia and
sepsis [39]. The optimum growth temperature of S. aureus is approximately 37 ◦C, and the
maximum growth temperature reported to date does not exceed 45 ◦C [40]. In group T, the
maximum temperature reached 72.1 ◦C and was maintained at 70 ◦C for 4 days, which could
effectively inactivate S. aureus. Therefore, the substantial degradation of arlR in group T may
have occurred due to the inactivation of host microorganisms carrying arlR at high temperature.

The genes cmx, baeS and TaeA are related to antibiotic efflux, but they are involved in
different antibiotic resistance pathways. cmx is a gene that controls the efflux of chloram-
phenicol [41], while baeS is a gene that is involved in the efflux of two types of antibiotics
(aminocoumarin and aminoglycoside antibiotics) [42]. The protein expressed by TaeA
is an ABC transporter and is involved in the efflux of Pleurotus ostreatus polysaccharide
antibiotics [43]. The degradation of cmx, baeS and TaeA in group T was 24.6%, 18.6% and
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12.1% greater than that in group CK, respectively, indicating that thermophilic microbial
agents could significantly promote the degradation of these ARGs.

In the pig manure and tea stalk compost, the six ARGs with the highest relative abun-
dance levels were macB, tetA(58), bcrA, oleC, msbA and mtrA. These six ARGs are antibiotic
efflux pump genes, but the types of antibiotic resistance they confer are different. The
proteins encoded by macB, oleC and mtrA confer resistance to macrolide antibiotics. The
protein encoded by tetA(58) confers resistance to tetracycline antibiotics, that encoded by
bcrA is resistant to peptide antibiotics, and that encoded by msbA is resistant to nitroimida-
zole antibiotics [43–48]. However, in both groups, these six ARGs showed no significant
downwards trend, possibly because the host microorganisms carrying these ARGs were the
dominant bacteria in the composting process and could not be effectively killed; therefore,
these ARGs could not be effectively degraded.

3.4. Correlation Network Analysis

As shown in Figure 6, correlation network analysis was applied to evaluate the interactions
among ARGs, microorganisms and environmental factors during the co-composting of pig
manure and tea stalks. As shown in Table 4, the network of group CK consisted of 14 nodes
and 10 edges, and the average number of neighbours was 2, and the network density was
1. After the addition of thermophilic microbial agents, the number of nodes and edges in
group T was 8 and 6 more than that in group CK, respectively, but the average number of
neighbours and network density did not increase. Therefore, the thermophilic microbial agents
increased the number of functional modules related to ARG degradation but had no effect on
the relationship between modules during the co-composting of pig manure and tea stalks.

There was a positive correlation between the relative abundance of bcrA and patB
in group CK, and they were significantly positively correlated with temperature, which
indicated that an increase in temperature would promote the expression of bcrA and
patB within a suitable temperature range. However, in group T, there was no significant
correlation between the relative abundance of bcrA and patB and temperature, which
showed that high temperature could control the gene expression of bcrA and patB to a
certain extent, but the effect was not significant. Both bcrA and patB are ABC transport
pump expression genes, of which bcrA transports peptide antibiotics and patB transports
fluoroquinolones. In addition, both bcrA and patB have been reported in Bacillus [44,49].
Bacillus has heat resistance and is difficult to inactivate in compost [50]. Therefore, the
degradation of bcrA and patB was not noticeable in either group.

patA is a gene encoding an ABC transporter that can interact with patB to produce
fluoroquinolone antibiotic resistance [51]. The relative abundance of patA in group CK
increased by 12.0% at the end of composting. There was a significant positive correlation
between patA abundance and pH in group CK. During composting, the pH of group CK
continued to rise, and thus, the relative abundance of patA increased. In group T, the pH
continued to rise, but the relative abundance of patA decreased slightly, by 1.6%, at the
end of composting. As shown in Figure 6, there was no significant correlation between
patA abundance and pH in group T. A possible reason for this was that the expression of
patA was inhibited by high temperature, resulting in no significant correlation between
patA and pH. Therefore, the expression of patA could be effectively inhibited even if the pH
increased during composting with thermophilic microbial agents.
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Table 4. Statistical results of correlation network diagram analysis.

Parameters CK T

Nodes 14 22
Edges 10 16

Average number of neighbours 2 2
Network characteristic path length 1 1

Network density 1 1

The tetA-(58) level was positively correlated with Paenibacillus abundance in group
CK. tetA-(58) is the gene encoding the tetracycline efflux pump, which was originally
reported in Paenibacillus sp. LC231 [43]. Therefore, tetA-(58) in group CK likely originated
from Paenibacillus. Due to the low composting temperature of group CK, the Paenibacillus
abundance increased slowly in the pile, resulting in an increase in the relative abundance of
tetA-(58). In group T, the growth of Paenibacillus was affected due to the high temperature,
and the growth rate was lower than that in group CK. Therefore, there was no significant
correlation between the tetA-(58) level and Paenibacillus abundance in group T. However, in
group T, the tetA-(58) level was positively correlated with Geobacillus abundance; therefore,
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Geobacillus may also carry tetA-(58). Geobacillus grew more actively at a high temperature,
and thus, the relative abundance of tetA-(58) in group T remained high.

There was a positive correlation between novA and Clostridium in group CK, indicating
that Clostridium likely carried novA. As shown in Figure 4b, the abundance of Clostridium in
group CK during composting continued to decline, and its abundance decreased from 5.3%
to 0.7%, which may explain the degradation of novA in group CK. A thermophilic species
has been reported in Clostridium, and its optimum growth temperature was reported to be
approximately 60 ◦C [52]. In group T, the abundance of Clostridium increased from 2.7%
to 5.4% in the early stage of composting. It is possible that high temperatures provide
a suitable growth environment for some thermophilic species of Clostridium, leading to
increased expression of novA, resulting in no degradation of novA in group T.

Pulmonary infections in the intensive care unit are caused by antibiotic-resistant
pathogens, and cmx has been detected in the main pathogens [53]. This is a great challenge
to the treatment process. Reducing the abundance of cmx from the source of ARG transmis-
sion has a certain probability of improving the success rate of the treatment of this kind
of disease. In group T, cmx abundance was positively correlated with the abundances of
Clostridium and Dietzia, suggesting that Clostridium and Dietzia may carry cmx. Although
some Clostridium species in group T could withstand high temperatures, the relative abun-
dance was only 0.2% at the end of composting. In addition, Dietzia is an actinomycete
that can grow at low temperatures (below 37 ◦C) [54]. During composting, Dietzia was
effectively inactivated by high temperatures in group T, and thus, the relative abundance
of Dietzia decreased from 2.9% to 0.1%. The temperature of group CK was low and failed
to effectively inactivate Clostridium and Dietzia. At the end of composting, the relative
abundances of Clostridium and Dietzia in group CK were 0.7% and 1.1%, respectively, which
were higher than the combined abundances in group T. Therefore, the degradation of cmx
in group T was the most extensive, and the degradation rate was as high as 96.1%.

A number of pathogenic strains can cause diarrhoea or extraintestinal diseases both
in healthy and immunocompromised individuals [55]. These strains carrying baeS can
confer resistance against β-lactams, novobiocin, sodium dodecyl sulfate, and bile salts [42].
In group T, baeS abundance was positively correlated with Corynebacterium abundance,
indicating that Corynebacterium was more likely to carry baeS. The optimum growth tem-
perature of Corynebacterium does not exceed 37 ◦C [56]. Composting effectively reduced
the relative abundance of Corynebacterium; after composting, the relative abundance of
Corynebacterium in group T was only 0.4%, while the relative abundance of Corynebacterium
in group CK was still 3.0%. Therefore, high temperature could effectively promote the
degradation of baeS.

The protein encoded by optrA is a member of the ABC-F protein subfamily. It is
resistant to a variety of antibiotics, such as tetracycline, streptomycin, and macrolide
antibiotics [57]. In group T, there was a negative correlation between optrA abundance
and Thermobifida abundance. The likely reason was that Thermobifida could inhibit bacteria
carrying the optrA gene. At the end of composting, the relative abundance of Thermobifida
in group T was 8.9%, which was only 1.3% higher than that in group CK. Therefore, the
degradation of optrA in group T was similar to that in group CK.

4. Conclusions

This work mainly examined the effect of thermophilic microbial agents on the changes
in ARGs during the co-composting of pig manure and tea stalks. The results showed that
thermophilic microbial agents could increase the pile temperature, prolong the thermophilic
period, and the maximum composting temperature was 72.1 ◦C, which was 8.1 ◦C higher
than controls. It could shorten the composting cycle to 9 days and increased the removal
of cmx, baeS and TaeA by 24.6%, 18.6% and 12.1%, respectively. In addition, it could
promote the removal of arlR. Thermophilic microbial agents effectively inactivated Dietzia,
Clostridium and Corynebacterium to promote the removal of cmx and baeS. Therefore, the
composting of pig manure and tea stalks with thermophilic microbial agents can speed up
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the disposal rate of waste, reduce the relative abundance of some ARGs in products, and
control the spread of ARGs to a certain extent, thus making the final compost product safer
and achieving sustainable development.
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