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Abstract: Sewage treatment plants are known as repositories of antibiotic resistance genes (ARGs).
Adding biochar and inoculating with exogenous microbial agents are common ways to improve
the quality of compost. However, little is known about the effects of these exogenous additives on
the fate of ARGs during composting and the related mechanisms. In this study, municipal sludge
was taken as the research object to study the ARG-removal effects of four composting methods:
ordinary compost (CT), compost with hyperthermophiles (HT), compost with hyperthermophiles
and 2.0% biochar (HT2C) and compost with hyperthermophiles and 5.0% biochar (HT5C). Real-time
quantitative PCR (qPCR) and 16S rRNA high-throughput sequencing were conducted to analyze
the ARGs, MGEs and bacterial community. After composting, the abundance of ARGs in CT was
reduced by 72.7%, while HT, HT2C and HT5C were reduced by 80.7%, 84.3% and 84.8%, respectively.
Treatments with different proportions of biochar added (HT2C, HT5C) had no significant effect on
the abundance of ARGs. Network analysis showed that Firmicutes and Nitrospirae were positively
associated with most ARGs and may be potential hosts for them. In addition, redundancy analysis
further showed that the class 1 integrase gene (intI1), pH and organic carbon had a greater effect
on ARGs. Our findings suggested that the combination of hyperthermophiles and biochar during
the composting process was an effective way to control ARGs and mobile genetic elements (MGEs),
thus inhibiting the spread and diffusion of ARGs in the environment and improving the efficiency of
treating human and animal diseases.

Keywords: biochar; hyperthermophile; antibiotic resistance genes; bacterial community; compost

1. Introduction

In recent years, the emergence of antibiotic resistance genes (ARGs) has become
an important global health problem [1]. The number of deaths from antibiotic-resistant
infections is estimated at 700,000 per year worldwide [2,3]. ARGs are ubiquitous and can
be detected in river water, farm soil, sludge, vegetables and even the air [4]. In contrast to
traditional pollutants, ARGs can transfer through mobile genetic elements (MGEs), spread
between different species, and are heritable [5]. These ARGs may contaminate human
drinking water and food, posing a serious threat to human health through the food chain.

Wastewater treatment plants are known as repositories of ARGs [6]. Municipal sludge
is the focus of research on ARGs, MGEs and antibiotic-resistant bacteria (ARB). Simul-
taneously, this sludge contains a large number of nutrients and trace elements that are
needed by plants. After harmless treatment, it can be applied to soil to effectively improve
the soil structure and act as soil fertilizer to promote better growth of plants [7]. Aerobic
composting is an effective method for sludge treatment and resource recovery in which
organic matter in sludge is quickly decomposed by microorganisms and transformed into
humus under aerobic conditions; at the same time, the harmful substances are removed or
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stabilized [8]. A massive number of studies indicated that composting has an important
effect on the content of ARGs and is an effective method for reducing the abundance of
ARGs [9]. Composting can reduce antibiotic resistance by altering the microbial struc-
ture and reducing the microbial load [10,11]. Some researchers found that most of the
sulfonamide-, tetracycline-, quinolone- and macrolide-resistance genes were reduced in
the compost [12]. Some researchers found that most tetracycline resistance genes tended
to decrease but the abundance of some remained unchanged, while the abundance of
others increased significantly during the composting process [13]. Although conventional
composting showed some effectiveness in eliminating antibiotic residues and ARGs, it
is worth noting that the persistence of ARGs and bacterial communities during conven-
tional composting remains a serious threat. Hence, improving composting technology to
effectively control antibiotic resistance is crucial.

Previous studies showed that adding exogenous additives into compost can improve
the removal of ARGs. Some researchers found that zeolite that was added during compost-
ing reduced the total abundance of ARGs in the compost products [14]. Some researchers
showed that the abundance of ARGs and MGEs decreased in the high-temperature period
after adding bamboo charcoal and bamboo vinegar in the composting process [15]. Biochar,
which is a kind of high-carbon material that is formed by high-temperature pyrolysis of
biomass materials, is widely utilized in composting. It was shown that the rich functional
groups and higher pore structure of biochar can improve the removal rate of ARGs [16].
Additionally, biochar can also improve the activity of microorganisms and the humification
process [17], which also significantly impact the abundance of ARGs [18]. At the same time,
prior studies have confirmed that the addition of biochar to compost has a crucial role in
controlling bacterial communities [19,20]. These studies all confirmed that the addition of
biochar to the composting process has an important effect on the abundance of ARGs.

The temperature was also shown to play a crucial role in the removal of ARGs during
composting. It was observed that an ultra-high temperature composting process can
effectively remove ARGs and MGEs from municipal sludge, and its removal rates were
increased by 89.0 and 49.0% compared with ordinary composting [21]. The addition of
hyperthermophiles to the composting process can increase the temperature, effectively
reducing the abundance and diversity of most ARGs hosts [22]. The rapid increase in
compost temperature depended on the addition of hyperthermophiles rather than on
external heat sources [23]. To date, there is no data on the control of ARGs using the
combined action of hyperthermophiles and biochar in the sludge composting process.
The above studies show that the addition of biochar or hyperthermophiles alone has a
significant effect in reducing ARGs in municipal sludge, and we hypothesized that the
combined effect of both is more pronounced.

This study added hyperthermophiles and biochar to the composting process to sim-
ulate different composting conditions and explored the mechanisms of the effects of hy-
perthermophiles and biochar on ARGs and MGEs. The three kinds of resistance genes (tet
genes, sul genes and erm genes), 16S rRNA and intI1 were quantified using real-time quan-
titative PCR (qPCR). The changes in the bacterial community were determined using the
16S rRNA high-throughput technique. The main objectives of this study were as follows:
(1) to investigate the effects of adding hyperthermophiles and biochar on the abundance of
ARGs and MGEs in compost; (2) to investigate the effects of adding hyperthermophiles
and biochar on the dynamics of microbial communities; (3) to determine the correlation
between ARGs and potential host bacteria; and (4) to investigate the relative contributions
of physicochemical properties, MGEs and bacterial communities to the changes in ARGs in
compost. The research results of this study can be used to explore a more effective method
to remove ARGs in the process of composting and improve the quality of composting
products.



Materials 2021, 14, 5428 3 of 13

2. Materials and Methods
2.1. Materials and Experiment Setup

Municipal sludge was used as the raw material for compost, which was collected
from the Loushan sewage treatment plant in Qingdao, Shandong Province, China. The
total weight of the experimental material was about 300 kg, where the sludge, backmix and
peanut shells were fully mixed at a ratio of 3:1:1 (w/w/w). The physicochemical properties
of the raw materials are shown in Table S1. The biochar material was tree leaves collected
from Shandong Academy of Sciences, which were first washed with distilled water to clean
the surface impurities, dried in an oven at 70 ◦C for 10 h, then crushed into sample pieces.
The crushed samples were weighed and placed into crucibles with lids, which were placed
in a muffle furnace at the temperature of 550 ◦C for anaerobic pyrolysis and maintained for
3 h after reaching the final temperature. After the furnace temperature dropped to room
temperature, the samples were taken out and passed through a 100-mesh sieve to obtain
the biochar, the production rate of which was about 39.3–40.0%.

The experiment was conducted in the laboratory with four composting treatments:
ordinary compost (CT), compost with hyperthermophiles (HT), compost with hyperther-
mophiles and 2.0% biochar (HT2C) and compost with hyperthermophiles and 5.0% biochar
(HT5C). Composting was conducted in four rectangular plastic containers (1.2 m × 0.6 m
× 1.2 m) for 66 d, turning the compost over every 3 d. During the composting period, the
temperatures of the upper, middle and lower parts of the pile were measured at noon every
day to obtain the average value as the pile temperature.

2.2. Sample Collection

Samples were taken from the compost pile on the 0th, 2nd, 5th, 7th, 9th, 15th, 28th,
36th, 42th and 66th days. The samples were mixed thoroughly and then divided into
three equal parts, of which one was kept in a refrigerator at 4 ◦C for pH, moisture, organic
carbon, ammonium, electrical conductivity (EC) and germination index (GI) measurement
during the composting process; another part was freeze-dried, sieved through 100 mesh
and stored in a refrigerator at −20 ◦C for later extraction of DNA and determination of
ARGs; and the remaining part was stored in a refrigerator at −80 ◦C for the detection of
the bacterial community.

2.3. Real-Time Quantitative PCR (qPCR)

Genomic DNA was extracted using the TIANamp Soil DNA Kit (TianGen, Beijing,
China). The extracted DNA was stored at −20 ◦C for further analysis. A total of 28 ARGs
and 3 MGEs were screened in the composted material using gene primers. Finally, nine
ARGs were determined comprising four tetracycline resistance genes (tetA, tetG, tetO and
tetM), three sulfonamide resistance genes (sul1, sul2 and sul3) and two macrolide resistance
genes (ermB and ermF). At the same time, the gene copies of intI1 and 16S rRNA were
determined. The primers for all the target genes are listed in Table S2.

2.4. 16S rRNA Gene High-Throughput Sequencing

16S rRNA gene high-throughput sequencing was performed using the Illumina
NovaSeq platform. The 16S V3–V4 region was amplified using the primers 341F (5’-
CCTACGGGNGGCWGCAG-3’) and 805R (5’-GACTACHVGGGTATCTAATCC-3’). Ac-
cording to the unique barcode of the sample, the pairing end sequence was allocated to
the sample, and the barcode and primer sequence introduced in the library construction
were removed. The raw data was then filtered using fqtrim (v 0.94). The alpha diversity
was used to analyze the species diversity in the samples through five indicators, including
Chao1, observed species, goods coverage, Shannon and Simpson.

2.5. Statistical Analysis

To show the differences between samples, the correlation coefficients and variance
(ANOVA) were performed using SPSS 19.0 (IBM, Armonk, NY, USA). Heatmap analysis
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was performed with R3.5.1. Redundancy analysis (RDA) was conducted using CANOCO
4.5. Spearman’s correlation coefficient (p < 0.01) was used as the basis for network analysis.

3. Results and Discussion
3.1. Physicochemical Changes during Composting

The composting process can generally be divided into three stages according to the
temperature changes, namely, thermophilic, mesophilic and maturation stages (Figure 1a).
The maximum temperature in the HT5C treatment group reached 76.03 ◦C, which was
higher than that of CT (60.18 ◦C), HT (70.12 ◦C) and HT2C (73.03 ◦C). Compared with the
CT treatment, the addition of hyperthermophiles increased the composting temperature
and shortened the warming time. Similarly, the addition of biochar also increased the
composting temperature compared to the HT treatment, and the higher the addition
proportion of biochar, the higher the reactor temperature.

During the composting process, the pH and GI first decreased, then increased and
finally remained stable (Figure 1b,c). The biochar was alkaline but the pH of the treat-
ments decreased with the addition of biochar. HT, HT2C and HT5C were weakly alkaline
treatments and more suitable for the growing needs of microorganisms. The GI in the
HT, HT2C and HT5C treatments were better than that of CT. The GI in four treatments at
the end of composting were all above 70.0%, and the maturity of the compost products
was up to standard. The moisture content and organic carbon kept decreasing throughout
the composting process (Figure 1d,e). The moisture content in the different treatments
was CT > HT > HT2C > HT5C. It was found that moisture content in HT5C decreased the
fastest and was lowest at the end of composting, probably due to the higher temperature
in the HT5C treatment. Throughout the composting treatment, the ammonia nitrogen
content and EC showed a similar trend: increasing, then decreasing and finally stabilizing
(Figure 1f,g). The ammonia nitrogen content was HT5C > HT2C > HT, suggesting that
biochar addition promoted the fixation of ammonium nitrogen. The EC values of four
composting treatments did not exceed 8 mS cm−1 throughout the composting process,
which was within a reasonable range for microbial growth.

In the studied aerobic composting process, biochar with a porous structure could
provide aerobic conditions for microbial growth and reproduction, as well as nutrients
for microbial growth, which facilitated the growth and metabolism of microorganisms to
generate heat [24], hence the addition of biochar increased the composting temperature
compared to HT. The pH of the treatments decreased with the addition of biochar, which
was mainly due to two reasons: on the one hand, biochar could adsorb more ammonia [25],
making it difficult to dissolve, while ammonia in the CT and HT treatments without biochar
was probably easier to dissolve and ionize to release OH−; on the other hand, biochar
addition was more favorable for organic acid production [1,25]. The ammonium nitrogen
content decreased in the later stage, which may have been due to the volatilization of
ammonia, which was caused by turning the pile, and some of the ammonium nitrogen
was converted to nitrate nitrogen or fixed by microorganisms as organic nitrogen [26]. In
the studied aerobic composting process, organic matter was decomposed into CO2, H2O,
NH3 and humus, which resulted in a continuous reduction of organic carbon content.
In addition, the decomposition of organic matter by microorganisms produced mineral
salts [27], which led to the rise of EC, but with the volatilization of ammonia caused by
turning over pile and consumption of some organic salts (e.g., phosphate) by microbial, it
gradually decreased [28,29].
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Figure 1. Physicochemical properties of composting: (a) temperature, (b) pH, (c) germination index (GI), (d) moisture,
(e) organic carbon, (f) ammonia nitrogen and (g) electrical conductivity (EC).
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3.2. Variation of ARGs and an MGE during Composting

Nine ARGs and one MGE were detected in the composting material, where their
relative abundances during the composting process are shown in Figure 2. At the beginning
of composting, the relative abundance of intI1 was highest in the CT treatment group among
the four treatments. At the end of composting, the relative abundance of intI1 in CT was
1.35, 4.64 and 4.81 times higher than that of HT, HT2C and HT5C, respectively. IntI1 is
abundant in the environment and also plays a crucial role in the transmission of ARGs [30].
The addition of hyperthermophiles and biochar inhibited the intI1 and reduced the risk
of ARGs diffusion in the compost [31,32]. Moreover, the addition of hyperthermophiles
caused the temperature to rise, which might have damaged the plasmid, thus reducing
the transmission of ARGs [32,33]. Biochar had a greater effect on intI1, but there was
little difference in the removal of intI1 between the different addition amounts of biochar
(Table 1). Overall, the addition of hyperthermophiles and biochar during composting
controlled intI1.
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Figure 2. Changes in the relative abundance of ARGs in different compost piles. Bars denote the
standard errors.

Table 1. Comparison of removal rates of relative abundance of each ARG by adding different additives (over 66 d).

Treatments ermB ermF sul1 sul2 sul3 tetA tetG tetM tetO IntI1

CT 13.8% a 96.2% c 87.5% c 93.0% c 96.0% b 59.3% d 88.7% c – 23.1% d 96.9% c
HT 14.7% a 96.6% b,c 95.5% a 97.5% b 98.5% a 77.2% c 88.2% d 42.6% 60.0% c 97.7% b

HT2C 11.0% b 97.9% a,b 94.8% b 99.3% a,b 98.4% a 86.6% b 93.4% a – 77.9% b 99.3% a
HT5C 7.9% c 98.5% a 95.3% a 99.5% a 98.8% a 92.2% a 91.6% b – 80.1% a 99.3% a

The different lowercase in the table indicated significant differences between treatments at p < 0.05 level.

During the composting process, the relative abundance of total ARGs decreased grad-
ually. After the composting, the relative abundance of total ARGs significantly reduced to
0.138, 0.063, 0.049 and 0.042 copies/bacterial cell for CT, HT, HT2C and HT5C, respectively
(Figure 2). Especially in the middle and late stages of composting, the relative abundances
of the ARGs in the four groups decreased significantly. The relative abundances of most
ARGs decreased by the end of day 66 compared with the beginning of composting, but
tetM increased. At the end of composting, the removal rates of total ARGs reached 72.7,
80.6, 84.3 and 84.8% for CT, HT, HT2C and HT5C, respectively (Table S3). The removal of
sul1, sul2, sul3, tetA and tetO was further significantly increased in the HT treatment group
with the addition of hyperthermophile compared to CT. The removal of tetA, tetG and tetO
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was further significantly increased in the HT2C and HT5C treatment groups with biochar
addition compared to HT (Table 1). After the composting, the total ARGs removal rate
of HT2C was significantly higher than that of HT, but there was no significant difference
in the total ARGs removal rate between HT2C and HT5C (Table S3). Composting is an
effective way to reduce most ARGs, but the abundance of some ARGs remained unchanged,
while others increased in the compost [13]. The removal of most ARGs was improved
by adding hyperthermophiles compared with CT, indicating that the high temperature
during composting facilitated the removal of ARGs [33,34]: on the one hand, the decrease
in MGEs in the composting process led to the efficient reduction in ARGs [21]; on the
other hand, the high temperatures killed most of the non-thermophilic bacteria carrying
ARGs, thus bringing about a reduction in ARG abundances [31]. The porous nature of
biochar, which decreased the rate of microbe contact, may have been the main reason for
the reduction in ARGs due to adding biochar [14]. The addition of different proportions of
biochar had no significant effect on the abundance of most ARGs, which was consistent
with a previous study [31]. However, compared with HT5C, the removal rates of ermB,tetG
and intI1 were better in HT2C. Considered together, the addition of 2.0% biochar to the
compost effectively reduced the ARGs. However, it should be noted that only three ratios
of biochar (0, 2.0 and 5.0%), in combination with hyperthermophiles, were investigated in
this study, and future studies should consider more testing of different ratios of biochar
additions to explore more effective methods of removing ARGs.

3.3. Evolution of the Soil Microbial Community

The relative abundances of bacteria at the phylum level in all samples showed obvi-
ous changes in different composting stages (Figures 3a and S1). Proteobacteria (46.0%),
Bacteroidetes (11.0%), Firmicutes (15.0%), Chloroflexi (15.0%) and Actinobacteria (12.0%)
were the most dominant phyla in raw material, accounting for 99.0% of the total bacterial
16S rRNA gene sequences. This was consistent with the distribution of the main bacterial
community in the raw materials determined by previous studies [35].

In this study, Proteobacteria were the most abundant at the beginning of composting.
At the end of composting on day 66, Proteobacteria increased by 61.7, 65.8, 68.4 and 66.1%
in the CT, HT, HT2C and HT5C treatments, respectively. Meanwhile, Bacteroidetes, Firmi-
cutes and Chloroflexi in four treatments showed a decreasing trend. In the CT, HT, HT2C
and HT5C treatments, the relative abundances of Bacteroidetes decreased to 4.1, 3.8, 7.5
and 7.5%, respectively; Firmicutes decreased to 1.1, 0.9, 0.8 and 1.0%, respectively; and
Chloroflexi decreased to 5.5, 2.8, 3.5 and 2.8%, respectively. The reduction in selection pres-
sure led to significant variations in the bacterial community structure with composting [13].
Proteobacteria were highly tolerant and were an important source of ARGs [36], which
played a key role in the composting rate and quality of the compost. Proteobacteria also
had the function of breaking down small molecules, such as glucose [37]; therefore, the
addition of hyperthermophile and biochar promoted the decomposition of organic matter
and improved the composting process. The results showed that the addition of biochar
inhibited the decline in Bacteroidetes. Compared with CT, the decline in Firmicutes in
HT was less, which was related to its heat resistance [38]. Some researchers mentioned
that Firmicutes is a group that probably carries and disseminates ARGs [38]. Therefore,
the decline in Firmicutes abundance might explain the partial removal of ARGs in the
composting process. The addition of hyperthermophiles further reduced the abundance
of Chloroflexi, indicating that a high temperature reduces the relative abundance of Chlo-
roflexi. After composting, the abundance of Actinomycetes increased in all four treatments,
but the HT2C treatment had the least abundance of Actinomycetes. Actinobacteria have
the function of carrying and spreading ARGs [39], which, on the one hand, explains the
rebound of some ARGs at the end of composting [15] and, on the other hand, explains the
better removal rate of some ARGs in HT2C. The main Actinomycetes that were identified
during composting were Dyella and Streptomyces. Streptomyces are widely used in scien-
tific and medical research because of their ability to produce antibiotics. It was obvious
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that the abundance of Streptomyces increased in the four treatments. The abundance of
Actinomycetes was HT > HT2C > HT5C, indicating that biochar affected the reduction in
Actinomycetes.
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The dynamic changes in dominant genera of the four treatments over time in the
composting process are shown in Figures 3b and S2. Under the selective pressure of
hyperthermophiles and different concentrations of biochar, the microbial communities
of the four treatments changed significantly compared to the initial bacterial community



Materials 2021, 14, 5428 9 of 13

(0 d). The main bacterial communities in the composting materials were Thauera (6.2%),
Dechloromonas (5.9%) and Ferribacterium (7.2%) (Figure S2). After composting, the abun-
dances of the three bacteria were reduced to 0.3–0.5%, 0.1–0.2% and 0.0–0.1%, respectively,
in the four treatments. Some bacteria, such as Rhodanobacter and Chujaibacter, were low
in abundance at the beginning of the composting but gradually became more abundant
in the compost. By the end of the 66 days of composting, the relative abundances of Rho-
danobacter and Chujaibacter in the four treatments had reached 17.3–23.9% and 9.5–12.1%,
respectively. However, the distribution of microorganisms in the same composting stage
was different between the different treatment groups. Streptomyces and Actinobacteria also
gradually became more abundant in the composting process, but the difference was that
the enrichment degree of HT2C and HT5C in the treatments supplemented with biochar
was lower than that of CT and HT, indicating that the addition of biochar had the effect of
inhibiting Streptomyces and Actinobacteria. These results indicated that the addition of
hyperthermophiles and biochar significantly affected the bacterial community structure
and composition.

3.4. Relationships between the Bacterial Community, ARGs and the MGE

The correlations among the bacterial community, ARGs and the MGE were studied
using network analysis in the present study (Figure 4). We found that Firmicutes and
Nitrospirae were strongly associated with most ARGs. Some ARGs had multiple potential
host bacteria during the composting process. For example, sul3 had significant positive cor-
relations with Gemmatimonadetes, Nitrospirae, Planctomycetes, Firmicutes, Chloroflexi,
Acidobacteria and Bacteroidetes. These ARG-related phyla lowered the abundances of
ARGs, thereby bringing about the removal of sul3. Apart from sul3, there were a variety of
potential host bacteria for all the other ARGs in the composting process. It was confirmed
that the bacteria positively correlated with ARGs were considered to be host microorgan-
isms of ARGs [40]. Therefore, bacterial genera in Firmicutes and Nitrospirae were found
to be potential hosts for most ARGs, which was consistent with previous studies [14].
Variations in the abundances of ARGs were closely related to the bacterial community [41].
Certain microorganisms carry specific ARGs, resulting in similar abundance trends of
ARGs [42]. Most of the potential hosts of ARGs were attached to Nitrospirae, Firmicutes,
Acidobacteria and Bacteroidetes. These bacterial communities are regarded as important
hosts for multiresistant ARGs [42]. The bacterial community, as the host bacteria of many
ARGs, will affect the spread and transmission of ARGs [42]. Therefore, the identification
of potential hosts through changes in bacterial communities plays a crucial role in the
evolution of ARGs.

3.5. Conditions Affecting the Change of ARGs in Composting

The relationships between the environmental factors, bacterial community, MGE and
ARGs were assessed using RDA analysis (Figure 5). The environmental factors mainly
included temperature, pH, moisture, electrical conductivity, organic carbon, ammonia
nitrogen and germination index in this experiment. Among the environmental factors, pH
and organic carbon were the main causes of the abundance variation in the ARGs and MGE.
Meanwhile, pH and organic carbon were significantly correlated with nine ARGs and 16S
rRNA (p < 0.01) (Table S4). In addition, organic carbon and pH was significantly correlated
with the MGE (p < 0.01), suggesting that organic carbon and pH probably influenced
the abundance of ARGs by affecting the MGE. The correlation between more kinds of
environmental factors and ARGs and MGEs can be studied in the future, and the influence
of various environmental factors on ARGs can be further explored.
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In this study, RDA1 and RDA2 together explained 56.7% of the variation in the ARGs
in the redundancy analysis, among which, the MGE was the major factor. Several studies
showed that changes in the abundance of ARGs depend mainly on the potential host bacte-
ria [40]. More research has shown that MGEs have a greater impact on ARGs than bacterial
communities [43,44]. ARGs were directly influenced by intI1, and bacterial communities
acted as indirect drivers. It was further confirmed that intI1 was significantly correlated
with the ARGs’ abundances (p < 0.01) using Pearson correlation analysis (Table S4), demon-
strating that MGEs can influence the migration changes of ARGs through horizontal gene
transfer (HGT) in different environments [45]. MGEs may increase the risk of ARGs spread-
ing and significantly contribute to the variation in ARGs distribution [46]. In addition,
integrons were destroyed during composting, and the presence of ARGs decreased when
HGT was blocked. Therefore, the abatement of ARGs can be achieved by controlling the
MGEs.

4. Conclusions

Adding hyperthermophiles and biochar in compost could effectively reduce ARG
abundances. After composting, the relative abundances of total ARGs significantly re-
duced to 0.138, 0.063, 0.049 and 0.042 copies/bacterial cell for CT, HT, HT2C and HT5C,
respectively. Among all of the factors considered in this study, intI1 had the most important
effects on the ARGs’ profiles. Treatments with different proportions of biochar added
(HT2C, HT5C) had no significant effect on the abundance of ARGs, while other treatments
were significantly different. However, HT2C showed better removal of ermB, tetG and intI1
compared to HT5C. Considered together, adding 2.0% biochar combined with hyperther-
mophiles in compost could effectively control ARGs and MGEs. Future research should
consider different ratios of biochar combined with hyperthermophiles to explore more
effective methods of removing ARGs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14185428/s1, Figure S1: relative abundance of composting bacterial community at the
phylum level, Figure S2: Relative abundance of dominant genera during composting, Table S1:
Physical and chemical properties of sludge and backmix, Table S2: PCR primers used in this study,
Table S3: The removal rate of the relative abundance of total ARGs compared to the initial content
in the raw material after composting (day 66) for the different treatment groups, Table S4: Spear-
man’s correlation coefficients among ARGs, MGE and environmental factors based on their relative
abundances.

Author Contributions: Y.F.: Conceptualization, Methodology, Investigation, Formal analysis and
Writing—original draft. Y.S. and Y.Z.: Writing—review and editing, Methodology, Funding acquisi-
tion and Resources. A.Z.: Conceptualization, Methodology, Investigation and Formal analysis. T.G.:
Assisted with sample collection. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by Qilu University of Technology (Shandong Academy of
Sciences) integration of science, education and industry innovation pilot project (2020KJC-ZD12)
and the International Scientific and Technical Cooperation Project of Shandong Academy of Sciences
(grant no. 2019GHZD06).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: This work was supported by Qilu University of Technology (Shandong Academy
of Sciences) integration of science, education and industry innovation pilot project (2020KJC-ZD12)
and the International Scientific and Technical Cooperation Project of Shandong Academy of Sciences
(grant no. 2019GHZD06).

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

https://www.mdpi.com/article/10.3390/ma14185428/s1
https://www.mdpi.com/article/10.3390/ma14185428/s1


Materials 2021, 14, 5428 12 of 13

References
1. Lu, Z.; Sun, X. Changes in physical, chemical, and microbiological properties during the two-stage co-composting of green waste

with spent mushroom compost and biochar. Bioresour. Technol. 2014, 171, 274–284.
2. Kalashnikov, M.; Mueller, M.; Mcbeth, C.; Lee, J.C.; Campbell, J.; Sharon, A.; Sauer-Budge, A.F. Rapid phenotypic stress-based

microfluidic antibiotic susceptibility testing of Gram-negative clinical isolates. Sci. Rep. 2017, 7, 8031. [CrossRef] [PubMed]
3. Dong, H.; Hu, X.; Zhang, Y.; Jiang, W.; Zhang, X. Co/La modified Ti/PbO 2 anodes for chloramphenicol degradation: Catalytic

performance and reaction mechanism. Chemosphere 2021, 285, 131568. [CrossRef]
4. Luo, Y.; Mao, D.; Rysz, M.; Zhou, Q.; Alvarez, P. Trends in Antibiotic Resistance Genes Occurrence in the Haihe River, China.

Environ. Sci. Technol. 2010, 44, 7220–7225. [CrossRef]
5. Zhang, J.; Lin, H.; Ma, J.; Sun, W.; Yang, Y.; Zhang, X. Compost-bulking agents reduce the reservoir of antibiotics and antibiotic

resistance genes in manures by modifying bacterial microbiota. Sci. Total Environ. 2019, 649, 396–404. [CrossRef] [PubMed]
6. Ma, J.; Cui, Y.; Zhang, W.; Wang, C.; Li, A. Fate of antibiotics and the related antibiotic resistance genes during sludge stabilization

in sludge treatment wetlands. Chemosphere 2019, 224, 502–508. [CrossRef] [PubMed]
7. Burch, T.R.; Sadowsky, M.J.; LaPara, T.M. Fate of Antibiotic Resistance Genes and Class 1 Integrons in Soil Microcosms Following

the Application of Treated Residual Municipal Wastewater Solids. Environ. Sci. Technol. 2014, 48, 5620–5627. [CrossRef] [PubMed]
8. Jia, S.Y.; Shi, P.; Hu, Q.; Li, B.; Zhang, T.; Zhang, X.X. Bacterial Community Shift Drives Antibiotic Resistance Promotion during

Drinking Water Chlorination. Environ. Sci. Technol. 2015, 49, 12271–12279. [CrossRef]
9. Cheng, D.M.; Feng, Y.; Liu, Y.W.; Xue, J.M.; Li, Z.J. Dynamics of oxytetracycline, sulfamerazine, and ciprofloxacin and related

antibiotic resistance genes during swine manure composting. J. Environ. Manag. 2019, 230, 102–109. [CrossRef]
10. Xie, W.Y.; Yang, X.P.; Li, Q.; Wu, L.H.; Shen, Q.R.; Zhao, F.J. Changes in antibiotic concentrations and antibiotic resistome during

commercial composting of animal manures. Environ. Pollut. 2016, 219, 182–190. [CrossRef]
11. Ray, P.; Chen, C.; Knowlton, K.F.; Pruden, A.; Xia, K. Fate and Effect of Antibiotics in Beef and Dairy Manure during Static and

Turned Composting. J. Environ. Qual. 2017, 46, 45–54. [CrossRef] [PubMed]
12. Chen, Z.Q.; Wang, Y.; Wen, Q.X. Effects of chlortetracycline on the fate of multi-antibiotic resistance genes and the microbial

community during swine manure composting. Environ. Pollut. 2018, 237, 977–987. [CrossRef] [PubMed]
13. Wang, J.; Ben, W.W.; Zhang, Y.; Yang, M.; Qiang, Z.M. Effects of thermophilic composting on oxytetracycline, sulfamethazine, and

their corresponding resistance genes in swine manure. Environ. Sci. Process. Impacts 2015, 17, 1654–1660. [CrossRef] [PubMed]
14. Zhang, J.Y.; Chen, M.X.; Sui, Q.W.; Tong, J.; Jiang, C.; Lu, X.T.; Zhang, Y.X.; Wei, Y.S. Impacts of addition of natural zeolite or a

nitrification inhibitor on antibiotic resistance genes during sludge composting. Water Res. 2016, 91, 339–349. [CrossRef] [PubMed]
15. Guo, H.; Gu, J.; Wang, X.; Yu, J.; Ma, J. Responses of antibiotic and heavy metal resistance genes to bamboo charcoal and bamboo

vinegar during aerobic composting. Environ. Pollut. 2019, 252, 1097–1105. [CrossRef]
16. Awasthi, M.K.; Duan, Y.; Liu, T.; Awasthi, S.K.; Zhang, Z. Relevance of biochar to influence the bacterial succession during pig

manure composting. Bioresour. Technol. 2020, 304, 122962. [CrossRef]
17. Ippolito, J.A.; Ducey, T.F.; Cantrell, K.B.; Novak, J.M.; Lentz, R.D. Designer, acidic biochar influences calcareous soil characteristics.

Chemosphere 2016, 142, 184–191. [CrossRef] [PubMed]
18. Su, J.Q.; Wei, B.; Ou-Yang, W.Y.; Huang, F.Y.; Zhao, Y.; Xu, H.J.; Zhu, Y.G. Antibiotic Resistome and Its Association with Bacterial

Communities during Sewage Sludge Composting. Environ. Sci. Technol. 2015, 49, 7356–7363. [CrossRef]
19. He, G.; Jiang, X.; Yao, L.; Liu, G.; Liu, W. Effects of tetracycline on nitrogen and carbon cycling rates and microbial abundance in

sediments with and without biochar amendment. Chemosphere 2020, 270, 129509. [CrossRef] [PubMed]
20. Ippolito, J.A.; Stromberger, M.E.; Lentz, R.D.; Dungan, R.S. Hardwood biochar and manure co-application to a calcareous soil.

Chemosphere 2016, 142, 84–91. [CrossRef] [PubMed]
21. Liao, H.; Lu, X.; Rensing, C.; Friman, V.P.; Geisen, S.; Zhi, C.; Zhen, Y.; Zhong, W.; Zhou, S.; Zhu, Y. Hyperthermophilic

Composting Accelerates the Removal of Antibiotic Resistance Genes and Mobile Genetic Elements in Sewage Sludge. Environ.
Sci. Technol. 2018, 52, 266–276. [CrossRef] [PubMed]

22. Zhang, Y.; Mao, Q.; Su, Y.A.; Zhang, H.; Wen, D. Thermophilic rather than mesophilic sludge anaerobic digesters possess lower
antibiotic resistant genes abundance. Bioresour. Technol. 2021, 329, 124924. [CrossRef] [PubMed]

23. Zhen, Y.; Jia, T.; Liao, H.; Liu, X.; Zhou, P.; Zhi, C.; Christopher, R.; Zhou, S. The distinctive microbial community improves
composting efficiency in a full-scale hyperthermophilic composting plant. Bioresour. Technol. 2018, 265, 146–154.

24. Cheng, W.; Lu, H.; Dong, D.; Deng, H.; Strong, P.J.; Wang, H.; Wu, W. Insight into the Effects of Biochar on Manure Composting:
Evidence Supporting the Relationship between N2O Emission and Denitrifying Community. Environ. Sci. Technol. 2013, 47,
7341–7349.

25. Chen, Y.X.; Huang, X.D.; Han, Z.Y.; Huang, X.; Hu, B.; Shi, D.Z.; Wu, W.X. Effects of bamboo charcoal and bamboo vinegar on
nitrogen conservation and heavy metals immobility during pig manure composting. Chemosphere 2010, 78, 1177–1181. [CrossRef]

26. Steiner, C.; Das, K.C.; Melear, N.; Lakly, D. Reducing Nitrogen Loss during Poultry Litter Composting Using Biochar. J. Environ.
Qual. 2010, 39, 1236–1242. [CrossRef]

27. Rasapoor, M.; Nasrabadi, T.; Kamali, M.; Hoveidi, H. The effects of aeration rate on generated compost quality, using aerated
static pile method. Waste Manag. 2009, 29, 570–573. [CrossRef]

28. Gomez, D.K.V.; Castaneda, P.B.; Rosales, J.D.M.; Rodriguez, L.M.G. Anaerobic digestion of bean straw applying a fungal
pre-treatment and using cow manure as co-substrate. Environ. Technol. 2020, 41, 2863–2874. [CrossRef]

http://doi.org/10.1038/s41598-017-07584-z
http://www.ncbi.nlm.nih.gov/pubmed/28808348
http://doi.org/10.1016/j.chemosphere.2021.131568
http://doi.org/10.1021/es100233w
http://doi.org/10.1016/j.scitotenv.2018.08.212
http://www.ncbi.nlm.nih.gov/pubmed/30176452
http://doi.org/10.1016/j.chemosphere.2019.02.168
http://www.ncbi.nlm.nih.gov/pubmed/30831502
http://doi.org/10.1021/es501098g
http://www.ncbi.nlm.nih.gov/pubmed/24762092
http://doi.org/10.1021/acs.est.5b03521
http://doi.org/10.1016/j.jenvman.2018.09.074
http://doi.org/10.1016/j.envpol.2016.10.044
http://doi.org/10.2134/jeq2016.07.0269
http://www.ncbi.nlm.nih.gov/pubmed/28177414
http://doi.org/10.1016/j.envpol.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29137887
http://doi.org/10.1039/C5EM00132C
http://www.ncbi.nlm.nih.gov/pubmed/26216606
http://doi.org/10.1016/j.watres.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26808292
http://doi.org/10.1016/j.envpol.2019.05.014
http://doi.org/10.1016/j.biortech.2020.122962
http://doi.org/10.1016/j.chemosphere.2015.05.092
http://www.ncbi.nlm.nih.gov/pubmed/26077798
http://doi.org/10.1021/acs.est.5b01012
http://doi.org/10.1016/j.chemosphere.2020.129509
http://www.ncbi.nlm.nih.gov/pubmed/33423003
http://doi.org/10.1016/j.chemosphere.2015.05.039
http://www.ncbi.nlm.nih.gov/pubmed/26009473
http://doi.org/10.1021/acs.est.7b04483
http://www.ncbi.nlm.nih.gov/pubmed/29199822
http://doi.org/10.1016/j.biortech.2021.124924
http://www.ncbi.nlm.nih.gov/pubmed/33691205
http://doi.org/10.1016/j.chemosphere.2009.12.029
http://doi.org/10.2134/jeq2009.0337
http://doi.org/10.1016/j.wasman.2008.04.012
http://doi.org/10.1080/09593330.2019.1587004


Materials 2021, 14, 5428 13 of 13

29. Zhao, J.C.; Sun, X.N.; Awasthi, M.K.; Wang, Q.; Ren, X.N.; Li, R.H.; Chen, H.Y.; Wang, M.J.; Liu, T.; Zhang, Z.Q. Performance
evaluation of gaseous emissions and Zn speciation during Zn-rich antibiotic manufacturing wastes and pig manure composting.
Bioresour. Technol. 2018, 267, 688–695. [CrossRef]

30. Gillings, M.R. Class 1 integrons as invasive species. Curr. Opin. Microbiol. 2017, 38, 10–15. [CrossRef]
31. Li, H.C.; Duan, M.L.; Gu, J.; Zhang, Y.J.; Qian, X.; Ma, J.; Zhang, R.R.; Wang, X.J. Effects of bamboo charcoal on antibiotic resistance

genes during chicken manure composting. Ecotoxicol. Environ. Saf. 2017, 140, 1–6. [CrossRef]
32. Guan, J.; Wasty, A.; Grenier, C.; Chan, M. Influence of temperature on survival and conjugative transfer of multiple antibiotic-

resistant plasmids in chicken manure and compost microcosms. Poult. Sci. 2007, 86, 610–613. [CrossRef] [PubMed]
33. Qian, X.; Sun, W.; Gu, J.; Wang, X.-J.; Zhang, Y.-J.; Duan, M.-L.; Li, H.-C.; Zhang, R.-R. Reducing antibiotic resistance genes,

integrons, and pathogens in dairy manure by continuous thermophilic composting. Bioresour. Technol. 2016, 220, 425–432.
[CrossRef]

34. Liao, H.; Zhao, Q.; Cui, P.; Chen, Z.; Yu, Z.; Geisen, S.; Friman, V.-P.; Zhou, S. Efficient reduction of antibiotic residues and
associated resistance genes in tylosin antibiotic fermentation waste using hyperthermophilic composting. Environ. Int. 2019, 133,
105203. [CrossRef] [PubMed]

35. Fahad, S.M.; Changxiong, Z.; Bing, G.; Raza, A.H.; Tingting, S.; Hongna, L. The fate of antibiotic resistance genes in cow manure
composting: Shaped by temperature-controlled composting stages. Bioresour. Technol. 2021, 320, 124403.

36. Honghong, G.; Shuhong, X.; Mubasher, N.; Jialong, L.; Jei, G. Role of Bentonite on the Mobility of Antibiotic Resistance Genes,
and Microbial Community in Oxytetracycline and Cadmium Contaminated Soil. Front. Microbiol. 2018, 9, 2722.

37. Qiu, X.; Zhou, G.; Zhang, J.; Wang, W. Microbial community responses to biochar addition when a green waste and manure mix
are composted: A molecular ecological network analysis. Bioresour. Technol. 2019, 273, 666–671. [CrossRef]

38. Huerta, B.; Marti, E.; Gros, M.; Lopez, P.; Pompeo, M.; Armengol, J.; Barcelo, D.; Balcazar, J.L.; Rodriguez-Mozaz, S.; Marce, R.
Exploring the links between antibiotic occurrence, antibiotic resistance, and bacterial communities in water supply reservoirs. Sci.
Total Environ. 2013, 456, 161–170. [CrossRef]

39. Jzab, C.; Qsab, C.; Tl, D.; Hui, Z.; Ps, D.; Ywab, C. Sludge bio-drying followed by land application could control the spread of
antibiotic resistance genes—ScienceDirect. Environ. Int. 2019, 130, 104906.

40. Zhang, R.; Gu, J.; Wang, X.; Li, Y.; Zhang, K.; Yin, Y.; Zhang, X. Contributions of the microbial community and environmental
variables to antibiotic resistance genes during co-composting with swine manure and cotton stalks. J. Hazard. Mater. 2018, 358,
82–91. [CrossRef]

41. Forsberg, K.J.; Patel, S.; Gibson, M.K.; Lauber, C.L.; Knight, R.; Fierer, N.; Dantas, G. Bacterial phylogeny structures soil resistomes
across habitats. Nature 2014, 509, 612. [CrossRef]

42. Chen, Q.L.; An, X.L.; Li, H.; Su, J.Q.; Ma, Y.B.; Zhu, Y.G. Long-term field application of sewage sludge increases the abundance of
antibiotic resistance genes in soil. Environ. Int. 2016, 92–93, 1–10. [CrossRef] [PubMed]

43. Wu, D.; Huang, X.H.; Sun, J.Z.; Graham, D.W.; Xie, B. Antibiotic Resistance Genes and Associated Microbial Community
Conditions in Aging Landfill Systems. Environ. Sci. Technol. 2017, 51, 12859–12867. [CrossRef] [PubMed]

44. Hu, H.-W.; Wang, J.-T.; Li, J.; Shi, X.-Z.; Ma, Y.-B.; Chen, D.; He, J.-Z. Long-Term Nickel Contamination Increases the Occurrence
of Antibiotic Resistance Genes in Agricultural Soils. Environ. Sci. Technol. 2017, 51, 790–800. [CrossRef] [PubMed]

45. Wang, H.; Sangwan, N.; Li, H.Y.; Su, J.Q.; Oyang, W.Y.; Zhang, Z.J.; Gilbert, J.A.; Zhu, Y.G.; Ping, F.; Zhang, H.L. The antibiotic
resistome of swine manure is significantly altered by association with the Musca domestica larvae gut microbiome. ISME J. 2017,
11, 100–111. [CrossRef]

46. Baker-Austin, C.; Wright, M.S.; Stepanauskas, R.; Mcarthur, J.V. Co-selection of antibiotic and metal resistance. Trends Microbiol.
2006, 14, 176–182. [CrossRef]

http://doi.org/10.1016/j.biortech.2018.07.088
http://doi.org/10.1016/j.mib.2017.03.002
http://doi.org/10.1016/j.ecoenv.2017.01.007
http://doi.org/10.1093/ps/86.4.610
http://www.ncbi.nlm.nih.gov/pubmed/17369529
http://doi.org/10.1016/j.biortech.2016.08.101
http://doi.org/10.1016/j.envint.2019.105203
http://www.ncbi.nlm.nih.gov/pubmed/31665678
http://doi.org/10.1016/j.biortech.2018.12.001
http://doi.org/10.1016/j.scitotenv.2013.03.071
http://doi.org/10.1016/j.jhazmat.2018.06.052
http://doi.org/10.1038/nature13377
http://doi.org/10.1016/j.envint.2016.03.026
http://www.ncbi.nlm.nih.gov/pubmed/27043971
http://doi.org/10.1021/acs.est.7b03797
http://www.ncbi.nlm.nih.gov/pubmed/28990771
http://doi.org/10.1021/acs.est.6b03383
http://www.ncbi.nlm.nih.gov/pubmed/27977160
http://doi.org/10.1038/ismej.2016.103
http://doi.org/10.1016/j.tim.2006.02.006

	Introduction 
	Materials and Methods 
	Materials and Experiment Setup 
	Sample Collection 
	Real-Time Quantitative PCR (qPCR) 
	16S rRNA Gene High-Throughput Sequencing 
	Statistical Analysis 

	Results and Discussion 
	Physicochemical Changes during Composting 
	Variation of ARGs and an MGE during Composting 
	Evolution of the Soil Microbial Community 
	Relationships between the Bacterial Community, ARGs and the MGE 
	Conditions Affecting the Change of ARGs in Composting 

	Conclusions 
	References

