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Abstract

Background: Livestock manure is an important reservoir of antibiotic-resistant bacteria (ARB) and antibiotic-
resistance genes (ARGs). The bacterial community structure and diversity are usually studied using high-throughput
sequencing that cannot provide direct evidence for ARB changes. Thus, little is known about the distribution of ARB,
especially in the presence of different antibiotics in composting process. In this study, the fate of ARB was investigated
in aerobic composting of swine manure, using chlortetracycline, sulfamethoxazole, lincomycin, and ciprofloxacin as
typical antibiotics. The abundance and species of ARB were analyzed systematically to evaluate their ecological risk at
different stages of composting.

Results: The absolute abundance of total ARB decreased, while the relative abundance increased on day 2. The rela-
tive abundance of lincomycin-resistant bacteria was higher than other ARBs during the whole composting process.
The absolute abundance of four ARBs was 9.42 x 10°-2.51 x 102 CFU/g (lincomycin- > chlortetracycline- > sulfameth-
oxazole-> ciprofloxacin- > multiple antibiotic-resistant bacteria), and they were not completely inactivated at the end
of composting. Antibiotics led to a partial proliferation of ARBs including Corynebacterium, Sporosarcina, Solibacillus,
and Acinetobacter. Especially, Corynebacterium, a pathogenic genus, was observed in chlortetracycline and lincomycin
treatments.

Conclusion: Among the antibiotics studied, lincomycin showed the highest ecological risk, due to it expanded the
range of lincomycin-resistant bacteria at the phyla level (Firmicutes, Actinobacteria, and Proteobacteria). The principal
co-ordinates analysis indicated that the bacterial community structure was primarily associated with the compost-
ing stages rather than antibiotic types. Possible potential hosts and the related to the decrease of ARGs abundance
were indicated based on the network analysis. The decrease of culturable Proteobacteria and the increase of cultur-
able Firmicutes (Solibacillus, Bacillus) partially explained the high degradation rate of various ARGs with the progress
of composting in this study. These results provided important information for the control of antibiotic resistance in
composting.
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could promote selection for antibiotic-resistant bacteria
(ARB) and antibiotic-resistance genes (ARGs) and mak-
ing them a major reservoir of antibiotic resistance [4, 5].
In recent decades, several techniques have been adopted
to determine the variations of microbial structure. Tra-
ditional microbiological methods are essential and indis-
pensable as a means to culture, and have continuously
been used to successfully isolate various microbes [6].
The survival ability of bacteria in the presence of antibi-
otics is the only way to evaluate whether they are anti-
biotic-resistant or not, with the minimum inhibitory
concentration quantified by agar dilution or broth micro-
dilution assays [7]. Salmonella and Campylobacter, path-
ogenic genera, have been detected at 10° colony-forming
units (CFU/mL) and most of which were antibiotic resist-
ance in the pig farm lagoons [8]. Numerous antibiotic-
resistant human pathogenic genera, Escherichia coli,
Alcaligenes faecalis, and Enterococcus, have been found in
chicken manure [9]. Extensive use of antibiotics in animal
husbandry significantly increased ARB and ARGs in live-
stock settings [10]. This would lead to deleterious impli-
cations on human health and environmental quality [5].
Consequently, it is particularly important to reduce the
spread and diffusion of ARB and ARGs.

Microorganisms are essential for composting, and the
compositions of these microbial communities are altered
during this process. For example, lincomycin (LIN) resi-
dues promoted the abundance of Firmicutes, Actinobac-
teria, Proteobacteria, Chloroflexi, and Bacteroidetes in
composting [2]. Previous studies found that the propor-
tion of Chloroflexi was higher than other phyla, and the
composting process also resulted in increases of Bacte-
roidetes abundance. The increase paralleled the antibi-
otic concentration, indicating that Bacteroidetes were
tolerant to high levels of tetracycline [1, 11, 12]. Bacterial
community structure and diversity have been reported
using high-throughput sequencing. However, there is a
lack of research on ARB community structure. Besides,
this type of metagenomic sequencing data cannot pro-
vide direct evidence for ARB changes [7]. Even culturable
bacteria also accounted for a low proportion of the total
bacteria; the traditional pure culture method is the most
direct method to understand ARB at present. Therefore,
it is very meaningful that the development of antibiotic
resistance of specific bacteria during composting should
be monitored dynamically and analyzed comprehensively
in combination with the traditional pure cultures.

Aerobic composting can effectively remove ARB from
livestock manure. Previous studies concluded that cul-
tured bacteria resistant to tetracycline and erythromycin
decreased by 7 and 4 logs, respectively; substantial degra-
dation of ampicillin and tetracycline-resistant Escherichia
coli as well as a decrease in the abundance of erm and et
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genes, was also observed during composting of cattle
manure [13, 14]. ARBs are the source and hosts for ARGs
[4]. Most of the previous studies only analyzed the abun-
dance of ARB and did not focus on the evolution of com-
munity structure. Besides, it is even little known that the
influence of antibiotic types on the abundance and com-
munity structure of ARB, as well as the potential relation-
ship of ARB and ARGs. In this study, chlortetracycline
(CTC), sulfamethoxazole (SMX), ciprofloxacin (CIP), and
LIN were selected according to their types and residual
concentrations in our previous study [12]. These four
antibiotics are frequently used in veterinary and human
treatments worldwide, and have been detected in differ-
ent environmental matrices [15]. The objectives of this
research are to determine how (1) different antibiotics
affect ARB abundance, (2) composting stage affects ARB
communities, and (3) what relationships exist between
ARB and ARGs to better mitigate public health risk. This
study provides a better understanding on the fate of ARB
abundances and community structure, and ARGs in aer-
obic composting.

Materials and methods

Composting and sampling procedures

The detailed experimental design was the same as in our
previous article [12]. Briefly, the treatment without added
antibiotic was used as the control (CK). Composting was
performed in rectangular foam boxes (55 x 45 x 45 cm)
with 2 x 2 cm diameter holes spaced 15 c¢cm apart in all
4 walls to allow facilitate ventilation. The basic physical
and chemical properties of the composting materials are
shown in Additional file 1: Table S1. Composting materi-
als were composed of 14.28 kg pig manure:straw:coconut
shell powder (6.67:4.94:2.67) with the C:N ratio of 30:1.
Moisture content was set at 65%. The residual concen-
trations of various antibiotics varied, but 50 mg/kg was
selected as a standardized antibiotic concentration to
ensure study comparability.

CTC, SMX, CIP and LIN obtained from Beijing DHLH
Biotechnology Co. Ltd. China. CTC and LIN were mixed
by methanol; SMX and CIP were dissolved in hydrochlo-
ric acid. Treatments were named as TO (CK), T1 (CTC),
T2 (SMX), T3 (LIN), T4 (CIP) and T5 (the four mixed
antibiotics). All treatments were replicated for three
times. The boxes were set in a row and ventilated for the
duration of the 35-day experiment. Samples were col-
lected on days 2, 7, 14, 21, 28 and 35, and at the top, mid-
dle and bottom of the reactor, then combined and mixed.
The fresh samples were divided into two parts: one was
stored at 4 ‘C for bacterial culture, and the other was
stored in a — 80 ‘C refrigerator for the determination of
ARGs.
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Determination of the total culturable heterotrophic

and antibiotic-resistant bacteria

Samples (5.00 g) were added to a conical flask with
45 mL sterile water and then shaken at 200 rpm and
25 °C for 30 min. The total culturable heterotrophic
bacteria (TCB) were determined by beef extract-pep-
tone agar medium (Beijing Solarbio Science & Technol-
ogy Co. Ltd. China). In brief, the concentration of CTC,
SMX and LIN and CIP in the different mediums was 16,
76, 16, and 4 pg/mL, respectively, according to the Clin-
ical and Laboratory Standards Institute guidelines to
determine the abundance of ARB [16]. The plates were
incubated for 24 h at 35 C. TCB and ARB levels were
calculated from CFU on non-selective and selective
mediums. Plates containing all four antibiotics were
used to detect multiple antibiotic-resistant bacteria
(MRB). ARBs were denoted as chlortetracycline-resist-
ant bacteria (CRB), sulfamethoxazole-resistant bacteria
(SRB), lincomycin-resistant bacteria (LRB), ciprofloxa-
cin-resistant bacteria (CIRB), MRB, respectively.

DNA extraction and quantitative polymerase chain
reaction

DNA extraction from samples was performed with a
TIANamp Stool DNA Kit (Tiangen Biotech, Bejing,
China) according to instructions provided by the man-
ufacturer. DNA quality was checked on 1% agarose gel.
DNA concentration was determined by Nano Drop one
(Thermo, USA). DNA samples stored at — 20 C until
use. Quantitative polymerase chain reaction (qPCR)
was performed from the extracts to quantify tetracy-
cline (tetW, tetX, tetG, tetO, and tetA), sulfonamide
(sull and sul2), macrolide (ermC, ermA, and InuA),
quinolone-resistance genes (gnrA and gnrS), two inte-
grons (intIl and intI2), one multiple resistance gene
(floR). The primers, sequence amplification length, and
annealing temperature are detailed in Additional file 1:
Table S2. The detailed protocols for qPCR are described
in Additional file 1.

Pretreatment of TCB and ARB, and sequence analysis
Sequencing analysis was performed on single repre-
sentative sample (days 0, 7, 21, and 35) in different
treatments. The pretreatment method referred to a
previous study with some modifications [9]. All bacte-
ria colonies in a plate were combined and washed with
ddH,O. Bacteria solution was mixed and centrifuged
for 5 min (10,000 rpm) and then the supernatant was
dumped. The 16S rRNA sequence analysis was used to
identify the taxonomic status of a bacterial species. The
procedure used was as follows:
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High throughput sequencing was conducted using the
INlumina Miseq PE300 platform (Illumina, San Diego,
CA, USA) by Shanghai Majorbio Bio-pharm Technol-
ogy. The primers 338F and 806R were used to target
the V3-V4 region of 16S rRNA gene [2]. The raw data
was spliced and filtered for quality control and aggre-
gated using Usearch software (http://www.drive5.com/
usearch/), and non-repeat sequences were identified
and single sequences were removed to get rid of repeti-
tion. Clustering of operational taxonomic units (OTU)
was conducted into minimum taxon using a similarity
level of 97% to generate and a Biological Observation
Matrix (BIOM) table. The Bayesian algorithm using the
RDP (Ribosomal Database Project) classifier (https://
omictools.com/) was applied for the taxonomic analysis
of representative OTU using Qiime (http://qiime.org/).
This was accomplished by first extracting and added
from each OTU as the representative sequence, com-
pared with the RDB (Relational Database), and OTU
was associated with bacterial species to form an OTU
abundance table.

Statistical analysis

Basic statistical calculations were performed using Origin
9.1 (Origin Lab, San Diego, CA, USA). Significant differ-
ences were calculated using one-way analysis of variance
(ANOVA) with IBM SPSS 23.0 Statistics (IBM, Chicago,
ILL, USA). Heatmaps and principal co-ordinates analy-
sis (PCoA) were constructed using Vegan, PCoA of R
3.5.2 (https://www.r-project.org/), respectively. The net-
works were built using Networkx software (http://netwo
rkx.github.io/) according to the relative contents of each
genus after classification.

Results and discussion

Variation in abundance of TCB and ARB at different stages
of composting

Compared with Control (T0), the absolute abundance
of TCB decreased in T1-T5, ranging from 1.48 x 10**
to 3.04 x 10'! CFU/g (Fig. 1). The addition of antibiotics
affected on the bacterial community in the raw mate-
rial. In T5, the absolute abundance of TCB was lower
than other treatments. It was mainly because of the high
concentration of antibiotics, which strongly affected
microbial activity [17]. The absolute abundance of TCB
decreased in the first 7 days of composting. The compost-
ing temperature was above 60 °C, inhibiting the activity
of some bacteria [12]. In addition, sudden changes in the
living environment might inhibit the growth of various
sensitive microbes [18]. The absolute abundance of TCB
decreased by 4-5 logs in T3-T5 treatments, while only
2 logs in T1 and T2 treatments. This indicated that the
abundance of TCB was also affected by antibiotic types.
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Fig. 1 Absolute abundance of total cultivable heterotrophic bacteria (TCB) and antibiotic-resistant bacteria (ARB). CRB chlortetracycline-resistant
bacteria, SRB sulfamethoxazole-resistant bacteria, LRB lincomycin-resistant bacteria, CIRB ciprofloxacin-resistant bacteria, MRB multiple
antibiotic-resistant bacteria. TO is the control; T1 is chlortetracycline treatment; T2 is sulfamethoxazole treatment; T3 is lincomycin treatment; T4 is
ciprofloxacin treatment; T5 is multiple antibiotics treatment (The same below)

At the end of composting, the absolute abundance of
TCB decreased to 6.96 x 10’ CFU/g in TO; while, it was
similar in the presence of CTC, SMX, and LIN (T1-T3).
In contrast, TCB was reduced to 9.8 x 10° CFU/g in T4
and 1.06 x 10° CFU/g in T5 (Fig. 1). A previous study
showed that most antibiotics were degraded rapidly
within 13 days [19]. Selvam et al. (2012) also indicated
that sulfadiazine was completely degradation within
3 days; however, CTC was within 21 days, 1.17 mg/kg
of CIP was extracted after 56 days of composting [18].
The influence of CIP on bacterial community was more
substantial than other antibiotics at the same concentra-
tion in composting. The most obvious influence was also
observed on composting’s physical and chemical proper-
ties in the treatment with CIP [12].

The populations of bacteria resistant to each antibi-
otic were not different from TO, with the abundance
ranging from 21.6 to 1.44 x 10'> CFU/g (Fig. 1). In the
first 2 days, the absolute abundance of ARB decreased
gradually, while the relative abundance increased. For
example, CRB increased from 5.90 to 12.85% in T1; SRB
increased from 5.66 to 12.14% in T2 (Additional file 1:
Fig. S1). The higher occurrence of ARB after composting

was most likely due to mutation in common genes that
thus extend their spectrum of resistance [20], transfer of
ARGs among diverse bacteria (e.g., plasmids) [20], and
selective pressure of the antibiotics [20, 21]. In this study,
mutation or horizontal transfer of CRB and SRB might be
more likely to occur under the selection pressure of CTC
or SMX. Therefore, the relative abundance of CRB and
SRB increased within 2 days of composting. The absolute
abundance of ARB was reduced by more than 6 orders
of magnitude during the 35 days composting. On the one
hand, ARB is also affected by temperature at the early
stage of composting. On the other hand, the antibiotics
degraded gradually over time. Yang et al. (2017) indi-
cated that ARB was correlated with antibiotic concentra-
tions [22]. Antibiotics degraded rapidly in the early stage
of composting; thereby ARB did not increase at the end
of composting. In T4 and T5, the absolute abundance
of MRB was 0.24-1.75 x 10* CFU/g (Fig. 1). However,
MRB was not found after day 21. It is possible that the
combined action of high temperature and the four anti-
biotics inhibited the growth of MRB. Yang et al. (2016)
have shown that Enterococcus was the most prevalent
member of MRB (amoxicillin, kanamycin, gentamicin,
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and cephalexin) community (93.7%) in the swine manure
[23]. The results also showed that MRB was also affected
by the type of antibiotics. No MRB was detected at the
end of composting. The absolute abundance of four
ARBs was 9.42 x 10°-2.51 x 10* CFU/g, the order of ARB
abundances was LRB>CRB>SRB>CIRB>MRB in the
end (Fig. 1).

Variation of TCB community structure

Actinobacteria, Bacteroidetes, Firmicutes, and Proteo-
bacteria were the primary phyla of TCB (Fig. 2). The
abundance of Proteobacteria was>65% in all treat-
ments. The major genera were Escherichia and Shigella
(Fig. 3). The abundance of Proteobacteria decreased,
and the most apparent reduction was in T4, where they
were reduced from 80 to 0.056% due to the abundance
of Escherichia and Shigella decreased on day 7 (Fig. 3).
Suhera et al. (2019) studies have shown that CIP had an
inhibitory effect on almost all bacteria in the compost-
ing [24]. The combination of high temperature and CIP
might be the reduction of culturable Proteobacteria. On
days 7 and 21, Alcaligenes, Pseudomonas, Comamonas
genus and Acinetobacter were main genera in T1, indicat-
ing a relative insensitivity or strong tolerance to CTC as
compared with other antibiotics. On day 21, Comamonas
genus displayed a notable decrease to 1%, indicating that
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Comamonas genus was sensitive to temperature and
their decline correlated with CTC levels.

The abundance of Bacteroidetes was 20.36-0.65% in
TO0-T5, indicating that antibiotics impacted on Bacteroi-
detes in the initial stage. Sphingobacterium and Flavobac-
terium were dominant genera. On day 7, Bacteroidetes
increased to 36.59%, 29.24%, and 34.76% in TO, T2, and
T5, respectively, while decreased in other treatments
(Fig. 2). Bacteroidetes has been shown to increase dra-
matically in cow manure and rice straw composts during
the thermophilic phase due to the presence of thermo-
philic species [25]. This indicated that CTC, LIN and CIP
inhibited the growth and reproduction of Bacteroidetes
or even killed them. On day 21, Bacteroidetes increased
to 29.80% and 25.72% due to the high abundance of
Sphingobacterium in T4 and T5. In the end, Bacteroi-
detes decreased except for T2. This result was similar to
Proteobacteria which was relatively heat-sensitive. The
abundance of Bacteroidetes was increased, accounted
for 62.02% in T2 due to Parapedobacter and Niabella
rising to 36.61% and 21.51%, respectively. In contrast,
these genera were inhibited by SMX in the initial stage.
They eventually regained growth or developed antibiotic
resistance as the SMX was degraded and the temperature
was reduced [3].

Actinobacteria was relatively low at 0.63-6.46 % in
all treatments. Actinobacteria increased to 61.09 % and
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Fig. 2 Community abundance succession of total culturable heterotrophic bacteria in the phylum. 0, 7, 21, and 35 are the sampling time
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25.67 % due to the presence of Glutamicibacter spp. in
T1 and T2 (Figs. 2, 3). Therefore, CTC and SMX inhib-
ited the growth and reproduction of Actinobacteria,
but Glutamicibacter spp. gradually recovered or either
developed or was intrinsically resistant. In the end, only
in TO and T3, the abundance of Actinobacteria increased
to 28 % and 10.13 %, respectively (Fig. 2). In the absence
of antibiotics, Corynebacterium was the dominant genus
at 28 % and demonstrated the resilience of this genus to
composting, and has developed LIN resistance. These
results were also consistent with a previous compost-
ing study which indicated Corynebacterium was a major
genus [26].

The abundance of Firmicutes was 3.36-22.72% in all
treatments (Fig. 2). The primary genera were Bacillus,
Lysinibacillus, Sporosarcina, Enterococcus, and Staphylo-
coccus (Fig. 3). Most genera were endospore formers and
resistant to high temperatures [27]. Bacillus was isolated
at the highest frequency in composting benefiting from
their thermotolerance, and greatly impacted on degra-
dation of waste [28, 29]. The abundance of Firmicutes
reached 99.94%; the dominant genera were Lysinibacillus
and Solibacillus in T4 (Figs. 2, 3). Both of these developed
CIP resistance or a small resistant population became

more abundant under CIP selection pressure. On day 35,
Firmicute had a complete comparative advantage (except
for T2), included Lysinibacillus, Bacillus, Solibacillus and
Sporosarcina. The abundance of Firmicutes was relatively
low because of the high proportion of Bacteroidetes in
T2. These results indicated that the influence of antibiot-
ics on microbial community structure was a continuous
process despite the degradation of antibiotics.

The community structure of ARB

Compared with other phyla, Proteobacteria had the
highest relative abundance in the initial stage, while Fir-
micutes became the dominant phylum with the extension
of composting (Fig. 4). MRB was found only in the early
stages of composting. On day 7, Proteobacteria (99.93%)
was the dominant MRB; Enterobacter was the main genus
(Figs. 4, 5). Enterobacter is an opportunistic pathogenic
genus that can cause extra-intestinal infections in the
urinary, respiratory tracts, and wounds, which possess
resistance to different antibiotics [9, 22]. Alikkunju et al.
(2016) study showed that the optimum growth tempera-
ture of Enterobacter was 25 °C which exhibited enzyme
production and good growth at a temperature range of
15-35 °C, pH 5-10 [30]. In this study, the first 20 days of
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composting were above 50 °C [12]. Therefore, MRB was
not detected at the end of composting.

The dominant CRB genera were Escherichia and Shi-
gella, Enterobacter, Psychrobacter, Sphingobacterium,
and Alcaligenes in the initial stage. Compared with Con-
trol (T0), the abundance of Escherichia and Shigella, and
Pseudomonas increased, indicating that the existence of
antibiotic enhanced bacterial resistance to CTC. As the
composting continued, Firmicutes gradually replaced
Proteobacteria becoming the primary CRB phylum. The
dominant CRB genera were Sporosarcina, Lysinibacil-
lus, Bacillus, Solibacillus. Corynebacterium accounted
for 10.64% in T1. It is a facultative anaerobe and a path-
ogenic genus. Its CTC resistance was consistent with
previous studies [31]. Composting generally had a het-
erogeneous population composed of animal and human
pathogens that could cause disease in livestock [32, 33].
These findings suggested that CTC increased the risk of
human pathogenic bacteria circulating in the environ-
ment and posed a threat to human health.

Proteobacteria and Bacteroidetes were the main SRB
phyla in the initial stage (Fig. 4). The dominant genera
included Escherichia and Shigella, Enterobacter, Alca-
ligenes, and Sphingobacterium (Fig. 5). The abundance of

Escherichia and Shigella increased in T2, indicating that
SMX induced bacterial resistance, which was consistent
with a previous study [34]. Escherichia and Shigella has
been frequently reported in livestock and poultry feces,
and was a common fecal-resistant microorganism [9,
35]. On day 7, Sporosarcina and Bacillus dominated at
23.79% and 54.49%, respectively (Fig. 5). Liu et al. (2019)
indicated that Bacillus could be associated with SMX
removal [36]. These might explain the high abundance of
Bacillus in the early stage. In the end, the dominant gen-
era for SRB included Sporosarcina and Solibacillus in T2.

Proteobacteria and Bacteroidetes were also the main
phyla of LRB in the early composting stage (Fig. 4).
Escherichia and Shigella, Pseudomonas, and Empedobac-
ter were the primary LRB in T3. Escherichia and Shigella,
and Pseudomonas have been found to be resistant to vari-
ous antibiotics [9, 22]. Compared with T0, the abundance
of Firmicutes increased, the dominant LRB were Psychro-
bacillus, Comamonas genus and Flavobacterium on day
7, indicating that these genera showed strong tolerance
to LIN. At the end of composting, Firmicutes, Actinobac-
teria and Proteobacteria dominated in the phyla of LRB
with a ratio of 43.44%, 36.22% and 19.36%, respectively
(Fig. 4). In addition, Lysinibacillus, Acinetobacter and



Song et al. Environ Sci Eur (2021) 33:91

Corynebacterium were increased (Fig. 5). It was reported
that Corynebacterium, a pathogenic genus, was a major
genus in animal manure and organic fertilizer [32, 33]. It
was also found to resistant to CTC. As a result, the risk
of Corynebacterium should be considered in composting.
Antibiotic residues in manure exerted a selective pres-
sure on the bacterial community and induced the emer-
gence of diverse ARGs even at low concentrations [37].
LIN might enhance horizontal transfer of ARGs, leading
to the increase of LRB at phylum and genera, and indicat-
ing that the ecological risk of LIN was higher than other
antibiotics.

CIP resistance was dramatically changed in T4 (Figs. 4,
5). The dominant CIRB was Proteobacteria in the first
21 days of composting; Firmicutes (98.87%) became the
dominant phylum in the end in TO. On day 7, Firmicutes
increased, the dominant genera were Escherichia and
Shigella, and Solibacillus (Figs. 4, 5). These genera were
common ARB in manure. Previous researchers obtained
similar results, who found the primary ARB was Entero-
bacter, Alcaligenes, Escherichia and Shigella, Acinetobac-
ter, Enterococcus, and Bacillus in livestock and poultry
manure [22]. In the end, Firmicutes was the absolute
dominant phylum at 91.57%, Sporosarcina was the domi-
nant genus (Figs. 4, 5). A study monitored the bacterial
community spiked with CIP at two different levels (2,
20 mg/kg) during swine manure composting; found that
Sporosarcina were selectively enriched in antibiotic treat-
ments [18]. These results indicated that the sensitivity of
Sporosarcina to CIP, and the potential selection of spe-
cific bacteria.

Previous studies have found that ARBs were Alca-
ligenes,  Lampropedia,  Escherichia,  Enterococcus,
Corynebacterium, Lactobacillus, Citrobacter, Bacillus
and Pseudomonas [22]. Sporosarcina, Bacillus, Entero-
bacter, Lysinibacillus, Enterococcus, Escherichia and Shi-
gella were resistant to all tested antibiotics in this study.
The changes in the environment by the composting
reduced the bacteria diversity, and favored the growth
of tolerant bacteria [18]. This might be the reason for
the difference between the results of ARB and those of
previous studies. The widespread use of antibiotics has
resulted in ARB development, which often co-carried
aminoglycoside, quinolone, chloramphenicol, and sul-
fonamide resistance [38]. Bacteria developed antibi-
otic resistance due to the presence of ARGs; horizontal
gene transfer was a primary reason driving alterations in
antibiotic resistance. When ARB from feces entered the
soil, they carried ARGs that were capable of horizontal
transfer to indigenous bacteria and even to some human
pathogens, such as Salmonella, Campylobacter, and Shi-
gella [37, 39]. In this study, ARB still existed at the end of
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composting. Therefore, ecological risks of manure needs
to be evaluated.

Analysis of differences in TCB and the relationship
between ARB and ARGs
Bacterial genera were reduced by 32 in T4 compared
with other treatments (Additional file 1: Fig. S2). This
indicated that CIP had the greatest impact on bacteria
and reduced species richness, which was most likely the
result of a wide bactericidal spectrum [24]. PCoA was
used to identify any significant factors that influenced
experimental results. PC1 and PC2 accounted for 75.92%
of the changes in bacteria levels (Fig. 6). The bacterial
community of different treatments was not separated,
while there was a difference at different composting
stages. These results indicated that alterations of the bac-
terial community structure in different treatments were
primarily influenced by the different composting stages
but not antibiotics types in composting. Previous studies
concluded that the existence of antibiotics caused only
a transient perturbation and the bacterial community
structure was restored after 3 weeks of composting [18],
and the microbial community could be affected by the
composting materials and antibiotic concentration [40].
Based on the above results, an interactive network of
30 primary genera was generated to analyze the poten-
tial hosts of ARGs at different composting stages (Fig. 7).
Only Psychrobacillus was significantly positively corre-
lated with tetX (p<0.05), indicating that Psychrobacillus
might be the potential host of zetX on day 7. Psychroba-
cillus belongs to Firmicutes. A Previous study reported
that Actinobacteria and Firmicutes were prevalent
during the thermophilic phase of composting, and the
prevalence of ARGs increased at the end of composting
[41]. However, Solibacillus and Enterococcus of Firmi-
cutes, Corynebacterium of Actinobacteria were signifi-
cantly negatively correlated with various ARGs (Fig. 7a).
In this study, the bacterial genera belonged to ARB. The
culture-based methods captured only a small propor-
tion of the whole bacterial community (0.1-10%); ARB
resistance cannot be mediated by the ARGs being ana-
lyzed [42]. Previous studies have shown that Bacteroi-
detes might be important hosts for tetC, tetX, sul2, and
intll [43]. On day 7, Proteobacteria was the main phylum
of ARB, and the abundance of ARB decreased (Fig. 4).
These might be partially explaining the high degradation
rate of ARGs (Additional file 1: Table S3). As the com-
posting continued, we found that ermA was significantly
positively correlated with Corynebacterium, Bhargavaea
and unclassified-Bacillales, which might be the host bac-
teria or synergistic bacteria for ermA. A previous study
indicated that the concentration of ARGs was posi-
tively correlated with the abundance of corresponding
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Fig. 6 Principal co-ordinates analysis (PCA) of total culturable heterotrophic bacteria (TCB)

bacteria hosts [44]. However, the degradation rate of
ermA reached levels >99% by 35 days (Additional file 1:
Table S3). We found that ermA was correlated negatively
with Solibacillus (Fig. 7c). The high degradation rate of
ermA might be related to Solibacillus as the composting
matured (Fig. 5). In addition, Escherichia and Shigella of
Proteobacteria was reported as the carrier of tetA, Pseu-
domonas was the shelter of tetA and tetG [45]. Bacillus
was significantly negatively correlated with both tetA
and ermC (Fig. 7c). Similar results were found for tetO.
Overall, the decrease in abundance of culturable Pro-
teobacteria and the increase of partially culturable Fir-
micutes (Solibacillus, Bacillus) might be explaining the
high degradation rate of various ARGs with the progress
of composting. Pathogenic bacteria (Corynebacterium,
Acinetobacter, and Enterococcus) could not be completely
removed, and the existence of antibiotics led to a partial
proliferation (Fig. 5). Previous studies have shown that
pathogenic bacteria were significantly correlated with
ARGs, indicating that pathogenic bacteria could become
a major host of ARGs [32, 46, 47]. Enterococcus was sig-
nificantly positively correlated with tetX (p<0.05). No
significant positive correlations were observed between
other pathogenic bacteria and ARGs. Anyhow, the spread
risk of pathogenic bacteria to farmland soil and crops
cannot be ignored in the application of swine manure.

Conclusions

In the first 7 days, the abundance of TCB decreased.
At the end of composting, the lowest TCB abun-
dance was found in T4 (9.8 x10° CFU/g) and T5
(1.06 x 10° CFU/g), respectively. Total ARB decreased,
while their relative abundance increased on day 2. CRB
and SRB increased from 5.90 to 12.85%, 5.66 to 12.14%,
respectively. LRB had the highest relative abundance in
the whole composting process. The absolute abundance
of ARB was LRB>CRB>SRB>CIRB>MRB. Antibi-
otics led to a partial proliferation of ARBs including
Corynebacterium, Sporosarcina, Solibacillus, and Aci-
netobacter. Especially Corynebacterium, a pathogenic
genus, was observed in the treatments of CTC and LIN.
In addition, the existence of LIN expanded the range
of LRB at the phyla level (Firmicutes, Actinobacteria
and Proteobacteria) at the end of composting. It indi-
cated that these bacteria were more likely resistant to
LIN, and thus the ecological risk of LIN was higher
compared with other antibiotics studied in this work.
PCA analysis showed that the composting stages pri-
marily influenced the alteration of bacterial commu-
nity structure. The network analysis indicated that the
decrease in the abundance of culturable Proteobacteria
and the increase of culturable Firmicutes might par-
tially explain the high degradation rate of various ARGs
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in composting process. These results provide valuable
reference for the ecological risk control of antibiotic
resistance during swine manure composting.
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