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Abstract
Swine manure treatment plants are important reservoirs of plasmid-harboring antibiotic resistance genes (ARGs) and phys-
icochemical contaminants, but the changes in the abundances of plasmids and ARGs, and their interactions with the phys-
icochemical properties of manure, are still unclear. Thus, in the present study, plasmidome and metagenome analyses were 
conducted for samples collected at different stages in the swine manure treatment process. The results indicated that anaero-
bic digestion and aerobic digestion were the most efficient stages for reducing the abundances of ARGs in swine manure. 
However, the plasmids associated with ARGs were not effectively removed in these stages. Through the whole treatment 
process, the IncL/M, IncQ1, IncHI2A, IncA/C, and IncN plasmid groups had strong correlations (r > 0.8, P < 0.01) with 
most ARG types, thereby indicating that these plasmids play important roles in the persistence of ARGs in this environment. 
Furthermore, the pH, total nitrogen, total phosphorus, and four heavy metals (Cu, Zn, As, and Fe) significantly affected the 
abundances of seven ARG subtypes (tetB(P), ant(6)-Ia, tet44, aph(3′′)-Ib, mefB, tet(L), and tet(39)). In particular, florfenicol 
had the most positive correlations with ARGs. Our results indicated that nutrients, heavy metals, and antibiotics all contrib-
uted to the presence and persistence of plasmid-harboring ARGs. This study provides insights into the fate of plasmids and 
ARGs, and related factors during the swine manure treatment process, thereby facilitating the development of a new treatment 
technique for removing ARGs and reducing the public health risk associated with livestock production.
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Introduction

In China, more than 600 million swine are produced each 
year and about 618 billion kg of swine manure (Wang et al. 
2006). Many veterinary antimicrobials are applied in swine 
husbandry for the treatment and prevention of disease (Sel-
vam et al. 2012; Zhu et al. 2013a). As a consequence, swine 
manure is a major source of residual antimicrobials. Fur-
thermore, studies increasingly indicate that swine feedlot 
manure comprises a huge reservoir of antibiotic resistance 
genes (ARGs) (Heuer et al. 2011; Van den Meersche et al. 
2019; Wen et al. 2019), most of which are carried and spread 
by plasmids (Bennett 2008; Che et al. 2019; Loftie-Eaton 
et al. 2016). These ARG-harboring plasmids with a high 
capacity for transmission in the environment are a risk to 
global public health (Carlet 2015; Cheng et al. 2013; Dyson 
et al. 2019; He et al. 2016; Kime et al. 2019).
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However, the current large-scale swine feedlot manure 
treatment methods are often based on solid–liquid sepa-
ration, anaerobic digestion, and precipitation processes 
(Liang-wei 2001; San-cheng et  al. 2010), and they are 
mainly applied to avoid polluting the environment with high 
concentrations of organic matter and to convert manure into 
fertilizer and biogas. The effective elimination of plasmids 
and ARGs has not been achieved during the manure treat-
ment process. Moreover, changes in the chemical and bio-
logical contents (including nitrogen, phosphorus, potassium, 
copper, zinc, arsenic, iron, doxycycline (DO), oxytetracy-
cline (OTC), enrofloxacin (ENR), and florfenicol (FFC)) 
of sewage and waste may have different effects on the fate 
of plasmids and ARGs. Some previous studies investigated 
the effects of various physicochemical properties on ARGs 
(Baker-Austin et al. 2006; Zhang et al. 2017, 2020; Zhou 
et al. 2017), but most focused on the impact of a single fac-
tor on a specific type of ARG. Thus, the effects of multiple 
physicochemical properties on plasmids and ARGs in com-
plex communities are not well understood.

Therefore, in the present study, we conducted simultane-
ous plasmidome and metagenome analyses, which are char-
acterized as high throughput and cultivation independent 
(Szczepanowski et al. 2008), in order to obtain information 
about the extrachromosomal elements in the whole com-
munity, irrespective of the encoded traits (Dib et al. 2015). 
In particular, we aimed (i) to monitor the variations in the 
plasmid and antimicrobial resistome in each swine manure 
treatment stage; (ii) to assess the performance of the cur-
rent swine manure treatment techniques at eliminating ARGs 
in the different treatment stages; and (iii) to determine the 
changes in the physicochemical properties during the treat-
ment process, and the correlations between these factors and 
the abundances of ARGs. Our results provide insights into 
the occurrence of plasmids and ARGs, and various physico-
chemical properties in the swine manure treatment stages, 
as well as their correlations. These findings may facilitate 
improvements to the waste treatment techniques to enhance 
reductions in the abundances of ARGs and reduce the public 
health risk associated with livestock production.

Methods

Sampling

Sampling was conducted in a swine manure treatment 
plant located in Jianyang, Sichuan Province, China, where 
the swine industry is well developed. The plant processed 
approximately 20 tons of manure each day. The main sew-
age storage facilities had a capacity of 4322 m3, and the 
composting sites covered about 800 m2. The solid and liquid 
components of fresh manure were separated in septic tanks 

with a volume of 2 m3. The dehydrated manure was trans-
ported to the composting site (CO) for stacking and the liq-
uid was transported to regulating tanks with a volume of 20 
m3, integrated anaerobic digestion tanks (anaerobic diges-
tion tanks, AN) with a volume of 800 m3, aeration tanks 
(aerobic digestion, AE) with a volume of 960 m3, oxidation 
tanks (planted with aquatic plants) with a volume of 21,400 
m3, sand filter tanks (SF) with a volume of 800 m3, and stor-
age pools with a volume of 350 m3. Triplicate samples were 
collected (Guo et al. 2017; Wang et al. 2021) at each stage of 
the manure treatment process comprising fresh manure (FM) 
from a manure septic tank, dewatered manure from CO, and 
effluent from AN, AE, primary oxidation pond (PO), sec-
ondary oxidation pond (SO), and SF (Fig. 1). We collected 
100-g and 1-L samples of compost and sewage, respectively, 
where samples from the same stage were mixed, and then 
divided into two parts for total DNA extraction and plasmid 
DNA extraction. All samples were stored at 4 °C until DNA 
extraction.

Total DNA extraction

Total genomic DNA was extracted from compost samples 
using a DNeasy® PowerSoil® Pro Kit (Qiagen, Germany). 
DNA was extracted from the liquid samples using a Water 
DNA Kit (Omega, USA) according to the manufacturer’s 
protocol. Three DNA samples extracted from the same stage 
were mixed. Next, the quantity and quality of the DNA 
mixture were determined using a NanoDrop 2000 spectro-
photometer (Thermo Scientific, USA). DNA samples were 
stored at – 20 °C for subsequent analyses.

Plasmid DNA extraction

Two compost samples weighing 10 g were used for plasmid 
DNA extraction in 40 mL of 0.01 M phosphate buffer in 
50-mL centrifuge tubes. The samples were mixed thoroughly 
and centrifuged at 1000 × g for 5 min. The supernatant was 
removed and placed in a 50-mL centrifuge tube. The pre-
cipitate was mixed with 40 mL of 0.01 M phosphate buffer 
and the previous step was repeated two times, where the 
supernatant was retained after centrifugation at 10,000 × g 
for 5 min and the precipitate was collected. Phosphate buffer 
was used to wash the precipitate until it was clear. Finally, 
the precipitate was used for plasmid DNA extraction.

For the liquid samples, the precipitate was collected fol-
lowing centrifugation at 10,000 × g for 3 min and then re-
suspended in pre-chilled 50-mL poly (β-amino) ester buffer. 
Large particles and eukaryotic cells were removed after cen-
trifugation at 200 × g for 6 min. The supernatant was then 
centrifuged at 10,000 × g for 6 min, and the precipitated 
microbial biomass was collected.
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The precipitates obtained as described above were used 
for plasmid DNA extraction with a Large-Construct Kit 
(QIAGEN, Germany) (which is a genomic DNA-free kit) 
according to the manufacturer’s protocol, where three rep-
licates were mixed to produce one sample. The quality and 
concentration of the DNA samples were assessed using a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, 
USA), before storing the DNA extracts at – 20 °C.

High‑throughput sequencing

Total DNA and plasmid DNA samples were sequenced 
by the Illumina Hiseq X Ten platform (Illumina, USA) 
with the 150-bp paired-end strategy. Low-quality reads 
and adapter sequences were removed using Trimmomatic 
(v0.36) (Bolger et al. 2014) with the default parameters 
“trimmomatic-0.36.jar PE -phred64 LEADING:10 
TRAILING:10 MINLEN:50 TOPHRED33.” We assembled 
the clean reads with SPAdes (v2.03) (Antipov et al. 2019) 
with “–meta –plasmid” as parameters, and systematically 
assessed the quality of the results using QUAST (v5.0.2). 
Open reading frames (ORFs) in the assembled contigs 
from each sample were predicted using Prokka (v1.13.3). 
CD-HIT (v2.7) was used to remove redundant metagenomic 
data and plasmidomic data with the parameters: “-c 0.95 -G 
0 -aS 0.9 -g 1 -d 0.”

Annotation of microbial communities and plasmids

MetaPhlAn (v2.7.8) (Segata et al. 2012) was used for taxo-
nomic profiling. Complete sequences of plasmids up to July 
2019 were downloaded from the NCBI website. The “make-
blastdb” command (BLAST + 2.9) was used to format these 
sequences and to construct a plasmid database. A python 
script was written to add metadata for these plasmids, 
including accession, organism source, and plasmid name. 
All contigs in the plasmidome were clustered with iden-
tity ≥ 95% using CD-HIT (v2.7), and the longest sequence 
in each group of clusters was output as the representative 
sequence. The representative sequences were aligned against 
the constructed plasmid database using BLASTN with: iden-
tity ≥ 95%, coverage ≥ 80%, and E-value ≤ 1e − 5. Sequences 
that hit a same known plasmid was defined as a “plasmid 
type” and designated with the accession number of the 
matching known plasmid. Plasmid replicon information was 
annotated using Plasmidfinder (v2.0.1) (Carattoli et al. 2014) 
with identity ≥ 95% and coverage ≥ 60%. Plasmid mobility 
was also annotated using Plascad (Che et al. 2021).

Detection and quantification of ARGs

ARGs were annotated with the Comprehensive Antibiotic 
Resistance Database (CARD) (v3.8.1; (Alcock et al. 2020) 
and ResFinder database (v3.8; (Zankari et al. 2012) using 

Fig. 1   Schematic illustration of the sampling site and swine manure 
treatment stages. The samples comprised fresh manure (FM) from 
the manure septic tank, dewatered manure from the composting site 

(CO), and effluent from the anaerobic fermentation tank (AN), aera-
tion tank (AE), primary oxidation pond (PO), secondary oxidation 
pond (SO), and sand filter tank (SF)
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BLASTN with E-value ≤ 1e − 5, sequence identity ≥ 90%, 
and alignment length ≥ 75 nt, and the optimal alignment was 
selected. Salmon (v1.2.0; (Patro et al. 2017)) was used to 
calculate the lengths of the resistance genes in each sample 
and to calculate their abundances based on the number of 
reads in the alignment. The formula used to calculate the 
abundance of genes (Xiong et al. 2018) is as follows:

Nmappedreads	� represents the number of reads relative to the 
target gene ORF.

Lreads         �     represents the length of reads.
Ltargetgene	       �represents the ORF length for the target gene.
S	       �represents the data set size in gigabytes.

Salmon was used to obtain abundance information 
directly for plasmids (Wagner et al. 2012).

Determination of physicochemical properties

The physicochemical properties of the manure were meas-
ured during the treatment process by Qingdao Sci-tech 
Innovation Quality Testing Co., Ltd. The pH value and total 
organic carbon (TOC) concentration were measured with 
a pH meter (PHS-3C, INESA, China) and TOC analyzer 
(TOC-V CPH, Thermo, USA), respectively. The concen-
trations of total nitrogen (TN), total phosphorus (TP), total 
potassium (TK), and heavy metals (copper (Cu), zinc (Zn), 
arsenic (As), and iron (Fe)) were measured by inductively 
coupled plasma mass spectrometry (Optima, 2000 DV, Per-
kin Elmer, USA) (Yuan et al. 2004). The concentration of 
four antimicrobials comprising DO, OTC, ENR, and FFC 
were determined according to National Standard SN/T 
4747.3–2017 using ultra-performance liquid chromatogra-
phy-tandem mass spectrometry (Batt et al. 2008).

Data analysis and visualization

The means, standard deviations, and significant differences 
in high-throughput data and physicochemical properties 
were analyzed using R (v3.5.0) with the base packages 
(v3.5.0) and aov function. Pheatmap (v1.0.12) in R was used 
to draw heatmaps representing the abundances and diversity 
of microorganisms, plasmids, and ARGs. Venn diagrams 
were prepared to assess the numbers of shared and unique 
plasmid types in samples from different stages with the Venn 
package (v1.9) in R. Other diagrams were generally prepared 
with ggplot2 (v3.3.2). Network analysis was conducted to 
investigate the associations among ARGs and plasmids. 
Hmisc (v4.0–2) in R was used to calculate the Spearman’s 

Abundance(coverage,×Gb) =
∑n

1

Nmapped reads×Lreads∕Ltarget gene ORF

S

correlation coefficients between plasmids and ARG subtypes 
(strong correlation value at |r|> 0.8 and significant difference 
at P < 0.05). Gephi (v0.9.2) software was used for network 
visualization. The correlations between plasmids and phys-
icochemical properties were investigated using GraphPad 
Prism 6 by analyzing the Pearson’s correlation coefficients. 
Among the coefficients obtained, r > 0 indicated a positive 
correlation, r < 0 indicated a negative correlation (P < 0.05 
denotes a significant correlation), 0.5 ≤ ∣r∣ ≤ 0.8 indicated a 
moderate correlation, and ∣r∣ > 0.8 indicated a high correla-
tion. The correlation heatmap was also drawn using Graph-
Pad Prism 6.

Results

Diversity of plasmids in PMTP

According to the results, 30.17% (565 of 1873), 16.92% 
(581 of 3433), 7.48% (97 of 1297), 5.89% (217 of 3682), 
14.18% (114 of 804), 10.89% (205 of 1882), and 6.35% (389 
of 6263) of the representative sequences matched known 
plasmids in CO, AN, AE, PO, SO, and SF, respectively. 
After clustering these contigs based on the known target 
plasmids, 440, 375, 233, 117, 59, 97, and 192 plasmid types 
were found in FM, CO, AN, AE, PO, SO, and SF, respec-
tively (Fig. 2). During the overall treatment process, only 10 
plasmid types were present from FM to SF, and most of their 
hosts belonged to the phyla Proteobacteria and Bacteroidetes 
(Table S6).

From FM to PO, the diversity of plasmids tended to 
decrease and the lowest point was reached in PO (n = 59). 
By contrast, from PO to SF, the diversity of plasmid types 
increased, with 192 in the last stage (SF). In addition, the 
number of unique plasmid types tended to increase from 
FM to SF, with 188, 130, 51, 16, two, 15, and 84 different 
plasmid types in FM, CO, AN, AE, PO, SO, and SF, respec-
tively (Fig. 2).

Analysis at the family level also showed that the diversity 
of the plasmid hosts changed greatly. In particular, Campy-
lobacteraceae, Enterobacteriaceae, and Moraxellaceae were 
dominant in FM, CO, and AN, respectively, whereas Burk-
holderiaceae and Rhodocyclaceae were dominant in AE and 
PO. The plasmid host communities were more diverse in SO 
and SF (Fig. S3).

Changes in abundances of ARGs during swine 
manure treatment process

In total, 185 ARG subtypes were detected in the plasmi-
dome and metagenome, and most conferred resistance to 
aminoglycosides, tetracyclines, diaminopyrimidines, fluoro-
quinolones, β-lactams, macrolides, phenicols, sulfonamides, 
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lincosamides, MLS group antibiotics, and multidrug resist-
ance antibiotics (resistance genes belonging to 3 or more 
CARD drug classes at the same time). Among these sub-
types, 126 ARG subtypes were shared by the metagen-
ome and plasmidome, and 30 subtypes were only found in 
the plasmidome (Fig. S1a). Furthermore, 18 subtypes in 
the plasmidome were shared in all stages, i.e., cfrC, floR, 
aph(3′)-IIIa, ant(6)-Ia, aph(3′′)-Ib, aac(6′)-IIa, aadA, 
aadA2, tetM, tetX, tet(A), tet(C), tet(G), tetO, ermF, msrE, 
qnrD1, and sul2.

The abundances of ARGs in the plasmidome and metage-
nome differed in FM, CO, AN, AE, PO, SO, and SF (Fig. 3a). 
The total abundances of ARGs in the plasmidome decreased 
by the most in AN (40.0%) and AE (86.0%), and reached the 
lowest level in PO (2242.4 × /Gb), before increasing in the last 
two stages in SO (69.8%) and SF (77.4%). The diversity of 
ARGs in the metagenome was 115, but it decreased to 49 in 
AN, and remained at about 49 in the later stages. The total 

abundance of ARGs decreased from FM (6623.94 × /Gb) until 
the last stage in SF (662.26 × /Gb).

We also found that the abundance of sulfonamide resistance 
genes increased greatly in AE and subsequent stages according 
to the plasmidome, especially sul1. In particular, sul1 was not 
detected in FM but its abundance increased throughout the 
treatment process and it was one of the most abundant ARG 
subtypes (1901.33 × /Gb) in SF (Fig. 3a, b; Table S5).

Moreover, cfrC was the most abundant ARG subtype in 
both the plasmidome and metagenome, but its abundance 
(18,594.20 × /Gb) in the plasmidome was more than 16 times 
that in the metagenome (1125.86 × /Gb) (Fig. 3b).

Association among plasmids and ARGs 
in the treatment process

We compared the changes in plasmids and ARGs during 
different stages in order to understand their associations. 

Fig. 2   Different plasmid types 
detected during swine manure 
treatment stages. Red, orange, 
yellow, light green, grass green, 
blue, and purple denote plasmid 
types in the fresh manure, com-
post, anaerobic tank, aeration 
tank, primary oxidation tank, 
secondary oxidation tank, and 
sand filter tank, respectively. 
The overlapping areas indicate 
plasmid types shared in the cor-
responding stages. The numbers 
indicate the number of specific 
plasmid types

69041Environmental Science and Pollution Research (2022) 29:69037–69047
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Interestingly, we found similar trends in the diversity of 
plasmids and the abundances of ARGs in the plasmidome, 
where they tended to decrease initially and then increase, 
with the lowest levels in PO. In particular, at the inflection 
point in PO, we found that the number of plasmids was 
lowest (n = 59) and the diversity (n = 37) and abundance of 
ARGs were also at their lowest levels (2242.4 × /Gb). In the 
final treatment stage in SF, the number of plasmid types 
increased greatly (n = 84), and the abundance of ARGs also 
increased (Fig. 3, Fig. S4).

We conducted correlation analysis between plasmids and 
ARGs, and obtained a co-occurrence network diagram to 
understand their associations. The network representing the 
pair-wise connections between plasmids and ARG subtypes 
comprised 57 nodes and 150 edges. The modularity value 
was 0.263 for this network, thereby indicating that plasmids 
and ARGs were generally associated (module value greater 
than 0.4 including the module structure), and the number 
of communities was 12 (Fig. S5). The IncL/M, IncN, IncI2, 

IncA/C, IncQ1, and IncHI2A plasmid groups were located 
at the center of the network and connected with most ARG 
types (Fig. 4).

Changes in physicochemical properties 
during swine manure treatment process

After all of the treatment stages, the TN, TP, and TK concen-
trations decreased by 47.83%, 64.95%, and 63.77%, respec-
tively. The Cu, Zn, and Fe concentrations decreased to below 
the detection limit. In the different stages, the pH was always 
around 7.5 and TOC was about 400 mg/L, and they did not 
change significantly. The average concentrations of antimi-
crobials followed the order of OTC (0.2172 mg/L) > DO 
(0.0759 mg/L) > ENR (0.0008 mg/L) > FFC (0.0006 mg/L). 
From FM to SF, the concentrations of ENR and FFC 
decreased to below 0.0005 mg/L (FFC was not detected in 
PO and subsequent stages), whereas those of DO and OTC 
were still 0.015 mg/L and 0.029 mg/L in the last SF stage, 

Fig. 3   Changes in abundances of ARGs in different swine manure 
treatment stages. a Relative abundances of main ARGs detected in 
the plasmidome and metagenome. b Changes in the relative abun-
dances of the top 70 most abundant ARG subtypes during swine 

manure treatment. The samples were from the fresh manure (FM), 
compost (CO), anaerobic tank (AN), aeration tank (AE), primary oxi-
dation tank (PO), secondary oxidation tank (SO), and sand filter tank 
(SF)
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Fig. 4   Correlation network analysis based on plasmids and the top 40 
most abundant ARG subtypes (strong correlation: |r|> 0.8; significant 
difference: P < 0.05). Larger nodes indicate that more points are con-
nected with greater importance. All types of plasmids are denoted 

by purple nodes. Other colors represent different types of resistance 
genes. The red nodes labeled “multidrug” are resistance genes to vari-
ous types of antibiotics according to the CARD classification

69043Environmental Science and Pollution Research (2022) 29:69037–69047
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respectively, thereby indicating that these two antibiotics 
persisted throughout the whole treatment process (Fig. 5a).

Associations among physicochemical properties 
and ARGs

We analyzed the correlations between the physicochemical 
properties and ARGs in the plasmidome and metagenome to 
determine whether changes in the physicochemical proper-
ties of the manure affected ARGs. We found that ARGs on 
plasmids had highly significant positive associations with 

the changes in the physicochemical properties (Fig. S6, 
Fig. 5).

Surprisingly, physicochemical properties such as pH, 
TN, TP, Cu, Zn, and As all had significant positive cor-
relations with “other” types of ARGs in the plasmidome. 
In particular, pH, TN, TK, and four heavy metals had sig-
nificant positive correlations (r > 0.8, P < 0.05) with seven 
ARG subtypes (tetB(P), ant(6)-Ia, tet44, aph(3′′)-Ib, mefB, 
tet(L), and tet(39)). We found that FFC had the most posi-
tive correlations with ARGs. In addition, TOC had nega-
tive correlations with tetB(P), tet44, and mefB (Fig. 5b).

Fig. 5   Correlations between ARGs in the plasmidome and phys-
icochemical properties. a Changes in the concentrations of various 
physicochemical properties. b Correlations between pH, total nitro-
gen (TN), total phosphorus (TP), total potassium (TK), total organic 

carbon (TOC), copper (Cu), zinc (Zn), arsenic (As), iron (Fe), doxy-
cycline (DO), oxytetracycline (OTC), enrofloxacin (ENR), florfenicol 
(FFC), and ARG subtypes. ** indicates P ≤ 0.01, * indicates P ≤ 0.05
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Discussion

Effects of different swine manure treatment stages 
on the elimination of ARGs

Twelve main types of ARGs were found in both data sets, 
where they mainly comprised aminoglycoside, tetracy-
cline, multidrug, chloramphenicol, and sulfonamide resist-
ance genes. These results are similar to the ARG types 
detected in previous studies (Zhou et al. 2016; Zhu et al. 
2013b), thereby indicating that the prevalent ARGs in this 
environment are generally consistent.

For example, Yuan et al. found that the abundances of 
most ARGs decreased after treatment by analyzing the 
total DNA (Yuan et al. 2019). Moreover, Tao et al. used 
real-time qPCR to show that the average ARG removal 
efficiency in the treatment stages ranged between 33.30 
and 97.56% (Tao et al. 2014). These findings are consistent 
with our results, but metagenomic analysis can provide a 
more comprehensive understanding of the reductions in 
the overall abundances of ARGs during the manure treat-
ment process. By analyzing the plasmidome, we found 
that many ARGs were not effectively eliminated accord-
ing to metagenomics and their abundances increased again 
after the AN stage. Thus, plasmids probably serve as “safe 
havens” for resistance genes in the ARG elimination pro-
cess. In particular, IncN, IncL/M, IncQ1, and other broad-
spectrum host plasmids (Rozwandowicz et al. 2018) can 
carry multiple ARGs and facilitate their widespread trans-
mission. Thus, provided that ARGs are not completely 
eliminated, they can continue to enter new hosts and con-
fer antimicrobial resistance.

We also found that the efficiency of ARG elimina-
tion was highest in the anaerobic fermentation tank and 
aeration tank. Many previous studies have suggested that 
changes in the structure of the bacterial community are 
mainly responsible for the variations in the abundances 
of ARGs during anaerobic digestion (Tong et al. 2016; 
Zhang et al. 2016). However, our results also indicated 
close relationships between the diversity and abundance 
of plasmids and ARGs. Moreover, the reductions in the 
abundances of ARGs appeared to have important relation-
ships with the reductions in the concentrations of TN, TK, 
TK, Cu, Zn, and Fe.

Correlations between physicochemical properties 
and ARGs

Previous studies have shown that the presence of high 
nutrient contents is conducive to horizontal gene trans-
mission (Guo et al. 2015). Similarly, we found that the 

concentration of certain nutrients influenced the abun-
dances of ARGs. In particular, TN and TP were signifi-
cantly positively correlated with the ARGs comprising 
tetB(P), aph(3′′)-lb, and mefB in plasmid DNA (r ≥ 0.8, 
P ≤ 0.01), possibly because they provided sufficient nutri-
ents for the growth of antibiotic-resistant bacteria. In 
addition, under nutrient-deficient conditions, the energy 
required for plasmid conjugation is limited. Thus, negative 
correlations were found between TOC and some ARGs. 
Previous research into the effects of carbon resource on 
bacterial growth (Yang et al. 2019) has shown that differ-
ent types of carbon resources and their interactions with 
various factors can affect bacterial growth and functional 
gene expression, thereby explaining the negative correla-
tions between TOC and resistance genes.

Moreover, it has been demonstrated that co-selection rela-
tionships exist between metal resistance genes and ARGs 
(Dickinson et al. 2019), which may lead to the co-selection 
of heavy metals and some ARGs. We also detected co-selec-
tion where four heavy metals (Cu, Zn, As, and Fe) had sig-
nificant positive correlations (r ≥ 0.8, P ≤ 0.01) with tetB(P), 
aph(3′′)-lb, and mefB.

Previous studies have often found correlations between 
antimicrobials and ARGs (Zhao et al. 2017). However, in 
the present study, we found no correlations between DO, 
OTC, and ENR and their corresponding resistance genes. 
By contrast, FFC had highly significant positive correlations 
with a large number of ARGs in plasmid DNA, including 
chloramphenicol resistance genes (cfrC, cmx, and catQ) 
and other types of antimicrobials (aminoglycosides, mac-
rolides, tetracyclines, and link amides) (Fig. 5b). We found 
that FFC affected FFC-related resistance genes, but it also 
selected for other types of ARGs. The co-transmission of 
ARGs may explain why antimicrobials affect many different 
types of resistance genes. Thus, significant correlations were 
found between multiple resistance genes (cfrC, tetM, ant(6)-
la, tet44, aph(3′′)-lb, tetA(P), ant(6)-la, OXA-347, Isa(E), 
Inu(B), Inc(C), tet32, and mel) and fluoroquinolone residues 
in the swine manure treatment process.

Conclusion

This is the first comprehensive survey of ARGs, especially 
ARGs in plasmid DNA, and the effects of several physico-
chemical properties in the swine manure treatment process. 
We found that the current swine manure treatment technique 
can only partially eliminate ARGs, and the presence of plas-
mids may be important for ensuring their persistence. Thus, 
there is an urgent need to improve manure treatment tech-
niques in order to address the continuing challenge of ARG 
removal. Nutrients, heavy metals, and antibiotics together 
contribute to the long-term persistence of plasmid-harboring 
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ARGs. Further studies are required to explore the specific 
mechanisms that allow various physicochemical properties 
to influence the transmission of plasmids and ARGs.
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