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Animal manure is a reservoir of antibiotic resistance genes (ARGs), and direct application
of the manure will lead to spread of ARGs in farmland. Here, we explored the impacts
of chicken manure and heat-treated chicken manure on the patterns of soil resistome
after 3 years’ application, with mushroom residues set as the plant-derived organic
manure treatment. A total of 262 ARG subtypes were detected in chicken manure using
high-throughput qPCR, and heat treatment can effectively remove 50 types of ARGs.
Although ARG subtypes and abundance were both higher in chicken manure, there
was no significant difference in the ARG profiles and total ARG abundance among three
manure-treated soils. Soil bacteria community compositions were significantly different
among manure-treated soils, but they were not significantly correlated with soil ARG
profiles. Fast expectation–maximization microbial source tracking (FEAST) was used for
quantifying the contributions of the potential sources to microbial taxa and ARGs in
manure-fertilized soil. Results revealed that only 0.2% of the chicken manure-derived
bacterial communities survived in soil, and intrinsic ARGs were the largest contributor
of soil ARGs (95.8–99.7%); ARGs from chicken manure only contributed 0.4%. The
total ARG abundance in the heat-treated chicken manure-amended soils was similar to
that in the mushroom residue-treated soils, while it was 1.41 times higher in chicken
manure-treated soils. Thus, heat treatment of chicken manure may efficiently reduce
ARGs introduced into soil and decrease the risk of dissemination of ARGs.

Keywords: high-throughput quantitative polymerase chain reaction, antibiotic resistance, chicken manure,
bacterial communities, mushroom residue

INTRODUCTION

The increasing emergence and spread of antibiotic resistant bacteria (ARB) and antibiotic resistance
genes (ARGs) are of great concern worldwide, threatening the efficacy of modern medicines and
posing risks to human health (Levy and Marshall, 2004; Su et al., 2015). ARB and ARGs have
been shown to be ubiquitous in the natural environment, agricultural soil (Wang et al., 2020a),
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freshwater (Xiong et al., 2015), sediments (Guo et al., 2020),
human gut (McInnes et al., 2020), and organic manure (Peng
et al., 2018) contain distinct ARG contents at varying abundances.
Environmental microbiome is now recognized as a reservoir
of ARGs observed in the clinical setting; some plasmid-
mediated ARGs spread globally in recent decades have been
traced to environmental and animal origins (Lee et al., 2020).
Environmental research to better understand distribution and
transmission of ARGs may help to reduce the anthropogenic
influences on the environmental resistome.

Soil harbors a large genetic diversity at small spatial scale,
favoring exchange of genetic materials by means of horizontal
gene transfer that will contribute to ARG dissemination (Nesme
and Simonet, 2015). The transfer of ARGs from soil bacteria
to human pathogens could bring about tremendous threats to
human disease control and prevention (Forsberg et al., 2012).
ARGs could be transferred from soil to the plant microbiomes
(Zhang et al., 2019), which is one of the ways to enter the human
body. Livestock manure is the main source of ARB and ARGs in
the agriculture soil environment (Peng et al., 2017; Qian et al.,
2017). Previous studies have demonstrated that fertilization with
pig manure or chicken manure led to an increase in soil ARGs
(Peng et al., 2017; Urra et al., 2019). The composting process
minimizes some chemical and biological risks (e.g., presence of
pathogens) (Evanylo et al., 2008), so this option is commonly
preferred before livestock manure is applied. However, compost
could still lead to the increased amount of ARGs in soil (Zhu
et al., 2013; Peng et al., 2015; Sun et al., 2019). ARB and ARGs in
composted manure can spread and promote further development
of antibiotic resistance (Kang et al., 2016; Wang et al., 2020a).
Therefore, there is a vital need to further improve the effect
of compost practice on ARGs carried by animal feces, monitor
ARGs in manure-treated soils, and further examine manure
application practices and impacts.

Organic manure originated from plants rather than animals,
usually used to ameliorate soil properties, both abiotically and
biotically (Feng et al., 2015). Mushroom substrate residues is
rich in cellulose, lignin, vitamins, and other bioactive substances;
rational utilization of mushroom residues is conducive to
environmental protection and sustainable development of
agriculture (Li et al., 2020). Long-term fertilization with
chemical fertilizers plus mushroom residues showed a more
connective and closer bacterial networks compared with
chemical fertilization (Yao et al., 2020). Recent studies about
ARGs mainly shed light on the dynamics of ARGs during
manure treatment process (Gou et al., 2018; Awasthi et al.,
2019; Wu et al., 2020) and in agricultural soils following
application of animal manures (Deng et al., 2020; Liu et al.,
2021). Little attention was paid to ARGs in plant-derived organic
manure, which also contain a huge number of microorganisms.
A previous study found that long-term (22 years) fertilization
with plant-derived organic manure increased the abundance of
tetL and intI1 in soil (Peng et al., 2018). Mushroom residues
are a kind of organic manure completely different from animal
manure; their effect on soil microbial community was also quite
different (Yao et al., 2020). Analyzing the effect of long-term
application of mushroom residues on soil antibiotic resistome

may broaden our horizons about how organic manures affect soil
antibiotic resistome.

Many factors can influence the fate and migration of manure-
borne ARGs in the environment. Studies showed that variations
in ARGs composition were mainly structured by phylogenetic
compositions of microbial communities (Forsberg et al., 2014; Su
et al., 2015; Chen et al., 2016; Liu et al., 2017). Mobile genetic
elements (MGEs), such as gene cassettes, integrons (capture
ARGs), plasmids (conjugation and transfer ARGs), transposons,
and insertion sequences (transfer ARGs) may also influence
the spread of ARGs in the environment (Zhang et al., 2011).
Chicken manure and mushroom residues are two completely
different fertilizers: one originates from animal feces, while the
other derives from plant, so they may composite completely
different microbial communities and MGEs. In addition, whether
sterilization of chicken manure with high-temperature can
reduce the risk of ARGs contamination is still unknown.
Understanding how these manures contribute to development of
soil antibiotic resistome under long-term application is essential
since it may direct measures ultimately aiming to diminish risks.
The aim of this work was to study and contrast the impact
of the 3 years’ application of different manures, according to
the origin (chicken manure-derived vs. mushroom residues)
and sterile conditions (chicken manure vs. heat-treated chicken
manure), on ARG and MGE composition in agricultural soil,
as well as their relationship with bacteria communities. Studies
have reported that partial replacement of chemical fertilizers with
organic fertilizers could increase vegetable or grain yields and
improve quality of soil and product (Wang et al., 2020b; Yi
et al., 2021). In this study, different manures were used to replace
50% of chemical fertilizer, in the case of the same amount of
nitrogen applied to the soil. Results from the study will be helpful
in estimating the environmental loads of ARGs derived from
different manures to soil, understanding how these fertilizers
influence soil resistome and guiding manure application practices
with the same amount of N input.

MATERIALS AND METHODS

Description of Experiment Site and
Different Organic Manure
The long-term experiment field is located at the Fengqiu
Agroecological Experimental Station (35◦00′N, 114◦24′E) in
Henan Province, China. The soil is classified as Aquic Inceptisol
according to United States Department of Agriculture (USDA),
derived from alluvial sediments of the Yellow River, with a sandy
loam texture. The long-term experiment was initiated in 2011
with different fertilization treatments rotated with winter wheat
(Triticum aestivum L.) and summer maize (Zea mays L.). The
treatments were arranged in a randomized block design, and
each treatment had four replicated plots. These experimental
plots, designed originally for a nutrient cycling study, enabled
us to also examine the effect of manure application on the
profiles of soil ARGs.

In the present study, we used four fertilizer treatments and
one unfertilized control (CK). The fertilizer treatments included

Frontiers in Microbiology | www.frontiersin.org 2 May 2021 | Volume 12 | Article 618693

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-618693 May 17, 2021 Time: 21:51 # 3

Peng et al. Manure Not Affected Soil Resistome

nitrogen (N), phosphorus (P), and potassium fertilizers (F) and
the combined application of NPK fertilizers with mushroom
residues (MRF) or with chicken manure (CMF) or heat-treated
chicken manure (KF). For the F treatment, N, P, and potassium
were applied in the form of urea (200 kg/ha N), superphosphate
(80 kg/ha P2O5), and potassium sulfate (150 kg/ha K2O),
respectively. The MRF, CMF, and KF treatments were designed to
supply the same rate of total N with F: one-half of N came from
urea and the other half was from mushroom residues, chicken
manure, or heat-treated chicken manure. Chicken manure (CM)
and mushroom residues (MR) were collected from nearby farms.
Chicken manure was treated at 260◦C for 4 h in an oil bath
high-temperature treatment kettle to turn it into heat-treated
manure (K). The organic and inorganic fertilizers were applied
before sowing in June for maize and in October for wheat.
The area of each plot was 30 m2, and more information was
described by Yao et al. (2020).

Soil Sampling and DNA Extraction
Soil samples were collected on September 2014, after the maize
harvest. At each sampling plot, soils were collected from 0- to 20-
cm layer at six random locations; the plant residues and visible
roots were removed, mixed to homogenize inside a plastic bag
representing the sample of the plot, and carried to lab kept on
ice. The mushroom residues and chicken manure to be applied
in the field during 2014 were also sampled, and three replicates
were collected for analysis. Approximately 10-g soil samples or
manure were stored at −80◦C for DNA extraction; the rest of
the soil samples were air dried and used for chemical analysis as
described by Yao et al. (2020).

The microbial genomic DNA was extracted from 0.50-g soil or
manure sample using the FastDNA R© SPIN Kit for soil or for feces
(MP Biomedicals, Santa Ana, CA, United States) according to the
manufacturer’s protocol. DNA concentration was determined on
a ND-1000 spectrophotometer (Thermo-Scientific, Wilmington,
DE, United States), and the extracted DNA was stored at −20◦C
until use. The DNA samples were diluted to 10× and 50× to
avoid inhibitors to the PCR.

qPCR Analysis of Antibiotic Resistance
Genes and Mobile Genetic Elements
High-throughput quantitative PCRs (HT-qPCR) were conducted
using WaferGen SmartChip Realtime PCR system that contained
a total of 370 validated primer sets as reported previously
(Muurinen et al., 2017). A threshold cycle value (CT) of 31
was used as the detection limit to differentiate between positive
amplification and primer–dimers (Su et al., 2015). One negative
control with no DNA template added was included in each HT-
qPCR run to eliminate false-positive detections. Amplicons with
multiple melting curves were removed from the analysis. Three
technical replicates of each sample above the detection limit
were regarded as positive detection. The 2−1CT method where
1CT = (CT detected ARGs - CT 16S rRNA gene) was used to
calculate the relative abundances of ARGs and MGEs normalized
to the 16S rRNA gene according to a comparative CT method
(Gou et al., 2018).

Fifteen genes of special concern ARGs including tetracycline
resistance genes [tetG, tetL, tetZ, tetW, tetM, tetO, and tetB(P)],
sulfonamide resistance genes (sul1, sul2, and sul3), macrolide
resistance genes (ermB, ermC, and ermF), and beta-lactamase
genes (blaCTX and blaTEM) were quantified by real-time
quantitative PCR (RT-qPCR) analysis with a C1000TM Thermal
Cycler equipped with the CFX96TM Real-Time system (Bio-
Rad, United States). In addition, the 16S rRNA gene abundance,
which has been used previously to assess the overall bacterial
abundance, was quantified by using primer set 519F/907R so that
the ARG abundance could be standardized against the bacterial
populations. The qPCR system and primers sets as reported
previously (Peng et al., 2017).

High-Throughput Sequencing of 16S
rRNA Gene
The 16S rRNA gene sequencing was performed at Novegene
(Beijing, China) using the Ion S5TM XL platform,
and 400-bp/600-bp single-end reads were generated.
The 16S V4 region was amplified using the primers
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R
(5′-GGACTACVSGGGTATCTAAT-3′).

Single-end reads were assigned to samples based on their
unique barcode and truncated by cutting off the barcode
and primer sequence. Quality filtering on the raw reads was
performed under specific filtering conditions to obtain high-
quality clean reads according to the Cutadapt (Martin, 2011)
(V1.9.1) quality-controlled process. The reads were compared
with the reference database (Gold database) using the UCHIME
algorithm (Edgar et al., 2011) to detect chimera sequences,
and then the chimera sequences were removed. Then the
effective tags were finally obtained. Sequences analysis was
performed by Uparse software (Uparse v7.0.1001). Operational
taxonomic units (OTUs) were defined at the 97% similarity
level. A representative sequence of each OTU was assigned
to a taxonomic level in the SILVA database. The sequences
were deposited into the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) database
(accession no., PRJNA669308).

Manure and Mushroom
Residue-Associated Community and
Antibiotic Resistance Gene Analyses
Fast expectation–maximization microbial source tracking
(FEAST) was used to calculate the contribution of soil,
mushroom residues, and chicken manure bacterial communities
within treatments following the procedures as described
previously (Shenhav et al., 2019) with the R package of
“FEAST1.” FEAST could unravel the origins of complex
microbial communities based on the statistical model that
assumes each sink is a convex combination of known and
unknown sources. In this study, the chicken manure, mushroom
residues, and unfertilized soil samples were defined as manure or
soil “sources” and manure-treated soil samples as “sinks.” OTUs

1https://github.com/cozygene/FEAST
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present in only one sample were removed prior to the analysis,
and the algorithm was run with default parameters. In order to
understand the source–sink relationship in fertilized soil, FEAST
was also used to predict the relative contribution of different
manures to the ARGs in treated soil based on the signatures of
ARGs as described previously (Chen et al., 2020).

Statistical Analysis
The effects of different manure fertilization on abundance
of ARGs and soil chemical properties were compared using
ANOVA performed with software SPSS 20 (IBM, Armonk, NY,
United States). Tukey’s honestly significant difference (HSD) test
was used for comparisons among treatment means. Differences
were considered significant at p < 0.05. The changes of ARGs
and bacterial compositions across different treatments were
visualized by principal coordinate analysis (PCoA) and non-
metric multidimensional scaling (NMDS) ordinations based on
the Bray–Curtis dissimilarity distances. Significant difference
tests in the bacterial communities and profiles of ARGs
and MGEs between different treatments were conducted
using ANOSIM and nonparametric permutational multivariate
analysis of variance (PERMANONA, with “adonis” function)
based on Bray–Curtis dissimilarities and 999 permutations.
The Procrustes analysis (9,999 permutations) was used to
describe the correlation between ARGs composition and bacterial
communities. The above statistical analysis and redundancy
analysis (RDA) were processed and plotted by R version 3.6.3
using the package vegan. Heatmap was performed with the R
package pheatmap. Additionally, we tested for differential ARG
abundance between manure-treated soil and chemical fertilizer
treated soil (F) using likelihood ratio tests (LRTs) with the R
package edgeR at a false discovery rate (FDR)-corrected value of
p < 0.05 and exhibited with Manhattan plots based on R packages
of ggplot2. Network maps based on the Spearman correlation
coefficient between ARGs and MGEs were drawn using the
Gephi platform based on a significant Spearman correlation
(Spearman’s rho > 0.9, Padjusted < 0.01).

RESULTS

Diversity and Relative Abundance of
Antibiotic Resistance Genes and Mobile
Genetic Elements in Manure
The types and abundance of ARGs were analyzed by HT-qPCR in
manure samples. We detected 10, 10, and 9 ARG types in manure
of CM, MR, and K, respectively (Figure 1A). A total of 262 ARG
subtypes were detected in CM, which was more than those in MR
(242) and K (212) (Figure 1A). The total relative abundance of
ARGs in CM was approximately 2.03 times and 3.92 times higher
than that in K and MR (Figure 1B).

Compositions of ARGs in these three manures were also quite
different. The main ARGs in CM belong to aminoglycoside,
tetracycline, disinfectant, and sulfonamide, while MR was
dominated by ARGs that belong to beta-lactam, multidrug/other,
and phenicols (Figure 1B). MLSB resistance genes were the main

residual ARGs in manure K. A different pattern was found for
MGEs, with an average number of 25 MGEs detected in CM
and K, while MR harbored averagely 27 MGEs. The total relative
abundance of MGEs was higher in MR than that in CM and K,
but the difference was not significant (p > 0.05) (Figure 1B).

Fifteen ARGs were quantified with RT-qPCR, and the result
was consistent with that of HT-qPCR, while the difference among
these three manures is more obvious (Figures 1C,D). The total
relative abundance of the 15 ARGs in CM was 3.73 and 364.95
times higher than that in K and MR (Figure 1C). The total
copy number of ARGs in MR was also lower than that of CM
and K, with 16S rRNA gene copy number at the same level as
K (Figure 1D).

Profiles of Antibiotic Resistance Genes
in Soils After Different Manures Applied
for 3 Years
A total of 193 ARG subtypes were detected in CMF soils, 152
detected in MRF soils, and 146 detected in KF soils. The number
of ARG subtypes detected in MRF and KF was less than that
in F soils (172) (Figure 2A). Most of these ARGs represented
three resistance mechanisms: antibiotic deactivation (38%), efflux
pump (36%), and cellular protection (20%) (Supplementary
Figure 1). Phenicols and multidrug/other resistance genes
were the dominant ARG types in soils (Figure 2B). Among
three manure treatments, CMF soils had higher total relative
abundance of ARGs and MGEs, but neither of the differences
reached the significant level (p > 0.05) (Figure 2B).

Many ARGs were enriched in the soils fertilized with
KF, CMF, or MRF (Figure 3 and Supplementary Figure 2).
Among them, seven ARGs, including aadE, aadD, qacE1, qacH,
lnuA, vatE, and tetL, were significantly enriched in all three
manure treatments. Aminoglycoside resistance genes aadA1
were enriched in CMF and MRF, while MLSB resistance genes
ermB and ermY were enriched in CMF and KF (Figure 3).
There were some specific ARGs enriched in only one treatment,
such as tetV and tetX in MRF soils; aacA, str, and ermT in
CMF soils; and tetT in KF soils. Seven ARGs depleted in KF,
including blaOCH, cphA, erm(34), erm(36), emrD, cmx(A), and
floR (Figure 3). PCoA and ANOSIM pairwise comparisons of
the overall distribution patterns of ARGs and MGEs in soils
demonstrated no distinct separation among these treatments
(Supplementary Figure 3 and Supplementary Table 1). Network
maps based on the Spearman correlation coefficient between
ARGs and MGEs showed that manure fertilization reduced the
network connection between different ARGs and between ARG
and MGEs (Supplementary Figure 4). The connection edge
number in KF treatment was the least among the four fertilization
treatments (Supplementary Figure 4).

Fifteen ARGs were quantified by RT-qPCR, while tetW and
sul3 were not detectable in all of the soil samples. The total
relative abundance of the detected 13 ARGs in CMF soils was
significantly higher than that of MRF and F soils (p < 0.05)
(Figure 2C), while that in KF and MRF was similar with each
other (p > 0.05) (Figure 2D). In Figures 2C,D, CMF soils
had obviously a higher abundance of tetL. Statistical analysis
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FIGURE 1 | Comparison of the average total relative abundance (A) and the major classes (B) of ARGs and MGEs in manure samples quantified by high-throughput
quantitative PCR (HT-qPCR). The average relative abundances (C) and copy numbers (D) of 13 ARGs or 16S-rRNA gene in manure samples quantified by real-time
quantitative PCR (RT-qPCR). CM, chicken manure; K, heat-treated chicken manure; and MR, mushroom substrate residue; ARGs, antibiotic resistance genes;
MGEs, mobile genetic elements.

showed that tetL, tetB(P), tetO, and tetM were significantly
enriched in CMF soils (Supplementary Figure 5). However, in
results presented by HT-qPCR, tetB(P), tetO, and tetM were not
significantly enriched in CMF soils (Figure 3).

Soil Chemical Properties and Changes in
Soil Bacterial Communities
Different fertilization treatments significantly affected the soil
chemical properties (Table 1). Compared with F, MRF treatment
significantly increased the concentrations of soil organic carbon,
total N, total P, available P, and available potassium (p < 0.05),
while CMF treatment significantly increased the soil contents
of total N and available P (p < 0.05). Except that the available
P was higher in CMF-treated soil (p < 0.05), there was no
significant difference in the soil chemical properties between KF
and CMF treatments. Based on the above differences of soil
chemical nutrients, MRF-treated plots obtained the highest maize
yield (Table 1), while there was no significant difference among
CMF, KF, and F treatments.

Manure bacterial communities were dominated by Firmicutes,
Proteobacteria, Actinobacteria, and Bacteroidetes (Figure 4A).
The total relative abundances of these bacterial phyla in manure
of K, CM, and MR, respectively, accounted for 92.7, 98.6,

and 93.5% of the total bacterial 16S rRNA gene sequences
(Figure 4A). Phylum-level relative abundance data showed
that bacterial community composition in MR was obviously
different with that in CM and K. MR were dominated
by the phyla Bacteroidetes (47.8%), Proteobacteria (23.7%),
Actinobacteria (11.7%), and Firmicutes (10.4%), while the
bacterial communities in CM and K samples were dominated
by Actinobacteria (43.3 vs. 32.6%), Firmicutes (38.4 vs. 39.1%),
Proteobacteria (10.4 vs. 13.5%), and Bacteroidetes (6.4 vs.
7.5%). However, the soil bacteria community structures treated
by different manures were similar with each other, with
Proteobacteria (29.9–31.6%) tending to be the most abundant
bacterial phylum followed by Acidobacteria (13.6–16.7%) and
Actinobacteria (12.9–17.1%) (Figure 4A). Although the overall
bacterial community structures in the phylum level seem
similar with each other in soils (Figure 4A), the application
of different manures still led to changes in the abundance
of some bacterial families (Figure 4B). Many special bacterial
families were enriched in manure-amended soils, such as
Pseudomonadaceae, Micrococcaceae, and Planococcaceae in
CMF soils (Figure 4B).

The NMDS ordination based on Bray–Curtis distances
showed that bacterial communities were separated between
manure treatments and CK (Supplementary Figure 6). ANOSIM
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A B

C D

FIGURE 2 | Number of unique ARGs and MGEs detected in the soil sample of each treatment (A) and the average relative abundance of ARGs and MGEs in soil
fertilized with each manure for 3 years (B) quantified by HT-qPCR. The average relative abundance (C) or copy numbers (D) of 13 ARGs in soil samples quantified by
RT-qPCR. Different letters indicate significant differences based on Tukey’s HSD test at p < 0.05. Error bars represent standard deviation (n = 4). CK, unfertilized
control; F, NPK fertilizers; KF, the combined application of NPK fertilizers and heat-treated chicken manure; CMF, the combined application of NPK fertilizers and
chicken manure; MRF, the combined application of NPK fertilizers and mushroom residues; ARGs, antibiotic resistance genes; MGEs, mobile genetic elements;
HSD, honestly significant difference.

FIGURE 3 | Manhattan plots showing manure-enriched ARGs in KF, CMF, or MRF compared with F. ARGs that are significantly enriched (with respect to F) are
depicted as full triangles; solid dots marked with “nosig” represent no significant difference. The color of each dot represents ARG types or MGE, and the size
corresponds to their relative abundances in the respective samples. ARGs belonging to sulfonamide and trimethoprim are labeled as “Others.” F, NPK fertilizers; KF,
the combined application of NPK fertilizers and heat-treated chicken manure; CMF, the combined application of NPK fertilizers and chicken manure; MRF, the
combined application of NPK fertilizers and mushroom residues; ARGs, antibiotic resistance genes; MGE, mobile genetic element.
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TABLE 1 | The yield of maize and soil chemical properties in different treatments.

CK F MRF CMF KF

Yield of maize (kg/plot) 12.45 ± 0.43c 31.83 ± 0.74ab 33.68 ± 0.92a 31.42 ± 1.26b 31.04 ± 1.12b

pH 8.51 ± 0.06a 8.44 ± 0.05a 8.44 ± 0.08a 8.49 ± 0.02a 8.47 ± 0.03a

Soil organic carbon (SOC) (g/kg) 6.12 ± 0.16c 6.71 ± 0.26bc 10.84 ± 1.02a 7.7 ± 0.22b 7.44 ± 0.16b

Total N (g/kg) 0.6 ± 0.01d 0.67 ± 0.02cd 0.99 ± 0.07a 0.78 ± 0.03b 0.75 ± 0.03bc

Total P (g/kg) 0.77 ± 0.03c 0.87 ± 0.02bc 0.99 ± 0.09a 0.97 ± 0.03ab 0.9 ± 0.06ab

Available P (mg/kg) 0.52 ± 0.18d 4.28 ± 0.99d 48.07 ± 8.04a 28.86 ± 5.7b 17.93 ± 4.91c

Total potassium (g/kg) 19.23 ± 0.27a 19.64 ± 0.12a 19.62 ± 0.41a 19.46 ± 0.45a 19.6 ± 0.18a

Available potassium (mg/kg) 77.12 ± 3.94c 127.73 ± 18.25b 191.6 ± 12.68a 138.58 ± 10.69b 122.91 ± 4.82b

Different lowercase letters indicate statistically significant differences at p < 0.05.
CK, unfertilized control; F, NPK fertilizers; MRF, the combined application of NPK fertilizers and mushroom residues; CMF, the combined application of NPK fertilizers and
chicken manure; KF, the combined application of NPK fertilizers and heat-treated chicken manure.

A B

FIGURE 4 | The relative abundance of 16S rRNA gene sequences classified to each phylum (A) and heatmap of the top 60 bacterial families (B) in soil samples from
different treatments and manures. CK, unfertilized control; F, NPK fertilizers; KF, the combined application of NPK fertilizers and heat-treated chicken manure; CMF,
the combined application of NPK fertilizers and chicken manure; MRF, the combined application of NPK fertilizers and mushroom residues; K, heat-treated chicken
manure; CM, chicken manure; MR, mushroom residues. Each color block represents the mean of four replicates.

pairwise comparisons were all significantly different except
CMF vs. KF (Supplementary Table 2). RDA was conducted
to determine the correlation of soil properties with bacterial
community structures in the soils. All soil properties together
explained 50.3% of the variety in soil bacterial communities.
Soil organic carbon (p = 0.002), total N (p = 0.009), pH
(p = 0.011), and total P (p = 0.037) were significantly
correlated with bacterial structures (Supplementary Figure 7).
However, Procrustes test analysis demonstrated that soil bacterial
community compositions were not significantly correlated with
ARG profiles on the basis of Bray–Curtis dissimilarity metrics
(R = 0.3756, p > 0.05) (Figure 5).

Fate of Manure-Derived Bacterial
Communities and Antibiotic Resistance
Genes in Soil
Further, we employed FEAST to explore the fate of manure-
derived bacteria in the soils. According to the analysis,
manure of CM and K, respectively, exhibited 0.24 and 0.31%
of the contributions for the bacterial communities in soils,
while the average relative contribution of MR was 4.47%
(Figure 6). The remaining proportions were due to “soil
source” and “unknown source.” The indigenous bacterial
communities in the sink were defined as “soil source,”
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FIGURE 5 | Procrustes analysis results depicting the correlation between
ARG contents (HT-qPCR data) and bacterial compositions (16S rRNA gene
OTU data) on the basis of Bray-Curtis dissimilarity metrics (sum of squares
M2 = 0.8589, r = 0.3756, p > 0.05, 9,999 permutations). The solid dot
represents ARG profiles, and the triangles indicate bacterial community. CK,
unfertilized control; F, NPK fertilizers; KF, the combined application of NPK
fertilizers and heat-treated chicken manure; CMF, the combined application of
NPK fertilizers and chicken manure; MRF, the combined application of NPK
fertilizers and mushroom residues; ARG, antibiotic resistance gene; OTU,
operational taxonomic unit.

and bacterial communities in CK were used as the “soil
source.” Bacterial communities from MR survived more in
soil than those from CM and K (Figure 6), which was
consistent with the results of FEAST analysis for manure-derived
ARGs (Table 2).

DISCUSSION

Chicken Manure Had Different Antibiotic
Resistance Gene Profiles With
Mushroom Residues and Heat-Treated
Chicken Manure
In this study, 330 ARG subtypes were quantified in manure
by using HT-qPCR, and the results revealed that the detected
ARG subtypes and the total ARG relative abundance were
both much higher in chicken manure than in mushroom
residues (Figure 1). Evolution and enrichment of ARGs are
primarily stimulated by antibiotics (Pruden et al., 2006).
Veterinary antibiotics have been widely used in livestock
production for the prevention of diseases or as growth
promoters (Zhang et al., 2015). ARB and ARGs may accumulate
during the overuse of antibiotics in intestines of livestock.
Therefore, it is not difficult to understand that ARGs in

TABLE 2 | Results of FEAST analysis showing the contribution of corresponding
manure to ARGs in the soils.

Sink Soil source Manure source Unknown

F as the soil source MRF 96.4 ± 4.1% 3.6 ± 4.1% 0.00 ± 0.0%

KF 99.6 ± 0.2% 0.3 ± 0.2% 0.04 ± 0.1%

CMF 99.6 ± 0.2% 0.4 ± 0.2% 0.00 ± 0.0%

CK as the soil source MRF 95.8 ± 5.6% 4.2 ± 5.6% 0.00 ± 0.0%

KF 99.7 ± 0.1% 0.2 ± 0.1% 0.03 ± 0.1%

CMF 99.6 ± 0.1% 0.4 ± 0.2% 0.00 ± 0.0%

FEAST, fast expectation-maximization microbial source tracking; ARGs, antibiotic
resistance genes; MRF, the combined application of NPK fertilizers and mushroom
residues; KF, the combined application of NPK fertilizers and heat-treated chicken
manure; CMF, the combined application of NPK fertilizers and chicken manure.

CMF1 CMF2 CMF3 CMF4 KF1 KF2 KF3 KF4 MRF1 MRF2 MRF3 MRF4
0.00
0.05
0.10
0.15
0.20

0.8

0.9

1.0

noitubirtn oc
ev itale

R

unknown manure soil

FIGURE 6 | Relative contribution of the manure-derived, soil, and unknown sources of bacterial communities in the manure-treated soils estimated using FEAST
analysis. KF, the combined application of NPK fertilizers and heat-treated chicken manure; CMF, the combined application of NPK fertilizers and chicken manure;
MRF, the combined application of NPK fertilizers and mushroom residues; FEAST, fast expectation-maximization microbial source tracking. Data from unfertilized
control (CK) served as the soil source.
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chicken manure were much more abundant than those in
mushroom residue.

High temperatures (reach up to 90◦C) during the
fermentation process have been found to significantly enhance
the removal of ARGs and MGEs from sewage sludge (Liao et al.,
2018). As revealed by HT-qPCR or by RT-qPCR in this study,
heat treatment (up to 260◦C) can effectively remove 50 subtypes
of ARGs from chicken manure and significantly reduce the total
relative abundance of ARGs (Figure 1). Although ARGs and
MGEs were still detected in the heat-treated chicken manure,
most of them may exist in dead bacterial cells. Zhou et al. (2019)
found that turning pig manure into biochar could noticeably
reduce the level of the antibiotic resistome in soils compared
with compost amendment. Although the sterilization effect of
heat treatment at 260◦C for 4 h may not be as thorough as that
of turning it into biochar, the results of this study showed that
compared with the direct application of fresh chicken manure,
heat treatment of the manure also can reduce the detectable
subtypes and relative abundance of ARGs in soils.

Different Manures did Not Significantly
Change the Antibiotic Resistance Gene
Profiles in Alkaline Soil
Antibiotic deactivation and efflux pump were found to be the
two major mechanisms for antibiotic resistance in the soils
applied with different manures for 3 years (Supplementary
Figure 1). Previous studies have reported the same phenomenon
in sewage sludge-applied soils (Chen et al., 2016), reclaimed
water-applied soils (Wang et al., 2014), swine farms (Zhu
et al., 2013), and chicken manure or cattle manure-applied soils
(Wang et al., 2020a). Efflux pumps are major players in both
intrinsic and acquired resistance to drugs currently in use for the
treatment of infectious diseases (Hernando-Amado et al., 2016),
which are either chromosomal or plasmid-encoded (Rocha-
Granados et al., 2020), and deserves more attention because
they are often associated with the multidrug antibiotic resistance
(Wang et al., 2020a).

Common agricultural practices like fertilization and irrigation
are known to affect soil resistome. Many studies have found
that long-term manure application significantly increased the
diversity and abundances of ARGs and MGEs (Peng et al., 2017;
Han et al., 2018). However, in some studies, such significant
trends of ARGs caused by long-term application of manure could
not be observed (Tang et al., 2015; Wang et al., 2018). According
to HT-qPCR, the distribution and total relative abundance of
ARGs among manured soils had no significant difference in this
study (Figure 2, Supplementary Figure 3, and Supplementary
Table 1); soil types (Wang et al., 2020a), sources of animal
manure (Zhang et al., 2017), tillage and cropping systems
(Wang et al., 2018), and time (Liu et al., 2017) and application
frequency (Heuer et al., 2011) may lead to the inconsistent
results. In addition, a subset of ARGs analyzed in these studies
may be one of the reasons; different from the result of HT-
qPCR, the total relative abundance of 13 ARGs quantified by
RT-qPCR was significantly higher in CMF soils (Figure 2).
Therefore, more types of ARGs considered may provide a more

comprehensive insight into the influence of manure fertilization
in an agricultural environment. The different findings detected
in HT-qPCR and RT-qPCR may result from the differences in
primer sequences, polymerase, qPCR volume (100 nl vs. 20 µl),
and number of primer sets (one pair in RT-qPCR vs. multiple
primer pairs for some genes).

Antibiotic resistance genes profiles in manured soils were not
significantly changed, yet among the four fertilized treatments,
CMF soils had more detected ARG subtypes and higher ARG
abundance level (Figure 2). Although differences were not
significant, they still indicated that application of fresh chicken
manure induced some ARG subtypes in soil. Previous studies
found that application of chicken manure generally increased the
abundance of some ARGs (Urra et al., 2019; Liu et al., 2021). This
study further verified the result with long-term applications in the
field. The soil in this study was a sandy loam (alluvial-aquic) soil
with alkaline characteristics. Our previous study had found that
tetL in this alkaline soil was enriched after long-term fertilized
with plant-derived organic manure, and survival of the Firmicutes
bacteria that carried tetL may be the cause (Peng et al., 2018).
In this study, compared with F, the relative abundance of tetL
quantified by RT-qPCR was also increased in different manure-
amended soils (Supplementary Figure 5), which may be due to
the same reason as our previous finding.

Small Proportion of Manure-Derived
Bacteria and Antibiotic Resistance Gene
Survival in Soil May Be the Main Reason
for Its Minor Effects on Soil Antibiotic
Resistance Gene Abundance
The succession of microbial community structure is the main
factor that influenced the variation of ARGs during sewage
sludge composting (Su et al., 2015), anaerobic digestion of dairy
manure (Sun et al., 2016), and manure composting (Yin et al.,
2017; Awasthi et al., 2019). Changes of soil resistome induced
by manure application mainly resulted from the alteration
of soil bacteria communities rather than the horizontal gene
transfer (Liu et al., 2017). In this study, bacterial communities
were significantly changed by different manure treatments
(Supplementary Figure 6 and Supplementary Table 2), while
manure application only showed some minor effects on ARG
profile (Figure 3, Supplementary Figure 3, and Supplementary
Table 1), and bacteria community compositions were not
significantly correlated with ARG profiles (Figure 5). These
results suggested that the variation of ARG profile is not the
inevitable result of bacterial community change in manure-
treated soil. As mentioned above, manure application did not
always lead to significant increase of ARG abundance in soil, and
the reasons for this phenomenon are very complex. Finding out
the reasons may be of great value for guiding us to take effective
measures to reduce ARG diffusion in farmland.

Fast expectation maximization microbial source tracking
and SourceTracker were commonly used machine-learning
classification tools in microbial source tracking, which were used
in manure-associated community analysis (Gou et al., 2018) or
quantifying the contributions of potential sources to ARGs in the
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river sediments (Chen et al., 2020). As a novel microbial source
tracking method, FEAST has some distinct advantages on its
estimation accuracy particularly if the sink community contains
species/gene from an uncharacterized source (Shenhav et al.,
2019; Chen et al., 2020). Here, FEAST was used to apportion the
contributions of soil, mushroom residues, and chicken manure
on the presence of bacteria communities and ARGs in the
manure-amended soils, and results showed that MR-derived
bacteria and ARGs survived more than those derived from CM
and K (Figure 6 and Table 2). The formation environment
of mushroom residues is more similar to that of the soil
environment than chicken gut microenvironment. In addition,
soil microbial diversity is the key factor controlling the extent
to which bacterial invaders can be established (van Elsas et al.,
2012; Peng et al., 2016). Thus, the indigenous soil microbial
community may also play an important role in inhibiting the
CM- and K-derived bacteria survival in soil.

The total relative abundance of ARGs in CMF soils was
1.41 times higher than that of MRF and KF soils even not
significantly (p > 0.05), and three ARGs were significantly
enriched (Figures 2, 3). We speculated that manure affect soil
ARGs from three ways: firstly, nutrients carried by manure
cause the proliferation of endogenous bacteria carrying by
ARGs; secondly, ARGs from manure transfer to soil endogenous
microorganisms; and finally, manure-derived ARG survival in
soil. Nutrients can enhance the effect of selective pressures of
ARGs (Deng et al., 2020); even sterilized manure also can result
in a little increase in the relative abundance of tetracycline-
resistant bacteria in soil (Peng et al., 2016). Therefore, the
seven significantly enriched ARGs in three manure treatments
(Figure 3) may result from the proliferation of endogenous
resistance using nutrients carried by the manures. Bacterial
abundances in manure-amended soils were not significantly
increased (Figure 2D); this may result from the fertilization
treatments in this study being loaded with equal nitrogen into
the soils. From the perspective of MGEs, the total relative
abundance of MGEs was not significantly different among
three manure-treated soils (Figure 2), connections between
ARGs and MGEs were not improved by manure application
(Supplementary Figure 4). It has been demonstrated that MGEs
could potentially enhance the accumulation and persistence
of ARGs in manure/sludge-amended soils (Gaze et al., 2011).
However, horizontal gene transfer occurrence of ARGs via MGEs
may depend, at least partly, on its types; the limited distribution
of some genes is possibly associated with their limited host range
(Chen et al., 2016). Therefore, horizontal gene transfer via MGEs
may not be the main reason leading to the minor increase of
the total ARG abundance in CMF soils. Although CM-derived
bacteria contributed a little proportion (0.19–0.31%) to the CMF
soil bacteria community (Figure 5), the relative abundance of
ARGs in CM was higher than that of MR and K (Figure 1).
Thus, when the same proportion of bacteria survived in soil,
CM-derived bacteria may have a higher impact on soil ARGs
than that from MR and K. FEAST analysis showed that CM-
derived ARGs contributed 0.4% to the ARGs in CMF soils, while
K-derived ARGs contributed 0.3% (Table 2), and the enriched
ARGs in CMF soils may be from the surplus 0.1% contribution
of CM. MR carried a small amount of ARGs (Figure 1), so

it did not significantly affect soil ARGs after being applied for
3 years, even though MR-derived ARGs contributed 3.6% to the
soil ARGs (Table 2).

The detected ARG subtypes were significantly decreased, and
the total abundance of ARGs was reduced by 29.12% in KF soils
compared with that in CMF soils (Figure 2). This indicated that
heat treatment of chicken manure may efficiently reduce the
amount of ARGs introduced into soil, thus making its abundance
level similar to that of MRF soils. This result further verified
our early findings in mesocosm and greenhouse experiments that
nutrients and tetracycline resistance genes not carried by live
bacteria in sterilized manure contribute little to the accumulation
of tetracycline-resistant bacteria and genes in soils (Peng et al.,
2016). The total abundance of MGEs was also the lowest in
KF soils (Figure 2), which inferred that the opportunities of
ARG transfer to other species may also be reduced. In addition,
after the oil bath kettle was started, the high temperature of
the oil bath kettle can be maintained for a period of time after
the temperature is raised, and the inner part of the equipment
is closed, leaving only the steam outlet. Therefore, the energy
consumption is relatively low: it needs about 48-kW electric
energy to treat 1 ton of chicken manure. Whether the application
of heat-treated manure can decrease the migration of ARGs in
other types of soil and the removal efficiency of this oil bath
high-temperature treatment kettle on ARGs from other animal
manure needs further study.

CONCLUSION

In this study, 3 years’ application of mushroom residue, chicken
manure, and heat-treated chicken manure significantly changed
the soil bacteria community compositions. However, the profiles
and abundance of the ARGs in the fertilized soils were not
significantly changed but only showed some minor increase in
chicken manure-amended soils. In quantitative apportionment,
the analysis of FEAST demonstrated that intrinsic ARGs from
soil dominated 95.8–99.7% of the relative contribution of ARGs
in the manure-amend soils. The contribution of chicken manure
was similar to that of heat-treated manure (0.4 and 0.2%), and
the contribution of both was lower than that of mushroom
residues (4.2%). Although the application of the fresh chicken
manure for three consecutive years had no significant effect on
soil ARGs, the total abundance of ARGs had increased slightly.
Heat treatment obviously reduced the total abundance of ARGs
and MGEs in chicken manure, and the total ARG abundance
in the heat-treated manure-amended soils was similar to that
observed in the soils applied with mushroom residue. It suggests
that treating animal manure with high temperature may be
an environmentally sustainable technology to reduce the public
health risk of ARGs derived from intensive animal farming.
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