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Strawberry fruits are easily contaminated with antibiotic resistance genes (ARGs) in the soil
fertilized with livestock manure, which is widely used by farmers in order to increased yield
and fruit quality. Composting can reduce the ARGs contamination in livestock manure.
However, there is a knowledge gap in understanding and comparing the ARGs
contamination of strawberries with the long-term use of raw, aerobic composting, and
anaerobic composting livestock manure. In this study, our results suggested that
compared with the long-term use of raw livestock manure, both aerobic and anaerobic
composting livestock manure reduced the ARGs diversity and abundance of strawberries.
Mobile genetic elements (MGEs) closely determined the ARGs dissemination. The
correlation analysis between ARGs and MGEs revealed the ARGs dissemination from
fruits to human was attenuated when strawberries were fertilized with long-term use of
composting livestock manure. In addition, this study illustrated the correlations between
the antibiotic resistome and microbiome via network co-occurrence analysis, finding that
the phylum Proteobacteria, Firmicutes, and Myxococcota were identified as the potential
ARGs hosts which exerted the vital role in the environmental behavior of ARGs. The most
important highlight was that the contamination of ARGs of strawberries was alleviated by
the long-term use of composting livestockmanure, especially the anaerobiotic composting
manure.
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INTRODUCTION

At present, the contamination with antibiotic resistance bacteria (ARB) and antibiotic resistance
genes (ARGs) is a global concern (Brown and Wright, 2016). Many studies have focused on the
environmental behavior and risk of ARGs in urban sewage, oceans, rivers, lakes, farmland, and
other environments (Joy et al., 2013; Nnadozie and Odume, 2019; Cuadrat et al., 2020; ZhangM.-S.
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et al., 2021; Nguyen et al., 2021). ARGs can be transferred from
soil to vegetables and fruits, posing a direct threat to human
health (Marti et al., 2013; Zhu et al., 2016; Mei et al., 2021).

The fate of ARGs in livestock manure is significantly
influenced by composting method (Shi et al., 2020; Shen et al.,
2021). Although the results of some studies on the transformation
of ARGs are partly contracted with each other (Wainaina et al.,
2020), numerous studies have shown that both aerobic and
anaerobic composting can reduce ARG diversity, abundance,
and the capacity of dissemination (Selvam et al., 2012; Qian
et al., 2017; Gou et al., 2018; Awasthi et al., 2019; Huang et al.,
2021). Many studies have concentrated on the behavior of ARGs
in soil amended with kinds of livestock manure, but little
information of demonstrating and comparing the ARGs
contamination of vegetables and fruits fertilized with different
organic manures. The strawberry is an important fruit worldwide,
its flavor is enjoyed by people across cultures, and it is
indispensable to the kitchen table. ARG-contaminated edible
parts of plants can enter the human digestive tract along the
food chain, threatening human health (Abriouel et al., 2008; Jung
and Rubin, 2020; Mei et al., 2021). Therefore, ARG-contaminated
agricultural products are of global concern. Some vegetables and
fruits can be peeled or excessively rinsed to avoid this problem
(Mei et al., 2021); however, these methods cannot be used for
strawberries, which are soft, juicy fruits. The use of livestock
manure to farmlands is an important method of ARG
dissemination from the human world into nature (Pu et al.,
2020; Zhang M.-S. et al., 2021). Strawberry plants crawl on the
ground, and the fruits are more easily contaminated by soil ARGs
than fruits off the ground (Zhang H. et al., 2020). To increase the
yield and flavor of strawberries, the use of livestock manure has
become a common fertilizing method for farmers (Song et al.,
2020; Kilic et al., 2021). The fertilization with composting
livestock manure is very common in developed countries,
however, for developing and underdeveloped countries, the use
of raw livestock manure is also very usual. Therefore, it is very
essential to understand and compare the ARGs contamination of
strawberries with the long-term use of raw, aerobic composting,
and anaerobic composting livestock manure.

In this study, we hypothesized that the contamination of ARGs
of strawberries was alleviated by the long-term use of composting
livestock manure by comparison of raw livestock manure, and
verified it via field trials. High-throughput quantitative PCR (HT-
qPCR) was used to detect ARGs and mobile genetic elements
(MGEs). Additionally, the bacterial community was determined
by performing 16S rRNA gene high-throughput sequencing. By
combining the antibiotic resistome and microbiome data, the
potential ARGs microbial hosts were identified via the non-
random co-occurrence network analysis.

MATERIALS AND METHODS

Sampling Site and Sample Collection
China has the largest strawberry planting acreage in the world.
Jurong, located in Jiangsu Province, China, has an intensive
strawberry planting area (16,000 ha). Baitu (31°98 N, 119°28 E),

the core planting area in Jurong, was selected for the long-term
fertilization experiment. The fruits that were collected from
five replicate fields (5 × 1333 m2) with the use of raw poultry
manure were defined as PM (2000 kg ha−1); the fruits collected
from five replicate fields (5 × 1333 m2) with the use of aerobic
composting poultry manure were defined as APM (2000
kg ha−1); the fruits that were collected from five replicate
fields (5 × 1333 m2) with the use of anaerobic composting
poultry manure were defined as AAPM (2000 kg ha−1). The
manure was obtained from poultry farms. Additionally, urea
was with 600 kg ha−1a. All manure was used before
transplantation, while urea was used during the berry
expansion period. The fields were fertilized with the raw or
composting livestock manure for 9 years in succession. Five
sampling sites were randomly selected across each field. Ten
fruits were plucked at each site within an area of 4 m2 (2 m ×
2 m). The sampling sites were separated by a distance of 50 m.
Fruits from the same field were mixed gently and immediately
stored in an ice box. Microbes attached to strawberries were
collected within 2 h. The method of collecting microbes was
modified according to the description by Zhu et al. (2016). Five
fruits (~20 g per fruit) from the same field were picked out and

FIGURE 1 | α-diversity index of ARGs attached to strawberries collected
from fields with long-term use of raw poultry manure (PM), aerobic
composting poultry manure (APM), and anaerobic composting poultry
manure (AAPM) (A). Principal coordinates analysis (B) (n = 5).
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put into a 500 ml conical flask containing 200 ml of sterilized
phosphate-buffered saline (0.01 M, pH 7.4). The ultrasonic
probe was put into PBS and sonicated for 10 min. Flasks were
shaken for 0.5 h at 150 rpm and 30°C. The fruits were then
filtered using sterilized gauze, and the phosphate buffer was
filtered through a 0.22 μm cellulose membrane.

DNA Extraction and HT-qPCR
DNA was extracted and stored as described by Zhu et al. (2016).
The primers (Supplementary Table S1) and HT-qPCR protocol
used in this study were described by Zhang W.-G. et al. (2021).
Analysis of amplification results and calculation of ARG
abundance were the same as those described by Guo et al.
(2018). HT-qPCR reactions were performed using SmartChip
Real-time PCR Systems (WaferGen Inc., United States); there

were altogether 295 primer sets targeting 285 ARGs, 8
transposases, 1 class1 intergron, and 16S ribosomal RNA
(rRNA) gene. The 285 ARG assays in this research conferred
resistance to almost all major antibiotics and covered three
resistance mechanisms. Amplification was conducted in 100 nL
reaction containing (final concentration) 1×LightCycler 480
SYBR® Green I Master Mix (Roche Inc., United States),
nuclease-free PCR-grade water, 1 ng μL−1 BSA, 3 ng μL−1

DNA template, and 1 μM of each forward and reverse
primers. The thermal cycle was: Initial denaturation at 95°C
for 10 min, followed by 40 cycles of denaturation at 95°C for
30 s, annealing at 60°C for 30 s, finally with a melting curve
analysis auto-generated by the program. For each primer set,
amplification was conducted in triplicate and a non-template
control was included.

The results of the high-throughput qPCR were analyzed using
SmartChip qPCR software (V2.7.0.1), wells with multiple melting
peak as well as wells with amplification efficiency beyond the range
(1.8–2.2) were discarded. A threshold cycle (Ct) 31 was used as the
detection limit, only samples with three replicates which had
amplification were regarded as positive. Relative copy number
was calculated referring to a previous study (Looft et al., 2012):

Relative gene copy number = 10 ((31-Ct)/(10/3))

Where Ct is the threshold cycle. The absolute copy number of
16S rRNA gene was quantified by Roche 480 using a SYBR®
Green approach separately. The qPCR reaction (20 μL)
consisted of 10 μL 2× LightCycler 480 SYBR® Green I Master
Mix (Roche Inc., United States), 1 μM of each primer (same
primer used in high-throughput qPCR), 1 μL DNA template,
7 μL nuclease-free water. Amplification was conducted with
Roche 480 (Roche Inc., United States) as follows: Initial pre-
incubation at 95°C for 5 min, followed by 40 cycles of 95°C for
15 s, 60°C for 1 min, and 72°C for 15 s. A standard plasmid
containing a cloned and sequenced 16S rRNA gene fragment
(1.39×1010 copies L−1) was used as eight-point calibration
curves from 10-fold dilutions of it to apply external standard
calculation, and the PCR reaction was run in triplicate with
negative and positive controls. A significantly high correlation
between the statistics from SmartChip Real Time System and
Roche 480 was observed (r = 0.96, p < 0.01); thus, the relative
copy number of ARGs generated by the high-throughput qPCR
could be transformed to absolute copy number by normalized to
absolute 16S rRNA gene copy number.

Amplicon High-Throughput Sequencing
and Data Processing
The V4 fragment of the 16S rRNA gene was the target region
for characterizing the bacterial communities (Bates et al.,
2011). Before obtaining the effective sequences, low-quality
reads were trimmed, separated, and identified (Edgar et al.,
2011). All 16S rRNA gene sequences in this study were
uploaded to the National Center for Biotechnology
Information (NCBI) database under the accession number
PRJNA825758.

FIGURE 2 | Number of detected ARGs attached to strawberries
collected from fields with long-term use of raw poultry manure (PM), aerobic
composting poultry manure (APM), and anaerobic composting poultry
manure (AAPM) (A); Bipartite network analysis showing unique
ARGs (B).
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Statistical Analysis and Visualization
The bipartite network was constructed using ggClusterNet in R.
All possible pairwise Spearman’s rank correlations between ARGs
and MGEs were calculated to construct a correlation matrix.
Correlations meeting the standard of Spearman’s correlation
coefficient (ρ) > 0.8 and p < 0.05 were regarded as statistically
significant. A similar method was used to determine the
correlation between the microbiome and the antibiotic
resistome. Network co-occurrence analysis was visualized on
the Gephi interactive platform. The Mantel test was used to
build a correlation matrix between the pathogens and ARGs. A
correlation was considered statistically significant when the
p-value was <0.05.

RESULTS AND DISCUSSION

The Pattern of Antibiotic Resistome of
Strawberries
The application of livestock manure can increase the ARGs in
vegetables, indicating that ARGs migrate from contaminated
environments to vegetables (Duan et al., 2017; Chen et al.,

2018; Mei et al., 2021). This migration mechanism might
function via 1) environmental bacteria that colonize roots,
migrating up and colonizing the interiors of stems, leaves, and
fruits (Chi et al., 2005); or 2) the antibiotic-resistant bacteria from
water, soil, and air directly attaching to the exterior of vegetables
and then colonizing (Marti et al., 2013; Liu et al., 2017; Zhang Y. J.
et al., 2020). Studies have shown that both aerobic and anaerobic
composting could significantly decrease the diversity and
abundance of ARGs in livestock manure (Selvam et al., 2012;
Qian et al., 2017; Gou et al., 2018). The high temperature
generated during the process of aerobic or anaerobic
composting functioned in decreasing the diversity and
abundance of ARB. Moreover, the high temperature restrained
the process of horizontal gene transfer (HGT) of ARGs (Huang
et al., 2021). Theoretically, the ARGs contamination of
strawberries fertilized with composting livestock manure was
lower than those fertilized with raw livestock manure.

In this study, we detected 243, 159, and 135 ARGs in PM,
APM, and AAPM, respectively. The results of Chao1 and
Shannon indices showed that the ARGs of PM were more
diverse than those of APM and AAPM (Figure 1A).
Furthermore, principal coordinates analysis (PCoA) showed

FIGURE 3 | Heatmap analysis of ARGs attached to strawberries collected from fields with long-term use of raw poultry manure (PM), aerobic composting poultry
manure (APM), and anaerobic composting poultry manure (AAPM). The ARGs detected in this study are listed on the vertical axis. The horizontal axis shows the sampling
group (n = 5).
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that strawberries fertilized with raw livestock manure clustered
together, distinguishing them from those fertilized with
composting livestock manure (Figure 1B). The detected ARGs
were distributed across a variety of antibiotic-resistant classes,
including those resistant to aminoglycoside, beta-lactamase,
chloramphenicol, MLSB, multidrug, sulfonamide, tetracycline,
and vancomycin (Figure 2A). The bipartite network showed
that there were many more unique ARGs in PM than in APM
or AAPM (Figure 2B). The abundance of ARGs in PM, APM,
and AAPM is shown in detail in Figure 3. The absolute ARGs
copy numbers of PM, APM, and AAPM were ranged from
2.07×103 copies g−1~ 4.54×108 copies g−1, 115 copies g−1~
5.43×107 copies g−1, and 202 copies g−1~ 6.31 ×107 copies g−1

respectively. The majority of the ARGs detected in PMwere more
abundant than those detected in APM and AAPM. The results
verified that the ARGs contamination of strawberries is alleviated
by the long-term use of composting livestock manure.

Dissemination Risks of ARGs of
Strawberries
ARGs are disseminated via vertical gene transfer (VGT) and
HGT. Compared to VGT, HGT is a pathway that can

disseminate ARGs among microorganisms, posing a greater
environmental risk (Gogarten and Townsend, 2005; Gillings
et al., 2015). Mobile genetic elements (MGEs) act as
manipulators in this gene transfer process (Gillings et al.,
2008; Partridge et al., 2009; Gaze et al., 2011). Therefore, the
correlation between ARGs and MGEs is commonly used to
assess the dissemination capacity of ARGs in various
environments (Zhang W.G. et al., 2021).

Twelve MGEs were selected for detection in this study
(Supplementary Table S1). All 12 MGEs were detected in
PM, whereas 8 and 7 MGEs were detected in APM and
AAPM, respectively. For strawberries fertilized with raw
livestock manure, there were 286 robust connections between
ARGs and MGEs (Figure 4A), while there were 237 and 119
connections for the strawberries fertilized with aerobic and
anaerobic composting manure, respectively (Figures 4B,C).
Our field trial results revealed that compared with the use of
raw livestock manure, the long-term use of composting manure,
especially anaerobic composting manure, is a better strategy to
attenuate the HGT process of ARGs. Although the exact effects
and mechanisms of ingesting exogenous ARGs on human health
are unclear, many studies have indicated that intestinal
microbiota can acquire exogenous ARGs via horizontal gene

FIGURE 4 |Network analysis depicting the correlations among ARGs and MGEs of strawberries collected from the fields with long-term use of raw poultry manure
(PM) (A), aerobic composting poultry manure (APM) (B), and anaerobic composting poultry manure (AAPM) (C). Each significant Spearman’s correlation (p < 0.05) is
presented by a connection line. Co-occurrence patterns among antibiotic resistome and microbiome.
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transfer (Marti et al., 2013; Zhu et al., 2016; Mei et al., 2021). If
exogenous ARGs are acquired by pathogenic bacteria, it would be
detrimental to curing diseases. Therefore, our results suggested
that the use of composting livestock manure especially anaerobic
composting manure could mitigate the threat of ARGs to human
health.

As the host, the microbial community determines the
pattern and environmental behavior of ARGs (Hu et al.,
2017; Guo et al., 2018; Du et al., 2020; Zhang M.-S. et al.,
2021). The non-random co-occurrence network correlation
between ARGs and bacterial taxa was regarded as an effective
way to track the potential ARGs hosts in various
environments (Hu et al., 2017; Guo et al., 2018). In our
study, the microbial taxa at the phylum level exhibited no
significant differences among the PM, APM, and AAPM,
except for the phylum Firmicutes. Proteobacteria was the
predominant taxa in all samples, accounting for 85.6–95.1%,
followed by Firmicutes (Supplementary Figure S1). Our
results showed that the predominant phyla Proteobacteria
and Firmicutes built intensive connections with ARGs
(Figure 5). This indicated that the dominant bacterial taxa
Proteobacteria and Firmicutes were the potential ARGs hosts.
Our finding was consistent with the previous study where the
pattern of endophytic ARGs of strawberries was investigated.
The study found that the endophytic bacteria hosts of ARGs

were preferably distributed in the domination phylum
Proteobacteria (Zhang et al., 2020). Additionally, it should
be noted that the phylum Myxococcota, a non-dominant
bacterial taxon, also built intensive correlations with
ARGs, indicating the important role of Myxococcota in
influencing the pattern of antibiotic resistome of
strawberries. The similar results were shown in other
environments where the non-dominant microbial taxa
were the potential ARGs hosts (Guo et al., 2018; Zheng
et al., 2018; Zhang M.-S. et al., 2021).

CONCLUSION

A comparable study was conducted to understand whether the
long-term use of aerobic and anaerobic composting manure can
mitigate the ARGs contamination of strawberries by comparison
with raw livestock manure. The results demonstrated that 1) the
ARGs diversity and abundance of strawberries decreased when
fertilized with the aerobic and anaerobic composting manure; 2)
ARGs of strawberries with the long-term use of raw livestock
manure built more intensive and robust correlations with MGEs
than those with the use of composting livestock manure.; 3) the
use of composting livestock manure especially anaerobic
composting manure can the threat of ARGs to human health;

FIGURE 5 | Network co-occurrence analysis between the microbiome and antibiotic resistome. The size of each node is proportional to the number of
connections.
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4) ARGs were mostly harbored by the phyla Proteobacteria,
Firmicutes, and Myxococcota.
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