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• Cropland soils are important reservoirs
of antibiotic resistance genes (ARGs).

• The most abundant and highly shared
ARGs were multidrug resistance genes.

• Soil ARGs was significantly correlated
with mobile genetic elements (MGEs).

• Human activities is dominant in regulat-
ing the ARGs patterns in cropland soils.
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Soil is a vital reservoir of antibiotic resistance genes (ARGs), but we still know little about their distribution in
cropland soils and themain driving forces. Herewe performed an investigation for ARGs patterns in 105 cropland
soils (planted with maize, peanut or soybean) along a 2, 200 km transect in China using high-throughput quan-
titative PCR approaches. Totally, 204 ARGswere detected, with a higher diversity found in central China than that
in northeast and south China. The most abundant (top 50%) and highly shared (present in N50% samples) ARGs
regarded as core resistomewere dominated bymultidrug resistance genes such as oprJ, acrA-05 and acrA-04. Re-
gressive analyses revealed that the relative abundance of total ARGs and core resistome both had significant re-
lationships with mobile genetic elements (MGEs). Anthropogenic factors including the consumption of plastic
films and soil properties including heavy metals showed good correlations with the diversity of ARGs. Structural
equationmodelling analysis further explained that anthropogenic factorswere themain forces shaping the ARGs
patterns. These findings highlight the importance of human activities in shaping soil antibiotic resistome in the
croplands, providing potential management strategies to mitigate the dissemination of ARGs to humans via
food chain.
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1. Introduction
Agricultural ecosystems are pivotal in sustaining crop production
and livelihoods for human beings. With the rapid growth of global
human population, food safety has become a global concern (Hudson
et al., 2017). During the recent decades, the dissemination of antibiotic
resistance genes (ARGs, collectively known as “resistome”) is a growing
concern in both clinical and environmental settings due to the wide use
of antibiotics in medicines and animal husbandry (Berendonk et al.,
2015). The prevalence of these antibiotics exert a selective pressure
for ARGs in the environment, which are in high risk of being horizon-
tally transferred to other bacteria and pathogens through mobile ge-
netic elements (MGEs) such as integrons, transposons, plasmids and
gene cassettes (Gogarten and Townsend, 2005; Gillings et al., 2015).
The ARGs reservoirs in the environment have substantially expanded
with the discovery and widespread use of antibiotics (Zhu et al.,
2017), and may pose a potential risk to public health through the food
chain.

Soil is a vital reservoir of microbial communities and ARGs, approx-
imately 30% of known ARGs in public repositories are harbored in soil
environment (Forsberg et al., 2012; Nesme et al., 2014). Agricultural
ecosystem is considered as one of the hotspots of ARGs, and it has
been largely impacted by anthropogenic activities such as manure ap-
plication, irrigation and pesticide application (Han et al., 2016; Hu
et al., 2016a; Sundin and Wang, 2018). Land application of animal ma-
nure or composts would introduce exogenous ARGs and antibiotic-
resistant Entericbacteria (Heuer et al., 2009; Hu et al., 2016a), as well
as stimulate soil indigenous ARG-bearing microbes by the selective
pressure of residual antibiotics frommanure (Xie et al., 2018). Irrigation
with untreatedwastewater can increase antibiotic resistance in agricul-
tural soils (Jechalke et al., 2015). While water quality, irrigation timing,
method and amount of irrigation can affect antibiotic distribution with
consequences on the dissemination of ARGs (Liu et al., 2018). Addition-
ally, heavymetals such as copper (Cu), nickel (Ni) and cadmium (Cd) in
farming systems, introducedwith the application of livestock excreta or
pesticides, are posing a strong co-selective pressure for antibiotic resis-
tance (Berg et al., 2010; Hu et al., 2016b). The microbial phylogenetic
structure is also a crucial determinant of ARG distribution in soil envi-
ronment (Forsberg et al., 2014). Soil bacteria are not only themajor pro-
ducers (e.g. Actinobacteria) of antibiotic compounds and derivatives
(Allen et al., 2010; Wright and Poinar, 2012), but also the hosts (e.g.
Proteobacteria and Actinobacteria) of many ARGs (e.g. multidrug resis-
tant ARGs) (D'Costa et al., 2006; Forsberg et al., 2014). Soil fungi can also
produce substantial amounts of antibiotic compounds when competing
with bacteria,whichmay exert selective pressure for antibiotic resistant
bacteria and largely increase the relative abundance of ARGs (Bahram
et al., 2018). Therefore, a call for studying soil reservoir of antibiotic
resistome and their links to controlling factors is necessary especially
for cropland soils that are largely impacted by human activities
(Nesme and Simonet, 2015).

Soil resistome is dominated by a small part of ubiquitous and abun-
dant ARGs, which may play an important role in the dissemination
pathway to human communities. This component is identified as core
resistome (Munck et al., 2015; Su et al., 2017). The definition of core
resistome in a certain environment is still obscure, and we know little
about the core resistome in cropland ecosystems. In this study, we set
the most abundant (top 50% most abundant ARGs) and highly shared
(present in N 50% samples) ARGs as the core resistome. We carried
out a large-scale investigation onARGs distribution across Chinese crop-
land soils using high-throughput quantitative PCR (HT-qPCR) tech-
niques, and performed comprehensive analyses of multiple factors
influencing the distribution and composition of ARGs. The soil samples
were collected from three main agricultural regions (northeast, central
and south China) along a 2200 km latitudinal gradient. Anthropogenic
factors (agricultural production and socio-economic parameters), geo-
graphic and meteorological parameters, soil properties, and microbial
attributes (bacterial and fungal communities) were collected or mea-
sured. We hypothesized that anthropogenic factors are predominant
in shaping the distribution of soil resistome in croplands at a large-
scale. Our study provides important information on the wide range of
ARGs compositions and the key drivers in agricultural soils. This knowl-
edge is critical in understanding the effects of human activities exerting
on our closely related agroecosystems.

2. Materials and methods

2.1. Site description and soil sampling

The investigation was carried out at a large-scale across a latitudinal
gradient ranging from 26°23′ N to 46°20′ N spanning 2200 km in Chi-
nese croplands from July to August in 2014 (Fig. S1). Soil samples
were collected from 10 administrative districts (at the city or county
level) across northeast, central and south China, i.e. Harbin (HEB),
Changchun (CC), Gongzhuling (GZL), Luancheng (LC), Dezhou (DZ),
Fengqiu (FQ), Zhoukou (ZK), Taoyuan (TY), Yingtan (YT), and Qiyang
(QY). Totally, 105 cropland soil samples were collected and each sam-
pling site was at least 5–10 km far away from each other. For each sam-
pling site, three 100 × 100 m plots were randomly selected and four
points from each plot were collected and finally 12 points were com-
posed to one sample. The detailed sampling description of site locations,
soil types, main crops and climatic conditions is provided in Table S1.
Soil samples were sealed in sterile plastic bags and transported on ice
to the laboratory after removing stones and roots. A portion of soils
was freeze-dried and stored at−80 °C for DNA extraction, and another
portion was passed through a 2.0 mm sieve and stored at 4 °C for phys-
icochemical analyses.

2.2. Soil physicochemical analysis

Soil physicochemical properties were measured using conventional
methods as described previously (Han et al., 2016; Hu et al., 2018).
Briefly, soil pH was measured with a soil to water ratio of 1:2.5 using a
Delta 320 pH-meter (Mettler-Toledo Instruments, Columbus, OH,
USA). Total nitrogen (TN) was measured on an Element Analyser
(Vario EL III, Elementar, Hanau, Germany). Soil organic carbon (SOC)
was treatedwith H2SO4 to remove carbonate and determined on the El-
ement Analyser (Elementar). Soil inorganic nitrogen (including NH4

+-N
andNO3

−-N)was extractedwith 1MKCl andmeasured using a SAN++
Continuous Flow Analyser (Skalar, Breda, Netherlands). Soil available
phosphorous (AP) was extracted by 0.5 M NaHCO3 solution and mea-
sured on the Continuous Flow Analyser (Skalar). Soil available potas-
sium (AK) was measured by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES, Vista axial, Varian). Soil particle size
was measured by a Laser Particle Size Analyser (Malvern Instruments,
Malvern, UK). Soil heavy metals including total nickel (Ni), copper
(Cu), zinc (Zn), arsenic (As), cadmium (Cd) and lead (Pb) were ex-
tracted with HNO3-HF-H2O2 system, and determined on ICP-MS
(PerkinElmer, Waltham, MA, USA) following the methods as described
previously (Hu et al., 2016b; Zhou et al., 2017).

2.3. DNA extraction and high-throughput quantitative PCR (HT-qPCR)
analysis

Soil DNA was extracted from 0.5 g frozen soil in triplicate from each
sample using the MoBio PowerSoil DNA Isolation Kit (MoBio Laborato-
ries, Carlsbad, CA, USA) andmixed into one DNA sample. The DNA qual-
ity and concentration were assessed by agarose gel electrophoresis and
NanoDrop ND-2000 UV–vis spectrophotometer (NanoDrop Technolo-
gies,Wilmington,DE, USA), respectively. TheHT-qPCR analysiswasper-
formed to quantify ARGs and MGEs on the Wafergen SmartChip Real-
Time PCR System (Fremont, CA, USA) as described previously (Zhu
et al., 2013; Hu et al., 2018). Briefly, the HT-qPCR array consisted of
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296 primer sets (Zhu et al., 2013), targeting 285 ARGs for eight major
categories, eight transposon-transposases, two class 1 integron-
integrases, and one 16S rRNA gene. Three technical replicateswere per-
formed for each sample and negative controls (noDNA template added)
were included for each HT-qPCR run. A threshold cycle value (CT) of 31
was set as the detection limit to differentiate between positive amplifi-
cation and primer-dimers (Su et al., 2015). Only samples with two or
three technical replicates above the limit of quantification were
regarded as positive detections, and the average values of technical rep-
licates were calculated for the samples which were positively detected.
Reactions with R2 values below 0.99 and efficiency beyond the range
1.7–2.3were discarded, and the ampliconswithmultiplemelting curves
were removed from the analysis (Hu et al., 2018). The relative abun-
dances of ARGs and MGEs compared to the 16S rRNA gene in the
same HT-qPCR run were calculated according to a comparative CT

method (Schmittgen and Livak, 2008).

2.4. Illumina Miseq sequencing and data processing

To characterize bacterial and fungal communities, the V4 region of
bacterial 16S rRNA gene and fungal Internal Transcribed Spacer (ITS)
gene were amplified using the primer set 515F/806R (Bates et al.,
2011) and ITS1F/2043R linked with the Illumina adaptor and a 12-bp
barcode sequence, respectively. PCR products and sequence library
were prepared according to our previous study (Zhao et al., 2019),
and the sequencing was performed on an Illumina Miseq sequencing
platform (Illumina, San Diego, CA, USA). The obtained raw sequences
were quality filtered, assembled, de-multiplexed, and assigned to indi-
vidual samples using Quantitative Insights Into Microbial Ecology
(QIIME) analysis (Caporaso et al., 2010). A chimera filtering approach
UPARSE was used to bin the sequences into operational taxonomic
units (OTUs) at the 97% sequence identity level (Edgar, 2013). All 16S
rRNA gene and ITS gene sequences have been deposited to international
database with the accession number PRJNA448018 and ERP115241,
respectively.

2.5. Identification of the core resistome

Previous studies identified the most abundant or the abundance
over 70% of total ARGs as core resistome in certain environments (Su
et al., 2017). In this study, the most abundant (top 50% most abundant
ARGs) and highly shared (present in N 50% samples) ARGswere defined
as core resistome referring to the definition of a previous study (Zhang
et al., 2019). This definition considered both abundant and highly
shared ARGs, and would be better to figure out a group of dominant
ARGs in cropland soils. The definition of core resistome was based on
the relative abundances of ARGs.

2.6. Collection of anthropogenic factors

A total of 13 anthropogenic factors including gross domestic product
(GDP), total population, total land area, gross output of agriculture,
farming, and animal husbandry, agricultural population, consumption
of chemical fertilizers, pesticides, and plastic films, total sown areas
and yield of farm crops, and total yield of meat were collected (data
source refers to Table S2) from the Chinese governmental statistical
yearbooks, bulletins and reports according to the methods of previous
studies (Zhu et al., 2017; Liu et al., 2018). We collected the data
including“gross output value of animal husbandry” and “total yield of
meat” as representative for “application of animal manure”, which is in-
sufficient for the present work. The anthropogenic factors were also
normalized by either the total land area or the total population of each
administrative subdistrict, given the differences in land area and popu-
lation between these administrative subdistricts. Therefore, a number of
11 normalized anthropogenic factors were generated. The collected
information of all anthropogenic data used in this study refers to the
Supplementary information (Table S2).
2.7. Statistical analysis

Heatmaps were generated to visualize the log-transformed relative
abundances of ARGs andMGEs using the “pheatmap” package in R plat-
form (version 3.4.3) (Kolde, 2013; RCoreTeam, 2014). Spearman's cor-
relation analysis was conducted to assess the relationships between
the relative abundance of ARGs and that of MGEs, bacterial and fungal
community (at the phylum and class level, respectively), soil properties,
and anthropogenic factors in SPSS 22 (IBM, Armonk, NY, USA). Regres-
sion analysiswas performed to test the relationships between the diver-
sity of ARGs and anthropogenic factors, soil properties, bacterial and
fungal abundance and MGEs, using the “ggplot2” package in R. Linear
and nonlinear models (e.g., quadratic and cubic models) were used to
estimate the curve fitting, the models with the highest proportion of
variance in the dependent variable that can be explained by the inde-
pendent variables were selected as the best models. Mantel test was
conducted to assess the correlations between anthropogenic factors,
soil properties, MGEs, the community composition of bacteria and
fungi and ARGs based on Bray-Curtis dissimilarity matrices with 999
permutations using the ‘vegan’ package in R (Oksanen et al., 2014). Pro-
crustes analyses were performed using two Bray-Curtis distances plots
(nonmetric multidimensional scaling ordination, NMDS) as input
based on the matrices of ARGs at subtype level and microbial (bacterial
or fungal) community with 999 permutations using the ‘vegan’ package
in R.
2.8. Network construction and visualization

The correlation matrices were obtained by calculating the pairwise
Spearman's rank correlation coefficients among ARGs and MGEs,
which occurred in N30% of all the samples to minimize the artificial as-
sociation bias. The Spearman's correlation coefficient (ρ) N 0.4 and the
p-value b 0.01 were regarded a statistically robust correlation (Li et al.,
2015). The robust pairwise correlations were imported into Cytoscape
(version 3.6.0) for visualization (Shannon et al., 2003; Halary et al.,
2010), and the network topology was explored by the Frucherman
Reingold algorithm in the Gephi platform (version 0.9.2) (Bastian
et al., 2009).
2.9. Random forest analysis and structural equation modelling (SEM)

The “rfPermute” package in R was used to assess the significance of
the importance of geographic factors (including latitude and longitude),
anthropogenic factors (see Table S2), soil properties (including soil pH,
SOC, TN, AP, AK, NH4

+-N, NO3
−-N, soil particle size, and heavy metals

containing Ni, Cu, Zn, As, Cd and Pb), bacterial diversity, fungal diversity
and MGEs on ARGs patterns as previously described (Delgado-
Baquerizo et al., 2016; Hu et al., 2018). Only those variables that were
identified as statistically significant predictors from the Random forest
analysis were introduced to the Structural equation model (SEM) anal-
ysis to evaluate the direct and indirect effects on the ARGs patterns. The
standardized data were imported into AMOS 22 for SEM construction
using the maximum-likelihood estimation method (SPSS, Chicago, IL,
USA). The model was accepted according to the following criteria: χ2

test (P N 0.05), goodness-of-fit index (GFI N 0.90), root mean square er-
rors of approximation (RMSEA b 0.08), and Akaike information criterion
(AIC) from the defaultmodel lower than that from independencemodel
and saturatedmodel (Schermelleh-Engel et al., 2003). The standardized
total effects of each factor on ARGs patterns were calculated by sum-
ming all direct and indirect pathways between the factor and ARGs.
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3. Results

3.1. Antibiotic resistome and microbial composition in cropland soils

A total of 204 ARGs and 10 MGEs were detected across all the soil
samples using the HT-qPCR approach. The diversity of ARGs and MGEs
showed significant variation along the latitudinal gradient, with higher
values detected in central China than that in northeast and south China
(both with p b 0.01) (Fig. 1A and B). The relative abundance of ARGs
(normalized against the bacterial 16S rRNA gene) slightly varied across
three regions (p b 0.01) (Fig. 1C), while the relative abundance of MGEs
showed no significant changes (p N 0.05) (Fig. 1D). The detected ARGs
could potentially confer resistance to eight major classes of antibiotics
with multidrug (20.59%), beta-lactam (19.12%), MLSB (16.18%), amino-
glycoside (15.20%), and tetracycline (15.20%) resistance as themost fre-
quently detected types (Fig. S2A). These detected ARGs encompassed
threemajor resistancemechanisms: antibiotic inactivation (42.65%), ef-
fluxpump (33.82%) and cellular protection (22.06%) (Fig. S2B). Interest-
ingly, clinical important beta-lactamase encoding genes including IMP,
OXA, PER, SHV, TEM, VIM, and fox5 were detected as well.

In cropland soils, the dominant bacterial phyla (N 1%) were
Proteobacteria (38.63%), Acidobacteria (26.10%), Chloroflexi (7.70%),
Actinobacteria (7.34%) and Bacteroidetes (5.06%) (Fig. S2C). Particu-
larly, Gammaproteobacteria was the most abundant bacterial class
with a proportion of 12.61%. The main fungal phyla (N 1%) were Asco-
mycota (51.02%), Basidiomycota (26.75%) and Zygomycota (14.86%)
(Fig. S2D). Particularly, Sordariomycetes was the most abundant fungal
class with a proportion of 29.25%.
3.2. Identification of the core resistome

Totally, 24 ARGs accounting for 39.7% of the relative abundance of
total ARGs were identified as core resistome in this study (Fig. 2A).
Among the core resistome, multidrug, MLSB, beta-lactam, sulfonamide
Fig. 1. The variation tendency of the diversity and relative abundance of ARGs (A, C) and MGE
relative abundance in each soil sample; lines or curves, the best-fit curve and the shaded area
and vancomycin resistance genes were the dominant categories
(Fig. 2B). These ubiquitously detected ARGs in cropland soils were
oprJ, acrA-05, acrA-04, oprD (all in multidrug resistance), oleC, mphA-
01 (both inMLSB resistance), blaSFO, fox5, blaTEM (all in beta-lactam re-
sistance), sul2 (sulfonamide resistance), vanC-01, vanTC-02 (both in
vancomycin resistance), and aacC (aminoglycoside resistance). Among
them, the resistance genes oprJ, oleC and acrA-05 were the most abun-
dant ARGs accounting for 27.3% of total ARGs across all the soil samples.
A heatmap was used to show the patterns of the relative abundances of
individual ARG and MGE subtypes as well as identified core resistome
across all the agricultural soil samples (Fig. S3).

3.3. Correlations between ARGs and MGEs

The network was composed of 43 nodes (40 ARGs and 3MGEs) and
150 edges (significant correlations) (Fig. 3A). A total of 17 ARGs co-
occurred with MGEs, and 15 of them were core ARGs (Fig. 3B). The
intI1 gene had intensive connections with 12 core ARGs, including 3
beta-lactam (blaOXY, blaSFO and fox5), 1 MLSB (mphA-01), 5 multidrug
(acrA-05, ceoA, emrD, oprD and oprJ), and 3 vancomycin (vanB-01, vanC-
01 and vanTC-02) resistance genes (Table S3). Additionally, the
transposase genes tnpA-02 co-occurred with 3 core ARGs (acrA-04,
oprJ and vanC-01). Regressive analyses indicated that the relative abun-
dance of MGEs had significant relationships with that of total ARGs and
core resistome (r2 equal to 0.151 and 0.449 respectively, both with
p b 0.001) (Fig. S4).

3.4. Relationships between anthropogenic factors, soil properties and ARGs

The diversity of ARGs showed significant relationships with anthro-
pogenic factors with different patterns illustrated by the regressive
analyses. For example, the diversity of ARGs increased with the ratio
of sown areas of farm crops (Fig. 4A), while first decreased then in-
creased with the total yield of farm crops, the consumption of plastic
s (B, D) for 10 administrative districts along the latitudinal gradient. Scatters, diversity or
represents its 95% confidence limits.



Fig. 2. The percentage of the number and relative abundance of core resistome compared to total ARGs (A). The taxonomic composition of core resistome (B). (Abbreviations: MLSB,
Macrolide-Lincosamide-Streptogramin B resistance genes.)
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film or pesticide (all with p b 0.001) (Fig. 4B, C and D). Soil properties
including pH, Cd, AP, and NH4

+-N also had significant relationships
with the diversity of ARGs (Fig. S5 and Table S4) (all with p b 0.001).
In addition, spearman's correlation analyses and Mantel tests also
showed that anthropogenic factors including the ratio of sown areas
of farm crops, total yield of farm crops (t/ha), the consumption of plastic
film (t/ha), and the consumption of pesticide (kg/ha) had significantly
positive correlations with the ARGs patterns (Fig. S6E and Table S5).

3.5. Structural equation modelling accounting for multiple factors

Across all the factors, Random forest analysis revealed that MGEs,
anthropogenic factors (i.e. the ratio of sown areas, and the ratio of
total yield of farm crops), and soil properties (i.e. AP, Cd, pH, and
NH4

+-N) were more important than other factors in predicting ARGs
patterns (Fig. S7). An a priorimodel was constructed to evaluate the di-
rect and indirect effects of geographic factors, anthropogenic factors,
soil properties, bacterial and fungal diversity, andMGEs on the diversity
of ARGs in cropland soils (Fig. S8). The final SEM explained 61% of the
variance, and revealed that anthropogenic factors especially the ratio
of sown areas of farm crops and total yield of farm crops had strong
positive and direct effects in shaping the ARG diversity (p b 0.001)
(Fig. 5A) after simultaneously accounting for the standardized total ef-
fects of multiple variables (Fig. 5B). MGEs also had a direct and strong
effect on the diversity of ARGs. Interestingly, anthropogenic factors
also indirectly affected ARGs through their significant and positive ef-
fects onMGEs (p b 0.01). Direct but not significant effects of soil proper-
ties and bacterial diversity on the ARGs patterns were found.

4. Discussion

4.1. ARGs in croplands is diverse and susceptible to horizontal gene transfer
(HGT)

This study explored the diversity and relative abundance of ARGs in
the cropland soils, indicating that agricultural soils are one of the major
reservoirs of antibiotic resistome (Cytryn, 2013). This is a cross-region
study to investigate the distribution of ARGs in agricultural system
within the fast developing areas of China. According to “Hu Huanyong”
line, these sampling areas exactly fall within the east part of China,
which has a higher population density as well as higher average emis-
sion density of antibiotics compared to the west part with less



Fig. 3. The network illustrating the co-occurrence patterns among the detected ARGs and
MGEs across all the cropland soil samples. The nodes with different colors represent
different categories of ARGs and MGEs (A), or core ARGs and non-core ARGs (B), and
the edges connecting nodes indicate strong and significant correlations. The network
consisted of 43 nodes and 150 edges, while the size of nodes were weighted according
to the number of significant connection (degree), and the edges weighted according to
the correlation coefficient.
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developed and lowpopulation density (Zhang et al., 2015). In this study,
ARGs diversity showed an unimodal pattern along the latitudinal gradi-
ents and had no significant relationship with bacterial (p = 0.235) or
fungi diversity (p = 0.523) (Figs. S9A and B), indicating the minor
role of microbial phylogeny in shaping soil resistome. Procrustes test
further showed that ARG profile had no closely correlation with micro-
bial (bacterial or fungal) communities (M 2= 0.90, p=0.001 for bacte-
ria, andM 2 = 0.85, p = 0.001 for fungi) as a higherM 2 (i.e.M 2 N 0.5)
represents a more dissimilar relationship between two data sets
(Forsberg et al., 2014; Ma et al., 2017b). This finding is in line with pre-
vious investigations of ARGs in human influenced ecosystems including
estuarine environments (Zhu et al., 2017), heavy metal-contaminated
soils (Hu et al., 2016b; Hu et al., 2017) and animal agriculture
(Johnson et al., 2016).

Our results suggested that soil resistome have potential dissemina-
tion capacity in cropping system and are susceptible to horizontal
gene transfer. Firstly, the diverse and abundant ARGs were detected in
cropland soils together with MGEs, which can be possibly transferred
to other bacteria or pathogens. The identification of core resistome can
benefit to predict the dissemination of antibiotic resistance in the envi-
ronment (Zhang et al., 2019). Secondly, the diversity and relative abun-
dance of ARGs and core resistomewere positively correlated with those
of MGEs. The intI1 gene has been found in over 70% of Gram-negative
pathogens of clinical importance (Stalder et al., 2012), and is able to ac-
quire and disseminate ARGs as gene cassettes in the environment
(Gillings et al., 2015). For instance, the intI1 gene may carry certain
ARG subtypes conferring beta-lactam resistance including VEB-6 and
VEB-1, sulfonamide resistance including sulI, tetracycline resistance in-
cluding tetA, and multidrug resistance including mdtF (Ma et al.,
2017a). Vancomycin is the one of the last-line defenses mostly effective
against Gram-positive bacterial pathogens like Streptococcus pneumonia
and Enterococcus (Rubin et al., 1988). Interestingly, vancomycin resis-
tance genes vanB-01, vanC-01 and vanTC-02 co-occurred with the intI1
gene in our study. This finding suggested that vancomycin resistance
genes have a potential to be transferred to other microorganisms
through HGT. The intI1 gene has been proposed to be a good indicator
for pollution, for one reason that it is linked to genes conferring resis-
tance to antibiotics, disinfectants and heavymetals which are highly re-
lated to human activities such as agricultural industry, public hygiene
and mining (Gillings et al., 2015).

4.2. Anthropogenic factors influencing the ARGs patterns in croplands

The ARGs patterns were largely affected by agricultural practices in
cropland soils. Firstly, the significant correlations were found between
the ratio of sown areas of farm crops with ARGs diversity, abundance,
and composition. The ratio of sown areas of farm crops was calculated
with dividing total sown areas of farm crops by total land area. The in-
creasing ratio may relate to the increasing requirement of fertilizers
and irrigation. It is widely known that the application of organic fertil-
izer in cropland soils is a common agricultural practice to supply nutri-
ents for crop growth (Heuer et al., 2011). However, it also has been
documented that the application of animal manure can enrich soil
ARGs under both laboratory and field conditions (Tang et al., 2015;
Chen et al., 2016; Zhang et al., 2017). It is estimated that over 3 billion
tons of manures are produced each year in China (Xie et al., 2018),
and N 80% of them enter into agriculture soils without properly disposed
(Yang et al., 2010). The large amount of raw manure amendment may
be the main reason leading to the diverse ARGs in agriculture soils.
Wastewater irrigation is quite common in China in order to make up
for the serious shortage of water resources (Fang, 2011), but it can in-
crease the abundance of ARGs in soils (Chen et al., 2014; Pan and Chu,
2018). The national second wastewater irrigation survey have demon-
strated that China's largest wastewater irrigation areas were recorded
covering Yellow River, Huaihe river, Haihe river and Liaohe river
basin, with an average irrigation area of about 40,000 ha (Fang, 2011).
This was further confirmed by the results obtained from SEM analysis
in our study (Fig. 5).

Secondly, total yield of farm crops, consumption of plastic films,
and pesticides were all significantly correlated with ARGs diversity
and composition. Interestingly, these indexes showed similar varia-
tion trend with the ARGs diversity (Fig. 4), implying the consump-
tion of plastic films and pesticides had significant impact on the
growth of farm crops. The application of plastic films are widely
used to preserve moisture and heat during the seeding period (Sun



Fig. 4. Relationships between the diversity of ARGswith anthropogenic factors including the ratio of sown areas of farm crops (A), total yield of farm crops (B), consumption of plastic film
(C), and consumption of pesticide (D). Curve in each plot represents the best-fit curve and the shaded area represents its 95% confidence limits.
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et al., 2018) which can be decomposed into microplastics (particle
diameter b 5 mm) gradually after a long-term aging process through
the ultraviolet irradiation or gouging abrasion (Law and Thompson,
2014). The microplastics could serve as vectors for microorganisms
to form biofilm communities. Sometimes the biofilm would select
and enrich bacterial pathogens (e.g. Pseudomonas), while some of
which may carry ARGs, for example, the multidrug resistance genes
(Imran et al., 2019; Wu et al., 2019). The microplastic biofilm
would even potentially increase gene exchange between biofilm
communities, including ARGs horizontal transfer (Shen et al.,
2019). The microplastic pollution also have an impact on soil phage
related ARGs (Sun et al., 2018). In this context, our result provide a
conjecture that microplastics may stimulate the diversity of soil
ARGs.

Pesticides are frequently consumed in agroecosystems to control
pests and diseases as well as regulate plant growth. A part of pesti-
cides are antibiotics, for example, streptomycin, chloramphenicol
and oxytetracycline are widely used in plants for controlling bacte-
rial diseases in floriculture, crop, and horticulture in the field or
greenhouse (McManus et al., 2002; Vidaver, 2002; Christiano et al.,
2010), and may induce antibiotic resistance in epiphytic bacteria
which are potential to transfer to plant pathogens (Sundin and
Wang, 2018). Additionally, heavy metals are closely related to
ARGs in the soil. In this study, Cd was found highly correlated with
ARGs diversity (Fig. S5B). Application of manure from animals
fed by metal supplement may introduce metals into soil, exerting
further selective pressure on ARGs (Heuer et al., 2011). Some pesti-
cides also contain heavy metals (like Cu) to cope with bacterial
and fungal pathogens of fruits and vegetables (Hu et al., 2016b).
The wide distribution of heavy metals provides co-selection
pressure for antibiotic resistance, which enables dissemination of
ARGs in soils suffered from long-term human interference (Hu
et al., 2016b).
The limitation of our study is that most of the anthropogenic fac-
tors were collected from statistical yearbooks, while field evidences
were further necessary to confirm these findings. Soil samples were
collected at a large transect scale covering three main agricultural
areas in China, providing fundamental evidences that human activi-
ties largely influenced the profiles of soil resistome. This knowledge
is critical in improving our agricultural management practices to
mitigate the ARGs proliferation from the environment to pathogenic
microbes through the food chain, which may pose threat to human
health.
5. Conclusions

This study provides a large-scale pattern and dissemination risk
of antibiotic resistome in main croplands of China. Diverse ARGs
was found in all the cropland soils with high ability to exchange re-
sistance genes within a certain environment via HGT. ARGs diversity
was closely related with soil properties, heavy metals and anthropo-
genic factors. The diverse and abundant ARGs found in this study are
alarming and have implications for agricultural management. The re-
sults will also benefit the risk assessment of ARGs in agricultural en-
vironments. Future attention is therefore necessary to link the soil
resistome with plant rhizosphere and phyllosphere, as they may
have a potential to migrate to the plant edible parts, and may cause
a threat to human health via food consumption or direct contact
(Chen et al., 2019). This study may pave the way to explore the ef-
fects of anthropogenic perturbation on soil resistome in
agroecosystems, and further investigation is still needed to elucidate
the effects of human activities on the dissemination of environmen-
tal ARGs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.136418.
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Fig. 5. Structural equation model (SEM) of the direct and indirect effects of spatial factor (latitude), anthropogenic factors, soil properties, bacterial, fungal and MGEs diversity on the
diversity of ARGs (A). Anthropogenic factors: H19, the ratio of sown areas of farm crops; H22, the consumption of plastic film per hectare; H23, total yield of farm crops per hectare.
The hypothetical model fits the data well, as suggested by χ2 = 0.39, p = 1.00, d.o.f = 8, GFI = 0.99, AIC = 116.39, and RMSEA = 0.00. The width of arrows is proportional to the
strength of the standardized path coefficients expressed by the numbers adjacent to arrows. Only significant path coefficients are displayed, with the significance levels indicated:
*p b 0.05, **p b 0.01, ***p b 0.001. Standardized total effects (the sum of direct and indirect effects) of the factors on the diversity of ARGs (B) were calculated by the structural
equation model.
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