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ABSTRACT

Anthropogenic land use changes have been recognized with significant effects on the abundance and diversity of
antibiotic resistance genes (ARGs) in soil, but their impacts on ARGs with potential health risk remained poorly
understood. In this study, paired metagenomes and viromes were obtained from soils (Anthrosols and Nitisols)
with different land uses including urban parks, road verge, forests, vegetable and paddy in a subtropical city,
Xiamen, and soils (Anthrosols) with various long-term fertilization treatments in Dezhou located in temperate
region, respectively, to explore the influence of anthropogenic activity on soil resistome. The diversity and
abundance of antibiotic resistance genes (ARGs) were profiled, and the risk associated factors of ARGs, i.e.,
genetic location, host, and co-existence with virulence factors (VFs), were systematically investigated at reads
and contigs level. We observed that agricultural areas significantly enriched human-related ARGs and viruses,
and positively related with clinical ARGs. Most of the ARG-carrying contigs were chromosomes (~85 %), while,
human-related ARGs presented a higher odds ratio to locate on plasmids. Soil VFs exhibited land use pattern and
distinct distribution between chromosome and plasmids, but less mobile than ARGs. Analysis of 131,014 soil
viral genomes indicated that they barely encoded ARGs, nevertheless, transduction of VLPs was implicated in the
spread of ARGs. The results can be mutually verified in Xiamen and Dezhou datasets. Overall, the agricultural
soils with dry-farming are hotspots for the clinical ARGs, and the transmission of clinical ARGs between human
dominated environments and soil is primarily mediated by plasmids, rather than bacterial chromosomes, and the
transduction of human-gut related viruses could participate the process. These results highlight the importance of
tracking the fate of clinical ARGs for better evaluating the impacts of human activities on soil resistome.

1. Introduction

and facilitate the dissemination of antimicrobial resistance and emer-
gence of pathogens (Balasubramanian et al. 2022). It has been shown

Human activities are increasingly shaping the microbial world in soil
by changes in the land use types, discharge of chemical pollutants, and
direct release of human and animal gut microbiota(Zhu and Penuelas
2020). The effects of human activities on health associated microbial
functional traits, antibiotic resistance genes (ARGs) and virulence fac-
tors (VFs), in soil are of particular concerns, since they are often asso-
ciated with mobile genetic elements (MGEs) such as plasmids and
bacteriophages which can mediate the horizontal gene transfer (HGT)

that fresh produce harbored various transferable ARGs (Blau et al.
2018), and resistant plasmid could spread into plant endophytes via soil
bacteria (Xu et al. 2021), suggesting soil play an important role in the
transmission of ARGs.

ARGs are ancient and ubiquitous in global environments, and soil is
one of the major reservoir (Nesme and Simonet 2015). ARG profiles
have been investigated in forest (Hu et al. 2017), agricultural (Forsberg
etal. 2014), and urban soil (Yan et al. 2019), Significant higher diversity

Abbreviations: ARG, antibiotic resistance gene; VF, virulence factor; VLP, viral-like particle; HGT, horizontal gene transfer; MGEs, mobile genetic elements; GTA,
gene transfer agents; WWTPs, wastewater treatment plants; ICEs, Integrative and conjugative elements.
* Corresponding author at: Key Laboratory of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021,

China.
E-mail address: jqsu@iue.ac.cn (J.-Q. Su).

https://doi.org/10.1016/j.envint.2022.107595

Received 3 August 2022; Received in revised form 18 October 2022; Accepted 19 October 2022

Available online 20 October 2022

0160-4120/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:jqsu@iue.ac.cn
www.sciencedirect.com/science/journal/01604120
https://www.elsevier.com/locate/envint
https://doi.org/10.1016/j.envint.2022.107595
https://doi.org/10.1016/j.envint.2022.107595
https://doi.org/10.1016/j.envint.2022.107595
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Liao et al.

and abundance of ARGs was detected in agricultural soil compared to
forest soil, partially owing to the application of manure-borne fertilizers
(Chen et al. 2021; Chen et al. 2016). The increased level of ARGs could
be attributed to taxonomic changes, input of ARGs from manure-borne
fertilizers, and on-site selection by antibiotic residues or metals. Iden-
tifying the background ARGs and allochthonous ARGs, and how they are
introduced into the soil, would be helpful for distinguishing the
contribution of these factors to the changes of ARG profiles in soil, which
is essential for assigning proper measures to mitigate the emergence and
dissemination of ARGs.

Generally, the environmental ARGs were emphasized for the clinical
importance if they present resistance to clinical antibiotics, high
mobility (association with MGEs), and close evolutionary relationship
with those in human pathogens (Forsberg et al. 2012; Martinez et al.
2015). ARG mobility and host pathogenicity are important factors
adopted in recent health risk assessment of environmental ARGs (Zhang
et al. 2021; Zhang et al. 2022). Plasmid mediated conjugation and
transformation, and bacteriophage mediated transduction are the major
mechanisms for lateral transfer of ARGs. Plasmids facilitate the global
spread of a range of ARGs (Wang et al. 2018), and have been docu-
mented as the major ARG vectors in wastewater treatment plants
(WWTPs) (Che et al. 2019) and rivers (Lee et al. 2020), while the
prevalence of plasmids in soils across various land use types remain
elusive. Phages-like particles can mediate HGT through generalized and
specialized transduction, which have been well documented in the lab
(Chiang et al. 2019). Identification of ARGs in environmental virome
implied that phages play important roles in the transfer of ARGs among
bacteria (Calero-Caceres et al. 2019), however, it remains controversial
as the abundance of viral ARGs may have been overvalued (Chen et al.
2021; Enault et al. 2017). Characterization of the major vectors of ARGs
is thus prominent for profiling the types and abundances of transferable
resistome in soil.

Despite diverse and abundant ARGs have been detected in soil, only a
few genes were shared between soil and human gut microbiome (Coelho
et al. 2021). Recent research exploring the clinical risk of soil resistome
and their response to the anthropogenic land use changes at a broad
geographic scale detected only twelve pathogen-related ARG sequences
(Qian et al. 2021). While, some researches demonstrated that human-
related mobile resistome could drive the bloom of antibiotic resistance
in human impacted environments such as WWTPs (Karkman et al. 2019)
and rivers (Lee et al. 2020). That makes it crucial to understand how the
MGEs (plasmids and bacteriophages) influence the dissemination of
human-related ARGs in soils. Virulence factors (VFs) including virulence
traits and colonization factors that enable pathogenic bacteria to colo-
nize their hosts, establish infections, and confer virulence, thus
contributing directly and indirectly to the pathogenecity and processes
of infectious diseases (Wu et al. 2008). Plasmids and bacteriophages are
the major molecular drivers for the HGT of VFs (Balasubramanian et al.
2022). Previous study uncovered that most of bacteria carrying mobile
ARGs and VFs in urban sewage belongs to pathogens (Fresia et al. 2019).
Convergence of antibiotic resistance and virulence occurred in Klebsiella
pneumoniae (Yang et al. 2020), transfer of conjugative virulence-
encoding plasmid resulted in augmented virulence in pathogen (Yang
et al. 2019). This ARGs-VFs co-existence patterns have been detected in
river (Jinsong et al. 2019), while, research on the distribution of mobile
VFs and the co-occurrence of ARGs and VFs on MGE:s in soil is still
lacking.

To address these knowledge gaps, we conducted metagenomic
analysis of soils from forest, park, road verge, paddy, and vegetable field
in Xiamen to explore the ARG and VF profiles across land use types.
Metagenomic assembly and viromic analysis were adopted to identify
the major vectors and transferable ARGs and VFs. We further reanalyzed
soil metagenomes and viromes previously obtained from farmlands in
Dezhou to expand our data and verify the results.
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2. Materials and methods
2.1. Sample description

The 49 metagenomes used herein were from our two previous studies
(Chen et al. 2021; Liao et al. 2022), and were used to assess the impact of
land use and long-term fertilization on soil microbial communities in
Xiamen and Dezhou city, respectively. The Xiamen surface soils (0-20
cm depth, 25 samples) (24°5' N, 118°0’ E) were sampled from urban
parks, road verge, forests, vegetable and paddy (five replicates for each)
on Jun 2020, their soil types were classified as Nitisols and Anthrosols.
The Dezhou Anthrosols were sampled from a field experiment in the
long-term experiment station of the Chinese Academy of Agricultural
Sciences (CAAS), in Dezhou city of Shandong Province, China (37°20' N,
116°38' E) on August 2019, eight triplicate treatments (i.e. CK, 0.5N, 1
N, 0.5SS, 1SS, 2SS, 4SS, 1CM) were implemented and the detailed in-
formation about these samples have been provided in our previous
research (Chen et al. 2016). Briefly, the 0.5 N and 1 N were chemical
fertilizer treatments with 65.25 and 130.5 kg urea hm_z, 0.5SS, 1SS, 2SS
and 4SS, were mixed fertilizer treatments with 65.25 kg urea hm 2 plus
4.5, 9, 18, 36 t sewage sludge hm’z, respectively, 1 CM was 65.25 kg
urea hm™2 and 10 t chicken manure hm™2, and CK represents the non-
fertilized control.

PowerSoil DNA isolation kit (Mo Bio Laboratories, Inc. Carlsbad, CA)
was used to extract microbial genomic DNA from soil samples following
the manufacturer’s protocols. Sequencing libraries were prepared using
the ALFA-SEQ DNA Library Prep kit (mCHIP, China) following the
manufacturer’s recommendations and the index codes were added.
Paired-end sequencing (150 bp) of soil DNA were performed by Magi-
Gene Co. ltd. (Guangzhou in China) on an Illumina Novaseq 6000
platform.

2.2. Identification of ARGs at reads level

Clean reads of metagenomes were obtained by quality filtering,
trimming, and adaptor removing using cutadpat 2.11 (Martin 2011) and
trimmomatic v0.39 (Bolger et al. 2014). The clean reads were then used
to search for ARGs following ARGs-OAP v2.0 pipeline (Yin et al. 2018).
The cut-off values for ARGs identification were alignment length > 75
nucleotides, e value of < 1077, and identity of > 80%. The abundances
of ARGs were normalized by 16S rRNA gene according the equation
proposed by Yang et al. (Yang et al. 2016). The core ARGs in Xiamen
represents ARGs shared by all types of land uses, and core ARGs in
Dezhou agricultural areas represents ARGs shared in all treatments.

2.3. Risk evaluation of ARGs at reads level

For evaluate the health risk of ARGs in sequence level, the output of
ARGs-OAP v2.0 were further processed using the package arg ranker
v2.0 (Zhang et al. 2021). The health risks of ARGs were ranked ac-
cording to the criteria proposed by (Zhang et al. 2021), in which the
ARGs were classified into four ranks according to three criteria: (1)
associated with human, (2) gene mobility, and (3) host pathogenicity.
Rank [, I, IIT ARGs are human-associated, rank I represent the highest
health risk and rank IV is the lowest. In total, 2,759 ARG sequences were
assessed, of which 764 were human-related, and only 122 were classi-
fied into Rank I (Zhang et al. 2021). The relative abundance of human-
associated ARGs were represented by the sum of identified Rank I, II, III
ARGs in the soil metagenomes.

2.4. Human fecal indicator in soil metagenome

We downloaded the Gut Phage Database (GPD) (Camarillo-Guerrero
et al. 2021), a collection of ~ 142,000 non-redundant human gut viral
genomes (>10 kb), as human fecal indicator. A threshold of 50 M reads
was selected and the data was randomly subsampled without
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replacement across all metagenomes using Seqtk v1.3 (https://github.
com/lh3/seqtk). The subsampled metagenomes were mapped to GPD
and the number of mapped reads were calculated using tool Samtools
v1.11 based on the sam file through bowtie2 v2.4.2 (Langmead and
Salzberg 2012). The correlation between mapped reads in metagenomes
and the abundance of ARGs were evaluated to explore the potential
influence of human feces on soil ARGs. The abundance of each human
gut-related virus in soil metagenomes were calculated using the
equation:

Abundance = N*150/Length.

The ‘N’ represents the number of reads which are mapped to the viral
genome in metagenome, the ‘Length’ represents the genomic length of
human-related virus.

2.5. A comprehensive risk evaluation of intact ARGs and VFs at contigs
level

The hosts of ARG were classified according to the description of Qian
et al (Qian et al. 2021). Briefly, de novo assembly of clean reads of
Xiamen metagenomes was done with package MetaSpades v3.13.0
(Nurk et al. 2013) with default parameters, whereas the clean reads of
Dezhou metagenomes with eight triplicate treatments were co-assembly
using package Megahit v1.2.9 (Li et al. 2016). The contigs<1,500 bp
were removed and the protein-coding genes of contigs were predicted by
Prodigal(Hyatt et al. 2010). Bacterial ARGs were identified through four
tools: (1) the SARG database using blastp with identity > 80% and query
coverage (alignment length/reference ARG length) > 80%; (2) the
Resistance Gene Identifier (RGI) v.5.2.0 (Alcock et al. 2020) with default
parameters; (3) the NCBI AMRFinder tool v.3.10.1 (Feldgarden et al.
2019) with default parameters; (4) the DeepARG v2.0 (Arango-Argoty
et al. 2018). For those ARGs with different annotation through these
tools, the annotations of these genes were assigned following the order
of priority, SARG, DeepARG, RGI, AMRfinder. The ARG-carrying contigs
were taxonomically classified using CAT (Meijenfeldt et al. 2019).

ARG-carrying plasmid contigs were predicted using plasflow v1.1
(Krawczyk et al. 2018) based on machine learning, and the viral contigs
were identified through VIBRANT v1.2.1 (Kieft et al. 2020). Identifica-
tion of integron gene cassettes was performed using the tool Blastp
v2.10.0 to align the INTEGRALL database (Moura et al. 2009), and only
the alignments with >90% amino acid identity and > 90 % of the query
protein length were retained. Similarly, the virulence factors (VFs) were
identified through the alignment with the VFDB (set_B) using the tool
Blastp v2.10.0 with e-value < 1e-10, only the identity > 80% and query
coverage > 90% were retained as VFs. Transposase sequences were
collected from UniRef90 (2020_03) (Bateman et al. 2020) database
using the following search terms: “transposase”, “Transposase”. Out of
458,347 collected sequences, 182,202 transposases with insertion
sequence (IS) elements based on feature descriptions were used as the
reference IS transposase database. Integrative and conjugative elements
(ICEs) were surveyed using a local packages ICEfinder (Liu et al. 2018).
Transposases were identified through the tool Blastp to align the custom
transposases database with > 90% amino acid identity and > 90% query
coverage.

To explore the major vectors of the human-related ARGs in soils, we
downloaded the Unified Human Gastrointestinal Protein (UHGP)
(Almeida et al. 2021) catalog clustered with 90 % identity threshold, the
encoded amino acid sequences of identified ARGs on contigs were
aligned with the UHGP catalog using tool blastp with parameters
-max_target_seqs 1 -evalue le-10. Blastp hits were filtered using cut-offs
of 90 %, 95 % and 99 % identity across at least 90 % query coverage to
search “potentially human-related”, “human-related” and “exactly
human-related” ARGs, respectively. The correlation degree between
plasmids and human-related ARGs in three cut-off values of identity
were evaluated using odds ratio (OR) in R.

To explore the occurrence of HGT of ARGs between environmental
bacteria and human pathogens in soils, we constructed a protein
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database of pathogens consist of 12,220,186 proteins from 2,909
completed human pathogen genomes downloaded from NCBI. The
pathogens consist of 35 organism groups (Table S1) including Escher-
ichia coli, Shigella, Campylobacter jejuni, Listeria monocytogenes, Klebsiella
pneumoniae, Streptococcus pneumoniae, Staphylococcus aureus, Entero-
coccus faecium etc. according to the website https://www.ncbi.nlm.nih.
gov/pathogens/organisms/ on Oct-2021. All protein sequences of
contigs-carried ARGs were aligned with the constructed database of
pathogenic proteins using blastp with parament -max_target_seqs 1
-evalue le-7. The pathogen-related ARGs were designated with 99 %
identity across at least 90 % query coverage. We defined the human- and
pathogen-related plasmid borne ARGs as clinical ARGs. The number of
mapped reads of VFs and plasmid-borne clinical ARGs in subsampled
metagenomes were calculated using bowtie2 v2.4.2 and Samtools v1.11.

2.6. Phage-borne ARGs and VFs

The viromes of Xiamen and Dezhou soil were obtained from the same
soil samples, in which Dezhou soil viromes has been published (Chen
et al. 2021), and Xiamen viromes has been preprinted recently (Liao
et al. 2022). Briefly, the Xiamen viromes (N = 25*2) extracted DNA of
extracellular and intracellular virus-like particles (VLPs) respectively,
while the DNA from extracellular and intracellular VLPs were together
extracted in Dezhou viromes (N = 24). We merged the two viral genomic
datasets through a modified protocol. Briefly, the putative viral genomes
were identified through VIBRANT®3, the completeness of identified viral
genomes were evaluated and flanking host regions on assembled pro-
viruses were removed through CheckV v.0.7.0 (database v.0.6)(Nayfach
et al. 2020). The viral genomes were clustered into viral populations
based on the criteria at species level (Gregory et al. 2019). We selected
genomes with > 50 % estimated completeness for further analysis,
resulting in 131,014 viral populations. The translated proteins of viral
populations were predicted by Prodigal, viral ARGs and VFs were
identified using abovementioned four tools and VFDB (set_B) with the
same protocol, respectively. The genome map of viral population of
interested were visualized by Easyfig v2.2.5. Transductomics approach
was adopted to explore the dissemination of ARGs through trans-
duction—transfer of genetic material by viruses or VLPs (Kleiner et al.
2020) The whole metagenomic and viromic read sets were mapped onto
the corresponding contigs carried ARGs using bowtie2 (Langmead and
Salzberg 2012), and the resulted bam files from viromes and meta-
genomes were merged and sorted using samtools (Li 2011). Igvtools
(IGV, v. 2.3.67) (Robinson et al. 2020) were used to generate tiled data
files (.tdf) from the sorted bam files for data compression and faster
access in IGV using the following parameters: count command, zoom
levels: 9, using the mean, window size: 25 or 100. Read coverage pat-
terns were displayed and visually assessed in IGV using a log scale.

2.7. Statistical analyses

Correlations between ARG abundance and other sample paraments
were evaluated by linear model using function Im in R. The significance
of differences in the compositions of ARGs and VFs within each of the
geographic and land use sample categories was tested using a PERMA-
NOVA test (function “anosim’ and “adonis”) as implemented in the
vegan package from R. The beta-diversity (Bray-Curtis dissimilarity) of
resistome and VFs were calculated using vegan in R (Oksanen et al.
2015).

2.8. Availability of data and materials

The in-house Python scripts, R scripts and relevant data used to
generate figures of this study are provided with this paper and publicly
available on GitHub at https://github.com/liaochul231/health ris
k_of resistomes.git. Raw reads of 25 Xiamen metagenomes from Illu-
mina metagenomes sequencing were submitted to the NCBI under the
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project PRINA746419, and Dezhou metagenomes were deposited at the
NCBI under the project PRINA697905.

3. Results

3.1. ARG composition in different land use type soils in Xiamen at reads

level

Approximately 4.3 billion paired clean reads were obtained. A total

of 426 ARG subtypes potentially conferring resistance to 24 classes of
antibiotics were detected in the Xiamen soils. Multidrug resistance genes
were the most abundant (from 0.08 to 0.42 copies per 16S rRNA gene
copy) with 71 subtypes observed, followed by vancomycin (from 0.004
to 0.21 copies per 16S rRNA gene copy) resistance genes with 14 sub-
types (Fig. 1A). There were 117-171, 119-161, 133-153, 152-284 and
130-210 ARG subtypes consist of 503-847, 543-849, 531-637,
662-1336 and 573-977 gene sequences with resistome abundances of
0.39-0.71, 0.30-0.44, 0.25-0.42, 0.22-1.12 and 0.21-0.24 per 16S
rRNA gene detected in forest, park, road verge, vegetable field and
paddy soils from Xiamen respectively (Fig. 1B, Fig. 1C and Table S2).
ARG abundance significantly positively correlated with ARG subtype
diversity in agricultural areas (vegetable and paddy), while such cor-
relation was not observed in non-agricultural areas (forest, urban park

and road verge) (Fig. 1D).

3.2. Agricultural areas are hotspot of anthropogenic ARGs

We calculated the proportions of each risk rank using ARG _ranker to
evaluate the proportions of human-associated (Rank I, II and III) and
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Rank I ARGs in soil. The vegetable soil occupied the highest relative
abundance of Rank I ARGs (up to 1.1%), and followed by paddy soils (up
to 0.13%, Fig. 2A), while the forest, park and road verge barely harbored
Rank I ARGs (Fig. 2A). Similarly, the vegetable soil occupied the highest
percentage of human-associated ARGs (up to 2.9%), and followed by
paddy soil (up to 0.75%), which were significantly higher with those in
non-agricultural area (up to 0.24%).

The detected Rank I ARGs in soil could origin from exogenous input
such as fertilizer of manure and irrigation. We further assessed the
Dezhou samples which have experienced different long-term fertiliza-
tion treatments (Chen et al. 2016), gradually increase in the percentage
of human-associated ARGs were noted with sewage sludge dosages, and
soil with chicken manure fertilizer contained the highest proportion of
Rank I ARGs (Fig. 2B).

The percent of human-associated ARGs significantly correlated with
the total abundance of ARGs in Xiamen soil (Linear model: adjusted R?
=0.69, p < 0.01), and also significantly correlated with the abundance
of Rank I ARGs in agricultural area (Linear model: adjusted R? = 0.85, p

< 0.01), while such correlations were not observed in non-agricultural
areas (Fig. 2C and Fig. 2D). Analysis of Dezhou soil resistome showed
consistent results (Figure S3). These results indicated that agricultural
areas are hotspots of clinical ARGs compared with non-agricultural area.
Furthermore, we observed that the number of mapped reads to GPD
showed a significantly positive correlation with the abundance of ARG
in agricultural areas (Fig. 2E), implying the potential impact of human
feces fertilizers on the bloom of soil ARGs in agricultural areas.
Furthermore, we observed that the human gut-related viral profiles
based on GPD database presented a significant land use patterns (anosim

test: R = 0.35, p < 0.01) (Figure S4).
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Fig. 1. (A). ARG abundance in soils with different types of land uses. (B). The boxplot showed ARGs abundance among different types of land uses. The median and
quartiles were shown. The difference between types of land use was tested using the Wilcox.test, ** and * represents p < 0.01 and p < 0.05, respectively. (C). The
diversity of ARG subtypes. (D). The linear model indicated the agricultural (paddy and vegetable plot) (adjusted R = 0.68, p < 0.01) and non-agricultural area (park,
road verge and forest) (p > 0.05) presented different correlation between ARG subtypes diversity and abundance (copy per 16S rRNA gene).
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3.3. Plasmids are the major vectors of human-related ARGs

To explore whether the major vectors of human-related ARGs were
plasmids, chromosome or bacteriophages in soils due to mobile human-
related ARGs could threat human-health in the future. We obtained
1,388,829 contigs longer than 1,500 bp from the 25 metagenomes in
Xiamen. The intact ARGs carried on contigs were identified through
search against SARG v2 database, only 232 intact genes with identity >

T
0.3
Percent of Rank I ARGs (%)

e Agriculture

0.6 0.9

. forest
. park
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. vegateble

. paddy

80% and coverage > 80% were detected, of which 63 gene sequences
were classified into vanR subtype. Only one Rank I ARG sequence
(CAI84881, tetL) and two Rank III ARG sequences (AAA27431 and
AJ249217.gene.p01 for rRNA adenine methyltransferase) were detec-
ted, and 65.9% (153 of 232) of them were unassessed in the omics-based
framework (Zhang et al. 2021).

We then adopted additional three tools including AMRfinder, RGI
and DeepARG to explore more soil ARGs. In total, we detected 3,124
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nearly full-length ARG sequences located on 2,868 contigs, they were
clustered into 2,426 contig clusters using a 95% sequence identity over
90% coverage cut-off, of which 399 (16.4%) were identified as plasmids
(Table S3), 5 harbored prophages and one was identified as viral genome
(G13_NODE_1_length_255533_cov_40.326533_73, 255.5kbp), but ARGs
were not located in prophage genomes. Only 3.6% (88) of the contig
clusters carried 102 “potentially human-related” ARGs (90 % identity
over 90% coverage cut-off), of which 39.7 % (35) was identified as
plasmids, while plasmids only occupied 15.6% (364 of 2338) of contigs
carrying ‘“non-human-related” ARGs, suggesting the “potentially
human-related” ARGs (odds ratio (OR) = 3.58; 95% confidence interval
(CD) = 2.29-5.55; P < 0.01) have a significant higher probability on
plasmids compared to the other ARGs. We further observed that 54
contigs carried 66 “human-related” ARGs (95% identity), 53.7% (29) of
them were classified as plasmids, and 32 contigs carried 43 “exactly
human-related” ARGs (99% identity), where 78.1 % (25) contigs were
identified as plasmids (Fig. 3). The “exactly human-related” ARGs were
significantly more likely to locate on plasmids compared with “potential
human-related” ARGs (the OR value were increased from 3.58 to 18.94
with identity cut-off from 90% to 99%) (Fig. 3). The “human-related”
ARGs exhibited habitat preference, with a majority (68.2%, 45 of 66)
assembled from agricultural soil metagenome (Fig. 3).

To explore the relationship between “human-related” ARGs and
pathogenic bacteria, we constructed a protein database of pathogens
consist of 12,220,186 proteins encoded by 2,909 completed genomes of
human pathogens. The results of blast alignment indicated that only
0.2% (73 of 33,804) proteins which located on ARG-carrying contigs
shared over 99% identity with pathogen proteins, of which 61 (83.6%)
located on 26 plasmid contigs, and 37 (60.6%) of them were ARG-coding
proteins. Moreover, 86.4% (32 of 37) of these pathogen-related ARGs
belongs to the “exactly human-related” ARGs (Table S4), of which 27
(84.3%) were mediated by 22 plasmids, this emphasized most of the
“exactly human-related” ARGs (27 of 43) were mobile and pathogen-
related, thus representing high human health risk. The 27 plasmid-
borne human-related ARGs were defined as clinical ARGs in this
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study, consisting of genes conferring resistance to tetracycline (tetA,
tetR, tetL and tetG), aminoglycoside (aph(3’)-I, aph(6)-I, aadA), carba-
penem (OXA-347), phenicol (chloramphenicol exporter, cmlA, floR),
sulfonamide (sull), fluoroquinolone (qnrVC1), and MLS (msrE and
mphE) (Table S4 and Fig. 4A), and the majority was associated with
Pseudomonadota (Oren and Garrity 2021) pathogens (Table S5).
Intriguingly, all of these clinical ARGs were assembled from agricultural
soil metagenomes, and the mapped read counts indicated that these
genes were significantly enriched in agricultural area, especially vege-
table soil (Fig. 4B). Moreover, ARGs were more aggregate in the clinical
ARGs-carrying plasmids occupying 46.4% (39 of 84) of their encoded
gene contents, while only 10.6% (2,547 of 23,920) genes were anno-
tated as ARGs in the all 2,426 contig clusters.

We observed 53 class 1 integron gene cassettes on 21 ARG-carrying
contigs, 83.0% (44 of 53) of them located on 17 plasmids and 61.3 % (27
of 53) carried ARGs, of which 15 ARGs were clinical ARGs (Table S5).
All of the 53 gene cassettes were assembled from agricultural soil met-
agenomes. We also found 22 transposases located on ARG-carrying
contigs, of which 12 located on plasmids and 10 of them (83.3 %) car-
ried clinical ARGs. Meanwhile, only 4 ICEs were detected in ARG-
carrying contigs, but ARGs was not detected in the four ICEs.

We also analyzed the ARGs in Dezhou farmland using the same
workflow (Fig. 3). There were 1,285 ARGs detected in 1,269 contigs
clusters, seven “potential human-related” ARGs were obtained, and all
were assembled from metagenomes with 1CM and 4SS treatments.
Similarly, these “potential human-related” ARGs shared at least 92 %
identity with those in pathogens, of which two “exactly human-related”
existed in ICM presented 100 % identity with those in pathogens
(Table S4).

3.4. Soil VFs across different land uses

A total of 2131 VFs were detected on 1552 dereplicated contigs, of
which 12.5% (194) contigs were classified as plasmids, the proportion
was significant less than that in ARGs (OR = 0.72, p < 0.01) The
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Fig. 3. The workflow for identify clinical ARGs on contigs. (1) Four methods were applied to search the ARGs located on contigs, the Venn diagram illustrated the
sharing of ARGs identified by the four methods. (2) The 3,124 ARG sequences were identified on 2,826 contigs, (3) and they were dereplicated into 2,426 contig
clusters. (4) plasmid and chromosome contigs were distinguished by plasflow. (5) Furtherly, we identified the “potential human-related”, “human-related” and
“exactly human-related” ARGs with different identity cutoff over 90% coverage (see materials and methods), and the proportions of plasmids in their carriers showed
a gradual increasing from 39.7% to 78.1%. Most of “exactly human-related ARGs” were carried by plasmids. (6) The pathogen-related ARGs were explored, and most
of the “exactly human-related” ARGs were pathogen-related in agricultural soil. We defined these human- and pathogen- related plasmid borne ARGs as clinical ARGs

in this study.
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Fig. 4. (A) The network illustrated the potential host of the identified 27 clinical ARGs. The shape represents the class of these ARGs. The center nodes of the network
represent the phylum of host of plasmid, and the color of peripheral nodes represents the taxonomy of aligned pathogen at phylum-level. (B) The bar plot revealed
the mapped reads counts of the 22 dereplicated clinical ARGs in subsampled metagenomes (50 M reads) from different land use types.

composition of VFs showed a significant difference across different soils
with land use types (Figure S5), but the R value of Anosim test was less
than ARGs, suggesting the land use change had a stronger effect on ARGs
than VFs. The vegetable and forest soils occupied higher abundance of
VFs (Figure S6). We also explored the vectors of human- and pathogen-
related VFs. In total, 46 human-related VFs were detected on 45 contigs,
of which only 5 (11.1%) contigs were identified as plasmids. Of the 15
identified pathogen-related VFs, only one VFs resided on plasmids.
Additionally, 46 ARG-carrying contigs were detected harboring VFs and
were classified as chromosome contigs. implied that the convergence of
VFs and ARGs in plasmids rarely occurred in soils.

The composition of VFs on plasmids and chromosome had a signif-
icant difference (wilcox.test, p < 0.01) (Figure S5), the most abundant
five VFs on plasmids were LPS (CVF383,17.5%), followed by BvrR-BvrS
(VF0368, 7.3%), GPL locus (CVF65, 5.5%), H-T6SS (CVF5353) and
pyrimidine biosynthesis (CVF845). While the Flagella (CVF521, 8.3%),
EF-Tu (CVF827, 7.7%), type IV pili (AI118, 5.7%), type IV pili biosyn-
thesis (CVF518, 4.2%) and LPS (CVF383, 3.7%) were the dominant VFs
on chromosomes (Figure S7). The taxonomy of contigs were assigned
using tool CAT, only 302 contigs can be assigned into a genus, most of
them were classified as Pseudomonas (n = 127) or Mycobacterium
(Table S6).

3.5. Virus-like particles mediated ARG through transduction

To explore the potential ARGs carried by viral populations, we re-
analyzed 50 viromes in Xiamen soil from the parallel research and ob-
tained 89,583 viral populations. To expanded the soil viral database,
another dataset from Dezhou soil were merged into the database,
resulting in 131,014 viral populations with 4,622,088 protein-coding
genes (longer than 20 amino acids). Only 17 (0.13%) viral populations
borne ARGs were detected using the same criteria for the identification
of ARGs in metagenome. All of them were annotated as the dihy-
drofolate reductase, and shared low homogeneity with those from cor-
responding metagenome, suggesting that viral genomes in soils rarely

encoded ARGs. In addition, only 14 VFs were detected in 9 viral pop-
ulations (Figure S8), most of which (13 of 14) were carried by lysogenic
phages, and most of their encoded proteins were homologs of LPS glu-
cosylation (CVF473) of Shigella flexneri 5 str. 8401.

In the generalized transduction and gene transfer agent (GTA)-like
model, DNA fragments of host can be encapsulated into capsids of virus-
like particles (VLPs), rather than integrated into the viral genomes. To
assess potential transduction of ARGs via VLPs in complex soil micro-
biomes, we applied a modified transductomic approach (see materials
and methods) proposed by Kleiner et al (Kleiner et al. 2020). Of the
2,426 ARG-carrying contigs, 257 contigs showed a read coverage
pattern (mapped > 200 reads) in at least one virome, indicating po-
tential mobilization of ARGs mediated by VLPs, in which 98 contigs
were longer than 40 kbp, suggesting that potential GTA-like or gener-
alized transduction occurred on these contigs. ARGs were detected in
these transducted DNA fragments (Figure S9A and Figure S9B). For
example, one of the contigs (SK1_NODE_79 -
length_62337_cov_12.376802, Burkholderiaceae) showed several sharp
coverages drops in the viromic reads. Another shorter contigs (<40kbp,
SK1_NODE 971 _length_15515_cov_9.889521, Burkholderiaceae) showed
two high coverage peaks in regions encoding “human-related” ARGs
adeF in the viromes corresponded with metagenomes (Figure S9C). The
clinical ARGs tetG and sull can be transducted by virus-like particles as
well (Figure S9D).

4. Discussions

In this study, a comprehensive metagenomic analysis was conducted
to explore the soil ARG profiles across different land use types, including
forest, paddy, vegetable, road verge, park in a subtropical city, Xiamen.
Soil metagenomes from temperate agricultural soil (Dezhou) was used
as complementary data. The relative abundance of ARGs in paddy soil
was significantly lower than that in non-agricultural soil (Fig. 1B),
which is contrasting with many previous studies (Xiang et al. 2019; Zhu
et al. 2021). The detected number of ARGs were significantly higher in
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agricultural soil than non-agricultural soil (Fig. 1B), and the core ARGs
in agricultural area occupied a significant lower proportion than non-
agricultural area (Fig. S2b), indicating input of exogenous ARGs in
agricultural soils caused by frequent agricultural practice. However, the
abundance of human-associated (Rank I, II, III) and Rank I risk ARGs
classified by an omics-based framework showed a significantly higher
abundance in agricultural dry-farming soils from Xiamen (Fig. 2A), and
elevated abundance of these ARGs in Dezhou soil with sewage sludge
and manure fertilizers (Fig. 2B). Significantly positive correlations be-
tween the abundance of these ARGs and total soil ARG diversity and
abundance were only observed in agricultural soils (Fig. 1c and Fig. 3c).
These results suggest that human activities, such as manure and sludge
fertilization, are responsible for the enrichment of human-associated
ARGs which partially contribute to the variations of total resistome in
agricultural soils (Fang et al. 2018; Qian et al. 2021).

To fully capture the diversity of ARGs and explore the vectors of
ARGs, the reads were assembled and four tools were adopted to identify
ARGs on contigs as many as possible (Fig. 3). Unlike previous study
showing that plasmids were the dominant vectors of ARGs in WWTPs
(Che et al. 2019), most of the identified ARGs resided on chromosome
contigs (75.8%) in this study, suggesting a different pattern between soil
and WWTPs. However, our workflow can find more intact human-
related ARGs in soils compared to omics-based framework proposed
by Zhang et al. (Zhang et al. 2021), thus the enrichment of human-
related ARGs on plasmids was observed in agricultural soils (Fig. 3).
Most of these plasmids carried integrase or transposase, implying that
plasmids serve as a dominant shuttle in the transmission of anthropo-
genic ARGs to the soil, which was in consistence with previous reports
showed that human-related ARGs in aquatic ecosystem were more
frequently found in the MGE context (Lee et al. 2020). Moreover, we
found that most of the human-related ARGs in soils were related to
pathogens across three phyla including Pseudomonadota, Firmicutes and
Bacteridetes, and most of them were mobile (Fig. 3 and Table S3). We
defined these human- and pathogen-related plasmid borne ARGs as
clinical ARGs with “current threat” to human health in accordance to the
criteria proposed by Zhang et al. (Zhang et al. 2021) for omics-based
rating of the health risk of environmental ARGs. These clinical ARGs
were enriched in the agricultural areas and all the clinical ARG-carried
contigs were assembled from agricultural soils, indicating that the
agricultural areas are hotspot of clinical ARGs compared to forest and
urban soil (Fig. 4). Overall, these results suggest increased HGT of ARGs
events mediated by plasmids between human pathogens and edaphic
bacteria upon agricultural activities.

To explore the role of phages in the spread of ARGs, we applied same
criteria for metagenome-assembled contig analysis to identify ARGs
located on viral genomes. Only 17 phage-borne ARGs were identified
and the percent of ARG-carrying phages were extremely low (0.013%),
further supporting that the plasmids are the major MGEs carring human-
related ARGs in soil. The results implying the All of phage-borne ARGs
encode the dihydrofolate reductase (DHFR) pertaining to the folate
biosynthetic pathway (van Hoek et al. 2011), which could lead to an
increased trimethoprim resistance in host (Peters et al. 2019), and could
also provide additional functions such as machinery for replication
(Moon et al. 2020). Nevertheless, transductomics analysis indicated
transfer of ARGs through transduction of VLPs (Figure 5). A recent study
reported that transduction as an important ARG propagation mechanism
occurred under complex hydrodynamic conditions with changed fre-
quency (Sun et al. 2021). There were debated results that whether
bacteriophages serve as reservoirs and transfer agents of ARGs (Che-
vallereau et al. 2021; Enault et al. 2017). Despite a substantial portion of
ARG-carrying bacteriophages was identified in the human gut phage
database MGV (Nayfach et al. 2021), the frequency of ARG-carrying
bacteriophages in agricultural slurry viromes was low (Cook et al.
2021). The discrepancy could be attributed to the different threshold
when identifying ARGs from phage genomes, or to the ARG levels of host
since human gut microbiome was well documented as rich reservoirs of
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ARGs Our results, based on strict ARG identification in 131,014 obtained
viral genomes, provide strong evidence that soil bacteriophages rarely
encode ARGs, but generalized transductions of VLPs is implicated in the
spread of ARGs (Enault et al. 2017). Furthermore, the mapped read
counts of GPD presented a significant positive relationship with abun-
dance of ARGs in agricultural areas (Fig. 2E), and the profile of human-
related viral communities in soils illustrated a significant land use
pattern (Figure S4), implying that the transduction of human gut viruses
participated in the transmission of human-related ARGs from human-gut
to soils. However, the contribution of transduction mediated by specific
virus to the spread of ARG remain difficult to quantify, the development
of single-virus technology could resolve the issue in the future.

We further conducted similar analysis of VFs for better understand-
ing of anthropogenic effects on human health associated microbial
functional traits in soils. The composition of VFs showed a significant
difference across different soils with land use types (Figure S5), but the R
value of ANOSIM test was less than ARGs, suggesting land use change
had a stronger effect on ARGs than VFs. The proportion of VF-carried
contigs was significantly lower than that of ARG-carried contigs, sug-
gesting a weaker mobile potential of VFs than ARGs. In addition, human-
pathogen-related VFs was less prevalent in plasmids. Significantly
different compositions between plasmid-borne and chromosome-borne
VFs (Figure S6) was observed, of which LPS and two-component sys-
tem BvrR/BvrS were enriched in plasmids, while the Flagella and Type
IV pili related to the adherence were enriched in chromosome, sug-
gesting the complementary role of plasmid-borne VFs in affecting the
virulence of host bacteria (Lopez-Goni et al. 2003). The vegetable soils
harbored the highest abundance of VFs, suggesting that dry farming also
contribute to increased abundance of VFs in consistent with clinical
ARGs in agricultural area. Previous research pinpointed the convergence
of VFs and ARGs in a single plasmid potentially promoting the emer-
gence of hypervirulent and multidrug-resistant Klebsiella pneumoniae
strains (Yang et al. 2020). While, co-occurrence of ARGs and VFs on
plasmids was not detected in this study, implying that the convergence
of VFs and ARGs on plasmids rarely occurred in soils. Nevertheless, most
of the assembled plasmids were incomplete, thus further investigation
with extended dataset is warranted to verify this finding.

5. Conclusions

The soil ARG profiles exhibits significant land use patterns of which
agricultural and non-agricultural areas presents distinct modes as a
consequence of different forms and intensities of human activity, such as
application of human and animal feces associated fertilizers. Agricul-
tural area, particularly with dry-farming, occupy higher percentage of
human-related and clinical ARGs, demonstrating that agricultural soils
are hotspot of clinical ARGs compared with non-agricultural soils.
Plasmid, rather than phages, are the major vectors for the transferable
resistome in soil and primarily mediated the transfer of clinical ARGs
between the human-dominated environments and soils. Apparently,
more attention should be paid to clinical ARGs in agricultural areas since
these ARGs could be easily transferred into human pathogens. Never-
theless, those plasmid-borne but not pathogen-related ARGs are non-
negligible given that these transferable ARGs may serve as sources for
the emerging of new antibiotic resistance determinants in pathogens.
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