
Viral Community and Virus-Associated Antibiotic Resistance Genes
in Soils Amended with Organic Fertilizers
Mo-Lian Chen, Xin-Li An, Hu Liao, Kai Yang, Jian-Qiang Su, and Yong-Guan Zhu*

Cite This: Environ. Sci. Technol. 2021, 55, 13881−13890 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Antibiotic resistance is a global health concern.
Long-term organic fertilization can influence the antibiotic
resistome of agricultural soils, posing potential risks to human
health. However, little is known about the contribution of viruses
to the dissemination of antibiotic resistance genes (ARGs) in this
context. Here, we profiled the viral communities and virus-
associated ARGs in a long-term (over 10 years) organic fertilized
field by viral metagenomic analysis. A total of 61,520 viral
populations (viral operational taxonomic units, vOTUs) were
retrieved, of which 21,308 were assigned at the family level. The
viral community structures were significantly correlated with the
bacterial community structures (P < 0.001) and the dosage of
applied sewage sludge (r2 = 0.782). A total of 16 unique ARGs
were detected in soil viromes, and the number of virus-associated ARG subtypes was higher in sewage sludge treatments (except for
1 SS) than others. The network analysis showed that the application of the organic fertilizer increased the bacteria−virus
interactions, suggesting that the chances of ARG exchange between viruses and their hosts may increase. Overall, our results provide
a novel understanding about virus-associated ARGs and factors affecting the profile of viral community in fertilized soil.
KEYWORDS: bacteriophage, virome, antibiotic resistance genes, horizontal gene transfer, sewage sludge

■ INTRODUCTION

Viruses are abundant and ubiquitous in soil and greatly affect
ecosystem functions, biogeochemical cycles, and food web
dynamics.1 It has been estimated that vial abundance in soils
can range from ∼107 to 109 viral particles per gram dry
weight.2 Similar to the roles of viruses in marine and freshwater
environments,3,4 recent soil viral metagenome (virome)
analysis has documented that viruses may impact microbial
ecology and carbon metabolism in terrestrial ecosystems.5

However, soil viruses and their functions remain poorly
understood compared with marine viruses that have been
studied for over 2 decades.6,7

Bacteriophages (phages) are believed to be the majority of
identified soil viruses.2,6 They could affect microbial
community composition and nutrient cycling by lysing
bacteria7 or impact the genetic landscape and bacterial
metabolism by transferring genes to their microbial hosts
through specialized (lysogenic phages) or generalized trans-
duction (lysogenic or lytic phages).8,9 In particular, phages are
capable of carrying part of bacterial DNA, including antibiotic
resistance genes (ARGs), which may play an important role in
ARG transmission.10 Recent studies have found that virus-
associated ARGs are prevalent in river and marine
viromes,11−13 indicating that viruses may act as significant
reservoirs of ARGs in the environment.14 Due to the relatively

difficult recovery of enough viral DNA from the complex soil
matrix and the limitation of publicly available viral data-
bases,1,15 soil virome is largely unexplored, and thus, soil viral
diversity and virus-associated ARGs are poorly known.
In agricultural soil, the application of organic fertilizers can

alter the bacterial diversity and structure by shifting soil
nutrients, pH and organic matter, and so on.16,17 Because
bacteria play key roles in determining viral survival and
production,18,19 organic fertilizers may further influence soil
viral communities by changes in the structure of bacterial
communities. In addition, soil pH, organic matter, and other
soil characteristics may affect the viral community distribution
through influencing virus transport in soil.20,21 Moreover,
organic fertilizers (e.g., sewage sludge and manure) have been
shown to contain many ARGs carried by viruses,22,23 which
may be transmitted to soil via fertilization, resulting in a
potential threat to soil health. However, to the best of our
knowledge, there are few studies that report the viral
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abundance and diversity in agricultural soil, and virus-
associated ARG analysis has not been investigated in soil
with long-term organic fertilization.
In this study, we recovered 24 soil metagenomes and 24

viromes from agricultural soils amended with organic/chemical
fertilizers by illumina sequencing. Our aims were (1) to
investigate the viral community and their main drivers, (2) to
evaluate the ARG diversity in soil viromes, and (3) to explore
the interactions between viruses and bacteria. This work may
provide novel insights into the viral communities and their
roles in the dissemination of ARGs in agricultural soil.

■ MATERIALS AND METHODS
Soil Sample Collection. The sampling sites and details

have been described in our previous study.16 Soil samples were
collected in August 2019 from a long-term field experiment site
at the Key Experimental Station on Agricultural Resources and
Ecological Environment in Dezhou, Ministry of Agriculture,
China (37°20′ N, 116°38′ E). Briefly, organic fertilizers
(sewage sludge and chicken manure) and chemical fertilizer
(urea) have been applied in 24 plots annually since 2006,
creating 8 different treatments with 3 replicate plots (Figure
S1): 0.5 N (treated with 65.25 kg hm−2 urea), 1 N (treated
with 130.5 kg hm−2 urea), 0.5 SS (treated with 65.25 kg hm−2

urea and 4.5 t hm−2 sewage sludge), 1 SS (treated with 65.25
kg hm−2 urea and 9 t hm−2 sewage sludge), 2 SS (treated with
65.25 kg hm−2 urea and 18 t hm−2 sewage sludge), 4 SS
(treated with 65.25 kg hm−2 urea and 36 t hm−2 sewage
sludge), 1 CM (65.25 kg hm−2 urea and 10 t hm−2 chicken
manure), and CK (nonfertilized control plots). The surface
soil (0−15 cm) was collected from each plot using the five-
point sampling method, kept on dry ice, and transported to the
laboratory immediately. Each soil sample was divided into two
subsamples: one was stored at −80 °C for soil DNA extraction
and the remaining was stored at 4 °C for viral DNA extraction.
Soil Physicochemical Analysis. Total nitrogen (TN) and

total carbon (TC) contents of soil were measured using a CNS
elemental analyzer (Elementar Analysensysteme GmbH,
Germany), and dissolved organic carbon (DOC) was analyzed
through a total organic carbon analyzer (Shimadzu, Japan)
according to the report by Bolan et al.24 The contents of soil
organic matter (SOM) were also quantified by measuring
absorbance at 590 nm wavelength using the colorimetric
approach,25 and heavy metals were determined using an X-ray
fluorescence spectrometer (Axios-MAX, Panalytical). Addi-
tionally, soil pH measurement was performed in solution with
a 1:2.5 ratio of soil to deionized water by a pH meter (Thermo
Scientific, USA) at room temperature.
DNA Extraction and Illumina Sequencing. Viral DNA

Extraction. Virus-like particles were acquired and purified as
previously described with specific modifications.26 Briefly, all
soil samples were homogenized in sterilized bags and the large
soil particles were broken down manually; 100 g soil of each
sample was homogenized with 250 mL of phosphate buffered
saline solution (PBS, 0.01 M, pH = 7.0) and suspended at
room temperature by magnetic stirring for 45 min, and
mitomycin C (final concentration, 1 μg mL−1; Genview,
American) was added into the suspension to induce temperate
phages from host genome.22,27,28 The mixture was shaken at 50
rpm overnight at 28 °C in the dark. The supernatant was then
obtained by centrifugation at 3000g for 15 min at 4 °C.
Bacteria cells were removed from the resulting supernatant by
sequential filtration steps through 5.0, 0.45, and 0.22 μm low

protein-binding poly ether sulfones membranes (Jin Teng,
China). The filtrate was concentrated into 250 μL using 100
kDa Amicon Ultra centrifugal filter units (Millipore, USA) and
subsequently refiltered by a sterile 0.22 μm Millex-GP filter
(Millipore, USA).
To remove external-free DNA fragments, viral concentrates

were treated with DNase I (1000 U mL−1; Beyotime
Biotechnology, China) for 45 min at 37 °C according to the
manufacturer’s protocol. After heat inactivation of DNase I,
PCR assays of bacterial 16S rRNA were performed using
universal primers 27F/1492R to check the presence of free and
contaminating bacterial DNA.29 Encapsulated viral DNA was
extracted by using a TIANamp Virus DNA/RNA Kit
(Tiangen, China).30 To obtain adequate viral DNA yields for
sequencing virome, the REPLI-g Midi Kit [for multiple
displacement amplification (MDA)] (Qiagen, German) was
used to amplify total viral DNA according to the
manufacturer’s instructions.31 The resulting products were
purified using KAPA Pure Beads (Roche, Switzerland) and
quantified using a Qubit double-stranded DNA (dsDNA)
Assay Kit (Invitrogen, USA).

Total DNA Extraction and Illumina Sequencing. Total
DNA was extracted using 0.25 g of frozen soil and a PowerSoil
DNA Isolation Kit (Mo Bio Laboratories, USA) following the
manufacturer’s instructions. DNA concentrations were deter-
mined by using a NanoDrop spectrophotometer (ND-2000,
Thermo Scientific, USA), and then, DNA was stored at −20
°C for further analysis.
The extracted total and viral DNA were sequenced on the

Illumina HiSeq X-ten platform and the Illumina NovaSeq 6000
platform (MagiGene, Guangzhou, China), respectively. To
acquire the clean data for subsequent analysis, the raw data
were first screened with FastQC (v0.11.5) to assess quality,
followed by trimming and filtering of low-quality reads using
Trimmomatic (v0.36, parameters: TruSeq3-PE.fa 2:3:10,
LEADING 5, TRAILING 5, SLIDINGWINDOW 4:20, and
MINLEN 60).32 Sequencing data were deposited at the NCBI
(National Center for Biotechnology Information) Sequence
Read Archive database with accession numbers PRJNA697905
(metagenome) and PRJNA705403 (virome).

Viral Contig Assembly, Identification, and Phage
Host Prediction. Host sequences (≥80% reads coverage)
were removed by mapping the clean reads against genomes
from ribosome database (Silva 132) and bacteria RefSeq
database using Bowtie2.33 The remaining clean reads of each
virome were then assembled into contigs using Megahit,34 and
lysogenic and lytic viral contigs were identified using a machine
learning method implemented by VIBRANT.35 Viral-like
contigs (≥10 kb in size) and/or circular (assumed to be
completed) were maintained, and redundancy was removed
using CD-HIT (v4.7, parameter: -c 0.95 -n 5 -g 1 -aS 0.8).36

Subsequently, the generation of “viral population (viral
operational taxonomic unit, vOTU)” was performed by using
a Perl script for clustering at >95% identity and >80%
coverage.37 The longest contig of each viral cluster (VC) was
chosen as the representative sequences for further taxonomic
assignment. Coverage of viruses in the viral fraction samples
was determined by mapping clean reads to assembled viral
contigs and calculated as the number of reads normalized to
the length of the viral contig (number of total base pairs
aligned to contig/base pair of contig) with Bowtie2 and perl
script (jgi_summarize_bam_contig_depths),33 and then, the
relative abundance of individual vOTU was normalized to the
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total coverage of all identified vOTUs in each sample.38,39 The
metagenome reads were also mapped to the assembled viral
contigs (as described above for virome reads) to estimate their
coverage and analyze the interactions between viruses and
bacteria.
Using PILER-CR (v1.06) to identify CRISPR spacers of

bacterial sequences by aligning with bacterial genome of
RefSeq database, ambiguous sequences with continuous N
were removed and then CRISPR spacers database was
constructed. CRISPR spacers in the vOTU (“blastn-short”
mode preset, e-value < 10−5 and bitscore ≥ 45) were identified
by BLASTn against CRISPR spacers database,5 and the best
hit was selected as the possible host information (genus level)
of the phage with ≥95% sequence identity and ≥80% sequence
coverage. For each vOTU, redundant CRISPR spacer hits
corresponding to the same bacterial genus were removed.
Taxonomic Assignment and ARG Annotation of

Viromes. Open reading frames (ORFs) were predicted from
vOTUs and reference genomes (virus RefSeq97) by using
Prodigal (v2.6.3),40 and then, the extracted protein sequences
were clustered by using vConTACT [v2.0, parameters: pc-
inflation 2.0, vc-inflation 1.5, MCL pcs-mode and ClustONE
vcs-mode].41 Briefly, viral proteins are grouped into homolo-
gous PCs by applying the Markov cluster algorithm (MCL),
followed by the formation of VCs using ClusterONE. Those
vOTUs clustered with reference genomes could be assigned to
a known viral taxonomic genus. In order to assign the family
level taxonomic annotations to vOTUs, the “Demovir” script
was used to search for homologies between proteins encoded
by vOTUs in question to a viral subset of TrEMBL database,
and then, taxonomic assignment was determined by the voting
approach.42 ARGs of vOTUs were annotated by aligning with
the deposited ones in SARG (v2.2) database, using BLASTp
with a threshold of e value ≤ 10−5, query coverage ≥80, and
≥40% amino acid identity.11

Detection of ARGs and Taxonomy in Microbial
Metagenome. Clean reads of metagenome were assembled
by Megahit.34 Assembled contigs of metagenome were
taxonomically classified using a contig annotation tool pipeline
with default parameters. Microbial taxonomic compositions
were profiled quantitatively by Metaphlan2 with the default
parameters.43 ORF detection from microbial contigs was done
in the same way as that from viral contigs. To quantify ARG
abundances, predicted protein sequences after ORF detection
were searched with diamond against NCBI nonredundant (nr)
protein database, and the resulting ARG-like-sequences were
annotated by using the ARG-OAP pipeline and the SARG
(v2.2) database.44 ARG abundances were normalized to the
corresponding ARG reference sequence length and the number
of 16S rRNA genes.
Statistical Analysis. All statistics analyses were performed

using software-R (3.5.3 version). α-diversity, nonmetric
multidimensional scaling (NMDS) analysis, and multivariate
analysis of similarity (ANOSIM) were performed using the
“vegan” package. The differentially abundant vOTUs among
treatments were identified using the linear discriminant
analysis (LDA) effect size (LEfSe) method (P < 0.01 and an
LDA score >2.5).45,46 According to the results of LEfSe, we
further show the variation of the centered log ratio (CLR)
transformed data of top 6 vOTUs enriched by the high dosage
of sewage sludge treatment (4 SS). The CLR transformation of
vOTU data was performed with “zComposition” and “rgl”
packages. The proportions of dominant vOTUs (relative

abundance ≥ 0.01%) shared between viromes were clustered
using the complete method and visualized by the package
“pheatmap”.
To reveal the correlation between the dosage of the fertilizer

and viral community composition, regression analysis based on
the first coordinate of the principal coordinate analysis
(PCoA1) was conducted by the “lm” function and Spearman’s
rank correlation test [false discovery rate (FDR)-adjusted P
value]. To investigate the relationship of viral and bacterial
community patterns, mantel tests with the Spearman’s rank
correlation (nperm = 9999) and Procrustes test (Bray−Curtis
dissimilarity based) were conducted in R with the package
“vegan”. To determine the relative importance of environ-
mental factors (bacteria communities and soil properties) in
structuring viral communities, multiple regression analysis was
conducted using a multiple regression on the matrix (MRM)
approach.47 The R package “Hmisc” was used to assess the
redundancy of the environmental variables by the “VARCLUS”
function before applying MRM. The variables with Spearman’
ρ2 > 0.7 were removed from MRM analysis, and nonsignificant
variables (P < 0.05) were removed from model results, and
then, the MRM test was rerun in R with “ecodist” package until
the absence of nonsignificant variables.
Network analysis approaches are widely used to explore the

interactions or associations among microbial taxa in ecological
studies.48 Because bacteria was the vital determinant of viral
survival and production,49 the co-occurrence patterns between
virus and bacteria could be used to explore the association of
the virus and bacteria. The co-occurrence patterns between
virus and bacteria (species-level) were assessed using the
network analysis approach. Correlation matrixes by calculating
all possible pair-wise Spearman’s rank correlations were
constructed by the package “psych” in R with the threshold
(strong coefficient |ρ| > 0.8 and [FDR]-adjusted P < 0.01),48

and the correlations were visualized in a network created by
Gephi (v. 0.9.2) using the Fruchterman Reingold algorithm.
All scripts and intermediate files are available at: https://
github.com/superahura/Virome_of_agricultural_soils.

■ RESULTS
Soil Properties in Different Fertilization Treatments.

The soil physicochemical properties under different fertiliza-
tion applications are shown in Table S1. The content of SOM
and arsenic in sewage sludge treatments (except for 0.5 SS)
was the highest compared with the other treatments. Under
the application of sewage sludge and chicken manure,
concentrations of TC, TN, P, Cu, Zn, and DOC were higher
than other treatments, while pH and C/N were relatively low
in contrast to other treatments. In addition, soil physicochem-
ical properties (e.g., TC, TN, Cu, and arsenic) did not change
very much under the application of the chemical fertilizer,
except for DOC, SOM, and Pb, which were higher than the
control.

Characterization of Viral Community. The detailed
information of soil virome (Tables S2 and S3, Figure S2) is
summarized in Text S1. As listed in Table S4, compared with
control, the richness and Simpson diversity indexes were
higher in fertilizer treatments. The Shannon diversity index in
organic fertilizer treatments, especially 4 SS and 1 CM, was
higher than that in others. NMDS analysis based on Bray−
Curtis distance revealed the dissimilarity of viral communities
between different treatments (ANOSIM, R = 0.57, P = 0.001,
Figure 1a). As depicted in Figure 1b, despite the majority of
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vOTUs was unassigned, the dominant families (relative
abundance > 0.1%) were Microviridae and Siphoviridae
among treatments (10.15−20.26%), and the relative abun-
dance of Siphoviridae was elevated following the sewage sludge
application. LEfSe analysis identified 3 families and 32 vOTUs
(P < 0.01, LDA score > 2.5) that showed significantly different
relative abundances among treatments (Figure 1c). Siphovir-
idae was a sole differentially abundant family in high dosage of
sewage sludge treatment (4 SS), while Microviridae was the
differentially abundant family in other treatments. At the viral
population level, we observed that the top 6 vOTUs enriched
in 4 SS were more abundant in sewage sludge treatments
relative to the geometric mean (Figure 1d). The shared
dominant vOTUs (relative abundance > 0.1% in any sample)
among viromes are presented in Figure S3. It can be observed
that two domains were generated. Control and chemical
fertilizer treatments are grouped into a cluster because they
shared more vOTUs, while organic fertilizer treatments are
grouped into others.

Drivers of Viral Community Composition. The results
of bacterial community analysis (Tables S5 and S6 and Figures
S4 and S5) are described in Text S2. Regression analysis was
used to investigate the impact of fertilizer concentration on
viral communities (Figure 2a). For chemical fertilizer treat-
ments, there was no significant linear regression between viral
β-diversity and the dosages of the chemical fertilizer (P =
0.197). For sewage sludge treatments, there existed a positive
correlation between viral β-diversity and the dosages of sewage
sludge (r2 = 0.782, Spearman r = 0.982, P < 0.001). A Mantel
test showed that viral community was significantly correlated
to bacterial communities (r = 0.38, P < 0.001). Procrustes
analysis indicated that the viral and bacterial communities from
each treatment clustered together and were separated from the
other treatments, exhibiting a goodness-of-fit test (sum of
squares M2 = 0.3832, P < 0.001, nperm = 9999, Figure 2b). The
MRM was used to determine the relative contributions of
bacterial communities versus soil properties to soil viral
community similarity. The first model result was calculated

Figure 1. Composition and distribution of viral community in soil. (a) NMDS analysis of the viral community compositions based on Bray−Curtis
similarities. The significance is assessed by ANOSIM. (b) Taxonomic distribution of vOTUs identified from eight treatments. The viral
classification is described at the family level. (c) LEfSe analysis showing differentially abundant viruses (from the family level to population level)
among treatments, based on P < 0.01 and a LDA score >2.5. Each column is labeled with the vOTU name, which was highlighted in blue, purple,
and green referring toMicroviridae, Inoviridae, and Siphoviridae, respectively. (d) CLRs of top 6 differentially abundant vOTUs identified in the high
dosage of sewage sludge treatment (4 SS).
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from a multivariate multiple regression analysis using soil
properties as predictors, and the second model result was
calculated from a multivariate multiple regression analysis
using bacterial communities as predictors. In this study, we
only reported the variables contained in the final MRM model
(Figure 2c). MRM analysis results indicated that the overall

changes in viral community structures were best explained by
soil properties (R2 = 0.54, P < 0.001), while bacterial
communities only explained about 15% of the variations in
viral community (P < 0.001). In the first MRM model, soil pH,
SOM, and TC showed the larger partial regression coefficient
(|b| = 0.119, 0.087 and 0.112, P < 0.001, respectively), with Cr
and Cd showing a smaller but significant partial regression
coefficient (|b| = 0.066 and 0.053, P < 0.01, respectively). In
the second MRM model, Firmicutes showed a larger effect on
viral community similarity (|b| = 0.117, P < 0.001) than
Actinobacteria (|b| = 0.06, P < 0.05).

Diversity of ARGs in Virome and Metagenome. The
analysis results of ARGs detected in metagenome (Figures S6
and S7) are described in Text S3. After filtering with a
threshold (e value ≤ 10−5, query coverage ≥80 and ≥40%
amino acid identity), 67 ARG-carrying vOTUs and 16 unique
ARGs were retrieved. Four vOTUs were affiliated to
unassigned Caudovirales, while the others could not be
assigned to any known viral taxa (Tables S7 and S8). Most
of the vOTUs (50 vOTUs, 80.65%) carried ARG-encoding
resistance to chloramphenicol and macrolide−lincosamide−
streptogramin (MLS). As shown in Figure 3a, the detected
number of the virus-associated ARG subtype in each virome
ranged from 9 to 13, with 0.5 SS and CK harboring the highest
(13) and lowest (9) number of ARGs, respectively. These
detected ARGs conferred resistance to aminoglycoside,
chloramphenicol, MLS, multidrug, tetracyclines, trimethoprim,
vancomycin, and others. Genes for trimethoprim resistance
were the dominant ARG subtypes in all samples, including
dfrA1, afrA12, afrA20, dfrB2, and dfrB6. The number of the
ARG subtype detected in sewage sludge treatments was higher
than other treatment, except 1 SS (Figure 3a). Moreover,
NMDS analysis showed that the profiles of the ARG-carrying
vOTU structure were different among treatments (ANOSIM,
R = 0.369, P = 0.002, Figure 3b).

Virus−Host Linkage Analyses. By using in silico
strategies, we next assigned putative hosts of vOTUs from
bacterial RefSeq database. A total of 1357 unique CRISPR
spacer matches (including 2 archaea spacers) were identified,
consisting of 1019 vOTUs and 302 host genera (Figure S8).
Among them, 184 vOTUs have been annotated, 168 vOTUs
have multiple hosts, and 29 bacterial host genera are identified
in soil metagenome (Figure S8b,c). The top 50 host genera
with high frequency of matching vOTUs (occur in ≥50% of
samples) are shown in Figure S9. The putative hosts could be
clustered into five modules (marked with different capital
letters in the heat map), while no obvious changes in taxa were
observed across treatments. Analysis of CRISPR spacer
sequence matches suggests that the majority of viruses infect
Pseudomonas, Klebsiella, Streptomyces, and Salmonella, while
most of these putative hosts could be identified as rare taxa or
even unidentifiable in soil metagenome. For vOTU-carrying
ARGs, 43.28% (29 vs 67 vOTUs) of them were linked to five
putative bacterial phyla (Table 1). None of them infect more
than one putative host. In addition, it was found 13 vOTUs
sharing the same host genera (i.e., Clostridium, Chryseobacte-
rium, Defluviimonas, Bacteroides, and Olivibacter).

Co-occurrence Patterns between Virus and Bacteria.
In the present study, the co-occurrence patterns between virus
and bacteria (species-level) were assessed using the network
analysis approach. A total virus−bacteria coexistence network
was constructed containing all samples (Figure S10a). The
total network consists of 528 nodes linked by 1378 edges with

Figure 2. Potential factors that contribute to the variation of viral
community β-diversity. (a) Regression analysis between the first
dimension (PCoA 1) of viral community and the dosages of the
applied fertilizer. The Spearman correlation test ([FDR]-adjusted P
value) was performed to evaluate the correlation between viral
community and the dosages of the applied fertilizer. (b) Procrustes
analysis and mantel test depicting the significant correlation between
viral composition and bacterial community on the basis of Bray−
Curtis dissimilarity metrics. (c) Results of MRM analysis. The first
model results were calculated using soil properties as predictors, while
the second model results were calculated using bacteria communities
as predictors. The partial regression coefficients (b) and associated P-
values of the remaining variables in the final MRM model are reported
from the permutation test (nperm = 9999) if their significance levels are
< 0.05. The variation (R2) of ln community similarity (1 minus Bray−
Curtis distance) is explained by the remaining variables. *P < 0.05,
**P < 0.01, ***P < 0.001.
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an average degree of 5.22 (Table S9). Compared with the
chemical fertilizer treatment network, there were more nodes
and edges in sewage sludge treatment networks (Table S9).
Meanwhile, the average degree and network density were
higher in sewage sludge networks than those in chemical
fertilizer treatment (Table S9). These networks could be
divided into several main modules based on the clustering of
nodes. The most densely connected nodes in each module
were known as hubs, which were mainly from the phyla
Proteobacteria, Actinobacteria, and Firmicutes (Figure S10).
In addition, we observed that most of the virus−bacteria

correlations were positive, and the sewage sludge treatment
network (2.33 and 7.6%) had a higher proportion of negative
correlations than the chemical fertilizer treatment network
(1.41%).

■ DISCUSSION

Effects of Long-Term Organic Fertilization on the
Viral Communities. Fertilization plays a pivotal role in soil
biogeochemical processes and affects the soil microbial
community. In the study, we observed that the α-diversity of
viral community was higher after the application of chicken

Figure 3. Virus-associated ARG composition and distribution in soil. (a) Numbers of ARG subtypes detected in soil vOTUs. (b) NMDS analysis of
ARG-carrying viral population composition based on Bray−Curtis similarities. The significance is assessed by ANOSIM.

Table 1. List of the Putative Bacterial Host for ARG-Carrying Virus

vOTUa category ARG classificationb ARGc host phylum host genusd

4SS-k141-1849582 lytic chloramphenicol catB Crenarchaeota Sulfolobus
1SS-k141-1656925 lytic chloramphenicol catB Bacteroidetes Seonamhaeicola
4SS-k141-2191122 lysogenic chloramphenicol CA Bacteroidetes Chryseobacterium
1CM-k141-2385221 lytic chloramphenicol CA Firmicutes Peptostreptococcus
0.5N-k141-76089 lysogenic chloramphenicol CA Firmicutes Ruminiclostridium
1CM-k141-383223 Lytic chloramphenicol CA Firmicutes Clostridium
1CM-k141-1805741 lysogenic MLS macB Proteobacteria Gynuella
0.5N-k141-2031168 Lytic MLS vatB Bacteroidetes Prevotella
0.5N-k141-1496985 Lytic MLS vatB Bacteroidetes Bacteroides
2SS-k141-1803235 Lytic MLS vatB Bacteroidetes Bacteroides
2SS-k141-156123 Lytic MLS vatB Bacteroidetes NA
1SS-k141-328097 Lytic MLS vatB Bacteroidetes Olivibacter
4SS-k141-1504792 Lytic MLS vatB Bacteroidetes Olivibacter
1CM-k141-2188665 Lytic MLS vatB Bacteroidetes Chryseobacterium
1N-k141-146903 Lytic MLS vatB Firmicutes Tissierella
1CM-k141-768224 Lytic MLS vatB Facteroidetes Bacteroides
1CM-k141-2325400 lysogenic MLS vatB Firmicutes Clostridium
1CM-k141-139652 Lytic MLS vatB Bacteroidetes Bacteroides
4SS-k141-1304121 Lytic MLS vatB Firmicutes Vallitalea
4SS-k141-2740504 lysogenic MLS vatB Bacteroidetes Dyadobacter
1SS-k141-799572 lysogenic MLS vatB Proteobacteria Xenorhabdus
2SS-k141-175109 Lytic multidrug ABC transporter Firmicutes Lactobacillus
1CM-k141-647016 Lytic tetracycline tetT Firmicutes Streptococcus
1N-k141-636475 lysogenic trimethoprim dfrB2 Proteobacteria Defluviimonas
1CM-k141-1511081 Lytic trimethoprim dfrB2 Proteobacteria Defluviimonas
2SS-k141-1865148 Lytic trimethoprim dfrB6 Proteobacteria Agrobacterium
4SS-k141-461945 Lytic trimethoprim dfrB6 Firmicutes Aneurinibacillus
CK-k141-252371 lytic trimethoprim dfrB6 Planctomycetes NA
2SS-k141-111207 lytic others ArlR Firmicutes Clostridium

avOTU number is formed from the sample name and VC number. bMLSmacrolide−lincosamide−streptogramin. cCAchloramphenicol
acetyltransferase. dNAmissing genus classification.
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manure and high dosages of sewage sludge (Table S4). The
results were similar to recent observations that the viral
diversity in soil treated with pig manure was higher than
control.49 One plausible explanation was that sewage sludge/
chicken manure can introduce rich microorganisms to
agriculture soils, including bacteria and viruses.50 Additionally,
Microviridae, Siphoviridae, and Circoviridae were the dominant
classified viral families in all samples (Figure 1b), which were
reported to be widespread and abundant in various agricultural
soils, such as tomato field, paddy, and maize soils.31,51

Microviridae are typical single-stranded DNA (ssDNA) phages
that naturally infect Proteobacteria, Spiroplasma, and Chlamy-
dia.52 In general, the majority of soil viruses are dsDNA (tailed
phages), and the number of ssDNA viruses is very low.53 In the
present study, however, the abundance of the ssDNA viruses,
represented by Microviridae and Circoviridae (naturally
infecting birds and mammals), is likely to be overestimated
through the use of MDA amplification, making taxonomic
results biased.54 This might also be one reason why the
proportion of Microviridae in soil is much higher than other
families in some samples (Figure 1b). Furthermore, Siphovir-
idae (naturally infecting enterobacteria and vibrios) were
observed in higher relative abundance in sewage sludge
treatments (except for 2 SS) than other treatments (Figure
1b), and several of its vOTUs were elevated following sewage
sludge treatment when compared with the geometric mean
(Figure 1d). We speculate that this is probably a consequence
of applying sewage sludge, as Siphoviridae were reported to be
the most abundant dsDNA phages in wastewater treatment
plant habitat (i.e., influent, activated sludge, and effluent).55,56

A previous study suggested that the application of different
fertilizers could change soil characteristics as well as the soil
viral abundance and diversity.49 Consistently, we found that
the structure of viral communities differed significantly among
the eight treatments (Figure 1a, P = 0.001). Importantly, the
variations of viral communities were significantly and positively
correlated with the dosages of applied sewage sludge (Figure
2a, P < 0.001), suggesting that long-term sewage sludge
application may have a greater effect on viral communities than
the chemical fertilizer. Previous studies have shown that
environmental factors play important roles in changing viral
community structure and composition.2,21,57 In this study, soil
properties (e.g., pH, TC, and SOM) and bacteria (Actino-
bacteria and Firmicutes) significantly correlated with the viral
community structure (Figure 2c), implying that these factors
were the important drivers for viral distribution in agricultural
soil. Especially, our results showed that soil properties could
predict the variation of the viral community structure better
than bacterial communities. According to previous reports, soil
pH and SOM may affect the soil viral community distribution
through influencing virus transport or bacterial commun-
ities,20,49 and bacteria could affect viral community through
directly influencing viral survival and production.18 It should
be noted that the understanding of soil viral community
composition and its drivers through this study may be limited
by a small sample size and high soil heterogeneity, even though
the stringent standards were used during statistical analysis.
Additionally, the induction procedure by mitomycin C could
potentially change the original viral communities. In future
studies, the extraction protocol should be optimized to avoid
this limitation.
Potential Risk of ARG-Carrying Virus in Agricultural

Soil. Currently, several studies have reported that viruses

carried diverse ARGs in different environments, including soil,
freshwater, marine, animal and human feces, and so
on.14,23,58−61 However, little is known about their potential
contribution to the spread of ARGs in agricultural soil. The
present study provided a comprehensive landscape of virus-
associated ARGs in agricultural soil. A total of 67 ARG-
carrying vOTUs and 16 unique ARGs were retrieved with a
relative low sequence similarity (40.57−61.22%) when a
lenient threshold was employed. The number of ARG subtype
detected in metagenomes (171) was higher than that detected
in viromes (16). The genes for trimethoprim resistance were
the dominant ARG type in viromes, whose subtype number
and normalized abundance were lower in metagenomes
compared with other ARG types, indicating that the
contribution of viruses to ARG dissemination maybe very
limited in the present study. However, our results suggested
that the application of sewage sludge increased the diversity of
detected ARGs within viromes (except for 1 SS, Figure 3a). It
was documented that sludge contains rich ARGs in virus
fraction,22 and the application of sewage sludge might facilitate
the enrichment of ARGs in soil virus fraction. A virus is more
persistent in ambient environments than other mobile genetic
elements due to the protection of its capsids, making virus-
associated ARGs a significant threat.62 Moreover, further
functional studies are required to fully determine their capacity
of disseminating antibiotic resistance and evaluate the potential
threat to public health.
Microbial network analysis has been demonstrated to be an

important approach for investigating potential interactions
among microbial taxa.63 In this study, the association changes
were explored among bacteria and virus in agricultural soil
using network analysis based on spearman correlations (ρ >
0.8, P > 0.01; Figure S10). The application of high dosages of
sewage sludge increased the interactions between bacteria and
viruses, leading to a more intricate bacteria−virus ecological
network (more nodes and potential edges). Considering that
phage transduction involves the infection of the bacterial
donor and recipient,64 the complex and closer links between
bacteria and virus may play an active role in promoting ARG
exchange between them. For instance, Chryseobacterium is one
of the hubs in the total network, which was identified as the
host of virus-carrying vatB. This suggests the potential risk of
transmitting vatB among Chryseobacterium, related co-occur-
ring viruses, and their hosts. Because phage-mediated spread of
resistance is more likely in eutrophic environments than in
oligotrophic environments,65 our findings indicate the
potential risks of ARG transduction in organic fertilizer-
amended soils and highlight the importance of good
agricultural stewardship to support one health (human, animal,
and environmental health).
Although the percentage of ARG-carrying vOTUs was less

than 0.1% of the total vOTUs, nearly half of their hosts were
putatively assigned to the pathogenic bacterial species (Table
1). For instance, some species affiliated with Bacteroides (e.g.,
Bacteroides fragilis) are frequently observed in clinical
infectious diseases such as bacteriuria, appendicitis, and
peritonitis. Clostridium spp., commonly found in the river,
soil, animal, and human intestines, play important roles in
human diseases.66 Some of these connections were previously
reported in NCBI, including the connections between
Bacteroides and Clostridium mentioned above and their
corresponding viruses. We also found the connections between
some ARG-carrying vOTUs and pathogenic species that have
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not been identified as hosts of viruses previously, including
Peptostreptococcus and Streptococcus that cause pleuropulmo-
nary, oral, and skin infections in human.67 In addition, some
vOTUs carrying different ARGs were linked to the same host
(Table 1), which may promote the emergence of multidrug
resistance pathogenic bacteria. These findings indicated that
soil ARG-carrying viruses could serve as hidden reservoirs of
ARGs available for exchange with pathogens, acting as vehicles
for ARG transfer among pathogens.68 Previous studies have
shown that phages were capable of transferring ARGs to their
hosts through generalized and specialized transduction.8,9 For
example, recent research by Gabashvili et al. has documented
the transduction of the macrolide resistance gene (mel)
between lysogenic phages (Streptococcus phage and Erysipelo-
thrix phage) and bacterial pathogens (Streptococcus pneumoniae
and Bacillus coagulans).69 Liu et al. isolated T7-like lytic phages
from the pig farm sewage treatment system and found that the
ARG fragments could be acquired by phages through potential
packaging during phage−host interaction, suggesting that these
lytic phages have potential to participate in ARG transfer.70 In
another study, lytic coliphages randomly isolated from chicken
meat were found to be capable of transferring antibiotic
resistance into Escherichia coli through generalized trans-
duction.71 Considering that lytic phages were the major
ARG-carrying viruses in this study, further studies are
necessary to test and determine the transduction ability and
the contribution of these phages to antibiotic resistance
transfer, although generalized transduction is a rare event that
relies on erroneous packaging.72

In summary, this study provides a comprehensive character-
ization of viral communities and virus-associated ARGs in
agriculture soils. Our results demonstrate that the long-term
application of organic fertilizers can alter the structure of viral
communities and restructure the bacteria−virus ecological
networks. Additionally, the application of sewage sludge may
promote the diversity of virus-associated ARGs. These findings
could provide guidelines for fertilization management to limit
the spread of ARGs. In order to evaluate the potential risks of
ARG dissemination via transduction, more studies are needed
to verify the function of ARGs harbored by viruses. Our results
underline the necessity of monitoring the virus introduced by
organic fertilization prior to field application in order to
mitigate the virus-mediated horizontal transfer of ARGs in
microbiomes of agricultural soils, especially to pathogen hosts.
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