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ARTICLE INFO ABSTRACT

Keywords: The wide application of plastics has led to the ubiquitous presence of nanoplastics and microplastics in terrestrial

MICYOPIaS'flCS environments. However, few studies have focused on the mechanism underlying the effects of plastic particles on

&a‘“’plas““? soil microbiomes and resistomes, especially the differences between nanoplastics and microplastics. This study
etagenomics

investigated the microbiome and resistome in soil exposed to polystyrene microplastics (mPS) or nanoplastics
(nPS) through 16S rRNA and shotgun metagenomic sequencing. Distinct microbial communities were observed
between mPS and nPS exposure groups, and nPS exposure significantly changed the bacterial composition even at
the lowest amended rate (0.01%, w/w). The abundance of antibiotic resistance genes (ARGs) in nPS exposure
(1%) was 0.26 copies per cell, significantly higher than that in control (0.21 copies per cell) and mPS exposure
groups (0.21 copies per cell). It was observed that nanoplastics, bacterial community, and mobile genetic ele-
ments (MGEs) directly affected the ARG abundance in nPS exposure groups, while in mPS exposure groups, only
MGE:s directly induced the change of ARGs. Streptontyces was the predominant host for multidrug in the control
and mPS exposure, whereas the primary host was changed to Bacillus in nPS exposure. Additionally, exposure to
nPS induced several bacterial hosts to exhibit possible multi-antibiotic resistance characteristics. Our results
indicated that the effects of plastic particles on the soil microbial community were size-dependent, and nano-sized
plastic particles exhibited more substantial impacts. Both microplastics and nanoplastics promoted ARG transfer
and diversified their bacterial hosts. These findings bear implications for the regulation of plastic waste and ARGs.

Bacterial hosts
Antibiotic resistance genes

1. Introduction

Due to the high production, inadequate disposal, and slow degrada-
tion of plastics, the ubiquitous and long-lasting presence of microplastics
(diameter < 5 mm) in multiple environments has received worldwide
attention [1-4]. The sources of microplastics can be divided into two
categories, that is, primary ones unintentionally released from the raw
industrial materials and secondary ones due to the physical breakdown of
larger debris [5]. A number of investigating studies have well docu-
mented the accumulation of microplastics in a variety of environmental
media, including waters (e.g., rivers, lakes, glaciers, and oceans), soils
(e.g., farmlands, industrial soils, natural reserve areas, and even polar
regions), and the air (including both urban and remote areas) [6-11].
Consequently, the adverse ecological effects of microplastics have
become one of the greatest scientific and policy concerns [12-14].
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The occurrence and potential impacts of microplastics on the soil
ecosystems are recently more recognized since the amount of micro-
plastics entering the land can be 4-23 times greater than the ocean [15].
Previous work has shown that microplastics can change the structure and
succession of soil microbial communities, and the effects were closely
associated with the microplastic properties. For instance, Fei et al.
observed that the exposure of polyvinyl chloride (diameter 18 pm) and
polyethylene (PE, diameter 678 pm) microplastics at 1% can lead to
decline in the richness and diversity of soil bacterial community [16],
while Wang et al. reported that PE micro-fragments (2 x 2 mm) did not
change the diversity of soil communities but significantly increased the
bacterial community turnover rate in soil [17]. Additionally, in aquatic
environments, microplastic exposure has been shown to influence the
evolution of microbial communities and to increase horizontal gene
transfer (HGT), which may potentially facilitate the flow of antibiotic
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resistance genes (ARGs) between microorganisms [18-21]. Given the
fact that soils are the most important reservoirs for both environmental
antibiotic resistance and microplastics in terrestrial ecosystems, there is a
growing concern about whether microplastics can promote the dissemi-
nation of ARGs in soils [22-24]. ARGs, associated with a variety of soil
ecosystem functions, including antibiotic defense, signal transduction,
and intermediate detoxification [25,26], circulate among the micro-
biomes of humans, animals, plants, and the environments, forming a
critical “One Health” issue [27]. Therefore, an adequate evaluation of the
patterns of soil ARG succession with microplastics is essential for un-
derstanding the spread and evolution of antibiotic resistance. This effort
would significantly contribute to the “One Health” approach aimed at
combating this global risk.

One particular concern of microplastic pollution is related to the
issues regarding nanoplastics (<100 nm), which are the smaller nano-
scale fractions of the microplastics [28,29]. Although the occurrence of
nanoplastics in the environment remains largely unexplored, potentially
due to the unsystematic sampling surveys and analytical limitations, the
formation of nanoplastics through the weathering of microplastics has
been evidenced in laboratory-based studies [30,31]. Thus, it is esti-
mated that the abundance of nanoplastics is 10'* times greater than that
of microplastics on the basis of mass conservation principles [32,33].
Despite their similar composition and origin, the nano-specific proper-
ties (e.g., transport properties, bioavailability, interactions with natural
colloids, and potential toxicity) of nanoplastics distinguish them from
microplastics. With increasing recognition of their potentially huge
environmental load and unique characteristics, an empirical under-
standing of the specific hazards of nanoplastics is mandatory. Although
there were several studies evaluating the potential effects of nano-
plastics on ARG propagation, very few studies have comprehensively
investigated the changes in ARG profiles and their potential bacterial
hosts.

Therefore, the current study attempted to characterize the influence
of microplastics and nanoplastics on the soil microbiome and antibiotic
resistomes. Two sizes of polystyrene (PS) particles, including micro-
plastics (mPS, 150 pm in diameter) and nanoplastics (nPS, 50 nm in
diameter), were selected as the representative model plastics, as PS is one
of the most widely used polymers [34]. The main aims of this study were
(1) to detect the impact of mPS and nPS on the soil microbial commu-
nities by sequencing the bacterial 16S rRNA gene, (2) to investigate the
abundance and diversity of ARGs in soil exposed to mPS and nPS via
shotgun metagenomic sequencing, and (3) to estimate the changes in
ARG hosts via the contig assembling and binning methods. We hypoth-
esized that nanoplastics may exhibit a higher level of impact on soil
microbiome and resistomes, and the ARG characteristics were affected by
different mechanisms in mPS and nPS-treated soils.

2. Materials and methods
2.1. Plastics and soil

The PS microplastic particles (150 pm) were purchased from Aladdin
Industrial Corporation (Hangzhou, China), and the PS nanoplastic par-
ticles (50 nm) were obtained from Tianjin Baseline Chromtech Research
Center (Tianjin, China) (Fig. S1). The soil used in this study was collected
from the surface soil (0-10 cm) in a greenhouse field in September 2019
in Daxing, Beijing, China (39°33'N, 116°6'E). Organic fertilizers were
commonly used in the greenhouse. The soil was air-dried and sieved
through a 2-mm mesh before use. The soil chemical properties were as
follows: pH 6.34, total carbon 40.9 g/kg, total nitrogen 3.35 g/kg, clay
18.4%, silt 28.4%, and sand 53.2%.

2.2. Experimental design

Each microcosm experiment was conducted in a sterilized glass jar
with 50 g of soil. To estimate the effects of plastic concentration on soil
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microbiome and antibiotic resistance, the plastic particles were added to
the soil to reach a mass fraction of 0.01%, 0.1%, and 1%, followed by
vigorous homogenization on a rolling mixer. Even though limited field
studies have estimated the micro/nanoplastic concentrations in the land,
previous studies indicated the microplastic weight level could be up to
7% in heavily contaminated area [35]. In the soil samples from natural
reserve areas, almost without human activities, the baseline of micro-
plastics can be up to 0.002% [36]. Thus, the concentrations in our study
can be considered to simulate the low, medium, and heavy plastic
contamination in soil. A total of seven treatments with three replicates
were included in the current study: control soil (CK), soil + 1% mPS
(mPS1), soil + 0.1% mPS (mPS2), soil + 0.01% mPS (mPS3), soil + 1%
nPS (nPS1), soil + 0.1% nPS (nPS2), and soil + 0.01% nPS (nPS3).
Sterilized water was added to microcosms to maintain the soil moisture
content at approximately 20%, and all microcosms were incubated at
25 °C in the dark. After 30 days, the soils were collected and stored at
—80 °C before DNA extraction.

2.3. DNA extraction and sequencing

The total soil genomic DNA was extracted from approximately
0.5 g of soil using the Qiagen PowerSoil® DNA isolation kit (Qiagen,
Shanghai, China) following the manufacturer's instructions, and 50 pL
of DNA was obtained for each sample. A NanoDrop Spectrophotometer
(ND-2000, Thermo Scientific, Wilmington, DE, US) was used to assess
the DNA quality, and the DNA concentration of each sample ranged
21-49 ng/pL. Each DNA sample was adjusted to a concentration of
10 ng/pL. One microliter template DNA was used for the amplicon
sequencing. The 16S rRNA gene encompassing the V3-V4 regions was
targeted using the forward 338F (ACTCCTACGGGAGGCAGCA) and
reverse 806R (GGACTACHVGGGTWTCTAAT) primers. Afterward, the
amplicons were purified and further sequenced on the Illumina Miseq
platform in a paired-end format in Majorbio BioPharm Technology Co.
Ltd (Shanghai, China). The same DNA extractions (25 pL) were used
for shotgun metagenomic sequencing with the Illumina Novaseq 6000
platform, generating approximately 12 Gbp of 150-bp paired-end
reads per sample.

2.4. Amplicon sequence processing and community analysis

The Quantitative Insights Into Microbial Ecology 2 (QIIME 2, version
2020.02) was used to analyze the amplicon sequencing data [37]. After
trimming, the reads were denoised via DADA2 and clustered into
amplicon sequence variants (ASVs) [38]. The taxonomy of each ASV was
assigned according to the Silva reference database (version 132). The
alpha diversity indices based on ASV level, including Chao 1 richness,
Pielou's evenness, Shannon diversity, and Faith's Phylogenetic Diversity,
were estimated using QIIME2. Principal Coordinates Analysis (PCoA)
based on Bray-Curtis distance was used to visualize the beta diversity,
and the significant difference was further examined by the Adonis test
with the “vegen” package [39]. Statistical analysis of differentially
abundant genera was performed using the “edgeR” package by fitting a
negative binomial generalized linear model to the genera [40].

2.5. Analysis of ARGs and mobile genetic elements

After quality control of the shotgun metagenomic reads by fastp
(version 0.12.1) with default filtering parameters, the potential ARG
reads were extracted via the ARG-analysis pipeline ARG-OAP (version
2.2) [41,42]. The parameters were set at the cutoff of E value of 10’7,
sequence identification of 90%, and alignment length of more than 25
amino acids. For the quantification of mobile genetic elements (MGEs),
the pipeline of ARG-OAP was also used, and the reference database was
replaced by an MGE signature sequence database [43]. The quantifica-
tion of ARGs or MGEs was estimated by normalizing their abundance to
the cell number (copies per cell) [44].
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PCoA on the basis of Bray-Curtis distance was used to identify the
differences between ARG and MGE profiles among the treatments. To
estimate the correlation between bacterial community, ARG, and MGE
profiles, Procrustes analysis and Mantel test based on the Bray-Curtis
dissimilarity metrics were performed. Partial redundancy analysis
(pRDA) was used to delineate the effects of explanatory variables,
including plastic properties (plastic types and concentrations), microbial
communities (alpha diversities and community distances), and MGE
characteristics (abundances and Bray-Curtis dissimilarity) on the ARG
profiles. The partial least squares-path modeling (PLS-PM) was employed
to explore the linkages between plastic concentration, microbial com-
munity, MGE abundance, and ARGs using the “PLS-PM” package [45].
The fit model was examined by the goodness-of-fit index (GoF), with a
higher value indicating better prediction performance.

2.6. Identification of ARG bacterial hosts

Clean reads in the three replicates for CK, mPS1, and nPS1 treatments
were de novo assembled using Megahit (version 1.2.9) with a minimum
contig length of 1000 bp [46]. Kraken2 (version 2.1.2) was applied on
contigs for taxonomic annotation against Genome Taxonomy Database
(GTDB) [47,48]. The open reading frames (ORFs) within the assembled
contigs were predicted using Prodigal (version 2.6.3) [49]. The predicted
ORFs were then identified for ARGs using BLASTX against the ARG
database of the ARG-OAP pipeline with parameters: E values < 10710,
similarity > 80%, and coverage > 70%. The coverage (times per Giga
base, /Gb) of ARG-like ORFs were defined as:

. 150/L
Coverage = Z %
1

where N is the number of the reads mapped to ARG-like ORF, L is the
sequence length of the corresponding target ARG-like ORFs, 150 is the
length of our Illumina sequencing reads, S is the sequencing data size
(Gb), and n is the number of ARG-like ORFs [50].

Sequence composition-independent binning was performed by
MetaWRAP (version 1.3) to obtain the metagenome-assembled genomes
(MAGs) [51]. After assembly, binning was performed using three
different method tools, i.e., MaxBin2 (version 2.2.6), Metabat2 (version
2.13), and CONCOCT (version 1.1.0), with default options, followed by
bin-refinement in MetaWRAP with parameters: completeness > 50% and
contamination < 10%. For each treatment, the amino acid identity (AAI)
between genomes was estimated using CompareM (version 0.1.2) with
default parameters, and MAGs with AAI > 99.5% were considered as
belonging to the same species. The abundance of each MAG was esti-
mated using MetaWRAP in terms of fragments per kilobase of gene
sequence per million reads mapped. The taxonomic classification of
MAGs was conducted using GTDB-Tk (version 1.5.1) against GTDB r202
[52]. The ARGs carried by MAGs were identified using BLASTX against
the Structured Antibiotic Resistance Gene (SARG) database with an
e-value cutoff of 1071°, 80% similarity, and 70% query coverage [42].

3. Results and discussion
3.1. Effects of exposure to mPS and nPS on soil microbial community

[lumine sequencing of the 21 samples yielded a total of 654,252
high-quality sequences, which were clustered into 6,388 ASVs. The
rarefaction curves of all samples reached the plateau phase, and all
Good's coverage scores were higher than 99.9%, suggesting sufficient
depth of sequencing (Figs. S2 and S3).

The phyla Firmicutes (27.7%), Proteobacteria (20.2%), Actino-
bacteria (12.3%), Chloroflexi (12.8%), and Bacteroidetes (5.1%) were
the predominant taxonomic phyla in the control soils (Fig. S4). There
were no significant compositional shifts of the phyla Firmicutes, Pro-
teobacteria, and Actinobacteria in the soil exposed to lower
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concentrations of (0.01% and 0.1%) mPS and nPS. As shown in Fig. 1, a
higher concentration of mPS (1%) significantly decreased the relative
abundance of Chloroflexi, whereas the value in the soil amended with 1%
nPS was (15.8%) statistically higher than that in CK (10.1%). The in-
crease of the phylum Chloroflexi within the nanoplastic amendment was
also observed in other studies. For instance, Zhou et al. evaluated the
effects of the differentially charged PS nanoplastics on soil microbial
community structure and found that Chloroflexi showed significantly
higher relative abundance in the nanoplastic-treated groups [53]. The
phylum Chloroflexi was reported to be oligotrophic bacteria, which
would thrive in environments with limited nutrients. The results may
suggest that nanoplastics could influence the nutrient supply in the soil.
However, Chloroflexi in soil have not been thoroughly studied, and
further studies on the effects of nanoplastics on these soil inhabitants are
still needed. Additionally, the amendment of 1% nPS significantly
decreased the relative abundances of Bacteroidetes (2.9%) and Patesci-
bacteria (0.9%) compared with the control group (5.2% and 3.6%,
respectively, for Bacteroidetes and Patescibacteria). To better illustrate
the compositional differences between the control, mPS1, and nPS1
treatments, the differential genera were analyzed. Compared with the
control, only one genus, Sporichthya, was significantly enriched in the soil
amended with 1% mPS, whereas the microbiota in soil amended with 1%
nPS enriched 50 genera and depleted 48 genera, respectively (Fig. 1).
The depleted genera mainly belonged to the phyla Bacteroidetes and
Patescibacteria, which was consistent with the decreased relative abun-
dance of these two phyla. The enriched genera mainly belonged to the
phylum Proteobacteria, such as Ramlibacter, Pseudomonas, Azoarcus,
Legionella, Phenylobacterium, Hahella, and Panacagrimonas.

Exposure to different concentrations of mPS had no effects on soil
bacterial alpha diversity (Fig. S5). Compared to mPS, nPS exposure at the
highest dose (1%) significantly decreased all bacterial alpha diversity
indices. For instance, the values of richness and phylogenetic diversity in
the soil amended with 1% nPS were 1,461 and 143, respectively, which
were significantly lower than those in the control (1,669 and 161,
respectively). To compare the similarities of soil bacterial community
after exposure to mPS and nPS, we conducted PCoA analysis on the base
of Bray-Curtis distance (Fig. 2). All mPS-treated samples clustered
together and were not distinguishable from the control, while a clearly
significant separation (R? = 0.5259, p = 0.001, Adonis) between the
control and nPS treatments along the primary principal coordinate
(26.43%) was observed. Additionally, the microbiomes in the soil
exposed to 0.01% and 0.1% of nPS clustered together and separated from
1% nPS treatment along the secondary principal coordinate, suggesting
exposure to the highest concentration of nPS exerted more drastic effects
on soil bacterial compositions. The community distances between the
control and mPS/nPS-treated samples further indicated that nPS can lead
to more distinct soil bacterial communities even at the lowest amended
rate (0.01%).

The nPS exhibited greater effects on soil microbiota in comparison
with mPS. As inferred in Fig. S4, exposure to 1% nPS significantly
decreased the richness, evenness, and diversity of soil microbiota,
whereas no statistical difference was observed between the control and
the mPS exposure groups. Additionally, the microbial community struc-
ture was notably changed in nPS-treated groups, embodied in the greater
community distances and the variations in the relative abundance of
biomarker taxa (Figs. 1 and 2). Although very few studies have investi-
gated the effects of nano-scale plastics on soil microbial communities,
previous studies indicated that the influences of plastic particles were
size-dependent. For instance, Shi et al. reported that exposure to
200-500 nm PS particles induced greater dissimilarity in microbial
composition in municipal landfill leachate than 9.0-9.9 pm PS particles
[54]. Additionally, Zhou et al. observed that PS nanoplastics (100 nm)
decreased the abundance of nitrifiers and denitrifiers in activated sludge
and suppressed the nitrification and denitrification genes, while PS
microplastics (100 pm) showed no significant effects [55]. Concerning
the effects on soil microbial communities, previous studies
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predominantly investigated micro-scale plastic particles, and their results
were always inconspicuous [56-58]. For example, low-density PE
microplastics showed significant changes in soil microbial community
structure only when the amendment rate was higher than 3% [59]. By
contrast, even though the concentration of nanoplastics in this study was

set as low as 0.01%, the exposed bacterial communities were clearly
separated from the control, suggesting nanoplastics may cause more
pressure on soil microbiota.

In this study, compared to the control, the relative abundance of
keystone taxa (several genera) was clearly altered in the nPS and mPS
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exposure groups. In particular, several opportunistic pathogenic genera,
such as Legionella, Pseudomonas, Hahella, and Rhodococcus, were signifi-
cantly enriched in the soil exposed to 1% nPS. Legionella has been re-
ported to be an opportunistic pathogen causing legionellosis, which
refers to two clinical syndromes: Legionnaires' disease and Pontiac
fever [60]. Also, several Pseudomonas species, such as Pseudomonas aer-
uginosa, can cause infections and diseases in both plants and animals,
including human hospital-acquired infections [61]. One Rhodococcus
species, Rhodococcus equi, is ubiquitous in soil and can cause lung in-
fections via fecal-oral cycling [62]. These findings suggest that nano-
plastics in terrestrial environments may potentially facilitate the spread
and propagation of opportunistic pathogens.

3.2. Effects of mPS and nPS on ARGs and MGEs

Exposure to mPS was found to decrease the total abundance of ARGs
in the soil without significant differences (Fig. 3). In contrast to mPS,
amendment with 1% nPS resulted in a significant increase in the abun-
dance of ARGs. For instance, the total abundance of ARGs in the control
was 0.21 copies per cell, significantly lower than the value in soil
amended with 1% nPS (0.26 copies per cell). Especially, the genes for
resistance to multidrug (0.062 copies per cell), macrolide-lincosamide-
streptogramin (0.021 copies per cell), bacitracin (0.023 copies per
cell), and beta-lactam (0.0037 copies per cell) were significantly
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(p < 0.05) more abundant in the soil amended with 1% nPS than those in
control (0.053, 0.017, 0.012, and 0.0021 copies per cell, respectively).
The major resistance mechanisms in all treatments were antibiotic
efflux, inactivation, and target alteration (Fig. S6). Exposure to 1% mPS
decreased the percentage of antibiotic inactivation from 14.13% to
12.00%, while the value increased after exposure to 1% nPS (15.23%).
Among the extensive array of 288 detected ARG subtypes, 85 genes
spanning across 18 types were present in all samples, with 26 belonging
to multidrug, 12 belonging to MLS, and 10 belonging to aminoglycoside
(Fig. S7). The vancomycin resistance gene vanR, the multidrug resistance
gene ABC transporter, and the bacitracin resistance gene bacA were the
three most abundant ARG subtypes. Linear discriminant analysis effect
size was used to identify the most differentially ARG subtypes between
the control and exposed groups. Compared with the control, there were
11 and 18 ARG subtypes enriched in the soil amended with 1% mPS and
1% nPS, respectively (Fig. S8). PCoA at the subtype level was further
conducted based on the Bray-Curtis distances to illustrate the shite of
ARG profiles (Fig. 2). A significant separation (R? = 0.5005, p = 0.001,
Adonis) between the 1% PS-treated samples and the other samples along
the primary principal coordinate (35.78%) was observed. The commu-
nity distances also confirmed that exposure to 1% nPS significantly
changed the ARG profile in the soil.

Nanoplastics were found to increase the abundance of MGEs in the
soil (Fig. 3). For instance, the total abundance of MGEs in the control was
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6.89 copies per cell, significantly lower than the value (8.55 copies per
cell) in the soil amended with 1% nPS. The Bray-Curtis distances and
Adonis test further indicated that the MGE profile was significantly
affected by 1% nPS (Fig. 2). Additionally, the abundances of class 1
integron—integrase gene (intl1), a typical integron strongly associated
with HGT of ARGs, were increased in the soil amended with nPS but
decreased in mPS exposure. Additionally, a significant positive
correlation (p < 0.001) was observed between the abundance of ARGs
and intl1 in all samples (Fig. S9).

To date, only a limited number of studies have estimated the effects of
plastics on ARGs. For instance, by comparing the effects of PS micro-
plastics (2 pm), both along and in combination with sulfamethoxazole, on
the gut microbiota of collembolan (Folsomia candida), Xiang et al. re-
ported an enrichment of multidrug efflux pump genes in the guts exposed
to PS microplastics [63]. Similarly, Xu and Yu observed that 100 mg/kg
of 10 pm PS microplastics significantly changed the profile of ARGs in
earthworm guts [64]. Additionally, Shi et al. found that 200-500 nm PS
particles increased the ARG abundances, including resistance genes for
sulfonamide, aminoglycoside, macrolide, and beta-lactam [54]. The re-
sults potentially suggest that plastic particles with small sizes (e.g.,
<10 pm) may increase the abundance of ARGs in various environments.

To investigate potential correlations among the bacterial community,
MGEs, and ARGs, Procrustes analysis and Mantel test based on Bray-
Curtis dissimilarity metrics were performed (Fig. S10). The Procrustes
analysis revealed significant correlations (M? = 0.2033, p = 0.001) be-
tween the bacterial community and ARG profiles across different sam-
ples, as well as significant correlations (M2 = 0.3740, p = 0.001) between
bacterial community and MGE profiles, suggesting that both ARGs and
MGEs were strongly associated with the bacterial community. Addi-
tionally, the ARG characteristics were also significantly correlated with
the MGE profiles (M2 = 0.2268, p = 0.001). The Mantel test further
confirmed the significant correlations among the bacterial community,
MGEs, and ARGs (R > 0.4242, p < 0.001). pRDA was used to better
understand the effects of plastic properties, bacterial community, and

Plastic property
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Bacterial community
3.97% 14.18%
18.18% 8.85%

MGEs 8.08%

Unexplained
36.17%
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Concentration Concentration
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MGE characteristics on ARG profiles (Fig. 4). The results showed that
over 60% of the observed variation in ARGs could be explained by
selected factors, with the bacterial community being the most important
contributor (45.18%) to the variance of ARGs, followed by MGEs
(35.11%). After excluding their interactive effects, the plastic properties,
bacterial community, and MGE characteristics can explain 10.60%,
14.18%, and 8.08% of the variance of ARGs, respectively. To understand
how plastic mediates alterations in soil ARGs, we conducted PLS-PM for
both mPS and nPS treatments (Fig. 4), respectively. The models fitted the
data well, explaining 89.2% and 82.3% of the variance in ARG abun-
dance for mPS and nPS treatments, respectively. In mPS treatments, only
MGEs showed a significantly positive effect on ARG abundance, indi-
cating that MGEs abundance strongly explained the ARG abundance in
mPS treatments. By contrast, for nPS treatments, nanoplastic concen-
tration, MGEs, and bacterial alpha diversity all displayed significantly
positive effects on ARG abundance, suggesting the importance of direct
effects of the three aspects in nPS treatments.

The mechanisms underlying the impact of microplastics and nano-
plastics on the ARG propagation may be different. In this study, the
diameter of microplastic particles was approximately 150 pm, which can
provide a habitat for biofilm development. In such biofilms, frequent
contact between surface-attached bacteria may favor the HGT, poten-
tially influencing the spread of ARGs. This can be demonstrated by the
strong positive relationship between MGEs and ARGs in mPS treatments.
In contrast, the nanoplastics (50 nm) employed in this study may increase
the permeability of the bacterial membrane. Qiu et al. reported that
nano-alumina can damage bacterial cell membranes, promote the con-
jugative transfer of RP4 plasmid, and facilitate the horizontal transfer of
multi-resistance genes between bacteria [65]. Similarly, nano-scale
plastic particles were shown to elevate the intracellular oxidative levels
and increase membrane permeability [54]. The nanoplastics could in-
crease the production of reactive oxygen species, damaging the bacterial
cell, and consequently increasing the membrane permeability, poten-
tially causing more bacteria to become ARG receptors via the

Fig. 4. (A) Partial redundancy analysis (pRDA) differentiating
the effects of plastic property, bacterial community, and MGEs
on ARG profiles. (B) Partial least squares path model (PLS-PM)
showing the connection of plastic concentration, bacterial
community, MGEs, and the ARG abundance in mPS treat-
ments. (C) PLS-PM showing the connection of plastic concen-
tration, bacterial community, MGEs, and the ARG abundance
in nPS treatments. Numbers labeling the lines are indicative of
the path coefficients. The asterisks indicate that the path
coefficients are significant: *p < 0.05, **p < 0.01, and
**¥p < 0.001.

Bacterial
beta diversit:

GoF=0.823
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intra-bacterial community transfer of MGEs [66,67]. Therefore, nano-
plastics in our study can directly participate in the regulation of ARG
spread or indirectly show influences via impacting bacterial community
and MGEs.

3.3. The effects of mPS and nPS on the ARG bacterial host

After assembly, we obtained a total of 1,762,493 contigs containing
4,352,154 ORFs, where 1,088 ORFs were annotated as ARG-like ORFs.
For the taxonomic annotation, the taxa of approximately 75% of contigs
carrying ARGs were predicted at their genera level (Fig. S11). The genes
resistant to multidrug and vancomycin were found to be the most
abundant across all samples. Exposure to mPS and nPS decreased the
abundance of multidrug but increased the abundance of vancomycin,
aminoglycoside, bacitracin, rifamycin, macrolide-lincosamide-strep-
togramin (MLS), and chloramphenicol. The total coverage of ARGs in
the assembled contigs was lower in the mPS exposed samples (79.2
x/Gb) than the control (98.7 x/Gb), while the coverage of ARGs was
the highest in the nPS exposure (127.9 x/Gb). With the exception of
unclassified genera, Streptomyces was the predominant bacterial host in
the control (50.2%) and harbored diverse ARGs, including the genes
resistant to multidrug, MLS, bacitracin, aminoglycoside, vancomycin,
tetracycline, quinolone, and sulfonamide (Fig. 5). For mPS exposure,
the genes resistant to multidrug, vancomycin, quinolone, and amino-
glycoside were mainly harbored in Streptomyces. However, the pre-
dominant bacterial host for sulfonamide, tetracycline, and MLS
changed to Planifilum, Mycolicibacterium, and Ruminiclostridium.
Notably, more discriminative hosts of ARGs were observed for nPS
exposure. For instance, the major host of sulfonamide-resistant genes
was Escherichia, and the resistant genes to multidrug, quinolone,
tetracycline, and aminoglycoside were predominantly harbored in Ba-
cillus, Micromonospora, Mycolicibacterium, and Oceanobacillus, respec-
tively. The results clearly indicated that both mPS and nPS facilitated
the spread of ARGs across different bacteria, suggesting that more
diverse bacteria may show resistance to antibiotics after exposure to
mPS or nPS. Additionally, exposure to nPS also induced some bacteria
to exhibit possible multi-antibiotic resistance characteristics. For
instance, the genus Bacillus did not harbor any resistant gene in the
control samples (Fig. S12). After exposure to nPS, the resistant genes to
bacitracin, fosfomycin, MLS, multidrug, quinolone, and vancomycin
were observed in the contigs annotated to Bacillus. The diverse hosts of
ARGs and the trigger of multiple-antibiotic resistance under nPS pres-
sures potential indicated that nanoplastics may play a critical role in the
acquisition and spread of antibiotic resistance in the environment and
introduce great uncertainty into the administration strategy of treating
resistant pathogens. For example, the species Enterococcus faecium only
harbored chloramphenicol-resistant genes in the control soil (Table S1),
allowing for treatment of Enterococcus infection using effective anti-
microbials except for chloramphenicol. However, after exposure to nPS,
the genes resistant to aminoglycoside and sulfonamide were found in
E. faecium, necessitating the adjustments of specific targeted
administration.

The metagenomic binning was further performed, generating a total
of 293 high- (completeness > 90% and contamination < 5%) and
medium-quality (completeness > 50% and contamination < 10%) MAGs
(Fig. S13). Among these recovered MAGs, 84 MAGs were identified as
carrying ARGs, which were assigned to 12 phyla. The hosts of ARGs
mostly belonged to the phylum Proteobacteria (30 MAGs), followed by
Chloroflexi (17 MAGs) and Actinobacteria (15 MAGs) (Table S2). In
addition, 79 MAGs were classified at the family level (44 families),
among which 48 MAGs were classified at the genus level (30 genera)
(Table S2). The relative abundance of ARG-carrying MAGs in nPS treat-
ments (31.8%) was higher than those in CK (27.5%) and nPS (25.2%)
treatments (Table S3). Furthermore, the results also indicated that the
application of microplastics/nanoplastics changed the ARG-carrying
MAGs in the control (Fig. 6). For instance, two MAGs affiliated to the
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Fig. 5. Variations of the predominant ARGs carried by bacterial hosts in
different treatments with node size corresponding to percentage. The percentage
of a single ARG type was calculated using the coverage of the ARG divided by
the sum of the coverage of all ARGs in one sample.

genus WHUAOI and Nocardioides showed the greatest abundances
(12.1% and 8.9%, respectively) in the CK treatments, which were iden-
tified as the hosts of dfrA1 and multidrug ARB transporter. However, the
hosts with the greatest abundances changed to the genus SCGC-AG-212-
J23 and Sphingomicrobium in the nPS treatments and the genus WHUAOQ1
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Fig. 6. Phylogenetic tree of ARG-carrying MAGs and their carrying ARGs in all treatments.

and Sphingomicrobium in the mPS treatments (Tables S2 and S3). Several
bacteria also exhibited possible multi-antibiotic resistance characteris-
tics. For example, three MAGs assigned to the class Bacilli in the nPS
treatments were resistant to the antibiotic types of aminoglycoside,
bacitracin, fosfomycin, multidrug, MLS, and vancomycin (Fig. 6).
Generally, the binning results further confirm that the application of
microplastics/nanoplastics facilitate the horizontal acquirement of ARGs.

In conclusion, this study conducted an integrated analysis of changes
in microbiome structure and variations of ARG contents to estimate the
effects of microplastics and nanoplastics on soil microbiomes and resis-
tomes. We found that microplastics showed limited impacts on soil
microbiomes, while nanoplastics significantly changed their community
structure even at low amended rate (0.01%). The effects of plastic par-
ticles on the soil resistome were closely related to the changes in mi-
crobial communities and MGEs. Additionally, the shifts in HGT on
microplastics significantly impacted the ARGs in mPS exposure, whereas
nPS can directly shape ARG contents via changing bacterial membrane
permeability. The risks that microplastics and nanoplastics may promote
the spread of ARGs should not be neglected. This comprehensive study

enhances our understanding of the pressures of plastic particles on soil
health and provides valuable insights into the risk assessment of plastic
waste.
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