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Antibiotic resistance genes (ARGs) and microplastics in the environment are of great public concern due to their
potential risk to human health.Microplastics can formdistinct bacterial communities and absorb pollutants from
the surrounding environment, which provide potential hosts and exert possible selection pressure of ARGs. We
provide a practical evaluation of the scientific literature regarding this issue. The occurrence and transport of
ARGs on microplastics in wastewater treatment plants, aquatic, terrestrial, and air environments were summa-
rized. Selective enrichment of ARGs and antibiotic resistance bacteria on microplastics have been confirmed in
different environments. Aggregates may be crucial to understand the behavior and transport of ARGs on
microplastics, especially in the aquatic and terrestrial environment. Microplastics could be a carrier of ARGs be-
tween the environment and animals. Accumulation of pollutants and dense bacterial communities on
microplastics provide favorable conditions for higher transfer rate and evolution of ARGs. More studies are still
needed to understand the enrichment, transport, and transfer of ARGs onmicroplastics and provide a fundamen-
tal basis for evaluating their exposure health risk to humans.
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1. Introduction

Antibiotic resistance genes (ARGs) andmicroplastics in the environ-
ment are of great public concern due to their potential risk to human
health. ARGs and microplastics are considered emerging pollutants in
recent decades (Pruden et al., 2006; Thompson et al., 2004). ARGs
have been ranked as a priority in the recent One Health operational
framework (White and Hughes, 2019). Until now, more than 200 ARG
subtypes are observed in different environments using metagenome
or high-throughput PCR, such as global lake water (Yang et al., 2019a),
Chinese croplands (Du et al., 2020), Chinese estuaries (Zhu et al.,
2017), and River Ganges (Reddy and Dubey, 2019). The accumulation
and spread of ARGs in bacteria have caused severe issues to the success-
ful prevention and treatment of persistent diseases (Dadgostar, 2019). It
has been estimated that about 10 million people could die, and $300
billion to more than $1 trillion costs could be paid annually by 2050
worldwide if no effective measure is taken against antimicrobial resis-
tance (Chokshi et al., 2019; Dadgostar, 2019; Laxminarayan et al.,
2013). The environment is considered to be important as well as
human and aminals in the One Health operational framework (Finley
et al., 2013). Humans could be exposed to ARGs and their host in the
environment via various pathways, like drinking water (Collignon and
McEwen, 2019). Therefore, the transport and transfer of ARGs will
improve the understanding of potential risks of ARG exposure to
humans.

Recently, microplastics not only provide a new microbial niche
(Amaral-Zettler et al., 2020; Yang et al., 2020b; Zettler et al., 2013),
but also serve as vectors for the transport of ARGs and harmful organ-
isms (Keswani et al., 2016; Yang et al., 2019b). Selective enrichment of
pathogens and antibiotic-resistant bacteria on microplastics have been
proved (Wu et al., 2019; Zhang et al., 2020b). The existence of
microplastic in air, soil, water, sediment, edible salt, and food provides
various exposure pathways of ARGs, pollutants, and harmful organisms
to plants, animals, and humans (Prata et al., 2020; Smith et al., 2018).
Microplastics could transport or exchange the ARGs and other pollut-
ants fromdifferent environmental compartments even at long distances
(Koelmans et al., 2016; Schwarz et al., 2019). The occurrence, detection,
and distribution of ARGs and microplastics have been reviewed in dif-
ferent environments, such as rivers (Koelmans et al., 2019; Singh
et al., 2019), lakes (Li et al., 2018b; Yang et al., 2018), soil (Xie et al.,
2018; Zhu et al., 2019), which is not the scope of this paper. In thisman-
uscript, the distribution, transport, and transfer of ARGs on
microplastics in different environments were summarized to (1) dis-
cover the current research status about ARGs onmicroplastics in waste-
water treatment plants, water, soil, and air; (2) identify the potential
transport of ARGs on microplastics in environments via food-web;
2

(3) uncover the possible transfer and evolution of ARGs on
microplastics; (4) highlight the potential future research directions.

2. Literature review

To survey the antibiotic resistance genes on microplastics, we used
the Web of Knowledge database (http://apps.webofknowledge.com)
and databases of ScienceDirect (https://www.sciencedirect.com) to
retrieve publications. [plastic AND antibiotic resistance genes],
[microplastic AND antibiotic resistance genes], [plastic AND resistome],
and [microplastic AND resistome] were used as the research terms. The
database was searched for studies published up to 15 December 2020.
Firstly, publications were checked individually to eliminate any dupli-
cates or irrelevant articles. Ultimately, fifteen research papers reporting
the antibiotic resistance genes on microplastic or plastic were found.
Three papers were related to wastewater treatment plants (WWTPs)
and landfill leachate, ten papers related to the aquatic environment,
and two papers related to soil samples (Table 1). Conventional qPCR,
HT-qPCR, and metagenomic methods were applied respectively in
eight, two, and three papers to study ARG on microplastics.

3. Occurrence of antibiotic resistance genes on microplastics

3.1. Wastewater treatment plants (WWTPs) and landfill leachate

Wastewater treatment plants (WWTPs) are the hotspot of ARGs and
microplastics (Carr et al., 2016; Guo et al., 2017; Rizzo et al., 2013; Sun
et al., 2019), which are one of themain point-sources for the natural en-
vironment. Certain bacteria associated with antibiotic resistance colo-
nized abundantly on microplastics in WWTPs, indicating microplastics
are vectors and hotspots for ARGs and their transfer (Oberbeckmann
et al., 2018). A microcosm study showed that polyvinyl chloride (PVC)
microplastics were an essential vector for the pathogenic bacteria and
resistance genes in sewage (Zhao et al., 2021). Recent studies showed
that the enrichment of ARGs on microplastics in the field and micro-
cosm experiments from WWTP and leachate depends on the polymer
types, ARG subtypes, surrounding environment, and incubation time
(Martínez-Campos et al., 2020; Su et al., 2021; Zhao et al., 2021). Long
time (>60 days) incubation of microplastics in leachate or sewage
would lead to a significant increase in ARG abundance on microplastics
(Su et al., 2021; Zhao et al., 2021). The presence of pollutants, such as
antibiotics or heavy metals in WWTP, could increase the ARG abun-
dance onmicroplastics (Zhao et al., 2021). PVC, Polyethylene (PE), Poly-
propylene (PP), and polystyrene (PS) showed different preferences for
the ARG. In the leachate microcosm, a higher abundance of ARGs was
observed on PE microplastics than PP (Su et al., 2021). WWTPs consists

http://apps.webofknowledge.com
https://www.sciencedirect.com


Table 1
The relevant papers reporting antibiotic resistance genes on microplastics (MP).

Source Sampling
design

Method for
ARGs

Main results about ARGs Reference

WWTP and landfill leachate
Sewage Microcosm qPCR for 10

ARGs
• The enrichment effect of ARGs on PVC MPs deepened on the incubation time.
• No enrichment effects of ARGs on PVC MPs were observed on the 28th day but observed on the 84th
day compared to the sewage system.

• The addition of antibiotics and heavy metals led to an increase in resistance genes abundances on
PVC MPs.

(Zhao et al., 2021)

Landfill leachate Microcosm qPCR for 7
ARGs

• Incubation time and microplastic type also influenced the enrichment effect of ARGs o
microplastics.

• PE showed a higher preference for ARG enrichment compared to PP.
• Microplastics had a 5.7–103 times higher abundance of ARGs than leachate at 60 and 90 days
incubation.

(Su et al., 2021)

WWTP effluents Field qPCR for sulI
and tetM

• The enrichment effect of ARGs on microplastics depended on polymer types, ARG subtypes, and the
surrounding environment.

• No significant differences were found in the relative abundances of sul1 and tetM between MP and
water in WWTP1.

• PS MPs had a higher abundance of sul1 than that water.

(Martínez-Campos
et al., 2020)

Aquatic environment
Aquaculture
system

Field Cultivatable
method

• Microplastics had higher counts of cultivable antibiotic resistance genes, which were 100–5000
times higher than those in water.

• Microplastic had more (five) of class 1 integrons (intI1) associated gene cassette arrays than those
in water.

• Higher positive detection rates of ARGs in bacteria isolates from microplastics were observed
compared with water samples.

(Zhang et al.,
2020b)

Aquaculture
system

Field qPCR for 10
ARGs

• Microplastics with higher absolute abundance (1.59–1.83 × 109 copies/g) compared with water
samples (3.24–7.83 × 105 copies/mL).

• Higher absolute abundances of intI1 were found on microplastics (2.34 × 108–4.99 × 108 copies/g)
compared with water (1.02–5.70 × 105 copies/mL)

• The absolute abundances of ARGs on microplastics followed the order of sul > tet > qnr > erm.

(Lu et al., 2019)

Estuary Field qPCR for 7
ARGs

• Six ARGs showed enrichment effect on microplastics compared with water and sediment environ-
ment except for sul2, which had a higher abundance in the sediment.

• The absolute abundances of intI1 on microplastics (1.03 × 108 copies/g) were significantly higher
than those in sediment (3.40 × 105 copies/g) and water (2.75 × 103 copies/mL).

• polyethylene (PE) had a higher relative abundance of ARGs than polypropylene (PP)

(Guo et al., 2020)

Swedish marina Field Metagenomics • Only macrolide-lincosamide-streptogramin (MLS) and trimethoprim resistance genes were enriched
in the antifouling paint-selected plastic panel than those in unpainted one. While antibiotic resistance
genes conferring resistance to seven class antibiotics are higher in unpainted plastic panels.

(Flach et al., 2017)

The North Pacific
Gyre

Field Metagenomics • Microplastic with a higher average relative abundance of total ARGs (5.15 × 10−3 copies per 16S
rRNA) compared with seawater (9.06 × 10−4 copies per 16S rRNA).

• 64 and 6 ARG subtypes were found on microplastics and seawater samples, respectively.
• Bacteria community was the main driver shaping the ARG profile, among which the family
Flavobacteriaceae may be important hosts for both ARGs.

• A higher incidence of non-random co-occurrence was found for some ARGs and metal resistance
genes, suggesting co-effects of selection existed.

(Yang et al.,
2019b)

Urban water Field HT-qPCR • 82 ARGs and 12 MGEs were observed on microplastics, which were lower than those in water (120
ARGs and 28 MGEs)

• The diversity of both ARGs and MEGs in microplastic biofilm was generally lower than that in water
• Plastisphere had a distinct antibiotic resistome compared with water.

(Yang et al.,
2020a)

Freshwater Bioreactor Metagenomics • The ARG abundance (188 subtypes) on polyvinyl chloride microplastics was nearly three times
higher than those in river water (67 subtypes).

• Specific ARG types (e.g, Daunorubicin and fosfomycin) in the water had higher relative abundance
than those on microplastics.

• Unique ARG profiles on microplastic were: smeE, mdsC, qnrVC6, ermF, lnuE, blaVEB-9, aadA13, APH
(9)-Ia, APH(300)-VI, aadA16, fosK, arr-5, cmx, dfrA15.

(Wu et al., 2019)

River, estuary and
marine water

Microcosm qPCR for 8
ARGs

• Most ARGs were found to be enriched on polyethylene microplastics.
• polyethylene microplastics showed selective enrichment for sul1, tetC, tetX, and ermE but not for
sulA/folP-01and tetA

(Wang et al.,
2020b)

Urban river Field qPCR for 25
ARGs

• The relative abundance of ARGs on microplastics (0.79–5.7 × 10−2 copies per 16S rRNA) were
significantly lower than those in water (2.3–6.4 × 10−2 copies per 16S rRNA).

• Specific ARG subtypes (tetM, tetS, and tetW) had higher relative abundance on microplastics com-
pared with water.

• Principal component analysis indicated microplastics had distinct ARG profiles from water.

(Wang et al.,
2020a)

River water Bioreactor qPCR for sul1 • No obvious enrichment effect of ARGs on microplastics was found. (Parrish and
Fahrenfeld, 2019)

Terrestrial environment
SoilT Column

experiment
PCR for
qualitative
analysis

• Five (tetA, tetX, sul1, sul2, and blaTEM) of 12 tested ARGs were observed on microplastics. (Yan et al., 2020)

Facility vegetable
soil

Field HT-qPCR • Larger MPs had higher ARG abundance than those of smaller MPs.
• Strongly aged MPs also had higher ARG abundance compared to weakly aged ones.
• There is a higher abundance in ARG on MPs after ten planting years than three planting years.

(Lu et al., 2020)
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of several stages for wastewater treatment, including aerated process,
primary sedimentation tank, anoxic tank, secondary sedimentation
tank, and chlorination disinfection process. However, there is very little
information about the transport of ARGs onmicroplastics during the dif-
ferent stages. AlthoughWWTPs were found to removemicroplastics ef-
ficiently, they are still primary sources for microplastics entering
terrestrial and aquatic ecosystems (Raju et al., 2018; Zhang and Chen,
2020), especially for sludge (Rolsky et al., 2020; Sun et al., 2019). It
should be noted that the residue microplastics also caused changes of
ARG propagation in sewage in an aerobic granular sludge system (Dai
et al., 2020), the leachate solution (Shi et al., 2020), and the river
water receiving treated wastewater (Eckert et al., 2018).

3.2. Aquatic environment

Ten papers related to ARGs on microplastics in the aquatic environ-
ment were summarized, among which six studies showed that
microplastics enriched ARGs (Guo et al., 2020; Lu et al., 2019; Raju
et al., 2018; Wang et al., 2020a; Wang et al., 2020b; Wu et al., 2019;
Yang et al., 2019b) (Table 1). It was also found thatmost studies focused
onARGs on themicroplastics in thewaterbody, not the sediment,which
might be attributed to the difficulties in the recovery and identification
of microplastic biofilm in benthic conditions (Van Cauwenberghe et al.,
2015). Microplastics from North Pacific Gyre (Yang et al., 2019b) and
freshwater bioreactor (Wu et al., 2019) showed higher abundance and
diversity of ARGs compared to surrounding water via metagenomic
analysis. In the human-impacted aquacultural system, both culture-
dependent and culture-independent methods proved that the abun-
dance of antibiotic resistance bacteria and ARGs were several orders of
magnitude than those in water samples (Lu et al., 2019; Zhang et al.,
2020b). While, a field incubation experiment found that microplastics
usurally had lower diversity and richness of ARGs compared with
water using HT-PCR (Yang et al., 2020a). Microplastics collected from
the urban riverwith unknowing incubation time also showed lower rel-
ative abundances of 25 ARGs than those in water samples via qPCR
(Wang et al., 2020a). Polymer types also exhibited different perfor-
mances on the ARG enrichment onmicroplastics from the aquatic envi-
ronment. For example, PE collected from the estuarywas observedwith
a higher ARG abundance than PP (Guo et al., 2020),whichwas similar to
those observed in leachatemicrocosm (Su et al., 2021).Without regard-
ing the abundance, ARG composition onmicroplasticswas distinct from
the surrounding environment (Wang et al., 2020a;Wuet al., 2019; Yang
et al., 2020a).

The difference in ARG composition on various microplastics may be
attributed to the selective enrichment of specific bacteria and ARGs
from the surrounding environment. The distinct bacteria communities
colonized on microplastics in the aquatic environment have been
regarded as a new microbial niche (Amaral-Zettler et al., 2020; Yang
et al., 2020b; Zettler et al., 2013). Some specific potential hosts of
ARGs were enriched or even only found on microplastics, such as Pseu-
domonas monteilii, Pseudomonas mendocina, and Pseudomonas syringae
(Wu et al., 2019). In a microcosm experiment, sul1, tetC, tetX, and
ermE were selectively enriched on PE microplastics, but sulA/
folP-01and tetA were not (Wang et al., 2020b). Additives or pollutants
accumulated on microplastics are also important factors influencing
the selective enrichment of ARGs. The antifouling paint plastic panel
containing copper and zinc showed preference for macrolide-
lincosamide-streptogramin (MLS) and trimethoprim resistance genes
compared to unpainted ones (Flach et al., 2017).

3.3. Terrestrial environment

Microplastics have been widely found in farmland soil, which can
change not only the biophysical characteristics (de Souza Machado
et al., 2018; He et al., 2018) but also the microbial communities and
resistome in the soil environment (Chen et al., 2020b; Huang et al.,
4

2019; Sun et al., 2018). Furthermore, specificmicroorganisms colonized
on the microplastics formed distinct microbial communities from soils
(Zhang et al., 2019a). ARGs on microplastics are dependent on the spe-
cific colonized bacteria from the soil (Zhang et al., 2019a), but also
shaped by pollutants like pesticides, heavymetals from the soil, or addi-
tives exerting selective pressure on the microplastics (Koelmans et al.,
2016; Wang et al., 2019a). However, only two studies directly focused
on the distribution and transport of ARGs on microplastics from soils
(Lu et al., 2020; Yan et al., 2020). The fewer studies have limited our
full understanding of ARGs on microplastics in the terrestrial environ-
ment. Qualitative analysis showed that ARGs on the microplastics
could be vertically transported in soil (Yan et al., 2020). Lu et al.
(2020) found that larger, strongly weathered microplastics and long
years of cultivation generally led to an increase in the abundance of
ARGs onmicroplastics in the facility vegetable soil. Selective enrichment
of ARGs is dependent on the size, weathering status of microplastics,
characteristics of soil (e.g., years of cultivation), and specific ARG
types. For example, sulfonamide-ARGs and macrolide-lincosamide-
streptogramin B (MLSB) resistance genes were selectively enriched on
heavily weathered microplastics, while beta-lactamase and aminogly-
coside resistance genes showed a preference for slightly weathered
microplastics (Lu et al., 2020).

3.4. Air

ARGs andmicroplastics in the air could not only be transported to re-
mote areas viawind (Evangeliou et al., 2020; Li et al., 2018a) but also di-
rectly exert harmful effects on human or animal health via inhalation
(Xie et al., 2019; Zhang et al., 2020a). The distribution of ARGs and
microplastics in the air have been studied, respectively (Chen et al.,
2020a; Li et al., 2018a; Xie et al., 2019). The β-lactam resistance gene
blaTEM, and quinolone resistance gene qepA were abundant ARGs in
the air from a global survey (Li et al., 2018a). In highly polluted air,
the clinical resistance gene blaNDM-1 conferring resistance to carbapen-
ems, which was used as a last resort in tertiary care hospitals, was de-
tected up to 30% of total ARG abundance in heavily polluted air
(Zhang et al., 2019b). Different bacteria taxa, including human opportu-
nistic pathogens (e.g., Comamonas Testosteroni andMoraxella Osloensis),
accounted for the airborne ARGs (Li et al., 2018a; Li et al., 2016). It was
also estimated that 21 microplastic particles are potentially inhaled by
an adult in Shanghai every day (Liu et al., 2019).Microplastics with con-
centrations of 1.7–16.2 particles m−3 were also found in the indoor en-
vironment (Vianello et al., 2019). Furthermore, synthetic fibers have
already been detected in human lung biopsies (Prata, 2018). However,
no study about ARGs on microplastics in the outdoor and indoor air
was reported until now. The studies about ARGs on microplastics in
the air will be critical to estimate their combination risk for human
health via inhalation and long-distance transport capacity via wind.

3.5. Factors

Fig. 1 summarizes the factors involved in the study about ARGs on
microplastics based on Table 1: detection methods, sampling design,
microplastic characteristics, and environmental conditions. There are
no standardizedmethods for the design and uniformdetectionmethods
of ARGs onmicroplastics, which leads to difficulties in comparing differ-
ent studies. For example, even for the metagenomic method, the differ-
ent pipeline processes and databases used in the analysis also lead to a
less rigorous comparison. Besides, the numbers of detected ARGs on
microplastics for conventional qPCR were in a wide range of 1–25
(Table 1). Incubation time is one of the key factors explaining the forma-
tion and composition of ARGs on microplastics, which should be pro-
vided in the sampling design or collection. A detailed description of
microplastics (e.g., polymer type, size, shape) and environmental condi-
tions on this topic is essential to understand the enrichment process and
comparison of ARGs on microplastics between different studies.



Fig. 1. Factors involved in the study o ARGs on microplastics.
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4. Transport of ARGs on microplastics

4.1. Aquatic environment

The aquatic environment is one of the main reservoirs for
microplastics discharged from WWTPs, industries, and agricultural ac-
tivities (Fig. 2). Microplastics can interact with the widely existed natu-
ral colloids and microorganisms to form aggregates in the aquatic
environment (Alimi et al., 2018; Leiser et al., 2021; Wang et al., 2021).
The aggregates can significantly influence the environmental behavior
of microplastic, such as adsorption, sedimentation, and trophic trans-
port (Long et al., 2015; Zhao et al., 2018), which affect the fate of ARGs
on microplastics. Aggregates facilitate sedimentation and enhance the
transport of microplastics and their associated contaminants
(e.g., heavy metals) to food webs (Alimi et al., 2018; Zhao et al., 2018).
As shown in Fig. 2, microplastic aggregates can be adsorbed and
Fig. 2. The transport of ARGs on microp
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captured by aquatic plants (Kalčíková, 2020; Yu et al., 2020) and
ingested by aquatic animals (Jabeen et al., 2017; Neves et al., 2015).
The adsorbed PE microplastics induced microbiota dysbiosis and in-
flammation in the gut of adult zebrafish (Jin et al., 2018), and
microplastics developed a similar bacterial community as the gut
microbiome after passing through the gut of Mytilus edulis (Kesy et al.,
2017). The potential host of ARGs on microplastics, such as fish patho-
gen Flavobacteriaceae (Yang et al., 2019b), can enhance the exchange
and evolution of ARGs after interaction between microplastics and the
gut microbiome. In the future, the shared ARGs between environment,
microplastics, and aquatic biota may be needed more attention due to
their potential mobility and evolution between different media.

4.2. Terrestrial environment

Sewage sludge, organic fertilizers, plastic film mulching, atmo-
spheric deposition, and irrigation were summarized as the primary
sources of microplastics in the terrestrial environment (Wang et al.,
2020c). The interaction between soil and microplastics could form dif-
ferent aggregates. Soil aggregates play a key role in the horizontal and
downward transport of pollutants (like ARGs, microplastics, heavy
metals) in the agroecosystems via runoff (Astner et al., 2020; Rillig
et al., 2017a; Xu et al., 2017) (Fig. 3). Microplastics aggregated with
soil minerals were identified as the critical driver mechanism for the
downward transport of aged microplastics and their associated ARGs
in natural loamy sand (Yan et al., 2020). Microplastic fibers dominated
soil micro-aggregate, while films and fragments were more distributed
on macro-aggregate (Zhang and Liu, 2018). The inhibition effects of or-
ganic matter in micro-aggregates were significantly higher than those
in macro-aggregates on the vertical transport of nanoparticles (Xu
et al., 2019). Themicro-aggregatesweremore susceptible to soil erosion
thanmacroaggregates, which finally affected the vertical and horizontal
transport of particles via runoff (Lu et al., 2016) (Fig. 3). Different distri-
bution patterns of microbial communities are found between the soil
macro-aggregates and micro-aggregates (Wang et al., 2019b;
Wilpiszeski et al., 2019), which may host different ARGs. Therefore,
soil aggregates would be essential to understand the transport and
transfer of ARGs on microplastics and their interactions with soil
resistome (Fig. 3).

Recently, ARGs and microplastics were transported or transferred
from soil to edible vegetables, respectively (Li et al., 2020; Zhang et al.,
2019c). The interactions in resistome between microplastics and vege-
tables are still unclear. Compared to plants, it is easy to understand
lastics in the aquatic environment.



Fig. 3. The transport of ARGs on microplastics in the terrestrial environment.
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the transport of ARGs on microplastics from soil to animals.
Microplastics and their adsorbed pollutants, such as pesticides, could
be accumulated in soil earthworms (Rillig et al., 2017b; Rodríguez-
Seijo et al., 2019). It has been proved that microplastics alone can dis-
turb the gut microbiome of soil animals, such as collembolans
(Folsomia candida) (Ju et al., 2019; Zhu et al., 2018). Microplastics, com-
binedwith tetracycline, have been observed to facilitate antibiotic resis-
tance in the gut microbiome of the Enchytraeus crypticus (Ma et al.,
2020). Although microplastics were a vector of ARGs in soils (Lu et al.,
2020), less is know about the effect and transport of ARGs on
microplastics in the terrestrial environment.

5. Transfer of antibiotic resistance genes on microplastics

Microplastic is a hotspot for vector and transfer of ARGs between dif-
ferent bacterial taxa in the environment (Imran et al., 2019). Pollutants
absorbed and dense biofilm structure formed on microplastics
highlighted the spread risk of ARGs via transfer. Microplastics with
high specific surface area and hydrophobicity in the water, soil, and air
are favorable for the accumulation of pollutants (e.g., heavy metals, an-
tibiotics) (Guo et al., 2019; Koelmans et al., 2016) and colonization of
ARG host (e.g., Flavobacteriaceae) (Keswani et al., 2016; Lagana et al.,
2019; Yang et al., 2019b). It also has been observed that the number
of antibiotic-resistant bacteria on microplastics was 100–5000 times
higher than those in the surrounding water (Zhang et al., 2020b). Simi-
larly, bacterial pathogens as potential ARG hosts were enriched on
microplastics, such as Flavobacterium and Chryseobacterium (Gong
et al., 2019; Wu et al., 2019). Antibiotics on microplastics could directly
influence the horizontal and vertical gene transfer of ARGs in bacterial
communities. For example, the presence of trimethoprim significantly
increased both the horizontal and vertical gene transfer rates of ARGs
on plasmids (Li et al., 2019). The inorganic pollutants (e.g., heavy
metals) and other organic pollutants (e.g., polycyclic aromatic hydro-
carbons) could exert selection pressure on the ARG transfer via co-
selection or cross-selection (Imran et al., 2019). The high density of bac-
teria, including antibiotic-resistant bacteria onmicroplastics, could form
a denser biofilm structure (Dussud et al., 2018; Zhang et al., 2020b). The
colony-forming units (CFU) of total cultivable bacteria on microplastics
were 1.44–2.80 × 108 CFU/g, whichwere significantly higher than those
in water samples (0.29–3.0 × 106 CFU/mL) (Zhang et al., 2020b). Bacte-
ria isolated from plastics can produce extracellular polymer substances,
which is also favorable for the formation of denser bacterial
6

communities (Lagana et al., 2019; Lagarde et al., 2016). Denser bacterial
community onmicroplastics enhanced the horizontal gene transfer rate
of ARGs onmobile genetic elements (MGEs) between different taxa.Mi-
crocosm experiment showed that uptake frequency of plasmid in bacte-
rial communities on microplastics was two orders of magnitude higher
than those observed in free-living bacteria (Arias-Andres et al., 2018).
The higher horizontal gene transfer rate of ARGs on microplastics may
lead to a higher abundance of MGEs with a more diverse ARG composi-
tion (Table 1) (Lu et al., 2019; Zhang et al., 2020b). Higher numbers and
types of class 1 integrons (intI1) associated with ARG cassette arrays
were found in the multi-antibiotic resistant bacteria frommicroplastics
comparedwithwater (Lu et al., 2019; Zhang et al., 2020b). These studies
provided direct evidence of the diversity of MGEs with ARGs on
microplastics, which could promote the transfer and evolution of
ARGs in bacterial communities on microplastics. Therefore, pollutants,
aggregates, and denser bacteria communities are favorable for higher
transfer rates and the evolution of ARGs on microplastics.

6. Conclusions and recommendations

ARGs on microplastics are an emerging issue with great public con-
cern due to their potential risk for the ecosystem and human health.
Distinct ARG composition has been proved on microplastics, although
no consensus was obtained comparing the abundance and diversity be-
tween microplastics and the surrounding environment. Selective en-
richment of ARGs and antibiotic-resistant bacteria is one of the
primary mechanisms for the distinct ARG profile on microplastics. The
summarized factors in the ARGs on microplastics suggested that much
more key information should be provided to compare different studies,
such as detection methods, microplastic type, environmental condi-
tions, and sampling design. Field collection andmicrocosm experiments
shed light on the enrichment of ARGs on microplastics (Table 1), but in
situ experiments will be helpful to understand the selective enrichment
process of ARGs in the real environment.More studies are still needed to
discover the environmental behavior and ecotoxicity of ARGs on
microplastics in the future.

Enrichment of ARGs on microplastics depended on the microplastic
characteristics, surrounding environment (including pollutants), and
incubation time (Fig. 1). However, the specific enrichment process of
ARGs in different stages of WWTPs (e.g., anoxic stages, primary settling
tank, selector tank, aerated tank), different aquatic environment with
nutrients and hydraulic characteristics (e.g., eutrophic lake, tidal and
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coastal environment), different soil types (e.g., sand, and clay) and air
environment are still needed to get a comprehensive understanding
about the role of environmental factors on the enrichment of ARGs on
microplastics. Non-degradable microplastics are the main studied tar-
gets for ARG enrichment (Table 1) and biofilm formation (Yang et al.,
2020b).While the degradable plastic particles discharged into the envi-
ronmentwill increase because even biodegradable plastics are not 100%
degradable (Shen et al., 2020; Shruti and Kutralam-Muniasamy, 2019).
Hence, the microplastic characteristics, such as polymer types
(e.g., Non-degradable and degradable plastics), the aging process
(e.g., UV), and morphology (e.g., size and shape), are still needed to un-
derstand their roles in ARG enrichment.

Microplastics formed distinct bacterial communities compared to
the surrounding environment. Core resistome has been discovered in
urban sewage and soil (Du et al., 2020; Su et al., 2017). Continuous ef-
forts are needed to study the core resistomeonmicroplastics and shared
resistomewith the surrounding environment, which is crucial to under-
stand the potential risk of ARGs on microplastics. The intracellular and
extracellular ARGs are both present in the environment, but less is
known about their distribution inmicroplastic biofilm. The extracellular
polymer substances are also the main components of biofilm and may
result in the selection for antibiotic resistance (Amarasiri et al., 2020).
The biofilm formed on microplastics is heterogeneous, with direct spa-
tial relationships between bacteria, cyanobacteria, and eukaryotes
(Schlundt et al., 2020). Therefore, it is indispensable to conduct more
field studies to examine the composition, spatial distribution, transfer,
and evolution of ARGs on microplastic biofilm. Aggregates in water,
air, and soil play an essential role in the transport of ARGs on
microplastics. What are the factors influencing the downward and run-
off transport of ARGs on microplastics associated aggregates? Addition-
ally, the role of microplastics associated aggregates in the transfer of
ARGs through food webs (from the environment to plants, animals,
and humans) also remains to be clarified.
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