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A B S T R A C T

Microplastics (MPs) in aquatic environments easily support biofilm development, which can interact with other
environmental pollutants and act as harbors for microorganisms. Recently, numerous studies have investigated
the fate and behavior of MP biofilms in aquatic environments, highlighting their roles in the spread of pathogens
and antibiotic resistance genes (ARGs) to aquatic organisms and new habitats. The prevalence and effects of MP
biofilms in aquatic environments have been extensively investigated in recent decades, and their behaviors in
aquatic environments need to be synthesized systematically with updated information. This review aims to reveal
the development of MP biofilm and its interactions with antibiotics, ARGs, and pathogens in aquatic environ-
ments. Recent research has shown that the adsorption capabilities of MPs to antibiotics are enhanced after the
biofilm formation, and the adsorption of biofilms to antibiotics is biased towards chemisorption. ARGs and mi-
croorganisms, especially pathogens, are selectively enriched in biofilms and significantly different from those in
surrounding waters. MP biofilm promotes the propagation of ARGs through horizontal gene transfer (HGT) and
vertical gene transfer (VGT) and induces the emergence of antibiotic-resistant pathogens, resulting in increased
threats to aquatic ecosystems and human health. Some future research needs and strategies in this review are also
proposed to better understand the antibiotic resistance induced by MP biofilms in aquatic environments.
1. Introduction anthropogenic activities. Antibiotics are commonly used to prevent or
Microplastics (MPs), plastic debris less than 5 mm in size, have been
found ubiquitously in aquatic environments due to the high consumption
of plastic products and improper plastic waste management [1]. Most
MPs are difficult to degrade, easy to transport, and able to accumulate in
the food web, posing risks to the health of ecosystems and humans [2].
MPs in aquatic environments provide suitable substrates for microor-
ganisms to colonize and result in the formation of biofilms, known as
“plastisphere” [3–5]. The plastisphere constitutes a new ecological niche
to strengthen the communications (e.g., transcriptional response and
exchange of genes and nutrients) among these microorganisms [6]. Mi-
croorganisms colonized on the MP surface can further influence the
degradation, sedimentation, transport, adsorption, and other behaviors
of MPs in aquatic environments [7]. For example, some studies showed
that the adsorption and stabilization of antibiotics were enhanced on
biofilm-developed MPs, and the adsorption of antibiotics was biased
towards chemisorption [8,9].

As emerging pollutants, antibiotics are widely distributed in aquatic
environments, and their distribution is highly associated with
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treat bacterial infections in humans or livestock, and up to 200,000 tons
of antibiotic-related products are consumed globally each year [10].
Since not all antibiotics can be absorbed or metabolized in the body,
80%–90% are released into the natural environment in the form of
maternal, metabolite, or conjugated substances via urine or feces [11].
When antibiotics are absorbed by the MP biofilm, the survival pressure of
microorganisms, especially bacteria in the biofilm, increases, leading to
the propagation and transmission of antibiotic resistance genes (ARGs)
via horizontal gene transfer (HGT) or vertical gene transfer (VGT).
Meanwhile, the diversity and abundance of antibiotic-resistant bacteria
(ARB) and potential hosts of ARGsmay also increase [12–15]. Up to now,
more than 400 ARG subtypes mainly belong to multidrug, tetracycline,
beta-lactam, sulfonamide, macrolide, aminoglycoside, quinolone, and
chloramphenicol classes have been detected in MP biofilms in aquatic
environments [5,6,16–18].

In addition to acting as an ideal pool for antibiotics and ARGs, MP
biofilm is also an important hub for pathogens such as Pseudomonas
monteilii, Salmonella enterica, and Vibrio sp. in aquatic environments
[19–21]. Due to the frequent gene exchanges in MP biofilm, increasing
y 2024

stitute of Environmental Sciences, Ministry of Ecology and Environment (MEE) &
ttp://creativecommons.org/licenses/by-nc-nd/4.0/).

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:chenxi.wu@ihb.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eehl.2024.05.003&domain=pdf
www.sciencedirect.com/science/journal/27729850
www.journals.elsevier.com/eco-environment-and-health
https://doi.org/10.1016/j.eehl.2024.05.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eehl.2024.05.003
https://doi.org/10.1016/j.eehl.2024.05.003
https://doi.org/10.1016/j.eehl.2024.05.003


J. Jia et al. Eco-Environment & Health 3 (2024) 516–528
numbers of pathogens were found to possess exogenous ARGs in their
genomes [6]. After acquiring new ARGs, the previously sensitive path-
ogens may become resistant to antibiotics, reducing the effectiveness of
the antibiotics when treating bacterial diseases [22]. Therefore, it is
essential to classify the distribution of pathogens in MP biofilm in aquatic
environments.

In this review, the recent publications are collected and analyzed
based on the data from Web of Science, Scopus, Science Direct scientific
databases, and Google Scholar using the keywords “microplastic” OR
“micro-plastic” OR “microplastics” AND “biofilm” OR “biofilms” AND
“antibiotic” OR “antibiotics” AND “water” OR “aquatic”. From the search
results, only the studies associated with antibiotic adsorption and
desorption, ARGs, and pathogens were considered in this review. The
purpose of this reviewwas to update knowledge on known impacts of MP
biofilms on the fate of antibiotics, ARGs, and pathogens in aquatic
environments.

2. Formation of MP biofilm in aquatic environment

2.1. MP as a suitable substrate for biofilm formation

Early in 1972, the colonization of diatoms and hydroids on the surface
of plastic particles (pellet, 2.5–5.0 mm) in the western Sargasso Sea was
first reported [23]. During the last decades, an increasing number of
protozoa (Alveolata), algae (Chlorophyta and Charophyta), fungi, vi-
ruses, and bacteria were found in MP biofilms [24]. Field and laboratory
experiments both showed that the microorganic community in MP bio-
films was distinct from those in the surrounding environments [6,17,19].
Importantly, MP biofilms can act as “protective clothing” for microor-
ganisms in some extreme conditions [25]. In addition to the microor-
ganisms, extracellular polymeric substances (EPS), and other abiotic
substrates are also contained in MP biofilms [26], which may further
affect the fate of MPs in aquatic environments.
2.2. Formation of MP biofilm

The formation of MP biofilm is a dynamic and complex process. Ac-
cording to published studies, the formation of MP biofilm mainly in-
cludes three stages, as shown in Fig. 1: (1) microorganisms, including
protozoa, algae, fungi, bacteria, and viruses reversibly and irreversibly
adhere on the surface of MP via weak (e.g., random encounters) or strong
(e.g., chemotaxis) interactions. Meanwhile, pollutants such as
Fig. 1. Formation of biofilm on the surface of MP (elements are collected from Free
Emission Scanning Electron Microscopy (S-4800, HITACHI, Japan), shows the coloniz
polymeric substances.
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antibiotics, metal ions, and endocrine disruptors are adsorbed into the
MP through covalent bonds, hydrophobic interactions, or π–π in-
teractions, etc.; (2) Pollutants accumulate on the biofilm surface to form
“ecocorona”, thus facilitating the colonization of microorganisms. EPS is
produced and secreted by microorganisms, and the microorganisms are
rapidly propagated around the surface of the MP to form a stable three-
dimensional community, in which signaling molecules are synthesized
and released in large amounts; (3) microorganisms released from the
biofilm and return to the surrounding environments as a result of MP
degradation or accumulation of harmful molecules [27,28].
2.3. Microbial community of MP biofilm

Compared with free-living microorganisms in the surrounding water,
microorganisms in MP biofilm are significantly different and highly
unique [6,17,29–31].Microalgae such as Cyanophyta (cyanobacteria) are
an important part of MP biofilms both in marine and freshwater envi-
ronments [32–34]. Besides, Dolichospermum flosaquae forming bundles of
filaments also can attach to the surface of plastic debris [35]. In addition to
microalgae, bacteria are also an important component of MP biofilms.
Bacillus, Mycobacterium, Pseudomonas, Vibrio, and Aeromonas sp. have
been found widely distributed in MP biofilms [15,29,30,36–38]. Though
some published studies revealed that bacteria were selectively colonized
on specific types of MPs [39,40], the core bacteria in MP biofilms are
dominated by surrounding environments rather than MP types at large
scales [31,37,41]. A field study conducted in the Houxi River demon-
strated that bacterial composition wasmore similar in the biofilms of MPs
isolated from the same sampling point regardless of MP types [31].

After being attached to the MP, some of them with quorum sensing
(QS) systems can secrete and detect signal molecules, whichmay alter the
original relationships of microorganisms in that micro-environment, thus
affecting biofilm formation and antibiotic metabolite production [42].
Due to the frequent communications among microorganisms in MP bio-
films, bacteria in MP biofilms may also develop a high tolerance to anti-
biotics. For instance, Vibrio and Shewanella sp. isolated from
polypropylene (PP) and polyvinyl chloride (PVC) MPs are resistant to
cefazolin, tetracycline, etc., and the multiple antibiotics resistance (MAR)
indexes of these strains are significantly higher than those in surrounding
environments [22].

The composition of colonized bacteria in MP biofilms is a result of
their adaptation to changes in biofilms, such as the accumulation of
harmful molecules. Due to the widespread flagellar motility and
pik). Scanning electron microscope image, captured by ourselves using a Field-
ation of diatoms and bacteria in MP biofilm. MP, microplastic; EPS, extracellular
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metabolic versatility [43], Proteobacteria is always the predominant
phylum in MP biofilms at the early stage and is considered to be inchoate
colonizers [33,44]. However, the proportion of Proteobacteria in MP
biofilm is significantly decreased as the biofilm matures [30,43]. On the
contrary, the proportion of the Bacteroidota (secondary biofilm colo-
nizers) is significantly increased, which may be due to most of them
having the ability to degrade organic matter and secrete EPS, thus pro-
moting the colonization of other bacteria [45,46]. Some rare phyla, such
as Spirochaetes, Synergistetes, and Pacearchaeota which are not found in
water, are also presented in biofilms, highlighting the role of MPs as
carriers in aquatic environments [30].

2.4. Factors influencing the formation of MP biofilm

Previously, some studies focused on MP biofilms indicated that the
formation of biofilm can be affected not only by the environmental
conditions (e.g., pH, ultraviolet, salinity, and nutrients) but also by the
properties of MPs (e.g., shape, type, color, size, hydrophobicity, and
characteristic) [26,47–51]. In addition to the aforementioned influ-
encing factors, some easily overlooked factors also play important roles
in the formation of MP biofilms.

(1) Co-effect of aged treatment and MP shape: Aging treatment of
MPs does not always promote the formation of MP biofilm. In a previous
study, Shan et al. found that microbes tend to adhere to aged PP MPs
(fragment, 5 mm � 5 mm), and the relative abundance of Cyanobacteria
was higher on the surface of aged MPs [52]. However, a microcosm in-
cubation experiment showed that higher biomass was seemingly formed
in virgin PP MPs (particle, 750–1000 μm) than the aged MPs before 30
days of incubation. Compared with virgin PP MPs, the aged MPs have
rougher and more cracked surfaces but a lower contact angle, indicating
that a hydrophobic surface is more important for microorganism attach-
ment than the role of surface roughness in irregularly spherical MPs, and
aging treatment decreases the interaction of MPs with surrounding mi-
croorganisms [53].

(2) Depth in water: Water depth has a negative effect on the for-
mation rate of MP biofilms in aquatic environments. Tu et al. previously
placed the MPs exposure device containing polyethylene (PE, square,
fragment, 4 � 1 mm) MPs in an offshore aquaculture area at different
depths (2–12 m), and results showed that the total biomass of biofilms
decreased with water depth, which may be due to the low abundances of
microorganisms in deep water [54]. Another study conducted in Qinhuai
River also revealed that the biomass of biofilms on the polyethylene
terephthalate (PET, 5 mm � 5 mm) MPs and polylactic acid (PLA, frag-
ment, 5 mm � 5 mm) MPs showed depth-decay variations (30, 90, and
200 cm) regardless of the relatively high diversity and abundance of
bacteria in deep water [55]. It seems that the low microbial metabolic
activities caused by low temperatures and weak sunlight may be the key
factors slowing the formation rate of MP biofilms in deep water.

(3) Pollutants: Pollutants such as antibiotics and heavy metals can
disturb the nutrient exchange and communications among different mi-
croorganisms and put selective pressure on them [56]. Hence, pollutants
can inhibit the MP biofilm formation, but the inhibition effects are varied
by species. For example, the single treatment of 0.5 mg/L tetracycline,
0.5 mg/L ampicillin, and 1.0 mg/L zinc only inhibited the PVC MPs
biofilm formation at the early 28 days. However, by day 84, the single
treatment with 1.0 mg/L copper and co-treatment with antibiotics and
heavy metals still inhibited biofilm formation [15].

(4) Conjugative plasmids: Conjugative plasmids, such as RP4, are
frequently detected in aquatic environments and have been evidenced to
promote the colonization of bacteria on the surface of MPs when con-
jugative pili synthesis genes (e.g., traA and traB) are highly expressed
[57]. Although for pili synthesis-repressed plasmids (e.g., RP4 plasmid),
the expression of pili genes would be at a high level only when the donor
encountered the recipients or activated by some promoters [58], the
donors, recipients, and pollutants always coexist in the real aquatic
environment.
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3. Adsorption and desorption of antibiotics by MP biofilm

Owing to the highly specific surface areas with porous structures, MPs
are important reservoirs for pollutants such as antibiotics [59]. Recently,
numerous studies conducted in the laboratory and field investigated the
adsorption and desorption behaviors of MPs or MP biofilms on the pol-
lutants (Table 1) [8,9,60–63]. Results from these studies showed that
biofilms have a stronger adsorbability to antibiotics than virgin MPs and
can alter the transport of pollutants in water. As described in previous
studies, the adsorption of antibiotics by MP depends on the type of sor-
bents and adsorbents, mainly through six mechanisms: (I) Electrostatic
attraction; (II) Hydrogen bonding; (III) Pore fitting; (IV) π–π interaction;
(V) Hydrophobic interaction; (VI) Van der Waals forces [60,64–66]. The
adsorption mechanism of antibiotics in MP biofilms is summarized in
Fig. 2.

3.1. Adsorption and desorption of antibiotics by biofilm

Biofilms are essential for MPs to adsorb high amounts of antibiotics
from surrounding environments (Fig. 3A). For example, the adsorption
capacities of PBAT MPs on oxytetracycline (OTC) were increased by
101.7% after the formation of biofilms [63]. The abundant
oxygen-containing functional groups in EPS can make antibiotics more
firmly accumulate on theMP surface, thus promoting the accumulation of
antibiotics in MP biofilms. In PE MPs, functional groups at 1033 cm�1

(carbon-oxygen) and 1640 cm�1 (carbanyl) were newly generated after
the biofilm formation, which further strengthened the hydrogen-bonding
interactions between PE MPs and ciprofloxacin [9]. The surface pores of
biofilm also can enhance the adsorption capacity of MPs [67,68]. In
addition to these changes, the specific surface area and low zeta potential
also make it easier for MPs to adsorb antibiotics [8,69–71]. Compared
with aged MPs, the maximum adsorption amount of antibiotics in the
biofilm is significantly lower (Fig. 3B), which is because of the enlarged
original pores and increased number of small pores (less than 5 nm) on the
surface of aged MPs [68]. Besides, the adsorption of antibiotics in biofilm
is reversible compared to virgin MPs due to degradation of the biological
sites [72]. For virgin MPs, the adsorption of antibiotics by MPs can be
divided into three stages, while only two stages were found in biofilm
[73]. Regardless of whether the adsorption of antibiotics on virgin MPs is
biased towards physisorption, the adsorption of antibiotics on MP bio-
films is mainly controlled by chemisorption [8,9,71,74]. The change in
adsorption ways is related not only to the changes of MPs themselves but
also to microorganisms in biofilms.

Due to the dynamic changes of surrounding environments and
metabolic activities of microorganisms in biofilms, the adsorbed antibi-
otics in MPs may be released into surrounding waters and act as new
sources of contaminants. In the desorption process, a phenomenon called
“desorption hysteresis” occurred after biofilm formation or aged treat-
ment, which may be highly associated with the reduced hydrophobic and
π–π interactions and increased electrostatic interactions [75]. Compared
with virgin MPs, the adsorbed and immobilized antibiotics on the bio-
films are more reversible, which means a higher possibility of antibiotic
desorption in biofilms [63,68]. However, if antibiotics coexisted with
heavy metals such as Cu2þ, antibiotics would be more stabilized in MP
biofilms than in virgin MPs, thus inhibiting the desorption of antibiotics
from MP biofilms [60].

3.2. Factors influencing the adsorption and desorption of antibiotics by
biofilm

The adsorption and desorption capacities of antibiotics in MP biofilms
are not only influenced by the intrinsic characteristics of MPs, but also
affected by the changes from surrounding environments and even the
microorganisms in MP biofilms [27]. In this section, some influencing
factors, such as metal ions, pH, dissolved organic matter, and phyto-
plankton aging, are discussed.



Table 1
Influence of microplastic biofilm and metal ions on the adsorption of antibiotics.

MP types Size Shape AT types and
concentration

Metal ions and
concentration

Adsorption mechanism Adsorption amount of biofilm
(virgin MPs)

References

PE 60–150 μm Pellet TC 0.5 mg/L Cu2þ Complexation, hydrophobic
interaction, electrostatic
interaction, π–π interaction,
competition

Bio-PE: qmax ¼ 762.2 μg/g
(237.5 μg/g)
Bio-PE þ Cu: qmax ¼ 950.1 μg/g
(911.2 μg/g)

[60]

PS 0.45–1 mm Foam OTC NA Electrostatic interaction,
hydrogen-bond, π–π interaction

Bio-PS: qmax ¼ 27,500 � 5120 μg/
g (1520 � 120 μg/g)

[73]

PLA 75–150 μm NA OTC NA Hydrogen bonding, electrostatic
interaction, hydrophobic
interaction

Bio-PLA: qmax ¼ 727.825 μg/g
(581.187 μg/g)
Degraded PLA:
qmax ¼ 1193.346 μg/g

[69]

PBAT <100 μm NA OTC 0.8 mg/L Cu2þ Complexation, hydrophobic
interaction, electrostatic
interaction, π–π interaction

Bio-PBAT: qmax ¼ 1396.21 μg/g
(692.05 μg/g)
Degraded PBAT:
qmax ¼ 1869.93 μg/g
Bio-PBAT þ Cu:
qmax¼ 3713.90 μg/g (3675.88 μg/
g)
Degraded PBAT þ Cu:
qmax ¼ 4355.83 μg/g

[63]

PVC, PA, HDPE PVC: 75 μm PA:
250 μm; HDPE: 74 μm

Pellet NOR NA Hydrophobic interaction,
hydrogen-bond, electrostatic
interaction

Bio-PVC: qmax ¼ 5889 μg/g
(3825 μg/g)
Bio-PA: qmax ¼ 2759 μg/g
(2837 μg/g)
Bio-HDPE: qmax ¼ 10,585 μg/g
(5193 μg/g)

[8]

PE, PLA 250–500 μm NA TC-HCl, CIP NA Hydrogen-bond interaction,
electrostatic interaction,
hydrophobic interaction

For TC-HCl, Bio-PE: 427 μg/g
(177 μg/g)
Bio-PLA: 375 μg/g (145 μg/g);
For CIP, Bio-PE: 398 μg/g (98 μg/
g)
Bio-PLA: 189 μg/g (81 μg/g)

[9]

PE ~150 μm NA TC-HCl, CFX NA Hydrophobic interactions,
hydrogen bonding interactions,
electrostatic interactions and
biodegradation

For TC-HCl, B-PE: 1652 μg/g
(1148 μg/g)
A-PE: qmax ¼ 2418 μg/g
B-A-PE: qmax ¼ 2989 μg/g;
For CFX, B-PE: 1192 μg/g (655 μg/
g)
A-PE: qmax ¼ 1319 μg/g
B-A-PE: qmax ¼ 2037 μg/g;

[71]

A-PE, aged polyethylene; B-A-PE, aged with biofilm-developed polyethylene; B-PE, biofilm-developed polyethylene; CFX, cefalexin; CIP, ciprofloxacin; HDPE, high-
density polyethylene; NA, not available; NOR, norfloxacin; OTC, oxytetracycline; PA, polyamide; PBAT, polyester polybutylene adipate terephthalate; PE, poly-
ethylene; PLA, polylactic acid; PS, polystyrene; PVC, polyvinyl chloride; TC, tetracycline.

Fig. 2. Mechanism of antibiotics adsorbed by virgin MP and MP biofilms, and factors that influence the adsorption and desorption of antibiotics (elements are
collected from Freepik).
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Fig. 3. The changed folds of maximum adsorption
capacity of MP biofilms on antibiotics compared to
virgin MPs (A), and the maximum adsorption capacity
of antibiotics with different forms of MPs (B); the
composition of ARG types in MP biofilms, natural
substrates (Rock, Leaf, and CER) (C), and the prin-
cipal co-ordinates analysis of top 15 ARG types
among different groups (D). Data in (A) and (B) are
collected from Table 1, and data in (C) and (D) are
collected from references [6,19,28]. ARG, antibiotic
resistance; CER, ceramic pellets; PET, polyethylene
terephthalate; PHA, polyhydroxyalkanoate; SW, sur-
rounding water.
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(1) Metal ions: Metal ions such as copper (Cu) have been confirmed
to enhance the adsorption of OTC and tetracycline (TC) on biofilm
(Fig. 3B), which may be attributed to the ion bridge formed between OTC
(or TC) and Cu2þ [60,63]. After complexing with Cu2þ, OTC or TC can be
adsorbed by biofilm through electrostatic interaction. In contrast to
adsorption, Cu2þ did not promote the desorption of OTC from biofilm
[63], but TC could accelerate the release of Cu2þ from MP biofilms [60,
76].

(2) pH: As aforementioned, Cu2þ enhanced the adsorption of anti-
biotics on biofilm. However, Cu2þ is hard to adsorb on positively charged
MP surfaces at low pH, and low pH conditions (high Hþ concentration)
would weaken the ion bridging effect between MPs and antibiotics, thus
reducing the adsorption capacity of MPs [60,63]. In addition, at low pH
conditions, the Hþ in solution may compete with the antibiotics for
adsorption and reduce the amount of antibiotics adsorbed on MPs [8].

(3) Dissolved organic matter (DOM): The influence of DOMs, such
as fulvic acid (FA), on the adsorption of antibiotics varies with MP types.
In previous studies, the author found FA not only competed with OTC to
adsorb on the PLA and polyester polybutylene adipate terephthalate
(PBAT) MP surface through inter-molecular forces but also competed
with OTC for the PLA or PBAT-Cu adsorption sites, thus decreasing the
adsorbed amount of OTC on biofilm [63,68]. However, another study
revealed that FA could enhance the adsorption of OTC on the biofilm of
polystyrene (PS) MPs, which may be attributed to the bridging effect of
adsorbed FA with PS MPs and OTC [73].

(4) Phytoplankton aging: The effects of phytoplankton aging on the
adsorption of antibiotics on MP biofilms are highly dependent on the
species tolerance and biofouling level [62]. When Microcystis aeruginosa
is the main species in MP biofilms, the hepatotoxin released by
M. aeruginosa itself may be adsorbed by biofilms and then repress the
potency on phosphatase-specific binding activity in EPS, which further
reduces the adsorbed amount of antibiotics on biofilms. However, a large
amount of EPS was observed in MP biofilms after the aging and
biofouling of Chlorella vulgaris, which is beneficial for biofilms to adsorb
antibiotics mainly through hydrophobic interactions.

4. ARGs in MP biofilm

As “hitchhikers”, MPs can randomly transfer ARGs to new environ-
ments, causing potential threats to ecosystems and human health. Pre-
vious studies demonstrated that ARGs are selectively enriched on the
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surface of MPs [6,18,38,43,55], and frequently transferred among
different microbes in biofilm through HGT or VGT [77]. Hence, the
proliferation and spread of ARGs conferred by MPs are crucial to con-
trolling the ARG problem in aquatic environments. The occurrence of
MP-associated ARGs investigated in recent research is summarized in
Table 2.

4.1. Occurrence of ARGs in MP biofilm

The colonization of ARGs in biofilms depends on the surrounding
waters rather than on MP types or shapes [12,28,78]. In terms of the
antibiotic resistome previously reported in water ecosystems, the
composition of ARGs in MP biofilms, detected using metagenomic
methods varied greatly in the coastal [28], Zhuo River [4], and Huangpu
River [17]. Another study revealed that ARGs in biofilms of PE and PS
MPs isolated from the Shidou reservoir were similar to those in their
surrounding water but significantly distinct from those in biofilms of PE
and PS isolated from the Xinglin Bay [31]. Among these ARGs, multidrug
is always the predominant ARG type in biofilms, while the dominance of
other ARG types, such as tetracycline [4], beta-lactam [14], amino-
glycoside [31], bacitracin [17], and MLS [28], in biofilms depends on the
surrounding waters (Fig. 3C). Like the occurrence of bacterial community
in MP biofilms, the composition of ARGs inMP biofilms is also dominated
by surrounding environments rather than MP types at large scales
(Fig. 3D).

According to a previous study, ARGs in natural environments did not
always confer antibiotic resistance under low antibiotic residual condi-
tions [79]. For example, sul1 and tetP genes in PLA biofilm were detected
with high abundances, but the transcription level of these two genes was
very low [6]. Therefore, under that condition, the functions of most
ARGs, especially multidrug-related genes, are mainly associated with cell
detoxification [80], bacterial virulence [81], and cell-in-cell communi-
cation [82], which are beneficial for the frequent communication among
bacteria within the biofilm and the adaptation to the adverse
environments.

Despite the diversity and richness of ARGs in biofilms being usually
lower than that in surrounding water, some ARGs are selectively
enriched in biofilms. A previous study performed in the Huangpu River
revealed that the abundances of lnuA, mexL, LRA-12, and rosA genes in
biofilms were 5.3–172.6 folds higher than that in waters [17]. In addi-
tion, the relationship between bacteria and ARGs in MP biofilm was more



Table 2
Antibiotic resistance genes and mobile genetic elements in microplastic biofilm in aquatic environments.

Location MP types Sizes Shapes Methods Distribution of ARGs and MGEs References

Huangpu River Dominant with PET,
PA, PMMA, and PE

43.47–5765 μm Fiber, fragment, film,
and foam

Metagenomics 313 ARG subtypes, dominant with
multidrug, Bacitracin, and tetracycline,
total ARGs abundances ranged from 0.016
to 0.15 copies/16S rRNA; 82 MGE
subtypes, dominant with transposase,
average abundance of 0.077 copies/16S
rRNA; the subtypes and abundances of
ARGs and MGEs in biofilms were lower
than that in SW

[17]

Haihe River PVC 3 mm Pellet Shotgun
metagenomics

188 ARG subtypes in biofilm, higher than
SW (67), dominant with multidrug, MLS,
and bacitracin

[19]

Zuo River PP, PE, PS, PET, PC 100 μm–5 mm Foam, fiber,
fragment, film, pellet

Metagenomics 1211 ARG subtypes, including multidrug
(43.58%), tetracycline (10.88%), MLSB
(10.77%), and glycopeptide (8.71%);
Among these genes, Among them, the
genes macB (MLS), tetA(58) (tetracycline),
novA (aminocoumarin), bcrA (peptide),
and evgS (multidrug) were consistently
detected in high abundance.

[4]

Houxi River PE, PS �75 μm NA HT-qPCR 19–88 ARG subtypes and 7–18 MGE
subtypes, both are significantly lower than
those in SW; dominant with
aminoglycoside and multidrug; the
abundance of ARGs in biofilms ranged
from 0.002 to 0.12 copies/16S rRNA, and
the abundance of ARGs in PE MPs > PS
MPs

[31]

Qinghuai River PET, PLA 5 � 5 mm Fragment Quantitative
real-time
PCR (qPCR)

qnrS and blaNDM-1 were the predominant
ARGs in biofilm, the abundances of ARGs
in biofilm showed depth-decay variations,
and the abundance of ARGs were
PLA > PET > water

[55]

Ganjiang River PE, PP, and
polybutadiene

NA Fragment, fiber,
pellet, and film

qPCR The average abundance of total ARGs in
MP biofilms was 4.8 � 10�2, higher than
that in wood, sediment, and water, but no
statistically significant difference was
observed among the different media;
dominant with sul1, sul2, and ermF

[78]

Northern Gulf of Mexico PET, PHA 3–4 mm Pellet Metagenomics 339 and 335 ARG subtypes in PET and PHA
MPs, higher than SW (310), dominant with
multidrug, MLS, tetracycline, and beta-
lactam; the ARG abundances in PET and
PHA MPs are higher than that in SW

[28]

Zhenhai Bay PP, PE, PET, PHB,
PLA

3–4 mm Fragment qPCR sul1 was the predominant ARG
(approximately 0.01 copies/16S rRNA),
followed by qnrS and blaTEM, and the
abundance of intI1 ranged from 10�4 to
10�2 copies/16S rRNA

[43]

PMMA, polymethyl methacrylate; PP, polypropylene; PC, polycarbonate; PCL, polycaprolactone.
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complex than that in surrounding waters and natural carriers such as
quartz sand [83], rock [19], and minerals [29]. More importantly, MP
biofilms reduced the degradation rates of antibiotics [29], and the high
antibiotic residue in biofilm may further promote the proliferation of
ARGs. Therefore, compared with the natural carrier, MP biofilms have
great advantages for the propagation and spread of ARGs in water
ecosystems.

Some studies have investigated the dynamic evolution of ARGs in MP
biofilms [36,43,55,84]. Results from these studies suggested that the
evolution of ARGs was random over time. As ARGs are intrinsic in the
genomes of bacteria [79], the dynamic of the bacterial community in
biofilm may explain the evolution of ARGs. Chen et al. found that the
dynamic evolution of mcr-1, qnrA, and sul1 genes in PLA biofilm was
consistent with Hydrogenophaga, Nitrospira, and Methyloversatilis [55].
When MPs are transferred to new aquatic environments, the communi-
cation between biofilm bacteria and free-living bacteria would further
result in the evolution of ARGs and even ARG hosts in the plastisphere
and surrounding environments, posing increased threats to the
ecosystem and human health [18].
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4.2. Mechanisms of the propagation of ARGs in MP biofilm

Numerous studies revealed that the HGT process conferred by mobile
genetic elements (MGEs) is critical for the propagation of ARGs in bio-
films [13,14,38,78,85–89]. Though the frequency of HGT occurring in
natural waters is very low [90], the ARG transformation frequencies in
MP biofilms are hundreds of times higher [77,85]. Up to now, more than
100 subtypes of MGEs have been identified in MP biofilms, mainly
consisting of plasmid, transposase, recombinase, insertion sequence (IS),
integrase, and integron [17]. The wide distribution of MGEs in biofilm
strengthens the relationship between bacteria and ARGs, thus inducing
the emergence of new ARG hosts [31]. In addition, the propagation of
ARG hosts through the VGT process also results in the propagation of
ARGs in biofilm (Fig. 4) [91]. Considering the complex transmission and
propagation of ARGs in biofilms, some factors such as antibiotics, heavy
metals, organic pollutants (non-antibiotics), EPS, ARB, and algal
composition can also affect these processes (Fig. 4).

(1) Antibiotics: Several studies revealed that MP biofilm can enrich
antibiotics from surrounding water, thus resulting in a high residue of



Fig. 4. The mechanisms of ARG enrichment in MP biofilms and the influence of potential environmental factors on ARG propagation (elements are collected from
Freepik). ARB, antibiotic-resistant bacteria; HGT, horizontal gene transfer; HMRG, heavy metal resistance gene; MGE, mobile genetic element; ROS, reactive oxygen
species; VGT, vertical gene transfer.
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antibiotics in biofilms, which may further promote the propagation of
ARGs via altering the bacterial community or activating MEGs [12,14,
83]. Co-selection and cross-selection are the mechanisms by which an-
tibiotics promote the propagation of ARGs [92,93]. In biofilms, very low
concentrations of antibiotics may also have a selective effect if they are
bioavailable [94]. In a field experiment, although the concentrations of
antibiotics residual in biofilms were lower than 100 ng/g, the residue
antibiotics in biofilms increased the abundances of sul1, copA, and intI1 in
MP biofilms, and the abundances of ARGs were significantly higher than
that in water and sediment, indicating that biofilm can amplify the se-
lective effects of antibiotics on biofilm-bacteria and further promote the
propagation of ARGs [37]. In addition, MP biofilms slow the degradation
of antibiotics in aquatic environments when compared with natural
substrates (e.g., quartzite), and the high residue of antibiotics in MP
biofilms maintains the high abundances of ARGs for a prolonged period
even if the desorption of antibiotics occurs [29].

(2) Heavy metals: On the one hand, if ARG and heavy metal resis-
tance genes (HMRGs) existed simultaneously on the same MGEs, the
selective pressure of heavy metals on microbes may also induce the
propagation of ARGs through co-selection [95–97]; on the other hand,
low concentrations of heavy metals may increase the contents of reactive
oxygen species (ROS) products, thus promoting the HGT of ARGs [15,58,
88,98]. Excessive ROS generation could also result in the reduction of
ARGs due to decreased HGT of ARGs and even cell death [99,100]. In
addition, heavy metals could also promote the co-selection of ARGs with
antibiotics [14].

(3)Other organic pollutants:Numerous studies evidenced that non-
antibiotic organic pollutants such as antidepressants and polycyclic ar-
omatic hydrocarbons also promoted the spread of ARGs via HGT
[101–103]. According to these published studies, the overproduction of
ROS and universal stress response were also the main mechanisms that
enhanced the efficiency of HGT. In a previous study, the formation of
biofilms on triclocarban-contaminated PE MPs was not impeded, and
triclocarban promoted the propagation of ARGs via MGEs [14].

(4) Extracellular polymeric substances: EPS is beneficial to pro-
moting the propagation of ARGs in biofilm. In EPS, numerous negatively
charged functional groups (e.g., carboxyl, hydroxyl, and phosphate)
provided numerous adsorption sites for environmental pollutants and
extracellular ARGs [104–107], which further promotes ARG prolifera-
tion in biofilms. In previous studies, a positive correlation was observed
between the abundance (or expression) of intI1 and EPS [107,108],
indicating that EPS positively activated the occurrence of HGT. Another
study conducted by Guo et al. also revealed that EPS is essential in
controlling the conjugal transfer of ARGs in biofilm [109].

(5) Antibiotic-resistant bacteria:MP can act as an important harbor
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for ARB and is beneficial for the selective growth of ARB even under the
stress of antibiotics [110]. Meanwhile, ARB in MP biofilm can alleviate
the pressure of antibiotics on antibiotic-sensitive strains to some extent
and finally promote the propagation of ARGs [29]. In a previous study,
ARBs, including Pseudomonas, Aeromonas, and Bacillus, were considered
to promote the propagation of vanA, sul1, and intI1 in MP biofilms under
the stress of antibiotics [111]. Another study conducted in mangroves
also showed that the abundances of Vibrio and Shewanella in MP biofilms
were increased, and the two genera in biofilms showed stronger resis-
tance to antibiotics [22]. In addition, if ARB harbored conjugative
resistant plasmid containing ARGs such as RP4, the high expression of
pili synthesis genes would promote ARG conjugative transfer efficiency
in the MP biofilms and further promote the propagation of related ARGs
[57,112].

(6) Algal composition: Although no relevant studies have been con-
ducted to reveal the contribution of algae to thedistributionofARGs inMP
biofilms, in other areas, algae are shown to regulate the propagation of
ARGs in the phycosphere, with or without the stress of exogenous pol-
lutants via algal–bacteria interaction [113–116]. Importantly, the core
microbiota in the phycosphere is species-specific [117]. According to a
previous study, algae may occupy a more dominant ecological niche in
large MPs (>330 μm) than bacteria [24], and therefore, the composition
of algae in the MP biofilms has unneglected effects on the abundance and
diversity of ARG hosts and further affects the composition of ARGs in
biofilms.

5. MP biofilm acts as the carrier of pathogens

In addition to acting as a reservoir for selective enrichment of ARGs
and environmental pollutants, MPs in aquatic environments are also a
hotspot for pathogens [118]. Compared to the surrounding waters, MPs
provide better survival conditions (e.g., EPS and nutrients) to pathogens
and higher possibilities to transport them to new habitats [19]. Under
extreme conditions, MP itself can be used as a source of carbon and en-
ergy by pathogens [8]. Numerous studies have investigated the compo-
sition of pathogens in biofilms through metagenomic and 16S rRNA
sequencing analysis [4,78,119]. Some cultivable taxa of them, such as
Klebsiella and Vibrio spp., were previously isolated from MP biofilms [21,
120]. The information on pathogens mentioned in recent research is
summarized in Table 3.

5.1. Pathogens in MP biofilm

According to previous studies,Vibrio sp. is regarded as an opportunistic
biofilm former under appropriate growth conditions [121]. Since its first



Table 3
Pathogens in microplastic biofilm in aquatic environments.

Location Sample types MP types Sizes Shapes Microbe
identification
strategy

Main pathogens References

Zuo River Water PP, PE, PS, PET, PC 100 μm–5 mm Foam, fiber,
fragment,
film, pellet

Metagenomics P. aeruginosa,
Salmonella,
Roseomonas sp. and
Betaproteobacteria

[4]

BeiLun River Water PE, PP, PS NA Fiber Metagenomics Human_herpesvirus_3,
Arthrobacter,
Salmonella

[119]

Ganjiang River Water NA �50 μm Fragment (69.6%),
fiber (12.9%),
pellet (8.9%), film
(8.5%)

16S rRNA gene
sequencing

Streptococcus mitis,
Pseudomonas spp., K.
pneumoniae,
Salmonella enterica
and Aeromonas
hydrophila

[78]

Haihe River Water PVC 3 mm Pellets Shotgun
metagenomics

Pseudomonas
monteilii,
P. Mendocina and
P. syringae

[19]

Houxi River Water PE, PS �75 μm NA 16S rRNA gene
sequencing

Mycobacterium spp.,
M. smegmatis,
M. gilvum,
M. abscessus,
K. pneumoniae and
Enterobacter cloacae

[31]

Mondego River Water PP, PE, PET 500–1000 μm Particles Cultivation and BOX-
PCR

E. coli and
K. pneumoniae

[127]

Lake Maggiore Water PP, PET, PBAT, PCL 4 mm Fragments (Squares) 16S rRNA gene
sequencing

Flavobacterium,
Roseomonas and
Legionella

[140]

Taihu Lake Surface water PET (53.4%),
polyester
(11.7%), polyamide
(6.8%)

23.0–4238.9 μm Fibers(92.9%),
fragments(3.87%),
films (2.38%)

Metagenomics P. aeruginosa
(14.3%), Salmonella
enterica (13.6%),
Xanthomonas oryzae
(10.3%), P. syringae
(6.32%), and
Burkholderia
cenocepacia (3.57%)

[20]

East and west coast of
Scotland

Water PE, PS 2–5 mm Beads Cultivation Campylobacter, E.
coli, Intestinal
enterococci, Klebsiella,
P. aeruginosa,
Salmonella and Vibrio
sp

[120]

Northern Gulf of
Mexico

Water PET, PHA 3–4 mm Pellets Metagenomics Candida albicans,
Enterobacter
aerogenes, E. coli and
P. aeruginosa

[28]

Dongshan Bay Water PS, PP, PE, PET, PVC <0.2 mm (particles) Particles: PS, PP,
PET, PVC films: PE

16S rRNA gene
sequencing

Aeromonas,
Escherichia–Shigella,
Mycobacterium,
Pseudomonas,
Staphylococcus,
Streptococcus, Vibrio

[61]

Coastal beaches Water NA �5 μm NA 16S rRNA gene
sequencing

Clostridium,
Aeromonas,
Bifidobacterium,
Escherichia,
Helicobacter,
Streptococcus, Vibrio,
Collinsella and
Photobacterium

[141]

Municipal sewage Sewage PE 53–63 μm Microbeads 16S rRNA gene
sequencing

Arcobacter
cryaerophilus,
Aeromonas
salmonicida, V.
areninigrae and
V. navarrensis.

[122]

Municipal activated
sludge

Sludge PE, PS 85–106 μm Spherical 16S rRNA gene
sequencing

Raoultella
ornithinolytica
Stenotrophomonas
maltophilia

[142]

Forth Catchment,
Scotland

Effluent, water
and estuary

PE 2 mm Beads Cultivation P. aeruginosa and
E. coli

[143]

(continued on next page)
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Table 3 (continued )

Location Sample types MP types Sizes Shapes Microbe
identification
strategy

Main pathogens References

Northwestern
Mediterranean

Surface water,
sediment

NA NA NA Cultivation Vibrio sp., E. coli, and
Pseudomonas sp.

[123]

Mah'ebourg fish farm Water NA NA Ties, buoys, nets and
pipes

16S rRNA sequencing
and Cultivation

V. alginolyticus and
Photobacterium
damselae

[124]

Fish ponds Water NA �300 μm NA 16S rRNA gene
sequencing and
Cultivation

Vibrio sp. [21]
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discovery inmarineMPs collected from theNorthAtlantic [34],Vibrio sp. is
frequently detected in biofilm in various waters with high abundances [21,
61,120,122–124]. For example, the abundance of Vibrio sp. previously
reported in PSMPswas up to 6.95� 104 copies/ng but is lower than that in
wood and surrounding waters (1.16 � 105–3.28 � 105 copies/ng) [121].
Compared to Vibrio sp. in surrounding waters, Vibrio sp. in biofilm showed
high resistance to antibiotics [22] and highly activated metabolic activity
[125], suggesting that Vibrio sp. transferred by MPs is easy to cause out-
breaks of diseases and reduces the therapeutic effect of antibiotics.

In addition to Vibrio sp., some pathogens such as Klebsiella, Pseudo-
monas, and Salmonella spp. are also found to be selectively enriched in
biofilm with high antibiotic resistance and possess various ARGs (e.g.,
gyrA, qnrS, and sul1) [120,126,127]. The acquisition of ARGs by patho-
gens is mainly through HGT or gene mutation. In Houxi River, Myco-
bacterium smegmatis not only had a significant co-occurring relationship
with ARGs but also significantly and positively with MGEs [31], high-
lighting the propagation of ARGs in pathogens via HGT. In Mondego
River, the ciprofloxacin-resistant phenotype of the Enterobacteriaceae
strains in PP, PE, and PET MPs was conferred by two mutant genes-gyrA
and parC [127]. The study also revealed that the pollutants, especially
enrofloxacin and ciprofloxacin absorbed in biofilms, may be responsible
for the emergence of antibiotic-resistant pathogens.

5.2. Threats of pathogen-colonized MPs on aquatic organisms

In aquatic environments, MPs carrying pathogens can later be
ingested by aquatic organisms through food chains. Numerous studies
have confirmed that aquatic organisms, especially filter feeders, easily
take up MP particles from their surrounding water [128]. Although MPs
are retained in aquatic organisms within a limited time in most situa-
tions, pathogens may be released into the intestine during the digestion
process, further causing the outbreak of infections. A recent study
showed that the pathogen-colonized plastic debris increased the
outbreak frequency of disease in corals from 4% to 89% [129]. Another
study revealed that the uptake of Escherichia coli-coated MPs by Ostrea
edulis was significantly higher than virgin MPs, and the ingested
E. coli-coated MPs further significantly increased the oxygen consump-
tion and respiration rate of oysters over time. However, the virgin MPs
didn't induce any measurable significant physiological responses [130].
In addition, a study conducted on Daphnia magna directly demonstrated
the pathogen transfer via MPs ingestion [131]. Results from this study
showed that Shigella flexneri (a human pathogen with sulfonamides
resistance) colonized PS MPs were ingested by D. magna and blocked in
their intestine after 24 h exposure. The expression of some functional
genes involved in energy and metabolism, oxidative stress response,
growth, etc. was changed after treatment. Importantly, the sul1 gene
was detected in D. magna after treatment with S. flexneri colonized PS
MPs.

6. Environmental implication of MP biofilms in aquatic
environments

Since MPs were first released into the aquatic environments, the
colonization of microorganisms and adsorption of organic pollutants
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such as antibiotics in MP biofilms have occurred continuously. Within
MP biofilms, absorbed antibiotics put selective pressure on bacteria and
further promote the propagation of ARGs and pathogens, and microor-
ganisms accelerate the degradation and desorption of antibiotics in re-
turn. Though the interactions occurring in biofilms are dynamic and
complex, and the compositions of biota and abiotic members vary greatly
during the lifecycle of MPs, potential ecological risks to aquatic ecosys-
tems and humans caused by MPs are always increased. In addition to
exchanging ARGs with the surrounding bacteria when MPs floated to
new environments, antibiotics released from MP biofilms also act as a
new source of pollutants.

In water ecosystems, MP biofilms always have adverse effects on
aquatic biota [132]. After ingested by aquatic biota, organic pollutants,
ARGs, ARG hosts, and pathogens may release from biofilms, and induce
the development of antibiotic resistance and even the outbreak of dis-
eases (Fig. 5). As described in a previous study, PS MPs significantly
increased the residual concentrations of roxithromycin in the gut of
Carassius auratus for a long time, the bioaccumulated roxithromycin
further promoted the propagation of ARGs via ARG hosts [133]. A recent
study conducted on zebrafish (six months old) revealed that
OTC-adsorbed PS MP biofilms induced ROS response and microbiome
dysbiosis in the gut [134]. In addition, the abundance of pathogens and
ARGs (especially multidrug and macrolide) was also significantly
increased. Studies on O. edulis [130], D. magna [131], submerged plants
[135,136], free-floating macrophytes [137], and algae [138] also
showed the harmful effects of MP biofilms. Therefore, the appropriate
management of MP pollution in aquatic environments is an urgent
problem for the future.

7. Challenges and perspectives

Our review summarizes the MP biofilm formation, and its interaction
with antibiotics, ARGs, and pathogens in aquatic environments. The
biofilm formation of MPs is a complicated process and can be influenced
by several factors. Compared to virgin MPs, biofilm enhances the
adsorption capacity of MPs to pollutants such as antibiotics. In addition,
ARGs and pathogens are selectively enriched in biofilms, which may
further threaten the health of aquatic ecosystems and humans. Although
the fate and behavior of MP biofilms have been widely investigated in
published studies, a deep understanding of the roles that MP biofilms
play in aquatic environments is still needed. Challenges in further studies
that need to be overcome are described as follows:

(1) The effects of environmental conditions and the properties of
MPs on the formation of MP biofilms have been frequently investigated
in many studies, but fewer studies focus on the effects of plastic addi-
tives (e.g., plasticizers). Actually, plasticizers such as phthalate acid
esters are contained in many plastic products. When these plastic
products break down into MP in aquatic environments, the phthalate
acid esters originating from MPs themselves may affect the colonization
of microorganisms in MPs after being released. Therefore, how plasti-
cizers affect the formation of MP biofilms deserves to be investigated in
further studies.

(2) Recently published research has primarily focused on the roles of
bacteria in MP biofilms, while the roles of microalgae, fungi, and viruses



Fig. 5. The potential interactions among MP biofilms, aquatic biota, and gut microbes after the ingestion of MPs by aquatic biota. The release of antibiotics and
pathogens into the gut and ARGs exchanged between biofilm bacteria and gut microbes, and the induced ROS response of aquatic biota by MPs (elements are collected
from Freepik).
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in biofilms are often neglected. In large MPs or plastic debris, algae may
occupy a more dominant ecological niche than bacteria. Importantly,
algae can control the compositions of bacteria or ARGs in the phyco-
sphere (or surrounding environments) via algal–bacteria interaction, and
the core microbiota in the phycosphere is species-specific. Therefore, the
roles of these microorganisms, especially microalgae, in ARGs propaga-
tion need futher investigations.

(3) The adsorption and desorption of antibiotics in MP biofilms
revealed by published studies are almost conducted in laboratory con-
ditions. However, the adsorption and desorption of antibiotics in actual
environments can be affected by many unpredictable factors such as
temperature and nutrients. Therefore, field studies are needed in the
future.

(4) The bacteria and virus communities in MP biofilms have been
sufficiently investigated in published studies, but the mechanism by
which bacteria and viruses colonized in MP biofilms is still a gap. Most of
the present results suggest that the colonization of microbes onMPs is not
highly biased; however, whether bacteria with conjugative plasmids or
QS systems preferentially colonize on the MPs surface is still worth
further investigation.

(5) Numerous studies only investigated the abundances of ARGs in
MP biofilms via metagenomic analysis or HT-qPCR, and ARGs with high
abundances were considered the predominant ARGs. However, the high
abundance of ARGs is not equal to the high expression of ARGs in bio-
films, whether these high abundance ARGs are activated in MP biofilms
is still unknown. To solve this issue, methods such as meta-
transcriptomics should be used jointly to reveal the “true” ARGs in MP
biofilms.

(6) In many studies, the bacteria significantly and positively
correlated with ARGs would be considered as the hosts of ARGs.
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Whereas, a high correlation coefficient only indicates a good co-
occurrence pattern of bacteria and ARGs, whether the ARGs are
located on the genome or plasmid of the target bacteria is still un-
known. What's more, there are no uniform standards for R- and P-
values in identifying ARG hosts, and the accuracy of the R- and P-
values is highly dependent on the number of samples. These afore-
mentioned limitations will further affect the identification of real ARG
hosts. In future studies, methods such as the voting mechanism used in
metagenomics should be applied to more accurately identify ARG
hosts. The detailed information on related methods to identify ARG
hosts is listed as follows: ARG relative open reading frames were first
annotated with DeepARG software and identified as ARG-like ORFs.
The amino acid sequences of ORFs in contigs carrying ARGs (ARC)
were subsequently extracted and annotated to the NCBI-NR database
to identify the potential ARC hosts (e-value � 1e-5, Diamond, blastp
method). The voting mechanism was finally used to determine the
taxonomic annotation of ARC hosts: If more than 50% of the ARG-like
ORFs on each ARC were assigned to the same taxon, the ARC was
assigned to the corresponding taxonomic rank (domain/kingdom/
phylum/class/order/family/genus) [139].
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