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Abstract: Microplastics (MPs), which result from the breakdown of plastic waste, have become
ubiquitous in various environmental compartments. The “plastisphere”, referring to the unique
bacterial communities inhabiting plastic debris, includes pathogens and antibiotic resistance genes.
Wastewater treatment plants (WWTPs) are hotspots for plastisphere formation, but significant releases
of MPs still occur. This study investigates the microbial communities on polystyrene (PS) MPs through
in situ deployment across primary, secondary, and tertiary WWTP stages. Biofilms formed on the PS
MPs exhibited greater bacterial diversity than background waters. Certain genera acted as pioneers in
the biofilms, attracting and facilitating the accumulation of other microbes from background waters.
The biofilms formed on the MPs became more resistant to treatment processes compared to freely
floating bacteria. This study sheds light on the evolution of microbial communities on MPs within
WWTPs and their roles as carriers of microbes in effluents, with implications for environmental and
public health. Understanding these dynamics is crucial for effective control over MPs and microbial
pollution in WWTPs.
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1. Introduction

Plastics have gained immense popularity as synthetic materials due to their high
durability, lightweight nature, and cost-effectiveness, resulting in the production of mil-
lions of tons every year [1,2]. However, only a small proportion of plastics are recycled
or incinerated, while the majority accumulate as plastic waste in the environment. Mi-
croplastics (MPs), defined by the NOAA as plastic fragments ranging in size from 1 µm
to 5 mm, are generated from larger plastic items through processes such as biological,
chemical, and physical weathering [1,3,4]. As a consequence, MPs are pervasive across
various environmental domains such as soils, aquatic ecosystems, wildlife habitats, and
even the atmosphere [5–8].

The term “plastisphere” refers to the unique bacterial communities that inhabit plastic
debris, characterized by interactions between co-occurring organisms in their environ-
ment [9,10]. Wastewater treatment plants (WWTPs) have been recognized as hotspots
for the formation of plastispheres, functioning as transporters of bacteria [11,12]. Despite
achieving high removal rates of 90~99% for MPs through WWTP processes [13–16], a signifi-
cant fraction of MP particles ranging from 2× 106~4× 109 MPs per day can still be released
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from a single WWTP effluent, raising concerns regarding the transport of MPs carrying
bacteria [17–19]. Notably, Kelly et al. (2021) [20] reported high abundances of Xanthomonas
and Campylobacteraceae on fiber types of MPs, while Betaproteobacteria and Gammaproteobacte-
ria were found to be prevalent on the surface of PE in an effluent [21]. Other recent studies
demonstrated how MPs can serve as protective habitats for pathogenic bacteria or ARGs
such as Streptococcus, Pseudomonas, Lactobacillus, and Acinetobacter, enabling them to survive
disinfection processes referred to as the “umbrella effect” [21–24].

However, the existing studies primarily focused on analyzing the microbial community
compositions of biofilms formed on MPs under controlled conditions that often represented
fragmented segments of the WWTP process. These conditions often replicated specific
treatment stages within the WWTP process, but they often did not provide insights into the
consecutive formation of biofilms on MPs as they progressed through the entire WWPT
treatment process. Moreover, these studies mainly centered on target microorganisms such
as human microbiota or pathogens, neglecting the broader microbial diversity present on
MPs [20–24]. Considering that the formation and maturation of biofilms are significantly
influenced by environmental conditions [10,25], it is crucial to investigate the dynamic
changes and distinctive features of the microbial communities that develop on MPs via in
situ incubation within the real WWTP process.

Hence, this study aimed to investigate variations in the characteristics of microbial
communities formed on the surfaces of MPs as they traversed the primary, secondary,
and tertiary treatment stages of WWTPs. We hypothesized that the compositions of the
microbial communities on MPs are altered as they pass through each WWTP stage. To gain
insight into the influences of the abiotic and biotic factors present in WWTPs, as well as the
impact of previous stages on the formation of biofilms on MPs in a real-world setting, all
experiments were conducted via in situ incubation within the operational stages, ranging
from the primary to tertiary treatment of WWTPs. Polystyrene (PS) was selected as a
representative MP due to its high detection frequency in WWTPs [26]. Granular pieces of
PS, with sizes ranging from 2 to 3 mm, were sequentially deployed from the primary to the
tertiary treatment stages for a duration of 7 days per treatment. The physical morphology of
the biofilm was analyzed using microscopic techniques, while the compositions of microbial
communities within the biofilms on the MPs were investigated using a next generation
sequencing (NGS) analysis. By examining the microbial communities on MPs across the
WWTP stages, this study will enhance our understanding of how these communities evolve
and adapt within the complex WWTP environment. Furthermore, the findings will provide
valuable insights into the potential role of MPs as microbial carriers and contribute to the
development of effective strategies for MPs and associated microbial pollution control
in WWTPs.

2. Materials and Methods
2.1. Description of the WWTP

Samplers containing MPs were deployed from 21 February to 14 March 2022 at a
WWTP facility located in Ilsanseo-Gu, Goyang-Si, Gyeonggi-Do, South Korea (37◦39′33′′ N,
126◦43′30′′ E). The WWTP in Ilsanseo-Gu consists of a tertiary advanced-treatment system
with a capacity of 270,000 m3/day, an average inflow rate of 189,265 m3/day, and an
effluent flow rate of 180,636 m3/day (Table 1). A schematic diagram of the WWTP treatment
process is provided in Figure 1. Previous studies reported that the Ilsanseo-Gu WWTP
removes approximately 97.8% of MPs, with a detection of 595.4 MPs particles/L in the
influent and 13.1 MPs/L in the final effluent [8]. The Ilsan WWTP operates in multiple
phases, with primary settling occurring in the initial treatment phase, followed by a
secondary treatment phase that relies on the presence of specific beneficial microorganisms
within the biofilms of the PS MPs. In the subsequent tertiary treatment phase, which
includes disinfection processes, there is a noticeable trend toward reducing bacterial cell
numbers. Therefore, each WWTP treatment stage supports different microbial communities,
significantly affecting the composition of the microorganisms in the biofilm.
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Table 1. Information on the influent and effluent flow rates of the Ilsan WWTP during the incuba-
tion period.

Date Influent Flow Rate (m3/d) Effluent Flow Rate (m3/d)

21 February 190,483 180,619
22 February 198,156 189,031
23 February 188,177 175,208
24 February 173,533 164,001
25 February 183,788 188,776
26 February 184,733 184,461
27 February 176,604 171,453
28 February 185,600 174,135

1 March 309,517 262,622
2 March 183,798 179,252
3 March 184,328 176,680
4 March 183,367 174,389
5 March 175,715 167,251
6 March 183,289 177,079
7 March 180,822 176,478
8 March 188,371 181,152
9 March 186,326 182,325

10 March 188,041 184,768
11 March 171,762 170,640
12 March 182,149 171,640
13 March 177,429 167,192
14 March 187,904 174,614

Avg. ± sd. 189,265 ± 27,519 180,636 ± 19,500
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Figure 1. Schematic diagram of the WWTP treatment process and the locations of the samplers.

PS MPs with a density of 0.96~1.05 g/cm3, spherical in shape and with a natural color
and a size of 2~3 mm, were purchased from GFM in South Korea without any additives. The
MPs had dimensions ranging from 2 to 3 mm, and larger sizes compared to microorganisms
were deliberately chosen. This choice was made to enable a more precise and focused
observation of their interactions. Prior to use, 30 g of PS was washed with deionized (DI)
water. Subsequently, the PS MPs were placed in a 7 cm diameter metallic cage with a pore
size of 500~600 µm, allowing wastewater and microorganisms to pass through the cage
freely while holding the MPs securely. Two of these metallic cages, each containing 30 g
of PS MPs, were placed into a single sampler, resulting in each sampler containing 60 g
of PS MPs. The samplers were deployed at a depth of 30 cm below the water surface in
the WWTP treatment area to simulate the presence of floating MPs in the real world. All
samplers were prepared in duplicate. Thus, six samplers, each containing twelve metallic
cages filled with PS MPs, were used.
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2.2. Experiment Design: Deployment of MPs in the WWTPs

Six PS samplers were deployed in total for a duration of 7 days at a depth of 30 cm in
the primary treatment stage of the WWTP. After the 7-day deployment period, two out of
the six samplers were destructed and analyzed. The remaining four samplers were then
transferred to the secondary treatment stage and deployed for an additional week. The
rationale behind our decision to use a 7-day timeframe was to create a stable environment
conducive to biofilm growth while preventing early colonization, which is typically defined
within the first 24 to 48 h. Following 7 days of deployment in the secondary treatment,
two samplers containing PS were destructed and stored at −80 ◦C for subsequent analysis.
Finally, the remaining two PS samplers were moved to the tertiary treatment stage and
deployed for another 7 days, resulting in a total deployment period of 21 days. Detailed
sampler locations are provided in Figure 1.

To obtain a representative sample of the bacterial community in the surrounding water,
hereafter referred to as background water, 50 mL of background water was collected from
the primary, secondary, and tertiary treatments of the WWTPs. These samples were then
compared with the microbial communities present on the MPs.

2.3. Microbial Analyses
2.3.1. Morphology Analysis

The morphology of the MPs associated with a biofilm was examined using scanning
electron microscopy (SEM). For the SEM analysis, 2~3 MP samples were immersed in 2 mL
of 4% paraformaldehyde for 24 h to fix them. Subsequently, the samples were dehydrated
using a graded ethanol series in phosphate-buffered saline (PBS), with each concentration
(30%, 50%, 75%, and 95%) applied for 10 min, followed by three 15-min incubations in
100% ethanol. After air-drying the samples, they were loaded onto specimen stubs, coated
with gold using an ion sputter (E1045, Hitachi, Tokyo, Japan), and examined in secondary
electron (SE) mode at 5 kV with the desired magnification.

The cells within the biofilms grown on the surfaces of the MPs were visualized using
the fluorescent dye 4′6-Diamidino-2-Phenylindole (DAPI). To prepare the samples, the
MPs with a biofilm were fixed in the dark at 4 ◦C for 30 min. After staining, the MPs
were filtered through a 0.2 µm pore size black polycarbonate membrane (ADVANTEC,
Whatman) and plated onto a glass microscope slide. The cells stained with DAPI were
then observed under blue fluorescence (excitation wavelength of 355~405 nm, emission
wavelength of 420~480 nm) with a 30 s exposure time to prevent color fading.

2.3.2. DNA Extraction and High-Throughput Sequencing

DNA extraction was carried out for the background water samples and for the MP
biofilm samples which were sequentially deployed from the primary, secondary, and
tertiary treatments. For the background water samples, particles and cells in the specified
volume (50 mL) of each duplicate sample were collected via centrifugation at 13,000 rpm
for 10 min. Regarding the MP biofilm samples, 0.5 g of a PS MP sample was utilized for
DNA extraction. A FastDNA Spin kit (MP Biomedical, Santa Ana, CA, USA) was used for
DNA extraction, according to the manufacturer’s instructions. The extracted DNA was
stored at −80 ◦C for a subsequent molecular analysis.

To target the bacterial 16S rRNA gene, the V3-V4 region was amplified using spe-
cific primers, namely 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GGACTA
CHVGGGTATCTAATCC-3′). Overhang barcode sequences were attached to these primers
to allow for multiplexing and sample identification. The extracted DNA served as the
template in the PCR amplification reaction. The PCR products underwent amplicon library
preparation, following the Illumina 16S Metagenomic Sequencing Library Preparation Part
#15,044,223 Rev. B protocol.
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2.3.3. Bacterial Community Analysis

To examine the microbial community structure, the Illumina MiSeq platform (Illumina,
San Diego, CA, USA) at Macrogen Inc. (Seoul, Republic of Korea) was employed. The
amplicon library preparation followed the protocol of the Illumina 16S Metagenomic
Sequencing Library preparation Part #15,044,223 Rev.B. The sequencing data obtained from
the samples were analyzed using the Quantitative Insights Into the Microbial Ecology
Program (QIIME 2021.4) [27,28].

The sequence data underwent quality filtering, and operational taxonomic units
(OTUs) were selected at a 97% identity threshold using relevant plugins, which were con-
sistent with previous research protocols [29,30]. The detailed parameters used in these
processes were in accordance with the previous study. For assigning the phylogenetic posi-
tion to each OTU’s representative sequence, the scikit-learn multinomial native Bayesian
classifier (ver. 0.24.1), trained with the SILVA database (release ver. 132), was utilized,
following the methodology described by Bokulich et al. in 2018 [31–34]. The sequence data
used in this study are available from the NCBI Sequence Read Archive (SRA) database
under the accession number PRJNA996998.

Statistical analyses were conducted to analyze the feature table of the obtained OTUs.
Shannon’s diversity and the species richness of the microbial community in each sample
were calculated. The Bray–Curtis distance was computed to measure the dissimilarity
between samples, and a non-metric dimensional scaling (nMDS) plot was generated for
visualization purposes, using a try value of 100. The significance of the differences between
groups was assessed using the analysis of similarity (ANOSIM) with 999 permutations.
These statistical analyses were performed using the vegan R Package (Version 2.5-7) (https:
//github.com/vegandevs/vegan, accessed on 28 November 2020) [35–37]. By employing
these sequencing and statistical analysis approaches, this study aimed to gain insights into
the microbial community structure and diversity associated with MPs in the WWTPs.

3. Results and Discussion
3.1. The Morphology of the Biofilms on the PS

A SEM analysis was conducted to investigate the morphology of the microorganisms
attached on the surface of PS deployed from the primary to tertiary treatments (Figure 2c–e).
The results clearly demonstrated the presence of microorganisms on the surface of the PS
when deployed in the WWTPs in contrast to the bare MPs, which exhibited only a smooth
surface (Figure 2a,b). Upon examining the surface of the PS, we observed heterogeneous
assemblages of microorganisms, including both spherical and rod-shaped forms.

Initially, we hypothesized that there would be a distinct difference in the morphology
of the microorganisms on the surface of the PS depending on the stages of the WWTP
due to the different surrounding water conditions. However, it is difficult to observe
the differences in the morphology of the microorganisms among the different treatment
stages using the SEM results. However, the SEM data confirmed that the plastisphere was
well-structured on the PS deployed in the primary, secondary and tertiary treatments of
the WWTP.

3.2. Bacterial Community Diversity and Clustering

Bacterial diversity was estimated using α-components, including the Shannon index
(diversity) and the Chao1 Index (richness), as shown in Table 1. In the background water
samples without biofilms, the α-diversity of the primary treatment exhibited higher values
(4.19± 0.20 for Shannon’s Index and 340± 103 for richness) compared to the secondary and
tertiary treatments. In the secondary treatment, specific beneficial bacterial strains became
predominant, contributing to the effectiveness of biological treatment. In the tertiary
treatment, which includes disinfection, the goal is to reduce both the abundance and
diversity of microorganisms to prove water clarity. As a result, the inclusion of additional
wastewater treatment phases led to a decrease in the diversity of the microorganisms in
the water. Specifically, in the secondary treatment, specific beneficial bacteria became

https://github.com/vegandevs/vegan
https://github.com/vegandevs/vegan
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predominant, contributing to the effectiveness of the biological treatment, and the tertiary
treatment, which included disinfection, resulted in reductions in both the abundance and
diversity of the microorganisms to prove the clarity of the water. Similarly, the biofilm
samples found on the PS in the primary treatment displayed higher α-diversity indexes
than those in the secondary and tertiary treatments.
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the surface of the PS.

When comparing α-diversity between the background water samples (without MPs)
and the biofilm on the PS, both Shannon’s index and richness show an increase of more than
~1 in the latter. This means that the free-floating microbial community in the background
water is less diverse than the biofilm development on the PS. However, this result is
controversial, as some studies have indicated a decrease in microbial diversity with biofilm
development [38,39], while others reported increased diversity in the presence of PS [40–42].
This discrepancy could be attributed to the “umbrella effect” of MPs on the survival and
growth of microorganisms in wastewater, but their effects seem to be influenced by the
chemical and physical properties of MPs, as well as environmental conditions [43–45]. It is
plausible that the formation of an extracellular polymeric substance (EPS) plays a crucial
role in the formation, stability, and functioning of microcolonies on the PS. Therefore,
in this study, the EPS formed on the PS likely attracts diverse microorganisms from the
surrounding water, leading to their accumulation and growth within the biofilm [46–48].

A dendrogram with hierarchical grouping (Figure 3) clearly demonstrates a distinct
categorization of bacterial communities between the background water and the biofilms
on the PS MP samples. Among the background waters, the samples collected from the
secondary and tertiary treatments showed greater similarity compared to the primary
treatment. This suggests that while there was a high abundance of diverse, free-floating
microorganisms in the primary treatment, their abundance was significantly reduced when
they underwent the secondary treatment; this is also supported by the α-diversity data
presented in Table 2.
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Table 2. The α-diversity of the microbial communities in the background water and on the PS
samples.

Sample ID Description Shannon’s
Index Richness

P-B Background water of primary treatment 4.19 ± 0.20 340 ± 103
S-B Background water of secondary treatment 3.10 ± 0.20 187 ± 17
T-B Background water of tertiary treatment 3.55 ± 0.06 275 ± 60

P-PS PS in primary treatment 5.06 ± 0.005 447 ± 13
S-PS PS in secondary treatment 4.97 ± 0.03 444 ± 29
T-PS PS in tertiary treatment 4.97 ± 0.01 420 ± 18

However, unlike the background water samples, the biofilm PS samples exhibit a
closer distance between the PS deployed in the primary treatment and those subsequently
deployed in the secondary treatment. On the other hand, the PS sequentially deployed
in the tertiary treatments show distinct patterns compared to the others. Based on this
observation, it is hypothesized that initial microbial colonization on the surface of the PS in
the primary treatment may induce the attachment of bacteria from the secondary clarifier,
persisting through the biological process of the secondary treatment. These attached
bacteria may then be detached during their passage through the tertiary treatment, leading
to a distinct pattern of bacterial clustering in the biofilm. Thus, these results indicate that the
biofilm on the PS is beneficial in resisting the biological treatment process of the secondary
treatment compared to the freely floating bacteria in the surrounding waters. However, it
is sensitive to being affected by the tertiary chemical treatment.

In the process of the initial formation of a biofilm and its development, environmental
conditions such as temperature, pH, oxygen levels, and components play critical roles
in determining the biofilm’s structure and composition [47,49]. Specifically, P. aeruginosa,
the most common bacteria known for forming biofilms, exhibits the formation of rod-
shaped cells under oxygen-rich conditions, whereas elongated, filamentous cells are formed
under oxygen-deprived conditions. Consequently, the structure and characteristics of the
biofilm formed are profoundly influenced by these environmental factors [47,49]. This
study’s results suggest that the microbial community within the biofilm on the PS surfaces
varies according to the specific environmental conditions applied in each treatment. This
underscores the pivotal role of biofilms on PS as carriers of microbes in the WWTP process.
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3.3. Bacterial Community Composition and Structure

In both the background waters and PS samples, the bacterial phyla were categorized
into five major phyla representing an average abundance of 5% peak abundance in one
sample, with additional unclassified bacteria and a minor phylum (Figure 4). At the phy-
lum level, the bacterial communities of all sample types, including background waters and
PS, were predominantly composed of Gammaproteobacteria and Bacteroidota. Among
the background water samples, the phylum compositions in the secondary and tertiary
treatment background waters are more similar when compared to the primary treatment
background water. Specifically, in the primary treatment background water, Gammapro-
teobacteria (58.2 ± 4.4%) dominated the bacterial community, but their relative abundance
was reduced in the secondary and tertiary treatments. In contrast, the relative abundances
of Patescibacteria and Actinobacteria increased in the secondary treatment background
water (17.5 ± 0.2% for Patescibacteria and 11.2 ± 2.8% for Actinobacteria) and tertiary treat-
ment background water (11.9 ± 0.2% for Patescibacteria and 7.8 ± 1.1% for Actinobacteria).
The observation that the abundance of Patescibacteria increased in the secondary treatment
background water is plausible, considering that Patescibacteria are frequently detected,
especially in activated sludges [50–52]. This increase in the abundance of Patescibacteria in
the secondary treatment may be attributed to the introduction of return sludge containing
a higher concentration of Patescibacteria. In a comparison of the relative abundances of
bacterial communities between the background waters and the biofilm on the PS, it was
observed that the abundance of Gammaproteobacteria decreased while the abundance of
Bacteroidota increased in the PS samples when they were deployed in all WWTP treat-
ments. Gammaproteobacteria are well known as primary colonizers, and Bacteroidota
act as secondary colonizers in the formation of biofilms on MPs deployed in various en-
vironments such as WWTPs, riverine fresh water, and marine ecosystems [10,38,53–55].
Based on this, a hypothesis can be formulated that the reduced Gammaproteobacteria may
function as pioneers in the initial stages of biofilm formation on the PS, and they may have
been consumed or outcompeted by Bacteroidota during the later stages. An interesting
finding is that the proportion of Firmicutes in the PS was notably increased compared
to the background water samples, particularly in the primary treatment. Firmicutes are
known to be chemically degrading bacteria and are strongly resistant to extreme environ-
ments [56,57]. Therefore, it is plausible that Firmicutes preferentially attach to the PS due to
their capability to degrade organic functional groups in the PS, as well as other bacteria and
nutrients adsorbed on the biofilm on the PS. This may contribute to their higher abundance
in the biofilm formed on the PS compared to the background waters.

To track the evolution of bacterial communities in the biofilm of PS undergoing treat-
ments, from the primary to tertiary stages, it was observed that there was little difference
in the proportion of Bacteroidota between the primary and secondary treatments, with
values of 41.5 ± 0.3% and 40.0 ± 2.7%, respectively. A noticeable decrease in abundance
was observed in the tertiary treatment (25.8 ± 0.4%). Additionally, the abundance of
Firmicutes continuously decreased as the PS underwent the WWTP process from the pri-
mary to tertiary treatments, showing 18.2 ± 0.6% for the primary treatment, 11.2 ± 0.1
for the secondary treatment, and 4.7 ± 0.1% for the tertiary treatment. This suggests that
Firmicutes, which attach to the biofilm by consuming organic/inorganic materials present
in the biofilm, may be detached due to the depletion of these materials in the biofilm as
the WWTP treatments are added, either indirectly and/or by the action of disinfection
treatments that occur in the tertiary stage. These observations indicate that the composition
of the bacterial communities in the biofilm of PS undergoes dynamic changes throughout
the WWTP process. The decreases in the abundances of Bacteroidota and Firmicutes in
the tertiary treatment suggests that certain bacterial groups may be more sensitive to the
changing conditions and treatments in the later stage of the WWTP process.
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Bacterial phyla which accounted for less than 5% across the samples were summed as “Minor phyla
(<5%)”.

3.4. In-Depth Microbiome at the Genus Level

The bacterial communities in both the background waters and biofilms on the PS
were analyzed at the genus level to gain comprehensive insights into their compositional
structures and functional attributes (Figure 5). Comparing the relative abundances of
genera between background waters and the biofilms on the PS revealed a more diverse
distribution of genera on the PS, with certain specific genera showing higher relative
abundances (20~25%) in the background waters, while all the genera found on the PS had
a relative abundance smaller than 10%.

In the background waters, the relative abundances and compositions of genera in
the secondary and tertiary treatments were similar, whereas the primary treatment back-
ground water differed significantly. The primary treatment background water had a more
diverse distribution of genera, while both the secondary and tertiary treatment background
waters exhibited a more focused distribution, indicating that diverse genera in the pri-
mary treatment were reduced or eliminated by going through the secondary and tertiary
treatments. Notably, Polarmonas dominated the primary treatment background water
but was absent in the secondary and tertiary treatments. Conversely, Flavobacterium and
Saccharimonadales increased in both the secondary and tertiary treatments. Additionally,
Polynucleobacter and Fluviicola, which were not present in the primary treatment back-
ground waters, were found in the secondary and in the tertiary treatments, respectively,
which may be hypothesized to be due to the introduction of return sludge.
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Figure 5. Relative abundances (%) of genera observed in the background water samples from
primary, secondary, and tertiary treatments (represented in gray) and on the PS surfaces deployed in
the primary, sequentially secondary, and tertiary treatments (represented in orange). The size of each
circle corresponds to the % of relative abundance.

In the biofilms on the PS MP samples, similar to the background water samples,
the pattern of genera found in the secondary treatment was also present in the tertiary
treatment, differing from that of the primary treatment. While a significant difference at
the genus level was observed between the background water of the primary treatment and
the background water of the secondary and tertiary treatments, not much difference was
observed in the PS samples among the treatment stages. This indicates that once they were
attached to the surfaces of the PS MPs in the primary treatment, their relative abundance
was either increased or decreased but not completely altered.

For the PS deployed in the primary treatment, Psedomonas, Pseudarcobacter, Methy-
lotenera, Polaromonas, and Rhodoferax almost disappeared or significantly diminished
in the biofilm on the PS compared the primary treatment background water, suggesting
they do not prefer to attach to the PS surface PS. Conversely, the relative abundances of
Vagococcus and Acinetobacter increased on the PS samples deployed in the primary treat-
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ment, indicating their preference for attachment to PS. Acinetobacter, known for causing
human infectious diseases such as nosocomial infections, was also reported to be more
abundant on effluent MPs, suggesting that bacterial assemblages colonizing MPs can influ-
ence their fates within WWTPs [20,58]. In addition, Kelly et al. (2021) demonstrated a high
abundance of Psedomonas on the surfaces of MPs present in an effluent [20]. Additionally,
Pseudarcobacter constituted 29.5% of the microbial communities on the MPs [59], which
supports the selective attachment of this species to the surfaces of MPs.

Contrary to the initial hypothesis, approximately 10 out of 25 genera found in the
primary treatment showed consistent or increased relative abundances as the PS traversed
the WWTP treatments. These genera, including JGI_0001001.H03, Gordonia, AAP99,
Candidatus Accumulibacter, Thermomonas, Nitrospira, Zoogloea, Dechloromonas, and
Saccharimonadales, may act as pioneers, attracting and facilitating the accumulation and
growth of the certain genera on the PS with resistance to disinfection treatment, leading
to an increased abundance in the biofilm. Thus, taken together, it can be inferred that the
microbes present in the background waters selectively colonized the surfaces of the PS MPs.
The microbial communities attached to the PS MPs in the primary background acted as
pioneers, facilitating the accumulation and growth of other subsequent microbes, leading
to the formation of succession biofilms. Additionally, these biofilms formed on the PS may
play a role in resisting the disinfection processes in WWTPs, potentially altering their fate
as carriers of microbes in the effluents of WWTPs.

Many reports have revealed that the surfaces of MPs in WWTPs can serve as a breed-
ing grounds for pathogens, as well as antibiotic resistance bacteria (ARBs) and antibiotic
resistance genes (ARGs) [60–62]. For example, Perveen et al. (2023) [11] reported that
Pseudomonas, Aeromonas, and Bacillus among ARBs and intl1 existed with high relative
abundances on the surface of polystyrene (PS) MPs in a WWTP effluent. Another study
showed that polyethylene (PE) MPs function as reservoirs of Thermoanaerobacter, Te-
pidimicrobium, Sporanaerobacter, Lutispora, Caldicoprobacter, and Methanothermobacter,
which are known as ARBs, in the activated sludge of WWTPs [63]. Therefore, considering
the results of previous studies and these observations in this study highlights the impor-
tance of understanding the dynamics of microbial communities on MPs within WWTPs
and their potential implications for environmental and public health.

4. Conclusions

This study investigated how microbial communities on PS change as they traverse
through different stages of WWTPs, including primary, secondary, and tertiary treatments.
During the primary treatment, microbial colonization on PS sets the stage for subsequent
colonization, and biofilms offer favorable environments for robust microorganisms. Thus,
certain microbes from background waters exhibited a preference for attaching to the sur-
faces of PS MPs, with the initial microbial communities in the primary treatment acting
as pioneers. This transition led to alterations in the bacterial communities in the biofilm,
with enhanced resistance to disinfection processes, maintaining or even increasing their
abundance as they progressed through the WWTP treatments.

The presence of diverse microbial communities on the PS and their resistance to
treatment processes raise concerns about MPs as potential carriers of microbial pollutants
in WWTP effluents. The persistence of pathogenic bacteria and antibiotic resistance genes
on MPs within the plastisphere emphasizes the need for effective strategies to control MPs
and associated microbial pollution in WWTPs.

In conclusion, this study enhances our understanding of the formation and dynamics
of microbial communities on MPs within WWTPs. This information is beneficial for
developing strategies for the removal of MPs and elucidating the fate of MPs and associated
microbes within WWTPs. The formation of biofilms on MPs is a critical aspect, emphasizing
their role as carriers of diverse microorganisms and their implications for environmental
and public health. Further efforts should focus on understanding the factors influencing
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biofilm development on MPs and their fate during WWTP processes, contributing to a
healthier and more sustainable environment.

Author Contributions: J.-K.H. performed the bacterial analysis and wrote the manuscript; H.O.
provided constructive discussions regarding this study; T.K.L. reviewed the manuscript and provided
comments on the results and discussion; S.K., D.O. and J.A. conducted the literature review that
informed the direction of this study; S.P. contributed to the study’s conceptualization, reviewed and
edited the manuscript, and provided overall supervision for this study. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the KICT research program through the Ministry of Science
and ICT (project. no. 20230160-001, Research on Next Generation Environmental Technology for
Carbon Neutrality) and supported by the National R&D program through the National Research
Foundation of Korea (NRF), funded by the Ministry of Science and ICT, Republic of Korea (NRF-
2021M3E8A2100648).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented this study are available upon request from the
corresponding author.

Acknowledgments: The authors are very grateful for the funding (project no. 20230160-001 and
NRF-2021M3E8A2100648) provided by the Ministry of Science and ICT.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Geyer, R.; Jambeck, J.R.; Law, K.L. Production, use, and fate of all plastics ever made. Sci. Adv. 2017, 3, 1–5. [CrossRef] [PubMed]
2. Sangroniz, A.; Zhu, J.-B.; Tang, X.; Etxeberria, A.; Chen, E.Y.-X.; Sardon, H. Packaging materials with desired mechanical and

barrier properties and full chemical recyclability. Nat. Commun. 2019, 10, 1–7. [CrossRef] [PubMed]
3. Frias, J.P.G.L.; Nash, R. Microplastics: Finding a consensus on the definition. Mar. Pollut. Bull. 2019, 138, 14–147. [CrossRef]

[PubMed]
4. Gago, J.; Galgani, F.; Maes, T.; Thompson, R.C. Microplastics in Seawater: Recommendations from the Marine Strategy Framework

Directive Implementation Process. Front. Mar. Sci. 2016, 3, 219. [CrossRef]
5. Susanti, N.K.Y.; Mardiastuti, A.; Wardiatno, Y. Microplastics and the Impact of Plastic on Wildlife: A Literature Review. IOP Conf.

Ser. Earth Environ. Sci. 2020, 528, 012013. [CrossRef]
6. Xu, S.; Ma, J.; Ji, R.; Pan, K.; Miao, A.-J. Microplastics in aquatic environments: Occurrence, accumulation, and biological effects.

Sci. Total Environ. 2020, 703, 134699. [CrossRef]
7. Zhang, Q.; Xu, F.; Li, J.; Chen, Q.; Ma, L.; Zeng, E.; Shi, H. A review of microplastics in table salt, drinking water, and air: Direct

human exposure. Environ. Sci. Technol. 2020, 54, 3740–3751. [CrossRef]
8. Park, S.; Kim, I.; Jeon, W.-H.; Moon, H.S. Exploring the vertical transport of Microplastics in subsurface environments: Lab-scale

experiments and field evidence. J. Cont. Hydrol. 2023, 257, 104215. [CrossRef]
9. Amaral-Zettler, L.A.; Zettler, E.R.; Mincer, T.J. Ecology of the plastisphere. Nat. Rev. Microbiol. 2020, 18, 139–151. [CrossRef]
10. Zettler, E.R.; Mincer, T.J.; Amaral-Zettler, L.A. Life in the “Plastisphere”: Microbial Communities on Plastic Marine Debris.

Environ. Sci. Technol. 2013, 47, 7137–7146. [CrossRef]
11. Perveen, S.; Pablos, C.; Reynolds, K.; Stanley, S.; Marugán, J. Growth and prevalence of antibiotic-resistant bacteria in microplastic

biofilm from wastewater treatment plant effluents. Sci. Total Environ. 2023, 856, 159024. [CrossRef] [PubMed]
12. Pham, D.N.; Clark, L.; Li, M. Microplastics as hubs enriching antibiotic-resistant bacteria and pathogens in municipal activated

sludge. J. Hazard. Mater. Lett. 2021, 2, 100014. [CrossRef]
13. Iyare, P.U.; Ouki, S.K.; Bond, T. Microplastics removal in wastewater treatment plants: A critical review. Environ. Sci. Water Res.

Technol. 2020, 6, 2664–2675. [CrossRef]
14. Park, H.J.; Oh, M.J.; Kim, P.G.; Kim, G.; Jeong, D.H.; Ju, B.K.; Lee, W.S.; Chung, H.M.; Kang, H.J.; Kwon, J.H. National

reconnaissance survey of microplastics in municipal wastewater treatment plants in Korea. Environ. Sci. Technol. 2020, 54,
1503–1512. [CrossRef]

15. Sol, D.; Laca, A.; Laca, A.; Díaz, M. Approaching the environmental problem of microplastics: Importance of WWTP treatments.
Sci. Total Environ. 2020, 740, 140016. [CrossRef]

16. Tang, K.H.D.; Hadibarata, T. Microplastics removal through water treatment plants: Its feasibility, efficiency, future prospects and
enhancement by proper waste management. Environ. Chall. 2021, 5, 100264. [CrossRef]

https://doi.org/10.1126/sciadv.1700782
https://www.ncbi.nlm.nih.gov/pubmed/28776036
https://doi.org/10.1038/s41467-019-11525-x
https://www.ncbi.nlm.nih.gov/pubmed/31395871
https://doi.org/10.1016/j.marpolbul.2018.11.022
https://www.ncbi.nlm.nih.gov/pubmed/30660255
https://doi.org/10.3389/fmars.2016.00219
https://doi.org/10.1088/1755-1315/528/1/012013
https://doi.org/10.1016/j.scitotenv.2019.134699
https://doi.org/10.1021/acs.est.9b04535
https://doi.org/10.1016/j.jconhyd.2023.104215
https://doi.org/10.1038/s41579-019-0308-0
https://doi.org/10.1021/es401288x
https://doi.org/10.1016/j.scitotenv.2022.159024
https://www.ncbi.nlm.nih.gov/pubmed/36170918
https://doi.org/10.1016/j.hazl.2021.100014
https://doi.org/10.1039/D0EW00397B
https://doi.org/10.1021/acs.est.9b04929
https://doi.org/10.1016/j.scitotenv.2020.140016
https://doi.org/10.1016/j.envc.2021.100264


Water 2023, 15, 3746 13 of 14

17. Mintenig, S.M.; Int-Veen, I.; Löder, M.G.; Primpke, S.; Gerdts, G. Identification of microplastic in effluents of wastewater treatment
plants using focal plane array-based micro-Fourier-transform infrared imaging. Water Res. 2017, 108, 365–372. [CrossRef]

18. Murphy, F.; Ewins, C.; Carbonnier, F.; Quinn, B. Wastewater Treatment Works (WwTW) as a Source of microplastics in the aquatic
environment. Environ. Sci. Technol. 2016, 50, 5800–5808. [CrossRef]

19. Sun, J.; Dai, X.; Wang, Q.; van Loosdrecht, M.C.; Ni, B.-J. Microplastics in wastewater treatment plants: Detection, occurrence and
removal. Water Res. 2019, 152, 21–37. [CrossRef]

20. Kelly, J.J.; London, M.G.; McCormick, A.R.; Rojas, M.; Scott, J.W.; Hoellein, T.J. Wastewater treatment alters microbial colonization
of microplastics. PLoS ONE 2021, 16, e0244443. [CrossRef]

21. Kruglova, A.; Muñoz-Palazón, B.; Gonzalez-Martinez, A.; Mikola, A.; Vahala, R.; Talvitie, J. The dangerous transporters: A
study of microplastic-associated bacteria passing through municipal wastewater treatment. Environ. Pollut. 2022, 314, 120316.
[CrossRef]

22. Boni, W.; Parrish, W.; Patil, S.; Fahrenfeld, N.I. Total coliform and Escherichia coli in microplastic biofilms grown in wastewater
and inactivation by peracetic acid. Water Environ. Res. 2021, 93, 334–342. [CrossRef] [PubMed]

23. Imran, M.D.; Das, K.R.; Naik, M.M. Co-selection of multi-antibiotic resistance in bacterial pathogens in metal and microplastic
contaminated environments: An emerging health threat. Chemosphere 2018, 215, 846–857. [CrossRef]

24. Shen, M.; Zeng, Z.; Li, L.; Song, B.; Zhou, C.; Zeng, G.; Zhang, Y.; Xiao, R. Microplastics act as an important protective umbrella
for bacteria during water/wastewater disinfection. J. Clean. Prod. 2021, 315, 128188. [CrossRef]

25. Basili, M.; Quero, G.M.; Giovanneilli, D.; Manini, E.; Vignaroli, C.; Avio, C.G.; De Marco, R.; Luna, G.M. Major role of Surrounding
environment in Shaping biofilm community composition on Marine Plastic Debris. Front. Mar. Sci. 2020, 7, 262. [CrossRef]

26. Kang, H.; Park, S.; Lee, B.; Yoon, S.; Oh, H.; Ahn, J.; Kim, S. Characteristics of Microplastics content and estimation of Micorplastics
outflow in G city sewage treatment plant. Jour. Wat. Treat. 2020, 28, 43–49. [CrossRef]

27. Boakyo, Y.D.; Osafo, N.; Amaning Danquah, C.; Adu, F.; Agyare, C. Antimicrobial agents: Antibacterial agents, Anti-biofilm
agents, antibacterial natural compounds, and antibacterial chemicals. In Antimicrobial, Antibiotic Resistance, Antibiofilm Strategies
and Activity Methods; Kirmusaoğlu, S., Ed.; IntechOpen: London, UK, 2019.

28. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Knight, R. Global patterns of 16S rRNA diversity at a depth of millions of sequences
per sample. PNAS 2021, 108 (Suppl. S1), 4516–4522. [CrossRef]

29. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37,
852–857. [CrossRef]

30. Kang, B.R.; Kim, J.J.; Hong, J.K.; Schlosser, D.; Lee, T.K. Continuous operation of fungal wheel reactor based on solid-state
fermentation for the removal of pharmaceutical and personal care products. J. Environ. Manag. 2023, 331, 117316. [CrossRef]
[PubMed]

31. Bokulich, N.A.; Kaehler, B.D.; Rideout, J.R.; Dillon, M.; Boylen, E.; Knight, R.; Huttley, G.A.; Caporaso, J.G. Optimizing taxonomic
classification of marker-gene amplicon sequences with QIIME 2′s q2-feature-classifier plugin. Microbiome 2018, 6, 90. [CrossRef]
[PubMed]

32. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef] [PubMed]

33. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541.

34. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. App. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef] [PubMed]

35. Anderson, M.J. Permutational Multivariate Analysis of Variance (PERMANOVA). In Wiley StatsRef: Statistics Reference Online;
John Wiley and Sons: Hoboken, NJ, USA, 2017. [CrossRef]

36. Legendre, P.; De Cáceres, M. Beta diversity as the variance of community data: Dissimilarity coefficients and partitioning. Ecol.
Lett. 2013, 16, 951–963. [CrossRef]

37. Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Wagner, H. Vegan: Community Ecology Package. R,
Package Version 2.5-7. 2020. Available online: https://CRAN.R-project.org/package=vegan (accessed on 15 November 2017).

38. Nguyen, H.T.; Choi, W.; Kim, E.-J.; Cho, K. Microbial community niches on microplastics and prioritized environmental factors
under various urban riverine conditions. Sci. Total Environ. 2022, 849, 157781. [CrossRef]

39. Mughini-Gras, L.; van der Plaats, R.Q.J.; van der Wielen, P.W.J.J.; Bauerlein, P.S.; de Roda Husman, A.M. Riverine microplastic
and microbial community compositions: A field study in the Netherlands. Water Res. 2021, 192, 116852. [CrossRef]

40. Bydalek, F.; Webster, G.; Barden, R.; Weightman, A.J.; Kasprzyk-Hordern, B.; Wenk, J. Microplastic biofilm, associated pathogen
and antimicrobial resistance dynamics through a wastewater treatment process incorporating a constructed wetland. Water Res.
2023, 235, 119936. [CrossRef] [PubMed]

41. Liu, M.; Liu, L.; Chen, H.; Yu, Z.; Yang, J.R.; Xue, Y.; Huang, B.; Yang, J. Community dynamics of free-living and particle-attached
bacteria following a reservoir Microcystis bloom. Sci. Total Environ. 2019, 660, 501–511. [CrossRef]

42. Savlo, D.; Sinclair, L.; Ijaz, U.Z.; Parajka, J.; Reischer, G.H.; Stadler, P.; Blaschke, A.P.; Blöschl, G.; Mach, R.L.; Kirschner, A.K.T.;
et al. Bacterial diversity along a 2600 km river continuum. Environ. Microbiol. 2015, 17, 4994–5007.

https://doi.org/10.1016/j.watres.2016.11.015
https://doi.org/10.1021/acs.est.5b05416
https://doi.org/10.1016/j.watres.2018.12.050
https://doi.org/10.1371/journal.pone.0244443
https://doi.org/10.1016/j.envpol.2022.120316
https://doi.org/10.1002/wer.1434
https://www.ncbi.nlm.nih.gov/pubmed/32779310
https://doi.org/10.1016/j.chemosphere.2018.10.114
https://doi.org/10.1016/j.jclepro.2021.128188
https://doi.org/10.3389/fmars.2020.00262
https://doi.org/10.17640/KSWST.2020.28.4.43
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1016/j.jenvman.2023.117316
https://www.ncbi.nlm.nih.gov/pubmed/36682276
https://doi.org/10.1186/s40168-018-0470-z
https://www.ncbi.nlm.nih.gov/pubmed/29773078
https://doi.org/10.1093/nar/gks1219
https://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1128/AEM.00062-07
https://www.ncbi.nlm.nih.gov/pubmed/17586664
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.1111/ele.12141
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.scitotenv.2022.157781
https://doi.org/10.1016/j.watres.2021.116852
https://doi.org/10.1016/j.watres.2023.119936
https://www.ncbi.nlm.nih.gov/pubmed/37028211
https://doi.org/10.1016/j.scitotenv.2018.12.414


Water 2023, 15, 3746 14 of 14

43. Moyal, J.; Dave, P.H.; Wu, M.; Karimpour, S.; Brar, S.K.; Zhong, H.; Kwong, R.W.H. Impacts of biofilm formation on the
physicochemical properties and toxicity of microplastics: A concise review. Rev. Environ. Contam. Toxicol. 2023, 261, 8. [CrossRef]

44. Datta, M.S.; Sliwerska, E.; Gore, J.; Polz, M.F.; Cordero, O.X. Microbial interactions lead to rapid micro-scale successions on model
marine particles. Nat. Commun. 2016, 7, 11965. [CrossRef]

45. Jackson, C.R.; Churchill, P.F.; Roden, E.E. Successional changes in bacterial assemblage structure during epilithic biofilm
development. Ecology 2001, 82, 555–566. [CrossRef]

46. Kumar, C.G.; Anand, S.K. Significance of microbial biofilms in food industry: A review. Int. J. Food Microbiol. 1998, 42, 9–27.
[CrossRef]

47. Toyofuku, M.; Inaba, T.; Kiyokawa, T.; Obana, N.; Yawata, Y.; Nomura, N. Environmental factors that shape biofilm formation.
Biosci. Biotechnol. Biochem. 2016, 80, 7–12. [CrossRef]

48. Zhao, K.; Tseng, B.S.; Beckerman, B.; Jin, F.; Gibiansky, M.L.; Harrison, J.J.; Luijten, E.; Parsek, M.R.; Wong, G.C.L. Psl trails guide
exploration and microcolony formation in Pseudomonas aeruginosa biofilms. Nature 2013, 497, 388–391. [CrossRef]

49. Yawata, Y.; Nomura, N.; Uchiyama, H. Development of a Novel Biofilm Continuous Culture Method for Simultaneous Assessment
of Architecture and Gaseous Metabolite Production. Appl. Environ. Microbiol. 2008, 74, 5429–5435. [CrossRef]

50. Fujii, N.; Kuroda, K.; Narihiro, T.; Aoi, Y.; Ozaki, N.; Ohashi, A.; Kindaichi, T. Metabolic Potential of the Superphylum
Patescibacteria Reconstructed from Activated Sludge Samples from a Municipal Wastewater Treatment Plant. Microbes Environ.
2022, 37, ME22012. [CrossRef] [PubMed]

51. Kindaichi, T.; Yamaoka, S.; Uehara, R.; Ozaki, N.; Ohashi, A.; Albertsen, M.; Nielsen, P.H.; Nielsen, J.L. Phylogenetic diversity and
ecophysiology of Candidate phylum Saccharibacteria in activated sludge. FEMS Microbiol. Ecol. 2016, 92, fiw078. [CrossRef]

52. Singleton, C.M.; Petriglieri, F.; Kristensen, J.M.; Kirkegaard, R.H.; Michaelsen, T.Y.; Andersen, M.H.; Kondrotaite, Z.; Karst, S.M.;
Dueholm, M.S.; Nielsen, P.H.; et al. Connecting structure to function with the recovery of over 1000 high-quality metagenome-
assembled genomes from activated sludge using long-read sequencing. Nat. Commun. 2021, 12, 1–13. [CrossRef] [PubMed]

53. Keswani, A.; Oliver, D.M.; Gutierrez, T.; Quilliam, R.S. Microbial hitchhikers on marine plastic debris: Human exposure risks at
bathing waters and beach environments. Mar. Environ. Res. 2016, 118, 10–19. [CrossRef]

54. Lee, J.-W.; Nam, J.-H.; Kim, Y.-H.; Lee, K.-H.; Lee, D.-H. Bacterial communities in the initial stage of marine biofilm formation on
artificial surfaces. J. Microbiol. 2008, 46, 174–182. [CrossRef] [PubMed]

55. Oberbeckmann, S.; Löder, M.G.J.; Labrenz, M. Marine microplastic-associated biofilms—A review. Environ. Chem. 2015, 12,
551–562. [CrossRef]

56. Verduzco Garibay, M.; Fernández del Castillo, A.; Díaz Torres, O.; de Anda, J.; Yebra-Montes, C.; Senés-Guerrero, C.; Gradilla-
Hernández, M.S. Characterization of the Spatial Variation of Microbial Communities in a Decentralized Subtropical Wastewater
Treatment Plant Using Passive Methods. Water 2021, 13, 1157. [CrossRef]

57. Reddy, M.V.; Mohan, S.V. Effect of substrate load and nutrients concentration on the polyhydroxyalkanoates (PHA) production
using mixed consortia through wastewater treatment. Bioresour. Technol. 2012, 114, 573–582. [CrossRef] [PubMed]

58. Joly-Guillou, M.-L. Clinical impact and pathogenicity of Acinetobacter. Clin. Microbiol. Infect. 2005, 11, 868–873. [CrossRef]
59. Venâncio, I.; Luís, Â.; Domingues, F.; Oleastro, M.; Pereira, L.; Ferreira, S. The Prevalence of Arcobacteraceae in Aquatic

Environments: A Systematic Review and Meta-Analysis. Pathogens 2022, 11, 244. [CrossRef]
60. Galafassi, S.; Sabatino, R.; Sathicq, M.B.; Eckert, E.M.; Fontaneto, D.; Fontana, G.D.; Mossotti, R.; Corno, G.; Volta, P.; Di Cesarem,

A. Contribution of microplastic particles to the spread of resistances and pathogenic bacteria in treated wastewaters. Water Res.
2021, 201, 117368. [CrossRef] [PubMed]

61. Jones, D.L.; Rhymes, J.M.; Wade, M.J.; Kevill, J.L.; Malham, S.K.; Grimsley, J.M.; Rimmer, C.; Weightman, A.J.; Farkas, K. Suitability
of aircraft wastewater for pathogen detection and public health surveillance. Sci. Total. Environ. 2022, 856, 159162. [CrossRef]

62. Rummel, C.D.; Jahnke, A.; Gorokhova, E.; Kühnel, D.; Schmitt-Jansen, M. Impacts of Biofilm Formation on the Fate and Potential
Effects of Microplastic in the Aquatic Environment. Environ. Sci. Technol. Lett. 2017, 4, 258–267. [CrossRef]

63. Wang, S.; Zeng, D.; Jin, B.; Su, Y.; Zhang, Y. Deciphering the role of polyethylene microplastics on antibiotic resistance genes and
mobile genetic elements fate in sludge thermophilic anaerobic digestion process. Chem. Eng. J. 2023, 452, 139520. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s44169-023-00035-z
https://doi.org/10.1038/ncomms11965
https://doi.org/10.1890/0012-9658(2001)082[0555:SCIBAS]2.0.CO;2
https://doi.org/10.1016/S0168-1605(98)00060-9
https://doi.org/10.1080/09168451.2015.1058701
https://doi.org/10.1038/nature12155
https://doi.org/10.1128/AEM.00801-08
https://doi.org/10.1264/jsme2.ME22012
https://www.ncbi.nlm.nih.gov/pubmed/35768268
https://doi.org/10.1093/femsec/fiw078
https://doi.org/10.1038/s41467-021-22203-2
https://www.ncbi.nlm.nih.gov/pubmed/33790294
https://doi.org/10.1016/j.marenvres.2016.04.006
https://doi.org/10.1007/s12275-008-0032-3
https://www.ncbi.nlm.nih.gov/pubmed/18545967
https://doi.org/10.1071/EN15069
https://doi.org/10.3390/w13091157
https://doi.org/10.1016/j.biortech.2012.02.127
https://www.ncbi.nlm.nih.gov/pubmed/22456236
https://doi.org/10.1111/j.1469-0691.2005.01227.x
https://doi.org/10.3390/pathogens11020244
https://doi.org/10.1016/j.watres.2021.117368
https://www.ncbi.nlm.nih.gov/pubmed/34186288
https://doi.org/10.1016/j.scitotenv.2022.159162
https://doi.org/10.1021/acs.estlett.7b00164
https://doi.org/10.1016/j.cej.2022.139520

	Introduction 
	Materials and Methods 
	Description of the WWTP 
	Experiment Design: Deployment of MPs in the WWTPs 
	Microbial Analyses 
	Morphology Analysis 
	DNA Extraction and High-Throughput Sequencing 
	Bacterial Community Analysis 


	Results and Discussion 
	The Morphology of the Biofilms on the PS 
	Bacterial Community Diversity and Clustering 
	Bacterial Community Composition and Structure 
	In-Depth Microbiome at the Genus Level 

	Conclusions 
	References

