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Microplastic contamination and
microbial colonization in coastal
area of Busan City, Korea

Suyeon Bae'? and Keunje Yoo™

‘Department of Environmental Engineering, Korea Maritime and Ocean University, Busan, South Korea,
2Interdisciplinary Major of Ocean Renewable Energy Engineering, Korea Maritime and Ocean University,
Busan, South Korea

This study investigated the potential role of the concentration, shape, size, and
polymer type of microplastics (MP), in addition to the microbial community in six
coastal areas of Busan city, South Korea. The results showed that the average MP
concentration was 94 + 41 particlesm™, and particles sized 20 um —300 um
accounted for 67.5 + 9.6% of the total MP abundance throughout the study sites.
Further, polyethylene (PE), polypropylene (PP), and polystyrene (PS) polymers were
abundant among the collected fragment- and fiber-shaped MPs, implying that
highly populated and industrialized areas are major sources of MPs contamination.
Moreover, the bacterial diversity and taxa-based on 16S rRNA gene sequencing
was significantly different between MPs and seawater (SW) samples. Specifically,
Psychrobacter, Pseudomonas, Flavobacterium, and Winogradskyella were
significantly enriched in MPs compared with SW (p <0.05). Redundancy analysis
revealed that nutrient concentrations, salinity, and temperature potentially
contributed to shaping the microbial communities on MPs. These results
indicate the dynamic and complicated interactions of MP contamination with
the physiochemical and environmental factors of the surrounding area. Our
findings would help in understanding of MP contamination levels in marine
environments and their characteristics, as well as bacterial colonization on
plastics in urban coastal areas of Busan, South Korea.
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Introduction

The emergence and rapid spread of microplastics (MPs; diameter < 5 mm) has
resulted in an increasing concern regarding environmental and public health risks
(Barletta et al., 2019; Li et al., 2020). Most MPs are currently located in the global
oceans as plastic pellets from terrestrial anthropogenic sources, and can enter directly
into the marine environment (Horton et al., 2017; Mhiret Gela et al., 2022). One
estimate has reported that MP pollution levels in marine environments can increase to
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250 million metric tons by 2025 (Jambeck et al., 2015). A major
concern is that suspended MPs in marine environments
gradually disintegrate into smaller debris via ultraviolet (UV)
radiation exposure, oxidation, and mechanical disruption
(Shim et al., 2017). Plastic waste has accumulated in the vast
space of the ocean, most notably in the Great Pacific Garbage
Patch, with the lower trophic levels often consuming plastics as
prey (Harrison et al., 2014; Jambeck et al., 2015). Accordingly,
the ubiquitous dissemination of MPs has attracted an
abundance of research to address this critical global
environmental concern.

Interestingly, MPs provide habitats in marine environments
for microorganisms, and have come to be termed the
‘plastisphere’ (Rummel et al.,, 2017; Amaral-Zettler et al,
2020). Previous studies have found that MPs are vectors for
the selection and spread of marine microorganisms via
colonization and biofilm formation on floating plastic debris
(Jiang et al., 2018; Yang et al., 2019). Further, MPs can influence
the prevalence of plastic pollution and marine microbial ecology
due the small size of plastic debris, providing an environmental
niche for colonization by biofilm forming bacteria and long-
distance transportation (Kiessling et al., 2015; Amaral-Zettler
et al, 2020). Accordingly, several studies have attempted to
understand microbial communities on MP surfaces to
characterize the relationships between MPs and surrounding
seawater, revealing distinct patterns of microbial diversity and
compositions on MPs compared to open seawater (Wright et al.,
2020). Indeed, some current studies suggest that MP biofilms
may serve as reservoirs for pathogens and antibiotic-resistant
genes (Wu et al,, 2019; Yang et al., 2019).

In Asia, MP pollution in marine environments have been
extensively assessed in China (Li et al, 2015; Xu et al, 2019; Yang
et al, 2019) and South Korea (Kang et al., 2015; Shim et al., 2018;
Song et al, 2018; Jang et al, 2020), with a focus on the
characterization of the physiochemical properties of the ocean
environment. However, the colonization of the microbiome in
MPs has not yet been characterized for South Korea. Owing to
the ecological importance of the plastisphere, the microbial
communities of coastal areas adjacent to urbanized developments
could provide useful information on the potential plastic debris in
marine ecosystems (Oberbeckmann et al., 2018; Li et al., 2019; Basili
et al., 2020).

Previous studies have shown that MP contamination levels
are significantly higher in coastal areas near urbanized or
populated areas (Hurley et al., 2018; Jang et al.,, 2020); thus,
MP contamination in marine environments is substantially
influenced by land-based human activities, such as recreation,
shipping, and fisheries. Busan is the second largest metropolitan
area in South Korea, with 31.7% of Korean marine industries
located in Busan’s global port. Further, Busan port has recently
become a tourist attraction for leisure and travel. Busan also
encompasses various popular recreational beaches and parks in
South Korea, such as Gwanganli, Haeundae Beach located close
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to urbanized coastal areas. The island of Yeongdo in Busan is a
growing representative area of marine urban tourism that
simultaneously encompasses aspects of marine and urban
leisure (Park et al., 2019; Zhan et al., 2021). Due to these
geographical characteristics and marine industry activities, it
was suspected that the coast of Busan city is highly contaminated
by MPs (Kwon et al., 2020; Lee and Khim, 2022); however, to the
best of the authors” knowledge, no studies have characterized the
microbial communities of MPs along the Korean coastal area.

To this end, the aim of the present study was to investigate
the contamination levels of MPs and colonization of bacterial
communities on MPs from six coastal locations near the urban
environment of Busan, South Korea, and characterize the key
bacterial groups using high-throughput sequencing.
Furthermore, the potential relationships between the major
bacterial taxa on the collected MPs and marine environmental
parameters were explored.

Materials and methods
Study sites and sampling

A total of 24 MP and seawater samples were collected from
six different coastal seawater samples off the southeast coast of
Korea, between September and December 2020 (Figure 1). MP
abundance and associated characteristics of the surrounding
environment were investigated by selecting two types of
coastal waters: populated and coastal industry (detailed
sampling points such as latitude and longitude were described
in Table 1). Sites HU (Haeundae beach) and GA (Gwanganli
beach) were located in touristic areas with large populations;
whereas GM (Gamman citizen park) had a similarly large
population, but was adjacent to shipping and port industrial
areas (Table 1). Comparatively, BS (Busan’s global port)
maintains a small population, with large-scale shipping and
port industrial activities, while YH (Yeongdo harbor) and KM
(Korea Maritime and Ocean University Island) are also low
populated areas centered around shipping routes and fishery
activities. To collect MP samples, ~80 L of surface seawater
(from depths of approximately 5-10 cm) from each of the six
study sites were collected using sterile flasks and filtered through
a stainless steel sieve (mesh size, 20 um). Suspended plastic
debris along the seawater surface were also captured using a 30
cm-wide plankton net (mesh size, 30 pm) as shown in Figure S1.
After sampling, the plankton net was thoroughly rinsed with
seawater to concentrate MPs in the cod-end bucket, and all
samples were transferred into a 1 L bottle. Surface seawater
samples were also collected at each of the six sampling sites
(Figures 1; S1). All collected samples from the six sites were
stored at 4°C in sterile containers placed in ice boxes, and
transported immediately to the laboratory for further analysis.
The natural substrate and other materials were visually classified
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FIGURE 1

129°00'E 129°05'E 129°10'E
o Y& \ G Ve
SNE A i.d X ) e} . " shirang-Ri
b £33 7 KE
2 2! ¥ Q8
E 480 i r SO
= SUO¥] & Busan - &/ & A 3 N »
S Sasang-Gu Q ! s L 7 ARSI ¢ ¢ w<e>s 3
o e a 3 2 ' : y = | o
K 4 8y = & ~ ::. ; {51 g S
fe = Pusanjin-Gu -‘: \ L 2 .GA .HU/
o . i “
/4 Suyeongn®
%/ .
S e BT Nam-Gu \
i ¥ € [22]
¥ V& 'BS Legend
A » ']
7 ¢ S0-Gu _ )
hinp‘yo"g_ponésaha_ESH'Ungmu:Dong .GM J 4 . Sampling location
o YH
) %
% } Somey L] . &i
54 .1 372m o &
(o} '\ 7 a\‘. H
@ KM a St z
\ . @ L
| ia
K \ ) \, China /}%ﬁ/
: - ? ¥
( f
/t,qudl\_‘l—(:iéa
T _7 - 235\55
( fr i
) ~f  Soul
ed
0 15 3 S oS
129°00'E 129°05'E 129°10'E

Six study sites selected for sampling microplastics in Busan City, South Korea. BS indicates Busan's global port, YH indicates Yeongdo harbor; KM indicates
Korea Maritime and Ocean University Island; HU indicates Haeundae beach; GM indicates Gamman citizen park; GA indicates Gwanganli beach

TABLE 1 Sampling location information, including surrounding environment characteristics and number of sequencing reads.

Sample Sampling Sites Coordinates (°N, °E) No. Reads Surrounding

BSP BS 35.110854, 129.055619 8,273 Global port

BSW BS 35.110854, 129.055619 5,493

YHP YH 35.090027, 129.083576 8,253 Harbour and Fishery

YHW YH 35.090027, 129.083576 9,184

KMP KM 35.076173, 129.102748 5,923 Fishery

KMwW KM 35.076173, 129.102748 8,869

HUP HU 35.158027, 129.171543 15,565 Fishery
Tourist destination

HUW HU 35.158027, 129.171543 13,790

GMP GM 35.109873, 129.067094 10,423 Harbour

GMW GM 35.109873, 129.067094 8,516

GAP GA 35.153911, 129.130227 14,073 Fishery
Tourist destination

GAW GA 35.153911, 129.130227 15,566

BS indicates Busan’s global port, BSP (MP sample), BSW (SW sample).
YH indicates Yeongdo harbor, YHP (MP sample), YHW (SW sample).

KM indicates Korea Maritime and Ocean University Island, KMP (MP sample), KMW (SW sample).

HU indicates Haeundae beach, HUP (MP sample), HUW (SW sample).
GM indicates Gamman citizen park, GMP (MP sample), GMW (SW sample).
GA indicates Gwanganli beach, GAP (MP sample), GAW (SW sample).

and removed as all non-plastic particles following the previous
study (Horton et al., 2017; Zhang et al, 2019; Wang et al,
2021a). Additional marine environmental parameters (Table
S1), including temperature (T), salinity, pH, dissolved oxygen
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(DO), chemical oxygen demand (COD), total nitrogen (TN),
total phosphorus (TP), suspended solids (SS), and chlorophyll-a
(Chl-a) were obtained from the Korea Ministry of Oceans and
Fisheries for each study area (https://www.meis.go.kr).
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Microplastic identification

The protocol of the National Oceanic and Atmospheric
Administration (Masura et al.,, 2015) was followed in using
pretreatment methods for the identification of polymer types
in collected MP samples. Suspected MP particles were dried at
70°C overnight in a laboratory drying oven. After drying, the
organic matter was digested using 20 mL of a 35% H,O, and Fe
(II) solution on a hot plate (75°C, 180 rpm) for 30 min and
filtered through stainless steel metal filters of 20 um mesh size.
Following pretreatment, the physical parameters of the MPs,
such as size, shape, and morphology, were carefully observed
and inspected using a stereoscopic microscope (SZX7, Olympus,
Japan) (Qiu et al., 2016; Wang et al., 2021a). Identification was
based on morphological features from the literature (Enders
etal,, 2015). Polymer characteristics of each collected MP sample
were identified using Fourier transform infrared spectroscopy
(FTIR) to determine their chemical composition. All FTIR
measurements were performed in the attenuated total
reflection (ATR) mode using a Nicolet FTIR iN10
spectrometer (Thermo Fisher Scientific, USA) with 256 scans.

! and

FTIR spectra were collected in the range of 400-4,000 cm™

the resulting sample spectra obtained through oMNIC™
™

Picta

compared with the reference OMNIC polymer spectra library

software (Thermo Fisher Scientific, USA) were

for identifying the type of polymer. Only the measured
similarities for spectral libraries of hit index > 70% were
deemed acceptable (Jang et al., 2020).

Cotton lab coats were worn at all times during analysis to
prevent potential contamination. All glass vessels and materials
used for the first time for one sample were covered after each step
and cleaned using filtered Milli-Q water before reuse to avoid
cross-contamination. The workplace for stereomicroscopic
analysis was cleaned before opening and analyzing the Petri
dishes in which MPs were stored.

DNA extraction and sequencing
processing

The remaining particles or debris without used in
pretreatment were used to extract microorganism DNA. The
collected microplastics were rinsed with sterile distilled water
and filtered. The biofilm attached to the microplastic surface was
extracted from the collected particles on the filter using sterile
tweezers. To minimize sample heterogeneity, triplicate samples
from each site were pooled prior to DNA extraction. Seawater
samples (2 L) were collected at each sampling site and run
through nylon filters (0.2 um pore size, Whatman, Marlborough,
MA, USA). Genomic DNA was extracted from MP and seawater
samples using a DNeasy PowerSoil DNA Kit (Qiagen, Valencia,
CA, USA) according to the same protocols as recommend in
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manufacturer. The purity and concentration of the extracted
DNA were determined via 1% agarose gel electrophoresis, and a
Micro UV VIS spectrophotometer (Nano-300, Allsheng, China).
The extracted DNA samples were stored at -80°C prior
to sequencing.

The V3-V4 region of the 16S rRNA gene was amplified
using primer sets 341F (CCTACGGGNGGCWGCAG) and
805R (GACTACHVGGGTATCTAATCC). Paired-end (2 x
150) 16S rRNA gene amplicon sequencing was performed
using Illumina MiSeq platform (Macrogen Ltd., Seoul, South
Korea). The obtained sequence datasets were deposited in the
MG-RAST, under sample IDs mgm4926380 to mgm4967466.

Data and statistical analysis

The sequence alignment tool MOTHUR (version 1.44.3)
(Schloss et al., 2009) was used to merge and segment the
resulting sequences based on 97% sequence similarity (Kozich
et al., 2013; Yoo et al., 2019). The adapter, barcode, and primer
sequences were clipped. Further quality filtering of reads
(permitted length = ~500 bp, max. number of ambiguous
bases per sequence = 0, maximum number of homopolymers
per sequence = 8, chimera filtering via vsearch (Edgar et al,
2011; Kozich et al., 2013; Yoo et al., 2018), taxonomy assignment
(Wang classification, reference database SILVA SSU nr_v132
(Quast et al.,, 2012), required bootstrap value >80%, removal of
chloroplasts, mitochondria, eukaryotes, unknown sequences)
and picking of operational taxonomic units (OTUs, label =
0.03) were carried out (Edgar et al, 2011; Yoo et al, 2019).
Sequences with the highest abundance in each operational
taxonomic unit (OTU) were selected as the representative
(Kozich et al., 2013; Kim et al., 2019). The OTU numerical
statement and plotted output were implemented in R program
(version 4.1.3).

Alpha diversity analyses were conducted to analyze the
complexity of species assemblages for the two substrates (MPs
and seawater—SW) using Shannon, Simpson, Chao, and ACE
indices, and visualized in Rstudio and the phyloseq package
(McMurdie and Holmes, 2013). Linear discriminant analysis
(LDA) was used to identify similar genera between the MP and
SW microbial communities using the LDA effective size analysis
tool (Segata et al., 2011). Beta-diversity analyses, including
principal coordinates analysis (PCoA) based on Bray-Curtis
similarities, and permutational multivariate analysis of variance
(PERMANOVA) using 10,000 permuted p-values were performed
via the vegan package in R (v. 4.13) (Oksanen et al, 2019).
Correlations between bacterial genera and marine environmental
parameters were explored with a redundancy analysis (RDA) using
vegan. Wilcoxon rank-sum tests were run in the ggpubr package of
R for statistically evaluating the significant differences between MP
and seawater samples (Kassambara, 2020).
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Results

Microplastic characterization

To characterize MP contamination in the Busan coastal area,
MP abundance, shape, size, and polymer type of six sampling
locations were characterized (Figure 2). Particles classified by
visual observation were analyzed in detail with a microscope and
FT-IR, and particles that appeared to be MPs were counted. The
average number of MPs across the six sites were 94 + 41
particles-m™ (Figure 2A). Among them, the highest
concentrations were detected in GM (134 particles-m'3), HU
(112 particles~m'3), and GA (106 particles~m'3), while KM (74
particles-m™), BS (66 particlessm™), and YH (53 particles-m™)
contained lower levels. All sites showed signs of MP pollution,
with the highest levels occurring in more densely populated and
urbanized areas located near coastal cities compared to others.

In this study, MP shapes were divided into four principal
categories: fragments (mean 32.5 £ 5.6%), fibers (45.1 £ 5.0%),
films (9.1 + 3.6%), and other (13.3 + 3.9%). Fragments and fibers
were predominant in all samples (Figure 2B). Fragments were
most abundant at GM (38.9%), followed by GA (36.8%), HU
(35.9%); whereas fibers were most abundant at YH (51.1%),
followed by GA (50.6%), GM (45.6%). Films were relatively
higher at KM (14.3%) and BS (11.3%) compared HU (10.1%),

10.3389/fmars.2022.1030476

GA (5.7%), and GM (4.4%) sites. Notably, there were no
significant differences in MP shapes detected among the sites
(p > 0.05). Diverse colors, such as blue, brown, black, green,
yellow, and red, were detected across all MPs from the collected
samples, accounting for 70% of all MPs, while the remaining
30% was comprised of white or transparent MPs. Specifically,
fiber samples contained more varied colors compared to the
fragment and film shapes; although, no significant differences in
color were observed among shapes or sampling sites (p > 0.05).

To confirm whether MPs were plastics, FT-IR analysis was
performed that identified eight polymer types among collected
particles on the filter (Figures 2C; S2). It was observed that PE
and PP were predominant across the six sites, where overall
averages of MP polymers were PE (41.6 + 3.8%), PP (26.5 +
3.6%), polystyrene (PS; 19.8 + 2.8%), and others (12.1 + 6.8%),
including polyester, polyvinyl chloride (PVC), polyethylene
terephthalate (PET), polytetrafluoroethylene (PTFE), and
polyamide (PA). PP was most abundant at KM (30.4%), while
PE and PS were the most abundant at GA (47.1%) and BS
(24.5%), respectively. At HU, GA, and GM, average abundance
for PE types was the highest (42.9%), followed by PP (24.4%),
and PS (17.7%). Although PE was most abundant in BS, YH, and
KM, PP and PS concentrations were also significantly increased
compared to HU, GA, and GM sites (p < 0.05). This study found
that low-density MPs, such as PE and PP were predominant in
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seawater (density, 1.02 g-cm™) compared to high-density
polymers (nylon, PVC, PS, and PET) (Figure 2C).

The MPs collected from Busan coastal area were divided into
three size classes (Figure 2D), where the abundance of the 20-
300 pum size group (>20 wm, <300 wm) accounted for 67.5 +
9.6% of the total MPs collected throughout the six study sites.
MPs from 300 um to 1 mm (>300 um, <1 mm) accounted for
25.6 + 4.6% of the total, while 1-5 mm MPs (>1 mm, <5 mm)
maintained 6.9 £ 5.8% of the total. KM (78.6%) held the highest
level of abundance in the 20-300 pm size group, followed by BS
(73.6%), YH (71.1%), GM (70.0%), HU (57.3%), and GA
(54.0%). In the 300 um-1 mm size group, GA (31.0%), HU
(29.2%), and GM (24.4%) sites showed relatively higher
abundances compared to YH (26.7%), BS (24.5%), and KM
(17.9%). Lastly, in the 1-5 mm size group, GA (14.9%), HU
(13.5%), and GM (5.6%) were higher than KM (3.6%), YH
(2.2%), and BS (1.9%).

Microbial community diversity
and composition

The taxonomic compositions of the microbial communities
in the MP and SW samples were identified using 16S rRNA gene
sequencing. After quality filtering, 50,843 and 74,052 high-
quality reads were obtained from the MP and SW samples,
respectively, with corresponding OTU averages of 10,418 and
10,236. Based on the OTUs, bacterial o-diversities were
calculated using Shannon, Simpson, Chaol, and ACE indices
(Figure 3). All MP bacterial a-diversity indices were significantly
higher than those of the SW samples (p < 0.05). The
corresponding Shannon diversity index values for MP and SW
were 4.80 and 3.56, Simpson index values were 0.978 and 0.916;
whereas the species richness estimator Chaol values were 1,239
and 1,121, and ACE values were 1,212 and 1,057, respectively,
across the six sites.

The taxonomic profiles of the MP and SW bacterial
communities were characterized at the phylum, family, and
genus levels (Figures 4; S3). Proteobacteria were the most
abundant phylum (37.1-71.6%) in all collected samples,
followed by Bacteroidetes (12.0-32.3%), Firmicutes (0.2-
26.0%), and Actinobacteria (0.9-12.3%). Further, both MP and
SW samples were dominated by Gammaproteobacteria (30.0%
in MP and SW), followed by Alphaproteobacteria (16.2% in MP,
27.5% in SW), and Deltaproteobacteria (2.5% in MP and 1.2% in
SW). Interestingly, Firmicutes accounted for 7.9% of the total
OTUs from MPs at all six sites, but represented < 0.9% of the SW
samples, suggesting different types of bacterial colonization in
MPs. At the family level, Flavobacteriaceae and Rhodobacteraceae
were relatively abundant in all sample types, with the former being
the most dominant family (0.2-25.1% total reads), followed by
Rhodobacteraceae (2.1-23.2%), Alteromonadaceae (0-7.2%), and
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Saprospiraceae (0.005-11.8%). There were no significant
differences in the bacterial communities at the family level
between the MP and SW samples (p > 0.05). At the genus-level,
Arcobacter accounted for the highest proportion (0.1-6.5% in MP
samples), followed by Pseudoalteromonas (0.02-7.9%),
Zymophilus (0.03-8.9%), Acinetobacter (0.006-5.8%), Maribacter
(0.002-4.1%), and Simplicispira (0-3.9%). In SW samples,
Glaciecola was the most abundant genus (0.6-6.6%), followed
by Arcobacter (0.5-8.1%), Aurantivirga (0.7-3.7%),
Planktomarina (0.4-7.1%), Amylibacter (0.6-3.0%), and
Persicirhabdus (0.01-6.0%).

PCoA based on Bray-Curtis dissimilarities were conducted
to understand if the main genera were influenced by the bacterial
colonization of MPs (Figure 5). As such, the bacterial
compositions of the 24 MP and SW samples were clustered,
indicating high levels of heterogeneity in bacterial structures and
taxa. Additionally, analysis of similarities (ANOSIM) results
showed significantly different bacterial compositions between
the MPs and SW samples (R = 0.519, p < 0.01). The first two
principal components explained >76% of the total variance in
the data matrix. In particular, samples located in different MP
habitats appeared dissimilar, although SW samples
were clustered.

To identify the genus-level taxonomic community
differences between MP and SW samples, LefSe analyses
revealed significant differences in Sneathiella, Flavobacterium,
Lactobacillus, Desulfovibrio, Paraglaciccola, Winogradskyella,
Pseudomonas, and Psychrobacter (Figure 6); however, the SW
samples had fewer species with significant differences
compared to MP samples, including Colwella, Arcobacter,
and Glaceicola. The results reveal that MPs can enhance the
bacterial community.

Potential relationships between MPs and
marine environment

RDA was conducted to investigate potential relationships
between the identified MP bacterial genera and marine
environmental parameters (Figure 7). The analysis revealed that
TN, TP, Chl-a, temperature, COD, DO, SS, and salinity were
important factors affecting variations in MP bacterial community
composition. Here, TN and TP were negatively correlated with
most genera, including Paraglaciccola, Pseudomonas,
Lactobacillus, and Psychrobacter. Polysaccharide-degrading
bacteria, such as Dokdonia, Maribacter, Flavobacterium, and
Leucothrix, were positively associated with temperature and
Chl-a.; whereas COD, DO, SS, and salinity of the surface water
were positively correlated with the distribution of Winogradskyella
and Colwellia. These results imply that the environmental
conditions in coastal areas influence the MP-attachment of
bacterial communities in marine environments.
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refer to p < 0.05, 0.01, and 0.001, respectively).

Discussion

Recently, various studies have been conducted to understand
the marine ecology of plastispheres according to the spatiotemporal
diversity and composition of MPs in sediments, bays, and coastal
marine environments (Zhao et al,, 2018; Zhang et al., 2019; Teng
et al,, 2020). However, to date, no studies have investigated the
microbial communities on suspended plastic debris in the Busan
coastal area. Although it offers some of the most attractive marine
tourism spots in South Korea, such as beaches, islands, and
recreational markets, limited information is available on MP
contamination, particularly the specialized colonization of
different MP types in the country. In this study, the distribution
of MP shape, polymer type, and size were investigated, and the
corresponding microbial community dynamics were compared
across six representative coastal sites. Further, potential
relationships between bacterial communities on MPs and marine
environmental parameters were analyzed.
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Microplastic contamination in
coastal area

As expected, the results indicated that MP abundance was
relatively higher in densely populated and more active areas, where
PP, PE, and PS fragments and fiber shapes were predominant
(Figure 2). Overall, the results showed a relatively high abundance
of MPs (94 + 41 particles~m’3) in the Busan coastal area. Previous
studies have reported thatapproximately small-sized plastic (MPs <
1 mm) with abundance of 378 + 284 particles-m™ were detected in
domestic coastal regions, fish farms, and marine sediment, whereas
small-sized plastic concentrations of ~545 + 282 particles-m ™ were
observed in surface seawaters of the Yellow Sea (Kang et al., 2015;
Songetal, 2018; Kwon etal., 2020). Moreover, previous Busan area
studies showed MP concentrations ranging from 1.35 particles-m™
t0 1020 + 279 particles-m (Songet al., 2018; Kwon et al., 2020). The
abundances of microplastics in the surface seawaters of
Mediterranean regions were low compared to this study and had
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FIGURE 4

(A) Major phyla of bacterial communities (top 16) in MP and SW from six sites. (B) Major families of bacterial communities (top 24) in MP and SW
from six sites. (C) Major genera of bacterial communities (top 27) in MP and SW from six sites. All bacterial taxa levels were expressed as mean
value from September and December samples in this study. HUP, GMP, GAP, BSP, YHP, KMP indicate the MP particle samples; HUW, GMW,

GAW, BSW, YHW, KMW indicate the SW samples.

0.29 + 0.35 particlessm™ in the Menorca Channel (Spain) (Ruiz-
Orejon etal., 2019),0.246 + 0.076 particles-m™ in the Italian Minor
Islands (De Lucia et al., 2018), and 4.3 + 2.2 particles-m'3 in the
Lebanese coast (Eastern Mediterranean Basin) (Kazour et al.,2019).
The abundance of MPs in Nanxun reef and Ma’an Islands (500-
1,773 items/m3) is lower than that in the South China Sea, Maowei
Sea,and Yangtze Estuary (2,569-4,500 items/m3) (Jiangetal.,2022).
The estuaries and coastal areas are generally closer to residential
and industrial areas than islands and reef areas. The results suggest

Frontiers in Marine Science

08

that heavily populated areas with extensive anthropogenic activities
enhance MP accumulation and concentration due to its close
correlation with human activity levels on land and sea (Anderson
et al, 2017). Even when measured in the same area, the degree of
accumulation showed different results depending on the collection
period. The significant changes in MPs’ circulation and dispersion
due to the complex interactions between natural and anthropogenic
impact might explain the differences in the MP concentration in the
same area (T'sang et al,, 2017). Other potential factors are the ocean
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Redundancy analysis (RDA) plot of the correlations between the major MP bacteria (genus-level, blue dots) and marine environmental
parameters (red arrows). Significant differences in environmental parameters (p < 0.05) were only included in the present study.

current, waves, effluents from treated wastewater nearby the coast
area, and weather conditions, such as rain and wind that might
influence the MP’s abundance (Zhang et al., 2017; Gela and
Aragaw, 2022). Presently, direct comparison of the MP
abundance in the same and different regions is difficult due to the
lack of standardization methods for assessing small-sized plastics,
including collection, pretreatment processes, and unit display
methods, in addition to difficulties in monitoring of any changes
in the marine and coastal environments at the time of study (Shim
et al,, 2018; Song et al,, 2018).

Fiber-based MP shapes were predominant (> 90%) in the
marine environmental samples from coastal seawaters and
sediments in China and Korea, as well as in the surface and
subsurface Arctic waters from Norway (Lusher et al., 2015; Nel
and Froneman, 2015; Xu et al., 2019; Jang et al., 2020). Because
fibers have a relatively low densities compared to other MP
shapes (e.g., fragments and films), they are often the most
abundant MP shape in seawater samples (Li et al., 2015; Kwon
et al, 2020). Generally, discharged laundry water from
residential areas are suspected as a major point source of fibers
(Hartline et al, 2016; Hernandez et al., 2017). Washing of
clothes potentially contributes to the high abundance of fiber,
as HU, GA, and GM regions have more people living and staying
in accommodations near the coast than in BS, KM, and YH. In
addition, the high abundance of fiber shapes observed in coastal
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waters could be partly explained by fishing materials,
recreational boating, airborne contaminants, industrial
wastewater, and wastewater treatment plant effluents
(GESAMP 2015; Ramasamy et al, 2022). BS, KM, and YH
locations also predominantly have fiber-shaped MPs. It is
suspected that fishing materials, such as fishing gear and fish
cages or nylon rope, and rope wear material are potential sources
of MPs due to fishing activities, in addition to activities such as
the movement and anchoring of trade ships. The primary
sources of fragments are considered to be riverine discharge
from land or ship spillages along coastal areas (GESAMP 2015;
Eo et al, 2018). Furthermore, the breakdown of plastic
containers, packaging materials, and cosmetics are also
regarded as potential sources (Yan et al., 2019). Films have
been reported as the secondary highest abundances of MP
shapes due to their low density, leading to high detection
levels in marine environments (Zhou et al., 2020). As films
mainly arise from fragments of plastic bags composed of PE or
PP (Zhou et al., 2020), the concentration of film-shaped
microplastics is likely to be increased due to the many uses of
plastic packaging in areas close to fisheries or industries. Since
the BS area is an international shipping and logistics complex
and the KM and YH are areas with many fishing activities, it is
possible that plastic packaging or products can contribute to
increasing films observed in BS samples compared to other
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samples (GESAMP 2015; Zhou et al., 2020). Thus, the
characteristic MP shapes in Busan were mostly because of its
proximity to local vessel activity, waste from nearby tourist
attractions, and consequent land-based sources. MPs < 300
um in size were detected in the surface of seawater and
sediment area in South Korea according to previous studies
(Eoetal., 2018; Song et al., 2018; Jang et al., 2020). It is suspected
that smaller MPs (20-300 um) are potentially derived from the
movement of ships, ocean currents, waves, or UV-degradation
(GESAMP 2015; Oberbeckmann et al., 2018).

According to results of MP polymer type composition
analyses, PE and PP accounted for the highest proportions
among MPs. Elsewhere, it has been observed that PE and PP
are the most common polymers in seawater, marine sediments,
and marine organisms worldwide (Zhang et al., 2017; Phuong
et al., 2018). The high abundance of PE and PP polymer types
and fragment and fiber shapes is due to the surrounding
environment of the coastal area being urbanized and
industrialized (Oberbeckmann et al., 2018; Ramasamy et al,
2022). Urban stormwater runoff can carry MP as dust-
associated, construction activities, artificial turf, landfill
leaching, degraded litter, etc., and the main types of polymers
of non-point source MPs observed are PE, PP, and PS (Bailey
et al, 2021; Tan et al, 2022). Also, the most prominent MP
polymer in the final wastewater effluent is PE, mostly from
plastic bags entering sewage treatment plants (Gela et al., 2022;
Ramasamy et al., 2022). Urban rainwater runoff and wastewater
discharge may have affected the MP distribution of HU and GA
samples near urban areas. Recent study from Korea reported
that PP, PE, and PET were identified as major MP polymers in
wastewater treatment plants (WWTPs) from Seoul and Busan
metropolitan city (Park et al., 2020). Jang et al. (2020) found that
PP (33%) and PE (28%) were dominant in seawaters and
sediments collected from the semi-enclosed Masan Bay, Korea,
which is surrounded by a densely populated Changwon and
Masan city. In the present study, the sampling area is a location
of frequent trade and leisure activities; thus, there is the strong
possibility that an abundance of plastic waste was generated, as
PP and PP/PE copolymer types have been previously correlated
with these activities in the Korean coastal area (Kang et al., 2015;
Kwon et al., 2020).

Bacterial community relationships to
MP characteristics

The present study reports the first efforts to explore the MP
bacterial communities from the coastal area of Busan city in
South Korea. The results showed that alpha diversity, such as the
Shannon index and Chaol, was significantly higher in MPs than
in the surrounding seawater (Figure 3), as has been observed in
bay of Brest, France and Bohai sea, China (Frere et al., 2018;
Zhao et al.,, 2018). The significantly higher Shannon index of MP
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bacterial communities were likely due to the high percentage of
rare OTUs in the plastic matrix. These results suggest that
certain marine microorganisms selectively grow on the surface
of MPs because they could provide living habitat in the marine
environment (Huang et al., 2019). These organisms can interact
with biofilm-forming bacteria, selectively enriching plastispheres
in the surrounding seawater (Roller et al., 2016; Oberbeckmann
et al,, 2018). Large concentrations of small- (20-300 wm) and
medium-sized (300 wm-1 mm) plastics were found in the
present study, suggesting that MPs could provide a potential
habitat for microorganisms (Zettler et al, 2013; Shen et al,
2022). Relatively high abundances of alpha diversity on MP
samples may explain that MP quickly adsorbs organic and
inorganic nutrients from SW to proceed colonization via
biofilm forming process (De Tender et al., 2017; Pollet et al,
2018). During this process, microorganisms quickly attach to use
nutrients on the MP surface and accelerate biofilm formation,
resulting in colonization by many microorganisms by the
complex interactions between the species abundance and
increased number of species (Oberbeckmann et al., 2015;
Kirstein et al., 2016). These suggested that the alpha diversity
was relatively higher in the MP samples than in the SW samples.

Taxonomic profiles of the MP and SW bacterial communities
atthe phylum-, family-, and genus-levels were also compared in this
study. Proteobacteria, Bacteroidetes, and Firmicutes were the
dominant phyla in both MP and SW samples, consistent with
previous microbial community studies on marine MPs
(Oberbeckmann et al,, 2016; Xu et al., 2019; Li et al., 2020). As
Proteobacteria are a major bacterium in the marine environment
(Figure 4), they were generally dominant in the initial phase of
biofilm development (Elifantz et al, 2013; Pollet et al., 2018).
Gammaproteobacteria and Alphaproteobacteria are considered
early colonizers on polyurethane and acrylic-based plastics, and
are known to be dominant in MP and seawater (Xu et al., 2019).
Surface attachment and biofilm development are well-known
strategies for bacteria to survive in marine environments because
of their ability to form stable consortia, and its beneficial properties
for horizontal gene exchange, nutrient accumulation, and
protection against toxic substances (Rummel et al., 2017). Here,
identified bacteria in MP samples significantly increased compared
to SW samples (Figure 6), as has been found in other previous
marine and coastal area MP studies (Gong et al., 2019; Hu et al.,
2021; Szabo etal., 2021). The increasing influx of MPs into seawater
could be affected by the potential contribution of land plastic waste-
associated sources. Additionally, in MPs distributed along the
seaside, the wide-reaching disturbance and vortexing effects of
ship movements can facilitate the redistribution of MPs in
surface waters and below, potentially altering plastisphere
communities between MPs and SW samples (Urbanek et al.,
2018; Anjana et al., 2020). Flavobacerium, Pseudomonas,
Lactobacillus, and Psychrobacter genera have been reported to the
various marine plastics, namely PP, PE, PS, and PET, respectively
(Oberbeckmann et al., 2015; Anjana et al., 2020; Tu et al., 2020).
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These bacteria are known to be selectively enriched through
anthropogenic land-based and maritime activities, while marine
environmental conditions can also contribute to the high-level
contamination of nearshore sediment and seawater in coastal areas.
Such bacteria were predominantly observed in the present study.
Notably, previous studies have found that suspended plastic
packaging waste and plastic bags in seawater can potentially affect
the bacterial community structure through physiochemical
processes over time (Urbanek et al., 2018; Zhang et al., 2019). Tt is
necessary to investigate the relationship between the surface
properties of polymers and MP microbial communities, but
unlike MP biofilm studies through culture methods, field-based
studies still have limitations to identify specific correlations between
collected polymers and microbial communities. Therefore, more
studies are required to better understanding the shaping
plastisphere on polymers.

In particular, some of the identified bacterial taxa (e.g.,
Flavobacterium and Pseudomonas spp.) were capable of degrading
plastics (Figure 6). Previous studies have suggested that marine
microorganisms can degrade MPs by colonizing the surface of
suspended plastics (Debroas et al., 2017; Urbanek et al,, 2018;
Hansen et al., 2021). Known polymer and hydrocarbon degraders,
such as Flavobacterium, Pseudomonas, and Paraglaciecola spp., have
been found in plastic attached bacterial communities (Egelkamp
etal,,2017; Hansen etal., 2021). Marine microorganisms can produce
enzymes with the capacity to degrade MP as a potential energy source
(Zettler et al, 2013; Yoshida et al,, 2016). Chitinase enzymes are
produced by certain bacterial genera, including Flavobacterium,
Pseudomonas, and Vibrio spp., while chitin hydrolyzation breaks
down the polymer structure (Souza et al., 2011). Therefore, the results
suggest a potential role for plastispheres in the degradation of plastic
polymers. Although the main metabolic pathway remains largely
unknown, Pseudomonas spp. are well-known degraders of plastic
particles (Rogers et al., 2020). Interestingly, previous studies have
found that Vibrio spp., a ubiquitous genus of marine bacteria, were
significantly more abundant in MPs than in seawater samples (Zettler
et al, 2013; Oberbeckmann et al, 2015); whereas other studies,
including that presented here, rarely identified Vibrio spp. in the MP
samples (Bryant et al., 2016; Debroas et al,, 2017). Generally, the high
abundance of Vibrio spp. in seawater and nearshore areas may be
related to background environmental conditions, such as relatively
higher temperatures and organic matter concentrations
(Oberbeckmann et al, 2018). There is a possibility to the low
abundances of Vibrio spp. observed here was affected by low
temperature during sampling time.

Environmental factors affecting microbial
community in microplastics

Previous studies have suggested that MP microbial

communities are strongly grouped according to geographical
characteristics rather than polymer type (Oberbeckmann et al.,
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2016; Chen et al,, 2019). Environmental factors of the geographic
area would thus strongly affect the bacterial community
developed on MPs. The results here showed that nutrients
(TN and TP), commonly regarded as major aquatic
parameters to develop bacterial growth on MP surfaces,
negatively influenced the genera of Pseudomonas, Roseburia,
Vibrio, and Alteromonas in this marine environment (Figure 7).
MPs biofilms have been reported to play an essential part in
biogeochemical cycles of nitrogen and phosphorous in marine
environment (Shen et al., 2022). Previous studies reported that
the biofilm attached to the MP surface can promote the
oxidation and denitrification of ammonia nitrogen and nitrite
but can also enrich nitrogen fixation compared to SW microbial
community (Li et al, 2019; Xu et al,, 2019). Additionally, MPs
could promote the release and absorption of phosphorous by
phosphorous-accumulating bacteria and inhibit the removal of
total inorganic nitrogen by reducing the content of denitrifying
bacteria (Shen et al., 2022). However, information on the direct
impact of MPs on the nitrogen and phosphorous in the marine
environment is very limited because the potential mechanism for
releasing or adsorption N and P from MP is relatively complex
(Li et al., 2019; Shen et al., 2022). As the open ocean
environment is nutrient-poor, and it is believed that biofilms
are favorably formed in these environmental conditions;
however, coastal areas, such as the study sites here, typically
receive higher inputs of nutrients and waste debris from the
surrounding terrestrial environment (Oberbeckmann et al.,
2015; Keswani et al., 2016), as organic matter input and high
nutrient (N, P) concentrations are released from urban areas via
anthropogenic activities (Oberbeckmann et al., 2015; Harrison
et al,, 2018). Actually, Vibrio and Pseudomonas genera is one of
dominant marine bacteria, and they highly affected specific
environmental factors, such as the high temperature, low
salinity, nutrients, and Chl-a (Oberbeckmann et al., 2015). In
addition, microplastics could aggregate more Vibrio, and
Alteromonas genera can be aggregated in microplastics when a
favorable environment is provided because amino acid
metabolism and metabolism of cofactors and vitamins in
surface colonizing capacity on microplastics would be
increased compared with other substrates (Wang et al,
2021b). However, unfortunately, detailed information on the
bacterial function and metabolic pathway was not obtained
because this study focused on the microbial community
diversity, compositions, and structures. Therefore, further
investigation is quite necessary to interpret the environmental
effects of microplastic bacterial colonization. Accordingly, the
results of the present study were highly correlated with the MP
sampling sites and season. Despite relatively low temperatures
and biomass levels observed at the study sites due to the seasonal
effect, the observed high abundance of bacteria may be explained
by the urban-based nutrient inflow.

Temperature, one of the most common marine
environmental monitoring parameters, and are often found to
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be key to shaping MP microbial communities (De Tender et al.,
2015; Harrison et al., 2018; Oberbeckmann et al., 2018).
According to the RDA results here (Figure 7), Chl-a and
temperature parameters were relatively less correlated with MP
bacterial communities. Relatively, lower temperatures, low
nutrient contents, and shorter sunshine duration hours in the
autumn and winter may also negatively affect bacterial
proliferation development (Oberbeckmann et al.,, 2018; Basili
et al., 2020). However, some bacteria, such as Sulfitobacter and
Flavobacterium genera, had positive relationships (Figure 7). It is
suggested that they may have interactions along eutrophication
gradients because they are ubiquitous species probably able to
have specific metabolic roles such as aerobic/anaerobic or
anoxygenic photosynthesis (Elifantz et al., 2013; Basili et al,
2020; Shen et al., 2022). This seasonal environmental effect may
have significantly influenced the plastispheres in the present
study, and should be assessed in future analyses.

The salinity parameter was the most important marine
environmental factor affecting MP bacterial community in
previous study (Oberbeckmann et al., 2018; Li et al., 2020),
while temperature and nutrients (TN and TP) were found to
significantly correlate to marine bacterial diversity and structure
in this study. One previous study has reported that the MP
bacterial communities were positively associated with salinity, as
well as other marine environmental parameters, such as pH and
DO (Li et al,, 2020); whereas other studies have shown that
temperature and salinity are weakly correlated with bacterial
abundance and diversity (Oberbeckmann et al., 2015; Harrison
etal, 2018). Although several marine environmental parameters
(salinity, temperature, and nutrients) potentially contributed to
the bacterial community on PE and PS (Harrison et al., 2018;
Jiang et al., 2018), the presence and variety of microbial
communities, as well as their biofilm-framing characteristics in
MPs remains largely unknown. Additionally, considerable
uncertainty remains regarding the ecological role of the
plastisphere based on the seasonal and marine environmental
effects, such as during transport by currents, ship operation, UV
exposure, waves, and winds. Environmental effects are often
highly complex, and can interact with other environmental
parameters, thereby making it difficult to decipher the precise
relationships between microorganisms and the surrounding
area. Therefore, additional studies are required to better
characterize the potential relationships among microbial
communities, marine environmental parameters, and the
effects in plastispheres.

Conclusion

This field study in an urban coastal area revealed that high levels
of MP concentrations (mean: 94 + 41 particles-m’3 ), and small sized
MPs (20-300 um) were dominantly detected (67.5% * 9.6%) at six
sites in the Busan coastal area. In addition, the microbial community
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was significantly different between MP and SW, and MP-associated
microbial diversity was higher than that in SW. The most abundant
taxonomic profiles of the bacterial communities in MPs comprised
phylum Proteobacteria, class Gammaproteobacteria, and families
Flavobacteriaceae and Rhodobacteraceae. LEfSe results showed that
Sneathiella, Flavobacterium, Lactobacillus, Desulfovibrio,
Winogradskyella, Pseudomonas, and Psychrobacter genera were
abundant in MP samples compared with SW samples. Moreover,
temperature and nutrients, such as TN-TP, were found to be
potential variables that could influence bacterial community in
MPs in urban coastal area. Our results can help characterize the
abundance and occurrence of MP contamination, and their influence
on the plastispheres of marine environments.

The study here, however, had several notably limitations. Due
to the limited sampling period, any seasonal variations and
influences were not considered; thus, larger sample sizes across
longer temporal scales should be monitored to further understand
MP plastispheres. To date, we do not know much about the
dynamics and successional changes in microplastic-associated
assemblages that occur as the particles are subjected to different
environments characterized by different local communities.
Therefore, future research should address the relationship
between MP contamination and biofilm-forming bacterial
communities, as the diverse microbial composition of marine
biofilms can lead to interspecific interactions affecting the fates of
marine MPs. Although current research on microplastics in the
marine environment is increasing significantly, there is a limit to
obtaining systematic scientific information owing to the lack of
standard methods for intrinsically considering and analyzing
multi-layered factors. Therefore, it is necessary to develop a
standard method to intensively investigate fibers and fragments’
microplastics because they are predominant MPs in marine
environment. These approaches could contribute to an in-depth
understanding of the current status and effects of microplastic
pollution in the coastal waters of Busan. In addition, this
information can be used as primary data for future research on
tracking the source of this pollution, characterization of
microplastic degradation along the coastal areas, and the impact
on ecosystems.
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