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Abstract

Plastic debris is rapidly colonized by diverse microorganisms, providing microbial
niches in marine biota. Previous investigations have been conducted on microbial
communities of microplastics collected from the environment, and the results were
diverse. These results suggested that microplastics could be influenced by exposure
time. Moreover, prokaryotic communities in the initial stages of microplastic biofilm
formation remain poorly understood. In this study, we investigated the initial stages
(Day 1-14) of prokaryotic communities on five polymer types exposed for different
time periods in coastal seawater using in situ incubation. Next—generation amplicon
sequencing based on the 16S rRNA gene was used to reveal the prokaryotic
composition of the biofilm formation on microplastics, depending on the exposure
time and polymer type. The microplastic-associated prokaryotic communities
exhibited distinct community composition and structure, clearly differentiating them
from the bulk seawater communities. The microplastic-associated prokaryotic
communities were influenced by exposure time rather than polymer types based on
Bray-Curtis dissimilarity distance. Furthermore, the analysis revealed that the
microplastic samples exhibited a higher abundance of amplicon sequence variants
(ASVs) associated with obligate hydrocarbonoclastic bacteria (OHCB) compared to
the seawater samples. Additionally, specific ASVs were observed depending on the
types of polymers present in the microplastics. Moreover, the relative abundances of
major taxa in microplastic communities exhibited temporal variations. The results
revealed that the initial prokaryotic communities showed dynamic characteristics,

characterized by fluctuations in composition and structure. In addition to,



microplastic-associated functions of benzoate degradation and polycyclic aromatic
hydrocarbon (PAH) degradation represented that microplastic communities
exhibited an increase in these functions over time. This study offers insights into the
formation of microplastic biofilms during the initial stages and establishes a baseline
for understanding the mechanisms underlying microbial microplastic biofilm
formation. Furthermore, our research could provide fundamental knowledge to

support further study on marine microplastic pollution.
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1. Introduction

Plastic litter is a global environmental concern, particularly in the oceans where
it poses a significant threat to marine ecosystems. In 2018, global plastic resin
production rose to 359 million metric tons (PlasticsEurope 2019). As a result, it is
estimated that from 5.5 to 14.5 million metric tons of plastic waste might have been
discharged into the oceans during that year (PlasticsEurope 2019; Wayman &
Niemann 2021). As plastic debris enters the marine environment, it undergoes
physical and chemical weathering processes, ultimately forming microplastics,
which range from 1 um to 5 mm in size (Frias & Nash 2019). These microplastics
are present in diverse marine environments, including coastal seawater, sediment,
open water, and even deep sea or polar regions with minimal human impact (Auta et
al. 2017).

The "Plastisphere”, which refers to the diverse microbial communities that
colonize on plastic debris (Zettler et al. 2013), provides microbial niches for marine
biota. Moreover, the ability to form biofilm offers numerous advantages to
microorganisms, including higher accessibility to nutrients, protection from UV
radiation, maintenance of extracellular enzyme activities, and survival from
predation (Dang & Lovell 2000, 2016). Also, plastisphere microbial communities
are clearly differentiated from the surrounding seawater (Basili et al. 2020; Freére et
al. 2018; Zettler et al. 2013; Zhang et al. 2022). Previous studies were conducted on
factors affecting plastisphere microbial communities in field incubation systems.
Zhang et al. (Zhang et al. 2022) investigated the microbial community dynamics for

different polymer types at timepoints of 1, 4, and 8 weeks in field incubation
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experiment. This previous study confirmed that the plastisphere microbial
communities were influenced by polymer types, exposure time, and environmental
factors. In addition, the bacterial communities on microplastics were found to be
significantly varied depending on marine habitat and exposure duration, rather than
polymer types (Li et al. 2020). However, there is no significance in bacterial
communities with polymer types (PE and PP) and exposure time (Dudek et al. 2020).
Hou et al. (Hou et al. 2021) conducted prokaryotic microplastic communities for
three polymer types (PE, PP, and PET) across different exposure times (Day 15, 30,
60, and 90) in a mariculture cage. The distinct prokaryotic communities were
observed to form on different types of microplastics. Additionally, the dissimilarity
in the prokaryotic communities between microplastics and surrounding water
fractions tended to decrease over time. Latva et al. (Latva et al. 2022) carried out
field incubations to examine the prokaryotic and eukaryotic community structures
during very early stages (15 min, 4 h, 6 h, 28 h, and 76 h) and they found that
exposure time significantly impacted the prokaryotic and eukaryotic communities.
This study, though, had a lack of comparison to surrounding seawater and only
examined a single polymer type in the experimental setup. The initial stages of
biofilm formation on marine submerged substrates are highly dynamic (Dang &
Lovell 2000; Latva et al. 2022; Pollet et al. 2018). However, prokaryotic community
succession remains poorly understood especially during the initial stages of
microplastic biofilm formation, compared to surrounding seawater.

In this study, we investigated the initial stages (Day 1-14) of prokaryotic
communities on five different types of microplastics (low-density polyethylene,

high-density polyethylene, general-purpose polystyrene, high-impact polystyrene,



and polypropylene) exposed for different time periods in coastal seawater using in
situ incubation. Hence, this study aimed (1) to find the differences between
microplastic-associated prokaryotic communities and bulk seawater communities
and (2) to characterize the prokaryotic communities during the initial stages of

microplastic biofilm formation in coastal seawater.



2. Materials & Methods

2.1. Experimental Setup and Sampling Procedures

The in situ incubation experiment and bulk seawater sampling were conducted
on the coast near Hari Port in Busan, Republic of Korea (35°04' 33" N, 129°05' 00"
E) (Figure 1), on October 11th, 2022, and October 25th, 2022.

The five polymer types of microplastics used in the experiment were GPPS,
HIPS, LDPE, HDPE, PP (Polypia, Republic of Korea). The size of the microplastic
pellets was between 2 and 5 mm. Prior to the experiment, the polymer types of
microplastics were analyzed by Nicolet™ iN10 MX Infrared Imaging Microscope
(Thermo Fisher Scientific, USA) to confirm the polymer types (Figure 2). The
microplastics were washed twice in 70 % ethanol and sterilized distilled water. The
microplastics were stored in sterilized bags until in situ incubation experiment. The
microplastic pellets were placed separately for each polymer type in a sterilized
cylindrical-shaped stainless steel cage (mesh size, 1.2 mm; diameter, 19.5 cm; height,
19.5 cm). Five stainless steel cages containing different microplastic pellets were
connected to the buoy using stainless steel ropes and the cages were submerged at
approximately 0.5-2 m in depth. A schematic of the experimental design is shown
in Figure 3. The microplastics were conducted in situ experiment for 14 days.

These microplastics were subsampled at different time points (Day 1, 2, 3, 5, 6,
and 14) in coastal seawater. The stainless steel cage containing PP was lost on the
Day 14, hence, there was no data for Day 14 of PP. At each time point, approximately

15 g of each polymer type was collected in a 50 ml conical tube with triplicate and



rinsed loosely 2-3 times with 0.2 pm filtered sterile 3 % NaCl to remove bulk
seawater. Afterward, the 50 ml conical tubes containing microplastic samples were
filled with 40 ml of 0.2 um filtered sterile 3 % NaCl. The microplastic-attached
prokaryotes were collected by 0.2 um filtration after oscillation step using Vortex-
Genie 2 (Scientific Industries, USA) for 30 minutes at 3,200 rpm. This modified
method was adopted based on the techniques described in previous studies (Wen et
al. 2020; Zhang et al. 2022). To retrieve residual prokaryotes, 40 ml of 0.2 um
filtered sterilized 3 % NaCl was put into the 50 ml conical tube once more and shaken
to filter on the same 0.2 pm filter.

The bulk seawater was collected near the experiment area of the microplastic
in situ incubation. The raw seawater samples (1.5-2.2 L) were filtered triplicate with
a 3.0 um pore-sized polycarbonate membrane filter (47 mm, Millipore) to detect the
particle-attached prokaryotes. The filtrate was filtered triplicate by a 0.2 um pore-
sized polycarbonate membrane filter (47 mm, Millipore) to collect free-living

prokaryotes. All filter samples were stored at —80 °C until further analysis.
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2.2. Prokaryotic Abundance and Environmental Parameters

10 ml of the raw bulk seawater was stored at —20 °C supplemented with 0.02
um filtered formalin (final concentration 2 %) for the prokaryotic abundance. A
volume of 700 pl of the fixed raw bulk seawater was filtered through a 0.02 pm
Anodisc filter (25 mm, Whatman). Subsequently, the Anodisc filters were carefully
placed on a drop of 100 pl of diluted SYBR Gold (2.5 % of final concentration).
(Shibata et al. 2006). This step was performed in the dark condition for 15 minutes.
The abundance of prokaryotic cells was observed and counted using epi-
fluorescence microscopy (BX60, Olympus).

Environment parameters, including temperature, salinity, (YSI, USA) and pH
of seawater were measured in triplicate in situ at each time point. For chlorophyll a
measurement, 2-2.2 L of seawater were filtered in duplicate by GF/F filters on Day
1, 5, and 14. After filtration, the GF/F filters were stored at -20 °C until before
analysis. The extraction and calculation of chlorophyll a were followed as the
methods (Parsons et al. 1984). The nutrient concentration of bulk seawater was
measured in triplicate using the QuAAtro AutoAnalyzer (SEAL Analytical, USA).
A duplicated subsample of 40 ml stored at —20 °C was used for the analysis. The
measured macronutrients encompassed ammonium (NH4), nitrite plus nitrate
(NO2+NQ3), phosphate (PO.), and silicate (SiO2). To investigate the correlation
between environmental parameters including temperature, pH, salinity, ammonium
(NHo.), nitrite plus nitrate (NO2+NOs3), phosphate (PO.), and silicate (SiO2) and the
dominant taxa (top 10) of microplastic samples, we calculated Spearman correlation
coefficients. The correlation results with environmental parameters were visualized

using ‘corrplot’ package version 0.92 (Wei & Simko 2021) in R.
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2.3. DNA Extraction, Amplicon Sequencing, and Data
Processing

The genomic DNA of the filter samples was extracted using the DNeasy Power
Soil Kit (Qiagen) according to the manufacturer's instructions. The concentration of
genomic DNA was quantified using NanoDrop spectrophotometers (Thermo Fisher
Scientific, USA). The 16S rRNA gene V4-V5 hypervariable region was amplified
using PCR Master Mix (Biofact, Republic of Korea) and barcoded 515F (5'-
GTGYCAGCMGCCGCGGTAA-3) 926R (5-CCGYCAATTYMTTTRAGTTT-
3") primers (Parada et al. 2016; Vaksmaa et al. 2021). The PCR product was purified
using HiGene™ Gel & PCR Purification System (Biofact, Republic of Korea). The
purified PCR product was quantified using NanoDrop spectrophotometers. The PCR
products were pooled to an equimolar amount. The library was constructed with the
Nextera XT index Kit (lllumina, USA) and sequenced by lllumina MiSeq PE
(Paired-End) at LAS, Republic of Korea.

The quality of the raw amplicon sequences was assessed by FastQC version
0.11.9 (Andrews 2010). Trimming of adaptors was processed by Trimmomatic
version 0.39 (Bolger et al. 2014). The barcoded sequences were demultiplexed with
Cutadapt version 4.2 (Martin 2011). The demultiplexed sequences were denoised
using DADAZ2 (Callahan et al. 2016) via Qiime2 (https://docs.qiime2.0rg/2022.11/)
(Bolyen et al. 2019). The taxonomic assignment of the amplicon sequence variants
(ASVs) was performed using Naive Bayes classifier trained on Silva 138 99% OTUs
full-length sequences (Bokulich et al., 2018). After the taxonomic assignment, the
sequences classified as Chloroplast, Eukaryota, Mitochondria, and Unassigned were

exclude.
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2.4. Statistical Analysis

Sequencing depth of all samples was visually evaluated through rarefaction
curves using the “diversity alpha-rarefaction’ function in Qiime2 (Bolyen et al. 2019).
Subsequent statistical analyses were conducted in R version 4.2.2 (RCoreTeam
2022). Alpha diversity indices, such as Chaol, Inverse Simpson, Shannon, and ACE
were calculated using phyloseq package version 1.42.0 (McMurdie & Holmes 2013)
in R. For groups with significant differences, pairwise Wilcoxon tests with
Bonferroni corrections were applied to account for multiple comparisons after
Shapiro-Wilk normality test using stats package in R. Beta diversity was analyzed
by Principal Coordinates Analysis (PCoA) plots based on Bray-Curtis dissimilarities
using Phyloseq package. The significance of pairwise differences in prokaryotic
community composition was assessed using the Analysis of Similarity (ANOSIM)
method, implemented through the vegan package (Oksanen & Jari, 2020) and the
'diversity beta-group-significance' command in Qiime2, with 999 permutations. The
selection of major ASVs (Amplicon Sequence Variants) was based on their presence
in at least one microplastic sample and a minimum composition threshold of 4%.
The linear discriminant analysis effect size (LEfSe) analysis was conducted using an
online tool within the Galaxy to identify marker species among the groups (Segata
et al. 2011) and Linear Discriminant Analysis (LDA) score value was 2.0. All other

plots were visualized by ggplot2 package (Wickham & Wickham 2016) in R.
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2.5. Functional Inference

PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of
Observed States) plugged in Qiime2 was used for the prediction of functional
inference of the prokaryotic communities (Douglas et al. 2020). The pathway
abundance tables containing the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Orthologs (KOs) were acquired using the Qiime2 ‘full-pipeline’ function
(PICRUSt2 Tutorial, version 2.5.2). In the analysis, the KEGG Orthologs (KOs)
were assigned to level 3 KEGG pathways using the KEGG BRITE hierarchy. The
abundance values of KEGG pathways were normalized to relative abundance to

compare among groups and exposure times.
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3. Results

3.1. Prokaryotic Abundance of Bulk Seawater and
Environmental Parameters

The prokaryotic abundance of bulk seawater samples ranged from 3.73-7.74
x10° ml?, with the lowest abundance detected on Day 6 (Table 1 and Figure 4). The
results of environmental parameters were shown in Table 1 and Figure 4. For 14
days, the mean range of the temperature, salinity, pH, and Chlorophyll a
concentration were 18.40-20.77 °C, 31.50-32.37, 8.11-8.20, and 0.076-0.179,
respectively. Notably, on Day 14, the lowest values of temperature and Chlorophyll

a concentration were observed.
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Table 1. The results of the environmental parameters and prokaryotic abundance. NA; not available (Mean+SD)

Date Time point Temperature Salinity H Chlorophyll a Prokaryotic abundance
(yyyy/mmidd) P (°C) (ppY) P (ng/) (x10°ml)
2022/10/12 Day 1 20.23+0.06 31.73+0.06 8.11+0.02 0.163+0.003 7.74+0.05
2022/10/13 Day 2 19.83+0.15 31.87+0.15 8.15+0.02 NA 7.20£0.05
2022/10/14 Day 3 20.07£0.12 31.50+0.10 8.13+0.03 NA 6.31+£0.04
2022/10/16 Day 5 20.77+0.06 31.53+0.06 8.17+0.02 0.179+0.010 7.11+0.05
2022/10/17 Day 6 20.57+0.21 31.70+0.44 8.20+0.01 NA 3.73£0.03
2022/10/25 Day 14 18.40+0.00 32.37+0.06 8.14+0.01 0.076+0.027 4.39+0.03
14
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3.2. Diversity of Prokaryotic Communities

3.2.1. Sequencing Results

A total of 6,291,476 raw reads were obtained for analysis. A total of 3,144,622
high—quality reads from 122 samples were retrieved after quality filtering, trimming,
denoising, and taxa filtering (Table 2). Additionally, 12,297 ASVs were observed
among all 122 samples. Furthermore, the frequency distribution of the dataset was
as follows: The minimum frequency observed was 1,592, indicating the lowest
occurrence of a specific event. The median frequency was 18,877, indicating that 50%
of the data points had a frequency equal to or lower than this value. The mean
frequency was calculated to be 25,776, providing an overall average value for the
frequencies observed.

All 122 samples yielded rarefaction curves with a plateau (Figure 5), showing

sufficient sequence depth.
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Table 2. Number of reads at each quality control (QC) stage. The total number of high-quality reads in the study was determined to be 3,144,622. (MeantSD)

Sample ID Raw reads Denoising Merging Removal of chimera Taxa filtering
GPPS-D01 16225+4417 13088+3886 8261+1855 752612065 6102+1057
GPPS-D02 16758+9502 1371949077 11004+7899 10318+7475 9591+6971
GPPS-DO03 22484+11677 1777147724 1524147198 1409416774 13011+6970
GPPS-D05 58470+40474 50843+35892 38687+28898 35286126143 32864124726
GPPS-D06 55014+13242 47782411428 36344410521 33690+10009 3057218824
GPPS-D14 71311431278 62090427322 44263422117 40646120795 37835+18810
HDPE-DO01 16605+8660 12654+6780 8777+4641 7855+4323 6579+3623
HDPE-D02 15178+6048 10817+3722 7729+2835 7113+2260 5335+2150
HDPE-D03 9749560048 83943+53418 65693+42727 61092439384 44896+30119
HDPE-D05 66441+39487 57807+35010 41815425715 39007+24066 28171+17283
HDPE-D06 50593+41970 43309+36585 32373430848 30250+28976 23149423382
HDPE-D14 68178+36726 59617+33702 48677+28923 45606127396 36571421769
HIPS-D01 34797419834 29208+17216 18060+12828 16870+12035 14043+10337
HIPS-D02 1739048435 14418+7310 10542+6468 9502+5962 8728+5739
HIPS-D03 23653+18351 20203+15972 17212+14236 16129+13358 15447+12794
HIPS-D05 31914+18755 27711+16686 19889+14479 18591+13406 17258+13052
HIPS-D06 96205+7056 85153+5861 6874815456 58582+7669 54613+7100
HIPS-D14 27286+10906 2375819742 17489+7488 1444346129 1399045945
LDPE-D01 50907+37880 44320433155 37044429964 35977+29217 28257425777
LDPE-D02 18393+17206 13114411501 833147028 71065490 411241927
LDPE-D03 51387+20293 44478418521 38830+17425 33520+13129 28583+14829
LDPE-D05 45989+56653 19420+20720 14787+16486 11351+11519 5043+1865
LDPE-D06 2147345780 16840+5451 12116+3933 11377+3680 8867+3243
LDPE-D14 71655+44581 61148+39396 48346132656 44855+30677 41267429279
PP-DO01 51573+39834 44402+35166 36970+30582 35337429646 27811422361
PP-D02 8193+3357 6119+2666 4290+2094 3966+2002 3438+1837
PP-D03 23446+28260 19115+23898 15240+£21089 14649+20377 11247+15968
PP-D05 38427+19436 30271+16411 20466+11969 19336+11423 15086+9149
PP-D06 63783155543 55850+£49890 48901+46660 46523144786 39554+38537
SW-FL-D01 71005+22604 62451+19708 54987+16575 52086+15113 42394+12608
SW-FL-D02 87805426463 78287+24287 69289+21455 64415+18044 47259+10196
SW-FL-D03 125427+28856 109642+25014 96005+22683 87755+22359 75028+19235
SW-FL-DO05 69809+23570 61436+28568 53489+25746 50665+24250 43924+20640
SW-FL-D06 70293+31788 61436+28568 53489+25746 50665+24250 43924+20640
SW-FL-D14 55144+18401 47992+17007 39960+15314 35331413543 32449+12841
SW-PA-DO1 25189+10565 21420+8987 16524+6980 1496816515 957414716
SW-PA-D02 77682+61098 67762£55122 54946147406 48187+41391 27138421537
SW-PA-D03 41727+16994 35648115144 2737711732 24376110084 1419645671
SW-PA-D05 109115+61693 96505155426 79147447043 71034441225 46723+33846
SW-PA-D06 58880141377 50474+36166 37321427134 34850425043 19287+12851
SW-PA-D14 79269+34263 68284+29993 54665124055 51237423020 36832116324
Total reads 6291476 5356510 4289160 3933915 3144622
High-Quality reads: 3,144,622
1 7 K, 1 ¢ I:-' ok
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3.2.2. Alpha Diversity

Alpha diversity indices (Chaol, Inverse Simpson, Shannon, and ACE) were
calculated to assess diversity of prokaryotic communities. Results revealed a range
of values for microplastic samples: Chaol (93-1987), Inverse Simpson (4.53—
195.37), Shannon (3.23-6.36), and ACE (93.56-1959.42). In comparison, bulk
seawater samples exhibited the following ranges: Chaol (188-1127), Inverse
Simpson (7.96-98.91), Shannon (3.35-5.69), and ACE (187.4-1100.7) (Table 3).
The variation of the microplastic samples was higher than bulk seawater samples. In
addition, the value of microplastic samples initially decreased and then tended to
increase again (Figure 6). The highest alpha diversity indices showed in HDPE at
Day 3. However, all alpha diversity indices did not show significantly differences

among the groups and the exposure time (p>0.05).
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Table 3. Summary of alpha diversity indices (MeanzSD) including Chaol,
InvSimpson, Shannon, ACE. (SW; Seawater, FL; Free-living fraction, PA; Particle-

attached fraction, MP; Microplastics)

Sample Name Chaol Inverse Simpson Shannon ACE
SW-FL-D01 524+123 62.66+5.35 4.92+0.13 507.06+116.86
SW-FL-D02 50057 48.01+16.7 4.7240.22 478.35+41.77
SW-FL-D03 7724188 62.2+11.39 5.01+0.22 746.05+182.42
SW-FL-D05 458+94 48.59+3.57 4.67+0.1 452.27+93.48
SW-FL-D06 499+193 46.11+16.37 4.71+0.35 491.19+189.43
SW-FL-D14 424187 48.74£9.96 4.71£0.22 415.98+86.68
SW-PA-D01 269+124 44.14+42.06 4.34+0.93 266.35+120.74
SW-PA-D02 556270 64.78+15.32 5.03+0.2 544.38+262.72
SW-PA-D03 398+118 61.12+7.99 4.9£0.2 387.59+108.78
SW-PA-D05 793+454 60.54+28.11 5.04+0.52 779.8+443.8
SW-PA-D06 543+335 56.11+34.64 5.01+0.61 532.65+325.51
SW-PA-D14 815+365 85.84+20.41 5.39+0.42 797.82+354.89

MP-GPPS-D01 274144 75.22+26.19 4.94+0.19 273.47+42.83

MP-GPPS-D02 261+145 31.19+5.49 4.26+0.28 259.54+143.72

MP-GPPS-D03 238185 23.05+18.33 3.86+0.74 234.9+86.47

MP-GPPS-D05 612+270 42.42+48.9 4.67+0.71 596.61+267.6

MP-GPPS-D06 733+167 75.09+28.8 5.39+0.25 716.24+160.04

MP-GPPS-D14 8231272 98.22+25.96 5.51+0.2 808.13+268.16

MP-HDPE-D01 267+157 70.68+31.92 4.75+0.52 264.32+155.74

MP-HDPE-D02 201+73 55.25+25.03 4.53+0.4 200.81+72.22

MP-HDPE-D03 1328+688 148.25+25.51 5.98+0.36 1311.16+678.98

MP-HDPE-D05 825414 120.27+19.9 5.65+0.39 814.14+406.6

MP-HDPE-D06 626446 87.18+40.08 5.3+0.47 619.92+444.01

MP-HDPE-D14 791+292 65.94+4.27 5.32+0.18 777.8+289.65

MP-HIPS-D01 599+393 119.75+43.47 5.45+0.63 594.83+391.72

MP-HIPS-D02 288+121 45.87+7.96 4.6£0.1 283.64+119.71

MP-HIPS-D03 3174182 24.04+3.86 4.21+0.2 313.33£178.56

MP-HIPS-D05 361+154 23.46+20.81 4.34+0.54 356.81+149.27

MP-HIPS-D06 88677 57.75+20.87 5.28+0.13 871.64+79.4

MP-HIPS-D14 389+97 54.6+1.64 4.84+0.12 373.78+102.79

MP-LDPE-D01 7461418 91.94+75.38 5.54+0.54 735.93+413.79

MP-LDPE-D02 212485 36.64+3.39 4.48+0.21 209.54+80.04

MP-LDPE-D03 570+141 42.37451.36 4.51+0.94 560.59+142.28

MP-LDPE-D05 208+63 24.61+2.81 4.3+0.24 207.02+62.81

MP-LDPE-D06 304+88 37.49+10.68 4.65+0.07 302.93+89.19

MP-LDPE-D14 9161516 129.23+37.3 5.65+0.5 889.89+498.61
MP-PP-DO01 9394572 111.12+73.36 5.73+0.56 917.35+562.78
MP-PP-D02 156156 27.44+22.18 3.91+0.65 153.04+52.41
MP-PP-D03 429+539 48.4+11.86 4.72+0.83 421.59+526.02
MP-PP-D05 532+263 74.73+14 5.28+0.35 526.7+258.94
MP-PP-D06 8801628 68.48+2.9 5.3610.35 864.24+610.57
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Figure 6. Alpha diversity indices (Chaol, Inverse Simpson, Shannon, and ACE) across the groups.
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3.2.3. Beta Diversity

Principal Coordinates Analysis (PCoA) plots based on Bray-Curtis
dissimilarities revealed significant differences between microplastic and bulk
seawater prokaryotic communities (Figure 7a). Specifically, at Day 14, the
microplastic prokaryotic communities exhibited the highest dissimilarity distance
from bulk seawater communities (Figure 7b and Figure 8). In addition, the
dissimilarity distance of prokaryotic communities among the different polymer types
showed the most significant decrease at Day 14 (Figure 8). Notably, the particle—
attached communities were included in microplastic communities at Day 1 and Day
2. Furthermore, the free-living prokaryotic communities were observed to be more
stable variation than other communities.

The Analysis of similarity (ANOSIM) analysis based on Bray-Curtis
dissimilarities confirmed the clear distinction between microplastic and bulk
seawater communities from Day 5 to Day 14 (R=0.938-1.000, p=0.001). The lowest
R value was 0.400 at Day 1 and p-value was 0.002. The results of pairwise ANOSIM
analysis showed comparisons of prokaryotic communities based on both groups and
exposure time, as indicated in Table 4. All communities of polymer types were
distinguished from seawater communities. Moreover, the influence of these factors
was observed across all samples, encompassing microplastic and bulk seawater
samples (Global ANOSIM, R=0.525, p=0.001 for groups and R=0.152, p=0.001 for
exposure time). Furthermore, the communities across the exposure time did not
showed differences among the exposure time. To conduct a more detailed analysis

on the microplastic communities, ANOSIM pairwise analysis was performed on the
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microplastic communities, excluding the bulk seawater communities (Table 5). The
results obtained from the comparisons of the different polymer types did not reveal
significant differences, as indicated by the ANOSIM analysis based on Bray-Curtis
dissimilarity (Table 5) and based on unweighted Unifrac distance (data not shown),
and PCoA plots. Additionally, the microplastic communities across the exposure
time factor were observed to be similar communities of Day 2 and Day 3, as well as
Day 5 and Day 6 (R=0.034-0.045, p>0.05) (Table 5). However, Day 14 communities
were differentiated from other exposure time points (R=0.584-0.848, p=0.001)

In summary, alpha diversity of microplastic and bulk seawater prokaryotic
communities did not show significantly differences among the groups and the
exposure time. However, microplastic-associated prokaryotic communities were
distinct from bulk seawater communities based on Bray-Curtis dissimilarity. Notably,
the dissimilarity values were found to be highest at Day 14. In addition to, beta
diversity of the microplastic-associated prokaryotic communities influenced by
exposure time. Moreover, it was difficult to observe an influence of polymer type on

microplastic-associated prokaryotic communities.

23



(a)

o
e @
..
s °
; o
025 ®
. .o.’ ®
e g0 A
..
- e ® o o A
® ® o0 4 © A
@ 000 .’ ® Qoo o A Group
~: P : @ 0 ATANy m @ Microplastics
g e® ® ® A\ Seawater
< ® @
® ®
@
&%o
@]
025 e® 00 ..
®e
@
-0.50
04 02 00 02 04
Axis.1 [33%]
e ®
d
2
0.25 .J ®
A
Group
A
o © ® @ Microplastics
_ ® N Seawater
& & .6/7\" ®
W 000 ® &
= ’ A. A A_‘.@. 0
« [ J 2 Time point
P o o 7 hY
3 ® @ ® Dayl
¢ Day2
@ Day 3
[ Day 5
025 ® . Day6
. [G1s) ) ©® Dayl4
@
&
-0.50
04 02 00 04
Axis.1 [33%]

Figure 7. Principal Coordinate Analysis (PCoA) plots based on Bray-Curtis
dissimilarity distance grouped by microplastics and seawater (a) and including time

point (b).

24



Axis.2 [15.3%)

Seawater
A Free-living
A Particle-attached

Microplastics

® GPPS
@ HIPS
® LDPE
@® HDPE
® rp

Day 1 Day 2 Day 3
0251 ©
o ° P ®
0.004 . ,
e ¢, A . Ay ® Asan
-0.254 . . “
©
0.50+4 .
Day 5 Day 6 Day 14
@
0.254 . .
O ® B
- A II%% . Ay ASA
0.00
> “weo
-0.25- . ‘
0.504, - 3 : i - > : ; s 5 : -
-0.4 -0.2 0.0 0.2 0.4 0.4 -0.2 Ax?s.01 [33%] 0.2 04 -0.4 -0.2 0.0 02 0.4

Figure 8. Principal Coordinates Analysis (PCoA) plots based on Bray-Curtis dissimilarity distance among the groups of prokaryotic communities.

25



Table 4. Analysis of similarity (ANOSIM) pairwise analysis based on Bray-Curtis

dissimilarities among the groups (microplastics and seawater fraction) and exposure

time points.

Microplastics and seawater community

Factor R P value
Group

Global ANOSIM 0.525 0.001
GPPS / HDPE 0.318 0.001
GPPS / HIPS 0.064 0.066
GPPS / LDPE 0.146 0.006
GPPS / PP 0.457 0.001
GPPS/FL 0.896 0.001
GPPS/PA 0.690 0.001
HDPE / HIPS 0.334 0.001
HDPE / LDPE 0.201 0.001
HDPE / PP 0.258 0.001
HDPE / FL 0.833 0.001
HDPE / PA 0.572 0.001
HIPS / LDPE 0.275 0.001
HIPS /PP 0.517 0.001
HIPS/FL 0.962 0.001
HIPS/PA 0.754 0.001
LDPE / PP 0.176 0.002
LDPE /FL 0.797 0.001
LDPE / PA 0.565 0.001
PP/0.2 0.945 0.001
PP /PA 0.602 0.001
FL/PA 0.201 0.001
Exposure time

Global ANOSIM 0.152 0.001
Day 1/ Day 2 0.050 0.068
Day 1/ Day 3 0.052 0.074
Day 1/ Day 5 0.121 0.010
Day 1/ Day 6 0.193 0.002
Day 1/ Day 14 0.302 0.001
Day 2 / Day 3 -0.014 0.579
Day 2 / Day 5 0.079 0.033
Day 2 / Day 6 0.179 0.004
Day 2 / Day 14 0.337 0.001
Day 3/ Day 5 0.031 0.155
Day 3/ Day 6 0.114 0.013
Day 3/ Day 14 0.335 0.001
Day 5/ Day 6 0.024 0.168
Day 5/ Day 14 0.285 0.001
Day 6 / Day 14 0.163 0.014
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Table 5. Analysis of similarity (ANOSIM) pairwise analysis based on Bray-Curtis
dissimilarities among polymer types and exposure time points.

Microplastic (excluding seawater community)

Factor R P value
Polymer types

Global ANOSIM 0.267 0.001
GPPS / HDPE 0.318 0.001
GPPS / HIPS 0.064 0.072
GPPS / LDPE 0.146 0.004
GPPS /PP 0.457 0.001
HDPE / HIPS 0.334 0.001
HDPE / LDPE 0.201 0.001
HDPE / PP 0.258 0.001
HIPS / LDPE 0.275 0.001
HIPS / PP 0.517 0.001
LDPE / PP 0.176 0.003
Exposure time

Global ANOSIM 0.378 0.001
Day 1/ Day 2 0.169 0.003
Day 1/ Day 3 0.192 0.004
Day 1/ Day 5 0.303 0.001
Day 1/ Day 6 0.451 0.001
Day 1/ Day 14 0.848 0.001
Day 2 / Day 3 0.045 0.110
Day 2 / Day 5 0.204 0.003
Day 2/ Day 6 0.386 0.001
Day 2 / Day 14 0.818 0.001
Day 3/ Day 5 0.116 0.044
Day 3/ Day 6 0.271 0.002
Day 3/ Day 14 0.801 0.001
Day 5/ Day 6 0.034 0.192
Day 5/ Day 14 0.851 0.001
Day 6 / Day 14 0.584 0.001
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3.3. Taxonomic Structure, Major ASVs, Functional Inference,
and Correlation with Environmental Parameters

3.3.1. Taxonomic Structure

At the class level, the taxonomic composition was as follows: Bacteroidia
accounted for 38.81+14.73 % of the total community, followed by
Alphaproteobacteria at 27.45+13.81 %, and Gammaproteobacteria at 22.04+19.97 %.
Cyanobacteriia contributed 2.67+2.97 %, while Acidimicrobiia represented
1.79+1.58%. Nitrososphaeria, Planctomycetes, Bacilli, Actinobacteria, and
Thermoplasmata accounted for 1.14+1.57 %, 1.06+£1.40 %, 0.80+1.64 %,
0.56+1.82 %, and 0.54+0.77 %, respectively. Especially, Thermoplasmata, affiliated
with the Archaea domain, exhibited a higher relative composition in seawater
communities (1.27+1.0 4%) compared to microplastic communities (0.23+0.29 %).

The dominant taxonomic composition of the merged prokaryotic communities
of microplastics and seawater at the order level were Flavobacteriales
(33.05+12.42 %), Rhodobacterales (18.18+12.05 %), Oceanospirillales
(14.67£19.43 %), SAR11 clade (4.89+6.25 %), Chitinophagales (2.733.32 %),
Synechococcales (2.37+£2.67 %), Vibrionales (1.53+2.03 %), Actinomarinales
(1.24£1.52 %), Nitrosopumilales (1.14+1.57 %), and Rhizobiales (1.05+1.51 %)
(Figure 9). Oceanospirillales and Vibrionales taxa were in higher abundance in
microplastic-associated communities than in seawater communities. Remarkably,
distinct differences in the distribution of Oceanospirillales taxa were observed
among various polymer types, with HDPE and PP polymer types exhibiting

relatively lower proportions compared to other types. Moreover, the PP polymer type
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showed a greater prevalence of Vibrionales taxa in comparison to the other plastic
types. In contrast, Actinomarinales, SAR11 clade, and Synechococcales taxa were
predominant in seawater communities (Figure 9 and Table 6).

In addition to, the major taxonomic composition at the family level was
composed of Flavobacteriaceae (21.96+9.39 %), Rhodobacteraceae
(18.27+£12.15 %), Saccharospirillaceae (10.85+15.88 %), Cryomorphaceae
(5.22£3.74 %), Clade | (4.45£5.69 %), Crocinitomicaceae (3.70+2.32 %),
Oleiphilaceae (2.72+4.20 %), Saprospiraceae (2.47+2.86 %), Cyanobiaceae
(2.34£2.77 %), and NS9 marine group (1.72+1.89 %) (Figure 10 and Table 7).
Moreover, Clade I, Crocinitomicaceae, Cryomorphaceae, and Cyanobiaceae taxa
were higher taxonomic compositions compared to microplastic communities. In
microplastic-associated communities, Oleiphilaceae, Saccharospirillaceae, and
Saprospiraceae taxa were higher abundance compared to seawater communities.
Particularly, the abundance of Oleiphilaceae taxa was higher in HIPS and GPPS
compared to other polymer types.

These major taxonomic compositions were compared by microplastics and
seawater groups at the order and family taxonomic levels (Figure 11). The relative
abundance of Chitinophagales, Oceanospirillales, Rhizobiales, and Vibrionales taxa
was found to be significantly higher in microplastic communities compared to
seawater communities (Figure 11a). Conversely, Actinomarinales, Flavobacteriales,
Nitrosopumilales, SAR11 clade, and Synechococcales taxa exhibited significantly
higher relative abundance in seawater communities compared to microplastic
communities. Although Rhodobacterales taxa showed higher relative abundance in

seawater communities, the difference was not statistically significant. At the family
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level, Oleiphilaceae, Saccharospirillaceae, and Saprospiraceae taxa showed
significantly higher relative abundance in microplastic than seawater communities
(Figure 11b). On the other hand, Clade I, Cryomorphaceae, Cyanobiaceae, and NS9
marine group taxa were significantly more abundant than other taxa in seawater
communities. However, no statistically significant differences were observed for
Crocinitomicaceae, Flavobacteriaceae, and Rhodobacteraceae taxa.

To investigate temporal variations within major taxonomic groups in the
microplastic communities, a temporal analysis of each major taxonomic group was
conducted (Figure 12). At the order level, an increasing trend in the relative
abundance of Rhizobiales and Rhodobacterales was observed over time, while
Oceanospirillales and Vibrionales exhibited a decreasing trend. Regarding the family
level, Saccharospirillaceae and Oleiphilaceae displayed an initial increase followed
by a subsequent decrease within the microplastic communities. Conversely,
Saprospiraceae and Rhodobacteraceae demonstrated a consistent increase in
relative abundance over time.

In summary, significant differences were observed in the composition of major
taxa between the microplastic community and bulk seawater community at both the
order and family levels. Furthermore, distinct variations in community composition
were observed within the groups for specific major taxa. Additionally, temporal
dynamics were detected within major taxonomic groups in the microplastic

community, highlighting the influence of exposure time on their relative abundances.
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Actinomarinales
Chitinophagales
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Nitrosopumilales
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Rhizobiales
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Free -living Particle-attached

Figure 9. Prokaryotic taxonomic compositions at the order level. Top 10 taxa with the highest abundances were plotted and the other taxa were classified as ""Others".
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Family

Clade_|
Crocinitomicaceae
Cryomorphaceae
Cyanobiaceae
Flavobacteriaceae
NS9_marine_group
Oleiphilaceae
Others
Rhodobacteraceae
Saccharospirillaceae
Saprospiraceae

Figure 10. Prokaryotic taxonomic compositions at the family level. Top 10 taxa with the highest abundances were plotted and the other taxa were classified as ""Others"
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Table 6. Relative abundance (%) of dominant taxa (top 10) at the order taxonomic level among all groups. (MeanzSD)

Microplastics Seawater
Order GPPS HIPS LDPE HDPE PP Free-living Particle-attached
Actinomarinales 0.73+0.98 0.33+0.32 0.68+0.67 0.89+0.9 0.89+0.47 3.54+2.38 1.56+0.93
Chitinophagales 3.43+3.9 3.16+2.54 3.26+2.59 4.96+5.94 2.22+1.45 0.62+0.47 1.43+0.79
Flavobacteriales 27.38+14.94 27.39+14.06 30.11+13.15 35.7+12.08 32.06+10.7 40.41+7.9 37.79+7.1
Nitrosopumilales 0.29+0.33 0.32+0.37 0.61+0.57 0.51+0.52 0.6+£0.5 2.93+1.54 2.6+£2.47
Oceanospirillales 35.54+26.02 26.09+20.88 22.96+21.31 5.69+4.8 5.29+7.21 2.82+2.2 3.88+2.63
Rhizobiales 1.03+1.43 1.2+1.85 1.12+1.29 2.45+2.32 1.04+0.54 0.09+0.07 0.43+0.33
Rhodobacterales 15.45+12.06 27.02+17.71 12.4+8.03 23.72+12.07 16.61+9.64 14.43+6.93 17.2+8.48
SAR11 clade 0.65+0.6 0.71+£0.71 1.91+2.08 3.8+4.3 1.57+£1.05 15.41+5.62 9.394£5.17
Synechococcales 0.43+0.4 0.54+0.53 1.46+1.76 2.11+2 1.75+1.35 4.9+3.01 5.19+3.51
Vibrionales 1.34+1.38 0.88+0.86 2.29+1.71 1.16+0.93 4.74+3.42 0.16+0.08 0.64+0.44
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Table 7. Relative abundance (%) of dominant taxa (top 10) at the family taxonomic level among all groups. (Mean+SD)

. Microplastics Seawater
Family GPPS HIPS LDPE HDPE PP Free-living Particle-attached

Clade | 0.58+0.51 0.66+0.64 1.76x1.87 3.57+4.16 1.44+1.02 13.9£5.07 8.51+4.87
Crocinitomicaceae 4.09+2.39 5.38+3.61 3.02+1.78 3.35+£1.92 3.6£1.99 2.62+1.61 3.88+1.53

Cryomorphaceae 243151 2.36+£1.39 3.37£1.75 3.92+2.95 4.97+2.09 10.69+£2.93 8.61+2.4
Cyanobiaceae 0.42+0.37 0.53+0.52 1.44+1.78 2.08+2.04 1.69+1.35 4.9+3.02 5.11+3.55
Flavobacteriaceae 19.78+11.98 17.774£9.28 22.94+11.11 25.91+10.13 21.37+7.72 24.05+6.95 21.7+6.06
NS9 marine group 0.56+0.47 0.49+0.32 0.5+0.27 2.15+1.67 2.04+£2.96 2.88+1.09 3.38+1.64
Oleiphilaceae 7.59+4.52 6.59+6.02 1.74+3.15 1.19+0.74 1.18+1.79 0.18+0.15 0.57+0.51
Rhodobacteraceae 15.6+12.23 27.21+17.89 12.48+8.14 23.85+12.1 16.68+9.68 14.44+6.93 17.24+8.51

Saccharospirillaceae 27.53+21.86 19.26+15.34 19.03+18.77 3.2£3.25 3.4815.45 0.74+0.64 2.4+2.2

Saprospiraceae 3.2+3.46 3.12+2.51 2.78+2.13 4.29+4.84 2.11+1.39 0.5+0.38 1.3+0.77
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3.3.2. Major ASVs in Microplastic-Associated Prokaryotic Communities

The major ASVs of microplastic-associated prokaryotic communities representing more
than 4 % of relative abundance in at least one sample were selected (Figures 13 and 14). The
selected ASVs were affiliated with Actinobacteria, Alphaproteobacteria, Bacteroidia,
Gammaproteobacteria, Cyanobacteriia, and Clostridia at class level. ASV 7911, ASV 7811, ASV
7795, and ASV 8004 affiliated with Rhodobacteraceae increased relative abundance over time
(Figure 13). Additionally, ASV 4493, ASV 4471, and ASV 4387 belonging to the
Flavobacteriaceae also increased relative abundance over time. In contrast, ASV 11670, ASV
11710, ASV 11713, ASV 11715, and ASV 11829, which belong to the Saccharospirillaceae
family, were observed to be decreased over time.

In addition to, specific taxa showed differences of relative abundance by groups (Figure 14).
In the comparison between microplastic-associated communities and bulk seawater communities,
notable differences were observed in the relative abundances of selected ASVs. Specifically,
ASV3827 affiliated with Cryomorphaceae and ASV1984 affiliated with Cyanobiaceae were
found to be predominant in the bulk seawater community. Additionally, ASVs belonging to
Oceanospirillales exhibited a higher overall abundance in the microplastic-associated
communities, with minimal variation observed between the particle-attached samples of HDPE
and PP. Additionally, ASV 8974, belonging to the genus Commensalibacter, exhibited a
substantially higher relative abundance in PP samples compared to other polymer types.
Additionally, ASV 8534 and ASV 8547, assigned to the SAR11 clade, were specifically detected
in LDPE and PP samples, while they were not found in other polymer types.

The LEfSe (Linear Discriminant Analysis Effect Size) analysis revealed the presence of
specific taxa within the samples (Figures 15 and 16). Dividing the samples into microplastics and
seawater, significant biomarker taxa, such as Gammaproteobacteria, Oceanoshirillales,
Oleibacter, and Saccharospirillacea were observed in microplastic communities (Figure 15).
Additionally, the significant biomarker taxa that exhibited differences among the groups were
identified at each time point (Figure 16). The results revealed the presence of biomarker taxa for

all groups on Day 5 and Day 6. Specifically, HDPE and Free-living samples consistently exhibited
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biomarker taxa across all time points. Furthermore, it was observed that the biomarker taxa not

only remained consistent within a single polymer type but also shifted between different polymer

types.
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Figure 13. Relative abundance dynamics of major ASVs (>4 %) present in at least one microplastic sample and showing taxonomic affiliation of the ASVs. The color in the
bubble plot was specified by the sample across exposure time. NA, not available.
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Figure 16. The results of LEfSe (Linear discriminant analysis effect size) analysis across the groups
by each time point. Only the groups with statistically significant differences were depicted in the
graph, while those without such differences were not shown. Day 1 (a), Day 2 (b), Day 3 (c), Day 5
(d), Day 6 (e), and Day 14 (f). FL, Free-living; PA, Particle-attached.
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3.3.3. Functional Inference

The functional profiles of prokaryotic communities were determined by inferring KEGG
pathway abundances at level 3 using the PICRUSt2 program. Moreover, NMDS and ANOSIM
analyses revealed significant differences in the abundance of KEGG pathways (stress=0.07,
R=0.331, p=0.001) between prokaryotic communities associated with microplastics and seawater
samples. Additionally, temporal variations were observed in the functions related to benzoate
degradation, polycyclic aromatic hydrocarbon degradation, cell motility and secretion, and
bacterial motility proteins over time (Figure 17). Notably, microplastic-associated functions of
benzoate degradation and polycyclic aromatic hydrocarbon (PAH) degradation represented that
microplastic communities exhibited an increase in these functions over time. In contrast, the
relative abundance of functions associated with cell motility and secretion, as well as bacterial

motility proteins, exhibited a decreasing trend over time in microplastic communities.
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3.3.4. Correlation with Environmental Parameters

The correlation coefficient matrix among the environmental parameters was presented in
Figure 18a. The results revealed that temperature exhibited a positive correlation with pH,
ammonium (NH.), phosphate (POs), and silicate (SiO2), but a strong negative correlation with
salinity. Additionally, salinity showed a negative correlation with macronutrient factors.
Furthermore, pH showed a positive correlation with NH4, while NH4 displayed a strong positive
correlation with PO4. Moreover, SiO, was positively correlated with PO4. The correlation analysis
between environmental parameters and relative abundance of dominant taxa (top 10 with the
highest relative abundance) in the microplastic samples was depicted in Figure 18b. The results
showed that temperature exhibited a positive correlation with Crocinitomicaceae,
Cryomorphaceae, and Cyclobacteriaceae, while showing a negative correlation with
Saprospiraceae and Rhizobiaceae. Salinity demonstrated a positive correlation with
Rhodobacteraceae, Saprospiraceae, and Rhizobiaceae. Furthermore, pH showed a positive
correlation with Rhodobacteraceae but a negative correlation with Vibrionaceae. Notably, NH4
and PO, exhibited a negative correlation with Cyclobacteriaceae. Moreover, SiO, showed a
negative correlation Rhodobacteraceae, Saprospiraceae, and Rhizobiaceae, while presenting a
positive  correlation with  Saccharospirillaceae, Oleiphilaceae, Vibrionaceae, and
Cryomorphaceae. Overall, these findings suggested a significant correlation between the relative

abundance of dominant taxa of microplastic community and the environmental factors.
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4. Discussion

4.1. Diversity of Prokaryotic Communities

4.1.1. Alpha Diversity

In this study, there was no statistically significant difference in alpha diversity between
microplastics and the surrounding seawater, although variation of the microplastic samples was
higher than bulk seawater samples. This finding was consistent with previous research that
reported no significant difference between microplastic and seawater communities in alpha
diversity during the early stages (1 week) (Zhang et al. 2022). The development and temporal
patterns of early biofilm communities were influenced by various factors, such as the properties
of the substrate, hydrographic conditions, nutrient availability, and the presence of free-living

microbial communities (Datta et al. 2016; Qian et al. 2022).
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4.1.2. Beta Diversity

This study revealed significant differences in beta diversity based on Bray-Curtis
dissimilarity and major taxonomic composition, showing the differentiation between
microplastic-associated communities and bulk seawater communities. Consistent with these
findings, previous studies have consistently reported plastisphere microbial communities were
clearly differentiated from the surrounding seawater (Basili et al. 2020; Frere et al. 2018; Zettler
et al. 2013; Zhang et al. 2022). However, intriguingly, the particle-attached communities
exhibited partial clustering in the microplastic community on Day 1 and Day 2. In the study by
Hou et al. (Hou et al. 2021), the particle-attached sample was further classified into LPA (Large
Particle Attached, >20 pm) and SPA (Small Particle Attached, 2-20 pum), and it was observed
that the microplastic community clustered with the LPA fraction. Therefore, the clustering of the
particle-attached community with microplastic community at the Day 1-2 suggested a higher
probability of the prokaryotic communities associated with particles larger than 20 pm.

Furthermore, the community structure of microplastic was found to be influenced more by
exposure time than by polymer type. When considering the results of ANOSIM based on Bray-
Curtis dissimilarity (Table 5), ANOSIM analysis based on UniFrac distance, and NMDS plot
(data not shown), the differences between polymer types were not clearly distinguished. These
results were consistent with the findings of previous studies, suggesting that polymer type has a
lesser impact compared to other factors (Basili et al. 2020; Dudek et al. 2020; Kesy et al. 2019;
Wu et al. 2020). However, pairwise comparisons between PP and HIPS, as well as between PP
and GPPS, showed relatively higher R-values (R=0.457 and R=0.517, respectively) compared to
comparisons between other polymer types. It was important to note that the absence of PP data
on Day 14, due to sample loss, could potentially lead to misinterpretation when comparing PP
with other polymer types. On the other hand, pairwise comparisons based on exposure time
revealed significant differences when comparing the Day 14 with other time points (R=0.584—
0.848, p=0.001). The influence of exposure time on the distinct structure of microplastic

communities has also been reported in previous studies (Latva et al. 2022; Li et al. 2020).
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4.2. Differences in Taxonomic Composition and Major ASVs

4.2.1. Microplastic Communities and Seawater Communities

Significant differences in taxonomic composition were observed between the microplastic-
associated communities and the surrounding bulk seawater communities. At the order level,
Flavobacteriales, Oceanospirillales, and Rhodobacterales were the dominant taxonomic groups
in the microplastic communities, whereas Flavobacteriales, Rhodobacterales, and SAR11 clade
were prevalent in the bulk seawater. These findings are consistent with previous study (Dudek et
al. 2020; Zhang et al. 2022) and support the notion that specific taxonomic patterns were
associated with microplastic environments.

Although microplastic communities and surrounding seawater communities exhibited
differences, some similar taxa in community composition were observed. The taxonomic analysis
and major ASV analysis revealed that Synechococcales were relatively abundant in the bulk
seawater community compared to the microplastic community. However, they were still detected
within the microplastic-associated communities. This suggests that pioneer colonizers on plastic,
such as photosynthetic microorganisms like diatoms and cyanobacteria, may have influenced the
presence of Synechococcales (Antunes et al. 2020). The distinction between particle-attached
communities and free-living communities has been reported about bacterial lifestyles. (DeLong
et al. 1993; Zhang et al. 2007). As a result, microbial communities with a tendency for particle
attachment are likely to attach to microplastics as well. The bacterial taxa such as Vibrionales and
Rhizobiales, which are known for their attachment to particles, exhibit higher relative abundance
within microplastic communities compared to the surrounding seawater communities.
Interestingly, within these taxa, the particle-attached fraction demonstrates higher relative
abundance values compared to the free-living fraction, indicating a stronger association with

particle attachment (Zhang et al. 2007).
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4.2.2. Taxonomic Composition and Major ASVs of Microplastic-Associated

Prokaryotic Communities

The dominant taxa of microplastic communities were Bacteroidia (36.53+15.54 %),
Gammaproteobacteria (27.45+21.39 %) and Alphaproteobacteria (26.00+15.63 %) at the class
level. Additionally, Alphaproteobacteria were found to be increased over time, while
Gammaproteobacteria showed a decreasing trend. These pioneer communities were rapidly
succeeded by Alphaproteobacteria. (Du et al. 2022; Oberbeckmann et al. 2015; Pollet et al. 2018).
The dominant taxa of microplastic communities were Flavobacteriales (30.51+13.20 %),
Oceanospirillales (19.40+£21.40 %), and Rhodobacterales (19.16+13.36 %) at the order level.
Additionally, Flavobacteriaceae (21.60+10.36 %), Rhodobacteraceae (19.29+13.47 %), and
Saccharospirillaceae (14.73+£17.49 %) taxa comprised of microplastic communities at the family
level. Furthermore, the LEfSe analysis revealed that these taxa were uniquely associated with
microplastic communities, indicating their specific presence in microplastic communities
(Figures 15 and 16). These taxa commonly represented in microplastic-associated communities
(Dudek et al. 2020; Pollet et al. 2018; VVaksmaa et al. 2021). Furthermore, a higher proportion of
the major ASVs observed in the prokaryotic communities of microplastics were found to be
affiliated with taxa such as Saccharospirillaceae, Oleiphilaceae, Rhodobacteraceae, and
Flavobacteriaceae (Figures 13 and 14). These taxa were prominently represented and played a
significant role in shaping the taxonomic structure of microplastic communities. In addition, the
ASVs belonging to these taxa showed a decreasing trend over time. ASV 4493 (Pseudofulvibacter
sp.), ASV 4471 (Winogradskyella sp.), and ASV 4387 (Tenacibaculum sp.) were observed to be
lower relative abundance at the Day 14, although keeping relative abundance higher not until Day
14. Moreover, ASV 8693 (Pseudahrensia sp.), ASV 8067 (Rhodobacter sp.), ASV 8004
(Planktotalea sp.), ASV 7811 (Rhodobacteraceae; unknown genus sp.), and ASV 7795
(Rhodobacteraceae; unknown genus sp.) tended to increase relative abundance over time. These
taxa, except for ASV 8693, were well-known as core members of microplastic communities and
were affiliated with Alphaproteobacteria (Pollet et al. 2018).

Moreover, distinct taxonomic compositions were observed based on the polymer types.

o1



Specifically, the relative abundance of Oleiphilaceae taxa was higher in HIPS and GPPS
compared to other polymer types. Oceanospirillales taxa were found across various polymer types,
with HDPE and PP polymer types exhibiting relatively lower proportions compared to other
polymer types. Vibrionales were observed to be enriched in microplastic samples, and notably,
the PP sample exhibited a higher relative abundance compared to other plastic types. This finding
aligns with previous studies reporting the prevalence of Vibrionales in plastic-associated
environments (Kesy et al. 2020). These results of difference among the polymer types indicated
that microbial selection of plastic may contribute to this observation (Amaral-Zettler et al. 2020;
Yang et al. 2020).

ASV 11829 (Oceaniserpentilla sp.), ASV 11715, 11713, 11710 (Oleibacter sp.), ASV 11609,
11596 (Oleiphilus sp.), ASV 4471 (Winogradskyella sp.), ASV 4387,4385, 4337 (Tenacibaculum
sp.), and ASV 855 (Clostridium sp.) were belonged in bacterial genera with members involved in
Obligate hydrocarbonoclastic bacteria (OHCB) (Prince et al. 2010; Vaksmaa et al. 2021;
Yakimov et al. 2007). These findings indicated that microorganisms capable of plastic
degradation may selectively target plastic materials in the early stages. Additionally, biodegrading
microbes (BD) have the potential to initiate the colonization of surfaces, particularly when carbon
and energy sources such as oligomers and plastic additives are present (Wright et al. 2020).

Consistent with these findings, the functional inference analysis supported the results that
functions related to cell motility decreased over time (Figure 17). This suggests that the initial
attachment to submerged materials, particularly plastics, was influenced by pioneer colonizers.
Additionally, it was predicted that the degradation function of substances such as polycyclic
aromatic hydrocarbon (PAH) and benzoate would increase over time (Figure 17). Jiang et al.
(Jiang et al. 2018) conducted a sample collection of plastics (it could be aged plastics) and
observed a deficiency in metabolic pathways and genes, such as "cell motility,” which
corresponded to the attached lifestyle typically observed in plastic-associated communities. In
contrast, the pathway of xenobiotics biodegradation and metabolism were enriched, consistent

with previous studies (Jiang et al. 2018; Xu et al. 2019).
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4.3. Limitations and Future Study

This study had inherent limitations due to in situ incubation experiments. Microplastic
pellets were placed inside a stainless cage with a mesh size of 1.2 mm for in situ incubation. This
setup had limitations in terms of receiving less sunlight than the actual environment and being
unable to assess the influences of organisms larger than 1.2 mm. Latva et al. (Latva et al. 2022)
demonstrated that sunlight influences the initial microbial communities on microplastics. Pinto et
al. (Pinto et al. 2019) revealed that the light regime not only affects heterotrophic bacteria but also
the entire microbial community. Additionally, to investigate the plastisphere community structure,
stainless steel cages were used, which was expected to have minimal bias of materials. However,
at the Day 14 time point, corrosion was observed at the edges of the cages. This unexpected
corrosion could potentially impact the composition of the prokaryotic communities under study.
Furthermore, due to such corrosion on the cages, the connecting line for the PP sample at Day 14
was severed, resulting in the loss of samples and the inability to compare the communities among
different polymer types to the PP sample.

Furthermore, in this study, there exists a gap concerning substrates other than plastic.
Previous studies on microbial biofilms communities compared not only plastic substrates but also
various other substrates (Kesy et al. 2019; Oberbeckmann et al. 2016; Zhang et al. 2022; Zhao et
al. 2021). For instance, in the study conducted by Oberbeckmann et al. (Oberbeckmann et al.
2016), no significant difference was observed in the microbial community structure between
plastic (PET) and glass substrates. However, in the research carried out by Zhang et al. (Zhang et
al. 2022), the microbial communities were differentiated between plastic substrates and natural
substrates (wood and shell). These results showed the importance of investigating the microbial
dynamics on different types of substrates beyond plastic to gain a comprehensive understanding
of the ecological implications.

Moreover, this study conducted subsampling of in situ experiments at Day 1, 2, 3, 5, 6, and
14, but there existed a gap in information on prokaryotic community changes between Day 6 and
Day 14. Based on the analysis of beta diversity and taxonomic composition, it was evident that
the prokaryotic communities at Day 6 and Day 14 exhibited significant differences, indicating the
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necessity for further investigation during that time interval.

Moreover, previous studies showed that there were significant changes in plastic community
composition after one month (Dudek et al. 2020; Li et al. 2020; Zhang et al. 2022). Additionally,
according to Hou et al. (Hou et al. 2021), a comparison of seawater fraction and microplastic
communities during day 15 and day 90 (sampling time points; day 15, 30, 60, and 90)
demonstrated a decrease in the dissimilarity between the seawater and microplastic communities,
indicating similar communities between microplastic and seawater fraction over time. These
previous results showed the importance of large time scale studies comparing early—stage

communities to late—stage communities.
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5. Conclusions

This study investigated the prokaryotic community structure and characteristics during the
initial stages of microplastic biofilm formation in coastal seawater using in situ incubation
experiment. The findings revealed a clear distinct differentiation between microplastic-associated
prokaryotic communities and bulk seawater communities. Specifically, the Bray-Curtis
dissimilarities between prokaryotic communities in bulk seawater and microplastics were highest
at Day 14, indicating significant shifts in community composition over time. The microplastic-
associated prokaryotic communities were influenced by exposure time based on Bray-Curtis
dissimilarity distance. Furthermore, the predominant taxa observed in microplastic communities
at the order level were Oceanospirillales, Rhodobacterales, and Flavobacteriales. Notably, the
major amplicon sequence variants (ASVs) identified in microplastic communities were associated
with obligate hydrocarbonoclastic bacteria (OHCB), and their relative abundances exhibited
temporal variations. The results reveal that the initial prokaryotic communities showed dynamic
characteristics, characterized by fluctuations in composition and structure. Overall, this study
offers insights into the formation of microplastic biofilms during the initial stages and establishes

a baseline for understanding the mechanisms underlying microbial microplastic biofilm formation.
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