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A B S T R A C T

Microplastics (MP), plastic particles <5 mm, are of global concern due to their worldwide distribution and 
potential repercussions on ecosystems and human well-being. In this study, MP were collected from the ur
banized Susurluk basin in Türkiye to evaluate their vector function for bacterial biofilms, both in the wet and dry 
seasons. Bacterial biofilms were predominantly found on polyethylene (PE), polypropylene (PP), and polystyrene 
(PS), which constitute the most common MP types in the region. Specific potentially pathogenic bacterial genera, 
including Pseudomonas sp., Comamonas sp., Salmonella spp., and Shigella spp., were prevalent on MP surfaces. 
Notably, PE and PP harboured numerous genera of potential human and/or animal origin such as Staphylococcus, 
Proteus, Escherichia, Enterococcus, and Enterobacter. Water quality played a pivotal role in bacterial biofilm for
mation on MP. Higher salinity in estuarine areas reduced bacterial abundance on MP, while the more polluted 
freshwater Nilüfer Stream harboured a higher abundance of total bacteria, particularly of potentially pathogenic 
strains. Seasonal variations, ambient water conditions, and polymer type are all factors that could influence 
bacterial colonization on MPs. This catchment-wide evaluation, which includes various habitat types (lentic and 
lotic systems), the enrichment of cultivable viable bacteria on microplastics (MPs) - a key factor in the spread of 
pathogens - has significant implications for both environmental and public health. Unlike controlled laboratory 
experiments or in-situ studies with various particles, this study emphasized the dynamic and complex nature of 
bacterial strains on MPs, which varied depending on seasonal dynamics and antropogenic impacts in open 
systems. Further research is needed to thoroughly investigate to fully explore the complex interactions among 
MPs, microbial communities, and their ecological roles, especially in the context of changing environmental 
factors across entire river catchments.

1. Introduction

The exponential surge in worldwide plastic production, soaring from 
a mere 1.5 million tons in 1950 to 367 million tons in 2020 (Plastics 
Europe, 2021), has dramatically increased the amount of microplastics 
(MP) within the environment, in particular freshwaters (Nava et al., 
2023). These diminutive plastic particles are characterized by their size 

of less than 5 mm, and, in recent studies, have been found to be of 
paramount importance as indicators of pollutant accumulation and 
ecological niches for microbial colonization and subsequent biofilm 
formation (Arias-Andres et al., 2018; Yang et al., 2021). MP enter 
freshwater ecosystems through multiple pathways, including surface 
runoff, wastewater treatment plants, fisheries, aquaculture, and atmo
spheric deposition (Andrady, 2011; Hitchcock, 2020). Consequently, 
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due to the substantial MP influx into the environment, they form an 
emerging “artificially” ecological niche, known as the “plastisphere”, 
fostering the colonization of diverse microorganisms within aquatic 
ecosystems (Zettler et al., 2013; Kettner et al., 2017; Wang et al., 2020). 
This colonization is facilitated by the physicochemical and surface 
properties of MP including large surface area, high porosity, substantial 
hydrophobicity/hydrophilicity (i.e. wettability) and roughness (Garrett 
et al., 2008; Bhagwat et al., 2021). Moreover, microbial biofilm com
munity composition can vary with the polymeric composition of 
different MP types that affect microbial adhesion. Microbial growth, 
however, is also closely linked to environmental factors such as tem
perature, salinity, the amount of organic matter, and nutrient avail
ability, which are anticipated to play pivotal roles for microbial 
substrate colonization (Nguyen et al., 2022; Parida et al., 2022). While it 
is difficult to assert the superiority of a particular factor over another 
with certainty, it is essential to recognize that the effectiveness of one 
environmental factor may depend on the state or condition of the others.

The colonization of MPs by a range of harmful organisms, including 
pathogenic bacteria capable of adapting and traversing diverse envi
ronments, poses a significant and growing threat to aquatic ecosystems 
(Oberbeckmann et al., 2015; Yang et al., 2020). This colonization fa
cilitates the spread of pathogens, promotes the transfer of harmful 
chemicals and microorganisms, and exacerbates associated risks, 
including the development of antibiotic resistance and the release of 
toxic substances. Consequently, aquatic life and overall ecosystem 
health are severely impacted (Zettler et al., 2013; Arias-Andres et al., 
2018; Miao et al., 2021). Moreover, the transfer of antibiotic resistance 
genes (ARGs) to aquatic organisms (Arias-Andres et al., 2018) poses 
significant risks, with potential consequences for human health. These 
risks emerge through multiple exposure pathways, including the inha
lation of airborne MPs (Gasperi et al., 2018), dermal contact (Emenike 
et al., 2023), and ingestion, particularly via the consumption of 
contaminated dietary products in freshwater ecosystems (Koelmans 
et al., 2019).

Several studies have demonstrated the presence of pathogenic bac
teria, such as Vibrio and Pseudomonas, within the microbial communities 
residing on plastic debris (e.g., Oberbeckmann et al., 2015; Li et al., 
2019). Once these potentially pathogenic bacteria establish colonies on 
plastic debris, their chance to end up in aquatic habitats greatly in
creases, and thus can be even assumed as invasive species (Zettler et al., 
2013).

Freshwater ecosystems harbor distinct microbial communities, each 
characterized by unique composition and proportions of resident species 
specific to their regional environment (Thompson et al., 2017). These 
bacterial species play a crucial role in utilizing and maintaining micro
bial diversity within ecosystems. Additionally, the process of biofilm 
formation is inherently dynamic and typically encompasses microbial 
adhesion, facilitated by the secretion of extracellular polymeric sub
stances (EPS) (Tu et al., 2020) and the proliferation of microbial 
co-aggregation. Biofilms also represent intricate assemblages of diverse 
microorganisms, wielding significant influence over the biogeochemical 
cycles within aquatic ecosystems (Grossart, 2010; Battin et al., 2016).

Furthermore, microbial biofilm formation on MP can lead to alter
ations in physical and chemical MP properties, rendering them more 
complex and potentially hazardous. However, compared to marine 
ecosystems, our understanding of MP biofilm composition, abundance, 
and public health risks is still limited for freshwater ecosystems (Nava 
et al., 2023). While a significant proportion of MP research has been 
conducted through laboratory experiments, there is a pressing need for 
more empirical data derived from field studies conducted in various 
freshwater ecosystems, which serve as critical paths for plastic pollution 
(Mughini-Gras et al., 2021; Yang et al., 2021; Nava et al., 2023).

Currently, the investigation of bacterial diversity in MP biofilms 
covers molecular technologies such as amplicon sequencing methods 
(Amaral-Zettler et al., 2020; Forero-López et al., 2022; Nguyen et al., 
2023) and shotgun metagenomic sequencing which found a higher 

predicted diversity compared to 16S rRNA gene sequencing (Logares 
et al., 2014; Tessler et al., 2017). However, it is important to note that 
the quantitative polymerase chain (qPCR) approach may lead to an 
overestimation of viable cell numbers due to the presence of free 
extracellular DNA (eDNA) (Klein et al., 2012) and DNA originating from 
deceased cells (Alvarez et al., 2013; Yasunaga et al., 2013; Kruger et al., 
2014). Consequently, conventional microbiological methods, grounded 
in classical cultivation, are still considered as the golden standard for 
validating the viability and physiology of the isolated strains (Azeredo 
et al., 2017). Moreover, it is important to determine the vitality of MP 
biofilm strains and to understand the role of the plastiphere, considered 
as crucial in plastic biodegradation (Jacquin et al., 2019; Eronen-Rasi
mus et al., 2022), as an emerging microbial niche, especially of poten
tially pathogenic bacteria (Yang et al., 2020). Assesing the vitality of 
isolated strains is pivotal for understanding interspecies interaction and 
biofilm dynamics. This allowed us to improve our knowledge on 
occurrence and habitat specificity of cultivable strain types across 
various freshwater habitats. Notably, these aspects have been relatively 
understudied in freshwater ecosystems until now (Hoellein et al., 2017; 
Di Pippo et al., 2020; 2022). While extensive research on 
biofilm-associated microplastics has been conducted in controlled lab
oratory experiment or with various particles in-situ studies, our under
standing of biofilm formation -encompassing aggregation, growth, and 
disaggregation- relies heavily on in vitro experiments. However, such 
findings do not always reflect biofilm development in vivo or in open 
systems (Sauer et al., 2022). There is a clear underrepresentation of field 
studies focusing on biofilm formation on MPs surface in freshwater 
ecosystems. This gap limits our understanding of how microplastics 
interact with biofilms in diverse environmental conditions, potentially 
overlooking significant ecological and public health implications.

Hence, the objective of this study was to investigate the vector role of 
predominant MP types within a river basin influenced by antropogenic 
impacts in Türkiye, focusing on cultivable viable microorganism within 
the biofilm and their seasonal variations. These variations were 
analyzed in the context of environmental factors, as the bacterial com
munity vitality is critical for the assemblage. The study provides a 
snapshot of the ecosystem, highlighting the role of MP pollution in 
pathogen and ARG facilitation and its broader implications.

2. Material and methods

2.1. Study site

Our current study focused on the investigation of microbial biofilm 
composition on different MP samples collected from Bursa, Türkiye, 
which is a city located in the Marmara Region, Northwestern Türkiye. It 
is the fourth largest city and an important industrial, commercial, and 
cultural center in the country. The sampling was performed at 10 
designated points, and the assessments were structured by categorizing 
them into four distinct sub-regions: Lake Uluabat, Karadere Stream, 
Nilüfer Stream, and Estuarine. This categorization was based on similar 
physico-chemical characteristics of each sampling point (Fig. 1; 
Table 1). To evaluate the seasonal fluctuations of MP concerning their 
bacterial biofilm, sampling was carried out during both rainy-wet season 
(February) and dry season (August) in 2021. Lake Uluabat, a Ramsar 
site, covers an area of 135–155 km2 and has a maximum depth of 2.5–3 
m. It is an essential source of livelihood for the local population, sup
porting activities such as fishing, husbandry, agriculture, and tourism. 
The lake also holds a high biodiversity due to its location on the 
migratory bird routes and multiple freshwater sources. On the other 
side, the estuary (Fig. 1), which is 21 km long and 3.5 km wide, dis
charges into the Marmara Sea and is primarily used for agriculture and 
fishing activities. Yet, the estuary is connected to the Nilüfer Stream 
(Fig. 1) and thus exposed to high waste pollution due to several activities 
in the larger urbanized area of Bursa. The Nilüfer Stream is facing an 
escalating anthropogenic pollution, a consequence of the increasing 
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urbanization and industrialization in the area with an increasing 
discharge of untreated wastewater directly into the stream. The final 
sampling location in the Karadere Stream (Fig. 1) is under high domestic 
and agricultural pollution pressure.

2.2. Sampling

For investigating the bacterial biofilm composition on different MP 
in the water, samples were collected using manta nets with a mesh size 
of 300 µm at each station during both wet and dry seasons. All samples 
were transferred into sterile 250 mL glass jars and kept dark at 4 ◦C in an 
icebox during their transportation to the laboratory. Simultaneously, 
500 mL-water samples were collected into a sterile glass jar to charac
terize the ambient bacterial composition in the water column. To 
investigate the bacterial community composition in the sediment, trip
licate sediment samples were collected using a Van Veen grabber. From 
the pooled sediment sample, 50 mL of homogenized sediment samples 
were extracted to identify the ambient bacterial community. Addition
ally, 1 L of sediment samples was collected to investigate MP and their 
associated bacterial biofilms.

2.3. Microbiological processes of MP

2.3.1. Culture-based identification of MP biofilm bacteria
Bacterial cultures from all samples underwent assessment through 

conventional microbiological methods. Colony morphologies were 
employed for counting, selected colonies grown on specific media, 
which were purified and identified with conventional microbiological 
techniques. Water samples (500 mL) collected from the stations in sterile 
glass bottles underwent filtration using sterile 0.22 µm membranes (cat 
no:18043E, Sartorius AG, Germany). Following filtration of all the water 
samples through these membranes, the filter membranes were trans
ferred into sterile Falcon tubes containing 1 mL of sterile distilled water. 
Additionally, each sediment sample (1 gram) was placed into separate 
Falcon tubes, and 1 mL of sterile distilled water was added to each tube. 
MP samples were collected from both surface water and sediment at 
each station. Using sterile tweezers in a fume hood to prevent the risk of 
contamination, MP were randomly selected and transferred into sterile 
plastic (PP) Eppendorf® tubes containing 1 mL sterile distilled water. 
Following a rigorous vortexing process, as described in several studies 
(e.g. Metcalf et al., 2023; Stevenson et al., 2023), MP in 1.5 mL sterilized 
distilled water-filled Eppendorf® tubes were subjected to vortexing for 

Fig. 1. Sampling locations.

Table 1 
General physical and chemical properties of sampling locations (mean ± SE).

Sites Temperature ( ◦C) Salinity (‰) DO (%) pH DIN (µg/L) PO4 (µg/L)

Dry Estuary 21.43±0.87 4.36±1.77 38.15±8.72 8.22±0.02 13.05±1.18 1.47±0.18
Karadere 20.85±0.54 0.36±0.01 41.57±3.62 8.50±0.08 5.82±0.95 0.96±0.09
Nilüfer 22.58±0.47 1.15±0.01 8.53±0.52 8.30±0.05 37.50±2.38 4.67±0.14
Uluabat 20.64±0.44 0.36±0.01 86.94±0.72 8.73±0.05 2.30±0.27 0.31±0.02

Wet Estuary 14.60±2.17 0.32±0.00 74.30±4.79 8.22±0.04 12.10±0.21 0.31±0.08
Karadere 13.94±1.44 0.32±0.01 50.60±3.51 8.32±0.07 12.72±1.31 0.42±0.07
Nilüfer 16.51±0.94 0.63±0.03 30.82±6.07 7.88±0.02 13.38±0.27 0.70±0.12
Uluabat 14.41±1.52 0.29±0.00 84.47±3.66 8.71±0.04 2.58±0.29 0.00±0.00
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two minutes. Later, the MP were seperated and transferred to another 
sterile tube for the determination of polymer composition. To ensure the 
thorough detachment of microorganisms from the MP, a confirmation 
step was undertaken. MP were subject to cultivation on enriched culture 
media, subsequently planted and incubated under the same conditions 
to verify the absence of any microbial growth. Subsequently, all tubes 
underwent a two-minute vortexing process. Serial dilutions were then 
prepared from the tubes containing either water, sediment, or micro
plastics at dilution factors of 10–1, 10–2, 10–3, and 10–4. These dilutions 
were executed in separate Eppendorf® tubes, each containing 1 mL of 
sterile distilled water (Tavşanoğlu et al., 2020). Fifty µL samples from 
each tube were separately inoculated into selected culture media (SI-1). 
All inocula from the samples were cultivated on ten different culture 
media compositions, comprising both commercially available and 
chemically defined media, designed to support the growth of specific 
group of cultivable bacterial species, including enteric and fecal path
ogens (SI-1). For isolation and identification of bacterial strains grown 
on the media, traditional microbiological methods, including Gram 
staining, were employed. This encompassed the examination of colony 
pigmentation, morphology, bacterial structure under a light microscope, 
motility, enzymatic properties, biochemical properties, and other rele
vant characteristics (Tavşanoğlu et al., 2020; Muñoz-Torres et al., 2023). 
The purity of the Gram-stained colonies was confirmed using light mi
croscopy. Following the incubation period, the grown colonies were 
enumerated, and total bacterial counts were determined as 
colony-forming units (CFU)/mL based on the respective dilution rates. 
Unidentified cultured strains underwent further analysis utilizing the 
MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization 
Time-of-Flight) automated bacterial typing device (VITEK MS v3.0, 
BioMérieux, Marcy; Etoile France) (Ashfaq et al., 2022).

2.3.2. DNA isolation, polymerase chain reaction (PCR) and DNA 
sequencing

In instances where the MALDI-TOF system failed to reliably char
acterize the strains, additional PCR and DNA sequencing were applied 
for the unidentified bacterial isolates. Approximately 2 × 108 bacterial 
cells of each culture was collected in 1.5 mL Eppendorf tubes containing 
1 mL sterile 1X phosphate buffer saline (PBS) and homogenized by 
vortexing. Then, bacterial cells were pelleted by centrifugation for 10 
min at 5000 x g. DNA isolation was performed using GeneJet Genomic 
DNA Purification Kit (Thermo Scientific, USA) according to the manu
facturer’s instructions for Gram-positive and Gram-negative bacteria. 
The whole 16S rRNA gene including V1-V9 regions was PCR-amplified 
from total DNA using the bacterial primer pair: universal 27F (5′- 
AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTAC
GACTT-3′) (Lane, 1991; Janda and Abbott, 2007), using the TEMPase 
Hot Start DNA Polymerase (Ampliqon, Denmark). PCR was performed in 
a 50 μL reaction mixture containing 200 μM of dNTPs, 25 mM MgCl2, 20 
pmol of both forward and reverse primers, 1 U of Hot Start Taq DNA 
polymerase, 10X Ammonium buffer, and 100 ng of genomic DNA. PCR 
cycling conditions were as follows: initial denaturation at 95 ◦C for 15 
min, followed by 30 cycles of 94 ◦C for 30 s, 52 ◦C for 30 s, 72 ◦C for 30 s, 
and a final extension step at 72 ◦C for 10 min. Amplicons approximately 
1350 bp in size were checked on a 1 % agarose gel, visualized by RedSafe 
(Intron Biotechnology, Korea) staining, and photographed using Syn
gene Monitoring System. PCR products were then purified, and bidi
rectional sequencing was performed using both primers using the Sanger 
DNA sequencing method by Macrogen (Korea). The obtained sequences 
were blasted using the NCBI BLAST (https://blast.ncbi.nlm.nih.gov/) 
16S ribosomal RNA sequence database (Bacteria and Archaea) and the 
Megablast program to identify bacteria strains at the genus/species level 
(GenBank accession numbers: PQ118993 - PQ119375). The highest 
identity was chosen for genus or species identification (McGinnis and 
Madden, 2004; Boratyn et al., 2013).

2.4. MP characterization

Folowing the biofilm process outlined below, each MP sample used 
for biofilm analysis was individually examined using both RAMAN and 
FTIR spectroscopy to identify the polymer type structures. RAMAN an
alyses were performed by using a DXR RAMAN Microscope (Thermo 
Scientific) at ≤7.0 mW laser power with a 633 nm wavelength laser 
source, and spectra were recorded at a Raman shift range of 3600–150 
cm-1. Fourier transform infrared spectrometer (FTIR) analyses were 
performed by using a Tensor II (Bruker) ATR-FTIR spectrometer. 
Absorbance spectra were recorded at a wave number range of 400–4000 
cm-1. For a comprehensive characterization based on MP type, either 
RAMAN spectroscopy or ATR-FTIR spectroscopy was applied. Polymer 
structures were identified by spectra interpretation and self-constructed 
spectra library matching. To determine bacterial biofilm formation, MP 
samples were Au/Pd coated by a sputter coater (Leica ACE 600), and the 
surface properties of MP were evaluated by using a GAIA 3 (Tescan, 
Czech Republic) Scanning Electron Microscope (SEM) at different 
magnifications (50 – 10000X).

2.5. Quality assurance/quality control

All types of equipment including forceps, scissors, and Petri dishes 
were thoroughly cleaned with freshly distilled and MP-free water before 
and after each use and covered with aluminum foil to prevent any 
external contamination. To prevent contamination from laboratory 
conditions, cotton laboratory clothes and nitrile gloves were always 
worn during sample preparation. During the entire laboratory process, 
samples were prepared under a sterile bench.

2.6. Data analysis

To determine if there were significant differences in the extent of 
biofilms between different seasons (dry and wet) and habitats (MP 
surface, water, sediment), a two-way analysis of variance (ANOVA) was 
carried out. If there was a significant difference between the different 
groups, post hoc analysis was performed using Tukey’s test. To examine 
bacterial community composition in relation to polymer type, principal 
component analysis (PCA) was carried out using the “vegan” package in 
R. Before the analyses, Hellinger transformation was applied to the 
species data for normalization. The Shannon diversity index of bacteria 
at the genus level was computed utilizing the “vegan” R-package. It is 
commonly used when data exhibit a skewed distribution and contain 
many zeros. To investigate the variation in bacterial biofilm and envi
ronmental variables, ordination analysis was conducted. The bacterial 
data was transformed using the Hellinger transformation for the ordi
nation analysis (Legendre and Gallagher, 2001). Detrended correspon
dence analysis indicated that linear response models were suitable for 
the dataset (gradient length of the first axis: <3 SD) (ter Braak, 1995). 
Therefore, redundancy analysis (RDA) was employed next. Environ
mental variables that explaining the maximum variation in the bacterial 
biofilm data were selected by removing highly collinear and insignifi
cant variables. Variables with high collinearity were identified based on 
the variance inflation factors (VIFs), and those with VIF value greater 
than 20 were removed. Subsequently, Monte Carlo permutation tests 
were used to test the significance of each environmental variable. Var
iables that did not explain a significant portion of species variance (P <
0.05; 999 random permutations) were also removed. All statistical an
alyses were performed using R (R Core Team, 2022).

3. Results

3.1. Polymer composition

Throughout the sampling seasons, a total of 2052 microplastic (MP) 
items were analyzed for their polymer composition in Nilüfer Stream, 
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Lake Uluabat, Karadere River, and the Estuarine region. The most 
prevalent polymer type was polyethylene (PE), accounting for 50 %, 
followed by polypropylene (PP) at 27 %, while the remaining 23 % 
consisted of minor contributions from acrylic, polyurethane, and poly
vinyl chloride. Similarly, in the subset of MP samples (n = 216) analyzed 
for biofilm colonization, which included various types such as fibers, 
films, fragments, and foams (Fig. 2), PE accounted for the highest pro
portion (57 %), followed by PP and PS as the other predominant polymer 
types across all sampling locations.

3.2. MP- Associated Biofilm

The observation of cultivable bacterial strains in different environ
mental compartments revealed seasonal similarities (SI-2). The presence 
of certain potentially pathogenic bacterial genera such as Pseudomonas 
(P. monteili), Comamonas (C. testosterone), Salmonella, and Shigella, are of 
significant concern, as they are commonly encountered on MP in both 
seasons (SI-2). While variations in total bacterial abundance (CFU)/ml 
were evident among different environmental compartments, the dis
tinctions were primarily notable between the surrounding water and 
sediment samples contrary to MP samples (Fig. 3, SI-3). The total bac
terial colonization of MP surfaces was significantly lower during the dry 
season than the wet season (p < 0.005), even though higher bacterial 
counts were observed in the surrounding water and sediment during the 
dry season (Fig. 3).

Consistent with the observed variations in bacterial colonization 
differences across seasons and sampling subregions, the percentage of 
individual bacterial strains on the surface of various polymers were high 
during the wet season at each location (Fig. 4; SI-4). The viable bacterial 
strains found on MP surfaces during both seasons were predominantly 
characterized by three dominant phyla: Proteobacteria, Firmicutes, and 
Bacteroidetes (Fig. 4; SI-2). Notably, the observed species exhibited a 
predominance of gram-negative species (SI-4). In assessing the vector 
role of MP in each subregion, Nilüfer Stream exhibited significantly 
higher bacterial counts as colony forming unit (CFU)/ml compared to 
other sampled locations (p < 0.005). The presence of polystyrene foam 

in the stream showed a distinct difference in bacterial biofilms compared 
to other MP types (p < 0.005) (SI-4).

Although the various bacterial MP communities exhibit remarkable 
similarities at the genus level, a high cultivable vital bacterial diversity 
was observed in the Estuary during the dry season (Fig. 4a). While in the 
Karadere stream the cultivable vital bacterial diversity was high during 
wet season (Fig. 4b). Similarly, the higher bacterial counts noted in the 
Nilüfer Stream (see SI-3), emphasizing a more pronounced cultivable 
vital bacterial diversity and biofilm formation in the Nilüfer stream 
(Fig. 4d). Compared to the other subregions, the cultivable bacterial 
diversity on MP in Lake Ulubat, a Ramsar Site with high touristic and 
fishing activities, is relatively low (H = 1.80), emphasizing the crucial 
role of conservational measures in the area (Fig. 4c). The Shannon Di
versity Index of cultivable bacterial species was notably high on PECo, 
PPCo, and PS in the sampling region (H = 2.12, 2.07, 2.11, respectively). 
In contrast, polyamide (PA) and acrylic co-polymer (AcrCo) exhibited a 
much lower bacterial diversity (H = 1.36, 1.32, respectively) (Fig. 4). 
Nevertheless, Salmonella spp. Shigella spp. and Escherichia coli were 
consistently found in biofilm communities on MP of various polymer 
types, such as PE and PP (Fig. 4). The results further highlight that 
microplastics with varying polymer composition in an environment such 
as Nilüfer Stream play a significant role as vectors hosting pathogenic 
bacterial biofilms including Enterococcus, Shewanella, Citrobacter 
(Fig. 4d). The identified taxa displayed variations across seasons, sta
tions, and different types of MP. As a side note, a genus known as Rho
dotorula spp., belonging to the eukaryotic Basidomycota phylum, was 
found in a limited number of samples. Remarkably, Rhodotorula spp. 
showcase the unique growth capability on bacterial culture media, 
underscoring its saprophytic characteristics.

According to our PCA-biplot analysis, which provides insights into 
the relationship between specific bacterial communities and MP, the 
bacterial genera Enterococcus, Diphteroid, and Streptococcus exhibited a 
high fraction during the dry season. They were positively related to PE, 
PP, PS, and acrylic copolymer (AcryCo). These bacterial genera and MP 
types accounted for approximately 54 % of the explained variability in 
the two-axis PCA plot (Fig. 5). On the other hand, during the wet season, 

Fig. 2. Polymer composition of different types of microplastics that colonized the bacterial biofilm.
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the bacterial genera Proteus, Achromobacter, Salmonella, and Pseudo
monas constituted a substantial contribution of total biofilm bacteria on 
PS. This relationship explained 41 % of the variability in the PCA-biplot 
(Fig. 5). Furthermore, our results revealed bacterial selectivity for spe
cific polymer types, i.e. marker genera of PE and PP were Staphylococcus, 
Proteus, Escherichia, Enterococcus, and Enterobacter (Figs 4 and 5).

3.3. MP-Associated bacteria assembly and water quality

The abundance of putative pathogenic bacterial taxa belonging to 
Proteus, Enterococccus, and Pseudomonas increased in the highly polluted 
Nilüfer Stream, characterized by, e.g., high P and N concentrations, low 
DO% (i.e., PO4: 2.8 µg/L, DIN: 29.4 µg/L, and DO: 8.5 %). The first axis 
length of 2.23 indicated that a linear model was appropriate, leading to 
the performance of RDA. The first RDA axis (RDA1) explained 34 % of 
the total variance in the species data. After removing variables with high 
VIFs, we tested the overall significance of the RDA model and the in
dividual axes using permutation tests. Among all environmental vari
ables, temperature (p = 0.01), NTU (p = 0.03), and PO4 (p = 0.04) were 
found to be significant parameters affecting bacterial biofilm formation 
on MP (SI-5 and 6). These significant variables are indicative of low 
water clarity conditions. Specifically, temperature and NTU were asso
ciated with bacteria such as Enterococcus, Streptococcus, Acinetobacter. 
Whereas PO4 was strongly associated with pathogenic bacteria like 
Difteroid, Achromobacter, Proteus, and Salmonella, which possibly indi
cate anthropogenic sources such as domestic waste discharge into the 
system (SI-5 and 6). Additionally, the higher salinity observed in the 
estuary (2.34 ‰) compared to other subregions was associated with a 
significant reduction in bacterial abundance (R2= 0.87).

4. Discussion

Microplastics in aquatic environments provide solid surfaces that act 
as essential habitats for diverse microbial communities. In the present 
study, we observed that the colonization of different bacterial strains 
varied depending on seasonal dynamics and anthropogenic impacts. For 
instance, a distinct difference in bacterial biofilms observed on poly
styrene foam compared to other MP types indicates that the 

hydrophobicity and high buoyancy of PS foam (Battulga et al., 2022) 
results in a more favorable environment for bacterial biofilm formation 
in the Nilüfer Stream, which is subjected to high urbanization pressure. 
During the summer season, biofilms tend to be thicker because of 
elevated temperatures and reduced dissolved oxygen levels (Chen et al., 
2020). While our understanding of hydrodynamic processes influencing 
microplastic residence time remains limited, recent studies suggest a 
notable prolongation of residence time within water column during 
summer (Elegami et al., 2023). Therefore, our results are in line with the 
notion that the dry season might influence bacterial MP colonization, 
consistent with previous studies (De Tender et al., 2015; Oberbeckmann 
et al., 2016; Zhang et al., 2021). The substantial bacterial MP coloni
zation observed during the wet season in our study indicates an 
increased inflow from the catchment and a MP redistribution between 
riparian and aquatic environments. These processes create favorable 
niches for bacterial growth. The observed viable bacterial strains, 
namely Proteobacteria, Firmicutes, and Bacteroidetes, align with previous 
studies in aquatic environments (Amaral-Zettler et al., 2015; Ober
beckmann et al., 2016; Curren and Leong, 2019). This prevalence of 
Gram-negative bacteria on positively charged MP surfaces may be 
attributed to their superior adhesion capacity facilitated by electrostatic 
interactions, particularly in comparison to MP with negatively charged 
surfaces (Gottenbos et al., 2001). The slight positive charge of MP sur
faces contributed to their enhanced stability in nature (Larue et al., 
2021). Moreover, the prevalence of these strains might be linked to the 
observed variety in MP polymer types specific to the distinct subregions 
(Fig. 4). Differences in bacterial biofilms on different MP types might be 
due to the release of different chemoattractants, e.g. nitrogen (Junaid 
et al., 2022). The presence of distinct bacterial taxa on MP, such as 
Enterobacter spp. and E. coli, can be attributed to sources and factors 
related to extensive industrialization, urbanization, and the discharge of 
human and animal wastes into the water body from the upstream 
catchment area. The high MP abundance stemming from a dense human 
population likely facilitates the prevalence of these bacterial coliform 
species (Zhang et al., 2015a; 2015b). Additionally, wastewater 
contamination from various anthropogenic sources further contributes 
to the deterioration of the freshwater resources in these regions. 
Anthropogenic activities including land use are crucial in shaping the 

Fig. 3. Box plot of biofilm abundance with the selected SEM images samples.
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bacterial community associated with MP (Junaid et al., 2022; Moyal 
et al., 2023). Therefore, close associations between human activities, MP 
pollution, and the presence of specific bacterial taxa on various MP 
underscore the need for a vigilant monitoring and sustainable man
agement practices to mitigate potential public health concerns.

4.1. Presence of potential pathogens on MP

The presence of certain potentially pathogenic bacterial genera such 
as Pseudomonas (P. monteili), Comamonas (C. testosterone), Salmonella, 

and Shigella, are of significant concerns, as they are commonly 
encountered on MP in both seasons (SI-3). Our results are consistent 
with findings in freshwaters from China, USA and other countries, i.e., 
the presence of Pseudomonas, Acinetobacter, Bacillus, Escherichia, Klebsi
ella, and Aeromonas (Junaid et al., 2022). These bacteria are common 
potential human pathogens and are associated with various infections in 
the gastrointestinal and urogenital tract via bacteremia and other routes. 
Moreover, exposure to bacterial biofilms on MP have triggered changes 
in the human gut microbiota and affect the human immune system (Hirt 
and Body-Malape, 2020). Thus, presence of these bacteria is of 

Fig. 4. Sunburst plot of Biofilm community in different polymer type during dry and wet seasons. a) Estuarine, b) Karadere River, c) Lake Uluabat, d) Nilüfer Stream. 
Abbreviations; PS: Polysytrene, PP: Polypropylene, PE: Polyethylene, PPCo: Polypropylene Copolymer, PECo: Polyethylene Copolymer, PA: Polyamid, ABS: Acry
lonitrile Butadiene Styrene, Acr: Acrylic, PET: Polyethylene Terephthalate.
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particular concern due to their potential harm to human health. Their 
occurrence on MP highlights a high potential to impact environmental 
and human health as MP also enhance the environmental spread of these 
pathogenic bacteria by long-distance transport.

MP serve as effective carriers for microorganisms, facilitating their 
survival and long-distance transport (Curren and Leong, 2019; Yang 
et al., 2020). Consequently, bacterial biofilms on MP act as reservoirs 
also for pathogenic microorganisms (Keswani et al., 2016; Kesy et al., 
2019). Certain members of the biofilm consortia on MP can be oppor
tunistic human pathogens, such as Pseudomonas monteilii and Pseudo
monas mendocina (Wu et al., 2019). Additionally, complex microbial 

consortia present in MP biofilms may facilitate horizontal gene transfer, 
e.g. of antibiotics resistant genes, between bacterial species 
(Arias-Andres et al., 2018; Hirt and Body-Malapel, 2020). These findings 
suggest that specific bacterial genera have distinct associations with 
specific MP types depending on season and presumably other environ
mental factors. Furthermore, our results revealed bacterial selectivity 
for specific polymer types, i.e. marker bacterial genera of PE and PP 
were Staphylococcus, Proteus, Escherichia, Enterococcus, and Enterobacter 
(Figs 4 and 5). Similarly, water quality, particularly salinity, was an 
important environmental factor for MP biofilm formation (Li et al., 
2019; Miao et al., 2021). These findings corroborate earlier results, 

Fig. 4. (continued).
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indicating a more pronounced MP biofilm at increased nutrient levels 
(Miao et al., 2020) in the surrounding water. The correlation between 
environmental conditions and bacterial biofilm on MP are in line with 
these results.

Multiple factors, encompassing physical MP characteristics and 
environmental conditions, exert a significant influence on bacterial in
teractions on MP, leading to challenges in assessing their hydrophobicity 
(Min et al., 2020; Foster et al., 2020; He et al., 2022). Due to method
ological limitations of our study, we were unable to conduct contact 
angle measurements on the collected MP samples, thus, impeding a 
precise determination of their hydrophobicity. Previously, the “Mathers 
Hydrophobicity Parameter (MHP)” model has demonstrated a good 
compatibility with water contact angle measurements, providing a 
reliable method for determining the hydrophobicity of polymers (Foster 
et al., 2020). Hydrophobicity changed with PAN
<Nylon6<PVC<PS<PE<PP according to the MHP model supporting 
previous findings (Min et al., 2020). It is worth noting that bacteria tend 
to adhere more rapidly to hydrophobic materials than hydrophilic ones 
(He et al., 2022). The comparison of bacterial colonization across 
different plastic types and bacterial species revealed variability among 
the examined species and plastics. However, eroded plastics and LDPE 

generally exhibited a higher bacterial abundance compared to HDPE 
and PS (Hossain et al., 2019). While, PS and PP display more tightly 
clustered groups, PE communities show a high degree of heterogeneity 
in their distribution (Frere et al., 2018). The study examined the adhe
sion of biofilms on MP under simulated water conditions. The MP—PVC, 
PA, and HDPE—differed in surface morphology and functional group 
composition. Each MP type exhibited varying capacities for biofilm 
formation and hosted distinct bacterial species compositions. However, 
all biofilms contained potentially pathogenic bacteria. After 28 days of 
incubation, the biofilm biomass increased in the order of PVC > HDPE >
PA (He et al. 2023). In our study, the highest total bacterial colonization 
was observed on PS, PE, and PP, aligning well with their hydrophobicity. 
Considering the risk assesment in the region, no specific polymer risk 
index calculations have been conducted for biofilm-associated micro
plastics. However, the high abundance of PE and PP suggests a potential 
risk, with assigned risk scores of 1 for PE and 11 for PP, as reported by 
Lithner et al. (2011) (SI-7). Notably, the presence of polyurethane 
(PUR), which has the highest hazard score, particularly in the Nilüfer 
Stream and Estuarine area where the stream meets the Marmara Sea, 
highlights this locations as a high-risk environment in terms of hazard 
score (Fig. 4). Complex bacterial interactions within MP biofilms 

Fig. 5. PCA of the microbial assemblage using different polymer types; a-b) Dry season, c-d) Wet season.
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emphasize the need for more comprehensive research to better under
stand health risks associated with MP in various aquatic environments.

Once a bacterial biofilm is formed on MP, substrate properties may 
lose their effectiveness for further microbial colonization (Kettner et al., 
2019). Consequently, factors related to colonization time, such as dy
namic equilibrium and community succession, though not studied in our 
current study, are also recognized as influential general determinants 
(Yu et al., 2023). Furthermore, MP undergo oxidation, e.g. when 
exposed to UV-radiation, and mechanical aging when exposed to marine 
and freshwater systems, leading to alteration in MP surface chemistry 
and roughness (Loeb and Neihof, 1975; Garrett et al., 2008; Rummel 
et al., 2017). Considering all these factors, MP appears to provide an 
effective micro-niche for microbial colonization, especially for potential 
pathogenic bacteria, due to their inherent surface hydrophobicity and 
roughness characteristics (He et al., 2022). However, further studies are 
needed to better understand the ecological implications and potential 
interactions between bacterial genera and MP in freshwater ecosystems.

5. Conclusion

MP biofilms not only provide new micro-habitats for colonization of 
diverse bacterial taxa including potentially pathogenic taxa, but also 
promote their growth and reproduction in aquatic environments. For 
survival and long-distance transport, MP are suitable bacterial carriers. 
Thereby, different MP types with specific microbial biofilms act as res
ervoirs for distinct microorganisms such as many pathogens. Our results, 
presenting a snapshot of environmental conditions, indicate that MP 
transport is intensified by increased inflow from the catchment during 
the wet season, with high human activities further amplifying this 
impact. This process enhances bacterial colonization on MPs and sub
sequently influences community structure. Many bacteria including 
pathogens can survive and form stable populations in biofilms. Thus, 
information on bacterial composition and survival on MP is essential for 
developing protocols and strategies for toxin and pathogen detection to 
prevent or reduce the build-up of bacterial pathogen reservoirs in water 
reclamation systems. Different plastic types may create distinct 
ecological niches for unique bacterial colonizers. Furthermore, culture- 
based methods provide some of the most established, accessible and 
cost-effective microbiological protocols, which could be extremely 
useful in helping to address key questions in plastisphere research. Our 
findings suggest that MP surface charge plays a significant role in bac
terial adhesion with positively charged MP being more favorable sub
strates for Gram-negative bacteria. Moreover, pathogenic bacteria 
exhibited higher abundances on PE and PECo, the main MP polymers in 
the region. Consequently, it is evident that understanding of MP uptake 
mechanisms and the consequences of MP propagation through the food 
web are essential to develop effective management strategies for miti
gating MP pollution and related health risks in aquatic ecosystems.
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Başaran Kankılıç: Investigation, Formal analysis. Tamer Çırak: 
Investigation, Formal analysis. Ali Serhan Çağan: Investigation. Selin 
Özkan Kotiloğlu: Formal analysis. Hans-Peter Grossart: Writing – 
review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgement

This study was supported by Türkiye Bilimsel ve Teknolojik Ara
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Ü.N. Tavşanoğlu et al.                                                                                                                                                                                                                         Water Research 274 (2025) 123142 

10 

https://doi.org/10.1016/j.watres.2025.123142
https://doi.org/10.1186/2191-0855-3-1
https://doi.org/10.1890/150017
https://doi.org/10.1890/150017
https://doi.org/10.1038/s41579-019-0308-0
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.envpol.2018.02.05
https://doi.org/10.1016/j.jenvman.2021.114359
https://doi.org/10.1080/1040841X.2016.1208146
https://doi.org/10.1038/nrmicro.2016.15
https://doi.org/10.1016/j.envres.2022.113329
https://doi.org/10.1016/j.envres.2022.113329
https://doi.org/10.3389/fmicb.2021.687118
https://doi.org/10.1093/nar/gkt282
https://doi.org/10.1016/j.jhazmat.2019.121271
https://doi.org/10.1016/j.jhazmat.2019.121271
https://doi.org/10.1016/j.scitotenv.2018.11.250
https://doi.org/10.1016/j.scitotenv.2018.11.250
https://doi.org/10.1021/acs.est.5b01093
https://doi.org/10.1016/j.watres.2020.116429
https://doi.org/10.1016/j.envpol.2022.119876
https://doi.org/10.1016/j.watres.2022.119463
https://doi.org/10.1016/j.watres.2022.119463
https://doi.org/10.1016/j.heliyon.2023.e20440
https://doi.org/10.1016/j.heliyon.2023.e20440
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