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communities were then analyzed as follows: (a) 
bacterial communities were studied by amplicon 
sequencing and (b) culturable bacteria were isolated 
from plastic surfaces and identified by 16S rRNA 
gene sequencing. Coinciding with these analyses of 
plastic colonizing communities, surface water sam-
ples from the lake were also taken, and in a second 
test, other materials (eg. wood, glass) associated bac-
terial communities were also  investigated with the 
same methods. Amplicon sequencing showed notable 
differences between the plastic  and other materials 
colonizing, and lake waterborne microbial commu-
nity composition. Using the LB agar, no novel spe-
cies were found; however, several known pathogenic 
species were identified. The self-designed plastic 
colonizer was successfully used during the winter 
over a 3-month period, suggesting that it could be an 
appropriate method of choice to study microplastic-
associated microbes for longer periods and in variable 
environmental conditions.

Abstract  Despite the great benefits of plastics in 
different aspects of life and due to the increase in plas-
tic production and use, plastic wastes are becoming a 
major environmental concern. It is well known that 
inappropriate use and disposal lead to the accumula-
tion of plastic litter in different aquatic environments. 
Microbial biofilm is able to develop on the surface of 
plastics (plastisphere) in aquatic environments over 
time. The aim of this study was to describe the bacte-
rial communities associated with plastics in freshwa-
ter. Thus, in our first test, a total of six self-designed 
plastic colonizers were submerged under the surface 
of the water in Vácszentlászló lake, located in central 
Hungary, for a period of 3 months. Two plastic colo-
nizers were cultivated monthly. Associated microbial 
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1  Introduction

Due to its durability, widespread use, and low cost, 
plastic production has increased enormously in the 
last decades (Li et al., 2018), reaching 359 million 
tons in 2018 (Plasticseurope (2019) ). Despite its 
notable benefits in our daily life, the unsustainable 
use and improper waste management have resulted 
in a global accumulation of plastic debris in the 
environment. Therefore, its negative impact on the 
environmental elements is becoming a global con-
cern (Wagner et al., 2014; Li et al., 2018).

Plastics are likely carried to marine environ-
ments through rivers, streams, and wastewater treat-
ment plants. Plastics might also find their way to 
freshwater lakes and accumulate and persist there 
for decades (Harrison et  al., 2018). Lakes which 
are located near populated areas may contain higher 
concentrations of microplastics (< 5 mm in size) 
(Li et  al., 2018). Studies have emphasized that the 
majority of plastic debris collected from freshwater 
lakes was originated from the households, such as 
food wrappers, bags, and beverage bottles (Blettler 
et  al., 2017). In  freshwater systems  these materi-
als may cause loss of biological diversity and their 
derivates are threatening human health via con-
sumption of fish and drinking water (Blettler et al., 
2018; Peng et al., 2017).

Plastics are synthetic polymers mainly derived 
from the petrol industry. The majority of these arti-
ficial materials is resistant to biodegradation, thus 
in general they mostly undergo mechanical fraction-
ation into smaller fragments (Horton et  al., 2017). 
The plastic fragments of less than 5 mm in diameter 
have been given the name microplastics (Thompson 
et  al., 2004). Microplastics have been divided into 
two categories: (a) primary microplastics (microbe-
ads which are synthetic polymers with size 0.1 to 5 
mm and used in many products, e.g., personal care 
cosmetics) and (b) secondary microplastics that 
results from the degradation of larger plastic parti-
cles. Accumulation of microplastics in the oceans 
has been occurring for decades worldwide even in 

Antarctica (Oberbeckmann et  al., 2014). The esti-
mated number of microplastics floating in the ocean 
in 2014 was between 15 and 51 trillion particles 
(Eckert et al., 2018; Peng et al., 2015). One of the 
most heavily impacted seas by plastic pollution is 
the Mediterranean Sea, it is estimated that there are 
currently 1–3 thousand tons of plastic floating on its 
surface with the majority of plastic fragments that 
it contains being microplastics (about 250 billion 
fragments) (Jambeck et al., 2015).

Microplastic threats at a high trophic level have 
been described in many studies (Nelms et al., 2019). 
Examining the digestive systems of higher marine 
mammals has shown the presence of microplastics in 
the stomach and intestine (Nelms et al., 2019). Inges-
tion of plastics by seabirds has been reported world-
wide; variable seabird species were affected such 
as petrels, seagulls, and albatross (Franeker & Law, 
2015; Cartraud et  al., 2019). For seabirds, it may 
cause internal wounds and obstruction of the stom-
ach; in addition, it may affect reproduction and might 
increase the death rate (Ryan, 1988; Lavers et  al., 
2014). Microplastics of different kinds of polymers 
were detected in 36.5% of examined fish from the 
English Channel; the abundance of plastic was from 
one to fifteen fragments per fish (Lusher et al., 2013). 
Additionally, microplastics can potentially influence 
the lower trophic level since they can provide a novel 
surface for microbial biofilm development. It was 
suggested that the hydrophobicity of microplastic 
surfaces and the long half-life of plastic potentially 
enhance biofilm formation (Zettler et al., 2013). Fur-
thermore, the organic polymers, the additives, and the 
adsorbed contaminants of plastics might offer a car-
bon source that is essential for microbial metabolism 
(Zettler et al., 2013; McCormick et al., 2016). Scan-
ning electron microscope images of these biofilms have 
shown a highly diverse community of bacterial micro-
biota as well as eukaryotic communities (Bryant et al., 
2016; Zettler et al., 2013). This microbial community 
of heterotrophs, autotrophs, predators, and symbi-
onts has been given the term plastisphere (Zettler 
et  al., 2013). In the aquatic environments, microbes 
in a biofilm are essential to process the organic matter 
and to supply energy into the food web. Because of 
the important role of these biofilms in aquatic envi-
ronments, it is necessary to understand the poten-
tial effect of microplastics on their formation and 
composition.
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Studies have shown that microplastic surfaces are 
quickly (within hours) colonized by microorganisms 
(Harrison et  al., 2018). However, several factors 
may affect the development of microplastics asso-
ciated biofilms such as water temperature, salinity, 
pressure, light, and oxygen availability (Harrison 
et  al., 2018) in addition to nutrient concentrations 
(Oberbeckmann et  al., 2018). Therefore, biofilm 
community development on plastic near the water 
surface differs from that developing on plastics in 
deep water where the light and oxygen are limited 
and have higher pressure (Harrison et al., 2018).

Initial studies have revealed that microbial com-
munities associated with plastic litter are also dif-
ferent from those in the surrounding seawater. For 
example, by DNA sequencing analysis, filamen-
tous cyanobacteria Phormidium and Rivularia 
were found on plastics but not in the surrounding 
water in which the unicellular Prochlorococcus was 
dominated. Moreover, higher community richness 
was observed in the surrounding seawater, while 
higher evenness was observed on the plastic sur-
face compared to seawater, suggesting a potential 
selection of specific microbial taxa by plastic sur-
faces (Zettler et  al., 2013). These differences were 
also observed with seasonal variations, for instance, in 
summer the diversity of microbial communities asso-
ciated with plastic differs from winter (Oberbeckmann 
et al., 2014).

Concern has been raised by the potential occur-
rence and transfer of harmful bacterial species on 
plastic surfaces. Aeromonas salmonicida which is 
a fish pathogen was isolated from the microplas-
tic surface in the Adriatic sea (Viršek et al., 2017). 
Toxic eukaryotic species were isolated from plastic 
surfaces as “hitchhiker organisms” (Debroas et  al., 
2017) and Vibrio species, which may be responsible 
for human or animal diseases, were isolated from 
microplastic surfaces in the North and Baltic seas 
(Kirstein et al., 2016).

Particular attention should be focused on fresh-
water environments, as there currently are few 
published studies of microplastic-associated bio-
films and their microbial communities in freshwa-
ter systems compared to marine water (Li et  al., 
2018; McCormick et  al., 2016). Different methods 
have been used to study microbial colonization on 
microplastic surfaces, most of which were based 

on incubating microplastic particles in experimen-
tal tanks filled with freshwater (Miao et  al., 2019; 
Wu et  al., 2019; Wang et  al., 2020). In other stud-
ies, microplastic particles were collected from 
sampling sites either by filtering a certain volume 
of water or by picking microplastic particles from 
shallow water (Jiang et al., 2018; McCormick et al., 
2016); few studies have incubated plastic or micro-
plastic particles in situ to study microbial coloniza-
tion in the natural environments such as incubating 
polyethylene (PET) bottles under the water surface 
for a period of time (Oberbeckmann et al., 2014) or 
fixing PET bags to Perspex boards and suspended 
under the water surface for a defined time and then 
analyzing the associated microbial communities 
(Lobelle & Cunliffe, 2011).

Our study aims to help in filling the knowledge gap 
concerning microplastic biofilms and their associated 
microbial communities in freshwater systems. The 
structure of the microbial community and the inter-
actions between microbes and microplastic surface 
are valuable information needed to support the efforts 
with regards to biodegradation; in this study, we aim 
to investigate the community composition of micro-
bial biofilms on polypropylene (PP) microplastic sur-
faces in a freshwater lake in Hungary. To achieve this, 
we used self-developed plastic colonizers which are 
simple and easy to be applied in  situ and under dif-
ferent environmental conditions. The aim was to try 
out this method in  situ, which can serve as an eas-
ily accessible tool to analyze the plastic-associated 
bacterial community. We aimed also to compare the 
structure of the PP microplastic-associated microbial 
community with the surrounding lake water commu-
nity. Additionally, we aimed to investigate whether 
the microbial community is microplastic specific or 
not comparing to other materials such as glass, wood, 
stainless steel, and biodegradable plastic.

2 � Materials and Methods

2.1 � Study Area and Sampling Location

The  study was conducted in Vácszentlászló lake, a 
freshwater lake located near to the village of Vác-
szentlászló, Pest county in Hungary (47°33′37.0″N 
19°33′09.4″E) approximately 20 km from Szent 
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Istvan  Campus of Hungarian  University  of Agricul-
tural and Life Sciences where samples were analyzed. 
The lake is a shallow reservoir (mean depth: 2 m; 
area: 47 ha), the water fluctuation level is normally 
up to 1 m, the water in the lake is eutrophic (for water 
quality of the sampling lake, see Supplementary 
Table. 1).

2.2 � Plastic Colonizers Design

Self-designed plastic colonizers were prepared as 
follows: commercially available stainless-steel ball-
shaped tea filters (Easy Filter 6.5 × 6cm. No 1082, 
Mingwei, China) were wrapped in aluminum foil and 
pre-sterilized in an autoclave at 121 °C for 15 min. 
Filters were then filled with 3 g (for each) of poly-
propylene plastic straws cut into less than 5-mm 
small pieces (see Fig. 1). Six of these plastic coloniz-
ers were hung on a wooden pier next to each other 
with a strong fishing line and submerged under the 
water surface (around 50-cm depth). Their positions 
were fixed with lead weights to keep the colonizers 
under the water’s surface (see Fig. 2). The first study 
was conducted over a period of three months from 
December 2018 until the end of February 2019. By 
the end of the first month, two plastic colonizers were 
collected. They were transferred to the laboratory 
directly within 1 hour in a pre-sterilized container 
filled with ambient lake water. This process was 
repeated at the end of the second and third months.

2.3 � Recovery of Bacterial Biofilm from Plastic 
Colonizers

In the laboratory, two plastic colonizers were 
opened (treated as one sample), and plastic parti-
cles were transferred to a pre-sterilized stainless-
steel mesh using a sterilized spatula, then washed 
down with sterilized normal saline to remove the 
stuck debris but keep the plastic associated bio-
film. Then, the water-washed plastics were trans-
ferred to an Erlenmeyer flask containing sterilized 
90 ml distilled water, 30g of glass beads, and 13.5 
μl of TWEEN 80. It was incubated at room tem-
perature on a shaker with 170 rpm speed for 1 h 
to recover the microbial biofilm attached to plastic 
surfaces.

2.4 � DNA Isolation of Plastic‑Associated and Lake 
Water Bacterial Communities

After inoculating aliquots of the microplas-
tic suspension onto LB agar (see below), the 
remaining suspension (~ 90 ml) was centri-
fuged at 4 °C and 4000 rpm speed for 25 min, 

Fig. 1   Plastic colonizer design a open plastic colonizers 
made from commercial stainless-steel filter filled with 3 g of 
cut plastic straw. b Closed plastic colonizer filled with plastic 
straw pieces (< 5 mm)

Fig. 2   Installation of plastic colonizers by attachment to 
wooden pier and submerging 50 cm under the water surface 
and fixed under water with a lead weight
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supernatant was discarded, and the pellet was 
stored at – 80 °C for subsequent DNA isola-
tion. For isolation of community DNA from 
lake water, 150 ml were centrifuged under the 
same conditions to have a sufficient pellet. 
Community DNA was then isolated by using the 
DNeasy UltraClean Microbial Kit (QIAGEN, 
Venlo, The Netherlands) according to the manu-
facturer’s instructions.

2.5 � Bacterial Community Assessment

To assess the composition of bacterial communi-
ties in plastic colonizers (first month; VMP1, sec-
ond month; VMP2, and third month; VMP 3) and 
in lake water (first month; VLW1, second month; 
VLW 2 and month; VLW 3) Illumina 16S rDNA 
amplicon sequencing was used (SeqOmics Biotech-
nology lab. Morahalom, Hungary). For paired-end 
16S rDNA amplicon sequencing, the variable V3 
and V4 regions of the 16S rRNA gene were ampli-
fied by using 16S amplicon PCR forward (5′-TCG​
TCG​GCA​GCG​TCA​GAT​GTG​TAT​AAG​AGA​CAG​
CCT​A CGGGNGGC​WGC​AG-3′) and reverse (5′-
GTCT CGT​GGG​CT CGG​AGA​TGT​GTA​TAA​GAG​
AC AGG​ACT​ACHVGGG​TAT​CTA​ATC​C-3′) prim-
ers, with Illumina adapter overhanging nucleotide 
sequences (Klindworth et  al., 2013). PCR reaction 
mixture volume was 25 μl with 12.5 ng of DNA, 0.2 
μM of each Illumina 16S primers, and 12.5 μl of 2X 
KAPA HiFi HotStart Ready Mix (KAPABiosystems, 
London, UK). The temperature profile was as follows: 
initial denaturation (3 min at 25 °C), 25 denaturation 
cycles for 0.5 min at 95 °C, the annealing tempera-
ture was 25 °C for 0.5 min, and 0.5-min elongation 
at 72 °C. ProFlex PCR System (Applied Biosystems 
by Life Technologies, USA) was used for all ampli-
fication steps. Analysis of amplicon was performed 
under UV after electrophoresis in 1% (w/v) agarose 
gel stained with EtBr. Paired-end fragment reads were 
generated on an Illumina MiSeq sequencer using 
MiSeq Reagent Kit v3 (600 cycles). Primary data 
analysis (base calling) was carried out with Bcl2fastq 
software (v2.17.1.14, Illumina). Sequences were pro-
cessed using mothur v1.41.1 (Schloss et al., 2009) as 
recommended by the MiSeq SOP page (http://​www.​
mothur.​org/​wiki/​MiSeq_​SOP) (Kozich et  al., 2013). 
Sequence lengths were screened by setting minimum 
length to 400 base pairs, then were assorted based 

on the alignment using SILVA 132 SSURef NR99 
database (Quast et al., 2013). Chimera detection was 
performed with mothur’s uchime command (Edgar 
et  al., 2011), and “split.abund” command was also 
used to remove singleton reads according to Kunin 
et  al. (2010). Taxonomic assignments were made 
against SILVA release 132 applying a minimum 
bootstrap confidence score of 80%. Operational taxo-
nomic units (OTUs) were assigned at a 97% similar-
ity threshold level for prokaryotic species delineation 
(Tindall et al., 2010).

2.6 � Isolation of Culturable Bacteria on LB Agar 
from Plastic

From a 1-hour shaking suspension of plastic parti-
cles, the initial 1 ml was serially diluted up to 10–6 
using 9 ml of normal saline. One milliliter of each 
dilution was plated on LB agar and incubated at 28 
°C for 3 days. From every sample, a maximum of 
eight colonies with different morphologies were 
purified on LB agar for further identification. LB 
agar was used to isolate fast-growing cultivable 
species from the plastic surface to get information 
about their pathogenicity or find novel ones.

2.7 � 16S rRNA Gene Sequencing for Identification of 
Bacterial Isolates

Genomic DNA was isolated by DNeasy Ultra-
Clean Microbial Kit according to the manufacturer 
instructions. Subsequently, the 16S rRNA gene was 
amplified using primers 8F (5′-AGA​GTT​TGA​TCC​
TGC​CTC​AG-3′) and 1492R (5′-GGT​TAC​CTT​GTT​
ACG​ACT​T-3′) (Turner et  al., 1999). Amplification 
was performed by using an Eppendorf Mastercy-
cler (Eppendorf, Hamburg, Germany). PCR prod-
ucts were cleaned using NucleoSpin® Gel and PCR 
Clean-up (Machery-Nagel GmbH & Co., Düren, 
Germany). The complete 16S rRNA gene sequence 
was determined by using a BigDye Terminator v3.1 
Cycle Sequencing kit (Applied Biosystems, Foster 
City, USA) according to the manufacturer’s instruc-
tions. Sequencing products were separated on a 
model 3130 Genetic Analyzer (Applied Biosystems, 
Foster City, USA).
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2.8 � Statistical Analysis

Testing the difference between microbial communi-
ties on PP microplastic surfaces (group1) compared 
to surrounding water (group2) is of high importance 
to measure the significance level of difference. 
A t-test is used to compare between the means of 
two data sets, assuming that the data sets are nor-
mally distributed, in large samples (> 30 or 40), the 
sampling distribution tends to be normal, regard-
less of the shape of the data (Ghasemi & Zahediasl, 
2012), and the two groups of data are also assumed 
to be independent of one another (Supplementary 
Table 2).

Thus, a paired samples t-test using SPSS software 
was used to answer the research question and deter-
mine whether there are statistically significant differ-
ences between the two data sets:

H0: There is no (statistically) significant difference 
between microbial communities on PP microplas-
tic surfaces compared to the surrounding water.
H1: There is a (statistically) significant difference 
between microbial communities on PP microplas-
tic surfaces compared to the surrounding water.

2.9 � Bacterial Communities Associated with Different 
Materials (Second Test)

In order to assess if the bacterial community struc-
tures are plastic specific, some months  after the first 
test, four colonizers were filled with 3 g of polypro-
pylene plastic, biodegradable  PLA (polylactic acid 
straw) plastic, wood, and glass, in addition to one 
empty (stainless steel). All were  installed as men-
tioned above, for 2-month period  (between Septem-
ber and November,  in  2019). After that colonizers 
plus water sample were collected, genomic DNA was 
isolated, and amplicon sequencing was conducted as 
above.

3 � Results

3.1 � Amplicon Sequencing Results: PP Microplastic 
vs Lake Water

The Illumina 16S rRNA gene amplicon sequenc-
ing provided 29718, 28837, 28453, 30742, 29366, 

and 29386 reads for VMP1, VMP2, VMP3, VLW1, 
VLW2, and VLW3 respectively.

The rarefaction curves of the samples indicated 
that the data contained enough sequence depth to 
ascertain the full bacterial diversity. High sequencing 
coverage was reached in all samples (see Supplemen-
tary Figure 1).

Diverse bacterial communities were found on PP 
microplastic surfaces and in lake water as well. The 
amount of different OTUs observed on PP microplas-
tic surfaces after the first, second, and third months 
were 293, 394, and 345 respectively. Over the same 
time period, the amount of different OTUs observed 
in lake water was 134, 352, and 348 (see Supplemen-
tary Figures 2, 3, 4, 5, and 6). In the first month (Dec 
2018), Cyanobacteria and Proteobacteria dominated 
the PP microplastic community (VMP1) with the rel-
ative abundance of 69.3% and 16.6% respectively. In 
the second month (January 2019, sample ID: VMP2), 
Proteobacteria became the most abundant (34.0%), 
followed by Cyanobacteria (31.3%) and Bacteroi-
detes (20.6%). In the third month (February 2019, 
sample ID: VMP3), Bacteroidetes relative abundance 
increased to 54.2% and Proteobacteria increased to 
32.9%, whereas Cyanobacteria notably decreased to 
1.2%.

In the lake water, Cyanobacteria were highly 
dominated in the microbial community of the first 
month (December 2018, sample ID: VLW1) with a 
relative abundance of (90.6%). In the second month 
(January 2019, sample ID: VLW2), Cyanobacte-
ria were also the most dominant but the relative 
abundance has decreased to 70.0%; Proteobacte-
ria (9.5%) became the second most dominant phy-
lum. After the third month (February 2019, sam-
ple ID: VLW3), Cyanobacteria relative abundance 
decreased again to 53.0%, Proteobacteria relative 
abundance increased to 19.2%, and Bacteroidetes 
became the third most dominant phylum with the 
relative abundance of 16.0%. Supplementary Fig-
ure 7 compares the most abundant microbial phyla 
between PP microplastic surface samples and lake 
water samples.

At the order level Nostocales which belongs to 
phylum Cyanobacteria was the most dominant in 
PP microplastic samples in the first and second 
months, but notably decreased to 1.21% in the third 
month in which Flavobacteriales was the domi-
nant order followed by Betaproteobacteriales. All 
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lake water samples were dominated by Nostocales 
but with a notable decrease in relative abundance 
with time (see Fig.  3). On the family and genus 
levels, similar trends can be seen with regards to 
members of the Phormidiaceae family and genus 
Planktothrix which also belongs to Cyanobacteria 
as well as the Flavobacteriaceae family and genus 
Flavobacterium (Supplementary Figure 8).

In order to visualize differences between bacte-
rial community’s structures, a heatmap analysis 
was performed at the genus level (Fig. 4). For some 
genera, the tendencies of abundance changing were 
likely the same during the 3-month period in both 
PP microplastic and surrounding lake water com-
munities, e.g., Albidiferax and Algoriphagus. But in 
most cases, distinct differences in dominant genera 

between PP microplastic surface samples compared 
to the surrounding lake water were observed. For 
example, the Planktothrix genus, which belongs 
to Cyanobacteria, is frequently present in all lake 
water samples across all months, whereas in the 
PP microplastic samples it decreased in abundance 
from the first month to the third month. With regard 
to Flavobacterium, it was less frequent in the first 
month in both PP microplastic and lake water 
associated samples, but became more abundant in 
the second and third months on PP microplastics 
compared to lake water samples (for the commu-
nity structures associated with PP microplastic and 
water at different taxonomic levels, see Supplemen-
tary Table 3).

Fig. 3   Dominant taxonomic orders associated with micro-
plastics and surrounding water based on relative abundance 
more than 1%; VMP1: microplastic from plastic colonizer, first 
month; VMP2: microplastic second month; VMP3: microplas-

tic third month; VLW1: surrounding water first month; VLW2: 
surrounding water second month; VLW3: surrounding water 
third month
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Cluster analysis of bacterial communities based 
on Bray-Curtis similarity demonstrated that the dis-
similarities between PP microplastic surfaces (VMP 
samples) and the surrounding water (VLW samples) 
increased with time. The bacterial community of 
the first month (VMP1) on PP microplastic surfaces 
belongs to a close cluster with the samples of the sur-
rounding water (> 60%). From the second month, 
the PP microplastic-associated bacterial community 
became more different compared to surrounding 
water (around 50% similarity). The highest differ-
ences between the microplastic surface and the sur-
rounding water were observed in the third month 
where the similarity decreased to less than 30% 
(Fig. 5).

Based on the statistical analysis above, it was 
found then that the difference in microbial com-
munity compositions of PP microplastics compared 
with surrounding is highly significant when analyz-
ing over the whole study period (P-value = 0.000; 

Fig. 4   Heatmap of microbial community structure on the 
genus level with the relative abundance of more than 1%; 
VMP1: microplastic first month; VMP2: microplastic second 
month; VMP3: microplastic third month; VLW1: surrounding 
water first month; VLW2: surrounding water second month; 
VLW3: surrounding water third month. The color intensity in 
each panel shows the percentage in a sample, color key is at 
the right side

Fig. 5   Clustering analysis of bacterial communities in the six 
samples (three microplastic and water) based on OTU abun-
dance-based Bray-Curtis similarity coefficients; VMP1: micro-
plastic-associated community from plastic colonizers, first 

month; VMP2: microplastic second month; VMP3: microplas-
tic third month; VLW1: surrounding lake water first month; 
VLW2: surrounding water second month; VLW3: surrounding 
water third month
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F = 49.247; df = 3970), so the H0 hypothesis is 
rejected.

Again, our hypothesis was tested among the 
months, below are the results for testing the dif-
ferences between the PP microplastic-associated 
bacterial communities (group 1) and surrounding 
water (group 2) on monthly basis (December, Janu-
ary, February). The results show a highly signifi-
cance among December (P-value = 0.000), January 
(P-value = 0.010), and February (P-value = 0.023) 
(see Table 1).

3.2 � Amplicon Sequencing Results of Second Test: 
PP Microplastic vs Different Materials

At the phylum level, Proteobacteria, Bacteroidetes, 
Firmicutes, and Verrucomicrobia were the most 
dominant (> 5%) in plastic associated community 
respectively; dominant phyla in the degradable plastic 
community were Proteobacteria, Bacteroidetes, Ver-
rucomicrobia, Cyanobacteria, Firmicutes, and Act-
inobacteria respectively, whereas in the glass-associ-
ated community the following phyla have dominated: 
Proteobacteria, Bacteroidetes, Verrucomicrobia, 
Actinobacteria, and Cyanobacteria respectively. The 
dominant phyla associated with the empty colonizer 
(metal) were Proteobacteria, Bacteroidetes, Ver-
rucomicrobia, Cyanobacteria, and Actinobacteria 
respectively.

For the natural materials like wood and water, the 
most dominant bacterial phyla were Proteobacte-
ria, Firmicutes, Bacteroidetes, and Verrucomicrobia, 
whereas the following phyla were dominant in the 
water-associated community: Cyanobacteria, Firmi-
cutes, and Proteobacteria.

On the order level, orders Bacteroidales, Verru-
comicrobiales, Clostridiales, Rhodobacterales, Xan-
thomonadales, and Desulfovibrionales were the most 
abundant (> 5%) in plastic associated communities; 
in degradable (PLA) plastic communities, orders Ver-
rucomicrobiales, Bacteroidales, Nostocales, Rhodo-
bacterales, Clostridiales, Xanthomonadales, Desul-
fobacterales were the most dominant. Furthermore, 
orders Rhodobacterales, Verrucomicrobiales, Xan-
thomonadales, Nostocales, Bacteroidales, Desulfo-
bacterales, and Clostridiales were mostly dominated 
in glass-associated community.

The wood-associated bacterial community was 
dominated by orders Clostridiales, Bacteroidales, 
Pseudomonadales, Verrucomicrobiales, Desulfovi-
brionales, and Erysipelotrichales, whereas water-
associated bacterial communities were dominated by 
the following taxonomic orders Nostocales, Bacilla-
les, Planctomycetales, and Rhizobiales (for the whole 
taxonomic order structures, see Fig. 6).

3.3 � Bacterial Isolates Using LB Agar

Variable bacterial species were isolated during the 
first test  from PP microplastic surfaces on LB agar. 
A full list of isolated bacterial species that were iden-
tified based on 16S rRNA gene sequencing (> 99% 
similarity) are mentioned in Table 2 taking into con-
sideration that only eight strains were isolated from 
each plastic sample; some species were found more 
than once.

Table 1   Independent samples test table (testing differences between the microplastic-associated bacterial communities (group 1) 
and surrounding water (group 2) on monthly basis (December, January, February)

Month Levene’s test 
for equality of 
variances

t-Test for equality of means

F Sig. t df Sig. (2-tailed) Mean difference Std. error 
difference

95% CI of the 
difference

Lower Upper

Dec. Equal variances assumed 42.326 .000 4.086 1322 .000 9.675 2.368 5.030 14.321
Jan. Equal variances assumed 19.670 .000 2.568 1322 .010 16.497 6.423 3.897 29.097
Feb. Equal variances assumed 17.938 .000 2.284 1322 .023 21.508 9.418 3.031 39.984
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4 � Discussion

4.1 � Microbial Communities of PP Microplastic 
Compared to Surrounding Water Community

In line with previous studies (Zettler et  al., 2013; 
Miao et al., 2019; Oberbeckmann et al., 2014), micro-
bial community structures of PP microplastic were 
different from that in surrounding water; significantly 
different abundances of phyla Cyanobacteria, Pro-
teobacteria, and Bacteroidetes were observed in PP 
microplastic communities comparing to the water 
communities; these differences became more obvi-
ous over time. The community structures were also 
changing over the period of 3 months; the dominance 
of microbial phyla was changing in terms of relative 
abundance over the 3-month period. For example, 

Cyanobacteria was the most dominant phylum in the 
lake water samples over the studied time, but with 
decreasing relative abundance over the first, second, 
and third month respectively (91%, 70%, 53%). On 
PP microplastic surfaces, the relative abundance of 
Cyanobacteria decreased from 69 to 31%, and 1% 
over the 3 months, but Bacteroidetes became more 
and more dominant (2%, 21%, 54% respectively). 
This result is consistent with Jiang et al. (2018) where 
they also found that Cyanobacteria and Proteobacte-
ria are suggested to be early microplastic colonizers 
in freshwater, followed by Bacteroidetes as secondary 
microplastic colonizers (Jiang et al., 2018), which is 
also in line with Lee et al. (2008) regarding the early 
and secondary colonizers in marine water (Lee et al., 
2008). Furthermore, the occurrence of Cyanobacteria, 

Fig. 6   Heatmap of microbial community structure on the 
order level with the relative abundance of more than 1%; poly-
propylene, degradable plastic, glass, wood, water, metal sur-

face (empty colonizer) The color intensity in each panel shows 
the percentage in a sample, color key is at the right side
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which is an oxygen producer, is probably due to its 
importance for polymer oxidation.

Planktothrix species dominated the investigated 
samples. The high abundance of bloom-forming 
Planktothrix agardhii and P. rubescens are regularly 
observed in European waters (Nõges & Ott, 2003; 
Willame et al., 2005; Churro et al., 2017). While they 
cause strong red-colored water-bloom, these spe-
cies can produce microcystins (MCs), which inhibit 
eukaryotic protein phosphatases. Bioactive peptides 
are also produced by this species, which presumably 
enhance the colonization potential and possible domi-
nance in habitats (Kurmayer et  al., 2016). Cyano-
toxins as microcystins can cause human and animal 
poisoning. MCs might be responsible for tumor pro-
motion (Bogialli et  al., 2013). This finding supports 
the hypothesis that microplastics may serve as a vec-
tor for pathogenic bacteria (Zettler et al., 2013).

During the 3 months, the Bacteroidetes became 
more and more dominant on PP microplastic surface 
samples. The most abundant Flavobacteriaceae family 

was also observed in the second and third months of 
lake water but was absent in the first month. Flavobac-
teriaceae composed around one-third of the identified 
plastic-associated community (Oberbeckmann et  al., 
2016). Flavobacteria were described as a major col-
onizer of diatom detritus (Abell & Bowman, 2005). 
Therefore, the increased relative abundance of Flavo-
bacteriaceae on PP microplastic surfaces is probably 
because of the noted algae colonizing of the surface 
of the plastic particles inside the colonizers; how-
ever, we cannot prove this hypothesis since we have 
no data about eukaryotic members of the community. 
On PP microplastic surfaces, Flavobacterium lacus 
was the dominant species in the third month followed 
by and Flavobacterium chungnamense; however, 
other members of Flavobacterium were also present. 
Members of this genus are chemo-organotroph aer-
obes; can be found in various aquatic habitats such 
as freshwater, wastewater, and seawater; and can 
adapt to very cold environments like Antarctic lakes. 
Flavobacterium was isolated from the surface of 

Table 2   Identified bacterial species isolated from microplastic 
surfaces from LB agar incubated aerobically at 28 °C for 72h. 
*Classified according to the German Collection of Microor-
ganisms Cell Cultures (DSMZ.de). Risk group 1: bacteria of 

a low individual or community risk, unlike to cause disease. 
Risk group 2: bacteria of moderate risk, exposure might cause 
disease, but the risk is not significant to lab workers or envi-
ronment; n/d, not defined

Bacterial spp. Date Length of a sequenced 
region of 16S (bp)

Risk group* GenBank 
accession 
number

Bacillus simplex December 2018 544 1 OL351552
Shewanella hafniensis December 2018 398 n/d OL351555
Pseudomonas antarctica December 2018 524 1 OL351556
Shewanella putrefaciens December 2018 582 2 OL351557
Aeromonas bestiarum December 2018 507 1 OL351558
Streptomyces pratensis December 2018 507 n/d OL351566
Brevundimonas vesicularis January 2019 553 2 OL347630
Exiguobacterium undae January 2019 662 1 OL347629
Jeotgalibacillus campisalis January 2019 637 1 OL347636
Bacillus zhangzhouensis January 2019 600 n/d OL343695
Aeromonas sobria January 2019 535 2 OL347637
Pseudomonas helmanticensis January 2019 590 1 OL347631
Bacillus tequilensis January 2019 549 n/d OL343753
Bacillus megaterium February 2019 415 1 OL343764
Bacillus altitudinis February 2019 470 1 OL343756
Pseudomonas synxantha February 2019 603 1 OL351130
Rhizobium ipomoeae February 2019 578 n/d OL351255
Pseudomonas peli February 2019 604 1 OL351254
Cellulomonas oligotrophica February 2019 606 1 OL350954
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low-density polyethylene microplastic and considered 
a serious fish pathogen (Li et al., 2014; Gong et al., 
2019). Flavobacterium is known to degrade complex 
polymers such as Pentachlorophenol PCP (Saber & 
Crawford, 1985), diesel (Chaudhary et al., 2019), and 
nitriles (Egelkamp et al., 2017). Nylon oligomer has 
been degraded by Flavobacterium sp. KI 725 when 
provided as the sole source of carbon and nitrogen 
(Negoro, 2000); therefore, the increased abundance 
of Flavobacteria on microplastic surfaces with time 
might be due to a potential role in biodegradation.

Lacihabitans were also present on microplastic 
surfaces; this genus by the time of writing contains 
only one valid species Lacihabitans soyangensis; it 
belongs to the Cytophagaceae family, which is widely 
distributed in the environment like freshwater, marine 
water, and soil. Members of this family are known to 
have the capability to degrade several organic com-
pounds such as starch, chitin, and cellulose (Joung 
et  al., 2014). Bacterial cellulose (BC) is usually 
abundant in biofilm due to its role in intra- and inter-
domain interactions; BC is known to be produced by 
Proteobacteria which was abundant on microplastic 
surfaces in this study; therefore, this might be the 
reason for the occurrence of Lacihabitans spp. on 
microplastics.

Algoriphagus marisflavi was first isolated and 
identified in estuarian water in the Yellow Sea 
(Korea); it can grow at low temperatures 4 °C and 
at 0–2.0 % (w/v) NaCl (Park et al., 2017). Members 
of the genus Algoriphagus were isolated from dif-
ferent habitats: seawater, freshwater, marine sedi-
ments, and algae (Nedashkovskaya et al., 2004; Liu 
et  al., 2009). We suggest that its presence in the 
plastisphere in our study might also be because of 
the notable abundance of algae on the microplas-
tic surfaces. Burkholderiaceae was identified on PP 
microplastic surfaces over the 3-month period as 
the second most dominant with the relative abun-
dance of 7.9%, 18.8%, and 15.3% respectively. 
Members of Burkholderiaceae were also identified 
in bacterial communities associated with plastic 
surfaces in different environments such as wastewa-
ter treatment systems (Pal et  al., 2012) and drink-
ing water facilities (Kalmbach et al., 2000). There-
fore, the occurrence of these family members might 
be connected to the plastic surface rather than the 
availability of nutrients.

Members of genus Gemmobacter have been iso-
lated from diverse environments; freshwater spring, 
snow samples, birds, planktonic seaweeds, and 
marine environments (Chen et  al., 2013; Liu et  al., 
2014; Yoo et al., 2019); Gemmobacter belongs to the 
family Rhodobacteraceae which was frequently iden-
tified on plastics (Zettler et  al., 2013; Bryant et  al., 
2016) and was described as a primary biofilm colo-
nizer in seawater (Elifantz et al., 2013). Additionally, 
Rhodobacteraceae was suggested as one of the candi-
date bacterial families for plastic degradation (Line & 
Eva, 2019).

The PVC group member uncultured Planctomy-
cetales bacteria’s (closest relative Tundrisphaera 
lichenicola 89.7% 16S rRNA similarity) abundance 
showed an increasing trend within the plastic colo-
nizer community. Planctomycetes usually prefer a 
surface-attached lifestyle. DeLong et al. (1993) found 
a greater abundance on the surface of marine aggre-
gates than in the bacterioplankton (DeLong et  al., 
1993). Analyzing four lakes in Germany, Allgaier 
et al. (2006) found a complete lack of planctomycetes 
among the free-living microorganisms, while the 
group appeared abundant among the surface coloniz-
ers (Allgaier et al., 2006).

The distribution of another PVC group mem-
ber uncultured Chthoniobacterales bacteria (closest 
relative Terrimicrobium sacchariphilum 91.42% 16S 
rRNA similarity) was not so specific since it was pre-
sent in all samples.

Members of the Mycobacterium genus were also 
identified on PP microplastic surfaces in our study. 
This genus contains many pathogenic species associ-
ated with pulmonary diseases; additionally, Mycobac-
terium has been reported as a potential degrader of 
polyethylene (Sudhakar et al., 2008; Da Costa et al., 
2015).

Based on the former publications about the identi-
fied species, it can be verified that potential fish and 
human pathogenic strains can be isolated from micro-
plastic surfaces. These results are in line with studies 
that mention the potential occurrence of pathogens on 
microplastic surfaces (Keswani et  al., 2016; Zettler 
et al., 2013; Wu et al., 2019).

Aeromonas bestiarum species was identified 
as a fish pathogen in carp and trout (Vet et  al., 
2010). Aeromonas sobria strains have also been 
described as a pathogen of silver carp as well as 
a rare human pathogen (Dar et al., 2016). Plastic 
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colonizing Shewanella putrefaciens is a poten-
tial opportunistic human pathogen; strains of 
this species were reported as a causative agent of 
osteitis, erysipelas, abscess, and rare cases bacte-
remia and soft tissue infections (Hochedez et al., 
2013). Strains of Bacillus simplex were reported 
as a suspected cause of human brain abscess 
(Pesce et al., 2016).

The majority of methods used to study the 
microbial colonization of microplastics in water 
mainly focused on the collection of microplas-
tic particles through a mesh or net or the collec-
tion of plastic litter (Zettler et  al., 2013; Frère 
et al., 2018; McCormick et al., 2016; Viršek et al., 
2017; Jiang et  al., 2018). Other methods were 
used in which plastic particles were incubated 
in  situ but mostly for a short incubation periods 
(Oberbeckmann et  al., 2018; Dudek et  al., 2020; 
Oberbeckmann et  al., 2014); other studies incu-
bate the plastic particles in a controlled environ-
ment in vitro (Dussud et al., 2018; Kirstein et al., 
2019). In contrast, the method of plastic coloniz-
ers used in this study can be used in situ in differ-
ent environments like freshwater lakes and rivers. 
Periodic changes in microbial communities and the 
possible alteration of microplastic surfaces might 
also be monitored since it is expected to stand for 
changeable environmental conditions; thus, it can 
be used to monitor the changes over the seasons. It 
might also be used in marine environments to study 
microbial communities that associate with micro-
plastics. Future studies based on this same easy-to-
use colonizing method can be compared with each 
other. Furthermore, based on our results, the limi-
tations of the plastic colonizers have to be tested in 
saline water and for long-term periods (minimum 
one year) to verify the stability of the complex 
structure.

4.2 � Microbial Communities of PP Microplastic 
Compared to Different Materials

The amplicon sequencing results of the different 
materials have shown that bacterial communities 
associated with different materials (plastic, degrada-
ble plastic, glass, metal, and wood) are clearly differ-
ent from the surrounding water on both phylum and 
order level; in comparison, the differences in bacterial 
communities associated with polypropylene plastic, 

degradable plastic, and glass were smaller; mainly, 
these differences were in the relative abundance of 
different taxa. As shown in Fig.  6, clustering shows 
that community structures of polypropylene plastic 
and degradable poly lactic acid plastic were the clos-
est to each other, followed by glass, wood, water, and 
finally metal surface.

5 � Conclusions

Our results have verified that the structure of PP micro-
plastic-associated bacterial communities is different 
from that surrounding natural freshwater, especially 
in terms of relative abundance, and these differences 
increase over time. When comparing plastic with other 
materials, similarities in the structure of bacterial com-
munities were observed especially with degradable 
plastic and glass, fewer similarities were observed with 
wood and metal-associated communities. The self-
developed plastic colonizer method used in this study 
might be appropriate and reproducible under different 
conditions and can be used with different plastic mate-
rials which are recommended for further research. It is 
also important for future studies to follow the coloniz-
ing order of plastic-associated bacteria in a long-term 
monitoring project. Our results support the idea that 
human pathogenic bacteria as well as fish pathogens 
can be transferred as “hitchhikers” on microplastic 
surfaces.
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