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Abstract
There is growing evidence that plastic particles can accumulate microorgan-
isms that are pathogenic to humans or animals. In the current study, the
composition of the plastispheres that accumulated on polypropylene (PP),
polyvinyl chloride (PVC), and high-density polyethylene (HDPE) pieces sub-
merged in a river in the southeast Norway was characterized by 16S rRNA
amplicon sequencing. Seasonal and geographical effects on the bacterial
composition of the plastisphere were identified, in addition to the detection
of potential foodborne pathogenic bacteria and viruses as part of the plasti-
sphere. The diversity and taxonomic composition of the plastispheres were
influenced by the number of weeks in the river, the season, and the location.
The bacterial diversity differed significantly in the plastisphere from June
and September, with a generally higher diversity in June. Also, the commu-
nity composition of the plastisphere was significantly influenced by the geo-
graphical location, while the type of plastic had less impact. Plastics
submerged in river water assembled a variety of microorganisms including
potentially pathogenic bacteria and viruses (noro- and adenovirus) detected
by qPCR. Cultivation methods detected viable bacteria such as Escherichia
coli and Listeria monocytogenes. The results highlight the need for addi-
tional research on the risk of contaminating food with plastic particles colo-
nized with human pathogens through irrigation water.

INTRODUCTION

The constantly increasing plastic production and the sub-
sequent environmental pollution with plastic debris, are
currently one of the challenges the planet’s ecosystems
are facing. Since 2015, approximately 6300 million met-
ric tons of plastic have been produced, of which 79%
has been discarded and accumulated in natural environ-
ments and landfills (Geyer, 2020; PlasticEurope., 2021).
The largest groups of non-fibre plastics produced are
polyethylene (PE, 36%) followed by polypropylene (PP,
21%) and polyvinyl chloride (PVC, 12%). PE and PP are
predominantly used for plastic packaging while the

building and construction sector uses up to 69% of the
PVC produced. These mass-produced plastic types do
not decompose easily but are slowly fragmented into
smaller pieces due to UV radiation and mechanical
forces (Geyer et al., 2017).

When present in aquatic environments, plastics
accumulate inorganic and organic substances and cre-
ate plastispheres on their surfaces, a diverse plastic-
associated microbial community (Zettler et al., 2013).
The adherence of inorganic and organic molecules
together with microorganisms results in the formation of
an eco-corona (Galloway et al., 2017; Lynch &
Dawson, 2014). The surface chemistry of pristine
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plastics, which differs from organic surfaces commonly
found in the natural aquatic environment, may influence
the microbiota’s composition and behaviour (Ogonowski
et al., 2018; Zettler et al., 2013). Bacteria that reside in
plastispheres can benefit from improved nutrient acquisi-
tion, protection against desiccation and toxic substances,
as well as increased horizontal gene transfer (Rummel
et al., 2017). The photochemical and biological degrada-
tion of plastics may facilitate the leaching of dissolved
organic substances (Romera-Castillo et al., 2018), which
has been shown to provide nutrients that promote bacte-
rial growth (Romera-Castillo et al., 2018; Sheridan
et al., 2022). However, hazardous chemicals added to
synthetic polymers during production, for example, to
improve plastic flexibility and heat stability, can also
inhibit bacterial growth in plastic leachate (Tetu
et al., 2019).

Environmental biofilms can consist of complex
microbial communities of algae, bacteria, fungi, viruses,
and protozoa embedded in extracellular polymeric sub-
stances (EPS) (Burmølle et al., 2014). Several studies
have reported that pathogenic variants of microorgan-
isms are found in plastispheres. There are concerns
about whether plastics, particularly microplastics, can
act as vectors for the introduction of pathogens into
food and drinking water chains (Kirstein et al., 2016;
Silva et al., 2019; Yang et al., 2020). Viruses, including
enteric viruses and respiratory viruses, are ubiquitous
and can also settle on naked plastic surfaces. Human
entero- and norovirus (NoV) have been found to adhere
to naked plastics as well as to biofilms on PE retrieved
from treated wastewater (Skraber et al., 2009).

The number of scientific articles describing plasti-
spheres in the ocean is on the rise (Amaral-Zettler
et al., 2020; Frere et al., 2018; Moore et al., 2020).
However, few studies have specifically addressed the
formation of plastispheres in freshwater systems. Hoel-
lein et al. studied bacterial communities on different
surfaces in freshwater systems and found more bacte-
ria belonging to the family Burkholderiaceae in biofilms
on plastic particles compared to other materials from
the same environment (Hoellein et al., 2014). Further-
more, by using high throughput amplicon sequencing,
McCormick et al., reported enrichment of bacteria
belonging to the genera Arcobacter, Campylobacter,
and Pseudomonas on plastic compared to among
planktonic organisms in river water (McCormick
et al., 2016). Notably, Burkholderia, Arcobacter, and
Campylobacter include many species that cause
intestinal illness in humans. Plastispheres may also
contribute to the transmission and spread of antibiotic-
resistance genes in marine, freshwater, and soil envi-
ronments (Zhu et al., 2022).

Plastic from urban and rural sewage can enter
aquatic environments (rivers, lakes, and the ocean)
through for instance untreated sewage overflow, treated
wastewater release, and agricultural use of sludge (Edo

et al., 2020; Prata, 2018). Because freshwater sources
are frequently used for vegetable irrigation, there is a risk
of contamination of fresh produce with plastic particles
and their associated microorganisms. Irrigation water
droplets have been shown to carry contaminants, includ-
ing plastic, from the environment to the surface of plants
used as food (Allende et al., 2017; Girardin et al., 2005;
Jiang et al., 2023; Zhou et al., 2020). Consumers are
more concerned about healthy food, sustainability, and
nutrition, and there is a general recommendation to
increase consumption of fresh produce to improve the
sustainability of our food production (Clem &
Barthel, 2021; Kami�nski et al., 2020). However, food poi-
soning caused by the ingestion of fresh produce is com-
mon, as several large outbreaks caused by both
bacteria and viruses have been reported (Alegbeleye
et al., 2018). To evaluate the food safety risks associ-
ated with plastics we need more knowledge on the accu-
mulation and survival of pathogenic microbes on
different types of plastic in freshwater systems.

The current study aims to fill knowledge gaps about
the microbiota that assembles on various types of plastic
in river water. Pieces of PP, PVC, and HDPE were
placed in a river used for irrigation of fresh produce to
investigate how plastic type, time in the water and sea-
son, and geographical location affected the taxonomic
content and diversity of the microorganisms present in
the plastisphere. Furthermore, the presence of patho-
genic bacteria and viruses was investigated to determine
how different types of plastic influenced the microbial haz-
ards of freshwater systems. We combined the use of tra-
ditional cultivation methods with modern molecular
identification techniques like MALDI-TOF and 16S RRNA
amplicon sequencing to get specific and reliable informa-
tion about the plastic-associated microbial communities.

EXPERIMENTAL PROCEDURES

Sampling area and time of study

Lier is a rural municipality in Viken county in Eastern
Norway. The lush and green valley is characterized by
nutrient-rich soil provided by marine deposits and a big
agricultural industry accounting for 12% of Norway’s
vegetable cultivation area. Horticulture production is
especially prominent, and some outdoor produce
includes cabbage, celery, lettuce, and strawberries, in
addition to cucumbers, herbs, and lettuce produced
in greenhouses (Lier Kommune 2012 (Lier municipal-
ity)). The Lier River originates from lakes and streams
in a forest area, ends in the narrow Drammen fjord, and
is a major source of irrigation water throughout the har-
vest season from May until October.

Sewage is an important source of pollution in the
Lier River. Wastewater management in Lier consists of
municipal sewage networks, with treatment plants in
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the various districts as well as private, smaller sewage
plants. The pollution is related to the transport of waste-
water, surface runoff, and drainage water from the sew-
erage network. When the capacity of the pipes is
exceeded, the surplus water is emptied into the Lier
River. Sewage also enters the river from a few private
septic tanks (Lier Kommune 2012 (Lier municipality)).

The two sampling sites selected for this study, here-
after named Loc1 (59�45003.3”N 10�17006.300 E) and
Loc2 (59�47034.7”N 10�14017.100 E) (Figure 1), are both
found in dense agricultural areas with vegetable produc-
tion. Loc2 is located downstream of wastewater treat-
ment plants, while Loc1 is in a more densely populated
area with large agricultural activity. The samplings took
place in June and September 2021. Physiochemical and
biological measurements of the water were done to give
background information regarding the water quality of
the lier river (Nilsson & Grimsgaard, 2021). Details are
provided in the supplementary materials (Table S6).

Biofilm formation on plastic in the
Lier River

Biofilm was accumulated on three different plastic
types, polypropylene (PP), polyvinyl chloride (PVC),
and polyethylene high-density (HDPE) (Astrup AS,
Oslo Norway). Each piece of plastic was 6 � 4 �
0.6 cm3. The pieces were sterilized with hypochlorite
and mounted onto custom-made devices (Figure S1)
before being inserted into the river. To ensure the
device was positioned vertically in the river, an inflat-
able buoy was attached to one side and a weight to the

opposite side. Each device was secured to shore. After
harvesting, the plastic pieces were collected in sterile
containers filled with river water and transported to the
laboratory within 2 h. The pieces were rinsed carefully
three times with distilled water to remove loosely
attached organic material and immediately analysed for
culturable bacterial pathogens, or frozen at �80�C.

Extraction of DNA/RNA from biofilms

Three pieces of each plastic type were regarded as
one single sample, and three replicates of each sample
were included for each plastic type. DNA was extracted
from samples collected after 2 and 4 weeks in the river,
in June and September, and from two different loca-
tions. For complete sample information see Table S1.

The samples were thawed on ice and biofilms from
both sides of three plastic pieces were pooled by scrap-
ing into a ZR Bashingbead Lysis tube with 0.1- and
0.5-mm beads, containing 750 μL DNA/RNA Shield™
provided with the extraction kit (ZymoBIOMICS
DNA/RNA Minprep kit. Nordic BioSites AS, Norway).
The samples were homogenized using MP Bio
FastPrep-24 (VWR) at 6 m/s for 5 � 45 s, with 15 s
breaks between each cycle while kept on ice. After
bead beating, DNA and RNA were extracted separately
according to the manufacturer’s instructions. Positive
and negative controls were included in each round of
extraction. The ZymoBIOMICS™ Microbial Community
Standard, Catalogue no. D6300 (Zymo Research, Cali-
fornia, USA) was used as the positive control. This
community is a defined mixture of microbial strains

F I GURE 1 Geographic location of the sample sites in Lier River. The two locations (Loc1 and Loc2) are marked as blue dots. The
wastewater treatment plants located along the river are marked with red crosses.
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created to imitate the composition of a microbiota sam-
ple. ZymoBIOMICS™ DNase/RNase-free water was
used as a negative control. The concentration and
purity of DNA and RNA were measured using Qubit
dsDNA BR Assay kit or RNA BR assay kit, respectively,
on Fluorometer 2.0 (Invitrogen/Life Technologies,
Carlsbad, California, USA) and Nanodrop Spectropho-
tometer (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA) and stored at �80�C until use. The
extracted DNA was used for 16S rRNA gene sequenc-
ing and detection of specific pathogens by qPCR as
described below. Isolated RNA was screened for the
viral pathogens adenovirus 40/41 (AdV) and norovirus
GI/GII (NoV) with (RT)-qPCR as described below.

16S rRNA amplicon sequencing of
bacterial DNA

The bacterial composition of the plastispheres was char-
acterized by amplicon sequencing of the V3-V4 region
of the 16S rRNA gene, carried out at Novogene Genome
Sequencing Company (Company Limited, Cambridge
UK). The amplicon sequencing was performed in two
batches. The first batch consisted of samples collected
after 2 weeks in the river during June, while the remain-
ing samples were sequenced in the second batch.
Briefly, amplicons were generated using the barcoded
primers 515F and 806R and the Phusion® High-Fidelity
PCR Master Mix (New England Biolabs, Ipswich, MA,
USA). Products were size selected by 2% agarose gel
electrophoresis. Libraries were prepared by pooling
PCR products from each sample followed by end-repair,
A-tailing, and ligation with Illumina adapters. Sequences
were obtained on the Illumina NovaSeq™ platform in a
2 � 250 bp paired-end run.

Data processing

Data processing was carried out by Novogene Genome
Sequencing Company. Briefly, paired-end reads were
assigned to samples based on their barcodes, truncated
by removing the barcode and primer sequences, and
merged using FLASH software version 1.2.11 (http://ccb.
jhu.edu/software/FLASH/; Magoc & Salzberg, 2011).
Quality filtering was made with the fastp software (ver-
sion 0.20.0; Chen et al., 2018). Clean tags were com-
pared with the Silva reference database (https://www.
arb-silva.de), using Vsearch version 2.15.0. to detect
and remove the chimera sequences, resulting in effec-
tive tags (Haas et al., 2011; Quast et al., 2012; Rognes
et al., 2016). Denoise was performed on the effective
tags using the deblur module in the QIIME2 software
(version 2020.6). Amplicon Sequence Variants (ASVs)
with an abundance of less than five were filtered out to
obtain the final ASVs (Bolyen et al., 2019).

The Classify-sklearn module in QIIME2 software was
used for species annotation for each ASV. In 2021, Oren
and Garrity presented name changes to all bacteria
phyla (Oren & Garrity, 2021). As our data were pro-
cessed against the SSUrRNA database of SILVA138
Database (Quast et al., 2013; Wang et al., 2007) we
decided to use phylum names according to the data-
base. The newly proposed names are (old names in
brackets): Pseudomonadota (Proteobacteria), Bacillota
(Firmicutes), Actinomycetota (Actinobacteria), and Bac-
teroidota (Bacteroidetes) (Oren & Garrity, 2021).

Diversity analysis and statistics

The absolute abundance of ASVs was normalized based
on the minimum number of reads in all samples, in our
case sample A218 (21,087 reads). After normalization,
the number of reads of all samples was equal to the
number of reads of the minimum sample. Subsequent
analyses of alpha- and beta-diversity were performed
based on the output of the normalized data. The diversity
was analysed with ‘Plastic’, ‘Duration’, ‘Month’ and
‘Location’ as possible associated variables.

The Shannon and Chao1 alpha-diversity indices
were calculated in QIIME2 and displayed in plots using
the package ggplot2 in RStudio (Version 2023.06.2
+ 561) (Bolyen et al., 2019; RStudio, 2020). To investi-
gate the diversity indices two variance (ANOVA)
models, with interaction effects, were conducted with
the two different alpha measures as response variables
and the four possible associated variables as explana-
tory variables. To simplify the models as much as pos-
sible a partial F-test was conducted, testing the full
models with four-way interaction against reduced
models with three-way and two-way interactions,
respectively. Consequently, for Chao1 the model
included all two-way interactions of the four explanatory
variables, and for Shannon, a full model with all interac-
tions up to four ways was conducted. Tukey’s post hoc
test was performed for pairwise comparisons of the
results. The statistical analysis for the alpha diversity
was performed in RStudio (version 2023.06.2 + 561).
For all statistical analyses, the model assumptions
were checked and fulfilled and p < 0.05 was considered
significant.

Non-Metric Multidimensional Scaling (NMDS) with
Bray–Curtis dissimilarity (dissimilarity matrix of ASV rela-
tive abundances) and weighted UniFrac distance (abun-
dance-weighted phylogenetic relationship of ASVs) were
conducted for visual presentation of the similarity of the
bacterial community composition between the samples.
All distance matrices were calculated in QIIME2, while
the plots were done in RStudio using the Vegan and
Phyloseq packages (Bolyen et al., 2019; McMurdie &
Holmes, 2013; Oksanen, 2007). To analyse the influ-
ence of the different variables (Plastic, Duration, Month,

FRESHWATER PLASTISPHERES 2867
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and Location) on the bacterial community composition,
permutational multivariate analysis of variance
(PERMANOVA) with two-way interaction effects were
calculated using the Bray–Curtis dissimilarities and
weighted UniFrac distance. The decision to keep these
models with only the two-way interaction was due to an
investigation of the partial R2 from the adonis function in
RStudio. All PERMANOVA analyses were done in
RStudio (version 2023.06.2+561) using the Vegan
package with the adonis() function (Oksanen, 2007;
RStudio, 2020).

For a more detailed investigation of the taxa in the
bacteria diversity, relative abundances were plotted for
the 20 most abundant phyla and the 20 most abundant
genus using the package ggplot2 in RStudio (Version
2023.06.2 + 561). A visual examination of the plots
together with the relative abundance was discussed.

One of the aims of the study was to investigate the
difference in relative abundance with a focus on the dif-
ferent types of plastic for pathogenic bacteria. Most of
the pathogenic bacteria were under the threshold value
and not detectible in all the samples, but for the relative
abundance of Escherichia/Shigella an ANOVA/linear
model with up to four-way interactions was conducted
with ‘Plastic’, ‘Duration’, ‘Month’ and ‘Location’ as
explanatory variables to test for plastic effects.

Isolation and identification of potential
bacterial pathogens from the plastisphere

Bacteria were isolated from biofilm on the plastic pieces
immediately after returning to the lab. The surface of
one side of the pieces was divided into three similar-
sized areas, and each area was swabbed with one dry,
sterile swab (Figure S1). Three different agar plates
were streaked and incubated; blood agar aerobically at
37�C for 24 h, blood agar anaerobically at 37�C for
48 h, and Luria Broth (LB) agar aerobically at 22�C
for 72 h. Single colonies with unique morphologies
were purified in two rounds of subculturing under the
described conditions (Table S2). The other surface of
the plastic piece was divided into five similar-sized
areas, swabbed, and streaked onto selective media for
Aeromonas spp., Campylobacter spp., Escherichia coli,
Listeria spp., and Salmonella spp. and incubated
accordingly (Table S2). Stocks of all the isolates were
kept at �80�C until further characterization.

Acquired isolates were subjected to matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry (MS). Fresh colonies were pre-
pared on blood or LB agar plates including the calibra-
tion strain E. coli ATCC® 8739. One colony from each
isolate was spotted on a VITEK® MS-DS target slide
(bioMérieux, Marcy l’Etoile, France), while E. coli
ATCC® 8739 was deposited on position xA1, xB1 and
xC1, depending on the number of isolates tested. Each

sample spot was overlayed with 1 μL of the VITEK®

MS- cyano-4-hydroxycinnamic acid (CHCA) matrix
solution that dried until crystallization. The target slide
was run in the VITEK®MS instrument (bioMérieux,
Marcy l’�Etoile, France) according to the user manual.
Data acquisition and processing were performed with
the VITEK®MS Plus/ RUO SARAMIS® database for
species identification.

Pathotyping of E. coli isolates

To determine whether E. coli can be defined as poten-
tial intestinal pathogenic E. coli, a multiplex PCR was
run for the presence of virulence genes (Osi�nska
et al., 2022). Genomic DNA was extracted by resus-
pending colonies from fresh blood agar plates in 500 μL
sterile H2O, heating at 95�C for 10 min, and centrifuga-
tion at 3900 � g for 5 min at 4�C. The presence of eight
virulence-determinant genes characteristic of different
pathogenic E. coli was detected using standard PCR.
The PCR was run in two multiplex reactions using the
Multiplex PCR NZYTaq 2� Master Mix (NZYTech, Lis-
boa, Portugal), according to the manufacturer’s instruc-
tions. All reactions were run in a total volume of 20 μL
containing 2 μL DNA and 5 pmol of each primer, start-
ing at 50�C for 2 min and 95�C for 5 min. Reaction
1 (eae, bfpA, and CVD432): 40 cycles of 95�C for 40 s,
58�C for 1 min and 72�C for 2 min, and finally 72�C for
7 min. For reaction 2 (LT, ST, ipaH, stx1, and stx2) the
annealing temperature was reduced to 50�C. The PCR
products were confirmed by gel electrophorese in 2%
agarose and visualized by SYBR safe staining.

qPCR for bacterial pathogens

As 16S rRNA amplicon sequencing cannot be used to
determine the pathogenic potential of bacteria at the
species level, qPCR was performed to assess the pres-
ence of well-known foodborne pathogenic bacterial
species/pathotypes. Primers (ThermoFischer) targeting
VS1, tir, and hlyA were used for the detection of Cam-
pylobacter jejuni, enteropathogenic E. coli (EPEC), and
Listeria monocytogenes, respectively using the AriaMx
Real-Time qPCR System (Guilbaud et al., 2005;
Haffar & Gilbride, 2010; Stonnet & Guesdon, 1993).
Primer sequences are given in Table S3. The reference
strains C. jejuni CCUG 11284 A, L. monocytogenes
NCTC 7973, and EPEC OK86 were used as positive
controls and to generate the standard curve to deter-
mine the efficiency of the respective assays. The
qPCRs were run using the FastStart SYBR Green I
Master kit (Roche Diagnostics GmbH, Germany),
according to the manufacturer’s instructions. Each
qPCR was run in a total volume of 50 μL and contained
300 nM of each forward and reverse primer, and
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250 ng DNA. The qPCR was initiated at 95�C for
10 min prior to 40 cycles starting with 95�C for 15 s.
For C. jejuni, annealing at 56�C for 30 s, 68�C for 30 s
(fluorescence read) and 77�C for 10 s. For EPEC,
annealing at 59�C for 30 s, 72�C for 30 s, and 77�C for
10 s (fluorescence read). For L. monocytogenes,
annealing at 62�C for 1 min (fluorescence read) and
72�C for 10 s. A melting curve analysis was generated
by heating to 95�C followed by slow cooling to 60�C
and finally heating to 95�C at 0.1�C/s increment.

(RT)-qPCR for viral pathogens

RNA was extracted from the plastispheres as explained
previously. One-step TaqMan (RT)-qPCR was used to
detect the viral pathogens adenovirus 40/41 (AdV) and
norovirus GI/GII (NoV). Primers/probes sequences are
given in Table S3. The AriaMx Real-time PCR system
(Agilent Technologies, Santa Clara, California, USA)
was used for virus detection and analysis of data. Con-
firmation for the absence of inhibitors was performed
with a 10-fold dilution in duplicate during initial screen-
ing. All reactions were performed in a total volume of
20 μL. NoV was tested for using the TaqMan™ Fast
Virus 1-Step Master Mix (Thermo Fisher Scientific,
Massachusetts, USA). For NoV GI: 3 μL of RNA,
500 nM QNIF4, 900 nM NVLC1R, and 250 nM probe
NVGGI. Cycling conditions were 50�C for 5 min, 95�C
for 20 s and 45 cycles of 95�C for 15 s, 55�C for 20 s
and 60�C for 1 min. For NoV GII: 3 μL of RNA 500 nM
COG2R, 900 nM QNIF2d, and probe 250 nM QNIFS.
Cycling conditions were as for NoV GI.

For the detection of AdV, the TaqMan™ Environ-
mental Master Mix 2.0 (Thermo Fisher Scientific) was
used with the following setup: 2 μL of DNA, 250 nM
each of AdJTVXF, AdJTVXR and the probe 125 nM
AdJTVXP (Jothikumar et al., 2005). Cycling conditions:
95�C for 10 min, followed by 45 cycles of 95�C for 15 s,
55�C for 15 s and 60�C for 1 min.

RESULTS AND DISCUSSION

Plastisphere bacterial diversity

Biofilm samples from the three different types of plastic
were subjected to 16S rRNA marker gene sequencing.
After quality filtering and chimera removal, the numbers
of effective reads (nochime reads) were 83,000
± 15,000 (mean ± SD) for two-week-old biofilm and
38,000 ± 2600 for four-week-old biofilm in June. The
effective reads from the biofilm collected in September
were 41,400 ± 7200 and 37,000 ± 4600 for two- and
four-week-old biofilm, respectively. A total of 11,767
ASVs were identified and used for comparative
analysis.

Two selected indices of within-sample diversity
(alpha-diversity) were used to analyse the effect of the
four variables (Plastic, Duration, Month, and Location)
on the bacterial diversity in the plastispheres: Shannon
index (richness and evenness combined; Figure 2A)
and Chao1 index (richness; Figure 2B).

The partial F-test, conducted to investigate if a full
ANOVA model with all four-way interactions was more
appropriate than its reduced versions, showed that the
four-way interaction model for Chao1 did not contribute
significantly and we could use the simpler model with
only two-way interaction terms (F = 1.174, p = 0.332).
Opposite results were shown for the model for Shannon,
with all four-way interaction terms contributing signifi-
cantly and should be included (F = 6.628, p < 0.001).
The two ANOVA models with Shannon and Chao1 as
response variables, showed that the main effect of the
month had the greatest influence on both alpha-
measures (Shannon: F-value = 288.448, p < 0.001,
Chao1: F-value = 463.007, p < 0.001). All the results,
from both ANOVA models, are displayed in Table 1. The
most interesting post hoc pairwise Tukey-test results,
with respect to the aim of the study, are presented and
discussed in detail in Effect of polymer type to Geo-
graphic differences in bacterial composition sections for
the different variables.

Two different measures of beta-diversity were
used in response in the PERMANOVA test to assess
the differences in bacterial community structures over
the variables: Bray–Curtis dissimilarity distance (rela-
tive abundance) and weighted UniFrac distance
(relative abundance and phylogeny). The R2 con-
ducted from the adonis() function showed that the
three- and four-way interaction terms had a small
explanatory power of the bacteria diversity, for all the
terms it was less than 0.07, and hence we decided to
retain a less complicated model with only up to two-
way interaction. Overall, all variables had a significant
effect on the diversity of the bacterial communities for
both Bray–Curtis and weighted UniFrac distances,
with location (Bray–Curtis: R2 = 0.124, F-value =
27.068, p < 0.001, weighted UniFrac: R2 = 0.186,
F-value = 47.946, p < 0.001) and month (Bray–Curtis:
R2 = 0.251, F-value = 54.564, p < 0.001. weighted
UniFrac: (R2 = 0.244, F-value = 62.801, p < 0.001)
influencing most of the variation (Table 2).

Details of the effect of the variables are presented
and discussed in the following sections.

Effect of polymer type

The main effects from the ANOVA test of the impact of
the plastic materials on the alpha diversity (Chao1 and
Shannon index) for the biofilm communities, showed no
significant difference between the three plastic mate-
rials (Shannon: F-value = 1.346, p = 0.269, Chao1:

FRESHWATER PLASTISPHERES 2869
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F I GURE 2 Bacterial alpha diversity in the plastispheres on all plastic types (PP, PVC, HDPE) at the two locations during the experiment
(2 and 4 weeks of June and September). The x-axis represents the different samples included in the study, while the y-axis denotes the values of
the alpha diversity indices. (A) Shannon diversity (richness and evenness). (B) Chao1 index (species richness).
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F-value = 3.083, p = 0.055) as displayed in Figure 2
and Table 1. The post hoc Tukey test revealed a signifi-
cantly higher diversity richness in the plastispheres
collected from PP compared to those collected from
PVC (diff = �284.824, 95% CI: [�526.176; �43.472],
p = 0.006), after the two-week-old plastispheres col-
lected in June (Figure 2B). This difference, however,
was not observed during the other sampling times, indi-
cating that the plastic materials had a non-significant
influence on the bacterial richness. On the other hand,
considering the beta diversity of the bacterial communi-
ties, the plastic materials significantly influenced the
plastisphere diversity for both Bray–Curtis and
weighted UniFrac (Figure 3, Table 2). A few studies
demonstrate that the structure and composition of the

bacterial communities are not influenced by differences
in plastic materials (Di Pippo et al., 2020; Zhang
et al., 2021). The impact of plastic materials on the bac-
terial community, however, might differ between pris-
tine and weathered plastic (Erni-Cassola et al., 2020;
Zadjelovic et al., 2023).

According to previous studies, other factors, such as
season, incubation duration, and location, have a greater
effect on the composition of the associated microbiota
than the plastic surface itself (Oberbeckmann & Labrenz,
2020; Pinto et al., 2019; Zhang et al., 2021). Although all
these studies were conducted in a marine environment,
the results coincide with the results of this study.

The physiochemical properties of plastic surfaces,
such as roughness, hydrophobicity, topography, and

TAB LE 1 An investigation of the alpha diversity indices, Shannon and Chao1, was conducted using ANOVA models with interaction effects.

Chao1 Shannon

Variables/interaction effects F-value Pr(<F) F-value Pr(<F)

Plastic 3.00 0.054 1.346 0.269

Location 1.247 0.268 21.356 <0.001

Month 280.703 <0.001 463.007 <0.001

Duration 94.977 <0.001 7.337 0.009

Plastic:Location 0.364 0.696 0.425 0.656

Plastic:Month 2.947 0.061 0.498 0.610

Location:Month 8.215 0.005 55.403 <0.001

Plastic:Duration 3.868 0.026 0.006 0.993

Location:Duration 4.217 0.044 44.632 <0.001

Duration:Month 124.88 <0.001 13.825 <0.001

Location:Month:Duration - - 41.194 <0.001

Plastic:Location:Duration - - 3.157 0.051

Plastic:Location:Duration:Month - - 5.196 0.009

Note: The table shows the results from the two-way interaction model for Chao1 and the four-way interaction model for Shannon diversity. The two ANOVA models
with Shannon and Chao1 as response variables showed that the effect of month influenced the alpha diversity of the plastispheres the most.

TAB LE 2 A PERMANOVA with two-way interaction effects using Bray–Curtis and weighted UniFrac distance was calculated to analyse the
influence of the different variables on the beta diversity of the bacterial community composition.

Bray–Curtis Weighted UniFrac

Variable/interaction effects R-square F-value Pr(>F) R-square F-value Pr(>F)

Plastic 0.029 3.195 0.001 0.030 3.859 0.001

Location 0.124 27.068 0.001 0.186 47.946 0.001

Duration 0.075 16.460 0.001 0.068 17.695 0.001

Month 0.251 54.564 0.001 0.244 62.801 0.001

Plastic:Location 0.017 1.846 0.022 0.009 1.267 0.24

Plastic: Duration 0.016 1.780 0.034 0.020 2.603 0.009

Location:Duration 0.043 9.419 0.001 0.031 8.004 0.001

Plastic:Month 0.018 2.708 0.003 0.014 1.919 0.04

Location:Month 0.092 19.995 0.001 0.110 28.546 0.001

Duration:Month 0.067 14.643 0.001 0.062 15.976 0.001

Note: All variables had a significant effect on the beta diversity of the bacterial communities, with location and month influencing most of the variation.
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electrostatic interaction are shown to influence the
initial attachment of microorganisms and biofilm for-
mation (Rummel et al., 2017; Verran & Boyd, 2001;
Whitehead & Verran, 2006). As the biofilm matures,
the secondary colonizers are influenced more by the
internal biofilm processes rather than the surface-
related properties of the plastic materials. Addition-
ally, organic, and inorganic components in the water
create a conditioning layer on the plastic’s surface
that could affect the colonizing bacteria. A study by
Rochman et al. showed that HDPE and PP sorbed
higher concentrations of organic pollutants from the
environment, specifically polychlorinated biphenyls,

and polycyclic aromatic hydrocarbons, compared to
PVC which may affect the composition of the plasti-
spheres on the different plastic materials (Rochman
et al., 2013). There are also several studies showing
that the surface topography and roughness of
the polymer do not affect the initial attachment
of microorganisms (Hook et al., 2012; Nauendorf
et al., 2016). However, because the surface topology
and hydrophobicity of the three plastic materials used
in the present study were relatively similar
(Figure S3), they probably did not have a major
impact on bacterial colonization, which is corrobo-
rated by our results.

F I GURE 3 Bacterial beta-diversity between the communities on the surface of plastic materials after being in the river at different periods
and locations. NMDS ordination plot representation of (A) Bray–Curtis and (B) Weighted UniFrac distances of all samples. Each point represents
one sample, and each colour represents the variables at which the plastispheres were harvested (duration in the rives and month), while the
symbols represent the plastic materials. Stress values indicate the NMDS goodness-of-fit.
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Effect of duration in the river and month on
plastisphere communities

The results from the ANOVA model showed a signifi-
cant interaction effect of duration and month on the
alpha diversity indices of Chao1 (F-value = 124.880,
p < 0.001) and Shannon (F-value = 13.825, p < 0.001;
Table 1). The Tukey post hoc test for the interaction
effects of Duration: Month showed that the Shannon
diversity was significantly higher for plastispheres col-
lected at 2 and 4 weeks in June compared to 2 and
4 weeks in September (2 weeks: diff = �2.515, 95%
CI: [�2.890; �2.140], p < 0.001, 4 weeks: diff =
�1.774, 95% CI: [�2.149; �1.399], p < 0.001). These
results are also illustrated in Figure 2A. The post hoc
tests showed that the bacterial diversities of the plasti-
spheres remained stable throughout the sampling
period in June (diff = �0.100, 95% CI: [�0.475;0.274],
p = 0.891), while the plastisphere diversity collected in
September varied considerably, from low after 2 weeks
in the river, to higher after 4 weeks (diff = 0.640, 95%
CI: [�0.265; �1.015], p < 0.001), also seen in
Figure 2A. The richness (Chao1) of the plastisphere
formed after 2 weeks in June was higher compared
after 4 weeks (diff = �561.365, 95% CI: [661.793;
460.937], p < 0.001), as well as after 2 weeks
(diff = �749.426, 95% CI: [�849.854; �648.999],
p < 0.001) and 4 weeks (diff = �711.073, 95% CI:
[811.501; 610.645], p < 0.001) in September, as shown
in Figure 2B. Notably, the samples collected after
2 weeks in June were sequenced in a separate batch
and resulted in twice as many effective tags. Especially
the Chao1 richness estimator is significantly affected
by experimental procedures in separate rounds of
sequencing, thus caution should be taken when com-
paring results from different sequencing batches even
after normalization of the data (He et al., 2013).

The NMDS analysis based on Bray–Curtis distance,
suggested that the plastispheres from June clustered
separately from September. Also, the samples col-
lected after 2 weeks clustered separately from those
collected after 4 weeks, which was true for both June
and September (Figure 3A). This indicates that plasti-
spheres collected after 2 and 4 weeks, and at various
months had a distinct bacterial composition.

The weighted Unifrac distance, which considers the
phylogenetic relationship of the organisms, indicated a
minor overlap between June samples harvested after
2 and 4 weeks, whereas September samples clustered
according to time spent in the river (Figure 3B). This
was supported by the PERMANOVA analysis which
showed a significant interaction effect of duration and
month on the bacterial communities shown in Table 2
(Bray–Curtis: F-value = 14.643, p < 0.001, weighted
UniFrac: F-value = 15.976, p < 0.001).

Biofilms in streams are dynamic structures that are
influenced by a variety of physical and chemical

parameters in the surrounding water (Battin
et al., 2016; Zhang et al., 2021). The observed varia-
tions between plastic-associated biofilms collected in
June and September are probably due to environmen-
tal changes in the aquatic ecosystem. For example,
during the June sampling, the water temperature was
rising, whereas in September, it was stable (June; aver-
age temp. 10.6�C ± 6.13, September; average
temp. 15.11�C ± 0.33; Table S6). Furthermore, the flow
cytometry analysis revealed that the total bacterial
count in the river water was higher in September com-
pared to June which could also influence the diversity
of the plastispheres (Table S6, Figure S2).

Geographic differences in bacterial
composition

The two ANOVA models with two-way interaction
showed a significant interaction effect between location
and month (Shannon: F-value = 55.403, p < 0.001,
Chao1: F-value = 8.215, p = 0.005; Table 1). As illus-
trated in Figure 2, and shown by the Tukey post hoc
test results, the Shannon diversity decreased signifi-
cantly for both locations from June to September
(Shannon: Loc1: diff = �2.887, 95% CI: [�3.262;
�2.511], p < 0.001. Loc2: diff = �1.403, 95% CI:
[�1.778; �1.027, p < 0.001). The same was observed
for Chao1 richness (Loc1: diff = �526.476, 95% CI:
[�626.903; �426.048], p < 0.001. Loc2: diff: �372.659.
95% CI: [�473.087; �272.231], p < 0.001). Further, the
results from the Tukey post hoc test also showed that
Loc1 and Loc2 had no difference in within diversity in
June (Shannon: diff: �0.281, 95% CI: [�0.656; 0.093],
p = 0.204. Chao1: diff = �46.942, 95% CI: [147.370;
53.485], p = 0.606), while Loc1 had significant less
within diversity compared to Loc2 in September for both
diversity measures (Shannon: diff = 1.202, 95% CI:
[0.827; 1.577], p < 0.001, Chao1: diff = 106.873, 95%
CI: [6.446; 207.301], p = 0.032), also supported by
Figure 2.

The ANOVA models also showed a significant inter-
action effect of location and duration (Shannon: F-
value = 44.632, p < 0.001. Chao1: F-value = 4.217,
p = 0.044; Table 1), with a significant difference in the
Shannon diversity at Loc1 between two and 4 weeks
(Tukey post hoc: diff = 0.936, 95% CI: [0.560; 1.311],
p < 0.001). However, this interaction effect was not
found significant between 2 and 4 weeks at Loc2.

For the richness of the plastispheres, the post hoc
Tukey test showed significant difference between
2 and 4 weeks at Loc1 (diff = �206.406, 95% CI:
[�306.384; 105.978], p < 0.001) and between 2 and
4 weeks at Loc2 (diff = 316.605, 95% CI: [417.033;
216.177], p < 0.001) (Figure 2B).

Regarding the beta diversity, the location influenced
the bacterial composition in the plastisphere biofilms

FRESHWATER PLASTISPHERES 2873
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(Bray–Curtis: F-value = 27.068, p < 0.001, weighted
UniFrac: F-value = 47.946, p < 0.001) as shown in
Table 2 and illustrated in Figure 3. In contrast to the
plastisphere samples collected in June, both Bray–Cur-
tis- and weighted UniFrac distance matrices indicated
that those collected in September clustered according
to both location and duration of incubation in the river,
also shown with a significant interaction effect of loca-
tion and duration from the PERMANOVA (Bray–Curtis:
F-value = 9.419, p < 0.001, Weighted UniFrac: F-
value = 8.004, p < 0.001; Figure 3, Table 2).

Contributions from organic matter and the release
of high concentrations of nutrients (e.g., nitrogen and
phosphorus) from agriculture and other human activi-
ties influence biofilm formation (Harrison et al., 2018).
Previous reports have shown that the water quality in
the Lier River is affected by extensive agricultural activi-
ties in the surrounding areas, especially in the southern
part of the river (Lier Kommune 2019 (Lier municipal-
ity)). The difference in the bacterial communities at the
two locations might be explained by increased runoff
and contamination from the area’s agriculture, industry,
and wildlife. The area surrounding Loc2 is regarded as
critical in terms of sewage overflow from the drainage
network particularly during heavy rains (VIVA, 2018),
and such events will influence the bacterial communi-
ties at this site. However, the detection of PMMoV in
Loc1 also shows that the river at this point was
exposed to human faecal contamination (Table S6).
Our findings suggest that the location of sampling,
rather than the surface composition, is a more impor-
tant determinant of biofilm composition, which is con-
sistent with previous research (Curren & Leong, 2019;
Oberbeckmann et al., 2014). However, less is known
about how organic and inorganic substances attaching
to the plastic surface affect the composition of the plas-
tisphere present in freshwater systems.

Plastisphere community composition

Phylum level

The results from the beta-diversity PERMANOVA tests
indicated that the bacterial composition of plastisphere
biofilms varies depending on the number of weeks in the
river, the month, and the location, together with plastic
types (Figure 3). These results are visually supported by
Figure 4 showing the compositions of the top 20 most
abundant phyla. Although there are differences between
the sample groups, there are also some similarities. Pro-
teobacteria (Pseudomonadota), Cyanobacteria, and Fir-
micutes (Bacillota) were generally the dominating phyla
in all plastisphere samples (Figure 4A). These phyla
have also previously been reported as predominant in
plastisphere communities and are identified as primary
colonizers during biofilm development in aquatic

environments (Curren & Leong, 2019; Gong et al., 2019;
Li et al., 2021; Oberbeckmann et al., 2014). The exis-
tence of a ‘core’-plastisphere community- defined as a
group of shared, stable, and consistent members of
microbial communities from similar habitats- has recently
been proposed (Amaral-Zettler et al., 2020; Di Pippo
et al., 2022; Zhang et al., 2022). Proteobacteria and Cya-
nobacteria have been suggested as such members
(Marques et al., 2023; Tu et al., 2020), and the pre-
sent study supports this as these phyla were found in
high abundance in all plastic communities analysed
(Figure 4A). Proteobacteria accounted for more than
50% of the bacterial abundance in the plastisphere
and have been identified as prevalent in freshwater
biofilms in several other studies (Battin et al., 2016;
Hoellein et al., 2014; McNamara & Leff, 2004; Rickard
et al., 2003).

Figure 4A illustrates the stability of the bacterial
communities in the plastisphere during June, with
apparently minor variations in the abundance of the
most dominant phyla (Proteobacteria, Cyanobacteria,
Verrucomicrobiota, Firmicutes, Actinobacteriota
(Actinomycetota) and Bacteroidetes (Bacteroidota))
after 2 and 4 weeks in the river (Figure 4A).

In September, the abundance of Proteobacteria in
the plastispheres reached over 70% (Figure 4A,
Table S4). As visualized in Figure 4A and presented in
Table S4, the abundance of Cyanobacteria in the plas-
tisphere was around 2% at Loc1, while it reached 18%
in the two-week-old biofilms from Loc2. The abundance
of Bacteroidota was between 5.57% and 6.51% at Loc1
and reached 10.34% at Loc2. While Actinobacteriota
had an abundance between 1.6% and 3% at Loc1 and
up to 7.38% at Loc2.

In the four-week-old plastisphere from Loc2, the
abundance of Proteobacteria and Cyanobacteria was
dominating (both >40%), while the relative abundance
of the other phyla remained unchanged (Figure 4A,
Table S4). Cyanobacteria frequently dominate micro-
bial communities when the levels of nutrients and other
organic compounds are high (Huisman et al., 2018).
Bacteria belonging to this phylum can produce toxins
affecting other bacteria, giving them a possible growth
advantage (Volk & Furkert, 2006). The greater abun-
dance of this phylum in samples collected in late
September may thus be attributable to a competitive
advantage under prevailing conditions in the river.

Genus level

Details about the most abundant genera are visual-
ized in Figure 4B and presented in Table S5. Sphaer-
otilus, a member of the phylum Proteobacteria, was
consistently among the most abundant genera across
all plastisphere samples. Sphaerotilus, Rhodoferax,
Chloroplast, Pseudorhodobacter, and Lutolibacter
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F I GURE 4 Relative abundance of the 20 most abundant (A) phyla and (B) genera in the plastisphere communities. Each colour represents
one phylum or genus, and the length of the patch represents the relative abundance of the phylum/genus. A group of three replicates constitutes
each bar.
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were among the most abundant genera in the plasti-
spheres collected in June, and their relative abun-
dance was similar regardless of location and weeks in
the river (Figure 4B, Table S5). The taxonomic profile
is influenced by a high occurrence of low abundant
species, indicated by the high abundance of ‘others’,
also reflected in higher richness and diversity (Chao1
and Shannon) in the June samples compared to the
September samples (Figure 2).

In September, the bacterial genus composition from
the plastisphere samples was significantly influenced
by the location and time in the river, as indicated by
alpha and beta diversity analyses as described in Plas-
tisphere bacterial diversity section (Figures 2 and 3,
Tables 1 and 2). At Loc1 the plastispheres from
September remained stable with minor variations in the
most abundant genera; Sphaerothilus, Chloroplast,
Hydrogenophaga, and Rhoderoferax, with Sphaerotilus
as the most dominating genus with an abundance of
more than 60% in the two-week-old plastispheres
(Figure 4B, Table S5). The most dominating genera in
the two-week-old plastispheres from Loc2 were
Sphaerothilus, Chloroplast, Coleofasciculaceae, and
Tychonema_CCAP_1459-11B. In contrast, in the four-
week-old plastispheres from Loc2, the abundance of
Sphaerothilus was less than 10%, while Coleofascicu-
laceae and Tychonema_CCAP_1459-11B accounted
for roughly 40% of the abundance in the bacterial com-
munities (Figure 4B, Table S5).

Sphaerotilus is a common environmental bacterial
genus often found in sewage and activated sludge and
is known to cause problems such as clogged pipes
and bulking of activated sludge in wastewater treatment
(Pellegrin et al., 1999). The presence of Sphaerotilus in
freshwater systems indicates severe organic pollution
caused by leakage of sewage and waste from agricul-
ture (Stoessel, 1989). As mentioned above, possible
sources of contamination in the Lier River are septic
tanks and surrounding agriculture (Lier kommune 2017
(Lier municipality); VIVA, 2018), thus the high abun-
dance of Sphaerotilus in the biofilms indicates heavy
contamination of the water. Although community varia-
tion due to geographical and seasonal influence was
observed, the bacterial communities, in general, were
dominated by genera associated with freshwater envi-
ronments and plastispheres, supporting the idea of a
core plastisphere microbiome (Di Pippo et al., 2022).

Detection of pathogens

From the 16S amplicon sequencing data, most ASVs
from the plastisphere samples were affiliated to Proteo-
bacteria which is known to include a range of potential
foodborne pathogens such as E. coli, Salmonella sp.,
and Campylobacter. The phylum Firmicutes, which
includes the pathogenic species Bacillus sp. and

Listeria sp. also, had a high relative abundance, partic-
ularly in plastispheres collected in June. At the genus
level, the plastisphere samples contained bacteria
belonging to the genera Escherichia/Shigella, Listeria,
Aeromonas, Bacillus, and Enterobacter. In the samples
collected in June, Escherichia/Shigella were among the
most abundant with a relative abundance of approxi-
mately 0.5% (Table 3). The ANOVA model showed a
significant effect of both main effects of plastic (F-
value = 39.551, p < 0.001), month (F-value = 57.225,
p < 0.001), location (F-value = 40.952, p < 0.001) and
duration (F-value = 16.343, p < 0.001) on the relative
abundance of E. coli /Shigella. Statistical analysis of
the rest of the pathogenic genera detected by 16S
amplicon data was not performed, due to relative abun-
dance below the threshold value and high variability
across samples.

As 16S amplicon sequencing does not discriminate
between pathogenic and benign bacterial species, we
combined the use of traditional cultivation methods,
with microbial identification techniques like MALDI-TOF
and qPCR to get more specific and reliable information
about the pathogenic potential of the species inhabiting
the plastic-associated biofilms.

Bacterial isolates from plastisphere samples were
identified by MALDI TOF as L. monocytogenes, E. coli,
Providencia rettgeri, Citrobacter freundii, Mammaliicoc-
cus vitulinus, Klebsiella pneumoniae, and Enterobacter
spp. The presence of L. monocytogenes and entero-
pathogenic E. coli (EPEC) was also confirmed by
qPCR (Table 4), while the well-known waterborne path-
ogen Campylobacter was not detected in any of the
samples. All these detected species are either environ-
mental isolates or commensals in the digestive tracts of
humans or animals. Further characterization of the
E. coli isolates using PCR, showed that all but one of
the six E. coli isolates carried virulence genes associ-
ated with intestinal pathogenicity. Usually, E. coli are
commensal bacteria colonizing the gastrointestinal
tracts of humans and animals. However, some strains

TAB L E 3 The abundance (%) of genera known to include food-
borne pathogens.

June September

Taxonomy 2 weeks 4 weeks 2 weeks 4 weeks

Escherichia-
Shigella

0.257 0.598 0.086 0.064

Aeromonas 0.041 0.055 0.239 0.065

Listeria 0.131 0.167 0.112 0.017

Bacillus sp. 0.180 0.187 0.126 0.024

Enterobacter 0.006 0.003 0.000 0.009

Serratia 0.003 0.005 0.000 0.003

Yersinia 0.001 0.000 0.000 0.000

Note: Plastisphere samples representing different seasons and time spent in
the river were characterized by 16S amplicon sequencing.
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carry specific virulence factors that cause severe dis-
ease that have been responsible for severe foodborne
outbreaks. The panel of virulence genes in the multi-
plex PCR used in this study is limited, and it is not pos-
sible to unravel the whole virulence profile of the
isolates without whole genome sequencing. Neverthe-
less, this unusual combination of virulence genes char-
acteristic of three different pathogroups indicates that
these isolates are representatives of one E. coli clone
that could be characterized as a hybrid pathogen
(Santos et al., 2020).

As for water quality, E. coli was found in samples
collected from the river water (Table S6; Nilsson &
Grimsgaard, 2021). The levels of E. coli found in the
water samples collected in June exceeded what is
acceptable for irrigation water (100 MPN/100 mL)
(Table S6; Eckner et al., 2014; Nilsson &
Grimsgaard, 2021). This indicates that different patho-
gens with a faecal-oral transmission route may occur in
the river water. Several large foodborne outbreaks
have been linked to fresh produce such as green leaf
lettuce and sprouts (EFSA, 2011; Panel et al., 2020).
The source of contamination is usually wastewater,
manure from production animals, and, domestic ani-
mals, and the finding of E. coli in a water sample usu-
ally indicates recent faecal contamination.

The presence of pathogenic bacteria species,
including the ones detected in this study is also previ-
ously found on plastic debris, mainly in marine environ-
ments (Silva et al., 2019; Tavelli et al., 2022; Tu
et al., 2020; Yang et al., 2020). On the contrary, a
recent study by Song et al. suggested a low likelihood
of plastic-mediated dissemination of E. coli and found
no E. coli on HDPE particles incubated in freshwater
and marine environments (Song et al., 2020). Only a
limited number of studies have focused on the pres-
ence of pathogenic bacteria in freshwater. A recent
study by Di Pippo et al. discovered, using PCR-based
techniques, that plastic particles from freshwater envi-
ronments were colonized by biofilm-forming opportunis-
tic pathogens, suggesting that the plastispheres are
suitable vectors for pathogenic bacteria in a freshwater

ecosystem (Di Pippo et al., 2022). Nevertheless, more
research is needed to assess the likelihood of patho-
gens that colonize plastic surfaces, to survive, transfer
to a host, and eventually cause disease (Beloe
et al., 2022). The most used molecular approach to pro-
vide information on the complexity of microbial commu-
nities in plastispheres is analyses based on taxonomic
data from 16S amplicon sequencing (McCormick
et al., 2016), followed by assessments of microbial
pathogenicity by qPCR (Di Pippo et al., 2022). How-
ever, these techniques provide limited information
regarding microbiome complexity and specific taxa har-
bouring virulence determinants (Laudadio et al., 2018;
Zadjelovic et al., 2023). Given the limited number of
studies on freshwater plastispheres, comprehensive
metagenomic analysis of the plastispheres is recom-
mended to gain a more complete description and
understanding of these microbial communities (Beloe
et al., 2022; Wu et al., 2019).

Regarding pathogenic viruses, NoV GII (genogroup
II) was detected in September in all three 4-week sam-
ples from Loc1, while Norovirus NoV GI was not
detected in any samples (Table 4). These results cor-
roborate the PMMoV results indicating more human
faecal contamination in Loc1 (Table S6). Adenovirus
was only detected in one sample collected in
September. There is a range of viruses that can infect
humans through the faecal-oral route, however, when it
comes to foodborne outbreaks of diseases NoVs are
the agents that are most registered. According to WHO
estimates based on data from 135 countries, NoVs
contributed to the largest number of foodborne dis-
eases (WHO, 2015). In the US and UK, estimates are
that NoVs caused 58% (years 2000–2008) and 16%
(year 2018) of foodborne diseases, respectively
(Holland & Mahmoudzadeh, 2020; Scallan et al., 2011).
Norovirus is also the leading agent of acute gastroen-
teritis worldwide and is found in high numbers in raw
and treated sewage (Bosch et al., 2018). Enteric ade-
novirus (AdV) is mostly connected with gastroenteritis
in children but can be found in sewage at levels compa-
rable to NoV (Myrmel et al., 2015). The relatively few

TAB LE 4 Pathogenic viruses and bacteria detected by (RT)-qPCR.

June September

Pathogen 2 weeks 4 weeks 2 weeks 4 weeks Sum

Adenovirus 0/6 0/6 0/6 1/6 1/24

Norovirus GI 0/6 0/6 0/6 0/6 0/24

Norovirus GII 0/6 0/6 0/6 3/6 3/24

EPEC 6/6 2/6 2/6 1/6 11/24

C. jejuni 0/6 0/6 0/6 0/6 0/24

L. monocytogenes 4/5 6/6 0/6 0/6 10/23

Note: A total of 24 samples were run, with six samples within the different months and time spent in the river. The results are shown as the number of positives/
number of total samples analysed.
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biofilm samples being positive for the two groups of
viruses in the present study is likely due to sampling
during the summer period with lower levels of NoV in
the communities (Myrmel et al., 2015) and to COVID-
19 restrictions that reduced transmission of virus
between humans (Kraay et al., 2021). However, the
results show that NoV and AdV can be part of the plas-
tisphere. Whether this influences the transmission or
the pathogenic potential of the viruses is unknown.

One of the most important sources of pollution in
the Lier River is sewage, primarily from small, private
treatment installations in the rural area. The pollution is
also related to the common transportation of wastewa-
ter, surface water, and drainage water in the municipal
sewage pipelines. The challenge with these common
pipes is overflow, as the capacity is often exceeded
during heavy rainfall, and the surplus water is emptied
into the Lier River (Lier kommune 2017 (Lier municipal-
ity)), increasing the risk of contamination with patho-
gens (Tryland et al., 2014). The rainfall in the sampling
area was higher in June compared to September
(Nilsson & Grimsgaard, 2021). Also, urban activities
and wildlife are associated with pathogenic contamina-
tion of water (Jung et al., 2014; Selvakumar &
Borst, 2006). There was also increased water turbidity
during June which suggests an increased risk for con-
tamination with viruses and bacteria (Jung et al., 2014).

CONCLUSION

This study shows that microbes colonize and accumu-
late on different types of plastic materials in a freshwa-
ter environment. The season, time spent in the river,
and geographical location, as opposed to the plastic
materials, determine the composition of the resulting
plastisphere. Analyses of the taxonomical characteris-
tics of the plastisphere indicated a bacterial community
composition previously recognized as a ‘core’ micro-
biome of the plastisphere.

Since irrigation water can contain substantial
amounts of plastics, integration in plastispheres might
boost the survivability of microbes in a variety of condi-
tions, potentially facilitating the spread of pathogenic
microorganisms to fresh produce. The identification of
potentially harmful bacteria and viruses in plastispheres
in natural river water and the lack of research on the
risk of pathogen transmission induced by the dissemi-
nation of plastic in freshwater ecosystems highlight the
importance of this study.
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