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Abstract: Microplastics are considered the most common waste in aquatic ecosystems, and studying
them along with their interactions with biota are considered a priority. Here, results on the role of
microplastics in the dispersion of microbes from terrestrial to aquatic ecosystems are presented. Data
were obtained from microcosm experiments in which microplastics (plastic bags (BA), polyethylene
bottles (BO), acrylic beads (BE), and cigarette butts (BU)) with their attached natural bacterial commu-
nities were inoculated in filtered and autoclaved lake water. The bacterial abundance on microplastics
was estimated before inoculation using a protocol for the enumeration of sediment bacteria and
ranged between 1.63 (BA) and 203.92 (BE) × 103 cells mm−2. Bacteria were released in the new
medium, and their growth rates reached 5.8 d−1. In the attached communities, Beta- (21.4%) and
Alphaproteobacteria (18.6%) were the most abundant classes, while in the free-living communities
Gammaproteobacteria dominated (48.07%). Abundant OTUs (≥1%) of the free-living communities
were associated with the genera Acinetobacter, Pseudomonas, Ecidovorax, Delftia, Comamonas, Sphin-
gopyxis, and Brevundimonas and members of the FCB group. Members of these genera are known
to degrade natural or man-made organic compounds and have recently emerged as opportunistic
pathogens. Thus, besides trophic transmission, microplastics can directly release bacteria in the
environment, which could affect the health of humans, animals, and ecosystems.
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1. Introduction

Plastic plays an essential role in modern life due to its properties (e.g., buoyancy and
density) and the potential to be processed with additives that ameliorate its characteristics
and lifespan. However, the same properties constitute an ecological issue, as the rate of
the accumulation of plastic in the environment is much greater than the rate of its decom-
position, resulting in ever-increasing pollution and the deterioration of ecosystems [1].
Plastic and its small derivatives, microplastics, enter aquatic environments through treated
and untreated sewage waters, direct disposal, or air currents [2], and horizontal advec-
tion transport and turbulent mixing affect their dispersion and distribution in the new
environment [3].

Microplastics are of increasing ecological concern since they can affect aquatic life in
different ways in remote areas of the globe and far from the original site of production or
disposal. They can be consumed by metazoa and retained in the gut or translocated to
other tissues or systems of the consumer or its predators [4,5]. Their ingestion may have
direct or indirect (through associations with other pollutants) detrimental effects on the
physiology of species (e.g., reduced reproduction, growth, and fitness) [6]. Furthermore,
there is evidence that the formation of biofilm (plastisphere [7]) on microplastics inhibits the
ability of grazers to distinguish plastic and live prey [8] and makes them more attractive for
grazers [9]. This may result in the transfer of microplastics and chemicals adsorbed on their
surfaces up the food chain with the potential for bioaccumulation and biomagnification [10].
Microplastics can also act as vectors for the attached microbes, including pathogenic
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bacteria, harmful algae, and invaders [11,12]. For example, the freshwater fish pathogen
Aeromonas salmonicida has been found on microplastics in the Northern Adriatic Sea [13]. It
has also been suggested that the plastisphere may include some opportunistic animal or
human pathogens such as vibrios [7]. Potential harmful algae on the plastic debris include
members of dinoflagellates (e.g., Alexandrium sp.) and cyanobacteria (e.g., Dolichospermum
flos-aque) [7,14,15].

It is well known that the microbial community of the plastisphere is distinct from
that found in the surrounding waters [16]. Here, we present the results of a preliminary
study aiming to investigate whether members of the plastisphere are released in the water
column when microplastics reach a new environment. For this, we performed microcosm
experiments using microplastics made of some of the most common plastic polymers
(polyethylene terephthalate—PET, low-density polyethylene—LPDE, and acrylic) as well
as cellulose acetate, which is found in cigarette butts. We hypothesized that some members
of the plastisphere can switch from the attached to the free-living lifestyle and grow in the
water medium. At the same time, microbes living on land can be attached to microplastics
and then transferred to aquatic ecosystems, with the microplastics acting as inoculators for
the aquatic environment.

2. Materials and Methods
2.1. Collection and Processing of Microplastics

In the microcosm experiments, different microplastics, with their attached bacterial
communities (both naturally occurring and those made in experimental conditions), were
used as inocula in liquid cultures. First, a blue transparent plastic bag (BA) was collected
from the shore of Pamvotis lake (Ioannina, NW Greece) using sterilized equipment. The
plastic bag was stored in an autoclaved glass jar at 4 ◦C in the dark until further processing.
In the lab, it was cut under aseptic conditions into ~500 square membranes with an average
side dimension of 4.53 ± 1.22 mm and an average surface area of 19.97 ± 5.91 mm2

(membrane thickness was regarded as negligible). Before inoculation, the fragments were
washed with autoclaved milli-Q water to remove loosely attached microorganisms. Another
set of microplastics was prepared in the lab from fresh, store-bought plastics: a polyethylene
bottle (BO), commercial acrylic beads (BE), and unused cigarette butts (BU), which were
mainly made of cellulose acetate [17]. The plastic bottle and the cigarette butts were cut
into smaller segments with 15.24 mm2 and 57.84 mm2 outer surfaces, respectively. The
acrylic beads had 15.71 mm2 surfaces. For sterilization, these microplastics were transferred
to glass Petri dishes containing an aqueous solution of H2O2 (30% v/v) for 5–15 min,
washed with autoclaved milli-Q water [18], and dried in a lab oven at 60 ◦C for 18 h. The
microplastics that were to be used in control cultures were stored at 4 ◦C in the dark. The
rest were buried in soil at a depth of 15 cm in a sub-urban area for 26 days. After this
incubation period, soil and other debris were removed manually from the microplastics,
which were then immersed, under gentle agitation, in separate beakers containing milli-Q
water to remove the fine sediment and determine the bacterial abundance.

2.2. Determination of Bacterial Abundance on Microplastics

Microplastics were checked using microscopy for the presence of attached bacteria,
and their abundance was estimated using the protocol for the enumeration of sediment
bacteria [19]. First, microplastics (65 microplastics for each different type) were transferred
in 10 mL centrifuge tubes and fixed with formol (10 mL, 0.37% final concentration). Du-
plicate samples were prepared for each microplastic. Samples were sonicated using an
Omni Sonic Ruptor (Power 30%, Timer 3/4, Pulser 50/60 at 20 kHz) to detach the bacte-
ria. Subsamples (1 mL) were taken after gentle vortexing and transferred in Eppendorf
tubes containing 1 mL of autoclaved milli-Q water. To determine the bacterial abundance,
200 µL were transferred onto Whatman® Nuclepore™ Track-Etched Membranes
(0.2 µm, diameter 25 mm), and after staining with DAPI (4,6-diamidino-2-phenylindole,
10 µg/mL) the sample was washed with milli-Q water (2 mL) and filtered under low
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vacuum (<5 mmHg). Bacteria were counted under an epifluorescence microscope (LEICA
DM LS2) at ×1000 magnification. At least 50 fields were measured in each sample. The
same initial sample of microplastics was also used to estimate the dimensions of different
types of microplastics.

2.3. Microcosm Experiment

The culture medium for microcosm experiments was prepared with the consecutive
filtering of Pamvotis lake water through 180 µm and 20 µm nylon meshes and finally
through 0.7 µm Sartorius™ Glass Microfiber Discs (47 mm diameter) under low vacuum
(≤5 mmHg). The water was divided equally into 500 mL Erlenmeyer flasks that were
autoclaved at 121 ◦C for 20 min. Adequate quantities of different categories of microplastics
(BA, BO, BE, and BU) were added to different Erlenmeyer flasks so that the total surface
area in each flask was ~52 (BA) or ~46 (BO, BE, and BU) cm2. Duplicate microcosms were
prepared for BE, BO, and BU. Triplicates were prepared for BA.

Microcosms were incubated in an MRC Orbital Shaker Incubator at 22 ◦C in the
dark. Samples (2–5 mL) were taken daily from each replicate microcosm to investigate the
occurrence of bacteria in the culture medium and determine the bacterial abundance. For
this, samples were fixed with a 37% v/v formol solution, stained with DAPI, and filtered
on 0.2 µm (25 mm diameter) Whatman® Nuclepore™ Black Track-Etched Polycarbonate
Membrane Filters. Bacteria were counted under an epifluorescence microscope (LEICA
DM LS2) at ×1000 magnification. At least 50 fields were measured in each sample. The
bacterial growth rates (µ) in the microcosms were calculated using the linear part of the
exponential growth curve, while the doubling time was estimated from the equation
td = ln(2)/µ. A one-way ANCOVA was performed using PAST.3 software to investigate
statistically significant differences between the slopes of the exponential growth curves
(ln-transformed time data).

2.4. Bacterial Diversity on the Plastic Bag (BA) Microcosms

The bacterial diversity of the initial BA-attached community, as well as that of the
free-living community at the end of the experiment, was assessed through sequencing
of the 16S rDNA V3–V4 region. For the attached community, DNA was extracted from
20 randomly selected BA membranes from the pool prepared (as described in Section 2.1)
to be used in the experiment. To investigate the diversity of the free-living bacteria,
at the end of the experiment, culture media from triplicate BA microcosms (total of
170 mL) were mixed and filtered through 0.2 µm Isopore Membrane Filters (diameter
47 mm) using a vacuum pump at <5 mmHg. Although fine particles that passed through a
0.7 µm filter may have provided a surface for the attachment of microbes, we considered all
bacteria retained on a 0.2 µm filter as free-living [20]. Both the microplastics and the filter
were stored in cryovials at −20 ◦C. DNA was extracted from the samples using a Qiagen
DNeasy PowerSoil Kit (Hilden, Germany) following the manufacturer’s protocol. The DNA
concentration (ranging from 3 to 25.8 ng µL−1) and the absorbance ratio at 260/280 nm
(ranging from 1.51 to 2.12) were measured with a Q3000 Quawell DNA/Protein Analyser,
Quawell Technology Inc, CA, USA, using the software Q3000 V4.2.1. The 16S rDNA gene
V3–V4 variable region PCR primers S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A-21 [21], with
a barcode on the forward primer, were used in a 30-cycle PCR (94 ◦C for 3 min; 28 cycles of
94 ◦C for 30 s, 53 ◦C for 40 s, and 72 ◦C for 1 min; and a final elongation step at 72 ◦C
for 5 min) using a HotStarTaq Plus Master Mix Kit (Qiagen, Gaithersburg, MD, USA).
After amplification, pooled and purified PCR products were used to prepare the DNA
library. Library preparation and sequencing were performed at MR DNA (http://www.
mrdnalab.com, Shallowater, TX, USA, Accessed on 1 December 2022) on a MiSeq following
the manufacturer’s guidelines. Sequences were processed using MOTHUR software v1.30,
clustered in operational taxonomic units (OTUs) at 97% sequence similarity, and classified
using BLASTn against a curated database derived from the Ribosomal Database Project
(RDPII, http://rdp.cme.msu.edu, Accessed on 1 December 2022) and the National Center
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for Biotechnology Information (www.ncbi.nlm.nih.gov, Accessed on 1 December 2022) that
was implemented through the analysis pipeline developed by MR DNA. Sequences were
submitted to SRA with accession number PRJNA633010. Diversity indices and statistically
significant differences between Shannon index values were calculated/investigated using
PAST.3 software. A Venn analysis (using Venny 2.1) was performed to investigate unique
and shared OTUs between samples.

3. Results

Epifluorescence microscopy showed the colonization of all types of microplastics by
bacteria. The bacterial concentrations in the suspension media, after sonication, ranged
between 4.24 × 105 (BA) and 1.00 × 107 cells ml−1 (BO). When converted to cell number
per microplastic surface unit, the abundance was 100-fold higher on beads (BE,
203.92 × 103 cells mm−2) compared to the plastic bag membranes (BA, 1.63 × 103 cells
mm−2). For the bottle fragments (BO) and the cigarette butts (BU), the respective values
were 41.54 × 103 and 75,94 × 103 cells mm−2.

Bacteria were released from the microplastics straight after inoculation (Figure 1). Their
abundances at the beginning of the experiment were on the order of 103 cells ml−1 and
reached 105–106 cells ml−1 in different microcosms. In BA microcosm bacteria underwent
a lag phase in the first ~20 h of the experiment. No delay in the exponential growth was
observed in BE, BO, or BU. The growth rates varied from 0.128 (BE) to 0.243 (BO) h−1, but a
one-way ANCOVA did not show statistically significant differences (p > 0.05) in the growth
rates between microcosms inoculated with different microplastics. The respective doubling
times were 5.42 and 2.86 h.
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Figure 1. Growth of free-living bacteria in the microcosms inoculated with bacteria attached to
microplastics. Error bars: minimum–maximum values for BO, BE, and BU and standard deviation
for BA. BA: plastic bag, BO: polyethylene bottle, BE: acrylic beads, BU: cigarette butts.

The analysis of the V3–V4 region of the 16S rDNA indicated that 23 bacterial phyla
were represented in the BA-membrane-attached community. All but four phyla (Aquifi-
cae, Tenericutes, Chlamydiae, and Fibrobacteres) were also found in the respective water
media at the end of the experiment. Three phyla (Proteobacteria, Bacteroidetes, and
Cyanobacteria) represented ~88% of the total relative abundance of the attached com-
munity. Acidobacteria, Firmicutes, Verrucomicrobia, Planctomycetes, and Actinobacteria
had relative abundances between 1 and 3%. Proteobacteria and Bacteroidetes contributed
98.5% to the total relative abundance of free-living bacteria, and all other phyla contributed
≤0.6%. The attached bacterial community comprised members of 50 classes, and 39 out

www.ncbi.nlm.nih.gov
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of these 50 classes were also found in the culture medium. Ten and five classes were
found in relative abundances >1% in the attached and free-living community and rep-
resented >94% and 97% of the total relative abundance, respectively. In the attached
community, Beta- (21.4%) and Alphaproteobacteria (18.6%) were the most abundant classes,
while in the free-living community Gammaproteobacteria dominated (48.07%). In to-
tal, 2097 OTUs were found attached on plastic bag (BA) membranes, and 1294 were
found free-living at the end of the experiment. Few OTUs showed relative abundances
≥1% (19 and 17 OTUs, respectively; Figure 2). The majority (>92%, 1938 and 1211, re-
spectively) were considered rare (<0.1%). The two samples shared only two abundant
OTUs. OTU1 was classified as Acinetobacter johnsonii, and OTU19 was classified as an
uncultured Flavobacterium sp. In total, the two samples shared 904 OTUs (36% of to-
tal richness). The Shannon index showed higher diversity for the attached community
(H = 5.33) compared to the free-living community (H = 3.47), and the difference was statis-
tically significant (diversity t test, p < 0.01). Dominance (1-Simpson index) was low in both
samples (≤0.1). The Chao 1 index was 3198 for the BA-attached bacterial community and
2591 for the free-living community.
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nities. Particles refer to BA microplastics. Only OTUs that were abundant (≥1%) in the PA and/or FL
communities are shown.

4. Discussion

The measurement of bacterial abundance on the microplastics after sonication and
using epifluorescence microscopy confirmed the colonization of all surfaces by bacteria.
Abundance ranged from 103 to 105 cells mm−2, with the lowest values corresponding to
bag membranes (BA) that were collected from the shore of Pamvotis lake. The three other
types of microplastics (BO, BU, and BE), which were buried in soil for ~1 month prior to the
experiment, had bacterial abundances mm−2 10- to 100-fold higher than BA. Between the
three materials, the minima corresponded to cigarette butts, although their porous nature
would theoretically allow for higher abundances. Overall, the high abundances in these
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recently buried microplastics are probably indicative of the presence of primocolonizers
and actively growing bacteria in the newly formed biofilm [16]. Early attached bacteria are
more susceptible to processes or substances that may remove them [22]. Thus, bacteria on
these materials might have been detached more easily through sonication. The results of
the bacterial abundance of the attached communities were in the range of values found
previously (102–104 cells mm−2 [16]). However, since there is no universal protocol for the
determination of abundance, the necessity of evaluating and choosing the most adequate
and convenient method is raised here.

It is well known that bacteria can switch between planktonic and sessile lifestyles [23],
and according to [24] these bacteria, not specialized to a specific lifestyle, can be considered
generalist species. In our experiment, bacteria moved from the microplastics into the water
medium and were able to grow with rates that reached 5.8 d−1. It has previously been
shown that plastic leachates can promote bacterial growth [25]. Furthermore, we consider
that free-living bacteria were not under grazing pressure, although we did not check if
eukaryotic predators were released from the plastisphere. The particle-attached lifestyle
offers many advantages, such as protection from predators, environmental pressures, and
antibiotics and access to resources [26], but different top-down (e.g., predation) or bottom-
up (e.g., the leaching of organic matter and nutrients from surfaces) factors can trigger a
habitat shift and bacterial movement into the water [27].

Particles, due to their microniches, host a high level of bacterial diversity compared to
the surrounding waters [23]. For plastic debris in particular, several studies have shown
high evenness but lower richness compared to their natural aquatic environment [28].
Furthermore, several studies have shown that microplastics harbor a community that is
distinct from that found in the surrounding waters. In this study, the bacterial richness on
microplastics was lower than that of the free-living community in the microcosms, but di-
versity (Shannon, Chao_1, and evenness) was higher. This diverse bacterial community was
represented by 23 phyla. Four phyla were not detected in the water. Among these, Aquifi-
cae, Tenericutes, and Chlamydiae were previously found in soil and/or marine ecosys-
tems [29,30], and Aquificae in particular flourishes in soils enriched with nitrogen [31].
Members of the fourth phylum, Fibrobacteres, are known as plant polymer degraders and,
similar to other cellulolytic bacteria, attachment to plant biomass is considered a prerequi-
site for hydrolytic activity [32]. In line with previous findings, Proteobacteria, Bacteroidetes,
and Cyanobacteria were the most abundant phyla in the attached community [28,33]. The
Cyanobacteria abundance in the water medium was low because of the incubation condi-
tions (dark), but Proteobacteria and Bacteroidetes represented ~75% and ~24% of the total
relative abundance, respectively. Gammaproteobacteria, represented mainly by two OTUs
(OTU1 ~33% and OTU9 ~7%), both classified to Acinetobacter, dominated the microplastic-
attached bacterial assemblage. Acinetobacter (Table 1) is widely distributed in natural soil
and water ecosystems [34] as well as in nosocomial environments [35] and sites that are
polluted with nutrients, heavy metals, and antibiotics from domestic sewage or wastewater
treatment plants (WWTP) [36]. A previous study [37] found Acinetobacter on microplastics
from both raw sewage and WWTP effluents. Considering that microplastics harboring
Acinetobacter could be detected up to 2 km downstream of a WWTP, they suggested that
microplastics could transport this potentially pathogenic taxon within rivers. Gammapro-
teobacteria were also represented by an OTU associated with Pseudomonas migulae, which
can degrade phenanthrene [38], a polycyclic aromatic hydrocarbon used in plastics industry.
Other abundant bacteria (relative abundance ≥1%) were associated with members of the
FCB group (Flavobacterium spp., Emticicia sp., and Chryseobacterium indoltheticum). Members
of this group are chemoorganotrophs that are able to remineralize organic matter in soils,
sediments, and marine and freshwaters [39]. Abundant Betaproteobacteria (Table 1) were
associated with the species Acidovorax spp, Delftia tsuruhatensis, and Comamonas jiangduensis.
Acidovorax species have been found to be significant members of the Microcystis phyco-
sphere that are able to degrade microcystins and algal-derived carbon such as glycolate
as well as complex organic compounds such as polycyclic aromatic hydrocarbons [40,41].
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D. tsuruhatensis has been isolated from environmental samples and is under investigation
for bioremediation applications since it has been found to assimilate terephthalate [42] and
degrade phenols [43]. Recently, D. tsuruhatensis was isolated from human patients and has
emerged as an opportunistic healthcare-associated pathogen [44]. Finally, two abundant
free-living OTUs were found to be associated with Alphaproteobacteria Sphingopyxis chilen-
sis and Brevundimonas sp. (Table 1). Bacteria belonging to Sphingopyxis can be found in
diverse natural environments, including those under anthropogenic pressures resulting
from hydrocarbon, pesticide, and heavy metal contamination [45]. Sphingopyxis chilensis has
been found to degrade chlorophenols [46], which are often used as pesticides, herbicides,
and disinfectants. Brevundimonas has been isolated from numerous soil and aquatic habitats.
It has been used for the bioremediation of hydrocarbon-polluted environments, but recently
it has also emerged as an opportunistic pathogen [47].

Table 1. Abundant (≥0.1%) free-living OTUs released in the BA microcosms, associated species, and
indicative functions of the major groups or specific members of the community.

Group OTU Closest Relatives Functions

Cytophaga–
Flavobacteria

cluster

OTU12 Arcicella sp.

Degradation of high-molecular-weight organic matter (e.g.,
cellulose, chitin, and pectin) [39].

OTU563 Flavobacterium
succinicans

OTU7338 Flavobacterium resistens

OTU19 uncultured
Flavobacterium

OTU53 Emticicia sp.

OTU463 Chryseobacterium
indoltheticum

OTU88 Flavobacterium aquatile

Alphaproteobacteria
OTU50 Brevundimonas sp. Degradation of aromatic compounds and environmental

pollutants (e.g., chlorophenol) [45]. Emerging as global
opportunistic pathogens [46].OTU484 Sphingopyxis chilensis

Betaproteobacteria

OTU16 Acidovorax sp. Degradation of xenobiotics and environmental pollutants
(e.g., phenol), terephthalate assimilation [42,43], close
associations with bloom-forming cyanobacteria (e.g.,

Microcystis) and degradation of algal-derived metabolites
(e.g., microcystins and glycolate) [38]. Emergent

opportunistic healthcare-associated pathogens with
antibiotic resistance [44].

OTU7238 Acidovorax sp.

OTU43 Delftia tsuruhatensis

OTU120 Comamonas jiangduensis

OTU1516 uncultured Acidovorax

Gammaproteobacteria

OTU1 Acinetobacter johnsonii Degradation of phenanthrene and other aromatic
compounds and xenobiotics. Opportunistic pathogens with

synergistic relationships with algae and pathogens with
antibiotic resistance [35,38].

OTU9 Acinetobacter piperi

OTU26 Pseudomonas migulae

In conclusion, this preliminary experiment indicates that microplastics have the po-
tential to transfer and release bacteria in new environments. Habitat properties and biotic
interactions, as well as the presence of contaminants not investigated here, may put selec-
tive forces against or for the growth of specific microbes and will determine their effects
on microbial communities and organic matter and nutrient cycling. Therefore, the plasti-
sphere has implications for the dispersion of bacteria through their direct release in the
environment, which could affect the health of humans, animals, and ecosystems.
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