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Microplastics are ubiquitous in marine ecosystems and are suitable matrices for
bacterial attachment and growth. Studies on the microbes growing on plastics
are mainly done using flow cytometry and massive sequencing, which do not
allow for the quantification of specific groups and their activity. Here we present
the results from a mesocosm experiment, designed to compare the effects of
biodegradable and conventional microplastics on planktonic communities of the
Baltic Sea. Our specific aim was to study the effects on bacterial activity and
abundance using epifluorescence microscopy techniques. Specifically, we
applied BONCAT-FISH which simultaneously allows for phylogenetic
identification and the detection of the activity of individual bacterial cells. In
our experiment, mesocosms were filled with Baltic brackish seawater and
amended with 20 microplastic beads-ml™? in triplicates for several treatments:
(i) None (control), (ii) PS, (i) PLGA and (iv) PS + PLGA. Our results show a low
impact of the presence and quality of microplastics on marine bacterial
communities during the first 11 days of exposure, with only weak differences in
the activity of bacterial communities growing with biodegradable or
conventional microplastics additions.

KEYWORDS

microplastics, CARD-FISH, BONCAT, mesocosm experiment, conventional plastic,
biodegradable plastic

1 Introduction

The term Plastic Age has been used to describe the current period of human history
(Thompson et al., 2009). The intense consumption and rapid disposal of plastic products
are leading to a visible accumulation of plastic debris (Barnes et al., 2009), with the global
load of plastic on the open ocean surface estimated to be in the order of tens of thousands of
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tons (Cozar et al, 2014; Van Sebille et al,, 2015), causing rising
concern. When released into the environment, plastic litter
undergoes fragmentation through various physical and chemical
processes. Physical processes, such as UV radiation, wave action,
and abrasion from sand or other particles, contribute to breaking
down larger plastic items into smaller fragments (Andrady, 2011;
Gewert et al.,, 2015). Additionally, chemical processes, including
oxidation and hydrolysis, further degrade plastics by altering their
molecular structure and increasing brittleness (Fotopoulou and
Karapanagioti, 2012). Together, these processes lead to the
formation of small plastic particles, commonly referred to as
microplastics (MPs) (<5 mm) (Barnes et al., 2009; Dussud et al.,
2018). These fragments, when smaller than 1 mm in size, are easily
ingested by zooplankton and subsequently excreted within fecal
pellets (Gunaalan et al., 2023). These pellets act as means of vertical
transportation, in addition to providing a source of food for marine
organisms. Biofouled plastics also transport non-native species
(Urbanek et al., 2018) and, as a result, microorganisms that
naturally occur in one part of the world can be transported by
marine debris into new distinct habitats, potentially leading to
adverse effects on marine ecosystems (Zettler et al., 2013; De
Tender et al., 2015; Debroas et al., 2017).

Polyethylene (PE) prevails in the composition of plastic waste at
sea surface, followed by polypropylene (PP) and polystyrene (PS)
(Auta et al, 2017). PS is a long-lasting thermoplastic that is
generally thought to be nonbiodegradable. Actually,
biodegradation of PS does occur but at a very slow rate in natural
environments, therefore PS can persist for long periods of time as
solid waste (Ho et al., 2018; Vesamiki et al., 2022). Kaplan et al.
(1979) stated that in cultivated soils containing a wide range of
fungi, microbes, and invertebrates, degradation of PS is less than 1%
after 90 days with no significant increase in degradation rate beyond
this point. In contrast, Otake et al. (1995) reported that a sheet of PS
buried in soil for 32 years showed no signs of degradation. As an
alternative for these conventional plastics, the interest in
biodegradable plastics has risen, although their degradation rates
are very slow in nature (Wang et al., 2021) unless they are under
certain industrial conditions (Haider et al.,, 2019). PolyLactic co-
Glycolic Acid (PLGA) is a biodegradable plastic that showed a 100%
degradation rate after 270 days in seawater (Wang et al.,, 2021).

In recent years, the environmental impacts of microplastics
(MPs) have garnered increased attention, particularly regarding
their prevalence and potential effects on marine ecosystems (Da
Costa et al., 2020). Studies highlight that MPs are not only pervasive
but may pose significant ecological risks due to their persistence and
interaction with various marine organisms (Reichelt and
Gorokhova, 2020). Recent research underscores the role of MPs
as vectors for pollutant transport and potential disruptors of
microbial community dynamics in the Baltic Sea and other
marine environments (Schernewski et al, 2020). Additionally,
findings from the Warnow Estuary in the southwestern Baltic Sea
emphasize the diverse sources of MPs in urbanized estuaries,
illustrating the complex pathways by which these pollutants enter
marine systems and accumulate (Piehl et al., 2021).

Bacteria play a key role in the degradation of organic matter in
the ocean as well as of anthropogenic materials such as
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microplastics (Torena et al., 2021; Miri et al., 2022; Thakur et al.,
2023). To date, research on the MP-bacteria interaction has focused
on three main areas: (a) the establishment of plastic-specific
biofilms (the so-called plastisphere); (b) the enrichment of
pathogenic bacteria, particularly members of the genus Vibrio,
coupled to a vector function of MPs; and (c) the microbial
degradation of MPs in the marine environment (Oberbeckmann
and Labrenz, 2019). Although some authors have observed
stimulation of bacterial activity after MP addition (Romera-
Castillo et al., 2022), others found a decrease in extracellular
enzyme activity (Caruso et al., 2018). However, fewer studies have
attempted to identify the specific bacterial groups that exhibit
increased activity (Birnstiel et al., 2022). New advances in culture-
independent methods for measuring cellular activity, such as
BioOrthogonal NonCanonical Amino acid Tagging (BONCAT)
(Hatzenpichler et al., 2014) coupled with FISH (CAtalysed
Reporter Deposition Fluorescence In Situ Hybridization)
(Pernthaler et al,, 2004), show promise in answering questions
related to substrate preference, relative activity levels, and
phylogenetic identity of active members of marine communities
(Buongiorno, 2018).

The persistence of both conventional and biodegradable plastics
in marine environments presents complex ecological challenges, as
they may alter microbial communities and biogeochemical
processes (Eronen-Rasimus et al., 2022). Recent findings indicate
that degradation rates and microbial colonization vary significantly
among bioplastic materials, suggesting that specific environmental
conditions, like those in the brackish Baltic Sea, may influence
microbial responses and degradation dynamics. This highlights the
need to evaluate the environmental fate of bioplastics across diverse
marine ecosystems to inform sustainable material choices and
pollution mitigation efforts. Therefore, the aim of our work was
to elucidate the stimulation of bacterial growth of a-, B- and Y-
proteobacteria and Bacteroidetes in response to the addition of
conventional (PS) and biodegradable (PLGA) microplastics, as well
as a mixture of both (MIX). We hypothesized that PLGA, due to its
higher lability, would show a stimulation of certain primary
bacterial colonizer groups, such as y-proteobacteria, after the 10th
day of incubation.

2 Materials and methods
2.1 Experimental setup

Coastal Baltic seawater (salinity 5.34%o, temperature 14°C) was
pumped from 5 m depth in the middle of the Gulf of Finland (depth
of the station 70m) on the research vessel Aranda into 4 m> tanks
on 15" of August, 2019. The water was pre-filtered through a 100
pm mesh into twelve mesocosms (320 1). Ammonium (~3 pmol~l’1)
and phosphate (0.6-0.8 pmol1"') were present in the water and
oxygen was 5.75 ml1",

Mesocosms were amended with 20 MP beads:-ml™* (10 pm in
diameter) in triplicates of each treatment group: None (K, control),
conventional polystyrene (PS), biodegradable polylactic co-glycolic
acid (PLGA), and a combination of both PS and PLGA (MIX). PS
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(Thermo Fisher) was fluorescent under green light (orange) and
PLGA (Sigma-Aldrich) was fluorescent under blue light (green).

The experiment was conducted at a controlled temperature of
14°C and light/dark cycle of 12 h/12 h from August 26™ to
September 6™ at Syke Marine Research Laboratory, Finland. The
mesocosms were sampled every two days for bacterial production,
and for BONCAT, FISH and DAPI on the last day. Immediately
following each sampling event, the samples underwent filtration
and fixation, and filters were then transported frozen from Helsinki
to the ICM to follow the hybridization, fluorescence and
counting procedures.

2.2 Fluorescent techniques

We used three different fluorescent approaches for our study. In
all instances, we filtered 5 ml of sampled water through a 0.2 pm
pore-size polycarbonate filter (Whatman® Cyclopore®) for free-
living bacteria on the 11" day and they were observed under the
microscope using: DAPI (4',6-diamidino-2-phenylindole), which
stains all bacteria; CARD-FISH, which highlights specific targeted
groups of bacteria; and BONCAT, which shows translationally
active cells.

2.2.1 Bacterial abundance

DAPI staining was used to estimate bacterial abundance, as well
as to double-check cells analyzed with other fluorescent techniques
such as CARD-FISH or BONCAT, following a modified protocol
from Porter and Feig (1980). Samples (4.5 ml) were fixed with 0.5
ml of 10% glutaraldehyde and incubated for at least one hour (but
no more than 24 h) at 4°C in the dark. The samples were stained by
adding 50 ul of DAPI (0.5 mg:ml™) to 5 ml of fixed sample and
filtered through 0.2 um polycarbonate black filters.

2.2.2 BONCAT-FISH

Single-cell activity was estimated following a modification to the
Hatzenpichler and Orphan (2015) protocol by applying a triple
labelling with DAPI, CARD-FISH and BONCAT to assess the in
situ translational activity of all cells and specific groups of bacteria.

This technique is based on the in vivo incorporation of artificial
amino acids that carry modifiable chemical tags into newly
synthesized proteins. After the chemical fixation of cells,
surrogate-containing proteins can be detected by whole-cell
fluorescence staining using azide-alkyne click chemistry.

For this experiment, 4.5 ml samples were collected from each
treatment group and incubated with L-Homopropargylglycine
(HPG; final concentration 1 uM) for 2 h. Incubations were
performed in triplicate. Samples were fixed with 0.2 um-filtered
paraformaldehyde (PFA; final concentration 4% [v/v]) overnight at
4°C, filtered onto a 0.2 pm pore size white polycarbonate filter, and
stored at —80°C until further processing. After thawing, the filters
were dipped in a previously boiled 0.1% (w/w) low-gelling-point
agarose solution to ensure cell attachment to the filter and to
prevent cell loss during permeabilization and downstream
procedures. These were then dried at 37°C and dehydrated with
95% ethanol. Bacterial cells were permeabilized with lysozyme (10
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mg-ml™'; 0.05 M EDTA, 0.1 M Tris-HCL, 1 h) and
achromopeptidase (2 uL-ml_l; 0.01 M Na(l, 0.01 M Tris-HCI, pH
8 30 min) at 37°C.

For CARD-FISH, we followed a modified version of Pernthaler
et al. (2004) protocol as previously outlined by Sebastian et al.
(2019). Filter portions were hybridized with the following
horseradish peroxidase (HRP)-labelled (fluorescent marker)
probes which bind by complementarity to specific rRNA
sequences: ALF968 which targets o-proteobacteria (Neef, 1997),
BET42a which targets fB-proteobacteria (Manz et al., 1992),
GAM42a which targets y-proteobacteria (Manz et al, 1992) and
CF968 which targets Bacteroidetes (Acinas et al., 2014). Specific
hybridization conditions were established by addition of formamide
to the hybridization buffers (45% formamide for the ALF968 probe
and 55% for the other probes). Hybridization was performed
overnight at 35°C. For amplification, a tyramide labelled with
Alexa488 was used.

Cu(I)-catalysed click chemistry was later conducted following a
method by Leizeaga et al. (2017). For the click reaction, the dye-
premix was prepared by mixing 12.5 UL of copper sulphate (CuSO,
(H,0)5; 20mM), 10 pL of Alexa594 azide dye and 25 pL of Tris[(1-
hydroxypropyl-1H-1,2,3-triazol-4-yl)methyl]Jamine (THPTA; 50
mM), and left to react at room temperature for 3 minutes in
absence of light. Meanwhile, 125 pL of a freshly prepared 10 mM
solution of sodium ascorbate (in phosphate buffer saline, PBS) and
125 pL of a freshly prepared 10 mM solution of aminoguanidine
hydrochloride (in PBS) were added to 2.21 ml of PBS solution. In
order to prepare the click reaction mixture, the dye-premix was
added to the PBS-ascorbate-aminoguanidine mix and the tube was
inverted twice. The portions of filters were then placed in an empty
1.5 ml Eppendorf tube and the reaction mix was added up to the
cap, to further avoid production of air bubbles and to maintain
reducing conditions. The click reaction was incubated at room
temperature for 30 minutes in the dark and the filters were then
washed three times for 3 minutes each in PBS-filled petri dishes. A
final 1 h wash with a 1:1 PBS: Ethanol solution was performed to
reduce the fluorescence background.

Filters portions were counterstained with 4',6-diamidino-2-
phenylindole (DAPI; final concentration 0.5 pg-ml™') in order to
quantify the relative abundance of each targeted phylogenetic group
and their single-cell activity.

Black and white images were obtained using an Axio
Imager.Z2m epifluorescence microscope connected to a Zeiss
camera (AxioCam MRm, Carl Zeiss Microlmaging, S.L.,
Barcelona, Spain) at 630x magnification, through use of the
Axiovision software. The coordinates of the samples were
obtained using the SamLoc software and subsequently analyzed
using ACMEtool. A Colibri LED light source (Carl Zeiss) with three
light-emitting diodes was used and all images (between 10 and 48
images per filter) were acquired using 30-60 ms exposure time for
DAPI, 100 - 150 ms exposure time for CARD-FISH and 150 - 350
ms exposure time for BONCAT (A594). The exposure times of each
bacteria group were calculated for each treatment at each time
point. The percentage of FISH+ and BONCAT+ cells was calculated
in relation to the DAPI counts. ACMEtool was used for the analysis
of the images, as described in Leizeaga et al. (2017), and for
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subtracting the background of the samples. To address background
noise, the signal-to-background ratio of the cells was adjusted.

2.3 Bacterial production

Bacterial production was measured by determining the
incorporation of “C-leucine (Leu) for protein synthesis (BPL). At
all sampling dates, five subsamples of 1 ml were taken from each
mesocosm unit. Two of the subsamples were fixed with
formaldehyde (final concentration 1.85%) and served as a blank
of non-biological adsorption of the radio isotope. All samples were
spiked with [14C (U)]-leucine (PerkinElmer) at a final saturating
concentration of 150 nM. The samples were incubated at the
experimental temperature (14°C) for 1 h in darkness. The
incubations were stopped by adding formaldehyde to a final
concentration of 1.85%. The unincorporated radioactive substrate
was removed, using the standard cold trichloroacetic acid (TCA)
extraction method (Fuhrman and Azam, 1982). The samples (1 ml)
were centrifuged (Smith and Azam, 1992) and the pellets were
dissolved in an Insta-Gel Plus scintillation cocktail (PerkinElmer),
and the radioactivity was determined with a Wallac WinSpectral
1414 counter.

2.4 Statistical analysis

To assess variability among the treatments set in the mesocosm
experiments, statistical analyses were performed on our key response
variables: bacterial abundance, activity, community composition and
bacterial production. A one-way ANOVA was used for single-factor
analyses, while multifactorial two-way ANOVA with interaction
terms was employed to explore the combined effects of the
treatments and incubation time on the response variables. Tukey’s
post-hoc tests were conducted following ANOVA to identify
significant differences between treatment levels. Normality and
homoscedasticity of residuals were assessed using the Shapiro-Wilk
test for normality, and homoscedasticity was tested with the Brown-
Forsythe test for one-way ANOVA or Spearman’s test for two-way
ANOVA. All statistical analyses were conducted in GraphPad Prism
9, with significance defined as p < 0.05.

3 Results

Bacterial concentrations on the last day of the experiment
varied between 4.45 x 10° and 7.19 x 10° cells-ml”’ (Figure 1),
with no statistical differences observed among treatments (one-way
ANOVA test, p = 0.2401).

The percentage of BONCATH+, i.e. active bacteria (Figure 2),
was significantly higher (one-way ANOVA test, p = 0.0010) in
all treatments amended with MPs compared to the control K (53%):
PS (67%, p = 0.0063**); PLGA (62%, p = 0.0275*) MIX (68%,
p = 0.0007**%). No differences were found between the MP-
amended treatments (Tukey p > 0.05).

Frontiers in Marine Science

10.3389/fmars.2024.1502825

7x106
6%106-
5x106-
4x106+
3x%106
2x108+
1x106

0_

Concentration (ceIIs-mL'1)

K PS PLGA MIX

FIGURE 1

Bacterial concentration (mean + standard deviation, n=3) at the end
of the experiment (day 11) in the treatments. K: control; PS
(polystyrene); PLGA (biodegradable MP); MIX (mixture of PS+PLGA).

The four CARD-FISH probes chosen for our experiment (o
proteobacteria, B-proteobacteria, y-proteobacteria and
Bacteroidetes) covered between 27% and 37% of all bacteria
present in the experiment. For better clarity, results are presented
based on the known part of the community. The most abundant
group was found to be B-proteobacteria, accounting for between
50% and 56%, while the least abundant group was Bacteroidetes,
accounting for 8%-11% (Figure 3). No significant differences in
bacterial composition among treatments were detected (two-way
ANOVA p =0.3602) nor in the interaction between treatments and
phylogenetic groups (p = 0.9962), leaving phylogenetic groups as

Active Cells (%)
o N W A OO N
o o o o o o o o
T TR T T T T

K PS PLGA MIX

FIGURE 2

Percentage of BONCAT+ bacteria at the end of the experiment (day
11) in the treatments. K: control; PS (polystyrene); PLGA
(biodegradable MP); MIX (mixture of PS+PLGA). Different letters
indicate significant differences among treatments [ANOVA followed
by a post hoc Tukey's test (P < 0.05)].
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24.06%
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FIGURE 3

5.32% MIX

16.06%

55.57%

Total = 27.02%

Bacterial community composition (%) at the end of the experiment (day 11) in the treatments. K: control; PS (polystyrene); PLGA (biodegradable MP);

MIX (mixture of PS+PLGA).

the only significant source of variation (p < 0.0001****). These
probes targeted an average of 30% of the total bacteria detected,
with a higher detection in the K treatment and similar detection
rates among treatment groups amended with MPs (K: 37%; PS:
28%; PLGA: 27%; MIX: 27%).

The combination of the three fluorescence techniques
(BONCAT, CARD-FISH and DAPI) allowed for observation of
active bacteria within each phylogenetic group (Figure 4). No
significant differences among treatments were found (two-way
ANOVA test, p = 0.3879) nor interaction between treatments and
phylogenetic groups (p = 0.2250), leaving phylogenetic groups as
the only significant source of variation (p < 0.0001****).

Bacterial production, measured through leucine incorporation,
followed the same trend in all treatments with no significant

0
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treatment effect (two-way ANOVA test p = 0.4323), increasing
from 1.73 + 0.13 nmol-1""-h™" on day 1 to 6.43 + 1.26 nmol-1"h™" on
day 5 and then decreasing to a level 5.33 + 0.77 nmol-1""-h™" for the
rest of the experiment (Figure 5).

4 Discussion

Microplastics are present in the Baltic Sea, with average
concentrations of 0.21 + 0.15 particles-rn'3 in water (Beer et al.,
2018) and 1.34 particles per individual coastal fish (Sainio et al,
2021). However, no increase in MP concentration has been proven
from 1987 to 2015 (Beer et al., 2018). Other studies have found up
to 10 times higher concentrations (Lusher et al., 2014) or even up to
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Percentage of active bacteria (mean + standard deviation, n=3) at the end of the experiment (day 11) in the treatments. K: control; PS (polystyrene);

PLGA (biodegradable MP); MIX (mixture of PS+PLGA).

501 particles~m’3 (Enders et al., 2015), underscoring the need for
standardized methods for the determination of microplastics in
water to facilitate better comparison across studies. We amended
our experiment with a lower concentration of MPs than previous
studies (Grigorakis and Drouillard, 2018) which may be a more
suitable approach to assess the impacts of higher concentrations of
MPs in seawater in the future. By the time of the experiment, we did
not know the concentration of 10 um particles in natural waters but
they have been detected later in the marine environment (Ripken
et al., 2021). The concentration of 20 MP beads-ml™! is higher
compared to natural concentration of 350 um - 5.7 mm particles in
seawater accounting for < 1 - 7.73-m> (Gewert et al., 2017) in the
Baltic Sea or 0.2 - 0.9-m™ for particles > 500um globally (Everaert
et al,, 2018). MPs ranged between 3 — 20 um in size were found in
concentrations up to 16800 particles:m™ in Los Angeles river and
up to 11950 particlesm™ on its coastline (Wiggin and Holland,
2019). Since we used particles close to the nanoplastics range, which

©

(o2}
|

N
1 1 1 I 1 1 1 I

Leu incorporation (nmol-L™"-h™")

are more abundant due to fragmentation, we assumed their
concentration would be a few orders of magnitude higher. Our
concentrations, although still higher than in nature in order to
trigger significant effects, were markedly lower than those added in
similar experiments.

The results of our comparison of the effects of conventional and
biodegradable microplastics on bacteria in the Baltic Sea show a
general increase in the percentage of active bacteria with the
addition of MPs. However, there were no differences in bacterial
abundance, composition, or leucine incorporation. This minimal
impact of both conventional and biodegradable microplastics
(MPs) suggests that microbial communities in the Baltic Sea may
have inherent resilience to short-term MP exposure. The weak
microbial response could be influenced by the availability of other
organic matter sources within the mesocosms, which may reduce
the bacteria’s dependence on MPs as carbon or nutrient sources.
This is consistent with findings by Romera-Castillo et al. (2018),

PS
PLGA
MIX

L

Days

FIGURE 5

11

Total leucine incorporation (mean + standard deviation, n=3) during the experiment. K: control; PS (polystyrene); PLGA (biodegradable MP); MIX

(mixture of PS+PLGA).
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who observed that microbial activity related to MP-derived organic
matter tends to be more evident in environments where MPs are
one of the main carbon sources. Similar observations were made by
Marchant et al. (2023), who found that even under nutrient
enrichment, microplastic exposure did not significantly affect
freshwater community composition or ecosystem function in
semi-natural mesocosms. This aligns with findings suggesting that
moderate MP levels may not disrupt microbial communities in
complex environments with multiple resource inputs (Stankovi¢
et al., 2022, Yildiz et al., 2022). The Baltic Sea’s specific
environmental conditions, including lower temperatures, could
also constrain microbial growth, preventing a pronounced
response to MPs in the short term.

In comparison with previous studies, our results align with those
that have observed weak or negligible effects of MPs on microbial
communities (e.g., Romera-Castillo et al., 2022). While some studies
report shifts in bacterial community composition following MP
exposure (e.g., Caruso et al., 2018; Gong et al., 2023), such effects
were generally observed over longer durations or at higher MP
concentrations. This study, with lower MP concentrations and a
shorter exposure time, reflects conditions closer to those in natural
settings and supports the hypothesis that moderate MP levels may
not significantly disrupt microbial communities in the early stages.
Contrastingly, experiments with prolonged MP exposure, such as
those by Eich et al. (2015), reveal potential longer-term shifts in
bacterial diversity and function, particularly under nutrient-enriched
or closed-system conditions. Throughout the experiment, no
microorganisms were observed to attach to the MPs. This finding
is consistent with the results of a shorter, 6-day experiment
conducted by Romera-Castillo et al. (2022). However, microplastics
not only provide a surface for bacterial growth (Jacquin et al.,, 2018),
but can also leach carbon, enhancing bacterial growth (Galgani et al,
2018; Romera-Castillo et al., 2018) or decreasing extracellular enzyme
activity (Caruso et al., 2018). In environments where plastics are the
sole carbon source, it is likely that bacteria utilize this carbon for
growth as suggested by Ho et al. (2018). Nonetheless, in
environments where other carbon sources are readily available, the
rate of MP biodegradation may be significantly diminished. In
contrast with our initial hypothesis, PLGA failed to stimulate
growth nor promote changes in bacterial composition when
compared to PS, despite its accelerated biodegradability (Wang
et al,, 2021). We expected to observe significant changes in
bacterial concentrations and activity in the first 11 days of the
experiment given that MPs leached carbon that could be used by
bacterioplankton in a 6-day experiment (Romera-Castillo et al.,
2022). Previous studies have demonstrated that biodegradable MPs
enhance the uptake of exogenous carbohydrates and amino acids by
bacteria after 60 days in soil experiments (Sun et al., 2022) as well as
in sediment experiments amended with conventional plastics (Yao
et al,, 2023). This comparison underscores the need for studies across
different temporal and spatial scales to accurately predict MP impacts
on marine microbial ecosystems.

No clear differences in the abundance of the four phylogenetic
groups were observed between the MP-amended treatments.
Furthermore, the proportion of active cells in all groups was
similar. The CARD-FISH probes selected for this study were

Frontiers in Marine Science

10.3389/fmars.2024.1502825

chosen based on their suitability for detecting the most abundant
bacterial groups in the Baltic Sea. Although the Baltic Sea is
predominantly populated by Bacteroidetes, it is significantly
influenced by typical freshwater phylogenetic groups, such as B-
proteobacteria, whose abundance is observed to increase during the
summer months (Riemann et al., 2008). However, we must consider
that the four CARD-FISH probes used in this experiment targeted,
on average, a 30% of the total bacteria present in the experiment, a
lower percentage than what is typically recovered in the
Mediterranean. The absence of differences in the bacterial
composition and the number of active cells in our experiment
may hide the existence of a fast-responding group of bacteria which
may not have been detected with our probes.

CARD-FISH offers a robust approach for quantifying diverse
bacterial groups, although it has several limitations. First, the
technique is dependent on the number and specificity of probes
used, which are limited to previously identified lineages.
Additionally, CARD-FISH may exhibit biases in both coverage
and specificity due to the pronounced seasonality of microbial
communities (Alonso-Saez et al., 2014). As a result, the
taxonomic composition of targeted groups may fluctuate across
seasons, potentially altering probe specificity and impacting
abundance estimates. Furthermore, the accuracy of CARD-FISH
can be affected by several factors, including incomplete probe
coverage and specificity, variations in the amount and activity of
endogenous peroxidases across different phylogenetic groups and
environmental samples, challenges in detecting low-abundance or
inactive community members, and difficulties in counting
aggregated cells (Pernthaler et al., 2004; Amann and Fuchs, 2008).

The bacterial groups studied in our experiment have been found
to be dominant in previous studies. In soil experiments with
conventional MPs, Proteobacteria and Bacteroidetes were the
dominant bacterial groups, with their relative abundances
increasing after 90 days of incubation (Li et al., 2022). Koskinen
et al. (2010) found that y-proteobacteria were the most prevalent
group, representing 53% of all PCR reads. Generally, y-proteobacteria
and o-proteobacteria have been identified as key players in primary
colonization whereas Bacteroidetes stand out as a secondary colonizer
(Oberbeckmann et al., 2015; Diaz-Mendoza et al., 2020). However,
with time, members of the Bacteroidetes phylum have also become
increasingly abundant (Lee et al., 2008). Moreover, most bacteria that
are able to degrade MPs belong to the phylum Proteobacteria, and
have been studied in most biodegradation experiments (Matjasic
et al, 2021) as well as Firmicutes, particularly the genus Bacillus
(Muthukumar and Veerappapillai, 2015).

Gong et al. (2023) found that Proteobacteria (15.3-24.1%) were
dominant in soil amended with 5 pm polystyrene beads, significantly
increasing its abundance compared to a control. A study conducted
in coastal sediments revealed that, after 14 days, communities were
dominated by the genera Arcobacter and Colwellia (y-proteobacteria)
which collectively accounted for 84%-93% of sequences in the
presence of polyethylene (Harrison et al,, 2014).

BONCAT-FISH did not provide any significant differences in
abundance or composition of the bacterial community, nor in the
activity within those bacteria groups in the presence of
biodegradable or conventional MPs. Nonetheless, significant
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differences were observed in the colonization over extended periods
(6 weeks) of non-biodegradable and biodegradable plastics in terms
of marine bacterial abundance, diversity and activity (Eich et al,
2015; Dussud et al., 2018). Similar to our findings, the presence of
MPs did not have effects on the composition and abundance of the
bacterial composition. However, it did influence the activity of these
bacteria, as evidenced by a reduction in microbial extracellular
enzymatic activities (Caruso et al., 2018), specifically those which
are responsible for polymer degradation (Sala and Giide, 2004).

It is noteworthy to mention that biodegradable plastics can only
be considered so under specific conditions, as demonstrated in both
controlled and uncontrolled environments (Kim et al., 2023).
Biodegradable MPs have been observed not only to increase
bacterial diversity but also to enrich environmentally friendly taxa
(Hu et al., 2022), while conventional MPs have been shown to reduce
biodiversity (Ogonowski et al., 2018; Xiang et al., 2024) and likely
promote the growth of harmful taxa while hindering the recovery of
community richness (Li et al., 2022; Li and Xiao, 2023). Additionally,
the concentration of conventional MPs also seems to play an
important role in diversity, with high concentrations enriching
dominant bacteria and decreasing diversity indexes, whilst low MP
concentrations seemed to have the opposite effect (Yuan et al., 2023).

Our findings hold important implications for environmental
management and plastic pollution policies. The weak microbial
response to MPs observed here suggests that, in the short term, the
current levels of MPs in the Baltic Sea may not pose a substantial risk
to microbial communities. However, as highlighted by Pichl et al.
(2021) and Schernewski et al. (2020), the accumulation of MPs over
time, particularly in enclosed or semi-enclosed seas like the Baltic,
could alter microbial functions critical for ecosystem health. Such
changes may affect processes like organic matter decomposition and
nutrient cycling, which are essential for maintaining marine
ecosystem balance. Given the regulatory challenges associated with
microplastic pollution, Da Costa et al. (2020) emphasize the
importance of effective legislative frameworks that focus not only
on plastic waste reduction but also on the mitigation of its long-term
ecological impacts. Understanding the microbial interactions with
MPs is therefore essential to inform strategies for plastic waste
management and support the development of policies aimed at
minimizing plastic pollution in marine ecosystems.

5 Conclusions

The addition of microplastics showed a weak increase in the
percentage of active cells compared to the control. This could lead to
an increase in the concentration of those bacterial groups that are able
to degrade plastics. However, this was not reflected by an increase in
the activity of the specific groups targeted with the CARD-FISH
probes used in this experiment. No significant differences were
observed between the composition nor activity of the bacterial
community in the presence of conventional or biodegradable MPs.
The weak effect of MPs observed might be due to the low
concentration of the additions made (20 MP beads-ml™) and the
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short duration of the experiment. This also suggests that the low MP
concentrations that are found in nature do not have any clear effects
in the first stages of MP addition. Many studies are carried out with
unrealistically high MP concentrations, so more experiments with
MP additions closer to natural conditions are needed.
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