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Introduction: Plastic pollution poses a significant and increasing threat to aquatic
ecosystems, i.e. contaminating water resources and posing health risks for humans
and the environment. Yet, plastic leachates can also stimulatemicrobial growth and
activities, impacting biochemical cycles in aquatic ecosystems. Synthetic polymers
and their leachates vary in their chemical composition and thus differently impact
micro- and higher organisms. This study aims to assess: i) how different synthetic
polymer leachates affect free-living aquatic bacteria, and ii) how these effects vary
at high vs. low nutrient conditions.

Methods: Leachates were extracted from five synthetic polymers, i.e. low-density
polyethylene (LDPE), polypropylene (PP), polyvinyl chloride (PVC), starch-
polylactic acid (starch-PLA), and tire rubber via incubation in ultrapure water
under UV radiation. Free-living (<5.0 μm)microbial communities of Lake Stechlin,
Germany, were exposed to these leachates, and changes in total microbial
growth and community composition were analysed using dose responsemodels.

Results:Nutrient availability resulted in different effects on total microbial growth
and community composition of the tested synthetic polymers. For instance, PP
leachates caused significant community shifts with increased total microbial
growth rates at low nutrient conditions, but not at high nutrient conditions,
whilst starch-PLA leachates led to community shifts at both nutrient conditions,
but didn’t impact total microbial growth.

Discussion: These results highlight the importance of leachate quality and
nutrient availability for understanding the effects of leachates on microbial
growth and community dynamics. Our findings reveal that synthetic polymer
pollution has the potential to alter microbial loop functioning and hence
biochemical cycles of aquatic ecosystems.
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GRAPHICAL ABSTRACT

Graphical Abstract created in BioRender. Schubert, M. (2025) https://BioRender.com/w84p641.

Highlights

• Leachates of different materials showed varying effects on
microbial growth rates and community composition

• Differences in effects of various leachates at low nutrient
conditions were dampened at high nutrient conditions

• Inhibitory effects of leachates were maintained at both
nutrient conditions, causing significant community shifts

1 Introduction

Plastic production has steadily increased worldwide,
reaching >450 million tons in 2019 (OECD, 2022). Plastics have
become increasingly diverse in chemical compositions (Chalmin,
2018), and, presently, numerous often unknown additives are added
to plastics to modify their mechanical and chemical properties such
as plasticizers, flame retardants, impact modifiers, antioxidants, UV-
stabilizers and antimicrobials (Hahladakis et al., 2018). These
additives are distributed unequally between plastic types and
usages. For instance, in 2014, 90% of plasticizers produced were
reportedly used for polyvinyl chloride (PVC) plastic, which is the
fourth most common plastic-type to date (Czogała et al., 2021).

These chemicals have been reported to leach from plastic into
the environment due to ageing processes (Bandow et al., 2017).
Plastic aging is the process by which plastics undergo physical and
chemical changes over time due to environmental factors such as
UV radiation, temperature, mechanical stress, and microbial
activity. Microbial activity may also alter the structure of plastics
by breaking the bonds and using the polymers as an energy source
(Salinas et al., 2023). For example, low density polyethylene (LDPE)
is one of the most produced plastic types and releases mainly
monoterpenes and fatty acids among the “high priority chemicals
in plastics” according to ToxCast data (Zimmermann et al., 2019).
Starch-polylactic acid (starch-PLA), a supposedly biodegradable
alternative to petrol-based plastics requires a mixture of

plasticizers, softeners, and elastomer tougheners to be used for
plastic bags (Koh et al., 2018). In particular tire rubber granulates
release various chemical cocktails composed of PAHs, bisphenols,
phenols, and heavy metals into the environment (Halsband
et al., 2020).

Leachates pose variable risks to organisms and the environment
(Gunaalan et al., 2020). For instance, plastics leachates, to a large
extent, are responsible for the observed adverse effects of plastics on
aquatic (micro)organisms such as growth inhibition of the
microalgae Dunaliella teriolecta when exposed to polyethene
(PE), polystyrene (PS) or polypropylene (PP) (Schiavo et al.,
2021). Additionally, plastic leachates of LDPE, PS, and PLA have
been shown to cause shifts in the community composition of
exposed marine bacteria (Birnstiel et al., 2022). As plastic
leachate compositions and quantities can greatly vary between
plastic types, we hypothesized that leachates of various synthetic
polymers result in variable effects on the growth and community
composition of free-living bacteria in freshwater.

Plastics, primarily composed of organic carbon, can release
leachates that serve as a carbon source for various aquatic
bacteria. For instance, in lake ecosystems, leachates from low-
density polyethylene (LDPE) have been shown to increase
bacterial biomass by 2.29 times when added at environmentally
relevant concentrations (Sheridan et al., 2022). The study also found
that bacterial growth efficiency improved by an average of
1.72 times, as the organic matter released from plastic leachates
was more accessible than the natural organic matter in boreal lakes
of Northern Europe. This has significant ecological implications.
According to the microbial loop concept (Azam et al., 1983),
bacterial uptake of dissolved organic carbon (DOC) is critical for
channelling otherwise inaccessible carbon into aquatic food webs.
When leachate DOC, derived from primary and secondary plastic
constituents, contributes to bacterial biomass production, it enters
nutrient cycles primarily through the consumption of bacteria by
protists, potentially altering food web dynamics. Consequently,
plastic pollution may coincide with carbon and nutrient
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enrichment in aquatic environments (Abreo et al., 2015). The
ecological impact of plastic leachates likely varies depending on
the type of plastic and its influence on microbial growth, potentially
reshaping aquatic food web structures and ecosystem functions.

The objectives of this study were twofold: 1) to compare the effects
of LDPE, PP, PVC, starch-PLA, and tire rubber leachates on growth
rates and community composition of pelagic bacteria of a lake
ecosystem, and 2) to investigate how the observed adverse effects
change with nutrient availability result from the leaches from plastic.
First, plastic leachates were extracted from five commercial synthetic
polymer products (LDPE, PP, PVC, compostable starch-PLA, tire
crumb rubber). LDPE, PP, PVC, and tire crumb rubber were selected
for their high relative occurrences in aquatic environments
(Uurasjärvi et al., 2020; Yuan et al., 2019; Capolupo et al., 2020) as
well as for their documented effects on aquatic microorganisms
(Sheridan et al., 2022; Schiavo et al., 2021; Sarker et al., 2020;
Halsband et al., 2020). The starch-PLA bag was selected for
comparison with a form of “biodegradable” plastics. Then,
complex, free-living bacterial communities from Lake Stechlin were
exposed to the extracted leachates at different nutrient conditions.

2 Materials and methods

2.1 Materials

Commercially available polymers were used to generate
leachates differing in chemical quality and quantity. LDPE plastic
bags (“Beste Wahl Gefrier-Beutel”, Rewe, Cologne, Germany), PP
rope (“PP-seil”, Toom, Cologne, Germany), PVC floor (“Grauer
PVC-Boden”, Toom, Cologne, Germany), compostable plastic bags,
made of starch-PLA (Gut und Günstig Kompostierbare Bio-Beutel),
and weathered tire (Bridgestone Europe, Saventem, Belgium) were
used for leachate production as described in the section below.

2.2 Preparation of plastic leachates

The extraction of the synthetic polymer leachate was performed
following the method of Sheridan et al. (2022). Briefly, before the
incubation, all plastic items were treated with 70% ethanol to avoid
interferences (through carryover of microorganisms or organics) in
leachate release during incubations. Plastic items were cut into
approximately 1 cm2 pieces before weighing. For tire rubber, tire
crumbs of variable sizes were produced using a hardened steel file on
the outer-most layer of a weathered tire (Bridgestone). The tire
crumbs were cleaned and disinfected in 70% ethanol, which
evaporated entirely before incubation. Plastics were added to
500 mL Milli Q Water in glass beakers at concentrations of
8.88 g/L. The Milli-Q water used in the study was taken from a
Millipore® filtration system (RiOs™ Essential 16 Water Purification
System). All samples were incubated in triplicates for 7 days at
20°C–25°C on shakers (100 rpm) using a 12 h:12 h cycle of UV-light
illumination to increase the weathering of all plastic pieces (Klein,
et al., 2021). UVC irradiation was performed by a TNN 15/35 lamp
that emits a single narrow line at 254 nm. Here, we applied the
spectral irradiance of about 2.6 W cm−2 for an irradiating distance of
50 cm from the lamp to the surface of the water. All samples were

kept under cling film to avoid organic carbon contamination from
air. In addition, Milli Q water without any addition of plastics
(control H2O) was incubated alongside all plastic-containing
samples. After incubation, plastic leachate samples were filtered
using 3x pre-rinsed, sterile 0.22 µm polycarbonate filters
(Nucleopore) to remove any plastic particles as well as any
microbial contamination. Our initial results showed that 1x
filtration through polycarbonate filters resulted in a number of
contaminated samples, in our final protocol, all leachates were
filtered twice. Leachate samples were analysed using the Total
Organic Carbon analyser TOC-L (Shimazdu CPH-CSN, Japan)
for DOC concentrations using the EN 1484 method guidelines
with oxidation. This metric was selected as a good proxy for
amount of leachates produced since organic carbon constitutes
the largest component of all plastic leachates.

2.2.1 Statistical analysis
Standard t-tests (Student) were used for statistical analysis. The

experiment was repeated five times. For each repetition, an average
leaching rate was determined based on the average of triplicates,
subtracting the DOC concentration in the respective controls.
Samples were statistically compared to the LDPE leaching rates.

2.3 Complex community exposure

2.3.1 Bacterial community incubations
Complex communities of lake microorganisms were sampled

from the well-mixed epilimnion of Lake Stechlin in Germany (53:
10N, 13:02E) at a depth of 2 m. Lake water was filtered through pre-
rinsed, sterile 5.0 µm polycarbonate filters (Nucleopore, Whatman,
Cytiva, Kent, United Kingdom) to retain the free-living fraction of
the microbial communities and avoid contamination by particulate
organic matter. Filtered lake water was transferred into sterilized
Erlenmeyer flasks and the microbial communities thereof were
exposed to a concentration of 0.167 mL Leachate.mL−1.

As such, the final concentrations of DOC from plastic leachates
were: 46.9 mg DOC L−1 for starch-PLA, 0.4 mg DOC L−1 for LDPE,
9.7 mg DOC L−1 for PP, 4.2 mg DOC L−1 for PVC, and 3.5 mg DOC
L−1 for tire rubber exposure groups. To control groups were also
incubated, one exposed to the control water of the plastic leachate
preparation (control H2O), the other exposed to sterile Milli-Q
water (0-control). For LB medium incubations, LB medium was
added to a final concentration of 1:200 (ca. 60 mg DOC L−1). The
DOC concentration of the sampled lake water was at approximately
6 mg L−1. A large headspace in the Erlenmeyer flasks ensured oxic
conditions during the entire incubation. Triplicates were used for
each experimental condition. All flasks were incubated on a shaker
at 50 rpm in continuous light for 72 h (OECD, 2011). The ambient
temperature was 17°C to avoid any influence of a sudden
temperature change. Samples, taken from each flask before and
after incubation, were fixed with formaldehyde (3% fin. conc.). The
rest of the samples was filtered through 0.22 µmDurapore filters and
kept frozen at −70°C for later DNA extraction.

2.3.2 Bacterial growth rate determination
Microbial growth rate was calculated using change in bacterial

cell counts over time. Cell numbers were counted before and after
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incubation using a flow cytometer (BD FACS Aria). The samples
were stained by DAPI (Sigma-Aldrich, Burlington, United States)
(fin. conc. 5 μg mL−1) according to the protocol of Porter and Feig
(1980). To determine the correct threshold, a sample was filtered
sterile to exclusively measure the background noise to be
subtracted as a blank. Additionally, certain samples were
randomly selected to be counted manually by fluorescence
microscopy to ensure that flow cytometer readings were correct.
As the filtration method in the leachate isolation experiment
revealed contaminated samples in this experiment, certain
expositions and their respective controls were repeated to avoid
any bacterial contamination.

2.3.3 Community composition analysis
DNA was extracted from frozen filters of the complex

community exposition experiment using the phenol-
chloroform method (Montero-Pau et al., 2008). Extracted
DNA was quantified through Qubit and the relevant marker
genes were PCR-amplified before sending the DNA for 16S
rRNA gene amplicon sequencing. The V4 region (515F–806R
primers) of the 16S rRNA gene (2 x ~250 bp) was sequenced on a
MiSeq platform (Illumina, San Diego, United States). The
sequence data were processed using the DADA2 pipeline
(Callahan et al., 2016). Adapters were removed before further
analysis. Quality profile analysis revealed a significant decline in
quality beyond 270 bases for forward reads and 220 bases for
reverse reads. Consequently, the reads were trimmed at these
points. Ambiguous bases were removed, bases with a quality
score below 2 were truncated, and reads with an expected error
rate greater than 2 were discarded.

The DADA2 machine learning algorithm was employed to train
error models based on the filtered sequences. The sequences were
then dereplicated using the dereplication function. Forward and
reverse reads were merged, and chimeric sequences were removed.
Finally, merged reads were assigned to taxonomy using the IDTAXA
algorithm (Murali et al., 2018) with the Silva database v138.1.
Taxonomic classification was performed using the RDP Bayesian
classifier algorithm within DADA2.

2.3.4 Statistical analysis
Total abundances between samples groups were compared using

t-tests (Student) or Mann-Whitney when the group did not follow a
normal distribution.

Total reads per sample were deemed sufficient, ranging
between approximately 41,000 and 75,000 reads. Alpha
diversity was estimated using the Shannon index. Either
regular t-tests (Student) or the Mann-Whitney U test were
used to calculate significant differences in comparison to
control samples. Bray-Curtis dissimilarity matrices were
established for β-diversity. The statistical significance of
differences was checked using PERMANOVA. The “vegan”
package (Oksanen et al., 2022) was used for visualization of β-
diversity using an NMDS analysis. Relative read abundances were
used as a proxy for relative abundances of genera present in the
sample to compare proportional changes of different genera
between leachate exposure groups. Percentages of reads of a
genus were compared between exposure groups using standard
t-tests (Student).

2.4 Exposure to different concentrations

Leachates of PP, PVC and tire rubber were selected for exposure
experiment as they have yielded significant differences in total
abundance and growth rates of bacteria compared to the control
groups in our previous experiment (2.2.1).

2.4.1 Communities exposure
Complex communities of free-living bacteria from Lake Stechlin

were used, and leachates were diluted with sterile Milli-Q water to
create four exposure concentrations in the treatments: 0.00167,
0.0167, 0.083, and 0.167 mL leachate per mL liquid. This resulted
in final DOC concentrations of 0.09, 0.85, 4.26, and 8.52 mg DOC
per L for PP; 0.03, 0.31, 1.57, and 3.14 mg DOC per L for PVC; and
0.04, 0.43, 2.16, and 4.32 mg DOC per L for tire rubber. Control
samples were exposed to the same concentration series using control
water (control H2O) from the preparation of plastic leachates (2.2),
with two additional controls added to account for potential dilution
effects: one using double-filtered (0.22 µm) and autoclaved Lake
Stechlin water and the other using sterile Milli-Q water (0-control).
To increase nutrient and organic matter concentrations, exposure
groups were also repeated with the addition of LB medium at a final
concentration of 1:200 (ca. 60 mg DOC L−1). The DOC
concentration of the sampled lake water was at approximately
6 mg L−1. Triplicates were prepared for all experimental
conditions to ensure reproducibility.

2.4.2 Growth rate estimation
Samples of each culture were taken before and after 72 h of

incubation and fixed with formaldehyde (3% fin. conc.). Cell
abundance was estimated as described above for the complex
community experiment.

2.4.3 Statistical analysis
Dose-response models were applied using the R-packages drc

(Ritz et al., 2015) and minpack.lm (Elzhov et al., 2023) for regression
analysis and determining the EC50 values.

3 Results

3.1 Leachate concentrations based on DOC

The compostable, biodegradable plastic bag (starch-PLA)
yielded the highest leaching rates (17.8 mg DOC week−1 g
polymer−1, p = 2.128e−07), followed by the PP rope (4.3 mg DOC
week−1 g polymer−1, p = 6.118e−09) (Figure 1). PVC floor parts and
the tire crumb rubber also leached significant amounts of DOC
(1.5 mg DOC week−1 g polymer−1 and 1.1 mg DOC week−1 g
polymer−1, respectively, p = 8.467e−05 and p = 0.003643), though
these leaching rates were consistently lower than for the PP rope
(4.3 mg DOC week−1 g polymer−1, p = 6.118e−09). LDPE leached the
lowest amount of DOC as compared to all other synthetic polymer
products, and the amount of DOC in the LPDE leachates were close
or occasionally even lower than in the control sample (Figure 1).
Though leaching rates of LDPE were on average 0.15 mg DOC
week−1 g polymer−1 (whilst subtracting the controls), the leaching
rates were not significantly different from the controls.
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3.2 Microbial growth rate changes

No significant differences in microbial growth rates occurred
between the 0-control and control H2O samples at low nutrient
conditions (p = 0.11 and p = 0.48 at low nutrient conditions; p =
0.07 and p = 0.34 at high nutrient conditions). As there was an
insignificant difference, control H2O samples were used for
comparison with exposure samples. At low nutrient conditions
(Figure 2), strong growth stimulation was noticed for PP (p =
0.00742) and PVC leachate samples (p = 0.0039). A statistically

significant inhibition was noticed for the tire rubber leachate when
compared with either the 0-control or control H2O samples (p =
0.006217). However, neither LDPE nor compostable bag leachates
showed any significant difference in bacterial growth to control H2O
samples. At high nutrient conditions (Figure 2), however, only PVC
leachates revealed a significant increase in specific growth rate when
compared to control H2O (p = 0.003904). When comparing the
normalized growth rates, there was a significant difference for PP
(p = 0.006) and tire rubber leachates (p = 0.002) between the two
nutrient conditions. For both leachate types, however, the addition
of nutrients caused insignificant differences to the control H2O
samples in total abundance and growth rates.

3.3 Compositional changes

Overall, there were stronger differences in α-diversity between
plastic leachate types at low nutrient conditions than at high nutrient
conditions (Figure 3). Starch-PLA, PP, and PVC exposure groups
showed a significantly stronger decrease in α-diversity than the
LDPE exposure group (p = 0.002, p = 0.03, p = 0.001 respectively).
This decrease in α-diversity was reflected by the average Shannon
indices, which ranged between 0.3 and 0.5 units lower than control
samples. Yet, the LDPE exposure group also showed a significant
decrease in α-diversity when compared to control H2O samples. The
tire rubber exposure also tended toward a decrease in α-diversity
though a high variability rendered it insignificant.

At high nutrient conditions, the only significant decrease in α-
diversity occurred in the PVC exposure (p = 0.006). Though the
Shannon index for the PP exposure tended to decrease as well, it was
insignificant due to the high variance between samples. The starch-
PLA exposure was the only exposure group which had significantly
different α-diversities between both nutrient conditions (p = 0.003).

FIGURE 1
Leaching rates of synthetic polymer products. Leaching rate is
calculated as DOC amount released by a given amount of synthetic
polymer (mg DOC week−1 g polymer−1). Synthetic polymers included:
Starch-PLA: Starch Polylactic Acid, LDPE: Low Density
PolyEthylene, PP: PolyPropylene, PVC: PolyVinylChloride, and Tire
rubber: Tire crumb rubber. Statistical analysis consisted of t-tests
(Student) ** represents significance of p < 0.01; *** represents
significance of p < 0.001.

FIGURE 2
Microbial growth of natural free-living bacteria communities (<5.0 µm) in a 72-h in vitro exposition to synthetic polymer leachates at high vs. low
nutrient conditions. Synthetic polymers included: Starch-PLA: Starch Polylactic Acid, LDPE: Low Density PolyEthylene, PP: PolyPropylene, PVC:
PolyVinylChloride, and Tire rubber: Tire crumb rubber. Control H2O samples were exposed to the control sample of the leachate extraction experiment.
Leachate exposure samples were normalized to the control H2O group by subtracting the median of this group to all values. All samples were run in
triplicate. Statistical analysis consisted of t-tests (Student) or Mann-Whitney U test when the respective group does not follow a normal distribution. **
represents a statistical significance of p < 0.01. The curly brace indicates a significant difference between the same leachate types at different nutrient
conditions. Both were compared by using the normalized values for each condition.
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For tire rubber exposure, this difference was insignificant due to high
variability between samples of the same exposure groups.

At high nutrient conditions, the only significant decrease in α-
diversity occurred in the PVC exposure group (p = 0.006). Though
the Shannon index for the PP exposure group tended to decrease as
well, it was insignificant due to the high variance between samples.
The starch-PLA exposure was the only exposure group which had

significantly different α-diversities between both nutrient conditions
(p = 0.003). For tire rubber exposure, this difference was
insignificant due to the high variability between samples of the
same exposure groups.

NMDS analysis revealed that LDPE exposure was most similar
to control H2O samples (Figure 4). Additionally, there were clear
differences between all synthetic polymer exposure groups.

FIGURE 3
Alpha diversity (Shannon index normalized to the control H2O sample) of natural free-living bacteria (<5.0 µm) after a 72-h in vitro exposition to
synthetic polymer leachates at high and low nutrient conditions. Synthetic polymers included: Starch-PLA: Starch Polylactic Acid, LDPE: Low Density
PolyEthylene, PP: PolyPropylene, PVC: PolyVinylChloride, and Tire rubber: Tire crumb rubber. Control H2O samples were exposed to the control sample
of the leachate extraction experiment. Leachate exposure samples were normalized to the control H2O group by subtracting the median of this
group to all values. All samples were run in triplicate. * represents a statistical significance of p < 0.05. ** represents a statistical significance of p < 0.01.
Statistical analysis consisted of t-tests (Student) orMann-Whitney U test when the respective group does not follow a normal distribution. *** represents a
statistical significance of p < 0.001. The curly brace indicates a significant difference between the same leachate types at different nutrient conditions.
Both were compared by using the normalized values for each condition.

FIGURE 4
NMDS of Bray Curtis distances of natural free-living bacteria (<5.0 µm) after a 72 h in vitro exposition to synthetic polymer leachates at high and low
nutrient conditions. Synthetic polymers included: Starch-PLA: Starch Polylactic Acid, LDPE: Low Density PolyEthylene, PP: PolyPropylene, PVC:
PolyVinylChloride, and Tire rubber: Tire crumb rubber. Control H2O samples were exposed to the control sample of the leachate extraction experiment.
Leachate exposure samples were exposed to the leachates of the plastic type listed. As the experiment was repeated for the PVC exposure group,
this exposure group and its respective control are represented with a plus sign rather than dots.
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PERMANOVA using Bray-Curtis distances showed significant
differences in community composition between each leachate
exposure group and the respective control H2O groups under
low nutrient conditions (starch-PLA: p = 0.005, LDPE: p = 0.004,
PP: p = 0.005, PVC: p = 0.013, tire rubber: p = 0.004). However, it is
evident on the NMDS (Figure 4), that the community composition
of the LDPE exposure group was the most similar to the control
groups compared to all other exposure groups.

At high nutrient conditions, only bacterial communities of the
tire rubber and starch-PLA exposures were significantly different
from the respective control H2O (starch-PLA: p = 0.036, tire rubber:
p = 0.037). In contrast, control groups, PP, and LDPE exposures
were overlapping. The PVC exposure was also not significantly
different according to PERMANOVA. Note that PP exposure at low
nutrient conditions was significantly different from the controls, yet
at high nutrient conditions, they did not differ from the control H2O
exposure (p = 0.435). Similarly, the PVC exposure at high nutrient
conditions was also not significantly different from the control H2O
exposure at high nutrient conditions (p = 0.318), despite clear
differences at low nutrient conditions.

At low nutrient conditions, significant differences occurred
between communities exposed to different synthetic polymer
types (Figure 5). After exposure to starch-PLA, the hgcI-clade of
Actinomycetota and Pseudorhizobium dominated these samples (on
average 10.03% ± 2.19% and 5.4% ± 0.79), but Vogesella and
Acinetobacter were present in only low proportions (0.09% ±
0.03% and 0.14% ± 0.12, respectively). Additionally, Rhodoferax
was entirely absent from these samples. For the tire rubber exposure,
the hglc-clade (19.3% ± 0.28) and Pseudomonas (4.8% ± 0.02)
formed the dominant groups in these samples. Similar to the
starch-PLA exposure, the proportion of Vogesella was also
reduced (0.09% ± 0.03). On the other hand, Vogesella (26.2% ±
1.48) and Acinetobacter (25.3% ± 4.35) were by far the two most
dominant genera in the PP exposures.

In the PVC exposure, Acinetobacter (36.73% ± 1.15) and
Flavobacterium (17.7% ± 0.22) were the most dominant genera.
The LDPE exposure group wasmost similar to control H2O samples,
with Rhodoferax (23.5% ± 3.44) and hgcI-clade of Actinomycetota
(5.37% ± 2.16) forming, on average, the most dominant groups.
Though some bacterial genera seem to be common in several
exposures, individual leachate exposures differed in their overall
composition (see Figure 4), especially the most dominant
bacterial genera.

At high nutrient conditions, also at genus level resolution, there
were smaller differences between leachate exposures and controls.
The only pronounced compositional changes compared to the
control H2O samples occurred in starch-PLA and tire rubber
exposures. For starch-PLA exposure, the dominant genera were
Acinetobacter and Massilia (21.8% ± 4.32% and 15.0% ± 7.10,
respectively), though there was some variability between
replicates. On the other hand, Pseudomonas and Massilia were
dominant after tire rubber leachate exposure (19.2% ± 1.32% and
30.8% ± 5.48, respectively). For all other exposures, i.e., LDPE, PP
and PVC, differences in relative read abundance were insignificant
between exposure groups and the respective controls.

Concerning effects on community composition, PVC was the
only leachate type for which significant effects on total abundance
and growth rates were observed at high nutrient conditions

(Figure 2). Our bacterial community composition analysis
indicated that this may be the result of a strong proliferation of
Acinetobacter and Vogesella, the two dominant genera in the control
H2O samples at high nutrient conditions (Figure 5). This may also
explain why there is a significant decrease in α-diversity at high
nutrient conditions (Figure 3), whilst β-diversity was insignificantly
different to control H2O samples. Starch-PLA, despite it had no
effect on total bacterial abundance, it resulted in significant
community shifts at both nutrient conditions (Figure 4).

For the PP leachate exposure, however, addition of nutrients
seemingly dampened the stimulatory effects on total bacterial
abundance and growth rate as well as community shifts (Figures
2–5). For the tire rubber exposure groups, however, slight
inhibitions across microbial communities occurred at low
nutrient conditions. At high nutrient conditions, there was an
apparent stimulation of growth rates for certain bacterial genera,
which was seemingly equalled by stronger inhibitions, for instance
of Vogesella (Figure 5). This may explain the lack of differences in
overall growth rates compared to control H2O samples (Figure 2),
whilst there were significant differences in β-diversity when
compared to the control H2O at both nutrient conditions (Figure 4).

3.4 Concentration series exposure

At low nutrient conditions, there was a significant concentration
effect (p = 5.0e−04) for PP leachates exposures (Supplementary
Figure 1a). The sigmoidal dose-response model was fitted to the
PP leachate concentration series with an R2 value of 0.868. Growth
rates yielded an EC50 value of 0.43mgDOC L−1 (Figure 6a). For PVC
leachates (Supplementary Figure 1a), there was also a significant
concentration effect (p = 3.0e−05), but only at low nutrient
concentrations. The sigmoidal dose-response model was fitted to
the PVC leachate concentration series with an R2 value of 0.761.
These revealed a higher EC50 4.74 mg DOC L−1 (Figure 6b). Though
there is a disparity in the EC50 values for PP and PVC, it is important
to note that the specific growth rate effects at these concentrations
for PP and PVC exposures at the highest tested concentrations was
on average 0.01 h−1 for both exposure groups.

The tire rubber leachates (Figure 6c), on the other hand, did not
show data befitting a sigmoidal function thus no EC50 could be
calculated. The specific growth rate for the second highest
concentration of tire leachate (2.16 mg DOC L−1) was
significantly (p = 0.04459, 0.02138) higher than in the samples of
0.00167- and 0.0167 mL Leachate mL−1. However, a linearized
model was not statistically significant (p = 0.22). Since the R2

value of this model was only 0.11, a linearized model is likely not
ideal to represent this data. Therefore, a LOESS function was used to
describe this dataset, which yielded an R2 value of 0.812.

At high nutrient conditions, there was a significant increase in
growth rate (Figure 6d) for samples which were exposed to PVC
leachates when compared to control samples (p = 0.04). A dose
response model was created for PVC at high nutrient conditions as
the linearized model was statistically significant. The sigmoidal
function yielded an R2 value of 0.465. The EC50 value for the
PVC exposure groups at high nutrient conditions was estimated
at 0.04 mg DOC L−1. Despite this lowered EC50 value at high
compared to low nutrient conditions, the estimated change in
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specific growth rate at the EC50 concentration was much lower at
0.0001 h−1 (compared to 0.027 h−1 at low nutrient conditions). The
linearized models did not show any other significant changes in
growth for any other sample (Supplementary Figure 1b).

Overall, changes in total specific growth rates at low nutrient
conditions were weaker or disappeared at high nutrient conditions.
This was most obvious for PP, though inhibitory effects of PVC were
also weaker at high nutrient conditions.

FIGURE 5
Average relative abundances of reads assigned to the most common genera of free-living freshwater bacteria (<5 µm) in each sample exposed to
synthetic polymer leachates at high and low nutrient conditions. Synthetic polymers included: Starch-PLA: Starch Polylactic Acid, LDPE: Low Density
PolyEthylene, PP: PolyPropylene, PVC: PolyVinylChloride, and Tire rubber: Tire crumb rubber. Control H2O samples were exposed to the control sample
of the leachate extraction experiment. Leachate exposure samples were exposed to the leachates of the plastic type listed. N = 3 for all sample
groups except “Control H2O” at high nutrient conditions and tire rubber leachates at low nutrient conditions for which N= 2, due to significant variation in
relative abundance of Acinetobacter which skewed the average.
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4 Discussion

4.1 Effects of synthetic polymer leachates

Our experiments showed that plastic leachates of different
synthetic polymer types have varying effects on microbial
communities. A part of these variations can be explained by the
differences in leaching rates among the various plastic products used
in our study. Another factor is DOC quality of the different leachates
and hence bacterial substrate availability (Romera-Castillo et al.,
2022). The starch-PLA bag showed leaching rates which were
4–5 times higher than those of the PP rope. However, when
natural free-living bacterial communities from Lake Stechlin were
exposed to starch-PLA leachates, no significant differences in total
growth rates were observed (Figure 2). In contrast, significant
community shifts occurred at both high and low nutrient
conditions in exposures to starch-PLA leachates, whilst no
significant changes in growth rates were recorded (Figure 4).
This indicates that starch-PLA leachates are interacting with the
microbial communities, causing stimulation as well as inhibition,
depending on the respective bacterial genera. This is reinforced by
results of our exposure experiment of selected bacterial isolates from
Lake Stechlin (Supplementary Figure 2). Thereafter, at high nutrient
conditions, increased growth rates were observed for
Flavobacterium, whereas a trend towards growth inhibition was
observed for Sphingomonas. As starch-PLA leached the highest
amounts of organic carbon, the lack of a strong stimulation of
any genus implies that the main component of the organic carbon
leached is little available for the free-living bacterial community of
the lake. Starch-PLA bags, though sold as compostable, have been
found to be biodegradable by maximal 90% in industrial compost
systems, even at 60°C as per the European norm laboratory test

methods (Ciriminna and Pagliaro, 2020, EN 14046). In our study,
the biodegradability of this leachate type in natural aquatic settings
seems to be very low, as has been found earlier for certain PLA types
in the ocean (Egea et al., 2024).

The relative composition of leachates is important in
determining effects on microbial communities (Gunaalan et al.,
2020). Tire rubber, which is known to harbour a large variety of
additives, showed inhibitory effects on growth rates of natural free-
living bacterial communities at low nutrient conditions (Figure 2) -
though released DOC amounts were similar to those of PVC.
Moreover, our concentrations exposure experiment revealed that
effects of PP, PVC and tire rubber leachates on microbial dynamics
largely depend on exposure concentration, as has been previously
reported in the literature (Li et al., 2016). At low nutrient conditions
(Figure 6), PP and PVC leachates seem to well fit a typical sigmoidal
model. The accuracy of the model can be put into question for PVC,
as it seems questionable (from the four applied leachate
concentrations) whether near-maximum effects have been
reached. The tire rubber leachates do not fit a sigmoidal model at
all, but due to statistically significant changes in growth rates for an
intermediate concentration and the growth rate inhibition observed
of natural free-living bacteria (Figure 2), the data can be represented
by a biphasic dose-response model (Figure 6c). It is possible that at
intermediate concentrations, the inhibitory chemicals are not
concentrated enough to reveal a strong inhibitory effect on lake
bacteria, and thus there seems to be additional available organic
carbon for the bacterial community.

Though no biphasic effects of tire rubber leachates on microbes
have been reported in the literature, there is evidence that tire rubber
granules can both stimulate growth of certain microorganisms and
inhibit growth of others. Among the organisms growing on tire
leachates were members of the Pseudomonas genus (Leff et al.,

FIGURE 6
Dose-responsemodels for different synthetic polymer leachates regardingmicrobial growth rates of natural free-living bacteria (<5.0 µm) from Lake
Stechlin over a 72-h exposure period at either high or low nutrient conditions. (a) Exposures to PolyPropylene (PP) at low nutrient conditions. (b)
Exposures to PolyVinyl Chloride (PVC) at low nutrient conditions. (c) Exposures to tire crumb rubber at low nutrient conditions. (d) Exposures to PolyVinyl
Chloride (PVC) at high nutrient conditions. Concentration is expressed in volume per volume as this better represents the differences in leaching
rates between plastic types.
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2007), which were also dominant in our experiment at high nutrient
conditions (Figure 5), and isolates had increased growth rates at high
nutrient concentrations in tire rubber exposures (Supplementary
Figure 2b). On the other hand, the apparent inhibition of Vogesella
by tire rubber leachates at high nutrient conditions, one of the
dominant genera in the control H2O samples, also illustrates the
inhibitory potential of tire rubber leachates. In sediment microbial
communities, zinc and benzothiazole were identified as the main
potential factors of tire rubber additives leading to pronounced
community shifts and these chemicals are proven to be toxic for
several microorganisms (Ding et al., 2022). As a consequence, tire
particles were also shown to inhibit nutrient cycles in coastal
sediments (Ding et al., 2022). The combination of these effects
could explain the observed dose-responses in our concentrations
experiment.

4.2 Environmental relevance

Exposures to different leachate concentrations also allowed us to
compare the measured effects to environmentally realistic
concentrations, using the same method as Sheridan et al. (2022)
to calculate realistic LDPE leachate concentrations in freshwaters.
This was assisted by bibliographical data on the relative occurrence
of various plastic types (Uurasjärvi et al., 2020; Yuan et al., 2019;
Capolupo et al., 2020).

According to our calculations, PP leachates can result in
environmental concentrations of 4.88 mg DOC L−1, taking the
high leaching rates of this study into account and the fact that
PP microplastics often dominates the entire plastics pollution in
aquatic environments. Considering that the EC50 for PP leachates
reached 0.43 mg DOC L−1, significant environmental effects can be
expected. For PVC, the realistic environmental concentration was
found to be much lower, i.e., only 0.39 mg L−1, due to its less frequent
occurrence in freshwater and much lower leaching rates (according
to the measured leaching rates in our experimental model system).
According to our dose-response model, no significant effects on the
specific growth rate of the free-living bacterial community can be
expected at this concentration. For tire rubber, it is more difficult to
estimate its relative contribution, particularly as these tend to be
much denser and can rapidly sink onto the sediment. For this
reason, the tire rubber particle abundance in the sediment was used
to estimate its environmental concentrations. A realistic
environmental concentration seems to be 0.32 mg DOC L−1. For
this concentration, according to the dose-response model fitted to
the data, no significant effect on the bacterial community might
be expected.

It must be mentioned that these are rough estimates to provide
an idea on possible effect size of the environmentally relevant
concentrations of each tested synthetic polymer leachate. Yet, in
certain instances of heavily polluted water bodies, these might be
much higher or else be significantly lower in more preserved water
bodies. Additionally, the use of strong UV-lamps likely
disproportionately affects leaching rates of certain products over
others (Romera-Castillo et al., 2022), and, as mentioned previously,
leaching rates and chemical make-ups are not equally distributed
between products of the same synthetic polymer type. Furthermore,
as seen in the mixed leachate sample of the bacterial isolates

exposure (Supplementary Figure 2), the generally mixed and
heterogenous plastic pollution of aquatic systems is likely to have
effects which differ from those of leachates of a single plastic type or
product. Nevertheless, these values can offer an important
orientation for the extent of aquatic pollution by plastic leachates
and their potential effect size on aquatic (micro)organisms.

It is also noteworthy to mention that these experiments may be
influenced by the “bottle effect” caused by shifting the natural
bacterial communities in small and closed containers (Hammes
et al., 2010). It is known that this bottle effect can potentially alter the
measured effects. Therefore, this incubation may be not entirely
representative for natural ecosystems. Yet, microcosms with their
highly controlled environmental factors can give important insights
into the response of microbial communities to synthetic polymer
leachates and thus provide valuable information on the effects of
synthetic polymer leachate effects on complex microbial
communities (Russo et al., 2016).

4.3 Effects of nutrient availability

Leachate exposures of natural bacterial communities (Figures 2,
6) indicate that effects of nutrient availability are not negligible, as
has been found for pesticides (DeLorenzo et al., 2001). Furthermore,
the effects of nutrient availability varied depending on the plastic
type and for specific bacterial genera of natural free-living lake
communities.

For the most part, stimulatory effects on bacterial communities
via PP and PVC leachates are greatly dampened at high nutrient
conditions compared to their respective controls as can be seen for
the entire lake community (Figures 2, 6) and also for Pseudomonas
when exposed to PVC leachates (Supplementary Figure 2). This
notion can be explained by a more efficient uptake of specific forms
of dissolved organic carbon over others. DOC from the LB medium
is much more bioavailable than leachates from these synthetic
polymers, e.g., represented by differences in bacterial carbon
uptake genes (Poretsky et al., 2010). Acinetobacter and Vogesella
represent an exception to this notion. Studies have shown that
members of both Acinetobacter and Vogesella genera have PAH
degrading capabilities (Czarny et al., 2020; Li et al., 2016), a common
additive of PP and PVC plastic products. PAH degradation has also
been shown to be enhanced when nutrient availability is high
(Premnath et al., 2021). Further, bacterial co-metabolism can
explain the simultaneous growth stimulation of Acinetobacter and
Vogesella via PP and PVC even at low nutrient conditions. Nutrient
enrichment has been shown to functionally influence microbial
communities, especially via the expression of ABC transporters,
which is downregulated when nutrients are enriched (Russo et al.,
2016). Additionally, ABC-transporters have also been identified as
important for microbial uptake of aromatic compounds, e.g., for an
Acinetobacter strain (Mutanda et al., 2022). As aromatic compounds
likely constitute an important component of both PP and PVC
leachates, it is plausible that bacteria of the complex lake microbial
community expressed less ABC transporters at high nutrient
conditions, and thus were less impacted by aromatic (or other)
leachate compounds.

Conversely, leachates which show inhibitory or no stimulatory
effects, e.g., starch-PLA and tire rubber leachates, can cause
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important bacterial community shifts at high nutrient conditions.
ABC-transporters have also been shown to be important in
resistance to heavy metals, which are abundant in tire rubber
leachates (Nies, 2003; Halsband et al., 2020). Thereby,
downregulation of ABC transporters expression at high nutrient
conditions can also impede the microbe’s ability to resist to heavy
metals. Nevertheless, the addition of nutrients nullified the effects on
total bacterial abundance and growth rates. A potential explanation
could be that, for instance, Pseudomonas is able to use tire rubber
leachates as a growth substrate (Leff et al., 2007), as is suggested by
increased growth rates at high nutrient conditions compared to
control H2O samples. This effect was absent for the tested
Pseudomonas isolate at low nutrient conditions (Supplementary
Figure 2b). As for PAHs (Premnath et al., 2021), tire rubber
might be more bioavailable at nutrient enriched conditions,
which also promote co-metabolism of highly polymeric carbon
compounds. Differences in growth rates between exposures, for
instance of Rhodoferax and Pseudomonas exposed to tire rubber
leachates (Figure 5), indicate that the nature of these shifts varies
with bacterial nutrient availability.

Our findings illustrate that plastic pollution in freshwaters leads
to leachate effects on bacterial dynamics, which differ in dependence
of the present environmental features. Unproductive, nutrient-poor
freshwater bodies tend to have DOC concentrations ranging from
1 to 50 mg DOC L−1 (Menzel et al., 2005), though, for instance,
concentrations as high as 300 mg DOC L−1 have been found in
Canadian wetlands (Blodau et al., 2004). In our exposure
experiments, organic carbon concentrations were approximately
6 mg and 60 mg DOC L−1, representing both ends of the trophic
spectrum, i.e., unproductive vs. productive freshwater bodies,
respectively. Yet, our study does not provide the entire picture of
what could happen in other more eutrophic aquatic systems. The
addition of nutrients together with the exposure to synthetic
polymer leachates is also likely more akin to anthropogenic
nutrient enrichment than the leachate pollution of naturally
nutrient-poor lake ecosystems. Our results illustrate a variety of
effects of leachate pollution on bacterial dynamics depending on the
specific environmental settings of complex and chemically diverse
freshwater ecosystems.

5 Conclusion

Our results shed a new light on the complexity of effects exerted
by synthetic polymer leachates on aquatic microbial communities,
which extend beyond previous findings, i.e., the stimulation of
microbial growth through LDPE leachates (Sheridan et al., 2022).
The extent of these effects ranged from bacterial community shifts to
changes in total bacterial growth rates. Our results revealed variable
effects between synthetic polymer leachate types and nutrient
conditions. This highlights the importance of taking the trophic
states and presumably other specific environmental features of
aquatic ecosystems into account when evaluating the effects of
plastic leachate pollution under real world conditions. In a
regulatory context, our findings emphasize the need for
prioritizing use-reduction of plastics of higher leaching rates and
toxic effects, such as PP, PVC and tire rubber and highlight the risks

associated with replacing currently used plastics with starch-PLA
based products.

To further proceed, we suggest to not solely analyse community
shifts at the 16S rRNA gene level, but also use transcriptomics
analyses of bacterial communities exposed to various types of plastic
leachates, to highlight functional changes via up- or downregulation
of specific functional genes. Transcriptomics and other OMICS
approaches will increase our understanding of the mechanisms
underlying our findings. Future experiments should use more
diverse freshwater bacterial communities and include the
particle-attached fractions to elucidate the full extent of effects,
exerted by various types of plastic leachate pollution, on microbial
diversity and metabolism and thus overall ecosystem functioning.
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