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Bioplastics spark viral activity, reshape
microbiomes and accelerate organic
matter degradation in the marine
environment

Check for updates

Cinzia Corinaldesi 1,2 , Michael Tangherlini3, Nicola Simoncini 1,4, Eugenio Rastelli 5,
Ilaria Mercanti 1,6, Giorgia Palladino7,8, Agnese Fumanti 1,4, Silvia Gallegati4, Antonio Dell’Anno2,4,
Stefano Varrella2,4, Silvestro Greco9, Marco Candela7,8 & Roberto Danovaro 2,4

Bioplastic and polylactic acid production is expected to increase in the future to replace single-use
traditional plastics. Here we investigated the effects of polylactic acid contamination in marine
ecosystems by assessing its degradation over time in an experimental mesocosm, along with its
impact on microbial abundance, microbiome diversity, viral infections, and rates of organic matter
cycling. We report here that, as polylactic acid gradually lost its integrity, a microbial biofilm rich in
Marinobacter sp. developed on the biopolymer, reshaping the marine microbiome, promoting
polylactic acid-associated bacteria such as the Saccharospirillaceae, and in turn increasing viral
activity andaccelerating thedegradationof organicmatter. Theseeffects,whichwere further amplified
at the temperatures experienced during heatwaves, suggest that high levels of polylactic acid
contamination might influence the functioning of coastal marine ecosystems, particularly during
extreme temperature episodes.

Plastic pollution is globally recognized as one of the major environmental
threats1. Estimates suggest that approximately eightmillion tonnes of plastic
waste enter marine environment annually2, where, due to their slow
degradation rates, remain for years, decades or even centuries3,4. Plastic
items in the marine environment undergo degradation processes and are
fragmented into micro- and nano-plastics, which amplify their negative
effects on marine life, from the molecular to the ecosystem level5,6. Micro-
and nano-plastics also have negative economic implications andmay pose a
threat to human health, with far-reaching consequences not only for the
Sustainable Development Goal (SDG) 14 (Life below water) but also for
manyother SDGs7–9. In addition, plastics are produced fromnon-renewable
sources, raising concerns about their sustainability and impact on the
climate10. To reduce or replace plastic use, different strategies have been

developed, including the EU Plastic Strategy11 andDirective EU 2019/90412,
better known as the Single-Use Plastic Directive, which aims to reduce the
impact of single-use plastic products on the environment. Some countries
around the world (e.g., Australia and the USA) have banned single-use
plastics13,14.

According to SDG14, the priority for reducing the impact of traditional
plastics (fossil-based plastics) is to replace them with bioplastics (i.e.,
materials that are either bio-based, biodegradable, produced through bio-
logical processes or a combination of these)15,16.

In 2023, the global production of bioplastics reached approximately 2.2
million tons, and this is expected to grow to 5.7–7.4 million tons by
2025–202817,18. Given the rapid increase in bioplastic production and their
widespread use in single-use products19, there is a potential risk of
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contamination in the marine environment, especially in contexts where
waste is not properly managed20–22.

Among all bioplastics, polylactic acid (PLA) is the most produced
polymer, accounting for approximately 37% of global bioplastic
production23, with its demand expected to double every 4 years24. PLA is a
thermoplastic aliphatic polyester obtained by polymerizing lactic acid
derived from corn starch, tapioca roots and sugarcane21,25,26. It is used in
various industrial sectors, including healthcare, textile, and food industries,
to produce disposable tableware (e.g., cups, plates, food containers, and
packaging).

Bioplastics offer several advantages over traditional plastics, such as
being produced from renewable resources (contributing to a circular
economy), consuming less energy, and generating fewer greenhouse gas
emissions during production27. However, recent studies have shown that
not all bioplastics are readily bio-degradable28. If these are not properly
managed on land, once released into marine environment they may have
negative effects on several faunal components29–31.

Regarding PLA, it has been reported that, depending on the environ-
mental and biological conditions of the marine environment, and/or the
intrinsic features of the material32,33, it can remain stable for up to 1 year or
more after its release at sea34–37, or it may be fragmented38,39, colonized by
microbial biofilms21,40, and degraded into lower molecular weight com-
pounds like lactic acid and oligomers36,41,42. These products are typically
bioavailable43, although the efficiency of their use depends on the char-
acteristics of themarinemicrobiota and environmental factors (e.g., oxygen
concentration, and temperature)44–46.

In addition, recent investigations have shown that PLA is characterized
by significantly higher ageing and erosion rates in marine sediments com-
pared to the water column32. This can increase nitrite and nitrate con-
centrations, as observed in microcosm experiments with PLA-
contaminated aquatic sediments, where elevated NO₃⁻ and NO₂⁻ con-
centrations were accompanied by reduced NH₄⁺ concentrations and
increased amoAandnirS gene abundances45.Overall, thesefindings indicate
that bioplastics could act as a source of organic carbon (needed for the
denitrification reaction) for the growth and activity of benthic
communities45 and could alter the C and N cycles46.

So far, available information on the composition of the microbiome
colonizing bioplastics in the marine environment has provided contrasting
results. Some investigations have shown that biopolymers select for a spe-
cific microbiome and bacterial degraders47–50, whereas others have reported
unspecific microbial colonization, suggesting that microbes use these plas-
tics merely as a substrate for growth33,51.

Information onbioplastic contamination onmarinemicrobiota and its
degradation rates is crucial for understanding the ecological implications of
the improper disposal of this increasingly prevalent biomaterial. However,
these aspects are still poorly understood, particularly when considering the
consequences on virus-host interactions, which might influence biodi-
versity, marine food webs and nutrient cycling52,53.

To elucidate the effects of bioplastic contamination on virus-
microbiota interactions, organic matter degradation rates, and the micro-
biome colonizing bioplastic debris, sediments, and seawater,we conducted a
study in an experimental mesocosm simulating PLA contamination of
coastal marine ecosystems after accidental release. Considering the pro-
jected increase in PLA production in the future, our results highlight the
potential for this emerging contamination to impact marine food-web
functioning.

Results
The effects of PLA contamination on marine microbiota distribution
and degradation activity, viral dynamics and infections, sedimentary
organic matter composition, and microbiome diversity were assessed
through a mesocosm experiment over 5 months. We compared PLA-
contaminated sediments and seawater and controls at different time
intervals (immediately after PLA addition, after 30 days, 60 days and
after 150 days).

Sedimentary phytopigments and organic matter composition
The results of the biochemical composition of organic matter and phyto-
pigments are shown in Supplementary Fig. 1. Chlorophyll a, carbohydrate
and lipid concentrations did not show significant changes between PLA-
contaminated sediments and the control. Protein concentrations increased
in both PLA-contaminated systems and the control, although this change
was not statistically significant (Supplementary Table 1).

Microbiota abundance, biomass and extracellular enzymatic
activities
In the sediments contaminated with PLA, prokaryotic abundance sig-
nificantly increased over time compared to the control, both after 60 days
(on average, 2.2 ± 0.2× 108 cells g−1 and1.5 ± 0.2× 108 cells g−1, respectively)
and150days (onaverage, 2.4 ± 0.1×108 cells g−1 and1.9 ± 0.1×108 cells g−1,
respectively) from the start of the experiment (Fig. 1a; Supplementary
Table 2). Prokaryotic biomass also showed significantly higher values after
60 days (on average, 3.5 ± 0.6 μgC g−1 and 1.9 ± 0.6 μgC g−1, respectively)
and 150 days (on average, 3.7 ± 0.4 μgC g−1 vs. 2.5 ± 0.1 μgC g−1; Supple-
mentary Fig. 2; SupplementaryTable 2). Similar results were observed in the
PLA-contaminated seawater after 30, 60 and 150 days of incubation (on
average, 7.0 ± 0.7 × 106 cells mL−1) compared to the control (5.3 ± 0.6 × 106

cells mL−1; Fig. 1d; Supplementary Table 2).
Aminopeptidase activities significantly increased in the sediments

contaminatedwith PLAafter 150 days compared to the control (on average,
17.3 ± 2.6 nmol g−1 h−1 vs 8.1 ± 0.7 nmol g−1 h−1, in the PLA-contaminated
sediments and control, respectively; Fig. 1b; Supplementary Table 2).
Similar results were also observed in the PLA-contaminated seawater at the
end of the experiment (on average, 24.2 ± 3.4 nmol mL−1 h−1vs 2.9 ± 1.4
nmol mL−1 h−1, in the PLA-contaminated seawater and the control,
respectively, Fig. 1e; Supplementary Table 2).

β-glucosidase activities both in PLA-contaminated sediments and
seawater increased after 150 days compared to the control (on average, in
the sediments: 0.4 ± 0.01nmol g1 h−1 vs 0.3 ± 0.01nmol g−1 h−1, respectively,
and in the seawater: 2.3 ± 0.4 nmol mL−1 h−1 vs 0.3 ± 0.1 nmol mL−1 h−1,
respectively; Fig. 1c, f; Supplementary Table 2).

Turnover times of protein and carbohydrate concentrations sig-
nificantly decreased towards the end of the experiment compared to the
controls (Supplementary Fig. 3; Supplementary Table 2).

Viral abundance, production and virus-induced prokaryotic
mortality
In the sediments containing PLA, viral abundance increased during the
experiment and was significantly higher already after 60 days compared to
the control (on average, 1.4 ± 0.2 × 109 viruses g−1 vs 1.1 ± 0.1 × 109 viruses
g−1, respectively; Fig. 2a; Supplementary Table 3), whereas viral production
was significantly higher after 150 days (4.4 ± 0.8 × 107 viruses g−1 h−1 in the
PLA-contaminated sediments vs 2.1 ± 0.5 × 107 viruses g−1 h−1 in the con-
trol, respectively; Fig. 2c; SupplementaryTable 3). In thePLA-contaminated
seawater viral abundance increased after 30 days and 150 days of the
experiment (2.7 ± 0.4 × 106 viruses mL−1 and 1.2 ± 0.1 × 107 viruses mL−1,
respectively, Fig. 2b; Supplementary Table 3) compared to their controls
(1.6 ± 0.2×106 virusesmL−1 and0.9 ± 0.05× 107 virusesmL−1, respectively).

After 150 days of the experiment, Virus-induced prokaryoticmortality
(VIPM) was also significantly higher in the PLA-contaminated sediments
(on average, 0.4 ± 0.04 % killed prokaryotes h−1, Fig. 2d; Supplementary
Table 3) compared to the control (0.3 ± 0.01 % killed prokaryotes h−1).

Experiment with PLA leachates
Prokaryotic abundance was significantly higher after one month of treat-
ment with PLA leachates compared to the control both at 20 °C (9.8 ± 1.3 ×
105 cells mL−1 and 7.3 ± 0.9 × 105 cells mL−1, respectively; Supplementary
Fig. 4a; Supplementary Table 4) and at 31 °C (9.0 ± 0.9 × 105 cells mL−1 and
6.4 ± 0.5 × 105 cells mL−1, respectively; Supplementary Fig. 4e; Supple-
mentary Table 4). Viral abundances were also significantly higher after one
month-treatment at 31 °C (3.1 ± 0.5 × 106 viruses mL−1 and 1.9 ± 0.2 × 106
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viruses mL−1, respectively; Supplementary Fig. 4f; Supplementary Table 4).
Viral production was significantly higher than in the control at both 20 °C
(2.0 ± 0.3 × 106 viruses mL−1and 1.0 ± 0.1 × 106 viruses mL−1 h−1, respec-
tively; Supplementary Fig. 4c; Supplementary Table 4) and at 31 °C
(2.3 ± 0.3 × 106 viruses mL−1 h−1 and 1.1 ± 0.2 × 106 viruses mL−1 h−1,
respectively; Supplementary Fig. 4g; Supplementary Table 4) after one
month of treatment. Virus-induced prokaryotic mortality (VIPM) exhib-
ited the same pattern of viral production, with significantly higher values
both at 20 °C (4.5 ± 0.4% killed prokaryotes h−1; Supplementary Fig. 4d;
Supplementary Table 4) and at 31 °C (6.1 ± 0.4% killed prokaryotes h−1;
Supplementary Fig. 4h; Supplementary Table 4) compared to the respective
controls (20 °C: 3.1 ± 0.4% killed prokaryotes h−1, and 31 °C: 4.2 ± 0.2%
killed prokaryotes h−1).

Microbiome composition and diversity
Rarefaction curves of the number of observed ASVs as a function of rar-
efaction depth for each sample (6500 sequences) reached a clear plateau,
indicating that the majority of the microbial diversity had been captured
(Supplementary Fig. 5). At the beginning of the experiment (0 days), the
microbiome associatedwith both sediments andPLAwas dominated by the
classes Gammaproteobacteria and Bacteroidia, whereas the seawater
microbiomewas dominated by Bacteroidia. Overall, at this time, in all PLA-
contaminated and control sediments the benthic microbiome was mainly
represented by the families Woeseiaceae (on average, 18%), B2M28 (11%),
Pirellulaceae (6%) and Flavobacteraceae (5%), while in both PLA-

contaminated and control seawater, the main taxa were Rhodobacter-
aceae and Flavobacteraceae (on average, 22% and 11%, respectively), fol-
lowed by SAR86 (9%), Thioglobaceae (7%) and Clade_I (5%). The PLA
microbiome at the start of the experiment was largely represented by
Pseudoalteromonadaceae (9%), Flavobacteraceae (6%), Crocinitomicaceae
(6%) and Rubritaleaceae (5%). The main bacterial families present in sea-
water (Rhodobacteraceae and Flavobacteraceae) were also present in sedi-
ments (on average 3% and 5%, respectively) and PLA (4% and 6%,
respectively) although with lower contributions.

After 60 days, in both control and PLA-contaminated sediment, the
contribution of Rhodobacteraceae increased (on average, 10% and 6%,
respectively). Similarly, both in the control andPLA-contaminated seawater
themicrobiome changed over time. In the control, Alteromonadaceae were
the dominant family (63%), followed by Rhodobacteraceae (13%) whereas
in the PLA-contaminated seawater especially the contribution of Rhodo-
bacteraceae (33%) and Clade_I (21%) increased. The PLAmicrobiome was
characterizedby the increase in the contributionofRhodobacteraceae (25%)
and Alteromonadaceae (10%).

After 150 days, the microbiome in control sediments was mainly
represented by Rhodobacteraceae (12%) whereas in the PLA-contaminated
sediments by Marinobacteraceae (17%) and Rhodobacteraceae (11%). In
control seawater, Rhodobacteraceae and Alcanivoraceae were the most
represented (16% and 14%, respectively), followed by Marinobacteraceae
(12%) and Candidatus_Kaiserbacteria (11%), whereas in PLA-
contaminated seawater, Marinobacteraceae (71%) dominated, followed by

Fig. 1 | Prokaryotic abundance and extracellular enzymatic activities in the
sediments and seawater contaminated with PLA. a Prokaryotic abundance,
b aminopeptidase activity, and c β-glucosidase activity in PLA-contaminated (PLA)
and control (CTRL) sediments during the time-course experiment. d Prokaryote
abundance, e aminopeptidase activity, and f β-glucosidase activity in PLA-

contaminated (PLA) and control (CTRL) seawater during the time-course experi-
ment. Reported are standard deviations (±). Asterisks (*) indicate significant dif-
ferences compared to the control. Significance values: *p < 0.05; **p < 0.01;
***p < 0.001 (Supplementary Table 2).
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Rhodobacteraceae (7%). The PLA microbiome was especially represented
by members of Saprospiraceae (17%), Rhodobacteraceae (16%), Mar-
inobacteraceae (9%) and Methylophagaceae (8%; Fig. 3a and Supplemen-
tary Fig. 6).

Alpha diversity values (measured as ASV richness, Pielou’s evenness,
and Shannon Index) were similar between the two replicates within each
condition (relative percent difference: on average, 13% forASV richness, 5%
for Shannon index, and 3.4% for Pielou index), indicating a consistent
pattern and suggesting limited technical variation (Supplementary Table 5).
All microbiomes, including the controls, exhibited a general decreasing
pattern in terms of alpha diversity from the beginning (0 days) to the end of
the experiment (150days; Supplementary Fig. 7).Alphadiversity patterns in
the two replicates of PLA-contaminated and control sediment samples
appeared to be relatively consistent across time points, whereas alpha
diversity patterns in PLA-contaminated and control seawater samples
seemed to be less coherent.

TheDetrendedCorrespondenceAnalysis (DCA)basedonBray-Curtis
distance showed the similarity patterns of each matrix’s microbiome based
on sampling times (Fig. 3b). Analysis of between-sample distances carried
out between control and PLA-contaminated samples at each time interval
and for either sediment or seawater samples showed that the average dis-
tance between the two types of samples increased over time (Fig. 3c).
Dendrograms obtained from the Bray-Curtis cluster analysis also revealed
that at the beginningof the experiment (0 days), themicrobiomesassociated
with sediment, seawater and PLA clustered separately and showed a wide
(ca. 80%) distance among each other (Fig. 3d). At the end of the experiment,
PLA microbiomes clustered with those of PLA-contaminated sediments
rather than those of PLA-contaminated seawater, with distances <80%.
Distances >90% were reported between PLA-contaminated and control
seawater samples (Fig. 3d).

At the start of the experiment, PLA-contaminated seawater and PLA
microbiomes shared 217 ASVs (22.9% of their total ASVs), while sediment

Fig. 2 | Viral abundance, production and virus-induced prokaryotic mortality
(VIPM) in the sediments and seawater contaminated with PLA. Viral abundance
in the sediments (a) and seawater (b) contaminated with PLA and in the control
(CTRL) during the time-course experiment; viral production (c) and VIPM (d) in

the sediments contaminated with PLA and control (CTRL) during the time-course
experiment. Reported are standard deviations (±). Asterisks (*) indicate significant
differences compared to the control. Significance values: *p < 0.05; **p < 0.01;
***p < 0.001 (Supplementary Table 3).
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Fig. 3 |Microbiome of sediment, seawater andPLA. aRelative contribution of each
bacterial taxon (at Family level) to the microbiome of different matrices (PLA,
sediments and seawater) and the control analysed during the experiment at three
different time points (0 days, 60 days and 150 days). In Others all the bacterial taxa
with an average relative abundance <0.5% were grouped; b DCA ordination plot
representing the assemblage structure of themicrobiome of sediments, seawater and

PLA; sample points are coloured according to the sample type, while sample shape is
determined by the number of days since the start of the experiment; c barplot
representing the average group dissimilarity between PLA-contaminated samples
and the control for each time point; and d dendrogram representing inter-sample
Bray-Curtis distances at the beginning (0 days) and at the end of the experiment
(after 150 days); sample labels are coloured according to the sample type.
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and PLA microbiomes shared 183 ASVs (14.8% of their total ASVs). The
microbiomes of the two PLA-contaminated matrices and PLA fragments
shared 77 ASVs (ca. 5% of their ASVs; Supplementary Fig. 8). At the same
time, 190 ASVs were exclusive to the microbiome from PLA-contaminated
seawater (13.3% of the total ASVs), 479 ASVs were unique to the micro-
biome fromPLA-contaminated sediment (33.6%of the totalASVs) and378
ASVswere solely present in the PLAmicrobiome (26.5%of the total ASVs).

After 60 days, the contribution of ASVs shared between the PLA-
contaminated seawater and PLA microbiomes decreased to 112 (17.2% of
the total ASVs) while the ASVs shared between the PLA-contaminated
sediment and PLAmicrobiomes increased to 236 (20.6% of the total ASVs).
Seventy-six ASVs were shared among the three microbiomes (6.1% of the
total ASVs). The ASVs exclusively present in PLA-contaminated seawater
andPLAmicrobiomes slightly decreased to 106 (8.5%of the totalASVs) and
244 (19.5% of the total ASVs), respectively, whereas the ASVs exclusively
found in the PLA-contaminated sediment microbiome increased to 603
(48.1% of the total ASVs; Supplementary Fig. 8).

After 150 days, 92 ASVs were shared between microbiomes of PLA
fragments andPLA-contaminated seawaterwhile 179ASVswere present in
both the PLA fragments and PLA-contaminated sediment microbiomes
(both 27.1% of the total ASVs). Similarly, the number of ASVs shared
among the three microbiomes increased to 85% (12.1% of total ASVs). The
number of ASVs exclusively present in the microbiomes of PLA-
contaminated seawater and PLA continued to decrease (95 ASVs and 40
ASVs,which contributed13.6%and5.7% to the totalASVs, respectively). In
the microbiome of the PLA-contaminated sediment the number of exclu-
sive ASVs after 150 days of experiment was 362, showing an increased
contribution of theASV to the totalASVs (51.6%) compared to the previous
sampling times (Supplementary Fig. 8).

Using the decontam package, a total of 116 ASVs were identified as
potentially deriving from the PLA contamination (i.e., only present in PLA-
contaminated systems). After 150 days, we found that, among the PLA-
associated ASVs, those belonging to the Saccharospirillaceae family were
mostly abundant in seawater samples, representing ca. 86% of the PLA-
associated fraction of the assemblage followed by Marinobacteraceae. In
sediment samples, the PLA-associated fraction of the assemblage repre-
sented ca. 8% of thewholemicrobiome and consistedmostly ofmembers of
the Saccharospirillaceae, Cyanobacteriaceae and Marinobacteraceae famil-
ies (Fig. 4).

The comparison of the abundance of bacterial families in the controls
and contaminated seawater and sediments showed changes amongdifferent
taxa (Fig. 5). At the end of the experiment (day 150), the relative abundance
of Marinobacteraceae appeared to be higher in seawater and sediments
containing PLA than in the controls. Similarly, Flavobacteraceae, Sacchar-
ospirillaceae and others were more abundant in the PLA-contaminated
sediments compared to the control whereas Kaiserbacteria, Pseudo-
hongiellaceae, and Bradymonadaceae were less abundant in PLA-
contaminated seawater (Fig. 5 and Supplementary Fig. 6).

The most abundant ASVs from the Marinobacteraceae family were
affiliated with Marinobacter sp., while the most abundant ASVs from the
Saccharospirillaceae were attributed to Oleibacter, Oleispira, Reinekea and
Saccharospirillum (Supplementary Fig. 9). To evaluate whether the taxo-
nomic compositionof the assemblagemight be also linked to environmental
and biological variables measured in the present study, we performed a
correlation analysis on the microbiome assemblage at the family level. Our
results show that Marinobacteraceae and Saccharospirillaceae were posi-
tively correlated with enzymatic activities (p-value < 0.05) only in con-
taminated sediments, but not in the control.

FT-IR and SEM analysis of PLA fragments
FT-IR analysis confirmed that the cups used in the experimentweremadeof
a PLA-based material, and that the FT-IR fingerprints distinctive of PLA’s
chemical structure (i.e., specific peaks between 1000 and 3000 cm⁻¹) were
preserved throughout the experiment (Supplementary Fig. 10). However, a

band between 3200 and 3500 cm-1 appeared and increased over time
(Supplementary Fig. 10).

SEM analyses carried out on the PLA fragments showed that, at the
beginning of the experiment, no signs of damage or biofilm were present,
but after 60 and 150 days of the experiment, PLA fragments were char-
acterized by cracks andmicropores,which appeared increasingly coveredby
a complex and dense matrix of organic matter that was identified as a
microbial biofilm (Fig. 6).

Discussion
In this study, we investigated the effects of PLA contamination in coastal
environments.

We monitored the structural integrity of PLA over 150 days and the
development of microbial biofilm on this bioplastic polymer and assessed
the ecological effects on microbiota dynamics and diversity, in both con-
taminated seawater and sediments.

FT-IR analysis of the PLA fragments deposited on marine sediments
showed a broad band with a maximum of around 3400 cm-1 in the PLA
spectra, which increased over time. This band was attributed to an increase
in hydroxyl groups (–OH) on the PLA surfaces, which can result from
chemical hydrolysis and/or the development of a microbial biofilm54,55.
Accordingly, the SEMimagesdocumented theprogressivedevelopment of a
thick biofilm on the PLA fragments, which underwent morphological
changes over time, including the appearance of micropores, grooves, and
cracks, as previously reported42.

Previous studies have shown that PLA materials can exhibit a faster
weight loss (up to five times higher) in sediment than in seawater
(approximately 31% over 150 days), suggesting a progressive loss of struc-
tural integrity of PLA in marine sediments32. These results were confirmed
by the present study, although the loss of PLA integrity did not lead to a
significant shift in the concentrations of biochemical components of sedi-
mentary organic matter.

At the same time, microbiota abundance and biomass, as well as viral
abundance, increased significantly in the PLA-contaminated sediments and
seawater compared to the control. This increase was associated with the
doubling of viral production and virus-inducedmicrobiota mortality in the
contaminated sediments. These results suggest that, during its degradation,
PLA promoted microbiota and viral activity.

Increased viral lysis of microbes (the so-called viral shunt) diverts
microbiota biomass from higher trophic levels, transforming it into dis-
solved and particulate organic carbon (DOM and POM)56 and stimulating
microbiota mineralization and metabolism53,57. In this regard, extracellular
enzymatic activities (aminopeptidase and β-glucosidase) increased sig-
nificantly in both PLA-contaminated seawater and sediments during the
experiment, resulting in faster organic matter cycling rates (up to twice as
fast in PLA-contaminated sediments compared to the control).

Previous studies reported contradictory results: some indicated an
effect of PLA on enzymatic activities in seawater35 whereas others suggested
that PLA can stimulate the production of proteases in natural habitats58,59.
We propose that the stimulation of the enzymatic activities in marine sea-
water and sediments may be driven by two processes: the loss of PLA
integrity, which leads to the release of labile organic compounds (e.g., dis-
solvedorganic carbon and lactic acid60,61), and the increasedviral lysis,which
makes cell debris (i.e., POM and DOM) available for other uninfected
microbes53.

Microbiota preferentially utilize labile organic compounds over com-
plex and recalcitrant sedimentary organic matter62,63. This is also evident
from the results of the present study, wheremicrobial biomass doubled after
60 days of exposure to PLA contamination.

Since the loss of PLA integrity and viral lysis of host cells accelerated the
cycling of labile organic matter, these processes could potentially favour the
accumulation of refractory organic matter, as previously observed in ter-
restrial ecosystems63 (Fig. 7). At the same time, the more pronounced viral
shunt inducedbyPLAcontaminationmight reduce the transfer efficiencyof
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Fig. 4 | Network of ASVs from sediment, seawater, and PLA microbiomes,
showing PLA-associated and non-associated taxa and their relative contribu-
tions in each matrix. Within the microbiome network, samples were coloured
according to the different matrices (sediments, seawater or PLA). Sample shapes

represent the sampling time. ASVs were also coloured according to their potential
source (PLA-associated ASVs vs. non-PLA-associated ASVs). In the pie charts, the
composition of the PLA-associated microbiome is represented as the average con-
tribution for each sample matrix (sediments, seawater or PLA) after 150 days.

https://doi.org/10.1038/s43247-025-02806-z Article

Communications Earth & Environment |           (2025) 6:861 7

www.nature.com/commsenv


microbial biomass to higher trophic levels, thus altering food-web
functioning64.

Previous studies have shown that the hydrolysis and degradation of
PLA can be accelerated by rising seawater temperatures44.We conducted an
additional experiment to assess the effects of leachate from PLA cups on
marine virus-microbiota interactions at 31 °C, the temperature peak
reached in the surface waters of theMediterranean Sea during the heatwave
of summer 2022 and 202365.We observed thatmicrobiota abundances were
enhanced by the PLA leachate at 31 °C, and viral production tripled com-
pared to the control (at 20 °C), resulting in a higher rate of virus-induced
microbiotamortality. The results of the test conducted at 31 °C indicate that
the effects of PLA contamination may be exacerbated during marine

heatwaves, which are becoming increasingly intense and frequent in the
Mediterranean Sea66.

Based on these findings and the forecasted increase in PLA
production17,18, the resulting contamination in marine systems38 could con-
tribute to intensify the effects on viral shunt and organicmatter cycling rates.

The analysis of the microbiomes showed clear differences between
control and PLA-contaminated samples throughout the experiment, par-
ticularly in seawater microbiomes, suggesting that the presence of PLA
induced a progressive shift in the microbiota assemblages. In addition,
sediment microbiomes became gradually more similar to those associated
with the PLA, indicating an exchange of bacterial taxa (in terms of ASVs)
between sediments and PLA-associated microbiomes. When considering

Fig. 5 | Differential abundance analysis of the bacterial taxa from PLA-contaminated sediments and seawater. Barplots representing the relative abundances of the 20
most abundant bacterial families in either (a) sediment or (b) seawater samples.
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the three compartments (PLA, seawater, and sediments), the shared bac-
terial taxa increased over time, suggesting that PLA fragments favour the
exchange of microbiota from the benthic compartment to the pelagic one.

The bacterial taxa that increased the most in seawater and sediments
due to PLA contamination were those belonging to the family Mar-
inobacteraceae, particularly the genus Marinobacter (which contributed
over 40% to the seawatermicrobiomes). These bacteria are known to inhabit
a wide range of marine environments and contribute to biofilm formation
on various substrates67. Members of Marinobacteraceae are capable of
degrading hydrocarbons and traditional plastics68 and play a key role in the
biogeochemical cycles69. As documented in our study both by

metabarcoding and SEM analyses, we propose that Marinobacter is
involved in PLA biofilm formation, in line with the results of previous
studies onMarinobacter70.

We also found that, among the families strictly associated with PLA
contamination, Saccharospirillaceae (primarily represented by the genera
Saccharospirillum, Oleibacter, Oleispira, and Reinekea) increased sig-
nificantly in the sediments with PLA, but not in the controls. Members of
this family are known to colonize both traditional plastics and PLA71,72 and,
in the presence of plastics, to produce, as in the case ofOleispira, hydrolytic
enzymes73. Further results showed that in sediments contaminated with
PLA, Saccharospirillaceae and Marinobacteraceae were associated with

Fig. 6 | SEM images of the PLA integrity loss and
microbial biofilm development. SEM photographs
of PLA (a) at the beginning of the experiment and
after 150 days (b, c and d). Yellow arrows indicate
PLA cracks and micropores (at a 20 k× magnifica-
tion), the light blue arrows show rod bacterial cells
(at a 20 k× magnification) and the light-orange
arrow indicates the organic matrix at a higher
magnification (at a 40 k× magnification).

Fig. 7 | Scheme showing the consequences of PLA cups inmarine ecosystems once
released into the sea. Left panel: marine ecosystems contaminated by PLA. PLA
cups, once released into seawater, fragment and sink to the seabed. In the close-up of
seawater and sediments, an increase in the abundance and biomass ofmicrobes (cells
coloured in light blue, ochre-yellow, purple, light yellow, and pink, with rod or
round-shaped cells) is illustrated. Viruses (represented as red phages) and viral lysis
of microbiota (depicted by red arrows) also significantly increase, leading to the
release of cell debris (beige material). This process promotes a more pronounced
viral shunt (orange arrow), which reduces the transfer efficiency of microbial

biomass to higher trophic levels (pink arrows). Right panel: marine ecosystems
without PLA contamination. The close-up of seawater and sediments in this panel
shows lower abundance and biomass of microbes (round or rod-shaped cells
coloured in light blue, ochre-yellow, purple, light yellow, and pink with rod), fewer
viruses (represented as red phages), less viral lysis of microbiota cells (red arrows),
and consequently, reduced release of cell debris (beigematerial). As a result, the viral
shunt (orange arrow) is less relevant, and more microbial biomass is transferred to
higher trophic levels (pink arrows).
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higher aminopeptidase and beta-glucosidase activities, suggesting their
potential involvement in utilizing PLA’s organic compounds (such as lactic
acid) and leachates, as well as in the organicmatter released by the increased
viral shunt.

In conclusion, our results expand current knowledge of the effects of
PLA contamination in coastal ecosystems, revealing that as PLA lost its
structural integrity throughout the experiment (150 days), it promoted the
formation of a dense microbial biofilm on the biopolymer, increasing the
abundance ofmicrobiota and its viral lysis in the surrounding environment,
thereby promoting high rates of cell debris cycling. In addition, our findings
showed that PLA favoured a shift in the microbiomes of both seawater and
sediment over time compared to the control, while also increasing the
exchange of bacterial taxa between the two compartments.Marinobacter sp.
was identified as the most responsive bacteria to PLA contamination,
potentially playing a key role in biofilm formation.We also found that other
bacterial taxa, suchas the family Saccharospirillaceae,were favouredbyPLA
contamination thus playing a possible role in PLA hydrolysis. Microbial
proliferation and viral shunt in coastal ecosystems as well as their impli-
cations onmicrobiota diversity and activity can be strongly amplified at the
temperatures experienced during heatwaves, as observed in this study,
suggesting that high levels of PLA contamination could cause shifts in food-
web functioning of coastal marine ecosystems, particularly during extreme
temperature episodes. At the same time, the findings of this study highlight
the need for further investigations of the identified microbial taxa to assess
their potential role in reducing PLA contamination.

Materials and methods
Experimental setup
The sediment and seawater used for the mesocosm experiment were col-
lected along the Adriatic coast (Mediterranean Sea; 43°37'08.59” N-
13°25'42.11”E).The surface sediment (the top2 cm)was collected at adepth
of ca. 1 m. The PLA used for the experiment was purchased in the form of
commercially available compostable bioplastic transparent cups. The PLA-
based material of the cups was confirmed through FT-IR analyses (see
Result section, FT-IR and SEM analysis of PLA fragments). These analyses
revealed that no other additives were present in the cup composition. Based
on the visual properties (e.g., high transparency), the PLA cups used were
likely amorphous or at low crystallinity, which is common for disposable
PLA-based items.

The cups used were sealed in their original packaging. We carefully
ensured that the packaging was intact and undamaged. Each cup was then
cut into square fragments (1.5 × 1.5 cm) under a laminar flow hood and
using a pre-sterilized scalpel.

Twenty-four glass tanks were each filled with 300 g of previously
homogenizedwet sediment and 300ml of contextual surface seawater, for a
total of 19.8 L of seawater and sediment (1:1, w: vol). Then, fragments were
placed into 12 glass tanks to simulate PLA contamination in coastal eco-
systems,while an equal numberof glass tankswereusedas controls (without
PLA contamination; Supplementary Fig. 11). PLA fragments were added at
an average concentration of 0.235 ± 0.01 g in 300 g ofwet sediment per tank
(0.078% w/w). PLA concentration used in our study was lower (at least 1
order of magnitude) than in other experimental studies, where PLA con-
centrations ranged from0.5% to5%w/w(e.g., Seeleyet al., 202045; Fang et al.,
202474).

Three replicates of PLA-contaminated tanks were considered for each
sampling time (0 days, 30 days, 60 days, and 150 days), as well as for the
control tanks.

The tanks were placed in a thermostatic chamber (ST700 PS SMART
PRO) at the in situ temperature (20 °C) with a 12-hour light/dark cycle to
reflect natural conditions and minimize potential artifacts in microbial and
biogeochemical processes. In addition, each tank was connected to an
aeration pump to prevent the development of anoxic conditions in the
sediment.

Sediment, water, and PLA samples were collected at the beginning of
the experiment (0 days, immediately after the PLA addition), after 30 days,

60 days, and 150 days. Sediment samples were collected around PLA
fragments (within a radius of ca. 2 cm). The respective tanks were then
removed from the thermostatic chamber to allow laboratory analyses.

Oxygen and salinity values were daily measured using a probe YSI
multiparameter PRO Plus. At each sampling time, PLA-contaminated
sediment samples (n = 3 for each tank) and control sediments (n = 3 for
each tank) were collected to assess protein, carbohydrate, lipid, and phy-
topigment concentrations, prokaryotic abundance, biomass, enzymatic
activities andmicrobiome bacterial composition, as well as viral abundance
and production. Similarly, seawater samples (n = 3 for each tank) were
collected to determine prokaryotic abundance, biomass and enzymatic
activities, viral abundance and microbiome composition (in terms of bac-
teria), which was also assessed for PLA.

Formicrobiome compositionwewere unable to analyse the samples at
the 30-day time point due to logistical limitations related to sample pro-
cessing and sequencing effort at that specific time.

Effects of high temperature and PLA leachates on virus-
microbiota interactions
To evaluate whether PLA can directly and effectively influence virus-
microbiota dynamics and interactions at the temperatures experienced
during Mediterranean summer heatwaves65, we conducted an additional
experiment by producing leachates from 6 PLA cups (ca. 2.3 g each, the
same cups used in the mesocosm experiment), which were fragmented
using a pre-sterilized scalpel under laminar flow hood. Specifically, we cut
the PLA cups into 5 × 5mm fragments, following the procedure of previous
studies on leachate production75,76.

To obtain leachates, fragments were placed in six different pre-
sterilized glass tanks and then mixed with an immersion blender adding
100mL of virus-free seawater (autoclaved and filtered onto 0.02-μm pore-
size syringe filters; Anotop, Whatman) in each one. Three of the 6 tanks
containing leachateswere incubated at in situ temperature (20 °C),while the
other three were incubated at 31 °C using an incubator (Cooled incubator
FOC 120i VELP Scientifica) to simulate the maximum sea temperature
recorded in the Mediterranean Sea during the summer of 2022 and 202365.
The respective controls, containing 0.02 μm filtered seawater without PLA,
were incubated at the same temperatures as the treated systems (n = 3 at
20 °C and n = 3 at 31 °C). After 7 days, an aliquot (12ml) of the leachates
from each tankwas filtered through a 20 μmsterilizedmesh to remove PLA
fragments. Oneml of leachate was added to 2ml of seawater collected from
the same site described in the previous experiment (Mediterranean Sea;
43°37'08.59” N-13°25'42.11” E) and thoroughly mixed. In parallel, 1 ml of
virus-free seawater (without PLA)was added andmixed to 2ml of the same
site seawater and used as the control. In these samples, prokaryotic and viral
abundances, as well as viral production (n = 3 for each variable), were
analyzed following the procedures described by Corinaldesi et al. (2019)77.
The remaining leachates (ca. 88 ml) were again incubated at 20 °C and at
31 °C and the same analyses were repeated after one month (30 days). The
duration of the experiment (30 days) was defined based on current and
projected future heatwave scenarios in the Mediterranean Sea, including
Adriatic78,79.

Fourier-Transform InfraredSpectroscopy (FT-IR) analysis ofPLA
To confirm the chemical composition of the polylactic acid (PLA) cups used
in this work, we used FT-IR microscopy. Briefly, the PLA fragments were
quickly rinsed inultrapurewater anddried overnight at 40 °C, then analysed
using a Lumos II FT-IRmicroscope (Bruker), equipped for fully automated
measurements in attenuated total reflection (ATR; Ge crystal), covering the
entire IR spectral range from 4000 to 650 cm−1. Using the OPUS/IR, FT-IR
spectroscopy software package version 8.7.31 (Bruker), following back-
ground scans, we acquired the PLA spectra (256 ATR scans per sheet,
4 cm−1 resolution), we searched them against the reference library (ATR-
LIB-COMPLETE+ , containing >26000 ATR-FT-IR spectra; Bruker), and
we conducted multi-spectra comparisons. The results are presented as the
mean value of three measurements.
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Scanning Electron Microscopy (SEM) analysis of PLA
To assess the potential degradation and morphological changes of the PLA
fragments as well as the biofilm accretion on PLA, the fragments of PLA
were examined with a Scanning ElectronMicroscope (TescanVega3) at the
beginning of the experiment, after 60 days and 150 days (the end of the
experiment) at a voltage of 5 kV under vacuum. Before SEM analyses,
fragmentswere coatedwith a gold-palladium layer (EmitechK550XSputter
Coater) and the surface of the fragments was observed at different magni-
fications (20x to 100x)80.

Sedimentary phytopigment and organic matter concentrations
Phytopigment analyses (chlorophyll-a, Chl-a) were carried out from tri-
plicate sediment samples (about 1 g for each sampling time and tank) after
extraction with 90% acetone (12 hours in the dark at 4 °C), using 3mL to
5mL 90% (vol/vol) acetone as the extractant. These extracts were analyzed
fluorometrically81. The concentrations of proteins, carbohydrates, and lipids
were measured in triplicate sediment samples (about 0.5–1 g for each
sampling time and tank as well as for each biochemical assay) using spec-
trophotometry, following the method described by Danovaro81. Briefly,
lipids were extracted fromdried sediment by direct elutionwith chloroform
and methanol and expressed as tripalmitine equivalents. Protein analyses
were performed after extractions with NaOH (0.5M, 4 h) and expressed as
albumin equivalents while carbohydrates were analyzed according to
Gerchacov and Hatcher (1972)82 and expressed as glucose equivalents. For
each biochemical assay, blanks were obtained using pre-combusted sedi-
ments (450 °C for 4 h).

Prokaryotic abundance and biomass
The total prokaryotic abundance and biomass in the sediment was deter-
mined according to Danovaro81. Prokaryotic cells were extracted from the
sediment through pyrophosphate treatment (5mmol L−1

final concentra-
tion) combined with sonication (three 1-minute pulses) to maximise cell
recovery. To enumerate bacterial cells, the subsampleswere subject to a 100-
fold dilution, stained with SYBR Green I, and filtered onto black 0.2-μm-
pore-size filters (Nuclepore, Whatman). The prokaryotic abundance was
obtained under epifluorescencemicroscopy (ZeissAxioplan;magnification,
× 1000), by examining at least 20fields per slide. Prokaryotic abundancewas
expressed as cells g−1 dry sediment (after desiccation at 60 °C for 24 h).

Prokaryotic biomass was determined by estimating the cell biovolume
through the examination of at least 100 prokaryotic cells for each slide and
assigning each bacterial cell to a size class based on cell length and shape81.
Themean prokaryotic biovolumewas transformed into total biomass using
the formula below, assuming an organic carbon content of 310 fg C μm⁻³:

Total prokaryotic biomass ¼ mean cell volume μm3
� �

× 310 fg Cμm�3 × prokaryotic cell abundance
ð1Þ

Prokaryotic biomass was expressed as μgC g−1 dry sediment.
Prokaryotic abundances in seawater were determined according to

Noble and Fuhrman83 with some modifications. Water samples (50ml)
from PLA-contaminated and control systems were collected during the
experiment and stored at−20 °C until analysis. Aliquots of seawater (5mL)
were filtered onto 0.02-μm pore-size filters (Al2O3; 25mm diameter;
Anodisc, Whatman) and dyed using 100 μL of SYBR Gold (stock solution
diluted 1:5000). Following 15min of dark incubation, the filters were placed
onto microscope slides using a drop of a solution consisting of 50% phos-
phate buffer (6.7 mmol L-1; pH 7.8) and 50% glycerol containing 0.5%
ascorbic acid. The slides were stored at -20 °C. Prokaryotic cells were
enumerated using epifluorescencemicroscopy (magnification, ×1000; Zeiss
Axioplan). For each slide, at least 20 opticalfieldswere observed, and at least
200 prokaryotes were counted per filter.

Enzymatic activities
Analyses of aminopeptidase (l-leucine-4-methylcoumarinyl-7-amide, Leu-
MCA)andβ-glucosidase (MUF-β-D-glucopyranoside,Glu-MUF) activities

were performedon sediment slurriesprepared using 1:1 dilution (vol/vol) in
0.2 μm-pore-filtered and autoclaved seawater81. Incubations were carried
out in the dark and at the in situ temperature (20 °C) for 1 h. After con-
firming saturating conditions, enzymatic reactions were initiated by adding
200 μM of both Leu-MCA and Glu-MUF to three replicate sediment
samples. Extracellular enzymatic activities in seawater weremeasured at the
beginning (0 days) and at the end of the experiment (150 days) by adding 50
μL of Leu-MCA and Glu-MUF in three replicate (10mL each) seawater
samples84.

The turnover times of proteins and carbohydrates in the sediments
calculated as the ratio between protein or carbohydrate concentrations and
aminopeptidase andglucosidase degradation rates, respectivelywereusedas
a proxy of their cycling efficiency62.

Viral abundance, production and induced-prokaryotic mortality
Viral counting in sediment samples was carried out according to
Danovaro81. Subsamples of 0.5 cm3 of wet sediment were transferred into
sterile tubes and diluted with 5mL of virus-free seawater (autoclaved and
filtered onto 0.02-μm pore-size syringe filters; Anotop, Whatman). Sedi-
ment slurries were treated using pyrophosphate (final concentration,
5mmol L−1), ultrasound (three times, for 1min each) and centrifuged (800
x g speed for 1min) to increase the extraction yields. To eliminate uncer-
tainties in virus counting due to extracellular DNA interference, DNase I
from bovine pancreas (final concentration, 2 UmL−1) was added to the
subsamples, which were then incubated for 15min at room temperature
(20 °C).All subsampleswere diluted1000-foldwith virus-freewater,filtered
onto 0.02-μm pore-size filters (25mm diameter, Anodisc, Whatman) and
then stained using SYBR Gold. After a 15 min-incubation in the dark, the
filters were placed onmicroscope slides by adding a drop of 50% phosphate
buffer (6.7mmol L−1; pH 7.8) and 50% glycerol containing 0.5% ascorbic
acid. Viral counts were performed under epifluorescencemicroscopy (Zeiss
Axioplan; magnification, x 1000) by examining at least 20 fields per slide.
Viral abundance is expressed as viruses g-1 dry sediment (after desiccation at
60 °C for 24 h).

Viral production in the sediments was determined as described by
Dell’Anno et al.85. Replicate sediment samples (about 25mL; n = 3) were
transferred into sterile tubes and mixed with 25mL of virus-free seawater
(filtered onto 0.02-um pore-size Anotop syringe filters; Whatman). The
subsamples (0.5 mL) for viral counts were collected at 0, 1, 3, 6 and 12 h.
Since viral abundance did not increase linearly during the initial 12 h of
incubation, in any of the samples, net viral production was calculated as the
highest increment of viral abundance g−1 dry sediment h−1.

The virus-induced prokaryotic mortality (VIPM) in sediments was
determined using the following calculation:

VIPM ¼ ðViral production=Burst SizeÞ× 100=Prokaryotic Abundance
ð2Þ

Prokaryotic burst size was estimated using the equation BS = 30.2+
261.4 × cell volume86, considering the cell biovolume specific for each
sample. The VIPM was expressed as the percentage of killed prokaryotes
per hour.

Viral abundance in seawater was determined according to Noble and
Fuhrman83 with some modifications. Aliquots of seawater (5mL) were fil-
tered through 0.02-μm pore-size filters (25-mm diameter, Al2O3; Anodisc,
Whatman) and stained with 100 μL of SYBR Gold (stock solution diluted
1:5000). After incubation in the dark (15min), the filters were mounted on
glass slides with a drop of 50% phosphate buffer (6.7 mmol L-1; pH 7.8) and
50% glycerol containing 0.5% ascorbic acid. The slides were stored at
−20 °C. Viruses were enumerated using epifluorescence microscopy
(magnification ×1000; Zeiss Axioplan). For each slide, at least 20 optical
fields were observed and at least 200 viruses were counted per filter.
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Microbiome analyses
For the analyses of the composition of the bacterial microbiome associated
with sediment, seawater and PLA, aliquots of each sample source were
collected at each sampling interval from PLA-contaminated and control
systems. PLA fragments were transferred in sterile Petri dishes using sterile
tweezers andkept at−20 °CuntilDNAextractions. Seawater (two replicates
of approximately 200mL) was filtered onto sterile 0.22-μm pore size
nitrocellulose filters (⌀ 25mm, Millipore) whereas sediment samples (two
replicates of approximately 35mg) were collected by pipetting the sediment
with sterile tips. DNA from sediment samples and PLA fragments was
extractedwith aDNeasy PowerSoil kit (Qiagen,Hilden,Germany)whereas,
for seawater filters, a DNeasy PowerWater kit (Qiagen) was used. DNA
quality and concentration were evaluated using a Nanodrop ND-1000
spectrophotometer (Thermo Fisher Scientific). To confirm the success of
the extraction, PCR tests were performed. In particular, primers 341 F (5′-
CCTACGGGNGGCWGCAG−3′) and 785 R (5′-GACTACHVGGG-
TATCTAATCC-3′)87 were used to amplify the V3–V4 region of the bac-
terial 16S rRNA gene. Bacterial primer PCR cycling conditions were set as
follows: initial denaturation at 95 °C for 2min, followedby35cycles of 95 °C
for 30 s, annealing at 53 °C for 30 s, and elongation at 72 °C for 45 s, with a
final extension at 72 °C for 5min. DNA samples were sequenced on an
Illumina MiSeq 2x300bp platform using the same primer sets by pooling
together 3 PCR sub-replicates for each of the two biological replicates88.

Due to theuse of duplicatemicrobiome samples for eachcondition and
time point, the results were interpreted in a descriptive manner and no
statistical inference was drawn, as the aim was to highlight dominant taxa
emerging in sediments and seawater following PLA contamination.

Rawpaired-end reads obtainedwith the IlluminaMiSeq platformwere
processed using pipelines implemented in QIIME2 (v. 2022.2), with default
parameters unless stated otherwise89. Primers were removed using the
cutadapt plugin90 and read pairs were processed according to the DADA2
pipeline. Following read filtering and trimming, as well as the exclusion of
chloroplast and mitochondrial sequences, 313162 sequences were retained,
corresponding to 3206 ASVs from 30 samples. Taxonomic classification of
the amplicon sequence variants (ASVs) was performed with DADA2
default parameters, using the SILVA database (version 138.1)91,92.

Statistical analyses and bioinformatic elaborations
For all variables investigated, except for the microbiomes, the differences
between control and treatment (PLA-contaminated systems) were tested
using a two-way Analysis of Variance (ANOVA) to assess the effects of
Treatment, Time, and their interaction (Treatment × Time;)93. To identify
significant differences between the combinations of Treatment and Time
levels, a post hoc Tukey’s Honest Significant Difference (HSD) test was
carried out. The assumptions of normality and homogeneity of variances
were verified using the Shapiro-Wilk test (for residual normality) and
Levene’s test (for homogeneity of variances). When required, transforma-
tions were applied to the data to comply with ANOVA assumptions.

In the case of the prokaryotic biomass, the data did not follow a normal
distribution even after transformation. Therefore, a non-parametric two-
way ANOVA was conducted using the Aligned Rank Transform (ART)
method94.

Formicrobiomes, to allow for a proper comparison among samples for
alpha- and beta-diversity analyses, aswell as for the taxonomic investigation
of the assemblage compositions, the ASV table produced by DADA2 was
rarefied to a common sampling depth95,96 of 6500 sequences, leaving 3034
ASVs. Data were analyzed with R (v 4.2; R Core Team, 2022), within the
Rstudio program, using phyloseq (v. 1.42.0)97 and microeco (v. 1.8.0)98

packages. Alpha-diversity metrics (ASV richness, Shannon diversity index
and Pielou’s evenness index) were calculated and beta-diversity analyses
were performed using the Bray-Curtis distance before calculating ordina-
tions for a Detrended Correspondence Analysis (DCA) plot at the ASV
level; differential abundance between sample groups were obtained using
the adonis2 procedure on the distance matrix used to perform DCA; all
analyses were carried out within the microeco package. Subsequently,

samples belonging to the same sample type were merged to analyze the
abundance and importance of ASV shared between sample types through
Venn diagrams, splitting samples according to treatment and days after the
experiment; at the same time, to evaluate whether ASVs originated from
PLA samples, we identified potentially PLA-associated ASVs using the
decontam package99; these ASVs were marked in a bipartite network (i.e.,
showing the associations betweenASVs and samples) generatedwithGephi
(v. 0.10) using only microbiomes from PLA-contaminated sediment and
seawater samples, as well as microbiomes developed on PLA fragments.

Finally, significant correlations were computed, using Pearson’s cor-
relation coefficient in the microeco package98, between the relative abun-
dance of dominant bacterial taxa at the family level (in 6 microbiomes,
comprising 2 replicates at each of 3-time intervals) and the corresponding
values of MCA, Bglu, VA, and PA in sediment samples, both PLA-
contaminated and control, according to their sampling time. Only the
relationships showing a p-value < 0.05 were considered significant and kept
for consideration. No correlation cutoff was used, and a p-value adjustment
was applied using the false discovery rate (FDR) correction for multiple
testing.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All relevant data are included in the main text and the Supplementary
Information. Raw sequence data and additional datasets are available at the
following links: https://figshare.com/articles/dataset/PLA_sequences/
29900906/1 and https://figshare.com/articles/dataset/data_Corinaldesi_
Cinzia_Comm_E_E_repository_xlsx/29930348/1?file=57254030,
respectively.
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