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Abstract: Plastics play a key role in every sector of the economy, being used in the man-
ufacturing of products in the fields of health, food packaging, and agriculture. Their
mismanagement poses a serious threat to ecosystems and, in general, to human life. For
this reason, particular attention has been paid in the last decade to the use of biodegradable
polymers (BPs) as an alternative to classic plastics. In this study, we aimed to identify
bacterial strains able to colonize the surface of five BPs: poly(butylene succinate) (PBS),
poly(butylene succinate-co-butylene adipate) (PBSA), poly(ε-caprolactone), (PCL), poly(3-
hydroxybutyrate) (PHB), and poly(lactic acid) (PLA). For this experiment, mesocosms
were designed ad hoc to mimic the conditions in which the polymers can be found in
marine environments: i. suspended in the water column; ii. laying over gravel; and iii.
under gravel. Four bacterial samples were taken (3, 4, 10, and 12 months from the start of
the experiment) from five BPs incubated in the above-mentioned three conditions. Our
results demonstrated that bacteria belonging to the Proteobacteria, Actinobacteria, Firmicutes,
Bacillota, Bacteroidota, and Cyanobacteria phyla were the most frequent colonizers of the
surfaces of the five polymers under analysis, and could be responsible for their degrada-
tion, resulting in the evolution of strategies to degrade plastics through the secretion of
specific enzymes.

Keywords: biodegradable plastics; 16S rRNA gene; mesocosm; microorganisms; molecular
identification

1. Introduction
Synthetic polymers have been widely used in the last 50 years, thanks to their low

cost, light weight, and durability [1], for several applications [2], including the production
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of packaging materials for food and beverages, the transport of single-use products [3],
biomedical items, and tissue engineering [4]. However, the incorrect waste management of
plastic products at the end of life and their slow degradation represent a serious environ-
mental issue, considering that around 8 million tons of plastic are estimated to end up in
aquatic environments every year [5] and that microplastics have been found in a range of
organisms, including those consumed by humans [6,7]. Consequently, attention must be
paid to the whole life cycle of any product, from its design to its disposal, to maximize the
efficient use of resources. For these reasons, nowadays, the use of biodegradable polymers
represents a more eco-friendly opportunity, mitigating environmental impacts compared
to the use of synthetic plastic polymers [8–10]. Unlike conventional plastics, deriving from
fossil fuels, bioplastics are commonly produced from renewable sources such as plants,
animals, and microorganisms, and therefore, they are usually biodegradable [11] if correctly
managed at the end of life. BPs can be bio-based, i.e., produced from natural sources such as
thermoplastic starch (TPS), poly(hydroxyalkanoates) (PHAs), and PLA, or fossil-based, i.e.,
produced from fossil-based resources such as PCL and poly(butylene adipate terephthalate)
(PBAT). In the time frame of 1996–2001, the quantity of biodegradable polymers in use
increased from about 14 million Kg to about 60 million Kg, following increases in the
sectors where they are employed, from packaging materials to personal hygiene products,
as well as toys, mulch films, and other applications [12]. The use of bioplastics contributes
to the mitigation of greenhouse gases, with only 0.49 kg of CO2 emitted by the production
of 1 kg of resin, as opposed to the 2–3 kg of CO2 produced by plastics of petrochemical
origin [13]. As reported by European Bioplastics (https://www.european-bioplastics.org/;
30 January 2024), biodegradation refers to the chemical process triggered by microorgan-
isms naturally present in the environment that are able to convert various materials into
nutrients, mainly depending on the condition of the surrounding environment and the
nature of the material. In this context, the phases of the biodegradation of these polymers
may undergo variations and alterations according to environmental conditions [14,15]. BPs
are used for compostable products to be included in organic recycling, in line with the
requirements of the European Packaging and Packaging Waste Directive 94/62/EC. Too
little is currently known about the long-term effects on the environment caused by the
use of BPs due to poor knowledge of the fate of biodegradable plastics with respect to
synthetic ones [16], and they could be harmful to ecosystems if incorrectly disposed [15,17].
Therefore, the use of biodegradable polymers makes such products ecologically acceptable,
but attention must be paid to their production, consumption, and removal [18].

Here, we focused on the identification of bacteria growing on the biodegradable
polymer surface, assuming that they could be responsible for biodegradation, without
consideration of their relative abundance. In fact, microorganisms are able to attach to the
surface of polymers and degrade them by secreting enzymes, thereby obtaining energy
for their growth [19,20]. Through these mechanisms, polymers can be transformed into
compounds characterized by lower molecular weights, such as monomers and oligomers.
In this study, we isolated and identified bacterial strains that colonized five biodegradable
polymers (BPs) widely used in several fields: polybutylene succinate (PBS), polybutylene
succinate-cobutylene adipate (PBSA), polycaprolactone (PCL), poly-3-hydroxybutyrates
(PHB), and polylactic acid (PLA).

Much data have been reported on the degradation process of these biodegradable
polymers. MPs can promote the development of microbial biofilms on their surface [21],
known as the plastisphere microbiota [22–24]. Microorganisms can directly interact with
the plastic surface and break down or transform plastic compounds [25]. Kim et al. [26]
reported that PBS fishing gear was degraded into carbon in 180 days, exhibiting a char-
acteristic molecular weight decrease indicating bulk erosion, but there was no change in
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crystallinity or thermal properties. This degradation process proceeded through surface
abrasion with the metabolic utilization of hydrolysis products by microorganisms. Bi-
ological studies showed that the Rhodococcus genus was the dominant microbe for PBS
biodegradation, using a lipase enzyme with a high biodegradability of 48% over 10 days.
PCL degradation is influenced by the combined effect of factors such as the presence of
bacteria, salinity, and external forces in the sea [27]. Microorganisms known to degrade
PHB include Bacillus spp., Microbulbifer spp., Ralstonia eutropha, and the genus Streptomyces
through PHB depolymerase [28]. B. infantis, among the Bacillus spp., has been found in
various environments, such as soil and sea, and has the ability to degrade azo dyes that are
difficult to biodegrade. PLA was presented as a substrate to stimulate the production of
protease [29]. Pseudomonas [30], Paenibacillus [31], and Aspergillus [32] represent the most
widely present potential plastic-degrading microorganisms in the plastisphere [33]. In
particular, Pseudomonas spp. and Bacillus spp. were isolated as plastic-degrading bacteria
from marine environments, such as offshore and deep oceanic waters [34].

Amid this context, in this work mesocosms were built ad hoc in order to mimic the
possible conditions in which polymers can be found in marine environments: suspended
in the water column, laying over gravel, or under gravel. The process of the colonization
of plastic surfaces was followed for one year in order to follow the seasonal plasticity of
the bacteria to demonstrate how they changed according to the nature of the employed
biopolymers, and also to consider tank parameters, like temperature, light, and other
physicochemical parameters, as putative causal factors. In particular, molecular identi-
fication was performed on bacteria grown on the five BPs under analysis through the
amplification of the 16S rDNA gene.

2. Materials and Methods
2.1. Mesocosms

A set of fifteen independent, closed circulation tanks with a volume of 55 L (three for
each of the five polymers; Figure 1A; see also Figure S1) was devised in the facility for the
Maintenance of Marine Organisms of the Stazione Zoologica Anton Dohrn (Naples).
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Figure 1. (A) Schematic overview of the experimental mesocosms: fifteen experimental tanks (length:
48.5 cm; width: 36.6 cm; height: 50 cm; volume 55 L), three for each of the five polymers under
analysis. (B) Enlargement of a tank, showing the three experimental conditions where the polymers
were placed: (a) suspended in sea water, immersed about 10 cm from the surface of the water;
(b) laying over gravel; (c) under gravel.

The bottom of each tank was covered with natural gravel (coralline sand, grain size
0.4–0.8, Arena Silex, Manufacturas Gre, S.A., Biscay, Spain), and each tank was filled with
50 L of filtered seawater (filtered with VakuumFiltration from TPP Techno Plastic Products
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AG with PES membrane, 0.22 µm pore size) collected from the Gulf of Naples. The water
was continuously pumped (Micra 400 L/h, SICCE, Pozzoleone, VI, Italy) into a filtration
compartment containing porous ceramic rings, a 20 PPI non-biodegradable synthetic
sponge (Aquarialand, Torino, Italy), and perlon wool [17,35]. To avoid any salinity variation,
the evaporation was balanced with periodic additions of distilled water. This system
assured a constant temperature of 18 ◦C, a salinity of 37–38 PSU, a pH close to 8.2, and low
concentrations of the main nutrients (NH4, NO2, NO3, and PO4) (see Tables S1 and S2).
After each addition, the salinity was checked by a refractometer (Sper Scientific, Scottsdale,
Arizona). Polymers were produced according to the procedures indicated by Viel et al. [15].
Rectangular sheets of the five BPs (PLA, PCL, PHB, PBSA, and PBS) sized 15 cm × 5 cm
with a thickness of 1 mm were introduced in each tank in specific filter bags for aquaria in
triplicate for each of the three conditions indicated in Figure 1B.

2.2. Bacterial Strain Identification
2.2.1. Analysis of Film Surface

Surface morphologies of the samples were investigated by SEM analysis, per-
formed with an FEI Quanta 200 FEG environmental scanning electron microscope (ESEM)
(Eindhoven, The Netherlands) under high vacuum using an accelerating voltage range
of 30 kV and a large field detector (LFD). Small pieces of BPs before and after 1 year of
immersion in the water column were cut and placed without any purification on SEM
stubs. Film surfaces were coated with a nanometric layer of Au and Pd alloy by means of a
sputtering device (MED 020, Bal-Tec AG, Tucson, AZ, USA).

2.2.2. Bacterial Growth and Strain Isolation

For the isolation of bacterial strains, Zobell Marine Agar (Marine Agar 2216, HIMEDIA,
Laboratories GmbH, Odenwaldstr. 18 A, 64397 Modautal, Germany) was used (Table S3).
The media were prepared according to the manufacturer’s instructions, sterilized, and
then poured into sterile Petri dishes. Bacteria were picked from the surfaces of the sheets
four times, i.e., 3, 4, 10, and 12 months (corresponding to October, November, May, and
July, in order to identify bacterial strains colonizing the BP surfaces in different seasons,
characterized by different sea water temperatures) after deployment, in order to detect
the first settlements of bacterial strains and the final assemblages of bacterial communities.
Microbial film was scratched from the plastic surface with a sterile microbiological loop
and the bacteria were spread on the surface of the Zobell Marine Agar contained in the
Petri dishes to obtain a pure culture of bacteria, so a single cell occupied an isolated portion
of the agar surface. The samples were incubated in a thermostatic chamber at 18 ◦C under a
12 h:12 h light–dark photoperiod until bacterial colonies had grown (about 10 days) [36,37].
The bacterial strains were identified by a molecular approach without considering the
relative abundance.

2.2.3. DNA Extraction and Molecular Identification

DNA was extracted from the bacterial colonies using a lysis PCR-GO Fast-G Kit
(#BombaMIXFastGReen, Spinoff DNATech, University of Naples, Naples, Italy). The kit
is specifically designed for use with PCR, performed directly from bacterial or fungal
colonies. The DNA extraction was performed according to the manufacturer’s instructions
by simply adding a lysis buffer. The quality of the extracted DNA was evaluated using a
NanoDrop spectrophotometer (ND1000 UVVIS Spectrophotometer; NanoDrop Technolo-
gies, Wilmington, DE, USA) by checking the concentration and the purity at the 260/280
and 260/230 ratios. A PCR amplification of prokaryotic 16S rDNA was then performed
using 12.5 µL of 2× PCR Mix-Go Hot Start according to the manufacturer’s instructions
with 27F-1385R primers [38] under the following conditions: initial denaturation at 95 ◦C
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for 5 min; denaturation at 95 ◦C for 45 s; annealing step at 55 ◦C for 45 s; extension at
72 ◦C for 1.30 min; final extension at 72 ◦C for 5 min. An agarose gel (1% electrophoresis
in 40 mM Tris–acetate, 1 mM EDTA, pH 8.0, TAE buffer solution containing a mixture of
Tris base, acetic acid, and EDTA) was used for the separation of the PCR products. The
extraction of the fragments from the gel was performed with an QIAquick Gel Extraction
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The quantity
of DNA was evaluated using the above-mentioned NanoDrop spectrophotometer. The
sequences of amplicons were obtained with an Applied Biosystems (Life Technologies,
Carlsbad, CA, USA) 3730 Analyzer (48 capillaries). The similarity of the sequences of
the amplified fragments were checked using a nucleotide BLAST (Basic Local Alignment
Search Tool, https://blast.ncbi.nlm.nih.gov/Blast.cgi; 30 January 2024 [39]), using covering
>50% and identity > 95% for the assignment of species to a given taxon.

2.3. MCA Analysis

The data collected as indicated above were initially organized in a presence/absence
matrix, where detected/not detected (1/0) indices for each bacterium on each sample
and plastic condition were shown. To analyse the relationships among these categorical
variables, a Multi-Correspondence Analysis (MCA) was performed. Data were thus one-hot
encoded for this purpose, creating a binary column for the two possible values of each
variable. The results of these analyses were reported using a biplot technique in order
to show on the same factorial plane both the bacteria strains and those plastic variables
encoding presence. The first two components resulting from the MCA were shown on the
cartesian plane. The MCA was conducted using a custom Python 3 3.13.2 [40] script, scikit-
learn [41], and the prince [42] library. Plots were obtained using the seaborn library [43]. A
chi-squared test was performed on the frequency data on the observed presence of each
bacterium across all months and conditions by setting (k − 1) degrees of freedom, where k
is the number of categories.

3. Results
Thin films were prepared using different raw polymers: poly(butylene succinate

(PBS), poly(butylene succinate-co-adipate) (PBSA), polycaprolactone (PCL), polyhydroxy
butyrate (PHB), and polylactic acid (PLA). The materials were processed to obtain films
approximately 300 µm thick, following the procedure described in De Falco et al. [44]. SEM
micrographs before and after 1 year of immersion in water are reported in Figure 2.

Before immersion (Figure 2a–e), the film surfaces were smooth and lacked significant
roughness. After one year in water, the SEM micrographs (Figure 2f–j) allowed us to
examine the microbial growth on the polymeric surface. Biofilm formation was observed
on all films, with SEM micrographs clearly showing various cell shapes and extracellular
adhesive structures, likely exopolysaccharides and proteinaceous adhesins. Differences in
microbial growth patterns were evident across the polymeric surfaces—likely influenced
by the surface properties of the polymers, leading to distinct biofilm formation dynamics.

Several bacteria strains were identified on the surface of the five BPs analysed, and
were reported as present/absent without considering their abundance. The first samples
were taken three months after the start of the experiment, because no bacteria were detected
before three months. All the bacterial strains isolated on the surfaces of the five BPs in the
three deployment conditions (suspended, over gravel, or under gravel), considering the
four sampling points, were analysed according to the results of the MCA to describe their
developmental trends.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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3.1. PBS

No bacteria were isolated in the third month (October) from the PBS polymer sus-
pended in seawater. Bacillus sp. (Phylum Firmicutes), Marinobacterium rhizophilum, and
Pseudomonas sp. (belonging to the Phylum Proteobacteria) were isolated in the third month
from PBS positioned over the gravel (Table 1).

Table 1. Species, month (3 = third month, October; 4 = forth month, November; 10 = tenth month,
May; 12 = twelfth month, July), condition (S: suspended; G: over gravel; U: under gravel), accession
number, and percentage of identity are reported for PBS. ND indicates strains for which the species
could not be defined.

Species Month (Condition) Accession Identity (%)

Calothrix sp. 10 (G) KM019977.1 98.7

Halomonas sp. 12 (S) MT653353.1 88.6

Labrenzia sp. 4 (U) KY770164.1 95.8

Marinobacter jannaschii 12 (G, U) NR_113757.1 97.8

Marinobacter sp. 10 (G) MF382075.1 99.6

Marinobacterium rhizophilium 3 (G) GQ245896.1 99.4

Marinobacterium sp. 12 (U) PQ278257.1 97.2

Microbacterium sp. 12 (S) KX496339.1 97.9

ND 4 (G)

Paenihalocynthiibacter stylae 10 (U), 12 (S, G) NR_181360.1 99.2

Pontibacterium sinense 10 (S, U) MZ222395.1 99.6

Pseudoalteromonas citrea 10 (S) KX453254.1 97.9

Pseudoalteromonas sp. 3 (U) OP209750.1 99.4

Pseudomonas citrea 10 (G) KX453254.1 98.1

Pseudonomas sp. 3 (G) MT180478.1 90

Rossellomorea aquimaris 3 (G) MH261129.1 99.4

Ruegeria sp. 3 (U), 12 (S, U) KY770077.1 100

Salinicola sp. 4 (U) KC834569.1 99.8

Vibrio caribbeanicus 12 (S, G) KP329557.1 100

Vibrio sp. 10 (G) FJ357697.1 93.7

Vibrio variabilis 3 (S), 4 (S) MT269597.1 97.9

The Rhodobacteriaceae and Pseudoalteromonadacea families (belonging to the Phylum
Proteobacteria) were isolated in the third month from PBS positioned under gravel. Similarly,
no bacterial strains were found at the second collection point (forth month) on PBS posi-
tioned over gravel. Only one bacterial strain, Vibrio variabilis (Phylum Proteobacteria), was
isolated in the fourth month from PBS suspended in seawater. In contrast, Rhodobacteriacea
and Halomonadaceae (both belonging to the Phylum Proteobacteria) were detected on PBS
positioned under gravel. In the tenth month, Pontibacterium sp. and Pseudoalteromas sp.
(Phylum Proteobacteria) were isolated from suspended PBS. Calothrix sp. (belonging to the
Phylum Cyanobacteria), along with Marinobacter sp., Pseudoalteromonas citrea, and Vibrio
sp. (Phylum Proteobacteria), were identified on PBS positioned over gravel. Differently,
Neptuniibacter sp. and Paenihalocynthiibacter styelae were isolated from PBS positioned under
gravel. In the twelfth month, the largest number of bacterial strains was detected. In partic-
ular, Halomonas sp., Paenihalocynthiibacter styelae, Ruegeria sp., and Vibrio caribbeanicus (all
belonging all to the Phylum Proteobacteria), and one family of Microbacteriaceae (hylum Acti-
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nobacteria) were detected on PBS suspended in the water column. Three species of bacteria,
Marinobacterium jannaschii, Paenihalocynthiibacter styelae, and Vibrio caribbeanicus (Phylum
Proteobacteria), were detected in the tenth month on PBS positioned over gravel. Only one
strain was identified in the twelfth month at the species level (Marinobacterium jannaschii),
and two strains were identified at the family level (Alteromonadaceae and Rhodobacteracea)
on PBS positioned under gravel.

3.2. PBSA

Only the family of Bacillaceae (Phylum Firmicutes) was found in the third month on
PBSA suspended in seawater. The families Alteromonadaceae, Rhodobacteraceae, Pseudomon-
adaceae, and Vibrionaceae (all belonging to the phylum Proteobacteria) were isolated from
PBSA positioned over gravel (Table 2).

Table 2. Species, month (3 = third month, October; 4 = forth month, November; 10 = tenth month,
May; 12 = twelfth month, July), condition (S: suspended; G: over gravel; U: under gravel), accession
number, and percentage of identity are reported for PBSA.

Species Month (Condition) Accession Identity (%)

Alkalihalobacillus sp. 3 (S) KP297330.1 98.6

Alteromonas confluentis 12 (G) OP583651.1 99.44

Bacillus sp. 12 (G) KF966199.1 78.1

Cyanobium sp. 10 (S) KU951691.1 95.2

Halomonas sp. 10 (S) EU868853.1 99.2

Labrenzia sp. 3 (U) MG025898.1 98.2

Leisingera aquaemixtae 12 (U) MH283824.1 97.4

Marinobacter sp. 3 (U) LT600659.1 99.2

Marinobacterium sp. 3 (G) PQ278257.1 99.4

Marinovum sp. 3 (U) MT673143.1 97.1

Oceanicola sp. 3 (G) CP040932.1 97.4

Paenihalocynthiibacter styleae 10 (G), 12 (S, U) NR_181360.1 99.2

Pseudoalteomonas citrea 10 (U) KX453254.1 98.6

Pseudoalteromonas sp. 10 (G) PQ670272.1 98.5

Pseudomonas sp. 3 (G, U) JQ723717.1 99.8

Psychrobacter sp. 10 (U) EF190337.1 95.1

Rathayibacter sp. 12 (S) PQ596301.1 98.8

Roseibium aggregatum 3 (U) OP355453.1 98.2

Ruegeria sp. 10 (S) KY770077.1 99.8

Tenacibaculum sp. 12 (S, G) KU560487.1 100

Tritonnibacter scottomollicae 10 (S) NR_042675.1 99.6

Vibrio alginolyticus 4 (S) MN945277.1 99.4

Vibrio sp. 3 (G), 4 (G) OQ553684.1 98.6

Three bacterial families, identified as Alteromonadaceae, Rhodobacteriaceae, and Pseu-
domonadaceae, and one bacterial strain identified at the species level as Rosebium aggregatum
were isolated on the polymer positioned under gravel. The species Vibrio alginolyticus
was identified in the fourth month on PBSA suspended in water, while the family Vibri-
onaceae was isolated from the film over the gravel. Cyanobium sp. (Phylum Cyanobacteria),
Halomonas sp., Ruegeria sp., and Tritonnibacter scottomollicae (all belonging to the phylum
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Proteobacteria) were found in the tenth month on the polymer suspended in the water. One
species of Paenihalocynthiibacter styelae and one family identified as Pseudoalteromonadaceae
were found in the tenth month on PBSA over the gravel. Pseudoalteromonas citrea and
Psychrobacter sp. were isolated in the same month from plastic pieces under gravel. Paeni-
halocynthiibacter styelae (Phylum Proteobacteria), Rathayibacter sp. (Phylum Actinobacteria),
and Tenacibaculum sp. (Phylum Bacteroidota) were identified in the twelfth month on film
suspended in seawater. Bacillaceae, Alteromonadaceae, and Flavobacteriaceae families were
found on the polymer positioned over the gravel. Differently, Leisingera aquaemixtae and
Paenihalocynthiibacter styelae (Phylum Proteobacteria) were identified on the PBSA positioned
under gravel.

3.3. PCL

The genera Pseudomonas and Sulfitobacter and the species Marinobacter algicola (all
belonging to the Phylum Proteobacteria), together with the species Kocuria rosea (Phylum
Actinobacteria), were found in the third month on PCL suspended in the water (Table 3).

Table 3. Species, month (3 = third month, October; 4 = forth month, November; 10 = tenth month,
May; 12 = twelfth month, July), condition (S: suspended, G: over gravel; U: under gravel), accession
number, and percentage of identity are reported for PCL.

Species Sampling Month Accession Identity (%)

Alkalihalobacillus algicola 3 (U) OR262827.1 99.3

Alkalihalobacillus hemicentroti 10 (G) MF197940.1 84.2

Alteromonas sp. 12 (S, G) KR269635.1 98.3

Bacillus sp. 4 (G), 12 (U) KC815809.1 96.6

Glaciecola sp. 4 (U) JX310209.1 95.4

Halomonas sp. 3 (G) PP446495.1 86.6

Halopseudomonas gallaeciensis 4 (U) OR225156.1 94.4

Halopseudomonas sp. 3 (U) OQ780586.1 93.2

Kocuria rosea 3 (S) OP268600.0 94.4

Magnetococcus sp. 12 (U) ON340531.1 88.2

Marinobacter algicola 3 (S) LT600680.1 98

Marinobacter sediminum 4 (U) NR_029028.1 99

Marinobacter similis 4 (U) NR_178677.1 99

Marinobacter sp. 3 (G) AP028070.1 96.6

Paenihalocynthiibacter styelae 10 (U) NR_181360.1 99.4

Paraglaciecola sp. 4 (S, U) OQ119896.1 95.7

Photobacterium sp. 12 (G) JX134425.1 99.5

Pseudoalteromoas sp. 4 (U), 3 (U) FJ169986.1 90.4

Pseudomonas sp. 3 (S, G, U), 4 (G, U) EU249981.1 100

Roseovarius sp. 12 (G) MF948949.1 95.1

Rossellomorea vietnamensis 4 (G) PQ629588.1 89.2

Ruegeria sp. 4 (G), 10 (S) KY770246.1 100

Sulfitobacter sp. 3 (S) AJ534212.1 91.8

Tenacibaculum xiamenense 12 (S) NR_109729.1 97.2

Thalassospira permensis 12 (U) KX027355.1 96.8

Tritonnibacter scottomollicae 4 (G) NR_042675.1 99.4
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The genera Halomonas, Marinobacter, and Pseudomonas were isolated in the same month
from PCL over the gravel, while Halopseudomonas, Pseudoalteromonas, Pseudomonas, and
the species Alkalihalobacillus algicola (belonging to the phylum Firmicutes) were identified
on PCL under gravel. Only one bacterial strain belonging to the genus Paraglaciecola was
identified in the fourth month on the PCL surface suspended in water. The genera Bacillus,
Pseudomonas, and Ruegeria, and the species Rossellomorea vietnamensis and Tritonnibacter scot-
tomollicae were found on PCL over the gravel. Four genera (Pseudoalteromonas, Pseudomonas,
Paraglaciecola, and Glaciecola) and three species (Halopseudomonas gallaciens, Marinobacter
sediminum, and Marinobacter similis) were isolated from the polymer under gravel. The
genus of Ruegeria was identified in the tenth month on the plastic suspended in the wa-
ter. Differently, the phylum Proteobacteria and the species Pseudoalkalibacillus hwajinpoensis
(Phylum Bacillota) were isolated from PCL positioned over the gravel. Only one species
of Paenihalocynthiibacter styelae (Phylum Proteobacteria) was found on film under gravel.
The genera Alteromonas (Phylum Proteobacteria) and the genera Tenacibaculum (Phylum
Bacteroidota) were detected in the twelfth month on the PCL surface suspended in the
water. Alteromonas, Photobacterium, Roseovarius (Phylum Proteobacteria), Bacillus sp. (Phylum
Firmicutes), Magnetococcus sp., and Thalassospira sp. (Phylum Proteobacteria) were isolated
from the PCL film surface positioned under the gravel.

3.4. PHB

The genera Halomonas and Marinobacter (both belonging to the phylum Proteobacteria)
were identified in the third month from the PHB suspended in the water. The species Pseu-
doalteromonas prydzensis and the genus Pseudomonas were found on this polymer positioned
over the gravel, while the genera Marinobacter and Vibrio were found on the PHB positioned
under the gravel (see Table 4).

Table 4. Species, month (3 = third month, October; 4 = forth month, November; 10 = tenth month,
May; 12 = twelfth month, July), condition (S: suspended; G: over gravel; U: under gravel), accession
number, and percentage of identity are reported for PHB films.

Species Month (Condition) Accession Identity (%)

Enterobacter sp. 10 (U) OK035565.1 94.6

Halomonas sp. 3 (S) AB305244.1 97.7

Labrenzia sp. 12 (S) MG025898.1 100

Marinobacter algicola 3 (U), 10 (S, G) LT600552.1 99.1

Marinobacter sp. 3 (S, U), 12 (S) PQ278257.1 97.5

Pseudoalterommonas
prydzensis 3 (G) KP236351.1 94.4

Pseudoalteromonas citrea 10 (G) KX453254.1 95.9

Pseudoalteromonas sp. 10 (U) KY272049.1 99.7

Pseudomonas aeruginosa 10 (U) CP007224.1 94.6

Pseudomonas sp. 3 (G), 4 (U) AM403176.1 94

Roseibium aggregatum 12 (S) OQ553960.1 99.2

Thalassospira permensis 10 (U), 12 (U) KX027355.1 99.4

Tritonibacter litoralis 12 (G) NR_180841.1 99.7

Vibrio alginolyticus 10 (U) PQ670272.1 94.6

Vibrio coraliilyticus 4 (G), 12 (S) MW828508.1 99.7

Vibrio sp. 4 (U) CP155566.1 95.9
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No bacterial strains were detected in the fourth month on the polymer suspended
in the water. On the contrary, the species Vibrio corallilyticus was identified from PHB.
The genera Pseudomonas and Vibrio were found on the polymer surface under gravel. The
species Marinobacter algicola (Phylum Proteobacteria) was found in the tenth month on the
plastic suspended in the water and on the plastic positioned over the gravel. In addition,
the species Pseudoalteromonas citrea was identified on the PHB over the gravel. Three genera
(Entobacter, Pseudoalteromonas, and Thalassospira) and two species (Pseudomonas aeruginosa
and Vibrio alginolyticus) were found on the PHB positioned under gravel. Three genera
(Labrenzia, Marinobacter, and Vibrio) and one species (Roseibium aggregatum) were found
at the fourth collection point (the twelfth month) on the PHB film surface suspended in
the water. In contrast, the species Tritonibacter litoralis (Phylum Proteobacteria) was isolated
from PHB positioned over the gravel, while the genus Thalassospira (also belonging to the
phylum Proteobacteria) was identified from PHB positioned under the gravel.

3.5. PLA

Three species (Alteromonas australica, Idiomarina ioihiensis, and Idiomarina ramblicola)
and two genera (Cyanobium and Microbulbifer) were found in October on PLA suspended
in water. Differently, the species Alteromonas australica and Halomonas taenennsis were
identified from PLA positioned over the gravel (as reported in Table 5).

Table 5. Species, month (3 = third month, October; 4 = forth month, November; 10 = tenth month,
May; 12 = twelfth month, July), condition (S: suspended; G: over gravel; U: under gravel), accession
number, percentage of identity, and number of colonies are reported for PLA films.

Species Month (Condition) Accession Identity (%)

Alteromonas australica 3 (S, G), 12 (S) OP342934.1 99.4

Alteromonas confluentis 12 (S) OR262787.1 97.2

Alteromonas macleodii 4 (G, U) KM041224.1 96.7

Alteromonas sp. 3 (U), 4 (S) MG696193.1 92.4

Bacillus aquimaris 3 (U) MZ430464.1 96.7

Bacillus hwajinpoensis 12 (S) KF933706.1 98.3

Cyanobium sp. 3 (S) HM217050.1 97.6

Glaciecola sp. 10 (S), 12 (S) JX310209.1 99.3

Halomonas sp. 10 (G, U), 12 (S) KF201593.1 99.7

Halomonas taenennsis 3 (G) MK063863.1 96.8

Idiomarina ioihiensis 3 (S) KP860601.1 99.7

Idiomarina ramblicola 3 (S) MK063828.1 99.7

Leisingera caerulea 10 (G) MW422659.1 97.8

Leisingera sp. 10 (U), 12 (U) KU554489.1 100

Marinobacter sp. 3 (U) MF401328.1 98.6

Microbulbifer sp. 3 (S) KM362894.1 99.1

Paraglaciecola sp. 10 (S) PQ856828.1 98.9

Phaebacyer sp. 10 (G, U) HM031995.1 99.4

Pseudoalteromonas citrea 10 (G, U) KX453254.1 99.3

Pseudoalteromonas sp. 10 (G, U) PQ670272.1 99.1

Pseudomonas sp. 4 (S) KF786975.1 89.1

Psychrobacter submarinus 10 (S) KF424825.1 97.8

Ruegeria atlantica 12 (U) JX463483.1 97.5
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Table 5. Cont.

Species Month (Condition) Accession Identity (%)

Sulfitobacter dubius 12 (U) MZ292263.1 97.4

Sutcliffiella horikoshi 12 (G) OQ560489.1 99.1

Tenacibaculum xiamenense 12 (U) NR_109729.1 95.4

Two genera, Alteromonas and Marinobacter (belonging to the Phylum Proteobacteria),
and one species of Bacillus aquimaris (Phylum Firmicutes) were isolated from PLA positioned
under the gravel. The family of Alteromonadaceae and the genus of Pseudomonas were found
in the fourth month on this polymer suspended in the water. Only the species Alteromonas
macleodii (Phylum Proteobacteria) was isolated from PCL positioned under the gravel. The
genera Glaciecola, Paraglaciecola, and Psychrobacter and the family of Rhodobacteracea were
identified in the tenth month on PLA suspended in the water. Halomonas sp., Phaeobacyer
sp., Leisingera sp., Pseudoalteromonas sp., and the species of Pseudoalteromonas citrea were
isolated from PCL positioned over the gravel and from PCL positioned under gravel.
Moreover, the species Alteromonas australica and Pseudoalkalibacillus hwajinpoensis and the
genera Alteromonas, Halomonas, and Pseudopelagicola were found on the PLA suspended in
the water. Only one species, Sutcliffiella horikoshi (Phylum Bacillota), was isolated from PCL
positioned over the gravel. The species Leisingera methylohalidivorans and Sulfitobacter dubius
(both belonging to the phylum Proteobacteria) and the genera Ruegeria and Tenacibaculum
were identified from the PLA surface positioned under the gravel.

3.6. MCA Analysis

This analysis summarizes and allows visualization in a factorial plane of the correla-
tions between the bacterial strains isolated in different months and on different plastics
(Figure 3A).

According to the broken-stick model [45], the axes are both significant. A cyclical trend
characterizes the space assemblages of all polymers under analysis. More specifically, in the
case of PBS (Figure 3B), the cyclical trend started in October (which represents the starting
point of the bacterial characterization) in the over-the-gravel condition, before moving to
the under-gravel condition in May, the over-gravel condition in November, over the gravel
again in July, and then to the suspended condition and further under-the-gravel conditions,
leading back to May, with over the gravel. For this polymer, two families of bacteria
(Alteromonadaceae and Oceanospirillaceae) appeared in the third, tenth, and twelfth months,
which in turn corresponded to the seasons with the highest temperatures. The presence
of the family of Rhodobacteraceae was constant over time, regardless of temperature and
the degradation of the plastic samples. The Pseudoalteromonadaceae family was identified
only on film samples collected in the months of October and May, with a temperature of
20 ± 1 ◦C. For PBSA (Figure 3C), always starting from October in the under-the-gravel
gravel condition, the cyclical trend passed through July (under gravel, suspended, and
gravel conditions) and then May (under gravel, but in the same month suspended), before
arriving again to the under-gravel condition in October. It is noteworthy that the families
of Rhodobacteraceae, Flavobacteraceae, and Microbacteracea appeared in October, May, and
July with temperatures of 20 ◦C, 21 ◦C, and 28 ◦C, respectively. The cyclical trend of PCL
(Figure 3D) started from October with under the gravel, moved to the suspended condition
in the same month, then passed to the gravel condition, then to over the gravel and under
gravel in July, until May (over the gravel and suspended), before finally coming back to
October. For PHB (Figure 3E), the trend in October started from suspended/under-gravel
conditions, moved to the gravel condition in November, then to over the gravel in October,
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suspended in July, then over the gravel again in May, back to the starting point of October.
For PLA (Figure 3F), the trend started as over the gravel in October, before moving in the
same month to the under-gravel condition; in July the condition was over the gravel, then
under the gravel in May, passing to November, when it was suspended, before returning to
October. The family of Alteromonadaceae was constant over time on this polymer; while the
family of Halomonadaceae was found in October, May, and July, Rhodobacteraceae were found
in May and July and Flavobacteraceae were found only in the warmest months.
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Figure 3. (A) MCA analysis showing the correlation between experimental conditions, i.e., different
observations related to the polymers in the mesocosm, different positions of the polymers in the
mesocosm (S = suspended; U = under gravel; G = gravel), and different months in which the
bacterial strains were isolated (3 = October 2021, 4 = November 2021, 10 = May 2022, 12 = July 2022).
(B) PBS observations are highlighted; (C) PBSA observations are highlighted; (D) PCL observations
are highlighted; (E) PHB observations are highlighted; (F) PLA observations are highlighted.

Finally, we retrieved a significant p-value of 1.50 E10−6 as the result of a chi-squared
test performed on the frequency data of the observed presence of each bacterium across all
months and conditions.

4. Discussion
The presence of bacteria on plastics was described for the first time in 1972 by Car-

penter at al. [46] and Carpenter and Smith [47], but more recently, studies have focused
on the composition of microbial communities able to colonize plastic surfaces [48] and on
the functional optimization of enzymes in order to obtain an economically feasible way to
biodegrade plastics [49,50]. Bacteria belonging to Proteobacteria, Actinobacteria, Firmicutes,
Bacillota, Bacteroidota, and Cyanobacteria were the most frequent colonizers of microplastic
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surfaces. Within the Phylum Proteobacteria, the families of Alteromandaceae, Pseudomon-
adaceae, Rhodobacteraceae, and Halomonadaceae were identified on all five plastics under
analysis. Bacteria belonging to the family Rhodobacteraceae are known as “initial colonizers”
of different substrates in various marine environments, suggesting a non-specificity for
the plastic’s surface [51]. The family Pseudomonadaceae, already detected in soil and waste
sites [52,53], was also found in association with microplastics [54–59]. Our results showed
that the Gammaproteobacteria family of Oceanospirillaceae was present on the surface of PBS,
while Vibrionaceae were present on PBS, PCL, PBSA, and PHB surfaces. Moreover, we
noticed differences in the composition of the bacterial communities that colonized the film
surfaces in response to variations in temperature during the seasons herein analysed. In
fact, within the phylum of Proteobacteria, the family of Alteromonadaceae was present on
the surface of all polymeric films in October and July, while in the coldest month analysed
(November) it was present only on PLA and PCL. The family of Pseudomonadaceae was
abundant in November on PLA, PHB, and PCL, while it was present in October on PHB,
PCL, PBSA, and PBS. In the warmest month (July), we found Rhodobacteraceae’s family on
all film surfaces analysed. Finally, the family of Halomonadaceae was found on the surface of
PLA, PHB, and PCL in October. These results demonstrate that there is no specificity for the
type of condition in which the microplastics were found, but there is a correlation between
sea water temperature and bacterial growth. In the last fifteen years, researchers have
demonstrated the presence of bacteria belonging to the family Flavobacteraceae (Bacteriodetes
phylum) on PS, (LD)PE, PP, and PET plastics [22,60–66]. Our results confirmed not only
that this family was found in association with the microplastics used—and in particular
PLA, PCL, and PBSA—but also that these bacteria appeared on plastic surfaces only in the
warmest month analysed (July), showing a good adaption to higher temperatures. As for
the class Microbacteriaceae, which belongs to the Phylum Actinobacteria, it was detected on
PBSA and PBS only in the warmest month (July). Besides showing an adaptation to high
temperatures, previous research has demonstrated that these bacteria are good candidates
for the bioremediation of plastic wastes [67,68]. The phylum of Cyanobacteria was detected
on PLA, PBSA, and PBS microplastics in October and May. Cyanobacteria are known to
colonize different types of plastics, such as PE, PET, and PP [60,63,69,70], but no data are
available, to the best of our knowledge, about their presence on biodegradable plastics.

These data confirm the idea that the nature of the employed biopolymers was not the
only factor explaining the shifts in biofilm composition. For example, temperature in our
experiments was a very important factor influencing the growth of bacteria. For this reason,
we think that our results were significant because the bacterial growth on plastic films was
detected for one year in order to follow the seasonal plasticity of the bacteria. If we consider
the data reported in the literature on the biodegradable polymers analysed, many of the
bacteria isolated on the surface of the five BPs analysed in this work are able to synthetize
enzymes that are able to degrade plastics. Enzymatic biocatalysis is crucial in the biodegra-
dation of plastics. These enzymes are first adsorbed on the film surface with the help of the
surface-binding domain, and then break the chemical bonds of plastic [34]. PBS has been
reported as non-biodegradable in marine environments, and until now, few studies have
shown PBS-degrading marine microbes. Kimura et al. [71] showed the presence of Vibri-
onaceae (Vibrio ruber, Vibrio rhizosphaerae, and Vibrio spartinae) and Pseudoalteromonadaceae on
PBS films. Further gene identification indicated genes related to a PBS-degrading enzyme
(PBSase) produced by these bacteria. Terribacillus sp. JY49 was also identified as a potential
bacterial strain that can degrade PBS and other bioplastics [72]. The isolate, identified as a
member of the genus Halopseudomonas, demonstrated PBSA degradation potential at the
salinity levels of seawater. In addition to PBSA, the strain could degrade PCL [73,74], and
has been utilized as a model to investigate the biodegradation potential of bacteria and
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their involved catabolic enzymes [75], during which the Rhodococcus erythropolis D4 strain
was isolated. Also Pseudomonas pachastrellae JCM12285T was identified as a PCL-degrading
bacterium through its hydrolytic activity with the hydrolysate 6-hydroxyhexanoic acid
(6HH), in addition to a major component of cutin, 16- hydroxyhexadecanoic acid [59].
The Brevundimonas sp. strain MRL-AN1 was isolated as a PCL-degrading bacterium [76].
PHB degradation was performed by Bacillus infantis through PHB depolymerase [28]. Two
isolates of potent PLA-degrading bacteria were selected and identified as Stenotrophomonas
pavanii and Pseudomonas geniculate [29]. The bacterium Roseibium aggregatum ZY-1 was
able to colonize poly(butylene adipate-co-terephthalate) PLA (PBAT-PLA) films and de-
grade this polymer using the action of various enzymes, such as PETase, carboxylesterases,
arylesterase (PpEst), and genes like pobA, pcaBCDFGHIJKT, dcaAEIJK, and paaGHJ, which
are involved in PBAT degradation [77]. Halomonas sp. showed significant degradation
capabilities against poly (ethylene terephthalate) (PET) [78]. Bacillus species were able to
degrade low-density polyethylene (PE) [79]. Comparative data on PCL, PBSA, PLA, and
PBS in film and powder forms showed that their biodegradation strictly depended on the
shape of the polymer, according to which the plastic was easily or slowly degraded [80–82];
at the early stage of the biodegradation, biodegradable plastics in powder form with a
larger surface area were biodegraded faster than the same plastics in film form. At the
late stage of biodegradation, the biodegradation rates of PCL and PBSA, considered easily
biodegradable plastics, were independent of the form of the samples, while the effect was
constant for PLLA and PBS. The biodegradation of PCL, PHB, PLA, and PBS was also
studied by Hosni et al. [83], where these BPs were compared in soil and compost over a
period of more than 10 months at 25 ◦C, 37 ◦C, and 50 ◦C. Degradation rates varied between
the polymers and incubation temperatures, but PCL showed the fastest degradation rate
under all conditions. Furthermore, various fungal strains on the polymer surfaces were
identified, such as Aspergillus fumigatus, which was mostly found at 25 ◦C and 37 ◦C, and
Thermomyces lanuginosus, which was associated with PCL and isolated at 50 ◦C.

Nowadays, the presence in the environment and the actual fate of biodegradable
polymers are critical issues in research aimed at facilitating their disposal at the end of their
use in order to reduce their environmental impact. In particular, their degradation, closely
related to their structure, properties, and behaviour, is being extensively investigated. Their
effects on plastic degradation and the bioremediation potential of bacteria make these mi-
croorganisms biotechnologically important because they permit the development of potent
tools to reduce the presence of harmful plastics in ecosystems. Here, we demonstrated their
potential role in the transformation of biodegradable polymers, and more in general of plas-
tic wastes, and their easy adaptation to higher temperatures. Noteworthily, it is important
to state the limitations of the culturable strategy employed, as other microorganisms like
viruses, archaea, eukaryotes [84], and non-culturable bacteria were not characterized, and
could have participated in the biofilm structure.

Furthermore, the bacteria isolated in the present work on each of the biodegradable
polymers could represent specific consortia potentially able to secrete specific degrad-
ing enzymes (see Figure S2). Further research is needed to examine potential relevant
degradation mechanisms, such as those involving key enzymes [18,85]. An important
issue regarding the degradation of plastics is represented by the use of microbial consortia,
which are able to degrade complex compounds, such as plastic materials; this seems to
be more advantageous compared to isolated bacteria [86,87]. In fact, it was demonstrated
that consortia were more adaptable and stable, representing a useful catalytic environ-
ment for enzymes involved in biodegradation pathways, such as hydrolases, cutinases,
carboxylesterases, lipases, esterase, peroxidase, laccase, manganese superoxide dismutase,
and alkane hydroxylase.
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This aspect is very important if we consider the increase in the production and accumu-
lation of recalcitrant materials, such as plastics, and the need to produce new, sustainable,
and challenging strategies for plastic biodegradation with the aim of reducing environ-
mental pollution [25]. The changes in community structure that occurred during the
seasons pave the way for the discovery of specific decomposers in a stable consortium.
The current research on complex-compound-degrading microbial consortia, helped by
advances in metabolic engineering and synthetic biology (involving genetic modification,
genetic manipulation, gene cloning, and recombinant DNA technology) represents a new
approach for the efficient utilization of complex constructions of microbial consortia with
strong degradation potential. In fact, microbial cells can be genetically engineered to de-
grade plastic contaminants in the environment more effectively [88]. In conclusion, the
microbial and enzymatic degradation of plastics is a promising strategy for the depolymer-
ization of waste plastics and to covert waste plastics into higher-value bioproducts, making
them more environmentally friendly and sustainable, and offering a green alternative to
plastic recycling.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms13030609/s1, Figure S1: Photo of one tank of
the experimental mesocosms, consisting of fifteen experimental tanks. The bottom of the tank
was covered with natural gravel (coralline sand, grain size 0.4–0.8, Arena Silex, Manufacturas Gre,
S.A.). Three experimental conditions where the polymers were placed: (a) suspended in sea water,
immersed about 10 cm from the surface of the water; (b) laying over the gravel; (c) under the
gravel. Figure S2: Panel A shows common or specific bacteria when considering different positions
of the polymers in the mesocosm (S = suspended; U = under gravel; G = gravel); panel B shows
common or specific bacteria when considering different timepoints (3 = October; 4 = November;
10 = May; 12 = July); panel C shows common or specific bacteria when considering different plastics.
Table S1: Main nutrients (NH4, NO2, NO3, PO4, reported as mg/L) were measured twice a month
during all experiments. Data are reported as mean average (±standard deviation) among the
15 tanks. Table S2: Physical parameters (temperature in ◦C, pH, oxygen as mg/L, salinity as PSU)
were measured three times a week during all experiments. Data are reported as mean average
(± standard deviations) among the 15 tanks. Table S3: Composition of Zobell Marine Agar, reporting
each compound and concentration in grams (g)/litres (L).
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