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A R T I C L E  I N F O   

Editor: Dr. G. Jianhua  

Keywords: 
Plastisphere 
Enrichment culture 
Bacterial community 
Sequencing 
Mediterranean Sea 

A B S T R A C T   

Different plastic types considered as compostable are found on the market such as petro-based (e.g., polybutylene 
adipate terephthalate (PBAT)) or bio-based plastics (e.g., polylactic acid, (PLA)). Even if their degradation has 
been confirmed in industrial compost conditions, investigation of their degradation in natural marine environ
ment has been limited. To better understand biodegradation into natural marine environment, commercial 
compostable (PBAT, semi-crystalline and amorphous PLA) and non-compostable polymers (low density poly
ethylene, polystyrene, polyethylene terephthalate, polyvinyl chloride) were submerged in situ on the sediment 
and in the water column in the Mediterranean Sea. These samples were studied by chemical and microbiological 
approaches. After 82 days of immersion, no significant bacterial degradation of the different polymers was 
observed, except some abiotic alterations of PBAT and LDPE probably due to a photooxidation process. However, 
after 80 days in an enrichment culture containing plastic films as a main carbon source, Marinomonas genus was 
specifically selected on the PBAT and a weight loss of 12% was highlighted. A better understanding of the 
bacterial community colonizing these plastics is essential for an eco-design of new biodegradable polymers to 
allow a rapid degradation in aquatic environment.   

1. Introduction 

Due to their iniquitousness and predominant role in our daily lives, 
petroleum-based plastics production increases every year. In 2015, nine 
percent of their global production was recycled while seventy-nine 
percent of the discarded plastics ended up in landfills or in oceans 
(Geyer et al., 2017). Single-use plastics such as plastic bags and 
microbeads are a dominant pollution source (Xanthos and Walker, 
2017). The most widely used non-biodegradable plastic in Europe are 
low density polyethylene (LDPE), polystyrene (PS), polyethylene tere
phthalate (PET) and polyvinyl chloride (PVC) (Plastics, 2019). Once 

entered in the marine environment, plastics debris were ingested by the 
fauna (e.g., whales, seabirds, turtles, seals, etc.) and cause the death of 
hundreds of thousand animals (Rochman et al., 2013a, 2013b; Wilcox 
et al., 2015) provoking a global ecological impact. 

To avoid this global issue, compostable polymers such as polylactic 
acid (PLA) and polybutylene adipate terephthalate (PBAT) are consid
ered a solution to pollution issues and now replace some single use non- 
biodegradable plastics. Indeed, these plastic types have a perdurability 
limited in the environment. In 2018, around 912,000 tons of these 
plastics were produced. The PLA, one of the world’s best-selling bio
plastics considered as an excellent alternative to PP (polypropylene) and 
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PS represents 24% of the biodegradable plastic production while PBAT, 
equivalent to LDPE, represents 17% of this production (Bioplastics 
Market Data Report, 2018). The PLA is a biobased plastic as this polymer 
is produced by the bacterial fermentation of agricultural byproducts rich 
in carbohydrate at a large industrial scale while the PBAT is a 
petro-based polymer. 

The biodegradation process involves two important factors: (1) the 
action of the physicochemical parameters (abiotic degradation) and (2) 
the microbial activity (biotic degradation) (Haider et al., 2019). Tem
perature is an important parameter for biodegradation in compost. 
Indeed, a temperature close to the glass transition temperature of the 
polymer (58 ◦C for amorphous PLA and 62 ◦C for semi-crystallin PLA) 
facilitates the degradation. These two polymers are considered as 
compostable under anaerobic conditions as they are degraded up to 90% 
into CO2 in compost at 70 ◦C after 180 days (ISO 14855), in anaerobic 
conditions. However, their degradation outside of these controlled 
conditions, in aerobic conditions and in the presence of new microor
ganisms such as in natural marine environments, is unknown. Recent 
studies tested the degradation capacity of different biodegradable 
polymers, including PLA, in managed and unmanaged conditions. They 
showed that PLA is not biodegradable either in home composts or in 
reactors mimicking marine environments (Naranci et al., 2018). No 
evidence of bacterial degradation was observed in dynamic or static 
seawater after 10 weeks of immersion (Karamanlioglu et al., 2017). 
Finally, Beltran-Sanahuja et al. (2020) compared the PLA blends 
degradation into different seawater compartment in cylinders simu
lating water conditions (euphotic zone, aphotic zone, in non-polluted 
sediment and in organic polluted sediment) showing that the compart
ment influences the degradation of PLA with a higher degradation into 
the non-polluted sediment with a weight loss of 75.3% after 365 days. In 
the sediment, Accinelli et al. (2012), showed that the amount of bacteria 
was higher than in the water column and that the bacterial community 
has a role in the plastic degradation. 

In the biotic degradation step of compostable plastics, microbial 
communities developing on these polymer surface have an important 
role. Plastic residues entering in the marine environment are rapidly 
colonized and composes a distinct ecological niche named the “plasti
sphere” (Zettler et al., 2013). This niche is colonised by different mi
croorganisms such as diatoms, fungi and bacteria. In this framework, 
several studies have described the microbial communities able to colo
nise non-biodegradable plastics showing that the composition of the 
bacterial communities evolves gradually with the immersion time of the 
polymer: (i) Alphaproteobacteria and Gammaproteobacteria represent the 
primary colonizers of the plastic surface and (ii) Bacteroidetes constitute 
the secondary colonizers (De Tender et al., 2017a, 2017b). In addition, 
the bacterial community composition is linked to the sample position 
(floating plastics vs plastics on the sediments) (Delacuvellerie et al., 
2019). The colonisation of PHBV (poly(3-hydroxybutyrate-co-3-hy
droxyvalerate) was monitored in an aquarium in natural sea water 
during 6 weeks, showing that the colonization density is higher on these 
plastics than on the non-biodegradable ones (Dussud et al., 2018) but 
the bacterial colonization profile of the biodegradable plastics was not 
described. 

To better understand the behaviour of some compostable plastics in 
the natural marine environments and their colonisation by the bacterial 
communities, we immersed compostable and non-compostable plastics 
for 82 days in the Mediterranean Sea either on the sediment or in the 
water column. We combined chemical and genomic approaches to 
describe the bacterial community developing on compostable and non- 
compostable plastics and we tested the degradation efficiency of 
immersed plastics. A better understanding of this system is important to 
(i) eco-design new polymers with optimizing properties for the bacterial 
development and the biodegradation processes and (ii) develop realistic 
standard tests to evaluate the biodegradability of these polymers. 
Finally, we performed enrichment cultures in an attempt to select po
tential candidates that degrade compostable plastics (semi-crystalline 

PLA, amorphous PLA and PBAT) and assess the involvement of specific 
bacteria in the plastic biodegradation. 

2. Materials and methods 

2.1. Materials 

Three types of plastics were considered during this study: (Fig. S1): 
(i) non-compostable petro-based plastics (i.e., PET, PS, LDPE and PVC); 
(ii) compostable petro-based plastic (PBAT) and (iii) compostable bio
based plastics (amorphous and semi-crystalline PLA). Non- compostable 
films were supplied by Goodfellow © and their characteristics are 
available in Table 1. 

The compostable plastics were provided as pellets (Table 2). The 
PBAT was supplied by BASF society and distributed by B-Plast 2000 
(product code: Ecoflex F Blend C 1200). The semi-crystalline PLA 
(IngeoTM 4032D) and the amorphous PLA (IngeoTM 4060D) were pro
vided by Nature Works (USA). 

Throughout the manuscript, we use the terms “plastic type” to 
differentiate compostable and non-compostable plastics. 

2.2. Preparation of compostable plastic films 

Before the film processing, the PLA and PBAT pellets were dried 
overnight. The films were pressed using a Carver 3851–0 hot-press 
machine (Wabash, U.S.A.) to obtain films of 5 cm diameter and 200 
µm tick. The plate temperature was set at 150 ◦C and 200 ◦C for the 
PBAT and the PLA, respectively. The PBAT and the PLA were melted 
during 3 min and 5 min, respectively before undergoing 2 degassing 
steps. After a pressure of 250 bar for 5 min, the films were cooled down 
at room temperature for 5 min using water circulation within the plates 
of the pressure. 

2.3. Design of the environmental marine immersion experiments 

Plastic films were placed in-situ (salinity: 38 and pH: 8) in front of the 
marine station “STARESO” (42.579741◦N, 8.724418◦ E, Calvi, Corsica) 
(Fig. S2). Four replicates of each of the seven chemical composition of 
polymer were fixed on a plastic frame to avoid metal contamination 
(Fig. 1). The placement of the films was as follows: (i) in the water 
column at 4.5 m of depth and (ii) on the sediment at 8 m depth (on a 
sandy patch in the Posidonia oceanica meadow). The plastic frame was 
held in the water column between a weight placed on the bottom and a 
subsurface buoy. The second frame was placed and fixed on the sedi
ment in the bottom with stakes made with concrete bars molded in PVC 
tubes. The polymers of different chemical compositions were alternately 
fixed on the frames and immersed during 82 days from May, 14 to 
August 5, 2019. After sampling, plastics were stored in sea water at 4 ◦C. 
The microbial biofilms were delicately detached for 16S rRNA gene 
sequencing and the plastics were cleaned to perform their chemical 
characterization. The average sea surface temperature was 20.8 ◦C 

Table 1 
Characteristics of the non-biodegradable plastic films.  

Plastic 
type 

Thicknessa Density1 Melting 
temperature 

Glass 
transition 
temperature 

Crystallinity 

LDPE 200 µm 0.95 g/ 
cm3 

109 ◦C 45 ◦C 40% 

PET 200 µm 1.3–1.4 
g/cm3 

/ 94 ◦C Amorphous 

PVC 200 µm 1.4 g/ 
cm3 

/ 76 ◦C Amorphous 

PS 125 µm 1.05 g/ 
cm3 

/ 106 ◦C Amorphous  

a Technical data provided by the supplier 
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(Rapid Assessment of the Coastal Environment, ULiège). The water 
mean temperature during the plastic immersion at a depth of 3 m was 
20.8 ◦C. 

2.4. Chemical characterization 

Chemical characterisation was performed on all plastic films before 
and after immersion in the marine environment. Before characteriza
tion, the films were rinsed with ethanol 70% (V/V) and deionized water 
to remove organic coatings and dried at 30 ◦C for one day. The biofilms 
were removed from the immersed plastics and were analyzed for their 
bacterial communities. 

We analysed the physicochemical properties to follow the abiotic 
degradation (polymer degradation by the action of physicochemical 
condition of the environment) with different relevant techniques: 
weight loss (Fig. 3), SEC (Table 3), DSC (Table 4), ATR-FTIR (Benali 
et al., 2015; Weng et al., 2013). As a reminder, ATR-FTIR allows to 
observe the surface groups of the polymer, in case of degradation, new 
peak corresponding to oxidative function appears. Glass transition 
temperature and crystallinity were followed by DSC, if the polymer is 
degraded, the Tg decreases and the crystallinity increases. Finally, pa
rameters of chains constituting the polymer matrix such as Mn and ÐM 
were studied by the SEC analysis mainly for compostable plastic whose 
matrix is hydrolytically unstable. 

2.4.1. Weight loss method 
After drying, the plastic films were weighed and the percentage of 

weight loss was determined as follows (Roy et al., 2008): 

Weight loss(%) =
(mi − mf )

mi
× 100  

where mi is the weight of the plastic at the initial time and mf, the weight 
after the immersion time. 

2.4.2. Differential scanning calorimetry (DSC) 
The DSC analyses were performed with a DSC Q2000 from TA In

struments®, New Castle, USA. Temperature and enthalpy calibrations 
were performed using an indium standard. Around 5–7 mg of samples 
were sealed in aluminum standard pans. Samples were heated from 
− 20.0 to 200 ◦C for the PLA and − 80–200 ◦C for the other polymers 
with a heating ramp of 10 ◦C/ min under a nitrogen atmosphere. The 
parameters of interest (i.e., melting temperature (Tm), glass transition 
temperature (Tg), cold crystallization temperature (Tc), melting (ΔHm) 
and cold crystallization enthalpy (ΔHc) were measured at the second 
heating scan. The exception is for the Tm of the LDPE, only visible on the 
first heating scan. The equation of the percentage of crystallinity is as 
follows (Benali et al., 2015): 

χc (%) =

[

∆Hm(t) − ∆Hc(t)

∆H0
m

]

× 100  

Where ∆Hm(t) et ∆Hc(t) are the melting and the cold crystallization 
enthalpy at the same time t (after or before the immersion in marine 
environment) and ∆H0

mis the melting enthalpy of the 100% crystalline 
polymer. The ∆H0

m value for PLA is 93.0 Jg-1 (Benali et al., 2015), for 
PBAT it is 114.0 Jg-1 (Bastarrachea et al., 2010) and for LDPE it is 
293.0 Jg-1 (Morawiec et al., 2005). 

2.4.3. Size exclusion chromatography (SEC) 
Polymer solutions were prepared at 2 mg polymer/ ml of CHCl3. The 

SEC procedure used is the same as that described previously (Paul et al., 
2003). For the analysis of the molecular weight parameters such as the 
number average molecular weight (Mn) and the dispersity (ÐM), an 
Agilent liquid chromatograph was used. 100 µl of the samples were 
injected with an Agilent auto-sampler at a flowrate of 1 ml/min. The 
calibration was performed with PS standard for separation of Mw (PS) 
ranging from 200 to 4 x 105 g/mol. 

2.4.4. FTIR spectroscopy 
The spectra of the surface films were obtained using Fourier trans

form infrared spectroscopy (FTIR) using the attenuated total reflectance 

Table 2 
Characteristics of biodegradable plastic pellets.  

Plastic 
type 

Density1 Melting 
temperature 

Glass transition 
temperature 

Crystallinity 

PBAT 1.26 g/ 
cm3 

- 29 ◦C 120 ◦C 13% 

PLA 
(4060D) 

1.24 g/ 
cm3 

58 ◦C / Amorphous 

PLA 
(4032D) 

1.24 g/ 
cm3 

62 ◦C 166 ◦C 4%  

Fig. 1. Experimental design in the Mediterranean Sea: (A) framework in the water column at 4.5 m of depth and (B) framework on the sediment at a depth of 8 m.  
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(ATR) technique (Bruker, Tensor 27) with OPUS 6.5 software. The 
spectra were acquired over the wavelength range of 4000− 600 cm-1 

with 64 spectral scans (Mahoney et al., 2013). 

2.5. Bacterial community characterization 

Plastic films were rinsed using sterile salt water to remove microbes 
that were not well attached to the biofilm. Biofilm was detached from 
the plastics film using a sterile inoculation loop and the biomass was 
used for the DNA extraction and for the enrichment cultures if biomass 
was sufficient. 

2.5.1. Enrichment culture 
Bacterial communities from compostable plastics were cultured in 

glass tubes with 5 ml of low carbon source marine medium (30 ◦C, 
140 rpm), as described previously (Delacuvellerie et al., 2019; Yoshida 
et al., 2016), and with 2 cm2 of new clean plastic film identical to the 
one used in-situ (section 1.1.). For example, replicates of FP-PBAT were 
cultured individually in tubes (a total of 4 tubes for FP-PBAT) with a new 
PBAT film. The composition of the medium used was as follow: 0.05% 
yeast extract, 0.2% ammonium sulfate, 3.5% salts (W/V, Sigma Sea Salt) 
and 1% trace elements (0.1% MgSO4.7H2O, 0.1% FeSO4.7H2O, 0.01% 
ZnSO 4.7H2O, 0.01% CuSO4.5H2O and 0.01% MnSO4.5H2O) in 20 mM 
(N-morpholino) propanesulfonic acid (MOPS) pH 8; adapted from 
Yoshida et al. (2016)). These plastics were sterilised in 70% ethanol and 
dried in laminar flow. After 80 days of culture, bacterial communities 
from developed biofilm were analysed by 16S rRNA amplicon 
sequencing. To obtain enough DNA extracts, the DNA extraction were 
directly performed on the plastic film. Consequently, the monitoring of 
the plastic degradation by the chemical analysis were irrelevant since 
these plastics were heated for the DNA extraction. 

2.5.2. DNA extraction and PCR and 16S rRNA amplicon sequencing 
The DNA of biofilm from plastic films was extracted with the Power 

soil ® DNA kit (Power soil ® DNA kit, QIAGEN) following the manu
facturer’s instructions. A sequence of 460 bp of the hypervariable V3-V4 
region of the 16S rRNA of Bacteria and Archaea was amplified using the 
following primers: 806R (5’-GGACTACNNGGGTATCTAAT-3’) and 341F 
(5’-CCTAYGGGRBGCASCAG-3’) (Nunes et al., 2016). Overhang adapter 
sequences are added to the primer pair sequences to allow the 
compatibility with Illumina index and sequencing adapters. The 
sequencing of 2x300 bp paired-end high-throughput were performed 
with the Illumina® MiSeq ® platform (Illumina, San Diego, CA, USA) 
according to the manufacturer’s instructions using the high-throughput 
sequencing by the GIGA, Liège, Belgium. The version 4.0.3 of the 
MG-RAST pipeline was used to create the contingency table at the genus 
level, using Greengenes database, at a sequence identify level of 97% on 
the paired-end mating sequences (Keegan et al., 2016). Only mate pairs 
(forward and reverse) were used for the following analysis. The 
following options were chosen for the submission on MG-RAST: mini
mum quality of 25 bp and maximum low quality basepairs of 6. Using a 
bit-masked k-difference matching algorithm, adapter sequences were 
removed. Depending of the options chosen, the sequences were filtered 
based on number of ambiguous bases, on length and quality values. 
Finally, PCR artifacts and host DNA contamination were removed (https 
://www.mg-rast.org/). 16S rRNA amplicon sequences were deposited at 
the SRA (Sequence Read Archive) in NCBI under the accession number 
PRJNA689769 (http://www.ncbi.nlm.nih.gov/bioproject/6897699). 

2.5.3. Analysis of the diversity index 
The PAST software was used to verify the sequencing quality using 

rarefaction curves. (Fig. S3) (Hammer et al., 2001). The alpha-diversity 
indices (the richness and the equitability) were calculated on the rare
fied data (9871 reads counts for in-situ analyses and 16,779 reads counts 
for the enrichment culture, Limma RGui package). The statistical sig
nificance of the diversity indexes was performed by ANOVA followed by 

Tukey’s post-hoc analysis (p-value < 0.05). The beta-diversity was 
studied using multivariate analysis with the PERMANOVA test (vegan 
RGui package; Wang et al., 2012). This analysis tested the factor sig
nificance (plastic type, plastic chemical composition, sample place) 
using the Bray-curtis dissimilarity with 10, 000 permutations (Table S1). 
Non-metric multidimensional scaling (nMDS) profile of the pairwise 
community dissimilarity (Bray-Curtis) indices of the 16S sequencing 
data was realized using the PAST software (Hammer et al., 2001). 
Identification and validation of response groups (RGs). 

2.5.4. Identification and validation of response groups (RGs) 
A heatmap was performed with 30 OTUs significantly affected by the 

sample position (sediment vs water column). These OTUs were identi
fied using a nbGLM (negative binomial distribution and Generalized 
Linear Model), a deviance analysis carried out by the utilization of the 
mvabund Rgui package (Dixon, 2003) revised by 1000 resampling iter
ations of the residual variance (p < 0.05). Two RGs were defined with a 
cluster dendrogram using the Euclidean distance and an average clus
tering (vegan RGui package). These two response groups were validated 
against a null model by Monte-Carlo simulation (Fig. S4) containing all 
the OTUs to reinforce the power of randomization (Cyriaque et al., 
2020). 

3. Results & discussion 

3.1. Biofilm formation 

Compostable (semi-crystalline PLA, amorphous PLA and PBAT) and 
non-compostable plastics (PET, LDPE, PS and PVC) were submerged 
during 82 days into the sea (Fig. 1): (1) on the sediment (8 m depth) and 
(2) into the water column (4.5 m depth). We used seven different 
polymers which have different structure: (i) commodity plastics (PET, 
LDPE, PVC and PS) whose polymer chain hardly degrades (ii) and 
compostable plastics displaying a hydrolytically unstable matrix. These 
plastics were immerged on the sediment and in the water column to vary 
the aging conditions of these plastics. Unfortunately, several plastic 
films, mainly plastic in the water column, were lost during the immer
sion time due to the weather conditions (currents and swells) (Table S2). 
Concerning remaining plastics, after the immersion, macroscopic ob
servations of the biofilm on the polymer revealed differences depending 
on the polymer position (sediment (SP) vs floating plastics (FP) in the 
water column) (Fig. 2), showing that the position conditions (e.g., light 
or pressure) impacts the biofilm formation. The biofilm colour ranged 
from green for the FP samples to brown and pink for SP polymers. 
However, no difference was observed with the plastic chemical 
composition (LDPE, PBAT, PLA, etc.). For both plastic types (compost
able or non-compostable plastics), the biomass varied depending on the 
position on the frame (Table S2). This observation confirms our previous 
results studying bacterial communities of collected polluting plastics in 
the Mediterranean Sea (Delacuvellerie et al., 2019) and can be explained 
by several parameters such as the different exposition of the ultraviolet 
(UV) radiations, of the water stream, water temperature, etc. 

3.2. Physicochemical properties of the plastic films after immersion in 
marine environment 

3.2.1. PS, PVC & PET 
Regarding weight loss (Fig. 3), ATR-FTIR spectra and SEC (Table 3) 

and DSC (Table 4) parameters, no parameters significantly change for 
the SP and FP samples after the 82 days of immersion, excepted for the 
PVC for which a slight weight gain is observed. This gain is due to the 
sorption of water. The general visible aspect of the polymer is a critical 
indication about their hydrolysis. No difference was observed except for 
the FP-PVC samples whose films were brownish (Fig. S5). The dehy
drochlorination process of PVC which leads to the formation of polyene 
sequences or long conjugated double bonds can cause this colour change 
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(Sombatsompop and Sungsanit, 2004). In the water column, near the 
surface, the polymer is more exposed to UV radiations, explaining this 
difference between the water column and the deeper sediment. PVC is 
the most sensitive polymer toward UV radiations (Gewert et al., 2015). 

In conclusion, FP-PVC is thought to undergone a process of dehy
drochlorination due to the UV radiation effects in the water column. 
However, these three non-compostable plastics (PVC, PS and PET) on 
sediment and in the water column were not degraded after immersion in 
natural marine environment. 

3.2.2. LDPE 
Interestingly, the physicochemical parameters of the LDPE on the 

sediment and in the water column after the immersion were different. 
Concerning the SP-samples, no chemical parameters displayed changes 
between the initial time and the end of the immersion (Fig. 3; Table 3 
and 4). However, concerning the FP-films, a small increase of the Tg was 
observed (46–48 ◦C) as well as a rise of the crystallinity (40–42%). These 

two parameters indicated that the amorphous zone of the LDPE could be 
slightly degraded increasing the crystallization percentage. Moreover, 
on the ATR-FTIR spectra (Fig. S7), a new peak was visible at 1715 cm-1, 
corresponding to a ketone carbonyl function. The photooxidation of the 
polyethylene happens as followed: UV radiation effects lead to the for
mation of radicals which react with dissolved oxygen in the marine 
environment and form a ketone carbonyl bond (Albertsson et al., 1987). 
This degradation was only observed in FP-LDPE, most likely because in 
the water column UV radiation intensity is higher than on the deeper 
sediment (Sudhakar et al., 2007). This photooxidation forms a new 
oxidative functional group and changes the plastic surface properties. 
Unfortunately, several plastic films, mainly plastic in the water column, 
were lost during the immersion time due to the weather conditions 
(currents and swells) (Table S2) that might have facilitate the biodeg
radation processes (Gilan et al., 2004; Cornell et al., 1984). In conclu
sion, a degradation by photooxisation was observed on LDPE samples in 
the water column but this degradation is relatively low, with a weight 
loss of 0.04% (Fig. 3). 

3.2.3. PLA & PBAT 
Concerning the degradation of these three compostable plastics, no 

difference was observed in the DSC parameters (Mn and ÐM) and the 
ATR-FTIR spectra between the initial time and the end of the immersion 
both on the sediment and in the water column. However, the cold 
crystallization enthalpy and the melting enthalpy of FP- and SP- PLA 
4032D were higher after the immersion of the polymer (Fig. S6). 
Regarding the SEC parameters of the PLA 4032D, the Mn (130,000 to 
100,000 g/mol) decreased for both the SP and FP samples. The shape of 
the SEC trace remained monomodal. However, there was no weight loss 
and no new peak on the ATR-FTIR spectra indicating that the PLA hy
drolysis starts with a homogeneous shortening of the chain, with a low 
efficiency. The UV radiations did not impact the PLA degradation, but 
the chemical analyses of the FP-PLA were performed only on one 
replicate. 

Concerning the PLA amorphous (4060D), no samples were collected 
in the water column. When being degraded, these polymers may become 
fragile and prone to break and leave from the structure. The second 
hypothesis is that these plastics are more brittle and did not tolerate the 
storm. For the SP-PLA 4060D, the Mn was the only parameter that varied 
with a decrease from 140,000 g/mol at the initial time to 120,000 g/mol 
after the immersion, suggesting that hydrolysis has begun. 

We hypothesize that after 82 days of immersion in natural marine 
environment of the Mediterranean Sea (water temperature around 
20 ◦C), there was no drastic degradation of amorphous and semi- 
crystallin PLA. These results are in agreement with the literature. 
Indeed, the PLA is known for its biodegradability in industrial com
posting but not in marine environments at 30 ◦C (in a bioreactor) 
(Naranci et al., 2018). However, signs of degradation were showed for 
the PLA incubated in buffer at 37 ◦C after 1.5 month, i.e. Mw, Tg and Tc 
significantly decreased while the χc increased (Benali et al., 2015). 
Moreover, it was reported that the PLA degradation vary according to 
the water temperature: the lower is the temperature, the slower is the 
biodegradation process (Volova et al., 2007). However, the impact of the 
sample position (sediment vs water column) cannot be confirmed as only 
one replicate of PLA 4032D and no PLA 4060D was sampled in the water 
column. In a recent study, the PLA degradation into cylinders simulating 
different marine compartment reached a weight loss of 1% in the water 
column and around 20% when immerged in the sediment (Bel
tran-Sanahuja et al., 2020). In the present study, the experimental 
design mimics plastics moving freely on the sediment hance a decreasing 
access to the organic matter. 

Finally, the FP and SP-PBAT have lost 1.1 ± 0.1% and 1.5 ± 0.3%, 
respectively (Fig. 3). Concerning the SEC parameters of FP-PBAT, the Mn 
decreased (52 000 g/mol to 44,000 g/mol) and the ÐM increased (from 
2.9 to 3.8), suggesting it started hydrolysing. However, there was no 
difference between the PBAT at the initial time and after the immersion 

Table 4 
Differential scanning calorimetry parameters from the second heating for each 
polymer at the initial time (ti: before the immersion), and after the 82 days 
immersion in the Mediterranean Sea on the sediment (Sediment) or in the water 
column (Water column); * only one replicate; NA: samples lost during the im
mersion time; a values from the first heating scan.  

Polymer Sample name Tg (◦C) Tm (◦C) χc (%)a 

PLA (4032D) ti 62 166 4 
Sediment 61 166 4 
Water column 61* 166* 4* 

PLA (4060D) ti 58 / Amorphous 
Sediment 58 / Amorphous 
Water column NA NA NA 

PBAT ti -29 121 14 
Sediment -29 120 14 
Water column -29 121 14 

PS ti 106 / Amorphous 
Sediment 105 / Amorphous 
Water column 105 / Amorphous 

PET ti 94 / Amorphous 
Sediment 94 / Amorphous 
Water column 94 / Amorphous 

PVC ti 76 / Amorphous 
Sediment 75 / Amorphous 
Water column 75 / Amorphous 

LDPE ti 46 109 40 
Sediment 46 109 41 
Water column 48 109 42  

a χc (%) =

[

∆Hm(t) − ∆Hc(t)

∆H0
m

]

×

100 

Table 3 
Size exclusion chromatography parameters of polymers at the initial time (ti; 
before the immersion), and after the 82 days of immersion into the Mediterra
nean Sea on the sediment (Sediment) or in the water column (Water column); 
NA: samples lost during the immersion time. The shape of SEC trace is mono
modal for each sample.  

Polymer Sample name Mn (g/mol)a  ÐM 

PLA (4032D) ti 130,000 1.8 
Sediment 100,000 1.8 
Water column 100,000 1.9 

PLA (4060D) ti 140,000 1.8 
Sediment 120,000 1.8 
Water column NA NA 

PBAT ti 52,000 2.9 
Sediment 51,000 2.9 
Water column 44,000 3.8 

PS ti 140,000 2.5 
Sediment 150,000 2.5 
Water column 140,000 2.7  

a PS standard 
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on the sediment. Concerning the PBAT, only a very few studies have 
been performed on its biodegradability in marine water in laboratory 
conditions at room temperature. PBAT lost less than 2.5% of its weight 
over 56 weeks of immersion in tanks with natural sea water (Wang et al., 
2019). All the SEC parameters for the FP-PBAT were also different 
further suggesting that the position in the water column led to a better 
degradation of PBAT plastics due to the higher temperature, greater 
mixing water, UV radiation, etc. 

3.3. Bacterial community composition of the plastisphere 

Physicochemical analysis highlighted that the marine environment 
had differential impacts on the different chemical composition of plastic 
due to their differences in structure; i.e., oxidation for FP-LDPE, 
dichlorination for FP-PVC, etc. To better understand the impact of bac
terial degradation on compostable and non-compostable plastics, and to 
study the bacterial community assembly on these two types of polymers 
in marine environment, the bacterial community composition was 
studied by the 16S rRNA amplicon sequencing. Despite the different 
abiotic degradation steps of plastics, will some of these polymers be used 
as a carbon source by microorganisms in order to degrade them? 

The alpha-diversity of the microbial communities of plastics 

immerged during 82 days on sediment (SP) and in the water column (FP) 
were measured using 16S rRNA amplicon sequencing (Fig. 4). No sig
nificant difference was revealed between the plastic chemical compo
sition (LDPE, PS, PVC, PET, PLA 4032D, PLA 4060D and PBAT) upon the 
same position (FP or SP). Unsurprisingly the richness index on SP is 
significantly higher than on FP-samples (p_value: 6.984e-4). Indeed, SP- 
plastics were in contact with sediment that possess a higher concen
tration of microorganisms than those in the water column. nMDS anal
ysis highlighted the distinctness of the bacterial communities on plastics 
depending on their position (FP vs SP) (Fig. S8). No discrimination be
tween bacterial communities developed on compostable and non- 
compostable plastics or between the different plastic chemical compo
sitions were highlighted. 

The plastisphere community was mostly represented by Proteobac
teria, especially Gamma- and Alphaproteobacteria. Bacteroidetes repre
sents the second dominant group (Fig. S9). The first two groups are 
known in the literature to be the primary colonizers in a marine plastic 
biofilm, while Bacteroidetes are usually secondary colonizers (De Tender 
et al., 2015). In correlation with the nMDS results, there was no differ
ence depending on the plastic chemical composition, but, a difference in 
the bacterial composition can be highlighted depending on the plastic 
position (SP vs FP). Bacteroidetes, Actinobacteria and Firmicutes were 

Fig. 2. Biofilm formation on plastic films in the water column and on the sediment after 82 days of immersion in the Mediterranean Sea. All PLA 4060D plastics in 
the water column were lost as well as all but one replicate of PLA 4032D plastics. (For interpretation of the references to colour in this figure, the reader is referred to 
the web version of this article.) 
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more abundant on SP, contrary to FP in which the Alphaproteobacteria 
were more abundant. Vibrionaceae was the most abundant family on all 
the samples (Fig. 5 and Table S3). Clostridiaceae, Actinomycetaceae, 
Fucacceae, Acinetosporaceae and Fragilariaceae were more abundant on 
SP, while Pseudoalteromonadaceae and Shewanellaceae were more 
abundant on FP. 

Interestingly, 30 OTUs were significantly affected (nbGLM, p-value <
0.05) by the sample position (FP vs SP) (Fig. 6). SP-specific OTUs were 
highly represented. These results are supportied by the alpha-diversity 
as SP-samples displayed a higher richness. Shewanella, Arcobacter and 
unclassified Alphaproteobacteria were specific to the FP-plastics. No 
specific OTUs was affected depending on the polymer type and chemical 
composition (compostable/non-compostable or LDPE /PET /PVC /PS/ 
PLA4032D/ PLA4060D/ PBAT). 

PERMANOVA, nMDS analysis and the heatmap (Table S1, Fig. 6 and 
Fig. S8) show a distinctness between bacterial composition from SP and 
FP samples, as previously observed (Delacuvellerie et al., 2019). This 
difference comes from several parameters acting upon the sample po
sition (i.e., more accessible light and higher temperature, etc in 
FP-sample favours the Cyanobacteria growth). Moreover, this difference 
can be also explained by the fact that the FP-plastics were more exposed 
to the UV radiations than SP-plastic. UV radiations can have direct and 
indirect effects on bacteria such as decreasing their growth or activity 
(Elasri and Miller, 1999; Davidson and Belbin, 2002). Microbial com
munities are impaired by solar radiations due to direct deleterious ef
fects of radiation on macromolecules such as DNA and proteins. 
Moreover, photo-oxidation can cause an abiotic degradation of the 
plastic (e.g., LDPE in the water column) and change its surface properties 

Fig. 4. (A, C) Richness and (B, D) equitability indexes according to each polymer chemical composition (LDPE, PET, PS, PVC, PBAT and PLA) on floating plastics (A, 
B) and on plastics on sediment (C, D) obtained from 16S rRNA amplicon sequencing. ANOVA with Tukey’s post-hoc test showed no significant difference at p- 
value < 0.05. 

Fig. 3. Plastic weight loss after immersion into the Mediterranean Sea; (A) on the sediment or (B) in the water column.  
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such as its topography, chemistry and roughness (Rummel et al., 2017). 
No significant difference was observed between the different poly

mer chemical composition (PET, LDPE, PVC, PS, PBAT, PLA4032D and 
PLA 4060D) or on the plastic type (compostable/non-compostable). 
Several studies showed that at the initial colonization of the plastics (1 
week), the polymer chemical composition and the surface characteris
tics influence the bacterial community composition. But later in time, 
the microbial composition is more influenced by internal biofilm pro
cesses, which leads to a decrease in the difference of the bacterial 
composition between the different polymers. As a consequence, only a 
small fraction of microorganisms are polymer type-specific (e.g., Cry
omorphaceae or Alcanivoraceae family are discriminant on the PET 
(Oberbeckmann et al., 2016), and a bacterial core is shared among all 
the polymers (Kirstein et al., 2018). In our study, no genus is specific of a 
polymer. As it was showed in other studies, the plastic serves as an 
attachment surface for the bacteria in biofilms with no specific selection 
for their degradation capabilities (Pinto et al., 2019; Oberbeckmann 
et al., 2016; Cheng et al., 2020). Concerning the PLA, previous study 
showed that no evidence of bacterial degradation was observed in 
seawater after 10 weeks (Karamanlioglu et al., 2017). This result cor
roborates the degradation chemical analysis of the polymers. Indeed, 
bacterial communities developed on the compostable or non- compost
able plastics were not specific for the polymer type and chemical 
composition but mainly used the plastic as a growing physical support 
without using the polymer as a carbon source. So, despite the fact that 
the seven plastics have distinct structure and have undergone abiotic 
degradation, natural bacterial community from the water column or 
from the sediment used other carbon sources more accessible in the 
marine environment and not the plastics. 

On both SP and FP samples, Vibrionaceae is the most represented 
family (Fig. 5). This family is mainly composed by the Vibrio genus and 
contains numerous pathogenic species. Studies showed that bacteria 

belonging to Vibrio are often found in higher concentration on plastics 
than in the natural environments (lower than 1%) (Thompson and Polz, 
2006; Kirstein et al., 2016). Moreover, a heatmap (Fig. 6) highlighted 3 
well represented OTUs on the FP-plastics: Shewanella, Arcobacter and 
unclassified_Alphaproteobacteria. Shewanella and Arcobacter genera also 
contain pathogen species for fish and human (Janda, 2014; Koziñska and 
Pekala, 2004; Maugeri et al., 2004) corroborating the hypothesis that 
plastic serve as a vector for fish, bird or human pathogens (Zettler et al., 
2013). Even if they are not involved to the polymer degradation, path
ogenic bacteria may hitchhike on plastics (Debroas et al., 2017). Plastics 
can serve as rafts for microorganism species and host bacteria that are 
usually not detected in the marine environment. Therefore, they have a 
major impact on ecosystems. Invasive or pathogens species might travel 
to new environments and disturb the entire ecosystem (De Tender et al., 
2015). 

3.4. Bacterial selection in enrichment culture 

In an attempt to select potential candidates that can degrade com
postable plastics in ideal conditions for biotechnology purpose 
(PLA_4032D, PLA_4060D and PBAT), and to see the implication of some 
bacteria in the biodegradation of compostable plastics, the bacterial 
biofilm developed on SP- and FP-PBAT and SP-PLA were grown, each 
replicate individually, with plastic film as the main carbon source as 
previously described (Delacuvellerie et al., 2019). After 80 days of cul
ture, we obtained macroscopically visible biofilms (Fig. S10) and ana
lysed the settled microbial community using 16S rRNA gene amplicon 
sequencing. The equitability and the richness indices after enrichment 
were lower than the one observed at the initial time (Fig. 4 & S11), 
highlighting a selection process. The bacterial community was mostly 
represented by Alpha-, Gammaproteobacteria and Bacteroidetes on the 
three types of polymers (Fig. S12). The weight loss method was used to 

Fig. 5. Mean of the most abundant (top 15) bacterial families present on plastics on sediment and floating plastics after 82 days of immersion in the Mediterranean 
Sea. The average ± SEM of these families are provided in table S6. 
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follow the plastic degradation after the culture (Fig. 7). Interestingly, 
FP-PBAT lost 12.4 ± 2.5% while SP-PBAT, SP-PLA-4032D and 
SP-PLA-4060D lost less than 2%. To understand this difference, we 
monitored the bacterial composition difference of the SP-PBAT and 
FP-PBAT samples by a nbGLM. The genus Marinomonas constituted the 
only different genus between both communities (p_value: 0.046). This 
genus was mainly represented on the FP-PBAT. Finally, we followed the 
percentage of genus containing putative hydrocarbonoclastic bacteria in 
the bacterial population before and after the enrichment culture 

(Arenibacter, Bacillus, Desulfovibrio, Marinobacter, Phaeobacter, Fig. S13). 
Most of these genera displayed a larger proportion of the bacterial 
population on the three polymers after the enrichment (p-value in 
Table S4). 

The selection of this putative hydrocarbonoclastic bacteria genera 
leads to a decrease in the richness and equitability indexes. The selection 
of these bacteria can be explained by 2 factors: (i) The plastic-dwelling 
microorganisms may possess the metabolic pathways to degrade plastic 
whose chemical structure is close to hydrocarbons that became the only 
carbon source in their environment (Delacuvellerie et al., 2019; Zettler 
et al., 2013) and (ii) plastics being hydrophobic means that hydro
carbonoclastic bacteria are able to overcome the poor accessibility of 
these substrates and thus play a crucial role in the colonization of the 
hydrocarbon-water interface (Lobelle and Cunliffe, 2011). This biofilm 
formation has been shown to facilitate interphase access (plastic-water 
interface) and promote the bacterial growth. The first hypothesis would 
explain why we observed a weight loss on the FP-PBAT. In order to 
understand why there is no degradation of the SP-PBAT, the bacterial 
compositions were compared. One genus, Marinomonas, is significantly 
more represented on the FP-PBAT compared to SP-PBAT after enrich
ment (Fig. S13). Several species of Marinomonas can use the adipic acid 
as carbon source (Zhang and Margesin, 2015). This compound is issued 
from the hydrolyzation of the PBAT (Muthuraj et al., 2015). Thus, this 
bacterium might have enzymes able to degrade the PBAT into adipic 

Fig. 6. Heatmap of the 30 genera significantly affected by the sample position: plastics on sediments (SP) and floating plastics (FP). Two response groups (RGs) were 
defined with hierarchical clustering based on center-scaling abundance. 

Fig. 7. Plastic weight loss after 80 days of enrichment culture. ANOVA with 
Tukey’s post-hoc test; *, p < 0.05;**, p < 0.01;*** , p < 0.001; 
****, p < 0.0001. 
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acid and use it as carbon source. However, before the enrichment cul
ture, this genus is also present on FP-plastic where no weight loss was 
observed. The latter observation could be explained by the second hy
pothesis. This bacterium used the plastic surface as a hydrophobic 
substrate and it is not the favorable conditions in order to degrade it due 
to the presence of other carbon source more accessible in the natural 
marine environment. 

4. Conclusion 

We evaluated the biodegradability of compostable and non- 
compostable plastics in natural marine environment. After 82 days in 
natural marine environment, the sample position (sediment vs water 
column) was found to influence not only the abiotic degradation of the 
plastic but also the bacterial community composition developed on 
these polymers. However, the observed degradation signs were very low 
and there was no significant degradation of the compostable and non- 
compostable polymers. As reminder, the impact of the sample position 
on the PLA plastic cannot be confirmed due to the loss of PLA-FP during 
the immersion. Moreover, microbial composition did not depend on the 
plastic type (compostable vs non-compostable) or plastic chemical 
composition (LDPE, PS, PET, PVC, PLA 4032D, PLA 4060D and PBAT). 
In natural marine environments, bacterial communities developed on 
the compostable or non-compostable plastics seem to be unspecific for 
the polymer degradation and used the plastic mainly as a physical 
growing support. Despite the fact that the seven plastics have distinct 
structures and have undergone abiotic degradation, natural bacterial 
community on the plastics from the water column or from the sediment 
were not significantly selected due to the large amount of carbon 
availability in the marine environment. Consequently, bacteria did not 
use the polymer as a carbon source and did not help to the plastic 
degradation. However, in enrichment culture, the presence of genera 
such as Marinomonas seems to improve the PBAT degradation with a 
weight loss of 12%, indicating that a preselection of bacteria in an ideal 
condition aids the biodegradation. A better understanding of the bac
terial biofilm composition developed on plastic is essential to develop 
realistic standard tests to evaluate the biodegradability of these poly
mers. Current standards and norms used are insufficient to predict 
biodegradability in aquatic environment. In contrast, a better under
standing of this system would allow for the eco-design of new polymers 
having optimizing properties and displaying matrix structure with a 
strong selective advantage over other carbon sources, thus being more 
accessible and having improved biodegradation in marine 
environments. 
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Cyriaque, V., Géron, A., Billon, G., Nesme, J., Werner, J., Gillan, D.C., 2020. Metal- 
induced bacterial interactions promote diversity in river-sediment microbiomes. 
FEMS Microbiol. Ecol. 96 (6), fiaa076. 

Davidson, A., Belbin, L., 2002. Exposure of natural Antarctic marine microbial 
assemblages to ambientUV radia- tion: effects on the marine microbial community. 
Aquat. Microb. Ecol. 27 (2), 159–17.  

De Tender, C., Schlundt, C., Devriese, L.I., Mincer, T.J., Zettler, E.R., Amaral-Zettler, L.A., 
2017b. A review of microscopy and comparative molecular-based methods to 
characterize “Plastisphere” communities. Anal. Methods 9, 2132–2143. 

De Tender, C.A., Devriese, L.I., Haegeman, A., Maes, S., Ruttink, T., Dawyndt, P., 2015. 
Bacterial community profiling of plastic litter in the Belgian part of the North Sea. 
Environ. Sci. Technol. 49, 9629–9638. 

De Tender, C.A., Devriese, L.I., Haegeman, A., Maes, S., vangeyte, J., Cattrijsse, A., 
Dawyndt, P., Ruttink, T., 2017a. The temporal dynamics of bacterial and fungal 
colonization on plastic debris in the North Sea. Environ. Sci. Technol. 49, 
9629–9638. 

Debroas, D., Mone, A., TerHalle, A., 2017. Plastics in the North Atlantic garbage patch: a 
boat-microbe for hitchhikers and plastic degraders. Sci. Total Environ. 599–600, 
1222–1232. 

Delacuvellerie, A., Cyriaque, V., Gobert, S., Benali, S., Wattiez, R., 2019. The plastisphere 
in marine ecosystem hosts potential specific microbial degraders including 
Alcanivorax borkumensis as a key player for the low-density polyethylene 
degradation. J. Hazard. Mater. 380, 120899. 

Dixon, P., 2003. VEGAN, a package of R functions for community ecology. J. Veg. Sci. 14, 
927–930. 

Dussud, C., Hudec, C., George, M., Fabre, P., Higgs, P., Bruzaud, S., Delort, A.-M., 
Eyheraguibel, B., Meistertzheim, A.-L., Jacquin, J., Cheng, J., Callac, N., Odobel, C., 
Rabouille, S., Ghiglione, J.-F., 2018. Colonization of non-biodegradable and 
biodegradable plastics by marine microorganisms. Front. Microbiol. 9, 1571. 

Elasri, M.O., Miller, R.V., 1999. Study of the response of a biofilm bacterial community to 
UV radiation. Appl. Environ. Microbiol. 65 (5), 2025–2031. 

Gewert, B., Plassmann, M.M., MacLead, M., 2015. Pathways for degradation of plastic 
polymers floating in the marine environment. Environ. Sci.: Process. Impacts 17, 
1513–1521. 

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever 
made. Sci. Adv. 3, 1700782. 

Gilan, I., Hadar, Y., Sivan, A., 2004. Colonization, biofilm formation and biodegradation 
of polyethylene by a strain of Rhodococcus ruber. Appl. Microb. Cell Physiol. 65, 
97–104. 

Haider, T.P., Völker, C., Kramm, J., Landfester, K., Wurm, F.R., 2019. Plastics of the 
future ? The impact of biodegradable polymers on the environment and on society. 
Angew. Chem. Int. Ed. 58, 50–62. 

Hammer, Ø., Harper, D.A.T., Ryan, P.D., 2001. Paleontological statistics software 
package for education and data analysis. Palaeontol. Electron. 4 (1), 9–18. 

Janda, J.M., 2014. Shewanella: a marine pathogen as an emerging cause of human 
disease. Clin. Microbiol. Newsl. 36 (4), 25–29. 

A. Delacuvellerie et al.                                                                                                                                                                                                                         

https://doi.org/10.1016/j.jhazmat.2021.126526
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref1
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref1
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref1
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref2
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref2
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref3
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref3
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref3
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref3
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref4
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref4
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref4
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref5
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref5
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref5
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref6
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref6
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref6
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref6
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref6
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref7
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref7
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref8
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref8
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref8
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref9
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref9
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref9
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref10
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref10
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref10
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref11
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref11
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref11
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref12
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref12
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref12
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref12
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref13
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref13
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref13
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref14
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref14
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref14
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref14
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref15
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref15
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref16
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref16
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref16
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref16
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref17
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref17
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref18
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref18
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref18
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref19
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref19
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref20
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref20
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref20
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref21
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref21
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref21
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref22
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref22
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref23
http://refhub.elsevier.com/S0304-3894(21)01491-6/sbref23


Journal of Hazardous Materials 419 (2021) 126526

11

Karamanlioglu, M., Preziosi, R., Robson, G.D., 2017. Abiotic and biotic environmental 
degradation of the bioplastic polymer poly(lactic acid): a review. Polym. Degrad. 
Stab. 137, 122–130. 

Keegan, K.P., Glass, E.M., Meyer, F., 2016. Methods in molecular biology!microbial 
environmental genomics (MEG)!MG-RAST, a metagenomics service for analysis of 
microbial community structure and function.  Microb. Environ. Genom. (MEG) 
207–233. 

Kirstein, I.V., Wichels, A., Krohne, G., Gerdts, G., 2018. Mature biofilm communities on 
synthetic polymers in seawater - specific or general ? Mar. Environ. Res. 142, 
147–154. 

Kirstein, V.I., Kirmizia, S., Wichelsa, A., Garin-Fernandez, A., Erler, R., Löder, M., 
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