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Abstract.

Most researches on the platispnere in coastal environments deal with plastics floating in seawater.
Comparatively smaller attention has been devoted to the plastisphere of plastics buried in marine
sediments, and very little is known on that of plastics on coastal sand dunes. Yet, limited
information is available on the impact of plastics, especially biodegradable plastics, on microbial
organisms in their surroundings. Nevertheless, a large amount of plastics sink on the seabed or is
deposited on beach-dune systems.

We investigated the succession of plastisphere microbial community on two biodegradable
composites based on poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) and seagrass fibres

(PHBV/PO), buried in seabed and dune sediments over a 27 months period in mesocosm. PHBV is



regarding as a valuable alternative to conventional plastics and PHBV/PO has recently been
designed for applications in coastal habitat restoration. We also examined the degradation rate and
impact of these plastics on the microbial communities of surrounding sediments.

Microbial communities of the surface of PHBV and PHBV/PO in seabed and dune sand differ from
those of surrounding sediments, displaying a lower richness. Plastics colonization occurs largely
from bacteria present in surrounding sediments, although the contribution from the water column
bacterial pool could be not negligible for plastics in the seabed. No significant differences were
detected between the communities of the two plastics and no significa,t impact of plastics on
microbial community of the surrounding sediments was detec’eu. ‘I ne exceptional long duration of
this study allowed to gain information on the succession of a nlastisphere community over a
previously unexplored time scale. Succession appears high, ' dynamic in dune sand even after two
years, while the community structure in seabed se21. < t7 reach stability after one year. These
findings highlight the importance of perforr. - in¢ fong-term studies when trying to characterize
composition and dynamics of plastisphere ~acterial communities.

1. Introduction.

Plastic release in natural terrestria! ana aquatic environments has reached such a high level on earth,
that it can now be considered a .2arker of the Anthropocene (Duis and Coors, 2016; Zalasiewicz et
al., 2016). Despite the ertu.*s inade by many countries to organize and encourage a correct disposal
of plastic wastes, a huge amount of plastics still ends up in the marine environment (Jambeck et al.,
2015) and the deposition of these materials on coastal organisms and ecosystems will not decrease
in a short time (World Economic Forum, Ellen MacArthur Foundation, McKinsey & Company,
2016). Therefore, mitigating this impact to preserve the quality of coastal matrices will remain an
absolute priority, at least in the next future. In this frame, increasing research efforts are focusing on
the development of viable alternative to conventional plastics, such as biodegradable plastics
(Helanto et al., 2019; Lambert and Wagner, 2017). These plastics include those produced from

natural materials such as cellulose, starch and more generally polyesters, such as



polyhydroxyalkanoates (PHAS). As the global market for biodegradable plastics is expected to rise
in the future (European bioplastics, 2018), a rigorous and deep evaluation of the behavior of these
materials in nature, their interaction with living organisms and, in general, of their possible impact
on the health of the environmental matrices they could come in contact with, is needed.
Colonization of conventional plastics by microbial communities has been largely studied and
assessed, and plastic debris are now regarded as an additional habitat for microbes, defined as the
so-called “Plastisphere” (Zettler et al., 2013). Besides the identification of bacterial components
involved in plastic degradation (Danso et al., 2019; Jacquin et al.. 0.2 Krueger et al., 2015;
Restrepo-Florez et al., 2014), environmental microbiologists ~..e “acusing on one side on a deeper
understanding of factors driving the composition of commti.*ies colonizing plastics and, on the
other side, on the possible impact of plastics on microbizl communities living in their surroundings
(Bryant et al., 2016; Dussud et al., 2018; Ogonowsk’ et al., 2018). However, most of the available
information on the interactions between mic-ob.s and plastics comes from studies conducted in
standardized laboratory conditions over a ..mited period of time (Amaral-Zettler et al., 2020;
Jacquin et al., 2019). Further researches i e~.d to be performed in situ or in conditions resembling as
much as possible the natural ones ~nd un an appropriate timescale in order to gain a clear picture of
the processes really undergoinqg :n riature. Moreover, the majority of the studies related to the
plastisphere have dealt wi.> oryanisms living in the surface of floating plastics and in the water
column, and little attention has been devoted to those growing in plastics buried in sediments
(Amaral-Zettler et al., 2020; Jacquin et al., 2019). Nevertheless, sediments are ecologically
important compartments accounting for the highest fraction in the marine environment, and a
considerable amount of plastic wastes entering this environment sinks to the seabed or is stranded
on the shore (Browne et al., 2007; Hidalgo-Ruz et al., 2012). Lastly, there is a paucity of
information on the microbial colonization process of plastics deposited on sand dune systems,
despite a relevant fraction of plastic litter ends up on beaches and sand dunes (Andriolo et al., 2020;

Ceccarini et al., 2018; De Francesco et al., 2019; Rangel-Buitrago et al., 2018; Silc et al., 2018).



Microbial communities living in marine and dune sediments are well-known to play a critical role
in global biochemical cycles and energy transfer (see for example Orsi, 2018 and Whitman et al.,
2014). The presence of biodegradable plastics in these sediments could influence these communities
in different ways, for example acting as a physical barrier, modifying microclimate conditions and
adding carbon, organic and inorganic products of their degradation. Thus, the acquisition of
knowledge on potential interactions between microbial communities of these environmental
comparts and biodegradable plastics is of particular ecological interest.

In this paper, we focused on the colonization of plastics made with no./(hydroxybutyrate-co-
hydroxyvalerate) (PHBV), a bio-based polymer belonging to *iic ~lass of PHA, and surrounding
sediments by microbial communities living in seabed and du. = sand. A seagrass fibre reinforced
PHBYV composite, hereinafter referred to as PHBV/PO (SeyMiani et al., 2017; Seggiani et al., 2018),
was also investigated. PHAs are a family of biodegi: d2ble polyesters naturally produced by bacteria
for intracellular storage of carbon and energ 7 (I’nam et al., 1999; Rutkowska et al., 2008; Tsuji and
Suzuyoshi, 2002; Volova et al., 2010; Voicvva et al., 2017). The good performance of PHAs, in
terms of mechanical, rheological, therma 2ad morphological properties and their biodegradability
both in terrestrial and marine envi:anments (Corre et al., 2012; Dussud et al., 2018; Elain et al.,
2015, 2016), make these polvme~= 1 promising alternative to traditional plastics as well as potential
candidates for applicatiuns ‘n iarine and coastal habitats, including restoration interventions
(Balestri et al., 2019; Meereboer et al., 2020; Seggiani et al., 2018). Previous studies have shown
that various bacteria are able to degrade PHAs in different conditions (Ammala et al., 2011;
Boyandin et al., 2012; Jendrossek and Handrick, 2002; Sudhakar et al., 2008; Tokiwa and Calabia,
2004; Volova et al., 2010; Volova et al., 2017). However, extensive and deep characterizations of
communities associated to PHAs using modern techniques such as high-throughput sequencing
methods have been done on a short timescale (Dussud et al., 2018; Pinnell and Turner, 2019). In
view of a possible large use of PHBvs in coastal marine applications, it is therefore extremely

interesting to know whether the entering of these plastics in marine sediments and coastal dunes



may affect local microbial communities and more in general coastal ecosystems. In this study, we
investigated in mesocosm over a long term (27 months) (i) the succession of the plastisphere
microbial community developing on PHBV and PHBV/PO manufacts buried in seabed sediment
and dune sand and (ii) the impact of these manufacts on the microbes present in the surrounding
sediment by using high-throughput sequencing methods. Qualitative data on the behavior of PHBV

and PHBV/PO manufacts in these compartments were also provided.

2. Materials and methods.

2.1.  Seabed and dune sand mesocosm and plastic material.

Mesocosms were established at the INVE Aquaculture Reseach Center at Rosignano Solvay (Italy)
in June 2016. Seabed mesocosms consisted of containers (== cm x 20 cm, 15 cm height) filled with
a mixture (1: 1) of commercial fine sand (organic .. rte, < 0.01%) and carbonate sand collected for
the seabed near to the dune area around the ‘en’er. The containers were placed on the bottom of an
outdoor tank (7000 L) equipped following nreviously established protocols (Balestri and Lardicci,
2012, Balestri and Lardicci 2006). Briefl * 1 seawater circulating system taken the water from the
open sea in front of the Aquacultu e ceiiter (Ligurian Sea, 43° 23' 00" N, 10° 26' 00" E). Before
entering the tank, the seawater 1.~ ed to mechanical filters that removed marine debris. The water
inlet and outlet were posiu>neu S0 to create a circular water flow within the tank. The seawater in
the tank was renewed continuously at a rate of approximately 2 m%h. Seawater chemical/physical
variables such as temperature, oxygen levels, nutrients concentrations and salinity were dependent
on natural environmental conditions. Seawater temperature ranged from 11 to 28 °C, pH was 8.0—
8.2, and salinity varied between 37.6 and 38.2 over the experimental period.

Dune sand mesocosms consisted of the same containers as described above. Mesocosms were filled
with a mixture (1: 1) of commercial sand and sand collected from mobile dunes and placed outdoor,

about 1 m apart each other in a back-dune area at the Aquaculture Center where they were exposed



to natural environmental conditions (e.g. air temperature, salt spray and atmospheric precipitations).
Mean air temperature ranged from 4.6 to 29.8 °C over the experimental period.

Manufacts (Haake 111 type dog-bone tensile bars: width 10 mm, width in the narrow section 4.8
mm, thickness 1.35 mm, length 90 mm) made of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) and on PHBV with 20% fibres of Posidonia oceanica (PHBV/PO) were produced as
described elsewhere (Seggiani et al., 2017; 2018). Dog-bones were dried overnight at 35 °C and
individually weighted using a high-precision balance. They were sterilized by washing with 70%
ethanol immediately before the onset of the experiment (June 2017\ \dividually placed in a
sterilized plastic net and then buried in sand in mesocosms at apy. “oximately 5 cm of depth. In each
mesocosm, 13 dog-bones made of PHBV or PHBV/PO were huried. There were three replicates
mesocosm for each type of dog-bone. Three seabed and *hi.= dune sand mesocosms containing
only sediment but no dog-bones were also establizhc 1 21d used as controls. In total, there were nine
seabed mesocosms and nine dune sand mes:cos.ns. The experiment was run for 27 months (June
2016 to September 2018). All mesocosms rere weekly reallocated in randomly chosen positions

during the experimental period.

2.2.  Sampling.

Sediment samples were co.'acwed at the onset of the experiment in June 2016 (TO0), i.e. immediately
before marine and dune exposure, for initial microbial community characterization. Sediment and
manufact samples were then retrieved from mesocosms in September 2016 (T1), i.e. at the end of
the first summer season, and in June 2017 (T2), i.e., at the end of the first year of exposure to
marine and dune sediments, taking into account for the degradation rate of PHBVs under natural
conditions reported in previous studies (in Meereboer et al., 2020). Since at this stage all manufacts
did not show substantial visible signs of degradation, the period of exposure of remaining samples
in mesocosms was prolonged until September 2018 (T3) so to entirely cover the second summer

season of sediment incubation. This is because in summer the high temperatures reached in the



Mediterranean Sea and dunes are favourable to biodegradation while in winter and spring the
temperatures are often lower than 5 °C and thus below the optimal conditions for biodegradation
(Mergaert, et al., 1995). At each sampling, three PHBV and three PHBV/PO dog bones were
collected (one sample for mesocosm) and individually placed in sterile Falcon tubes together with
the surrounding sediments for microbial community characterization. Only sediments were
collected from control mesocosms. Immediately after sampling, sediments were separated from
dog-bone manufacts. Dog-bones surface was mildly washed, in order to discharge any non-stuck
material. From each dog-bone, a piece corresponding to a 1 x 1 crm su,*ace was cut and immediately
treated for Scanning Electron Microscopy observation (see beiov.). Residues of manufacts and
sediments were separately stored at -20° C for DNA extra~tiu™. For qualitative degradation
assessment, PHBV and PHBV/PO dog-bone samples wrie i >trieved monthly from each of the three
mesocosms during the period from TO to T1, and 2v."’ t(wo-three months during the subsequent
period until the occurrence of manufact frag mer.tation. Three virgin dog-bones maintained in

laboratory were also sampled each time an.' used as control.

2.3.  Electron microscopy and y.alitative degradation assessment of plastics.

For Scanning Electron Micreeno observation, the 1 x 1 cm pieces cut from dog-bones were fixed
in 2% Os04, dehydrated n, ~tnanol and, after critical point drying, coated with gold and observed
with a JEOL/JSM-5410 scanning electron microscope. In order to assess the degradation status, in
terms of weight loss, each collected dog-bone was washed with sterile seawater, dried overnight at
35 °C and weighted. The weight loss of each manufact was calculated as the difference between
the dry weight recorded at each sampling time (residual weight) and the weight before the start of

the experiment (TO) and expressed as percentage.

2.4.  SSU rRNA gene amplification and sequencing.



From each dog-bone, a portion corresponding to a 1.5 x 1 cm surface was cut and total genomic
DNA was extracted using the DNeasy PowerSoil Kit (Qiagen). Total genomic DNA extraction was
performed also on 10 gr of sediments (manufact-associated sediments and control sediments) using
the DNeasy PowerMax Soil Kit (Qiagen). For amplification, a concentration of 1000 ng/mL of
tgDNA was used. Replicas of each treatment were pooled before amplification. PCR was performed
using the KAPA HiFi HotStart Ready Mix with the prokaryotic primer set for the V3—V4 regions of
the SSU rRNA gene suggested by Klindworth and colleagues (2013). The Illumina overhang
adapter sequences added to the forward and reverse primers were <’-1 TGTCGGCAGCGTC
AGATGTGTATAAGAGACAG-3"and 5-GTCTCGTG
GGCTCGGAGATGTGTATAAGAGACAG-3', respectively ‘lllumina protocol, Part # 15044223,
Rev. B). Amplicons were barcoded, thus obtaining a secei.~ing library from each sample. They
were then pooled, and sequenced on the Illumina 'wi. ser; platform (2 x 300 paired-end sequencing)

by IGATech (Udine, Italy).

2.5.  Sequence analysis.

Obtained sequences (raw reads) hove been deposited in the European Nucleotide Archive (ENA) at
EMBL-EBI under study accessicn iumber PRJEB39187. Raw reads of prokaryotic V3—-V4 regions
obtained by Illumina M\Se ™ were analysed using the Quantitative Insights Into Microbial Ecology
version 2 (QIIMEZ2, https://qiime2.org) software package (Bolyen et al., 2019). Reads were
truncated at 260 bp length to remove the lower-quality last base calls. After that, quality filtering,
primer trimming, and pair-end read merging were performed with DADA2 (Callahan et al., 2016),
with de novo chimera removal. Only unique sequence variants represented by 10 sequences or more
and detected in at least two samples were retained. Sequence variants were then aligned using
MAFFT (Katoh and Standley, 2013) and a phylogenetic tree was inferred with FastTree (Price et
al., 2010). Three long-branching sequence variants were manually inspected and removed as clearly

recognized as additional, non-detected chimeras. Release 132 of the Silva database (Quast et al.,



2013) was used for taxonomic assignment of sequence variants. A Naive Bayes classifier was
trained extracting the regions of interest from SSU rRNA representative sequences (99% similarity
clustered Operational Taxonomic Unit) as recommended by Werner and colleagues (2012).
Sequence variants identified as mitochondria or chloroplasts were removed before further data
processing. Bar plots, heatmaps and calculation of core community between couples of samples
were also produced using QIIME2. The presence of bacterial genera formerly reported as
PHA/PHB-degrading was checked using two specific databases as reference: http://pmbd.genome-

mining.cn/home/ (Gan and Zhang, 2019) and http://www.ded.uni-<tuv.>art.de/ (Knoll et al., 2009).

2.6.  Statistical analysis.

For statistical analysis of prokaryotic community data, 3"l scmples were normalized randomly
extracting an equal number of sequences from earh '<brary (corresponding to the number of
merged, quality-filtered reads in the smalles lib.ary). Rarefaction curves, alpha-diversity and beta-
diversity analyses were performed using (. '\ME2. Alpha-diversity was estimated by calculating
four different indexes: sequence variant 1 vaber, Faith’s Phylogenetic Diversity (Faith-PD, a
qualitative index using phylogene: ¢ iniormation), and Shannon’s (quantitative, non-phylogeny-
based index) for richness and Pi.'0a’s Evenness for evenness. Comparison among index values for
different communities was nersormed by the Kruskal-Wallis non-parametric test. Different metrics
(Bray-Curtis and Jaccard for quantitative and qualitative data, respectively, and Uni-Frac distances,
both weighted and unweighted, to assess the impact of phylogeny) were calculated and used for
assessing beta-diversity by multivariate PCoA and Permanova. Vectors associated to the 23 OTU
most correlated with the ordination axes were superimposed onto the PCoA plots. Vector
correlation was calculated by Pearson correlations, and the length and the direction of each vector
indicate the strength and sign, respectively, of the relationship between that OTU and the PCO axes
(Anderson et al., 2008). PCoAs were carried out in PRIMER v6 (Primer-E Ltd., Plymouth) with

PERMANOVA add-on software (Anderson et al., 2008; Clarke and Gorley, 2006). The R software



package was used to produce Venn diagrams between sediments and PHBVs manufacts for seabed
and dune sand environments, in order to highlight the number of shared sequence variants between

the two habitats.

3. Results.

3.1. PHBV and PHBV/PO degradation in seabed and dune sand mesocosm.

The trend of the residual weight of PHBV and PHBV/PO dog-bones expressed as percentage
relative to the original weight as a function of burial times in the s2abc+ and dune sediments is
presented in Figure 1. During the first two months of burial, the . ‘eight of manufacts remained
substantially unchanged. After this lag time, it decreased nrac*ially indicating that the degradation
process occurred slowly. On average, the total percentacz o> weight loss relative to the original
weight of PHBV manufacts was smaller than that 0. °F.BV/PO regardless of the sediment
environment. After 12 months (July 2017), * e total mean weight loss of PHBV/PO manufacts
buried in seabed was larger (about 23%) u.~n that of manufacts buried in dune sediments (about
9%). The recording of weight ceased in J 'y 2017 for the manufacts exposed to seabed sediment
and in September 2017 for those ¢ ‘Doscd to dune sediment due to their subsequent fragmentation
and the difficulty in distinguishi.»a (he pieces belonging to the different manufacts present in the
sediment. However, the a.rauation process did not end at this stage. Indeed, plastic fragments of
samples retrieved for microbial characterization were still present in the subsequent year

(September 2018).

3.2.  Seabed and dune sand microbial community composition.

Seabed microbial communities.

Final dataset of seabed samples, after quality filtering and chimera check, consisted of 1,407,895
sequences, with 74,099 + 23,910 mean sequences per library. The library containing most

sequences was obtained from the PHBV/PO manufacts (126,696), the one with fewest from the



PHBV-associated sediments (30,333), both collected at T2. Number of sequence variants and
values of calculated indexes are reported in Table 1. Rarefaction curves reached plateaus, thus
confirming that sequencing depth was sufficient to sample all sequence variants in the libraries
(data not shown). In all bacterial communities, the most represented phyla were Proteobacteria,
Bacteroidetes, Actinobacteria, Cyanobacteria (Figure 2). Despite the use of bacterial primers, a
small percentage of sequences affiliated to Archaea was retrieved (relative abundance per sample
up to 0.78%). Among bacteria formerly known as PHA/PHB-degrading bacteria (Gan and Zhang,
2019; Knoll et al., 2009), only bacteria belonging to the genera Aectuc-iibacter and Ruegeria were
detected in microbial communities colonizing manufacts buri~.u .~ seabed, with very low relative
abundances (0.04% to 0.10%). SEM observations on seabea-~uried manufacts revealed a
conspicuous and rich bacterial biofilm coverage on both Pr.2V and PHBV/PO, at all time-points

(Figure 3). Diatom frustules (frequently) and funca: “'wrhae (rarely) were also observed.

Dune sand microbial communities.

Obtained dataset for dune sand samp'~s ¢~aprised 1,669,743 sequences (87,881 + 31,981 mean
sequences per library). The highes. nuniber of sequences was obtained from library of PHBV/PO
manufacts at T2 (156,757), the 1.*»est from library of PHBV-associated sands at T3 (31,991).
Number of sequence variai.*s and values of calculated indexes are reported in Table 1. Rarefaction
curves reached plateaus, thus confirm that sequencing depth was sufficient to sample all sequence
variants in the libraries (data not shown). Again, the most represented phyla were Proteobacteria,
Bacteroidetes, Actinobacteria, Cyanobacteria (Figure 2). Bacteria belonging to the genus
Skermanella (Alphaproteobacteria, Proteobacteria) were substantially represented in libraries from
dune sand samples (percentage abundance ranging from 0.99% to 34.7%). A negligible fraction of
sequences affiliated to Archaea was also retrieved (relative abundance per sample up to 0.16%).
Several genera or species previously reported as PHA/PHB-degrading bacteria were detected in

microbial communities colonizing manufacts buried in dune sand, like Pseudomonas, Acidovorax,



Altererythrobacter, Brevundimonas, and Paucimonas (Gan and Zhang, 2019; Knoll et al., 2009).
SEM observations on dune sand-buried manufacts showed the presence of a partial and patchy

microbial biofilm coverage on PHBV and PHBV/PO, with occurring fungal hyphae (Figure 3).

3.3.  Comparison among different microbial communities.

The difference in environmental matrix (seabed versus dune sand) clearly turned out to be the
strongest factor driving microbial community composition. Indeed, when analyzing the entire data
set, differences between dune sand and seabed data were always th= s.-angest and clearest. When
all samples were plotted together in a PCoA analysis, the two giv'1ps clearly emerged (Figure S1).
This striking difference was also supported by Permanova te_*s (Table S1A), which always gave
highly significant results (p<0.01), when comparing seareu “nd dune sand bacterial communities.
Kruskal-Wallis test, on the contrary, gave a barel** s: wn‘iicant value (p<0.05) when comparing
Faith-Pd indexes, and no significance when ~or.paring number of sequence variants as well as
Evenness and Shannon (Table S2A).

When considering separately data from ¢ re sand and seabed, sampling time emerged as the most
important factor in the first matrix, whi:e microhabitat (manufact surface or sediment) was the most
important in the second. Indeea, *~*ile communities from PHBVs and sediments in seabed diverge
early in time, this is not tru"~ i dune sand. The different trends are clearly visible in PCoA analyses
performed on the two datasets (Figure 4) and are supported by inferential statistic results (Table
S1B-E, S2B-E). For dune sand samples, Permanova always gave highly significant values when
comparing different sampling times (p<0.01), while p values were only barely significant when
comparing different microhabitats (p<0.01 only with Bray-Curtis distance matrix). Similarly, p
values of Kruskal-Wallis tests on sequence variance number and diversity indexes were more
significant for different sampling times than for different microhabitats. For seabed samples,

Permanova results were always highly significant (p<0.01), for different sampling times as well as



for microhabitats. Probability values from Kruskal-Wallis tests were always significant (p<0.05 or
p<0.01) for different microhabitats, but never (p>0.05) for different sampling times.

No significant differences ever emerged when comparing communities colonizing different kind of
manufacts (PHBV Vs PHBV/PO, Table S1F-G, S2F-G) or when comparing communities from
manufact-associated sediments with those from control samples (Table S1H-1, S2H-1, Figure S2).
Sequence variants mostly correlated with the ordination axes in all the analysed sample groups
display a heterogeneous taxonomic affiliation, even at the phylum level (Table S3, Figures 4, S1,
S2).

Calculation of core community between couple of samples (naintact-colonizing community and
community of manufact-associated sediment at each time no.nt) revealed an average percentage of
49.67% + 6.18% shared sequence variants for seabed samp.2s (49.03% + 6.82% for PHBV and
44.30% + 5.67% for PHBV/PO) and of 61.19% + 1..75% for dune sand samples (55.91% + 18.82%
for PHBV and 61.10% + 7.71% for PHBV/r ™. Venn diagrams calculation showed that 76.96% of
sequence variants colonizing PHBVS in sra.~d are shared with sediments. The same value is
83.62% for PHBVs in sand dune (Fiyu.e J).

Heatmaps with the 100 most abi'nuont taxa (at genus-level) among those colonizing manufact
surfaces were produced for sccheu and dune sand samples, separately. In both habitats most of the
taxa are present in both mai..'fact-colonizing and in sediment communities. Nevertheless, the
fraction of taxa which are totally absent in sediment samples is higher in seabed (Figure 6, Figure

S3, Tables S4, S5).

4 Discussion

4.1. PHBV- and PHBV/PO-colonizing microbial communities in seabed and dune sand.

The bacterial communities colonizing PHBV and PHBV/PO manufacts differ from those of the
surrounding sediments and their richness is generally lower. As shown by the number of sequence

variants and index values, in both the environmental matrices the manufact surface constituted a



more selective microhabitat if compared to sediments. A similar trend was already found for
bacterial communities colonizing plastics in aquatic environments (Amaral-Zettler et al., 2020;
Harrison et al., 2014; Ogonowski et al., 2018; Zettler et al., 2013). Few studies have been
performed up to now in sediments and a clear trend did not emerged yet. Nevertheless, in past
studies similar levels of richness were reported between communities of plastics and of sediments
(De Tender et al., 2015; Woodall et al., 2018). Recently, a lower number of bacterial components
has been also reported in stranded microplastics with respect to sediments (Wu et al., 2020). In the
present study, plastic manufacts, originally sterile, were steadily b''rie' in sediments. Therefore, our
finding of a lower richness on plastic manufacts actually refle_is ~ colonization process that
occurred entirely in situ. Anyway, more studies are still reau,~ad to further confirm an eventual
higher selectivity of plastic surfaces as bacterial microhebi.t in marine sediments.

Calculated core communities, together with Venr a. «arams and produced heatmaps, show that the
microbial taxa colonizing manufacts are lar_ aly recruited from the surrounding sediments. This is in
line with previous studies, reinforcing the :*vpothesis that plastic-colonizer bacteria largely come
from their surrounding environment / Tiar o 2t al., 2018). Nevertheless, it is worthy of mention that
both Venn diagrams and heatmap. of texa dominating plastic-colonizing communities indicate that
the contribution of communities frrm the seawater could be not negligible, especially for manufacts
buried in seabed. A wider . “nye of potential colonizers is therefore available for plastics in seabed,
and this could represent an additional factor explaining the faster degradation rate observed in
seabed with respect to dune sand (see section 4.2).

The length of the performed experiment allowed us to observe the succession of the bacterial
communities over 27 months, an exceptionally long period, if compared to most of the previously
performed studies (Amaral-Zettler et al., 2020; Jacquin et al., 2019). Several studies focusing on
plastic-colonizing community succession have been performed mainly in seawater (Dang and
Lovell, 2000; De Tender et al., 2017; Salta et al., 2013), but not in marine sediment. In these

studies, changes in biofilm succession on plastics over short periods of time have been already



observed (see for example Pinto et al., 2019). We found here that changes in the microbial
communities colonizing manufacts occurred in both environments up to one year, as outlined by
PCoA graphs and Permanova tests (Figure 4, S1, Tables S1, S2). Long-term changes in the
community composition of microorganisms that colonize plastics have been reported in a one-year
study in seawater (Xu et al., 2019). Our results depict these bacterial communities as highly
dynamics and continuously modifying in sediments, too. Moreover, we were also able to highlight a
difference in succession length and process between seabed and dune sand matrices. Indeed, while
in seabed communities colonizing PHBVs diverge early in time from (hose living in surrounding
sediments (already after three months), this is not true in dune sa.a environment (see Figure S1). In
addition, significant changes no longer occurred after one ve.* in manufact-colonizing community,
succession seems to go on at least up to the end of the e¥pe.*ment (more than two years) in dune
sand. This difference could be due to a higher hetzrc rer.eity in abiotic parameters for dune sand
environment, where, for example, temperatt e v ariations are more pronounced, thus preventing an

overall stabilization of the bacterial comm. nity.

4.2. Degradation and impact of P! BV und PHBV/PO in seabed and dune sand.

The research in the area of the 1.2f2gradation of PHA-based bio-composites in natural marine and
coastal environments is su.' lnuited. The changes of weight of dog-bone samples buried in marine
and dune sediments over time detected in our study indicate that PHBV manufacts made with
lignocellulosic fibres of P. oceanica (PHBV/POs) degraded faster and to a larger extent than those
without fibres (PHBVSs). This finding is in agreement with results of previous studies on the
behaviour of other PHA bio-composites in seawater, providing further evidence that the addition of
natural fibres, such as cellulose and hemicellulose, into the PHA polymer matrix accelerates the
biodegradation process (Meereboer et al. 2020). This is probably because the presence of fibres
promotes water uptake and allows microbial enzyme permeation into the amorphous fractions

(Meereboer et al. 2020). Our study also revealed that the degradation of PHBV/PO and PHBV



samples proceeded faster in the seabed than in the dune sand. This could be due to the constant
presence of seawater, the mechanical abrasion of the plastic surface caused by sediments under
seawater flow and a higher general stability of abiotic conditions in the seabed than in dune
sediments. For instance, seawater temperature did never decrease below 10° C while the
temperature in dune sand in winter often decreased below 5 °C, and it is known that the
biodegradation of PHAs at this temperature is negligible (Mergaert, et al., 1995). The degradation
process observed here occurred more slowly than as observed in previous studies on tensile samples
made with PHBV/corn starch composites. Indeed, these latter achi~ve' a mass loss of 80-100%
after about one year of immersion in coastal tropical waters ():nam et al., 1999). However, this
different degradation behavior could be related to a variet\ o. factors, including environmental
conditions, alongside the different formulation of the compcsites. The present study focused on
whole microbial communities, more than on spec’fic microbial components, nevertheless we
compared our datasets with known informa?-on on PHA/PHB-degrading bacteria (Gan and Zhang,
2019; Knoll et al., 2009). Only a few gene.~ of bacteria previously described as PHA/PHB-
degrading were detected in communities ~ronizing manufact surfaces, some of which were
previously reported in biofilms gr:wn un poly(3-hydroxybutyrate-co-3-hydroxyhexanoate,
PHBHHXx, Morohoshi et al., 70, Nevertheless, their number and relative abundances were low
and even negligible for wi.>t cuncerns manufacts buried in seabed sediments. Moreover, many of
these genera did not increase their relative abundance in time, on the contrary in many cases their
abundances decreased up to a complete depletion from datasets. This could indicate a change over
time in the degrading roles inside the community and underlines the importance of long-term
studies in order to get a complete picture of the degrading-community dynamics. However, it is
important to keep in mind that high caution must be used when inferring functions only from
taxonomic assignment (Amaral-Zettler et al., 2020; Knight et al., 2018). Furthermore, many
PHA/PHB-degrading bacteria might be still undiscovered (Gan et al., 2019) and the hypothesis that

complex microbial communities, rather than single bacterial components, are responsible for these



processes is increasingly supported (Jacquin et al., 2019). The heterogeneity in taxonomic
affiliation found even within sequence variant groups mostly contributing to spatial distribution of
samples in multivariate analysis seems to support this view.

Comparison between communities colonizing the two polymers did not outline any significant
difference. The structure and composition of these communities differed, of course, greatly between
seabed and dune sand environments and among different sampling times, but the kind of polymer
(PHBV Vs PHBV/PO) did not play a fundamental role. Therefore, observed differences in
degradation time between PHBYV and PHBV/PO cannot be explairea v substantial differences in
the colonizing bacterial communities. The dissimilar intrinsic i vacteristics of the two formulates
(Seggiani et al. 2017) surely play an important role, even asscming all the rest being absolutely
equal, bacterial community composition included. Indeed, .>e presence of cellulose fibres per se
favours the fragmentation (and hence the degradatic ) by increasing water uptake (Ferrero et al.,
2015; Khiari et al., 2011; Le Duigou et al., Z912,. Absence of material selectivity by plastic-
colonizing bacteria has been previously sn.>wn for some non-biodegradable polymers
(Oberbeckmann et al., 2016; Witt et 2!, .07.1), and the differences in physical-chemical properties
of the material have been propose: as uie main factor influencing their degradability (Xu et al.,
2019). Data here presented coni.»m this finding when comparing two different formulations of
PHBVs, both biodegradab.~ oelectivity has been previously demonstrated for biodegradable versus
non-biodegradable polymers (Dussud et al., 2018; Pinnell and Turner, 2019), which could indeed
constitute a fundamental discriminating aspect. Moreover, material selectivity has been shown to
decrease over time, being higher especially at the very beginning of colonization (i.e. in the first
week, see Pinto et al., 2019).

One of the most important, still open, question concerning the dispersion of plastic in the marine
habitats is its impact on microbial community. As, up to now, most of the studies performed by
microbiologists focused mainly on plastic-degraders or plastic-colonizers, the matter is still largely

unknown (Tetu et al., 2020). Here, we always observed the absence of significant differences



between communities of control and of manufact-associated sediments, both in dune sand and
seabed. Therefore, in both environmental matrices, no relevant impact by the PHBV and PHBV/PO
manufacts on natural bacterial communities of sediments could be observed. This finding, along
with the previously documented absence of interaction with seagrasses and dune plants (Balestri et
al., 2019), confirms these materials, especially the faster-degrading PHBV/PO, as suitable for use in
coastal habitat restoration.

Conclusions.

Data here presented show that bacterial communities colonizing PHb " and PHBV/PO manufacts in
seabed sediments and dune sands differ from those of the surruu, 1ing sediments. In particular, they
display a lower richness, hence connoting manufacts as a seic~tive microhabitat for sediment
microbes. Moreover, in line with previous findings, we fou.: that recruitment of colonizers on
these plastics occurs largely from bacteria present iv. the, surrounding sediments, although the
contribution from the water column bacteric < pcol could be not negligible for manufacts buried in
seabed.

The exceptional length of the performad <<t (more than two years) allowed to observe succession
of plastisphere community over a ;reviously unexplored time scale. We found that time plays a
major role in structuring the micrakial community, especially in dune sand, probably because of a
wider range in abiotic pare.Mewcr variations. Possibly for the same reason, succession appears highly
dynamic in dune sand even after two years, while in seabed the community structure seems to reach
a certain stability after one year. Obtained data highlight the importance of performing long-term
studies when trying to characterize composition and dynamics of plastisphere bacterial
communities.

Acknowledgements.

Authors wish to thank Simone Gabrielli for help with graphical artworks. We also thank Francesco
Lenzi of the INVE Aquaculture Center of Rosignano Solvay (Italy) for providing technical

assistance during the study.



Funding: This work was supported by the Tuscany Region, POR FESR 2014-2020 (Grant number:
3389.30072014.068000241) and funded by Fondi di Ateneo (FA) and Progetti di Ricerca di Ateneo
(PRA) of University of Pisa (Italy).

References.

Ammala, A., Bateman, S., Dean, K., Petinakis, E., Sangwan, P., Wong, S., et al. (2011). An
overview of degradable and biodegradable polyolefins. Prog. Polym. Sci. 36, 1015-1049.
https://doi.org/10.1016/j.progpolymsci.2010.12.002.

Amaral-Zettler, L.A., Zettler, E.R., Mincer, T.J., 2020. Ecology of the nlastisphere. Nat. Rev.
Microbiol. 18, 139-151. https://doi.org/10.1038/s41579-019-C5uC-u.

Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMAIKNYVA for PRIMER: Guide to Software
and Statistical Methods (PRIMER-E. Plymouth, UK).

Andriolo, U., Gongalves, G., Bessa, F., Sobral, P. ="2C. Mapping marine litter on coastal dunes
with unmanned aerial systems: A showcase n f.1e Atlantic Coast. Sci. Total Environ. In press.
https://doi.org/10.1016/j.scitotenv.2020.1.7632.

Balestri, E, Lardicci C., 2006. Stimul=tic~ ~f root formation in Posidonia oceanica cuttings by
application of auxins (NAA and IZ'A). ar. Biol 149: 393-400. https://doi.org/10.1007/s00227-
005-0193-0.

Balestri, E., Lardicci, C., .21.. Nursery-propagated plants from seed: a tool to improve the
effectiveness and sustainability of seagrass restoration. J. Appl. Ecol. 49, 1426-1435.
https://doi.org/10.1111/j.1365-2664.2012.02197.x.

Balestri, E., Vallerini, F., Seggiani, M., Cinelli, P., Menicagli, V., Vannini, C., Lardicci, C., 2019.
Use of bio-containers from seagrass wrack with nursery planting to improve the eco-sustainability
of coastal habitat restoration. J. Environ. Manage. 251, UNSP 109604.
https://doi.org/10.1016/j.jenvman.2019.109604.

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A., Alexander,

H., Alm, E.J., Arumugam, M., Asnicar, F., Bali, Y., Bisanz, J.E., Bittinger, K., Brejnrod, A.,



Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-Rodriguez, A.M., Chase, J., Cope, E.K., Da
Silva, R., Diener, C., Dorrestein, P.C., Douglas, G.M., Durall, D.M., Duvallet, C., Edwardson, C.F.,
Ernst, M., Estaki, M., Fouquier, J., Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A.,
Gorlick, K., Guo, J., Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A., Janssen,
S., Jarmusch, A.K., Jiang, L., Kaehler, B.D., Kang, K.B., Keefe, C.R., Keim, P., Kelley, S.T.,
Knights, D., Koester, I., Kosciolek, T., Kreps, J., Langille, M.G.I., Lee, J., Ley, R., Liu, Y. X,
Loftfield, E., Lozupone, C., Maher, M., Marotz, C., Martin, B.D., McDonald, D., Mclver, L.J.,
Melnik, A.V., Metcalf, J.L., Morgan, S.C., Morton, J.T., Naimey. A.1. Navas-Molina, J.A.,
Nothias, L.F., Orchanian, S.B., Pearson, T., Peoples, S.L., Pet.as, L., Preuss, M.L., Pruesse, E.,
Rasmussen, L.B., Rivers, A., Robeson, M.S., Rosenthal, P . C~gata, N., Shaffer, M., Shiffer, A.,
Sinha, R., Song, S.J., Spear, J.R., Swafford, A.D., Thompscn. L.R., Torres, P.J., Trinh, P., Tripathi,
A., Turnbaugh, P.J., Ul-Hasan, S., van der Hooft, J.. 1 Vargas, F., Vazquez-Baeza, Y., Vogtmann,
E., von Hippel, M., Walters, W., Wan, Y., \"/any, M., Warren, J., Weber, K.C., Williamson, C.H.D.,
Willis, A.D., Xu, Z.Z., Zaneveld, J.R., Zh."q, Y., Zhu, Q., Knight, R., Caporaso, J.G., 2019.
Reproducible, interactive, scalable anA e, tensible microbiome data science using QIIME 2. Nat.
Biotechnol. 37, 852-857. https://ci.ory/10.1038/s41587-019-0209-9.

Boyandin, A.N., Rudnev, V.P . >ain, V.N., Prudnikova, S.V., Korobikhina, K.I., Filipenko, M.L.,
Volova, T.G., Sinskey, A.c <012. Biodegradation of Polyhydroxyalkanoate Films in Natural
Environments. Macromol. Symp. 320, 38-42. Sl. https://doi.org/10.1002/masy.201251004.
Browne, M.A., Galloway, T., Thompson, R., 2007. Microplastic — an emerging contaminant of
potential concern? Integr. Environ. Asses. 3, 559-561. https://doi.org/10.1002/ieam.5630030412.
Bryant, J.A., Clemente, T.M., Viviani, D.A., Fong, A.A., Thomas, K.A., Kemp, P., Karl, D.M.,
White, A.E., DeLong, E.F., 2016. Diversity and Activity of Communities Inhabiting Plastic Debris
in the North Pacific Gyre. Msystems 1, UNSP e00024-16. https://doi.org/10.1128/mSystems.00024-

16.



Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J., Holmes, S.P., 2016.
DADAZ: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581
583. https://doi.org/10.1038/NMETH.3869.

Ceccarini, A., Corti, A., Erba, F., Modugno, F., La Nasa, J., Bianchi, S., Castelvetro, V., 2018. The
hidden microplastics: new insights and figures from the thorough separation and characterization of
microplastics and of their degradation byproducts in coastal sediments. Environ. Sci. Technol., 52,
5634-5643. https://doi.org/10.1021/acs.est.8b01487.

Clarke, K. R., Gorley, R. N. PRIMER v6: User manual/tutorial (PPIN=R-E: Plymouth, 2006).
Corre, Y. M., Bruzaud, S., Audic, J. L., and Grohens, Y. 2012. narphology and functional
properties of commercial polyhydroxyalkanoates: a comprarcnsive and comparative study. Polym.
Test.31,226-235. https://doi.org/10.1016/j.polymertestirg..111.11.002.

Dang, H., Lovell, C.R., 2000. Bacterial primary c2l ization and early succession on surfaces in
marine waters as determined by amplified r’“N/. gene restriction analysis and sequence analysis of
16S rRNA genes. Appl Environ Microbio.. 66, 467—-475. https://doi.org/10.1128/aem.66.2.467-
475.2000.

Danso, D., Chow, J., Streita, W.R. 20.3. Plastics: Environmental and Biotechnological
Perspectives on Microbial Denic42.ion. Appl. Environ. Microb. 85, e01095-19.
https://doi.org/10.1128/At*.uL095-109.

De Francesco, M.C., Carranza, M.L., Varricchione, M., Tozzi, F.P., Stanisci, A., 2019. Natural
protected areas as special sentinels of littering on coastal dune vegetation. Sustainability, 11, 5446.
https://doi.org/10.3390/su11195446.

De Tender, C.A., Devriese, L.1., 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. https://doi.org/10.1021/acs.est.5b01093.



De Tender, C., Devriese, L.l., Haegeman, A., Maes, S., Vangeyte, J., Cattrijsse, A., Dawyndt, P.,
Ruttink, T., 2017. Temporal dynamics of bacterial and fungal colonization on plastic debris in the
North Sea. Environ Sci Technol. 51, 7350-7360. https://doi.org/10.1021/acs.est.7b00697.

Duis, K., Coors, A., 2016. Microplastics in the aquatic and terrestrial environment: sources (with a
specific focus on personal care products), fate and effects. Environ. Sci. Eur. 28, 2.
https://doi.org/10.1186/s12302-015-0069-y.

Dussud, C., Meistertzheim, A. L., Conan, P., Pujo-Pay, M., George, M., Fabre, P., Coudane, J.,
Higgs, P., Elineau, A., Pedrotti, M. L., Gorsky, G., 2018. Evidenca m riche partitioning among
bacteria living on plastics, organic particles and surrounding <ca. ‘aters. Environ. Pollut. 236, 807-
816. https://doi.org/10.1016/j.envpol.2017.12.027.

Elain, A., Le Fellic, M., Corre, Y. M., Le Grand, A., Le Tn..». V., Audic, J. L., Bruzaud, S., 2015.
Rapid and qualitative fluorescence-based method fo. th assessment of PHA production in marine
bacteria during batch culture. World J. Micr \bir 1. Biotechnol. 31, 1555-1563.
https://doi.org/10.1007/s11274-015-1904-.

Elain, A., Le Grand, A., Corre, Y. M _ Le Fellic, M., Hachet, N., Le Tilly, V., Loulergue, P., Audic,
J.L., Bruzaud, S., 2016. Valorisat.\n o1 local agro-industrial processing waters as growth media for
polyhydroxyalkanoates (PHA) L ar.uction. Ind. Crops Prod. 80, 1-5.
https://doi.org/10.1016/y.1.3c1up.2015.10.052.

European bioplastics, 2018 Bioplastics market data. Global production capacities of bioplastics
2018-2023.

Ferrero, B., Boronat, T., Moriana, R., Fenollar, O., Balart, R., 2015. Development of natural fibre-
reinforced plastics (NFRP) based on biobased polyethylene and waste fibres from Posidonia
oceanica seaweed. Polym. Compos. 36, 1378-1385. https://doi.org/10.1002/pc.23042.

Gan, Z., Zhang, H., 2019. PMBD: a Comprehensive Plastics Microbial Biodegradation Database.

Database 2019. https://doi.org/10.1093/database/baz119.



Harrison, J.P., Schratzberger, M., Sapp, M., Osborn, A.M., 2014. Rapid bacterial colonization of
low-density polyethylene microplastics in coastal sediment microcosms. BMC Microbiol. 14, 232.
https://doi.org/10.1186/s12866-014-0232-4.

Helanto, K., Matikainen, L., Talja, R., Rojas, O.J., 2019. Bio-based Polymers for Sustainable
Packaging and Biobarriers: A Critical Review. Bioresources. 14, 4902-4951.
https://doi.org/10.15376/biores.14.2.Helanto.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the Marine
Environment: A Review of the Methods Used for Identification ard (, 'antification. Environ. Sci.
Technol. 46, 3060-3075. https://doi.org/10.1021/es2031505.

Imam, S.H., Gordon, S.H., Shogren, R.L., Tosteson, T.R. Guvind, N.S., Greene, R.V., 1999.
Degradation of starch-poly(beta-hydroxybutyrate-co-bet2-1. ‘droxyvalerate) bioplastic in tropical
coastal waters. Appl. Environ. Microb. 65, 431-477. attys://doi.org/10.1128/AEM.65.2.431-
437.1999.

Jacquin, J., Cheng, J., Odobel, C., Pandin, ~., Conan, P., Pujo-Pay, M., Barbe, V., Meistertzheim,
A., Ghiglione, J., 2019. Microbial Ec~to; irology of Marine Plastic Debris: A Review on
Colonization and Biodegradation v the “Plastisphere”. Front. Microbiol. 10, 865.
https://doi.org/10.3389/fmicb 2c*9.00865.

Jambeck, J. R., Geyer, K., "Mncox, C., Siegler, T. R., Perryman, M., Andrady, A., Narayan, R.,
Lavender Law, K. 2015. Plastic waste inputs from land into the ocean. Science. 347, 768—771.
https://doi.org/10.1126/science.1260352.

Jendrossek, D., Handrick, R., 2002. Microbial degradation of polyhydroxyalkanoates. Annu. Rev.
Microbiol. 56, 403-432. https://doi.org/10.1146/annurev.micro.56.012302.160838.

Jiang, P., Zhao, S., Zhu, L., Li, D., 2018. Microplastic-associated bacterial assemblages in the
intertidal zone of the Yangtze Estuary. Sci. Total Environ. 624, 48-54.

https://doi.org/10.1016/j.scitotenv.2017.12.105.



Kane, I.A., Clare, M.A., Miramontes, E., Wogelius, R., Rothwell, J.J., Garreau, P., Pohl, F., 2020.
Seafloor microplastic hotspots controlled by deep-sea circulation. Science.
https://doi.org/10.1126/science.aba5899.

Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usabil- ity. Mol. Biol. Evol. 30, 772-780.
https://doi.org/10.1093/molbev/mst010.

Khiari, R., Marrakchi, Z., Belgacem, M.N., Mauret, E., Mhenni, F., 2011. New lignocellulosic
fibres-reinforced composite materials: a stepforward in the valoriz=tiu.> of the Posidonia oceanica
balls. Compos. Sci. Technol. 71, 1867-1872. https://doi. org/".v.2916/j.compscitech.2011.08.022.
Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast. C . Horn, M., Glockner, F.O., 2013.
Evaluation of general 16S ribosomal RNA gene PCR prime:s for classical and next-generation
sequencing 121 based diversity studies. Nucleic A.c. s Tes. 41, el.
https://doi.org/10.1093/nar/gks808.

Knight, R., Vrbanac, A., Taylor, B.C., Ak."nov, A., Callewaert, C., Debelius, J., Gonzalez, A.,
Kosciolek, T., McCall, L.1., McDona!d. L* Melnik, A.V., Morton, J.T., Navas, J., Quinn, R.A.,
Sanders, J.G., Swafford, A.D., Th: mpson, L.R., Tripathi, A., Xu, Z.Z., Zaneveld, J.R., Zhu, Q.,
Caporaso, J.G., Dorrestein, P C., 27,18. Best practices for analysing microbiomes. Nat. Rev.
Microbiol. 16, 410-422. hu.»s.iidoi.org/10.1038/s41579-018-0029-9.

Knoll, M., Hamm, T.M., Wagner, F., Martinez, V., Pleiss, J., 2009. The PHA Depolymerase
Engineering Database: A systematic analysis tool for the diverse family of polyhydroxyalkanoate
(PHA) depolymerases. BMC Bioinformatics 10, 89. https://doi.org/10.1186/1471-2105-10-89.
Krueger, M.C., Harms, H., Schlosser, D., 2015. Prospects for microbiological solutions to
environmental pollution with plastics. Appl. Microbiol. Biot. 99, 8857-8874.
https://doi.org/10.1007/s00253-015-6879-4.

Lambert, S., Wagner, M., 2017. Environmental performance of bio-based and biodegradable

plastics: the road ahead. Chem. Soc. Rev. 46, 6855-6871. https://doi.org/10.1039/c7¢cs00149e.



Le Duigou, A., Bourmaud, A., Davies, P., Baley, C., 2014. Long term immersion in natural
seawater of Flax/PLA biocomposite. Ocean. Eng. 90, 140-148.
https://doi.org/10.1016/j.0ceaneng.2014.07.021.

Mergaert, A., Wouters, C., Swings, J., Anderson, C., 1995. In situ biodegradation of poly(3-
hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) in natural waters. Can. J.
Microbiol. 41, 154-159. doi.org/10.1139/m95-182

Meereboer, K.W., Misra, M., Mohanty, A.K., 2020. Review of recent advances in the
biodegradability of polyhydroxyalkanoate (PHA) bioplastics and then ~omposites. Green Chem. 22,
5519. DOI: 10.1039/d0gc01647k

Morohoshi, T., Ogata, K., Okura, T., Sato, S., 2018. Molecular Characterization of the Bacterial
Community in Biofilms for Degradation of Poly(3-Hydrax,“utyrate-co-3-Hydroxyhexanoate)
Films in Seawater. Microbes Environm. 33, 19-25. h'tp.*//doi.org/10.1264/jsme2.ME17052.
Oberbeckmann, S., Osborn, A.M., Duhaime M 3., 2016. Microbes on a bottle: substrate, season
and geography influence community comy 2sition of microbes colonizing marine plastic debris.
PL0S One 11, e0159289. https://doi.rra/_0.1371/journal.pone.0159289.

Ogonowski, M., Motiei, A., Ininkcgs, K., Hell, E., Gerdes, Z., Udekwu, K.I., Bacsik, Z.,
Gorokhova, E., 2018. Evidenre [~r selective bacterial community structuring on microplastics.
Environ. Microbiol. 20, 2/ 26-,308. https://doi.org/10.1111/1462-2920.14120.

Orsi, W.D., 2018. Ecology and evolution of seafloor and subseafloor microbial communities. Nat.
Rev. Microbiol. 16, 671-683. https://doi.org/10.1038/s41579-018-0046-8.

Pinnell, L.J., Turner, J.W., 2019. Shotgun Metagenomics Reveals the Benthic Microbial
Community Response to Plastic and Bioplastic in a Coastal Marine Environment. Front. Microbiol.
10:1252. https://doi.org/10.3389/fmicbh.2019.01252.

Pinto, M., Langer, T.M., Huffer, T., Hofmann, T., Herndl, G.J., 2019. The composition of bacterial
communities associated with plastic biofilms differs between different polymers and stages of

biofilm succession. PLoS ONE 14, e0217165. https://doi.org/10.1371/journal.pone.0217165.



Price, M.N., Dehal, P.S., Arkin, A.P., 2010. FastTree 2 — approximately maximum-likelihood trees
for large alignments. PLoS One 5, €9490. https://doi.org/10.1371/journal.pone.0009490.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glockner, F.O.,
2013. The SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucl. Acids Res. 41, D590-D596. https://doi.org/10.1093/nar/gks1219

Rangel-Buitrago, N., Castro-Barros, J.D., Gracia, A., Villamil Villadiego, J.D., Williams, A.T.,
2018. Litter impacts on beach/dune systems along the Atlantico Department, the Caribbean
coastline of Colombia. Mar. Pollut. Bull., 137, 35-44.
https://doi.org/10.1016/j.marpolbul.2018.10.009.

Restrepo-Florez, J.M., Bassi, A., Thompson, M.R., 2014. M robial degradation and deterioration
of polyethylene - A review. Int. Biodeter. Biodegr. 88, 83-v
https://doi.org/10.1016/j.ibiod.2013.12.014.

Rutkowska, M., Krasowska, K., Heimowsk: A , Adamus, G., Sobota, M., Musiol, M., Janeczek,
H., Sikorska, W., Krzan, A., Zagar, E., Kuralczuk, M., 2008. Environmental Degradation of
Blends of Atactic Poly[(R,S)-3-hydrevvt. it yrate] with Natural PHBV in Baltic Sea Water and
Compost with Activated Sludge. . Poiym. Environ. 16, 183-191. https://doi.org/10.1007/s10924-
008-0100-0.

Salta, M., Wharton, J.A., C'auie, Y., Stokes, K.R., Briand, J-F., 2013. Marine biofilms on artificial
surfaces: structure and dynamics. Environ Microbiol. 15, 2879-2893. https://doi.org/10.1111/1462-
2920.12186.

Seggiani, M., Cinelli, P., Balestri, E., Mallegni, N., Stefanelli, E., Rossi, A., Lardicci, C., Lazzeri,
A., 2018. Novel Sustainable Composites Based on Poly(hydroxybutyrate-co-hydroxyvalerate) and
Seagrass Beach-CAST Fibres: Performance and Degradability in Marine Environments. Materials.
11, 772. https://doi.org/10.3390/mal1050772.

Seggiani, M., Cinelli, P., Mallegni, N., Balestri, E., Puccini, M., Vitolo, S., Lardicci, C., Lazzeri,

A., 2017. New Bio-Composites Based on Polyhydroxyalkanoates and Posidonia oceanica Fibres



for Applications in a Marine Environment. Materials. 10, NIL0043-U55.
https://doi.org/10.3390/mal10040326.

Sile, U., Kuzmic, F., Cakovic, D., Stesevic, D., 2018. Beach litter along various sand dune habitats
in the southern Adriatic (E Mediterranean). Mar. Pollut. Bull., 128, 353-360.
https://doi.org/10.1016/j.marpolbul.2018.01.045.

Sudhakar, M., Doble, M., Murthy, P. S., and Venkatesan, R. 2008. Marine microbe-mediated
biodegradation of low-and high-density polyethylenes. Int. Biodeterior. Biodegradation 61, 203—
213. https://doi.org/10.1016/j.ibiod.2007.07.011.

Tetu, S.G., Sarker, I., Moore, L.R., 2020. How will marine pl-su pollution affect bacterial primary
producers? Comm. Biol. 3, 55. https://doi.org/10.1038/s420uC-020-0789-4.

Tokiwa and Calabia, 2004; Tokiwa, Y., and Calabia, B. . 2204. Review degradation of microbial
polyesters. Biotechnol. Lett. 26, 1181-1189. http<:/,:0i.0rg/10.1023/B:BILE.0000036599.15302.€5.
Tsuji, H., Suzuyoshi, K., 2002. Environmer: al r.egradation of biodegradable polyesters 2.
Poly(epsilon-caprolactone), poly [(R)-3-hydroxybutyrate], and poly(L-lactide) films in natural
dynamic seawater. Polym. Degrad. Stabi. =5, 357-365. https://doi.org/10.1016/S0141-
3910(01)00239-7.

Volova, T. G., Boyandin, A. N., \/zsiliev, A. D., Karpov, V. A., Prudnikova, S. V., Mishukova, O.
V., Boyarskikh, U. A, Fin2enno, M. L., Rudnev, V. P., Bui B.X., Vu, V.D., Gitelson, I.1., 2010.
Biodegradation of polyhydroxyalkanoates (PHAS) in tropical coastal waters and identification of
PHA-degrading bacteria. Polym. Degrad. Stabil. 95, 2350-2359.
https://doi.org/10.1016/j.polymdegradstab.2010.08.023.

Volova, T.G., Prudnikova, S.V., Vinogradova, O.N., Syrvacheva, D.A., Shishatskaya, E.I., 2017.
Microbial Degradation of Polyhydroxyalkanoates with Different Chemical Compositions and Their
Biodegradability. Microb. Ecol. 73, 353-367. https://doi.org/10.1007/s00248-016-0852-3.

Xu, X., Wang, S., Gao, F., Li, J., Zheng, L., Sun, C., He, C., Wang, Z., Qu, L., 2019. Marine

microplastic-associated bacterial community succession in response to geography, exposure time,



and plastic type in China's coastal seawaters. Mar. Poll. Bull. 145, 278-286.
https://doi.org/10.1016/j.marpolbul.2019.05.036.

Werner, J.J., Koren, O., Hugenholtz, P., DeSantis, T.Z., Walters, W.A., Caporaso, J.G., Angenent,
L.T., Knight, R., Ley, R.E., 2012. Impact of training sets on classification of high-throughput
bacterial 16S rRNA gene surveys. ISME J. 6, 94-103. https://doi.org/10.1038/ismej.2011.82.
Whitman, R.L., Harwood, V.J., Edge, T.A., Nevers, M.B., Byappanahalli, M., Vijayavel, K.,
Brandao, J., Sadowsky, M.J., Alm, E\W., Crowe, A., Ferguson, D., Ge, Z.F., Halliday, E.,
Kinzelman, J., Kleinheinz, G., Przybyla-Kelly, K., Staley, C., Stalev, 7 | Solo-Gabriele, H.M.,
2014. Microbes in beach sands: integrating environment, ecoluy, and public health. Rev. Environ.
Sci. Bio. 13, 329-368. https://doi.org/10.1007/s11157-014-9C.10-8.

Wwitt, V., Wild, C., Uthicke, S., 2011. Effect of substrate ty.~ on bacterial community composition
in biofilms from the Great Barrier Reef. FEMS Mic. b7l Lett. 323, 188-195.
https://doi.org/10.1111/j.1574-6968.2011.0 372 x.

Woodall, L.C., Jungblut, A.D., Hopkins, K Hall, A., Robinson, L.F., Gwinnett, C., Paterson,
G.L.J., 2018. Deep-sea anthropogenir mc ~rodebris harbours rich and diverse communities of
bacteria and archaea. PLoS ONE 3, ev206220. https://doi.org/10.1371/journal.pone.0206220.
World Economic Forum, Ellen "2 Arthur Foundation, McKinsey & Company, 2016. The new
plastics economy — rethink.~qg the future of plastics.
http://www.ellenmacarthurfoundation.org/publications.

Wu, N., Zhang, Y., Zhao, Z., He, J., Li, W, Li, J., Xu, W., Ma, Y., Niu, Z., 2020. Colonization
characteristics of bacterial communities on microplastics compared with ambient environments
(water and sediment) in Haihe Estuary. Sci. Total Environ. 708, 134876.
https://doi.org/10.1016/j.scitotenv.2019.134876.

Zalasiewicz, J., Waters, C.N., do Sul, J.Al.., Corcoran, P.L., Barnosky, A.D., Cearreta, A.,
Edgeworth, M., Galuszka, A., Jeandel, C., Leinfelder, R., McNeill, J.R., Steffen, W., Summerhayes,

C., Wagreich, M., Williams, M., Wolfe, A.P., Yonan, Y., 2016. The geological cycle of plastics and



their use as a stratigraphic indicator of the Anthropocene. Anthropocene. 13, 4-17.
https://doi.org/10.1016/j.ancene.2016.01.002.

Zettler, E.R., Mincer, T.J., Amaral-Zettler, L.A., 2013. Life in the “Plastisphere”: Microbial
Communities on Plastic Marine Debris. Environ. Sci. Technol. 47, 7137-7146.

https://doi.org/10.1021/es401288x.

Figure legends.

Fig 1. Residual weight percentage graphs and pictures of dog- uu. es buried in seabed and dune sand
mesocosms during the experiment. Seabed data are re-elahoicted from Seggiani et al. 2018. The
test was stopped in July 2017 for seabed and in Septembzr 2017 for dune sand due to the
subsequent fragmentation of dog-bones and the d*fi. ‘ully in distinguishing among the manufacts
present in the sediment.

Fig 2. Relative abundances of bacterial ph,'a in the obtained libraries from seabed and dune sand
mesocosms are shown in the bar plot Prcteobacteria is always the dominant phylum. Ten most
abundant phyla are shown in the ¢~lor egend.

Fig. 3. Scanning electron micro.~nuy pictures showing dog-bone surfaces in seabed and dune sand
mesocosms at different «in.»s uuring the experiment. Bars: 100 micrometers.

Fig. 4. Principal component analysis (PCoA) graph of prokaryotic communities from seabed and
dune sand mesocosms (Bray-Curtis distances). Similar results were produced using different
metrics (weighted Uni-Frac, unweighted Uni-Frac, and Jaccard). Correlation vectors of the top 23
contributive sequence variants to the sample distribution are also represented (see Table S3 for
taxonomic identities and vector lengths). PCoA graphs of all samples together as well as of
sediment samples only were also produced (Figures S1, S2).

Fig.5. Venn diagrams showing overlaps between sequence variants retrieved in sediments and those

retrieved on PHBVs (here intended as both PHBV and PHBV/PO manufacts).



Fig. 6. Heatmaps of the 100 most abundant PHBV-colonizing taxa in seabed and dune sand
mesocosm samples. An ordered list of the taxa for each of the two heatmaps is presented in Tables
S4 and S5. A beclustered version of the two heatmaps is reported in Figure S3.

Table 1. Number of sequence variants and values of calculated indexes in seabed and dune sand samples.

(Sb) seabed, (DS) dune sand, (C) control sediments, (S-PHBVSs) manufact-associated sediments, (PHBVS)
manufact. PHBVSs is here intended as both PHBV and PHBV/PO.

Seabed Dune sand
S Sb-S- Sb- DS DS-S- DS-
Index (otal) | P Sb-C | pgvs | pHBVS | (total) | P° DS-C | ppgvs | PHBVS
Seq_uence 15.40 810 + 1,064+ | 1,013+ 503 + 1127 K93 + 640 + 703 + 470 £
variants (n) ' 410 543 225 132 ' 293 344 316 163
Faith-PD ] 63.60+ | 7353+ | 7445+ |5150+ | Mo + | 4325+ | 4595+ | 37.76+
26.90 37.21 20.65 12.52 18..2 2371 20.71 12.64
Shannon ] 755+ 820+ |88l+ 6.00 + . | 717+ | 730+ | 7.64% 6.45 +
1.78 2.01 0.48 0.75 .98 1.08 0.79 0.96
Pielou’s 079+ |082+ |088+ 0.67 + 079+ |080+ |082+ 0.73 +
Evenness ] 0.12 0.13 0.03 0.07 T Joo7 0.06 0.04 0.07
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Graphical abstract

Highlights

Microbial richness is lower on PHBVs than in sediments, both in seabed and dune sand.
Degradation rates of different PHBVSs are due to intrinsic characteristics of the materials.
PHBVs have no impact on the microbial community of the surrounding sediments.
Recruitment of plastic colonizers occurs largely from the surrounding sediments.
Succession appears highly dynamic even after two years, especially in dune sand.



