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Abstract

Plastics remarkably contribute to marine litterjaths raising serious concerns. Currently, little
is known about the fate of most plastics enterirggrharine environment and their potential
biodegradation ratend extent under anoxic conditions.

In this work, biodegradation of polyvinyl chlorigeVVC) films by consortia enriched from
marine samples (litter and water) was evaluatexhaerobic microcosms. After 7 months, three
microcosms showed dense biofilms on plastic susfageavimetric weight losses up to 11.7+0.6%,
marked decreases in thermal stability and averageaular weight of the polymer, suggesting
microbial attack towards polymer chains. After 2dnths, further three consortia showed the same
abilities. Microbial communities analyzed at mo@thincluded taxa closely related to those
previously reported as halogenated organic compodadraders. The study is the first report on
PVC biodegradation by marine anaerobic microbespaoddes insights on potential

biodegradation of the plastic film introduced itlh@ sea by native microbes.

Keywords: polyvinyl chloride, plastics colonization, anaeiomarine environment, biodegradation,

microbial consortia, microcosms, community compositdehalogenation.
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1. Introduction

In 2018, global plastic production was 359 milltons, 61.8 of which were produced in Europe
(PlasticsEurope, 2019). Over one third of plaggassed to produce disposable products, such as
packaging, disposable bags, etc., with a lifesgahyears (Gewert al., 2015; PlasticsEurope,
2019; Shatet al., 2008; Wangt al., 2016). From 2006, the amount of plastics wastatis
disposed of in landfill decreased of about 44%, iar2D16 for the first time, recycling overcome
landfilling in the EU countries (PlasticsEurope; 12D Plastic wastes are also widespread in the
marine environment where they were found to bdatgest debris contaminating marine habitats,
with an estimation of more than 250,000 tons (Adtial., 2017; Oberbeckmarat al., 2016; Wang
et al., 2016; Zettleet al., 2013); and between 1.000 and 3.000 tons of figgtlastics have been
reported in Mediterranean Sea (Awal., 2017). This plastic contamination is generatediibgct
plastic (macro and micro) transfer into aquatiderys or derived from physical/mechanical
degradation of macroplastics in landfill that proés microplastics, which are transferred through
leachate to rivers and finally to seas and ocean® (et al., 2017; Gallowayet al., 2017). Further,
additives present in plastics formulations are ralymot covalently bonded to the polymer chains
and could therefore leach out from plastics andrethie marine environment (Aveb al., 2017;
Gewertet al., 2015; Harrisoret al., 2014). Plastics entering the marine environmeuntctalso
absorb persistent organic pollutants (POPs) dtestdiydrophobic characteristics of these
compounds or be a vector agent for the spreadih@mnful organisms inhabiting plastic surfaces
(Avio et al., 2017; Harrisoret al., 2014; Oberbeckmarat al., 2016; Wanget al., 2016; Zettleet
al., 2013).

Among petroleum-based plastics, the PVC is thel thire in terms of European plastic demand
(5 million tons in 2018) (PlasticsEurope, 2019).(PMastics have a wide range of applications,
such as food packaging, electronics, coatings, caédevices etc., due to low cost, long term

stability and mechanical properties depending amtjty and quality of plasticizers added (Bueno-
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Ferreret al., 2010; Glast al., 2014; Reddyt al., 2010). The environmental concern about PVC
plastics is due to their high contents of chlommel additives required for their processing.
Additives and stabilizers, e.g. heavy metals ohglaites, provide the necessary physical/chemical
and stability properties to the final products bave hazardous characteristics against humans
(Glaset al., 2014). Chlorine atoms could produce environméntedrmful chlorinated compounds,
HCI or chlorinated dioxins, when disposed of indflts or incinerated for energy recovery (Gkis
al., 2014; Reddt al., 2010).

In the last years, there has been an increasiaresttin the evaluation of biodegradation of
petroleum-based plastics (Adial., 2014; Shalet al., 2014; Yangt al., 2015; Tribedi and Dey,
2017; Peixotet al., 2017; Giacomucatt al., 2019; Raddadi and Fava, 2019) with the perspectiv
to develop innovative strategies for mitigatingitfevironmental impact. Considering their
hydrophobic nature and the very low bioavailabjlitye formation of biofilm on the polymer/plastic
surface is a critical step necessary for the bicatdagion (Dast al., 2012; Reissegt al., 2014). To
date, few PVC polymer and plastic biodegradationliss have been reported and were performed
mainly under aerobic conditions and in terressiagtems (Aliet al., 2014; Anwaret al., 2016;
Giacomucciet al., 2019; Shalet al. 2008; Webl®t al., 2000). Marine anaerobic microorganisms
have not been studied yet in depth as plastic biadiers even if they should be the first actors
involved in mitigating the marine litter effectssasiated with the plastics already in the marine
ecosystems.

The Mediterranean Sea has been identified as ageg@eumulating ecosystem, especially for
floating polymeric items (Ruiz-Orejdat al., 2017; Suaria and Aliani, 2014). Oxygen avail&piin
marine water is decreasing due to climate chantgetive result of modifying by the expansion of
low-oxygen zones, especially in coastal systemsiturget al. 2018; Dang and Lovell, 2016).
Although most waters in the ocean are oxic andasoraerobic microbes, biofilms on submerged
surfaces and marine particles in oxic waters maltiatally harbor hypoxic and anoxic

microenvironments suitable for microbial anaerahitabolisms. Hence, anaerobic microbes living
5
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in sessile form could be found even in aerobic @mdas biofilm structure preserves them from
oxygen present in the surrounding environment Bod some bacteria associated to marine fouling
need suboxic or anoxic microniches within partictesupport microaerophilic or anaerobic
metabolism (Celikkol-Aydiret al., 2016; Dang and Lovell, 2016).

The aim of the present study was to evaluate thedgradation of a virgin PVC plastic film
under marine anaerobic conditions. For this purpb8@naerobic consortia were enriched from
marine samples (water with litter fraction) in fr@sence of PVC films in laboratory microcosms
and their biodegradation abilities were assesded afand 24 months incubation. At the end of the

experiment, the PVC film-associated microbial comies were characterized.

2. Materials and Methods

2.1. Sampling and pre-enrichment of marine anaerobic consrtia

Marine samples were collected from four samplirgiehs (S1 to S4) in Elefsis Bay (Greece) at
a depth of 0 to 1.2 m of the water column. The dasmymamed S1 to S4 and consisting of marine
water and a litter/debris fraction, were usedssource of microbial communitites. To increage th
anaerobic microbial biomass to be used as inocutuniodegradation assays, a pre enrichment step
of the microbes adhered to the collected mariter Mas performed. Specifically, four anaerobic
microcosms from each sampling station were setisipg four different growth media, in 100 ml
serum bottles with working volume of 40 ml. Forstipurpose 4 ml of litter fraction, 16 ml of
marine water and further 20 ml of the anaerobicigenedium containing 24 g/L of sodium
chloride were mixed. The four culture media (M1,,ME3 and M4; composition reported in
Supplementary material S1) were used in ordewttotfavour the growth of different anaerobic
consortia, i.e. acidogenic/methanogenic (M1 and,Mjate reducing (M3) and sulfate reducing
(M4) microorganisms. The sixteen different micraogsvere flushed with pure sterile nitrogen (in
the case of M1, M3 and M4 media) or a mix of nign@nd carbon dioxide ¢NCO»,=80:20, for the

M2 medium) and incubated at 20°C. Microbial growths evaluated after 3 months incubation

6
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based on gas composition analysis of the headgaaeh microcosm (5 CO,, CHs) by gas
chromatography (Agilent 3000 MicroGC, Agilent teologies, Santa Clara, CA, USA) equipped
with thermal conductivity detector (TCD). The artadgl conditions were as follows: injector
temperature 90 °C; column temperature 60 °C; saigpime 20 s; injection time 50 ms; column
pressure 25 psi; run time 44 s; carrier gasWWhen microbial growth was detected, fresh medium
was added to a final volume of 70 ml and microcosrase incubated under the same conditions
until a significant growth was detected, beforengsas inocula in the biodegradation experiment.

A set of four negative controls with the correspagcdon inoculated media were also prepared.

2.2.PVC film
PVC film containing a total of 30% of additives was provided by an Italian plastiogarcing
company. In order to better monitor the gravimetrezght loss, thick PVC plastic films (3Q@n),
obtained after pressing several PVC thin layersuf@Geach) at 17.44 bar and 160°C for 4-5 min,
were used. Thick films were then cut into smalcp®(1.5 cmx 1.5 cm and 1.5 cm 3.2 cm),
degreased and sterilized by 30 min immersion inyiQ8thanol solution and washed with sterile
distilled water before use. The films used for dle¢ermination of gravimetric weight loss were

dried under vacuum to constant weight before baseyl as substrate for microbial growth.

2.3.PVC biodegradation assays
The sixteen microbial communities from the pre-emment step were used as inocula for PVC
biodegradation experiments (Figure S1). Specifjcaikteen microcosms were setup in 100 ml
serum bottles with 50 ml of the corresponding medaontaining 10 g/l of PVC films as major
carbon and energy source and inoculated with,zQ%fpre-enriched cultures. Inoculated

microcosms and abiotic controls were incubated ustiic conditions at 20°C. Samples of plastic



144  films and culture broth were withdrown after 7 &#dmonths incubation and subjected to the

145 following analyses in order to detect putative moimal growth and PVC films biodegradation.

146 2.3.1. Evaluation of the microbial growth and colonization of the PVC film surface

147 Viability and growth of anaerobic consortia wer@lexated by measuring headspace gas
148 production and composition HCO,, CHs) using MicroGC-TCD.

149 Biofilm formation was assessed by quantifying thet@ins available onto the PVC film

150 surfaces. For this purpose, sampled PVC films wengbated overnight (4°C, 150 rpm) ina 6 M
151 urea solution. Protein quantification accordind.éavry method (Lowryet al., 1951) was then

152 performed on urea solutions, and urea 6 M was asdiank.

153 2.3.2. Evaluation of PVC films biodegradation

154  Gravimetric weight loss. Measurement of the dry weight of PVC film was detieed after biofilm
155 removal by incubation with a 6 M urea solution aught at 4°C and further washing with distilled
156 water. The washed PVC films were dried under vacatimom temperature to constant weight (at
157 least 24 h) before weighing using a balance wihd&git accuracy. The weight loss percentage was
158 calculated as follows:

159 Weight loss (%) = (Initial weight-Final weight)/tral weight*100.

160 Thermogravimetric analysis (TGA). Dried plastic samples of 5 to 10 mg were subjetdeBGA

161 using a Perkin Elmer TGA7 thermal analyzer und#ogen atmosphere (gas flow: 40 ml/min).
162 The thermograms were recorded from 40°C to 800°€Clhegtating rate of 10°C/min. The onset

163 degradation temperaturedde) and the maximum degradation temperatureswere noted. Non
164 incubated PVC film and PVC resin were used as eefss.

165 Ge permeation chromatography (GPC). The molecular weight of the PVC films were detereu

166 using GPC. Measurements were carried out on a HRIbGFlow 2000 equipped with Phenomenex
167 Phenogel Mixed p MXM/MXL columns and a Linear Instrument UVIS-20@tdctor operating at

168 254 nm. Tetrahydrofuran was used as mobile phas#/(din) after calibration with polystyrene
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standards of known molecular mass. A sample coratemt of 3 mg/ml was applied. Non

incubated PVC film and PVC films incubated undaptb conditions were used as references.

2.3.3. Satistical analyses
Results of gravimetric weight losses and GPC aealygere statistically evaluated using one-way
ANOVA. Post-hoc Tukey test was applied to determitether gravimetric or molecular weight
changes of PVC films showed significantly differemtents. Statistically significant results were
depicted byp-values < 0.05. All the analyses were performed using GPaal Prism version 8.0.0

for Windows (GraphPad Software, San Diego, CalilothSA, www.graphpad.com).

2.4. Composition of planktonic and biofilm communities
After 24 months incubation, total DNA was extractsihg a Powers$iIDNA isolation kit (MOBIO,
Carlsbad, CA, USA) from planktonic (from 2 ml ofleue broth) and biofilm (PVC adhered
microbial cells) microbial communities. Bacteriarpal 16S rRNA gene was amplified using 357F-
GC and 907R primers and PCR conditions reportdedbyet al. (2010) except for MgGland dNTP
mix concentration of 1.8-2 mM and 01V, respectively and annealing temperature of 55°C.
Archaeal PCRs were performed using Arch344F-GCArctl918R (Giovannongt al., 1988; Stahl
and Amann, 1991) primer pair. The archaeal thepnaiocol was a modification of the bacterial
protocol by elongating each step of 15 sec. DGGE waecording to Pole@t al. (2010), using
denaturant gradients of 40-60% and 30—70% for battnd archaeal communities, respectively.
Principal bands were excised, eluted inubMilliQ water (30°C for 3 h), amplified and idefiéid by
sequencing (Macrogen Inc., Republic of Korea). $hquences were checked for chimeras using
DECIPHER software (Wrightt al., 2012), analyzed using the BLASTN software andstted to

the Genbank database (accession numbers MH520 88 5@0766).
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3. Results and discussion

3.1. PVC films biodegradability after 7 months
3.1.1. Microbial growth monitoring

Before performing the biodegradation assays, a&preshment step (growth in the absence of
PVC film) was performed (please refer to the schefrtbe experimental design in supplementary
Figure S1) and microbial growth was confirmed badspace gas analysis. The pre-enriched
consortia were used as inocula in the biodegradaissays. Microbial growth in the presence of
PVC films as major carbon and energy source wastored by measuring the volume and
composition of the gas produced in the headspaeaadf consortium. After 7 months incubation,
significant gas volumes were measured in 10 migoso(Figure 1A) reaching a maximum of
19.0+1.0 ml, while no gas production was deteatetthé four abiotic controls. Headspace gas
analysis showed that G@vas produced in all the microcosms while hydrogias recorded only in
the case of S2-M1 consortium (5.8+0.0 ml) (Figué¢. Methane (max volume = 5.7+0.1 ml) was
produced by the four consortia enriched in M2 mediwhile very low/no methane production was
recorded in microcosms enriched in M1, M3 and M4limeThese results showed that growth of
the native marine microbial communities occurrethm presence of PVC plastic film as major C
and energy source. Plasticizers probably sustaheedbserved growth, in line with previous
studies carried out with PVC plastic under sulfaducing conditions with bacteria enriched from
landfill (Tsuchidaet al., 2011).

Based on these results, the 10 microcosms disglay@ar microbial growth on PVC films (S2-
M1, S2-M2, S3-M2, S4-M2, S1-M3, S3-M3, S4-M3, S2-NeB-M4 and S4-M4) were selected for

further analysis.

3.1.2. Evaluation of microbial colonization of PVC film surface.
Among PVC films incubated in the 10 microcosmsfsliowed significantly higher (>10 times)

amount of adhered proteins compared to their cooreding abiotic controls (Figure 1B),
10
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suggesting an extensive microbial colonizationlagtic surface. These include S2-M2, S3-M2, S4-
M3 and S2-M4, with a protein content (mean+SD) 0f3%2.9, 45.6+2.3, 88.9+4.4 and 76.3+£3.8 g
of BSA equivalent/mg of PVC film, respectively. Mabial colonization of PVC films was reported
under aerobic conditions. Specifically, unpretrdgikasticized PVC films exposed to the
atmosphere (Blackley, Manchester, United Kingdoon)96 weeks were found to be colonized by
fungi while no bacterial colonization was record@¢ebbet al., 2000). Dangst al. (2008)
evaluated biofilm formation on different polymerfaeces including PVC plates, submerged in
seawater (1 m below the water surface) near thgdaim coast for 72 h. Biofilm formation was
shown to occur on the different surfaces basededection of 126 operational taxonomic units with
prokaryotes being predominant.

To the best of our knowledge, to date there is only report on microbial colonization of PVC
plastic surface under anaerobic conditions. ThénAeal straitMethanosarcina barkel was found
to be able to adhere on PVC films after 2 h of exype and to putatively produce exopolymeric
substances (EPS), as revealed by epifluorescecgcanning electron microscope observations
(Nguyenet al., 2016).

Biofilm formation is considered as the first stdpmdegradation activity against water
insoluble polymeric materials (Dasal., 2012; Reissegt al., 2014; Wanget al., 2016; Zettleet
al., 2013). Hence, only microbial consortia that shdwgnificantly high adhered protein contents
on PVC films, i.e. S2-M2, S3-M2, S4-M3 and S2-Mdg(ke 1B), were selected for further
analyses. Indeed, for the PVC films incubated @séhmicrocosms, a 10-fold protein content was
recorded compared to the corresponding abioticratmn(T his threshold was fixed in order to
overcome the limitations of the Lowry assay reldtethe interference of molecules other than
proteins (like compounds that derive from the ade#& components of the plastic film), in the

colorimetric measurements (Everedtal., 2010).

11
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3.1.3. Evaluation of PVC biodegradation

Biodegradation activity was evaluated on film sagsphithdrawn from the four (S2-M2, S3-M2,
S4-M3 and S2-M4) selected microcosms. Gravimeteasarements revealed a statistically higher
decrease in their weights (p < 0.05; Figure 2 Acbhpared to those recovered from the
corresponding abiotic controls. Specifically, weigtductions (mean+SD%) of 11.67+0.58%,
10.71+0.54%, 6.26+0.31% and 5.77+0.29% were recbfolethe films incubated in S4-M3, S2-
M4, S2-M2 and S3-M2 microcosms, respectively. Amtmgbiological effect of the four selected
consortia, the highest gravimetric weight decreeae recorded by films incubated with S4-M3 and
S2-M4 consortia, which showed the same statistilcalweight reduction followed by the action of
S2-M2 and S3-M2 consortia (p < 0.05; Figure 2 e Torresponding abiotic controls incubated in
the growth media M3, M4 and M2 showed statisticaljyial weight losses of 3.71+0.28%,
3.91+0.2% and 3.51+0.18% respectively (p < 0.0§uFe 2 A-D) due to additives leaching from
the PVC films (Kastneet al., 2012; Suhrhoff and Scholz-Bottcher, 2016; Weingl., 2016).
These evidences are the first proof of plastic égrddation; indeed, the reduction of gravimetric
weight, which is a direct evidence of the loss aftenial, is widely used in biodegradation tests
(Shahet al. 2008; Wanget al., 2016). Thus some components of the PVC films wlegraded by
the enriched microbial communities. Since the filied in this study had about 3Q30of
additives, further analyses were performed in otd@lucidate if the biodegradation regarded the
sole additives or also the PVC polymer.
TGA showed a lower thermal stability of the filnecovered from the four active microcosms
(Figure 2A-C) compared to those incubated undestebtonditions. Specifically, amkx ranging
from 287°C to 277°C was recorded for the former parad to a Fax0of 292°C for those of abiotic
controls or 294°C for the non incubated PVC filnonSidering that the presence of additives
(citrates, polyadipates, epoxidized soybean oilein data supplied by the production company) is
lowering the thermal stability of PVC resins onod?VC plastic film, the (bio)degradation of the

sole additives would lead to an increase of the filermal stability i.e. a shift of the TGA curve
12



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

toward that of the resin. On the opposite, heredaction of such parameter was observed and
would suggest that a microbial attack towards Pé(ymer chains occurred.

Also GPC analyses exhibited a decrease of the geenalecular weight (M6; mean+SD) from
100% to 91.1+3.2%, 94.3+3.3%, 95.5+3.3%, and 984%3for PVC films incubated with S4-M3,
S3-M2, S2-M2, and S2-M4 consortia, respectivelgyifé 2E). According to statistical analysis,
PVC film incubated with S4-M3 exhibited a statiatlg lower Ms(%) compared to the film
incubated with its abiotic control (p < 0.05, FigW®E), suggesting that this consortium was able to
statistically reduce PVC molecular weight. On thi@eo hand, no statistically significant differences
were recorded between molecular weights of filncsibated with all consortia and pristine PVC
film (p > 0.05; Figure 2E). However, the fact tiiae differences between biotically treated and
pristine PVC films are not statistically signifidadoes not imply that no biological action has
occurred and the interpretation of the results Ehfmcus on the scientific importance rather than
on the statistical significance. Indeed, considgtire nonbiodegradable nature of the polymer even
small changes that are not statistically signifie important from a biodegdataion view point.
Hence, the GPC results are in line with those oAT&d suggest that some polymer chains were
biodegraded with the production of low\NPVC chains in the case of S4-M3, S3-M2 and S2-M2
microcosms (Figure 2E). On the other hand, GPCyaaalrevealed an increase of ™M abiotic
controls up to 105.5+3.7% (meanzSD; Figure 2E)algh no appreciable changes in their thermal
stability were recorded. Such results could beairpl by a loss of water-soluble low molecular
weight additives other than thermal stabilizersiclthas led to Mincrease without change in the

thermal stability.

3.2. PVC films biodegradation after 24 months
Figure 3 shows the gravimetric weight reductionthefPVC films incubated in the 16
biologically active microcosms or in the correspaogdabiotic controlafter 24 months incubation.

According to statistical analysis, eleven consdttiaee in M2, 4 in M3 and 4 in M4 medium) were
13
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shown to significantly reduce film weight compatedheir abiotic controls (p < 0.05; Figure 3).
Four and three consortia enriched in M4 and M3 meeliluced the gravimetric weight (mean+SD)
of the PVC films by up to 12.97+0.65% (p< 0.05;wkd by d letter in Figure 3). A statistically
lower weight loss of up to 9.23+0.46% (p < 0.059whd by ¢ and e letters in Figure 3) was
recorded for three microcosms set up in M2 an&M3 consortium, while a maximum weight
loss of 4.21+0.21%, statistically comparable td teaorded under abiotic conditions
(4.32+0.22%), was observed for the four consomniécbed in M1 and in S4-M2 consortium (p <
0.05; Figure 3).

Based on these results, only 11 consortia (S1-M2U13, S3-M2, S1-M3, S2-M3, S3-M3, S4-
M3, S1-M4, S2-M4, S3-M4 and S4-M4), exhibiting ghatally significant gravimetric weight
losses (p < 0.05), were selected for further amslys

Compared to abiotic control and pristine (non-iretebl) PVC films, the films withdrawn from
S2 and S3 consortia enriched in M2, the S4 consarénriched in M3 as well as S1, S2 and S4
consortia enriched in M4 displayed a decrease dk-&6&sessed thermal stability (Table 1),
confirming the evidences observed after 7 montbshation.

On the other hand, the GPC analyses showed arased the M (%) of the films incubated
with 8/11 consortia (S2-M2, S3-M2, S2-M3, S4-M3;84, S2-M4, S3-M4 and S4-M4) including
those that exhibited M%) lower than 100% at month 7, even if no statdly significant
differences were found among,\?6) after the analysis of variance (ANOVA: p =9.F = 1.44;
df = 14) (Figure 2E, Figure 4). Once again, the faat no statistically significant differenceshi
(%) were observed does not imply no modificatiohthe Mn (%) has occurred. Indeed, it is
important to notice that Mvalues for polymeric substances are very high rermand therefore
differences in such number should be very highetadnsidered statistically different.
Consequently, in the case of data obtained fromo@elgradation of materials known as “non
biodegradable”, small differences im#6) are often observed and should be acknowledgeaxt

scientific importance rather than of statisticginsiicance. Hence, these results suggest that the
14
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three consortia found to be the most active a7thanonth together with consortia S1, S2 and S4
enriched in M4 that displayed activity after longgzubation period, are apparently able to degrade
PVC plasticizers and polymer chains. Indeed, canmsid that biodegradation of low molecular
weight compounds affects prevalently the (%) rather than the gravimetric weight, thge M
increase observed after 24 months incubation doelleixplained by the full biodegradation of the
short polymer chains putatively produced within finet months of incubation and/or the release of

the broken chains and of the lower molecular weggltlitives into the growth medium.

3.3. Characterization of microbial communities

Characterization of the anaerobic communities éedan the presence of PVC films was
performed on the 11 different consortia exhibittnghass reduction significantly higher than the
corresponding abiotic controls after 24 months loation.

From the DGGE profiles (Figure 5), 13 (band #118)and 3 (band #A to #C) bands were cut
from the bacterial and archaeal communities, raspsdyg.

The bacterial biofilm communities enriched in M23Mnd M4 media were characterized by the
presence of two bands that were detected in maosioctia and which include band #8 and band
#10 detected in 9 and 8 out of the 11 consortepeetively (Figure 5, Table 2). The band #8 has
highest sequence similarity with different Clostichcluding unculturedlostridium clone
reported from an Alaskan mesothermic petroleumrvese(Phamet al., 2009), Clostridiales
bacteria able to degrade the explosive UXO5-23 ¢£&hal., 2007) orClostridium sp. AN-D
reported from high pressure prokaryotic enrichméot® deep marine gas hydrate sediments
(Parkeset al., 2009). The band #10 has 98% similarity wAitetobacterium sp. Other two bands
(band #9 and band #7) which have, respectively%d80d 99% of similarity with
Dethiosulfovibrio sp. andSporobacter sp. were detected in 3/11 consortia (Figure 5)el'ap
Different other bands were detected in some ottmemunities enriched in specific media and

having homologies with: ierysipelothrix sp. (band #1) mainly in M4 communities; Fijisibacter
15
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(band #13) an®sychromonas (band #4) in some M3 communities and igsulfovibrio (band
#12),Cupriavidus (band #5) Cohaesibacter sp. (band #11) andleomorphochaeta (band #6)
detected mainly in M2 consortia (Figure 5, Table 2)

For all the consortia, almost no differences indbmposition of the bacterial biofilm and its
corresponding planktonic community were observauil&ly, composition of the planktonic and
biofilm archaeal communities for each consortiunmemgery similar. They were composed of bands
having high similarities with iMethanosaeta sp. (band A) present in all M4 and M3 communities,
i) Methanococcoides sp. (band B) detected in the three M2 communitiesian®lethanogenium
sp. (band C) found only in some M2 communities (Feg5, Table 2).

Although the chemical analyses indicate the bioaégtion of PVC polymer by the consortia
S2-M2, S3-M2, S4-M3, S1-M4, S2-M4 and S4-M4, noammon microbial phylotype was
observed in all such consortia and this seemsggesi that more than a microbial specie were
involved in the biodegradation. The occurrenceighiNaCl contents in the microcosm media did
not allow to determine changes in chlorine ion @mi@tion in the culture supernatants and
therefore to assess if the degradation was accastgpby the dehalogenation of PVC polymer.
However, the following observations support PVChiegnation. Among the microbial
components of two communities (S1-M2; S1-M3), bamalgng a high similarity with the
facultative organohalide respiring bacterilvesulfovibrio dechloracetivorans (band #12, S1-M2)
(Sunet al., 2000) and withrusibacter sp.(band #13, S1-M3) were detectedtusibacter sp. was
reported as dominant component of tidal flat commmesiwhereDehal ococcoides-like bacteria
were not detected although dechlorination of PCEKeDCE has occurred (Letal., 2011).
Further, bands having highest sequence similaiiy Glostridia were detected in almost all
consortia. The class of Clostridia includes baatespecies (bacteria from the ger@isstridium)
reported to play an important role in dechloringtoonsortia, producing4that is used as electron

donor by the dechlorinating bacteria (Bownsaal., 2010).
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Bacteria of the genuAcetobacterium were detected in 8/11 consortia. Among these
homoacetogens, some species have been reportecatidebto mineralize tetrachloromethane (Egli
et al., 1988).Acetobacterium spp. was also detected among the components sb@nable to
dechlorinate 1,1,2,2-tetrachloroethane (Manchesti@r, 2012). Patikt al. (2014) reported
successful dechlorination of tetrachloroethene by@aobial community that did not include
classical dechlorinators due to the synergistickvadithe community i.eEnterobacter and
Desulfovibrio spp. as putative dechlorinators datteroidetes andFirmicutes as acetate
fermenters (Patit al., 2014).

Other bands having high similarity with Bactero&iabacterium CF (band#3, 93% of identity),
were also detected. This bacterium was found tivdenost abundant non dechlorinating bacterium
in a community that reductively dechlorinates nalikbrine molecules; it is able to ferment lactate,
ethanol and glucose in the presence of concentsatibchloroform or trichloroethane that usually
inhibit reductive dechlorination and methanogen€Banget al., 2013).

The archaeal communities present in 8/11 consemntiched in M3 and M4 media were
composed mainly by members of the Phylum Euryafaa&vith a unique member of the
Methanosarcinales (GenlMgethanosaeta, speciepeagica, Figure 5, Table 2) known for its
acetoclastic methanogenic activities. @hl. (2008) showed that acetoclastic methanogenic
Archaea may play an indirect role in dechlorinatidmalogenated organic compounds such as
PCBs by synthetizing the corrinoid cofactor cobatarequired for vitamin B12 synthesis, which is
necessary for assembling functional reductive aejelase systems (Patlal., 2014; Rupakulat
al., 2014; Yaret al., 2013). Cobalamine and other precursors are tipipeoduced by
methanogenic Archaea as cofactors for methyltraasés involved in methane production (aan
al., 2013).

Specialized dehalorespiring bacteria among the omeqts of the anaerobic consortia studied

were, however, not detected. This could be dueCR Bias i.e. the necessity to use more specific
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amplification primers in order to reveal the preseof such bacteria (Aulenghal., 2004,

Dowideitet al., 2010; Duhamedt al., 2006; Manchestest al., 2012).

Besides of the bacterial and archaeal phyla paténplaying an important role in dechlorinating
PVC, the other bacterial and archaeael clades detected and could be involved in additives
biodegradation. These includ®ethiosulfovibrio sp.; Erysipelothrix sp.; Sporobacter sp.;
Psychromonas sp,; Cupriavidus sp.andCohaesibacter sp. (Boninet al., 2002; Canioret al., 2013;
Dielset al., 2009; GrechMorat al., 1996; Hwanget al., 2008; Pantazidoet al., 2007; Stackebrandt
et al., 2006; Surkowt al., 2001) as well aMethanococcoides sp. (99% of identity, Figure 5, Table
2) detected in three M2 consortiaMethanogenium sp. detected only in S1-M2 consortium (Figure

5, Table 2) (Milleret al., 2016).

4. Conclusions

A significant biodegradation of plasticized unpeetited PVC films by marine anaerobic
microbial consortia was demonstrated in this stédier 7 months incubation, three of 16 enriched
consortia were able to degrade the films apparewtiyng against both the additives and the
polymer chains. For these consortia, GPC showexteedse in Msuggesting that some polymer
chain scission took place leading to the formatbamaller fragments, while TGA and gravimetric
weight loss (%) revealed a decrease in thermallisyedind a mass loss. Prolongation of the
incubation to 24 months allowed the selection beothree consortia able to display the same
potential.

To our knowledge, this is the first study reportorgbiodegradation of plasticized PVC films by
marine microbial communities enriched under anowriaditions and providing information about
the composition of such communities potentiallypmssible for it. The PVC film-associated

communities of the biodegrading microcosms encosgsasiicrobial phyla closely related to those
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previously reported from laboratory/field enrichrteefor their ability to degrade halogenated
organic compounds and hydrocarbons.

The enriched consortia originate from marine samplted the activity recorded was obtained
under lab conditions mimicking the sulfate reducimigrate reducing and methanogenic conditions
occurring in marine environment. Thus the preserdysprovides relevant insights on the potential

fate of PVC plastic films occurring in anoxic maiimpacted ecosystems.
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639 Figure 1. Evaluation of microbial growth and biofilm formati@fter 7 months incubation.

640 Volume and composition of gases produced by theeaixdifferent enriched marine consortia (the
641 combination of 4 native marine/litter communities, S1 to S4, grown in the presence of 4

642 different media, i.e. M1 to M4) (a); Concentratiminproteins adhered on surfaces of PVC films
643 incubated under abiotic conditions (ab-M1 to ab-M#dith the ten different enriched marine

644  consortia showing highest microbial growth by gaalgsis (b). Bars indicate standard deviation.
645
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Figure 2. Chemical-physical analyses on PVC films withdrawmanth 7. TGA curves of PVC
films incubated with the four different consortiariehed in M2 (A), M3 (B) and M4 (C) media or
in the four corresponding abiotic controls. Gravineeweight loss percentage of PVC films
incubated with the four different consortia or e tfour corresponding abiotic controls (D)
(ANOVA: p < 0.0001; F = 249.9; df = 6). Number axge molecular weight (Mn) of selected PVC
films (ANOVA: p = 0.0025; F =5.42; df = 7) (E). M@b) is defined as (Mn/Mn0)*100, where Mn
is the molecular weight at sampling time t and NB1the molecular weight of the non-incubated

PVC film. Bars indicate standard deviation. Letterd, c show results of post-hoc analyses for film
30



657

658

659

660

661

662

663

664

665

666

gravimetric or molecular weight losses (p < 0.@fferent letters indicate a significant statistica

difference in gravimetric or molecular weight retloe values.

16

Weight loss (%)

Figure 3. Gravimetric measurements at month 24. Weight [&gsof PVC films incubated with
the sixteen enriched consortia and the correspgrfdur abiotic controls. Bars indicate standard
deviation (ANOVA: p < 0.0001; F = 222.3; df = 1@Qptters a, b, c, d, e show results of post-hoc
analyses for film gravimetric or molecular weigbsses (p < 0.05), different letters indicate a

significant statistical difference in gravimetrieight reduction values.
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Figure 5. Bacterial (a) and archaeal (b) diversities of thartbnths PVC film-enriched anaerobic
communities. DGGE profiles of 16S rRNA genes angalifrom planktonic and biofilm microbial
communities from the eleven different consortiavging high weight losses compared to the
corresponding abiotic controls. Names over thedaager to the ID of the consortium. The letter B
after consortia names stands for “biofilm commuhifyhe identity of sequences of bands marked

with arrows is given in Table 2 according to thed¢D (1 to 13 and A to C).
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w W ¥ = Microcosm composition:
; ) *1 volume of litter/debris
: N | *4volumes of sea water
+5 volumes of fresh medium
(M1, M2, M3 or M4)

16 I\niroéms setup
Incubation for 3 month
‘ at 20°C in the dark
Growth check (MicroGC-TCD) and
Batch feeding (fresh medium up to 70 ml)

‘ Incubation at 20°C
in the dark
Growth check (MicroGC-TCD) and

Use grown consortia as inocula
(20%,,) for biodegradation assays

}

L . e
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;i6 ocos containing
PVC thick films setup
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1st sampling time point
(7 months incubation)
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680 Figure S1.Experimental design. Schematic presentation oé¥perimental sequence for
681 assessment of PVC film biodegradation.
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Supplementary material — S1
Supplementary material S1 contains the composiidghe four media used to enrich the different meri

anaerobic consortia and used to perform PVC bi@dizgion study.

Medium M1 was composed of (g/l): sodium formate, 2:8@;, 0.1; (NH:).SQy, 0.5; mineral solution (per
litre: KH.PQu, 18 g; NaCl, 18 g; CagPH,0, 0.53 g; MgCe6H,0, 0.4 g; MnCl+4H,0, 0.2 g; CoCk6H,0,
0.02 g), 50 ml; acetic acid, 1.53 ml; vitamin sadat(per litre: thiamine-HCI, 20 mg; Ca-D-pantothés 20
mg; nicotinamide, 20 mg; riboflavin, 20 mg; pyridioe-HCI, 20 mg; biotin, 0.5 mg; folic acid, 0.25 mg
vitamin Bi»,0.2 mg), 5 ml; hemin solution (10 mg in 100 mboP%6 ethanolic), 5 ml; cysteine-sulphide solution
(L-cysteine-HCI*HO, 2.5 g/l; NaS*9H0, 2.5 g/l; pH 11), 5 ml; pH 6.7 (Cacciari et &398B).

Medium M2 was composed of (g/l): glucose, 2; yeast extagt tryptone, 1 g; beef extract, 0.5 gHRQ,,
1.5 g; MgCh6H,0, 0.21 g; FeS©7H,0O, 0.1 g; trace element solution (per litre: Mn&®.0, 0.01 g;
ZnSQe7H,0, 0.05 g; HBOs, 0.01 g; CaGk2H,0O, 0.01 g; NaVoOs,, 0.01 g; CoCGk6H.0, 0.2 g), 10 ml;
vitamin solution (per litre: L-ascorbic acid, 0.02% citric acid, 0.02 g; piridoxine-HCI, 0.05 g; rpa
aminobenzoic acid, 0.01 g; D-biotin, 0.01 g; vitarBi, 0.02 g; riboflavine, 0.025 g) 1 ml; 5.%L-cysteine
solution, 10 ml; pH 7.2-7.5.

Medium M3 was composed of (g/l): glucose, 2; @, 0.5; NHC1, 0.3; MgS@7H,0, 0.5; CaCGk2H.0,
0.1; NaNQ, 3; NaHCQ solution, 30 ml; vitamins solution, 1 ml; EDTA-dhted mixture of trace elements,

1 ml; selenite-tungstate solution, 1 ml; pH 7.2.gdlutions composition were from Widdel and BaRg2).

Medium M4 was composed per litre of distilled water: sodiagtate, 4.5 g; N&Q,, 6 g; KHPQ,, 0.2 g;
NH4CI, 0.25 g; MgCl+6H-0, 0.4 g; KClI, 0.5 g; Ca@2H,0, 0.15 g; DSMZ SL-10 trace elements solution, 1
ml; selenite-tungstate solution (Widdel and BalkO2)9 1 ml; mixed vitamin solution (per 100 ml of &M
sodium phosphate pH 7.1: p-aminobenzoic acid, 4 bigtin, 1 mg; nicotinic acid, 10 mg; D,L-Ca
pantothenate, 5 mg; pyridoxine-HCI, 15 mg; thiarvitt@l, 10 mg), 1 ml; 0.005%, vitamin B12 solution, 1
ml; 84 mg/l CaHC®solution, 30 ml; 4%, sulfide solution, 7.5 ml; pH 7.0-7.5.
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711 Tables
712 Table 1. TGA at month 24.Results of TGA of PVC resin, PVC film (non-incued} and PVC films incubated under abiotic condgigaib-M2

713 to ab-M4) or with the consortia enriched in threedm that showed lower thermal stability compacediiotic controls.

714
715 Sample TBnset(°C) Tmax(°C)
PVC resin 277 302

716 PVC film 255 294
ab-M2 261 290

717 S2-M2 260 284
S3-M2 259 283

713 ab-M3 260 289
S4-M3 263 285

719 ab-M4 260 289
S1-M4 263 283

720 S2-M4 262 285
S4-M4 261 284

721

722
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723 Table 2.ldentification of microorganisms characterizing thedifferent PVC film associated communities accordig to DGGE profiles.

. Accession Identity Putative No.
Band ID  Closest cultured relative (BLAST) No. (nt%)  classification positives'
Bacteria
1 Erysipelothrix sp. (KX156777) MH520751 95 Erysipelotrichaceae 5/11
2 UnculturedCFB group bacterium (FJ024711) MH520752 98 CFB group 3/11
3 Bacteroidales bacterium CF (CP006772) MH520753 93 Bacteroidetes 2/11
4 Psychromonas sp. (NR116830) MH520754 99 Psychromonas 1/11
5 Cupriavidus sp. (MG948149) MH520755 100 Cupriavidus 4/11
6 Pleomor phochaeta sp. (NR134177) MH520756 98 Pleomor phochaeta 4/11
7 Soorobacter sp. (KT183425) MH520757 99 Ruminococcaceae 3/11
8 Clostridium sp. a-nd (FN397991) MH520758 98 Clostridiaceae 9/11
9 Dethiosulfovibrio sp. (NR029034) MH520759 100 Dethiosulfovibrio 3/11
10 Acetobacterium sp. (NR074548) MH520760 98 Acetobacterium 8/11
11 Cohaesibacter sp. (KT324976) MH520761 99 Cohaesibacter 2/11
12 Desulfovibrio sp. (KU892724) MH520762 99 Desulfovibrio 1/11
13 Fusibacter sp. (KJ420408) MH520763 96 Fusibacter 1/11
Archaea
A Methanosaeta pelagica (NR113571) MH520764 99  Methanosaeta 8/11
B Methanococcoides methylutens (CP009518) MH520765 99  Methanococcoides 3/11
C Methanogenium sp. (NR104730) MH520766 99 Methanogenium 1/11
724
725 & Number of samples positive for the presence obfiezific band in DGGE analysis compared to tatahber of PVC plastic associated biofilm
726 communities analyzed.
727 * The sequence related to band #2 demonstrated ra ev homology with cultivable bacteria, it was adyzed including the

728 uncultured/environmental sample sequences prasenicieotide databases.
729
730
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