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Defining sustainable end-of-life routes for bioplastics comprises a task of outmost importance, while biological
recycling constitutes the most favorable option for several biopolymers, such as thermoplastic starch (TPS). To
our knowledge, this is the first study to assess the biodegradation of TPS pellets and films in aqueous cultures em-
ploying an acclimated microbial community. Biological treatment of bioplastics displayed a two-phase pattern
that included different biodegradation rates, where TPS removal in the first phase remained high and decelerated
in the second phase reaching a plateau. Thus, TPS weight reduction of 14.8 % was observed using pellets follow-
ing 10 d of incubation, while although films exhibited higher reduction (slightly over 30 % in 15 d), the
biodegradation rate was significantly reduced thereafter. Several changes of starch related bands were detected
(using FTIR) in the surface of both pellets and films during the bioprocess, indicating induction of a common
biodegradation pathway. Distinct bacterial assemblages were formed during the TPS biodegradation process and
statistically significant differences were detected in the abundance of several genera between the two degrada-
tion phases. Fungal communities were more stable (Fusarium and Neocosmospora were dominant at all times) and
there was no effect of biofilm or degradation phase on fungal community composition. Overall, a more diverse
community incorporating lower catalytic activity was gradually formed, as confirmed by the shift between k-
stategist and r-stategist taxa monitored, while crystalline over amorphous regions were enhanced in the biopoly-
mer during TPS biodegradation, responses consistent with the biodegradation rate reduction observed in the
plateau stage. The study highlighted the biochemical mechanism limiting TPS biodegradation processes and the
significant potential of the newly isolated community in the development of TPS waste treatment technologies.

1. Introduction lease of billion t of plastic into the environment, which eventually end

up in the marine and soil ecosystems [2]. Although increasing the dura-

Although plastics comprise part of our everyday life, their high
overuse comes at a tremendous environmental cost. More than 400 mil-
lion t of plastics are produced globally every year, while approximately
40 % of plastics in Europe are used for packaging [1]. Linear produc-
tion of plastics and lack of efficient waste management result in the re-

bility of plastics could improve their performance the specific approach
poses a serious environmental threat by rendering these materials resis-
tant to natural degradation. Accumulated plastics could be fragmented
into smaller particles, gradually forming microplastics or even
nanoplastics [3] that enter the food chain from the lowest trophic level
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(plankton) and travel up food chain to species consumed by humans im-
pacting on human and animal health [4]. Thus, alternative waste man-
agement systems must be proposed and implemented.

Bioplastics arise as promising alternative materials for substitution
of their fossil-based counterparts [5], which could potentially alleviate
the pressure that conventional plastics pose to the environment. Bio-
plastics are characterised as environmental friendly and non-toxic, con-
tributing significantly towards achieving the transition to circular bioe-
conomy [6], reducing greenhouse gas (GHG) emissions by up to 225 %
compared to conventional plastics [7]. Currently, almost every conven-
tional plastic has its own alternative bioplastic, while the overall pro-
duction of biobased/non-biodegradable and biodegradable plastics was
projected to grow reaching 2.8 million t in 2025 [8]. Therefore, estab-
lishing waste management strategies for bioplastics aiming to avoid
pollution problems similar to those caused by conventional plastics is
required, given that not all bioplastics are biodegradable under natural
environmental conditions [9]. Existing end-of-life (EOL) options for
bioplastics include a range of technologies such as mechanical recy-
cling, anaerobic digestion, aerobic biodegradation in soil and compost-
ing [10]. Although industrial composting (EN 13432) constitutes the
predominant end-of-life option for bioplastics, the specific treatment
could be only effective under certain environmental conditions, neces-
sitating prolonged processing periods and elevated temperatures [11],
while resulting in accumulation of residues [12]. Moreover, the degra-
dation rates of food waste and bioplastics in composting processes are
different and a fraction of the polymers should be frequently landfilled.
Thus, bioplastics do not meet the USDA’s National Organic Program’s
standards and therefore it was proposed developing two separate waste
streams (bioplastic collection infrastructure and composting) [13].
Composting is not considered as a fully circular option given that new
feedstock is required for the synthesis of biopolymers [14], while me-
chanical recycling of biodegradable plastics has not been operated at
industrial scale yet [15]. Thus, an urgent need exists towards develop-
ment of sustainable EOL strategies for biodegradable bioplastics aiming
to meet the growing industrial demand for reduction of non-renewable
resource consumption, establishment of sustainable bioeconomics and
dealing with the high production cost entailed.

Biological recycling utilizing microorganisms rather than chemicals
for the depolymerization process constitutes a viable technology for the
management of bioplastics such as polyhydroxyalkanoates (PHAs) and
thermoplastic starch (TPS) [16]. TPS comprises an emerging biopoly-
mer and starch, the main constituent of TPS, is abundant, cheap and
easy to produce. The specific bioplastic is characterised as both
biobased and biodegradable [9], while TPS applications range in vari-
ous sectors including packaging, food, textile, pharmaceutical and agri-
cultural industries [17]. Several microorganisms hold the capacity to
degrade TPS in diverse environments including soil, compost and
anaerobic digestion [18,19]. Thus, TPS degraded completely within
136 d in soil consisting 70 % industrial quartz sand, 10 % kaolinite
clay, 16 % natural soil and 4 % mature compost [20], while composting
trials aiming to biodegrade TPS/PLA blends and their constituents for
90 d demonstrated 87 % removal of TPS films at 58 °C [21]. Aerobic
biodegradation proceeds in soil and composting environments via a
highly diverse microbial community, which acts with the aid of en-
zymes [22]. The fungus Aspergillus oryzae and bacterial strains includ-
ing Bacillus circulans, Klebsiella pneumonica and Bacillus stearother-
mophilus have been reported to produce a variety of starch degrading
enzymes [23].

Although the treatment of TPS using soil microorganisms could be
effective, the process proceeds via use of thermophilic conditions. Thus,
the biodegradation of TPS in liquid cultures has not yet been explored
enabling the use of mesophilic temperatures, which could potentially
set the basis for bioprocess cost reduction. Considering that the EOL op-
tions for biopolymers could alter the product’s environmental profile,
since the cost of industrial composting and disposal transportation may
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prove bioplastics to incorporate higher global warming potential if EOL
is considered during LCA analysis [13], the development of sustainable
EOL strategies should be carefully considered. The biodegradation of
TPS in liquid cultures at mesophilic temperatures can lay the founda-
tions for TPS waste treatment in systems different than composting, po-
tentially reducing release of harmful emissions and accumulation of mi-
croplastic residues. Thus, the aim of the current study was to conduct
the preliminary steps required to develop a sustainable bioprocess for
TPS removal using aqueous cultures via isolation of the biofilm commu-
nity formed on TPS exposed to agricultural soil and assess its catabolic
activity during the biodegradation of TPS films and pellets. Several pa-
rameters in terms of polymer characteristics (e.g. FTIR-ATR and SEM
analysis) and biofilm community composition (16S rRNA gene and ITS2
ribosomal region sequencing) were monitored to verify TPS degrada-
tion and elucidate the underling mechanisms of the process.

2. Materials and methods
2.1. Materials and chemicals

The TPS pellets and films (BIOPLAST GF 106/02) used in the experi-
ments were produced by BIOTEC (Rhein, Germany) and were kindly
provided by PLASTIKA FARSALON (Larissa, Greece). The biomaterial
comprised plasticizer-free and GMO-free thermoplastic containing nat-
ural potato starch and included pellets of cylindrical shape with approx-
imate height of 3 mm as well as 1.25 kg cm ™2 density. The surface area
of films comprised 1 cm? All chemicals used were acquired from
Sigma-Aldrich Ltd. Company (Dorset, UK) and were of analytical grade.

2.2. Soil microcosm experiment and enrichment culture

Composite soil samples applied in the soil experiment, were col-
lected at a depth of 0-10 cm from an agricultural field planted with
tomato plants located in Falasarna (Crete, Greece). The soil was air-
dried and sieved through a 2 mm sieve. Glass vases (1 L) were used in
triplicate and they were filled with gravel (100 g added at the bottom of
glass vases) followed by 500 g of air-dried soil samples. TPS pellets
were placed at a depth of 2-10 cm at a concentration of 0.1 % (w/w),
while the initial soil moisture was 5 %. The experiment was conducted
at TUC campus (Chania, Greece) and maintained for at least 220 d
(March 2022 to November 2022). The soil moisture was kept at 5 %,
while 3 vases were permanently removed at specific time intervals to
determine the extent of weight reduction and biofilm development on
the surface of the pellets as described in Section 2.4.

The microbial community isolated from TPS pellets following 220 d
of soil microcosms incubation was used in the enrichment experiment,
while the experimental design followed is presented in Figure S1.
Briefly, TPS pellets were collected from the soil and the biofilm formed
on the surface of the pellets was removed as described in Section 2.3
and used in the enrichment culture. Approximately 1 % (v/v) biofilm
solution was transferred to mineral minimum medium consisted of 2 g
L~! NaH,PO,, 0.5 g L™! MgS0,7H,0, 0.2 g L™! KH,PO, and 1 g L}
yeast extract [24] as well as sterile TPS pellets (5 g L™1). Every 10 d,
1 % (v/v) inoculum and TPS pellets with plastisphere were transferred
to fresh media. The experiment was maintained for at least 3 months
under mesophilic (30 °C) conditions in 250 mL flasks using 100 mL
mineral minimum medium under shaking at 120 rpm.

2.3. TPS biodegradation experiments

The microbial community developed on the surface of TPS pellets at
the end of the enrichment period was further used in the degradation
experiments conducted constituting the seed community. TPS pellets
and films were surface sterilized prior use by immersion in ethanol so-
lution and subsequently dried for 24 h at 30 °C. Experiments were car-
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ried out under mesophilic (30 °C) conditions in 250 mL flasks in tripli-
cate using 100 mL mineral minimum medium, inoculum of the seed
biofilm community (initial concentration: 10° cells mL~1) and TPS pel-
lets/films (5 g LY. The mineral minimum medium consisted 2 g Lt
NaH,PO,, 0.5 g L' MgS0,7H,0, 0.2 g L™! KH,PO, and 1 g L™! yeast
extract [24]. At each sampling day, 3 flasks were permanently re-
moved. The biofilm was harvested by adding bioplastic particles in ster-
ile distilled water supplemented with 3 drops of Tween®. The solution
that included the particles was left overnight under shaking. Subse-
quently, pellets or films were removed and the solution was considered
as “biofilm”, while the pellets/films were considered as clean. In con-
trol cultures, only the sterile TPS pellets/films were added in the
medium to assess the extent of abiotic hydrolysis.

2.4. Analyses

2.4.1. TPS weight, total organic carbon content and biofilm determination

The biofilm of pellets/films was collected at the end of each experi-
ment as described in section 2.3 and stored for further analysis at
—20 °C. Clean pellets/films were dried in an oven at 40 °C. The weight
of the bioplastic was determined employing 4-decimal point accuracy
and the percentage of weight reduction was calculated using the follow-
ing equation:

Weight reduction (%) = (mi — mf) /mi x 100

where mi and mf correspond to the initial and final mass of TPS re-
spectively.

Aqueous culture samples were withdrawn and filtered using 0.2 pm
filters and non-purgeable organic carbon was determined by catalytic
combustion at high temperature using total organic carbon (TOC) ana-
lyzer (TOC-LCPH/CPN, Shimadzu, Kyoto, Japan). Biofilm attachment
was confirmed by staining the surface of 3 pellets using Crystal Violet
(1 % aqueous solution, Sigma-Aldrich) as previously described [25].

2.4.2. Attenuated total reflection — Fourier transform infrared spectroscopy
(ATR-FTIR)

The chemical structure of pellet/film surfaces was assessed over
time in the cultures performed by studying the functional groups en-
tailed using attenuated total reflection — Fourier-transform infrared
spectroscopy (ATR-FTIR). Analyses were performed on a Nicolet™ iS50
FTIR Spectrometer equipped with a diamond ATR accessory (Thermo
Scientific, USA). Spectra were obtained using Thermo Scientific’s OM-
NIC software, while five clean pellets per treatment were assessed in
each replicate. Spectrum acquisition was conducted following 32 scans
for absorbance numbers between 4000 and 400 cm™!, with a scan reso-
lution of 4 cm™L. The carbonyl and starch index were calculated as pre-
viously described [26], while the ratio of amorphous/crystalline region
was additionally assessed [27].

2.4.3. Scanning electron microscopy (SEM)

The effects of biodegradation and biofilm formation on the surface
of the biomaterial was investigated using a Scanning Electron Micro-
scope (Quanta 200, FEI, Hillsboro, OR, USA) using 20 kV acceleration
voltage and 10 mm working distance. All samples were sputter coated
with a thin (~10 nm) film of gold prior to the investigation in order to
enhance surface conductivity and avoid charging effects. Biofilm fixa-
tion on pellets was achieved by washing twice with 2 % (w/v) aqueous
sodium dodecyl sulphate solution for 30 min under mild shaking fol-
lowed by rinsing with distilled water. Samples were immersed in 70 %
(v/v) ethanol solution for 20 min and left for air-drying overnight. The
plastic pieces were washed using 0.1 M phosphate buffer (pH 7.2) for
20 min and fixed with 2 % (v/v) formaldehyde for 2 h under shaking,
aiming to observe the developed biofilm on the surface of TPS. Subse-
quently, samples were dehydrated by immersion into a graded series of
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ethanol solutions for 30 min each (25 %, 50 %, 75 % and 90 % v/v)
and left to dry.

2.4.4. Flow cytometry

The number of cells attached to the plastisphere was quantified us-
ing flow cytometry. Cells forming the biofilm were harvested by adding
bioplastic particles in sterile distilled water supplemented with 3 drops
of Tween®® and stirred employing a magnetic stirrer operated at
150 rpm. Bioplastic particles were removed and the remaining solution
contained the cells that constituted the biofilm as a suspended culture.
A given volume of the solution was fixed with glutaraldehyde (final
concentration of 2 % v/v) for at least 2 h at 4 °C. Fixed samples were
stained with 2 pL of 1X Thiazole Green (10,000X Biotium) and incu-
bated in the dark for 20 min prior analysis using a Beckman-Coulter
CytoFLEX flow cytometer. Samples were processed at a flow rate of
30 pL min~! and the measurement was terminated upon recording of
10.000 events was established. A blank sample of 998 pL of the media
stained with 2 pL of 1X Thiazole Green was used to eliminate back-
ground noise.

2.4.5. High-throughput sequencing and data processing

DNA was extracted from the biofilm using the DNeasy PowerSoil®
DNA Kit from QIAGEN (Hilden, Germany) according to the manufactur-
er’s instructions. The V3-V4 regions of the 16S rRNA gene and the ITS2
ribosomal region were sequenced for bacterial and fungal communities.
Sequencing was performed in 3 biological replicates using an Illumina
NovaSeq PE250 (2 x 250 bp) system by Novogene (UK) Company Ltd.
(Cambridge, UK). The following primers were used as forward and re-
verse respectively, aiming to amplify the V3-V4 region of 16S: 341F (5'-
CCTAYGGGRBGCASCAG-3') 806R (5-GGACTACNNGGGTATCTAAT-
3). The ITS2 region was amplified using ITS3 (5'-
GCATCGATGAAGAACGCAGC-3) and ITS4 (5'-
TCCTCCGCTTATTGATATGC-3’). Sequence data can be found in NCBI's
Sequence Read Archive under the accession no. PRINA1068809.

Raw sequence reads were trimmed using cutadapt v3.7 to remove
primer DNA sequences [28], with no primer mismatch allowed. The
bioinformatics analysis was performed in R version 4.3.1 (R Core Team,
2021). The DADA2 pipeline was employed to merge, denoise and
dereplicate the sequences into amplicon sequence variants (ASVs) using
the package dada2 [29]. Each ASV was classified according to the Silva
138 database [30] for the 16S rRNA region and UNITE database [31]
for the ITS2 region. The DECIPHER R package [32] was used for multi-
ple amplicon sequence variant (ASV) alignment and the phangorn R
package version 2.8.1 [33] was used for the construction of a phyloge-
netic tree.

The package microeco v1.3.0 was used for the downstream analysis
[34]. 16S rRNA gene sequences assigned to chloroplasts and mitochon-
dria were removed. Aiming to investigate the alpha diversity of micro-
bial communities, indices were calculated for Shannon diversity, Simp-
son evenness and observed number of taxa. ANOVA was performed to
determine whether case assumptions for normality and heterogeneity
are met according to Levene’s and Shapiro-Wilk’s tests or Kruskal-
Wallis and to assess the significance of observed differences. The beta
diversity analysis was investigated through non-metric multidimen-
sional scaling (nMDS) using the Bray-Curtis distance with the R pack-
age vegan [35]. Pairwise PERMANOVA (999 permutations) using the
Bray-Curtis distance was carried out to determine the statistical signifi-
cance among polymer shape, time and biofilm phase. Subsequently, the
homogeneity of group dispersions (variances) was tested (PERMDISP).
The significant bioindicator taxa across groups were identified using
Linear discriminant analysis Effect Size (LEfSe) [36]. Metastats analysis
was used to detect significantly differential bacteria at genus level
among groups [37]. Metabolic function prediction for the bacterial
communities was performed using Tax4Fun2 [38]. Data analysis, statis-
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tics, and plotting in R further included the following packages: phy-
loseq [39] and ggplot2.

2.4.6. Secondary microplastics assessment

A fraction of the aqueous media was mixed with an oversaturated
solution of CaCl, (~1.44 g mL™) to extract the secondary microplastics
by density separation [40]. The solution was mixed using a shaker
overnight and subsequently allowed to settle on the bench. Several
droplets of the supernatant were stained employing Nile red [41] and
the concentration of microplastics was determined using a fluorescence
microscope (Leica DMLB microscope, Leica Microsystems, Wetzlar,
Germany).

3. Results and discussion
3.1. Isolation of a soil plastisphere community for TPS biodegradation

Polymers incorporating natural structures, such as starch-based
plastics, are considered highly susceptible to microbial degradation, es-
pecially within the soil environment. Thus, virgin TPS pellets were in-
cubated in agricultural soil for 220 d, aiming to isolate a microbial com-
munity holding the desired metabolic traits towards TPS detoxification.
Upon exposure to agricultural soil, the biodegradation process of TPS
pellets displayed a two-phase pattern that included different removal
rates (Fig. 1A). In the first phase (0-50 d) the biodegradation rate moni-
tored was high and significantly (p < 0,001) decelerated in the second
phase (50-220 d). During the first 20 d, the weight of TPS decreased by
12 % and the removal reached 33 % at 50 d. Subsequently, biodegrada-
tion of the biopolymer was substantially reduced given that 49 %
weight reduction was exhibited following 220 d of exposure. Biofilm
development on the surface of pellets followed a similar pattern, where
a steep increase was observed during the first 50 d followed by estab-

-
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=
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lishment of a plateau in the biofilm’s specific biomass concentration.
Similarly to the results obtained in the current work, a three phase
degradation process has been demonstrated upon TPS and starch incu-
bation under controlled composting conditions [42,43]. The lag phase
ranged from O to 2 days which was also observed in the current study.
The biodegradation phase lasted from day 3 to day 25, while the overall
degradation was 73 % following 56 days at 58 °C based on the CO, re-
leased [42]. However, high variation in the degradation rate of TPS (in-
cluding starch blends) has been demonstrated in the soil environment,
where different degradation tests exhibited a median of 80 % removal
[44].

The FTIR spectra of virgin TPS pellets as well as following exposure
to agricultural soil displayed significant differences during the experi-
ment (Figure S2). The hydroxyl band (3200 — 3300 cm™) present in the
spectrum of the virgin polymer completely disappeared following 220 d
of exposure. The specific band was ascribed either to the stretching vi-
brations of the hydroxyl (OH) groups of the starch glucose unit or those
of the plasticizer [45]. Moreover, variations were detected in the spec-
tra that ranged between 1100 and 1000 cm™!, which could be attrib-
uted to C-O stretching [46], while weakening or breaking of the bonds
was additionally supported by the FTIR spectra obtained.

3.2. Weight reduction and biofilm development in degradation experiments

The biofilm community formed on TPS pellets at 220 d was isolated
and further used in biodegradation experiments conducted in shake
flasks using two different polymer shapes following a prolonged enrich-
ment period. Increased weight reduction rate was monitored upon pel-
lets incubation with the acclimated microbial community as compared
to soil. A weight reduction of 14.8 % = 0.3 in 10 d was observed,
which was subsequently reduced to additional reduction of approxi-
mately 2 % per week thereafter (Fig. 1B). Thus, a degradation rate of
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5.8 mg d~! was observed for the first 10 d, which was further reduced
to 3.7 mg d~! and 1.7 mg d! until the end of the experiment. The cell
concentration of the biofilm established was increased by 64 % be-
tween 10 and17 d reaching 7 x 107 cells cm™2. However, although the
specific cell number dropped significantly by 52 % following 24 d of in-
cubation, cell abundance remained at high levels. Similarly to the
biodegradation pattern monitored in the soil environment, the process
conducted at aqueous cultures followed a two-phase mode that in-
cluded distinct biodegradation rates, while the plateau phase started at
17 d. Cultures performed employing TPS films exhibited significant
weight reduction, which reached slightly over 30 % at 15 d, while 3 %
additional weight reduction was monitored until 45 d (Fig. 1C).
Biodegradation of TPS films has shown that the plateau stage could be
reached at 100 d during incubation at 28 °C [47]. Moreover, the
biodegradation process of starch could follow an asymptotic curve,
where a significant fraction of the biopolymer is removed within 3 d
following entry in soil, while the rest of its mass could remain for weeks
or even years [48]. During TPS production the natural granular shape
and crystalline structure of starch are lost and usually a plasticizer is
added. As a result, various TPS degradation rates have been reported in
soil and composting experiments, ranging from complete removal
within 6 months to complete absence of weight loss following 100 d of
burial [23].

The extent of TPS mineralization in the liquid medium was addition-
ally assessed through TOC analysis. A significant part of the TPS weight
loss was potentially transformed to CO, and microbial biomass consid-
ering that TOC concentrations remained always substantially lower as
compared to those expected in the hypothetical case that no mineraliza-
tion occurred. The mineral medium (in the absence of bioplastics and
cells) included 378 mg L™! TOC. Moreover, employing the weight loss
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of TPS following 10 d of incubation enabled calculating the maximum
amount of carbon that could have dissolved in the biomedium which
constituted an additional 255 mg L™! TOC. Although the maximum the-
oretical TOC content was 633 mg L7}, the TOC determined via bio-
medium sample analysis comprised 164 mg L™! suggesting that 74 % of
added carbon was removed, while carbon removal reached 80 % at 24
d. The remaining 20 % could be potentially attributed to the formation
of secondary microplastics. In abiotic controls, TOC displayed an in-
creasing trend along the course of the experiment, given that carbon
was released from the pellets due to abiotic hydrolysis.

The material’s shape constitutes a significant parameter affecting
the biodegradation process. Thus, TPS weight reduction was enhanced
by 10 % in films as compared to pellets. The specific effect could be at-
tributed to the greater surface area exposed to degrading enzymes that
act on the surface of the polymer using films as opposed to pellets [49].
Moreover, hydro-biodegradation is known to occur in hydrophilic poly-
mers, such as starch and polyesters, incorporating preliminary abiotic
or biotic hydrolysis followed by microbial assimilation [50]. Thus, due
to the hydrophilic nature of TPS, non-enzymatic hydrolysis of the
biopolymer occurred in the control experiments, where an average 9 %
weight reduction of TPS due to hydrolysis was observed in all experi-
ments.

3.3. ATR-FTIR and SEM analysis of TPS during biodegradation in
microcosm experiments

3.3.1. ATR-FTIR analysis

Chemical changes on the surface of the biopolymer were studied us-
ing ATR-FTIR (Fig. 2). Both virgin forms of films and pellets incorpo-
rated the main characteristic peaks of the material including O-H
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Fig. 2. The FTIR profiles of TPS (A) pellets and (B) films in microcosms.
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(3200-3600 cm™) and C-H (2800-3000 cm™) stretches, C-C, C-O and
C-0-C (950-1200 cm™1) bending modes as well as skeletal mode vibra-
tion of the glycosidic linkage (900-950 ecm™Y) [19,51]. During
biodegradation by the isolated microbial consortium, several alter-
ations such as narrowing/broadening of peaks, peak shifting or reduc-
tion of intensity were monitored indicating the weakening/breaking of
bonds, which is aligned with the weight reduction of TPS monitored.
The majority of alterations occurred in the so-called “fingerprint” char-
acteristic peaks of starch, such as the vibrations of C-O-C bonds at 1155,
1087 and 1019 cm™! as well as the peaks at 928, 862 and 764 cm™ at-
tributed to the pyranose ring [27]. Thus, the area in the range between
1020 and 1080 cm ™! was attributed to the C-O-C groups of starch [51]
and displayed several modifications, such as peak disappearance or nar-
rowing, in microbially treated pellets. Moreover, the band at
1160 cm™!, which was assigned as a complex mode involving the
CH,OH side chain in amylose [52], gradually disappeared along the ex-
periment. Changes were additionally observed in the absorption peak
existing between 3000 and 2800 cm™!, which correlates with the
stretching of C-H bond. The bands located at 2929 cm™ and
2945 cm™! are characteristic of the G-H stretching vibration of amylose
and amylopectin and they were not detected in TPS pellets exposed to
the microbial community, supporting the degradation hypothesis. Simi-
lar modifications in the molecular structure have been previously
demonstrated during TPS biodegradation in soil or compost environ-
ment [43,45]. Moreover, decrease of the peak at 1710 cm™ attributed
to the carbonyl group supports biological degradation.

Similar alterations were detected on the surface of TPS films ex-
posed to the microbial community particularly in the area of
1020-1080 cm™?, indicating that despite the higher weight reduction
monitored in films as opposed to pellets a common biodegradation
pathway could be potentially triggered. However, a number of differ-
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ences were exhibited following biodegradation of pellets and films.
Thus, the —~OH stretching band in films disappeared following the bio-
logical treatment, potentially due to starch consumption while an in-
crease in this band, which is usually assigned to the alcohol OH of the
glucose residues [53] was observed in pellets along the degradation
stages. Starch is enzymatically hydrolyzed to glucose via the extracellu-
lar enzymes o/ff amylases secreted by bacteria and fungi, while
biodegradation constitutes both surface and bulk phenomena [54]. Glu-
cose is formed as soluble hydrolysis product, which is converted to
pyruvic acid via glycolysis. Upon starch degradation to maltose (disac-
charide) and glucose (monosaccharide), carbonyl groups are generated,
while the subsequent opening of glucose p-D-glucopyranose ring leads
to the formation of carboxylic and aldehyde groups, contributing to the
increase of carbonyl peak [26]. The evolution of starch and carbonyl in-
dices displayed opposite patterns (Fig. 3) in the case of films. Thus, the
starch index progressively decreased and the carbonyl index increased
(Fig. 3B), in fact this change was statistically significant (p < 0.05) for
both indices within the first 15 d of the experiment. Statistically signifi-
cant reduction of the starch index was also observed for pellets
(p < 0.05). Concerning the order (amorphous versus crystalline re-
gion) of the polymers during degradation, the amorphous region could
potentially decrease along the experimental period in both shapes (Fig.
3C-D), which could hamper the biodegradation rate. Specifically, more
crystalline areas were detected in pellets following 24 d. In general, al-
terations of starch related bands were detected highlighting the effect
of biodegradation on the polymer surface chemistry.

3.3.2. Determination of surface alterations via SEM analysis

The surface morphology of pellets and films at virgin state and dur-
ing the experiment was observed using SEM analysis. The surface of
pellets and films was irregular, but overall smooth without any holes or
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Fig. 3. The starch and carbonyl indices in TPS (A) pellets and (B) films and the ratio of amorphous versus crystalline regions of TPS (C) pellets and (D) films along the

course of degradation.
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cracks, while the microbial effect was evident on both polymer shapes
(Fig. 4). Deep surface cracks were noticed on the surface of pellets at 10
d, while following 24 d of incubation surface morphology changed dra-
matically and a large number of extensive hyphae like structures were
formed, in accordance with other studies [26]. Virgin films appeared to
gradually lose their initial granular state, whereas a large number of
cracks and voids were subsequently introduced on the surface. The
granular state is usually observed due to the unresolved granular state
of starch during the addition of plasticizers [51]. The surface morphol-
ogy of films at 15 and 45 d were very similar, supporting the conclusion
reached in Section 3.2 exhibiting that biodegradation reached a plateau
following 15 d of treatment.

Biofilm formation was additionally monitored using SEM during the
experiment as described in Fig. 4G-I. Approximately half of the pellet’s
surface area was covered, maintaining the rest of the surface accessible
to microbial activity aiming to assess biofilm development on TPS over
the course of the experiment. A dense biofilm network was formed that
fully encaged the pellet at 17 d. The thickness of the biofilm ranged be-
tween 50 and 85 pm (the median thickness was 69 pm), while it slightly
increased to 72 pm at 24 d, where the thickness ranged between 53 and
92 pm. Cracks were formed on the surface of the biofilm, while frag-
ments of approximate thickness 30 ym were gradually detached. Fila-
mentous fungi dominated the biofilm community and formed an inter-
connected structure where bacteria could be additionally observed,
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similarly to the biofilm structure previously reported for TPS biodegra-
dation [21].

3.4. Secondary microplastics generation

Millions of microplastics and nanoplastics are generated upon expo-
sure on traditional plastics in the natural ecosystems, posing a signifi-
cant threat to the environment [55,56]. In fact, secondary micro/
nanoplastics are considered as evidence of degradation and the process
usually stops at the phase of fragmentation [49]. Moreover, biodegrad-
able plastics undergo fragmentation into small particles during the
biodegradation process, releasing a large number of micro/nanoplastics
[57]. Thus, substantially elevated quantities of plastic fragments/parti-
cles were formed in simulated freshwater, estuarine and seawater nat-
ural habitats from polybutylene adipate terephthalate (PBAT) as com-
pared to the use of low-density polyethylene (LDPE) [58]. Herein, more
than 10* particles mL™! mainly in fiber shape were quantified in the
aqueous phase of microcosms using either pellets or films at all sam-
pling points (Fig. 5). The concentration of secondary microplastics gen-
erated during the biodegradation of TPS pellets was stable. Moreover, a
higher number of microparticles was produced during the first phase of
biodegradation in TPS films, which decreased at the second phase, in
accordance with TPS weight reduction.

Fig. 4. SEM micrographs of (A) virgin TPS pellets, (B) TPS pellets at day 10, (C) TPS pellets at day 24, (D) virgin TPS films, (E) TPS films at day 15, (F) TPS films at day

45, (G-I) TPS pellet partially covered in half with biofilm.
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Fig. 5. The secondary microplastics concentration monitored along the biodegradation experiment. The dashed line separates the data obtained in pellets (left) and

films (right).

3.5. Evolution of the plastisphere community in TPS biodegradation
experiments

3.5.1. Bacterial community dynamics

The plastisphere bacterial community was monitored aiming to elu-
cidate the key taxa involved in TPS biodegradation. The bacterial com-
munity formed was complex and varied in composition in response to

biofilm and biodegradation phase (Fig. 6). Proteobacteria, Firmicutes
and Actinobacteria comprised keystone taxa within TPS plastisphere at
all times independently of the type of experiment conducted accounting
for more than 80 % of the total community. Although proteobacteria
dominated the soil TPS plastisphere (90 %), their abundance decreased
in the seed community (the community established at the end of the
prolonged enrichment period) and in flasks, where Firmicutes com-
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Fig. 6. The structure of bacterial communities formed within the TPS plastisphere across the different biofilm phases. (A) Relative abundance of different bacterial
phyla detected within the biofilm of TPS pellets and films and (B) heatmap depicting the relative abundance of the 15 most dominant bacterial families across the
biofilm phases. The phases of biofilm development are depicted (phasel and initial: collected soil biofilm, phasell and seed: the plastisphere at the end of the pro-
longed enrichment period, phaselll.film and phaselll.pellet: the plastisphere on the films and pellets during the biodegradation experiment where sampling days

were also presented).
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prised the most abundant phylum within the microorganisms attached
on TPS films. Overall, community assembly dynamics in the micro-
cosms displayed changes in ASV abundances. Specific families were en-
riched in attached communities depending on the phase and evolution
of the biofilm. Although Burkholderiaceae and Rhizobiaceae thrived in
the soil plastisphere, their abundance decreased in flasks conducting
TPS biodegradation in aqueous cultures. Moreover, Microbacteriaceae
and Enterobacteriaceae displayed high abundance on pellets suggesting
that TPS could serve as a suitable carbon source for the growth of these
microorganisms. Several genera included high abundance within the
seed community and their concentration either increased or decreased
during the biodegradation experiments depending on the shape of the
material and the duration of incubation. Thus, statistically significant
differences in the abundance of several genera were determined in the
microcosms conducted, suggesting the important role of specific species
in TPS biodegradation given that significant differences have been
mainly monitored between the two stages of the biodegradation process
(Fig. 8B). In fact, a shift from k-stategist to r-stategist taxa can be ob-
served along the course of degradation. It is expected that oligotrophs
will be the first colonizers of nutrient-poor substrates and copiotrophs
will dominate in the mature and well developed (in size) community
[591, while the release of TPS degradation products during the process,
such as glucose and maltose, could significantly contribute to the shift
observed between k-stategist and r-stategist taxa.

Microbial community diversity of all treatments was assessed via al-
pha diversity indices including observed species as well as Shannon and
Simpson index, while the significant effect of biofilm stage was addi-
tionally monitored (Figure S3). The Shannon and Simpson index signifi-
cantly increased in the plastisphere of pellets as well as during the en-
richment period as compared to the soil, while high variation was mon-
itored in the cultures conducted using films. The diversity and evenness
of biofilm communities attached to TPS of both shapes increased at the
plateau stage, given that higher Shannon and Simpson indices were cal-
culated at the plateau as compared to the first stage. In the case of TPS
films, the aforementioned differences were statistically significant.
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NMDS was performed to visualize the patterns of attached bacterial
communities along the biofilm and degradation phases, using Bray-
Curtis dissimilarity (PERMANOVA, p < 0.05; Fig. 7A). The characteris-
tics of the habitat formed as well as the interactions among the microor-
ganisms contained, such as competition, promotion and symbiosis,
could significantly influence the species composition, abundance and
distribution [60]. Close clustering of the treatments that belonged to
the same biofilm stage was observed, indicating a divergence of bacter-
ial composition in flasks obtained from the initial soil plastisphere,
while the shape of the biopolymer could be considered as an important
factor for separation of the communities. Distinct biofilms assemblages
were potentially formed during the TPS biodegradation process and re-
mained different throughout the experimental period. Plastic associ-
ated communities within the natural environment tend to converge and
become more similar over time [61] unless a strong weather event oc-
curs that strongly affects community composition [62]. The relative im-
portance of deterministic (selection) and stochastic (dispersal and
other) processes in structuring the plastisphere microbial community
were determined, aiming to decipher the assembly mechanisms con-
trolling the community diversity on the different biofilm and degrada-
tion phases. Stochastic (dispersal plus drift) rather than deterministic
(selection) processes potentially control the turnover. The contribution
of stochastic and deterministic processes in bacterial colonization of
plastics is relatively unknown, however recent studies support that sto-
chastic processes dominate during plastisphere microbial assembly [63,
64]. Stochastic immigration and ecological drift comprise important
factors in shaping prokaryotic communities, particularly within meta-
bolic functional groups and could partly explain turnover over time in
systems that involve high cell densities such as bioreactors [65]. How-
ever, the taxonomic turnover within functional groups in the absence of
evident environmental variation could be driven by intrinsic and at
least partly deterministic processes [65]. Thus, stochastic processes re-
lated to birth, death, colonization, extinction and speciation [66] could
be important for the assembly of the communities.

Biomarkers analysis was used to determine the shared genera with
significant differences in abundance among the biofilm stages (Fig. 8A).
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Fig. 7. The structure of bacterial communities within the TPS plastisphere. (A) NMDS ordination of Bray-Curtis distances of bacterial communities showing the
separation of bacterial communities into groups based on the biofilm phase, and (B) relative abundance of the predicted pathway related to starch and sucrose me-
tabolism in the different biofilm phases. The phases of biofilm development are depicted (1st and initial: collected soil biofilm, 2nd and seed: the plastisphere at
the end of prolonged enrichment period, 3rd film and 3rd pellet: the plastisphere on the films and pellets during the biodegradation experiment where the sam-

pling days were also presented).
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Fig. 8. The structure of bacterial communities within the TPS plastisphere. (A) Cladogram of LEfSe results according to different biofilm phases (only significant re-
sults are shown), and (B) relative abundance of the bacterial genera that differed significantly among the various biofilm phases (sampling days of the biodegrada-

tion experiment were additionally presented).

Microbacterium and Achromobacter played important roles in the biofilm
of TPS pellets (LDA score > 4.5), while Bacillus was indicative in films.
The specific genera have been associated with the biodegradation of
biodegradable plastics in soil [67]. Bacillus has been characterized as
starch-degrading genus and has been identified in different plasti-
spheres including fossil-based plastics [23,68]. The presence of PLA in-
creased the relative abundance of Achromobacter [69], while purified
proteases and lipases from Achromobacter sp. have been demonstrated
to hydrolyze polyesters [70].

Functional profiles of the Tax4Fun2 prediction were summarized
based on KEGG pathways. Biological metabolic pathways were divided
into three levels and studied along biofilm and degradation phases. Sig-
nificant differences in the functional composition of the communities
were determined given that certain metabolic pathways were overrep-
resented at specific biofilm and degradation phases. Thus, the pathway
of glyoxylate and dicarboxylate metabolism was enriched within the
biofilm on pellets and the pathway of amino sugar and nucleotide sugar
metabolism was augmented in the biofilm of films (both belong to the
carbohydrate metabolism pathway). The major predicted pathways re-
lated to carbohydrate and starch utilization were further analyzed. The
pathway of starch and sucrose metabolism was indicative in seed com-
munities, while the relative abundance of the predictive starch metabo-
lism associated genes was monitored in the biofilm communities and
significant differences were observed (Fig. 7B and Figure S4). Signifi-
cantly higher abundance was detected in the seed community, while
the lowest concentration was observed in soil plastisphere. During TPS
degradation experiments, the relative abundance of these genes dis-
played a decreasing trend over time in accordance with the rate of
weight reduction. Interestingly, the predictive pathways related to gly-
colysis/gluconeogenesis followed the same pattern. Starch could be en-
zymatically hydrolyzed to reducing sugars, such as maltose, maltotriose
and glycose, by several enzymes including amylases and glucosidases
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[71]. Glucose could be further converted to pyruvic acid via glycolysis,
while pyruvate dehydrogenase catalyzes the conversion of pyruvic acid
to acetyl-CoA, which enters the tricarboxylic acid (TCA) cycle to pro-
duce energy and release CO, and water [54]. Concerning the degrada-
tion phases, increase in the relative abundance of predictive pathways
related to carbohydrate metabolism such as pyruvate metabolism and
TCA cycle was observed for both pellets and films along the degrada-
tion phases. Carbohydrates can alter the microbial competition, the
catabolic profiles and result in the shift of the microbial community; in-
deed the carbohydrate metabolism selection caused a shift in the
phenanthrene degrader community which further affected phenan-
threne degradation [72]. A similar phenomenon was observed in our
study.

3.5.2. Fungal community dynamics

The succession of the fungal community was additionally monitored
given that fungi incorporate higher TPS biodegradation potential as
compared to bacteria [23]. The phylum Ascomycota dominated all
plastisphere communities independently of the biofilm and degradation
stage (Fig. 10). Moreover, only the aforementioned phylum was de-
tected within the attached communities developed on pellets. The
saprotrophic Ascomycota have been reported as highly frequent plastic
colonizers in the marine environment [73,74]. With respect to family
level, Nectriaceae was dominant in all fungal communities, while the
genera Fusarium and Neocosmospora displayed the highest abundances
in all fungal assemblages (Figure S5). The fungi Fusarium was enriched
in seed communities and within the biofilm on TPS films. However, the
abundance of Fusarium and Neocosmospora in the case of pellets demon-
strated inverse patterns, where Fusarium decreased along the degrada-
tion stages, while Neocosmospora increased. The fungal genus Fusarium
includes species with well-known capacities pertinent to the production
of plastic degrading enzymes such as lipase, chitinase and dehydratase
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Fig. 9. The proposed bioprocess mechanism of TPS degradation (Phase I — left: the first degradation stage where the biofilm is mainly consisted of k-strategists and
the polymer includes crystalline and amorphous regions; Phase II — right: the second degradation stage where r-strategists dominate the biofilm and the crystalline

regions of the polymer increased over amorphous regions).

and it is considered as a promising genus in degradation of either fossil-
based or biodegradable plastics [75,76]. For example, cutinase pro-
duced from Fusarium solani demonstrated the highest activity on
grinded PBAT [77]. Moreover, members of the specific genus have been
demonstrated to produce a range of carbohydrate-active enzymes
(CAZymes) [78,79], which could degrade or modify polysaccharides
such as cellulose, hemicelluloses and starch [80]. The genus Neocosmo-
spora has been recently associated with the degradation of polycapro-
lactone (PCL) [81,82].

The fungal diversity along the biofilm and degradation stages was
monitored using diversity indices (Figure S6). A similar pattern to the
response of the bacterial community was observed. Thus, increased di-
versity and evenness of the fungal plastisphere along the different
degradation stages was monitored, given that higher Shannon and
Simpson indices were obtained at the plateau as compared to the first
stage. Concerning the biofilm stages, an inverse trend was monitored as
compared to the bacterial communities. The Shannon and Simpson in-
dex significantly decreased in the plastisphere during the enrichment
period as compared to the soil. The fungal community developed on
pellets in flasks appeared different as shown by the separate clustering
in the NMDS plot (Fig. 10C). However, the specific difference was not
statistically significant (PERMANOVA, p > 0.05). The fungal commu-
nities were more stable and there was no effect of biofilm or degrada-
tion stage on community composition, while biomarker species were
not identified.
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4. Conclusions

An acclimated microbial community originated from the biofilm of
TPS pellets exposed to agricultural soil was isolated and used as inocu-
lum for bioplastic biodegradation in aqueous cultures. The bioprocess
displayed a two-phase pattern incorporating different biodegradation
rates (Fig. 9), which remained high in the first phase (pellets: 5.8 mg
d! degradation rate) and decelerated (pellets: 1.7 mg d~! degradation
rate) in the second phase. Although the effect of the biopolymer’s shape
on the biodegradation process was significant and higher weight reduc-
tion was monitored in films, the degradation pathway followed was
similar. Several changes in TPS structure such as decrease of peaks,
peak shifting and reduction of intensity in starch related bands were
monitored during incubation. The crystalline areas formed increased
along the course of the treatment potentially contributing to the lower
degradation that occurred at the plateau stage. Deep surface cracks
were observed on the surface of both films and pellets, while a dense
biofilm was formed that completely covered TPS particles. Moreover,
high content of secondary microplastics was detected in the medium
due to biodegradation. Biofilm thickness slightly increased during the
process and specific bacterial families were enriched in the attached
communities depending on biofilm and degradation stage. Thus, the
phase of biofilm formation and the shape of TPS particle comprise im-
portant factors for the separation of bacterial communities, while fun-
gal communities did not display significant differences. A trend towards
higher diversity and evenness along the degradation stages was ob-
served for both bacteria and fungi. The genera Microbacterium and
Achromobacter played important roles in the biofilm of TPS pellets and
Bacillus was indicative in films, while the genera Fusarium and Neocos-
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Fig. 10. Structure of fungal communities within the TPS plastisphere. (A) Relative abundance of fungal phyla in the different biofilm phases, (B) heatmap demon-
strating the relative abundance of the top 15 fungal families in the different biofilm phases, and (C) NMDS ordination of Bray-Curtis distances of fungal communi-

ties.

mospora displayed the highest abundance in all fungal assemblages. A
shift from k-stategist to r-stategist taxa was monitored during the exper-
iments suggesting that the mode of biodegradation followed included
oligotrophs as the first colonizers of TPS followed by copiotrophs domi-
nating the mature community potentially due to the release of easy me-
tabolizable TPS degradation products (e.g. glucose, maltose). Overall,
this is the first study to our knowledge assessing the efficiency of an ac-
climated biofilm community for TPS biodegradation under mesophilic
conditions using aqueous cultures. Results demonstrated the significant
potential for TPS waste treatment in an industrial environment as com-
pared to composting and anaerobic digestion, unraveling the microbial
mechanisms underlying the reduction in bioprocess performance. Fu-
ture research should focus on tackling the reduction of biodegradation
rate at the plateau stage.
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