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ARTICLE INFO ABSTRACT

Editor: Damia Barcelo There has been a growing interest in poly(ethylene terephthalate) PET degradation studies in the last few years due to

its widespread use and large-scale plastic waste accumulation in the environment. One of the most promising enzy-

Keywords: matic methods in the context of PET degradation is the use of PETase from Ideonella sakaiensis, which has been reported
PETase_ o to be an efficient enzyme for hydrolysing ester bonds in PET. In our study, we expressed a codon-optimized PETase
:gg]?gyif:?’:’:;ph thalate) gene in the yeast Yarrowia lipolytica. The obtained strain was tested for its ability to degrade PET directly in culture,
PET degradation and a screening of different supplements that might raise the level of PET hydrolysis was performed. We also carried

out long-term cultures with PET film, the surface of which was examined by scanning electron microscopy. The effi-
ciency of PET degradation was tested based on the concentration of degradation products released, and the results
showed that supplementation of the culture with olive oil resulted in 66 % higher release of terephthalic acid into
the medium compared to the mutant culture without supplementation. The results indicate the possibility of ethylene
glycol uptake by both strains, and, additionally, the PETase produced by the newly engineered strain hydrolyses
MHET. The structure of the PET film after culture with the modified strain, meanwhile, had numerous surface defects,
cracks, and deformations.

Plastic waste
Genetic engineering

1. Introduction

Plastics are now one of the most widely produced materials for commer-
cial and industrial use. Those synthetic compounds are mainly used in the
packaging, construction, automobile, and electrical industries. Globally, 367
million tonnes of primary plastics were produced in 2020, and poly(ethylene
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terephthalate) (PET) contributed to 8.4 % of this amount and was mainly
used in the production of plastic bottles (Plastics Europe — Association of
Plastics Manufacturers, 2020; PlasticsEurope Market Research Group
(PEMRG)/Conversio Market &amp and Strategy GmbH, 2021). The high
production level of plastics directly impacts the quantity of plastic waste
generated nowadays. In 2020, 29 million tonnes of post-consumer plastic
trash were collected in Europe, of which 34.6 % have been recycled. Encour-
agingly, the amount of plastic dumped in landfills fell from 12.9 to 6.9 million
tonnes from 2006 to 2018, while the amount of plastic recycled doubled
(PlasticsEurope Market Research Group (PEMRG)/Conversio Market &amp
and Strategy GmbH, 2021).
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PET is a thermoplastic polymer categorized as non-biodegradable.
Despite this, investigations into the feasibility of enzymatic degradation
of PET have identified several enzymes capable of hydrolysing the ester
bonds present in PET. The possibility of PET degradation has been con-
firmed by CALB lipase from Candida antarctica, cutinases from Fusarium
solani, Humicola insolens, and Thermobifida fusca, and PETase from Ideonella
sakaiensis (Carniel et al., 2017; Tanasupawat et al., 2016; Then et al., 2015;
Tournier et al., 2020). The action of PET degrading enzymes is to break
the internal bonds present in the polymer, resulting in the release of bis
(2-hydroxyethyl) terephthalate (BHET), mono-(2-hydroxyethyDterephthalic
acid (MHET), terephthalic acid (TPA) and ethylene glycol (EG) (Mohanan
et al., 2020). To improve the efficiency of PET degradation by enzymes, stud-
ies conducted so far have mostly focused on the use of genetic engineering
methods to obtain higher enzyme secretion enabling further purification of
the protein (Kim et al., 2020; Shi et al., 2021; Wang et al., 2020). Following
reports that the most efficient enzymatic degradation of PET occurs at tem-
peratures close to the glass transition temperature of 75 °C due to the greater
mobility of the polymer chain, studies related to changing the structure of
proteins to increase their thermostability have also been conducted
(Ronkvist et al., 2009; Son et al., 2019). Considering the fact that the use of
high temperatures for PET degradation is economically unfavourable, despite
the ability of the produced proteins to act at high temperatures, it is necessary
to look for further, superior solutions that are efficient and can be used on a
large scale.

In this study, we overexpressed the PETase from I. sakaiensis in the yeast
Yarrowia lipolytica and we optimized the PET degradation process by
medium supplementation. In this study we performed PET degradation
directly in the culture of the engineered strain of Y. lipolytica. Due to the ca-
pability for assimilation of atypical carbon sources which would allow for
the assimilation of degradation products released in the process and good
expression of the heterologous protein, the engineered yeast Y. lipolytica
is a suitable organism for PET degradation.

2. Materials and methods
2.1. Microorganisms, media, and culture conditions

The yeast strains used in this study were AJD 2 pAD PET IS (PETase over-
expressing strain) and AJD2 (the control strain). LB medium was used for the
growth of Escherichia coli (DH5a) strains. YPD (1 % yeast extract, 2 % pep-
tone, 2 % glucose) medium was used for Yarrowia lipolytica inoculum prep-
aration. For RNA isolation, a YNB (yeast nitrogen base) medium with 2 %
glucose was used. The assimilation capacity of PET degradation products
by Y. lipolytica was checked using a YPD medium containing 50 gL~ ! glu-
cose and the test compound. The final concentration of TPA and MHET in
culture was 100 mgL ™", while that of glycol was 10 gL~ . Solutions of
TPA and MHET were prepared by dissolving them in DMSO and methanol,
respectively, and sterilized using 0.22 pM syringe filters (Merck Millipore).
PET degradation experiments were performed in deep-well plates (DWP)
and 0.3 L Erlenmeyer flasks. The growth curve analysis was conducted
using a YPD medium with a dextrose content of 50 gL.~*. Semi-crystalline
PET powder (particular size of 300 pm) and amorphous PET film (0.25 mm
thickness) used as a plastic substrate in the media was purchased from
GoodFellow Cambridge Limited (England) (ES306031/1; ES301445/7).
PET material was previously sterilized by 10 min of UV irradiation. Supple-
ments added to the medium to test their effect on degradation efficiency
were sterilized using 0.22 pm syringe filters (Merck Millipore). Salt addi-
tives included: manganese (II) sulfate monohydrate (MnSO4 x H,0), zinc
sulfate heptahydrate (ZnSO,4 x 7H»0), copper (II) sulfate pentahydrate
(CuSO4 x 5H,0), calcium chloride (CaCl,), and magnesium sulfate
heptahydrate (MgSO4 x 7H,0). Salt stocks' molarity (50 mM) was calcu-
lated with consideration of their hydration level. Each supplement was
added directly to the medium immediately before inoculation of the micro-
organisms and addition of plastic material. Tests were provided in 4 mL of
YPD medium with glucose content of 50 gL.~* and the addition of 0.26 g of
PET powder previously sterilized by 10 min of UV radiation. The addition
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of salt to the final concentration (1 mM and 2.5 mM) and olive oil (1 %
and 2 %) was done before the inoculation of the culture. Control strain
(AJD 2) and AJD 2 pAD PET_IS cultures were standardized to ODggg 0.1
and the experiment was conducted for 168 h (7 days); samples in triplicate
were taken daily and the first sampling was after 72 h of culture. PET pow-
der was added to the culture before the beginning of incubation. Based on
the experiments performed in DWP we evaluated the most promising re-
sults and used them to scale up the process. For this purpose, we applied
the conditions which gave a significant increase in the number of released
degradation products on the larger laboratory scale. Experiments were per-
formed in 0.3 L Erlenmeyer shake flasks in 30 mL of medium with addition
of 2 g of PET powder previously sterilized for 10 min with UV light. Cul-
tures were standardized to ODggp 0.5. Supplements and PET powder were
added to the culture before incubation. Shake flask culture was performed
at 28 °C at 200 RPM for 10 days (240 h) and the first samples were taken
after 72 h of culture. All cultures conducted in this study were performed
in three biological repetitions.

2.2. Strain construction

A codon-optimized PETase gene (GAP38373.1) from L sakaiensis con-
taining the XPR2 signal sequence from Y. lipolytica (915 bp) was cloned
into the previously described pAD vector (Mirorficzuk et al., 2017) using
Sgsl and Nhel FastDigest restriction enzymes and T4 DNA Ligase (Thermo
Fisher Scientific). Digestion and ligation were conducted according to
the manufacturer's protocols. E. coli transformation was executed using
the standard protocol. Isolation of the obtained plasmid was done using
the Plasmid Mini Kit (A&A Biotechnology) and the correctness of the over-
expression cassette was verified by sequencing (Genomed, Poland). The
constructed vector was linearized with the MssI FastDigest enzyme and
the expression cassette was introduced to the Y. lipolytica genome based
on rDNA integration using the lithium acetate-based transformation
method described previously (Mironiczuk et al., 2019), resulting in strain
AJD 2 pAD PET IS. Yeast genomic DNA isolation was performed with the
Genomic Mini AX Yeast Spit Kit (A&A Biotechnology) and the verification
of obtained clones was checked by standard PCR reaction.

2.3. Relative gene expression level and growth profile analysis

Y. lipolytica RNA isolation procedure and gene expression quantification
were performed as described before (Kosiorowska et al., 2021). Primers
used in qRT-PCR analysis to determine PETase expression level were
qPET_IS_F (5’-GCCATGAAGCTCGCTACCGC-3’) and qPET_IS R (5-AGAC
GGCCATCAGACCACCC-3’) and the resultant product size was 109 bp.
The relative expression level was normalized to the actin gene. Growth pro-
files were estimated using Spark Microplate Reader (Tecan Group Ltd.,
Miénnedorf, Switzerland). Y. lipolytica inoculum cultures grew for 24 h at
28 °C at 200 RPM. Culture cells were centrifuged and double rinsed in
Milli-Q water. The experiment was conducted in 200 pL of YP medium
with 50 gL~ ! of glucose content. The effects of degradation products and
solvents on yeast growth were evaluated on a YP medium with 50 gL.~* ad-
dition of glucose and relevant compounds: 100 mgL ™' TPA, 100 mgL ™%,
MHET, 10 gL.™ 1EG, 10 gL "' DMSO, 10 gL~ 1 MeOH. Experiments were car-
ried out for 72 h with continuous orbital agitation at 28 °C. The initial OD
was standardized to 0.05 and subsequent measurements of culture density
were made at OD600 every 30 min of culture growth.

2.4. Analytical methods and statistical analysis

Samples obtained from cultures conducted in deep well plates (200 pL)
and 0.3 L Erlenmeyer flasks (500 pL) supplemented with PET powder were
centrifuged for 10 min at 10000 G and subsequently diluted in 99.9 % meth-
anol (Chempur) followed by further centrifugation for 10 min at 10000 G at
10 °C. Terephthalic acid standard (TPA, Sigma-Aldrich) was prepared by dis-
solving in DMSO (Sigma-Aldrich). 2-Hydroxyethyl-terephthalic acid (MHET,
AChemBlock) and bis(2-hydroxyethyl) terephthalate (BHET, Sigma) were
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dissolved in 99.9 % methanol (P. P. H. STANLAB). Standards of compounds
were prepared in stock with a final concentration of 10 gL~ ' and were
stored at — 20 °C. Analysis of compounds released during PET degradation
was performed by Ultra Performance Liquid Chromatography (UPLC)
(Dionex-Thermo Fisher Scientific, UK) using a C18 type column (Hypersil
Gold 100 X 2.1 mm, 3 pm) with a universal guard column (Hypersil
Gold 10 x 2.1 mm, 3 pm). A gradient of two mobile phases was used
during the analysis: acetonitrile with 0.1 % trifluoroacetic acid (v/v) and
Milli-Q water with 0.1 % trifluoroacetic acid (v/v). The column tempera-
ture was 45 °C, the flow rate was 0.8 mLmin ' and the volume of the sam-
ple injected was 1 pL. Identification of analytes was performed with the UV
detector at 243 + 2 nm. The concentration of glucose and ethylene glycol
was studied using a HyperREZ XP Carbohydrate H+ 8 pm column (Thermo
Scientific, Waltham, MA) and a refractive index (RI) detector (Shodex,
Ogimachi, Japan). As the eluent 0.25 mM trifluoroacetic acid was used,
the flow rate was 0.6 mLmin ' and the column temperature was 65 °C.
The UPLC program used in this study was described in detail previously
(Kosiorowska et al., 2022).

Statistical analysis was performed using Student's t-test to determine the
significance of the influence of the supplements used in our study. The
means of the control culture (without additives) were compared with the
supplemented cultures (two-tailed, unequal variance). In addition, the re-
sults presented in the graphs include error bars that indicate the standard
deviation of the samples calculated from the three biological replicates.

2.5. Scanning electron microscope analysis

Samples for examining plastic surfaces were derived from cultures con-
ducted for 4 weeks at 28 °C at 200 RPM in 50 mL of YP medium containing
50 gL~ of glucose, 2 g of PET film (GoodFellow ES301445/7, England),
and from cultures performed in the same media with olive oil supplementa-
tion to a final concentration of 1 %. The analysis of the plastic surface
was performed using a VEGA Tescan 3 scanning electron microscope and
dedicated software. To prevent excessive accumulation of electric load
plastic samples were coated with a thin layer of gold using a Cressington
108 Auto Sputter Coater with the following conditions: current 40 mA,
sputtering time 60 s.

3. Results and discussion

3.1. Overexpression of 1. sakaiensis PETase (PET IS) and growth of the
engineered Y. lipolytica strain

In recent years, the need to remove PET plastic wastes from the environ-
ment has been the subject of numerous studies. The enhancement of the
natural plastic degradation processes can be improved by the use of genetic
engineering methods. In our work, we used an unconventional yeast,
Y. lipolytica, as the host organism; it possesses a GRAS (Generally
Recognised as Safe) status, is able to assimilate atypical carbon sources
such as alkanes and can grow in a wide pH range (Rzechonek et al.,
2020). The codon optimized PETase gene (GAP38373.1) with the
Y. lipolytica XPR2 signal sequence was expressed in the AJD 2 strain devoid
of acidic (AXP) and alkaline (XPR2) extracellular proteases to eliminate the
risk of heterologous protein degradation (Janek et al., 2020). The choice of
this microorganism to secrete a PETase (6EQD_A) protein capable of poly
(ethylene terephthalate) (PET) degradation (Yoshida et al., 2016) may
carry the additional benefit of the ability of this type of yeast to assimilate
atypical carbon sources. Over the past few years, this enzyme has been
the target of numerous studies involving attempts to increase its heterolo-
gous expression in various host microorganisms (Kim et al., 2020; Shi
et al., 2021) as well as modifying its structure to enhance protein stability
(Chen etal., 2021; Han et al., 2017). PETase is an enzyme with an optimum
temperature of 40 °C and exhibits activity at a wide pH range of 6-10 (Chen
etal., 2021). It belongs to the class of hydrolases and its catalytic triad con-
sists of the amino acids conventionally present in the active site of esterases:
Asp-His-Ser (Fecker et al., 2018). The mechanism of hydrolysis of the ester
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bonds present in PET is based on the nucleophilic attack of serine on the
carbonyl carbon present in this polymer (Feng et al., 2021). The products
of PET hydrolysis are BHET (bis(2-hydroxyethyl) terephthalate), MHET
(2-hydroxyethyl-terephthalic), TPA (terephthalic acid), and EG (ethylene
glycol) (Mohanan et al., 2020).

First, to verify the functional expression of the Y. lipolytica strain ex-
pressing PETase from I. sakaiensis, the expression level of the cloned gene
was analysed using the qRT-PCR method. Due to the use of a hybrid
UAS1B,¢-TEF promoter, whose highest activity was recorded after 24 h of
growth (Blazeck et al., 2013), RNA isolation from the tested strain and
from the control strain (AJD2) that was modified was performed on 24 h
cultures. The relative expression level of the PET IS gene is shown in
Fig. 1A. This result indicates that the AJD 2 pAD PET IS strain functionally
expresses the target gene.

Considering the fact that genetic modifications of microorganisms can
adversely affect their growth (Ko et al., 2020), we compared the growth
profile of the AJD 2 pAD PET IS strain with the control strain (AJD2).
The experiment was conducted for 72 h in a YPD medium containing
50 gL~ ! glucose, which was used at all further stages of this research. As
shown in Fig. 1B there was no significant difference in the growth of the
tested strain in comparison with the control strain. Both strains presented
an extended lag phase occurring up to 15 h of culture and an exponential
phase persisted up to 40 h of culture. In agreement with previous studies,
no significant delay in the growth of the modified strains was observed
(Dobrowolski and Miroriczuk, 2020; Kosiorowska et al., 2021).

3.2. Capability of the engineered Y. lipolytica strain to assimilate PET
degradation products

Consistent with reports on the capability of Y. lipolytica yeast to assimi-
late atypical carbon sources (Mironczuk et al., 2018), we tested the capabil-
ity of the yeast used to grow on PET degradation products. These studies
were crucial to verify that the possible uptake of hydrolysis products
would not disturb the actual concentration of degradation products
measured in the culture supernatant. Experiments were carried out in
YPD medium supplemented with 50 gL.~' glucose supplemented with
TPA, MHET, EG, DMSO or MeOH as required. Regarding the fact that
BHET is released during PET degradation in negligible amounts
(Vertommen et al., 2005), and was not detected in our preliminary studies,
it was not included in the tests. The results shown in Fig. 2A demonstrate
that neither the control strain nor the modified strain takes up TPA. A slight
increase in the concentration of this compound in the medium was
observed; however, considering the duration of the culture (168 h) this in-
crease is associated with the evaporation process. This increase is not statis-
tically significant. The glucose was consumed up until 48 h of culture and
its uptake was identical for both strains. These results are in contrast with
previous studies performed by Costa et al. in 2020, where TPA consumption
by Y. lipolytica IMUFRJ 50682 in YPD media was observed. However, the
authors used a YPD medium with lower glucose content. In addition, they
observed a decrease in TPA assimilation in the glucose-supplemented
medium compared to the medium without the additional carbon source
(da Costa et al., 2020).

To investigate the ability of MHET hydrolysis by AJD 2 and AJD 2 pAD
PET IS strains, an experiment using media supplemented by this compound
was carried out. As shown in Fig. 2B, the AJD 2 pAD PET_IS strain
completely hydrolysed MHET to TPA after only 96 h of culture. In the con-
trol culture, no decrease in the MHET concentration was observed and the
very low concentration of TPA detected is due to the spontaneous hydroly-
sis of MHET. The results indicate that a PETase from I. sakaiensis produced
by the modified Y. lipolytica strain is capable of efficient hydrolysis of MHET
without the support of the other overexpressed hydrolases. This finding
concurs with other studies which have shown that the PETase enzyme
requires additional MHETase enzyme responsible for MHET hydrolysis dur-
ing the PET degradation process (Joo et al., 2018; Yoshida et al., 2016).

It can be seen from Fig. 2C that both the AJD 2 and AJD 2 pAD PET IS
strains have the capability to assimilate ethylene glycol (EG) under the
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Fig. 1. Relative PETase gene expression level (A) in the obtained Y. lipolytica AJD 2 pAD PET IS strain and control strain (AJD 2). Growth curve analysis (B) between AJD 2

and newly derived strain in YPD medium containing 50 gL~ ' of glucose.

given conditions. It was observed that EG is taken up concomitantly with
glucose, which is consumed with lower rates in contrast to the medium sup-
plemented with TPA or MHET. To date, there are no studies regarding the
capacity of yeast to assimilate EG, and metabolic pathways for natively
existing pathways have been found only in bacterial species (Miickschel
et al., 2012; Pandit et al., 2021).

Due to the use of compounds that have not been previously tested for
their effect on the growth of Y. lipolytica yeast and the fact that TPA and
MHET components were dissolved in DMSO and MHET respectively,
whose toxicity toward microorganisms has been confirmed (Sadowska-
Bartosz et al., 2013; Vartiainen et al., 2019), growth curves were con-
structed using the medium supplemented with an appropriate concentra-
tion of each of the tested supplements. As can be seen from S. Fig. 1, the
applied concentrations of compounds and solvents do not have a negative
effect on the growth of either the control or the tested strain.

3.3. Process optimization by the engineered Y. lipolytica strain

A key limitation of PET degradation by PETase is the low secretion level
of this hydrolase by the I. sakaiensis bacterium, which directly affects the
efficiency of the process. The literature concerning the use of genetic engi-
neering methods demonstrates a variety of approaches in the host-organism

selection that may alter the secretion level of this protein. To date, success-
ful expression of PETase protein from I. sakaiensis has been performed in
green algae (Kim et al., 2020), Escherichia coli (Shi et al., 2021), and Bacillus
subtilis (Xi et al., 2021). The purpose of our study was to use Y. lipolytica as a
host organism for extracellular PETase production and also to test the effect
of supplementation on the PET degradation rate in the yeast culture. To de-
termine the modified Y. lipolytica strain's ability to degrade PET, we first
provided a small-scale experiment in deep-well plates (DWP). Small scale
experiments were also used for estimation of the influence of supplementa-
tion of various salt and olive oil concentrations on degradation efficiency.

Following the exclusion of TPA assimilation in YPD medium with
50 gL.~! glucose, we performed degradation studies on PET powder
added to cultures with the modified Y. lipolytica strain. In parallel, we inves-
tigated the effect of supplements such as inorganic salts and olive oil at dif-
ferent concentrations on the PET degradation level measured in the form of
released degradation products. In agreement with a previous experiment,
where we observed hydrolysis of MHET to TPA by the enzyme PETase
and assimilation of ethylene glycol with the applied substrate composition,
MHET and EG were not detected, and we determined the effect of supple-
mentation from the measured concentration of TPA in the supernatants.
The BHET compound was also not observed in any of the tested samples.
The results are shown in Fig. 3.
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Fig. 2. Growth analysis of AJD 2 control strain and AJD 2 pAD PET IS mutant with respect to PET hydrolysis products: panel A presents results derived from culture in the
medium containing TPA, panel B contains results from cultures with the addition of MHET compound, panel C shows data from the culture with EG additive. Each graph also

presents the profile of glucose depletion in the medium.

The supplements used in this study were selected based on previous sci-
entific reports regarding the positive effects of salt ions on esterase enzy-
matic activity (Liu et al., 2019). Studies conducted on esterases also
indicate that salt ions such as Mg?*, Zn®>** and Mn®* used in concentra-
tions of 2.5 mM and 5 mM enhance their enzymatic activity (Kawai et al.,
2014; Metin et al., 2006; Park et al., 2021). Scientific literature also points
to the increase in the stability of hydrolytic enzymes by Ca®>* and Mg**
ions (Gricajeva et al., 2021; Urbanek et al., 2021). In our research, the
use of Y. lipolytica as a host organism offers additional opportunities for sup-
plementation in terms of induction of native lipase production using olive
oil (Papanikolaou et al., 2007), for which the capacity for PET hydrolysis
was previously described (Carniel et al., 2017). Moreover, lipases can in-
crease the hydrophilicity of synthetic polyesters, thus facilitating access of
the PETase enzyme to the hydrophobic substrate (Kim and Song, 2010).
A further advantage of this yeast is its ability to assimilate atypical carbon
sources, which allows the assimilation of one of the degradation products
released into the medium (Fig. 2C).

In the first phase of our study on PET degradation by the AJD 2 pAD
PET IS strain, we focused on the screening of the supplements that could
enhance the hydrolysis of this polymer during cultivation. First, we per-
formed small-scale experiments for 168 h, in which we measured the
concentration of TPA released to the supernatant since 72 h of cultiva-
tion. The daily increase of terephthalic acid in the collected samples is
shown in S. Fig. 2. The first measurable concentrations of TPA in the
supernatants occur after 120 h of culture, which is associated with an in-
crease in the pH of the culture to the pH optimal for PETase activity
(S. Fig. 4A). In the experiments performed on the AJD2 strain, which
was tested for PET hydrolysis under identical conditions as the AJD2
pAD PET_IS strain, the presence of TPA in the supernatants was not re-
corded in any case. Additionally, we did not note the BHET compound
in any of the tested samples. This result is contrary to reports (da
Costa et al., 2020) where the tested Y. lipolytica strain hydrolysed PET,
resulting in the release of approximately 23 mgL ™~ ' MHET after 96 h
of culture in YPD with amorphous PET.
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The results shown in Fig. 3 present the measured TPA concentration in
the AJD 2 pAD PET IS culture. The control labelled in the graph refers to the
amount of terephthalic acid released to the media during cultivation with
the engineered Y. lipolytica (AJD 2 pAD PET IS) strain without supplemen-
tation and was 10 mgL ™ '. The statistical analysis of the results was per-
formed using Student's t-test, where the results from the supplemented
cultures were compared to the control culture. PET degradation was signif-
icantly enhanced by the addition of MnSO, salt at both concentrations used
(1 mM and 2.5 mM), where the measured amount of TPA was 30 mgL ™~ 1
and 75 mgL. ™}, respectively. The hydrolysis of PET was also significantly in-
fluenced by the addition of 1 mM CuSO,, where the concentration of TPA
was 62 mgL " . In the experiment conducted with a higher concentration
of this salt (2.5 mM), no positive effect on degradation efficiency was ob-
served. The other additions of salts to the culture medium did not signifi-
cantly affect the level of PET decomposition. Moreover, the addition of

0,9

ZnS0O, reduced it in both concentrations used. The data obtained are not
surprising in the context of previous scientific reports on the effect of salt
on esterase activity. The established effect of culture supplementation
with MnSO; salt concurs with the experiments performed by Senga et al.
in 2020. The relative activity against PBSA by examined esterase showed
that in the presence of 2.5 mM Mn>" ions it reached 65 % of the activity
measured in 2.5 mM Ca®* (Senga et al., 2020). A statistically insignificant
increase in TPA concentration with the addition of CaCl, and MgSO, was
observed. The highest observed amount of TPA released occurred with
the addition of olive oil to a final concentration of 1 % in the culture and
was 124 mgL ~'. This could be related to the induction of lipase production,
which could act synergistically with secreted PETase to increase the level of
PET degradation. In a previous study, it was noted that the cooperative ac-
tion of cutinase and lipase effectively degraded PET (Liu et al., 2018). Inter-
estingly, the addition of this supplement at a final concentration of 2 % had
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Fig. 4. Amount of TPA released during PET degradation process carried out in 0.3 L Erlenmeyer shake cultures with or without supplementation. Cultivation was carried out
for 240 h in YPD medium containing 50 gL~ " of glucose and 2 g of PET powder at 28 °C at 200 RPM. Student's t-test was used for the statistical analysis; error bars represent

standard deviation. All cultures were performed in triplicate.
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no effect on the degradation efficiency. Supplementation of the culture with
olive oil to a final concentration of 1 % resulted in a statistically significant
increase in the amount of TPA released. Therefore, the results obtained may
also indicate the influence of biosurfactants produced by Y. lipolytica, where
at a lower olive oil concentration their production of them is induced, and
at a higher concentration the phenomenon of their affiliation with the cell
wall occurs (Fontes et al., 2010). The production of biosurfactants is closely
related to the assimilation of hydrophobic products. The study by Fontes
et al., 2010 also confirmed that high glucose concentration in the medium
promotes the production of natural surfactants. Other researchers have
used carbohydrate media supplemented by vegetable oils for surfactant
production in the Candida lipolytica yeast strain (Sarubbo et al., 2007). Pre-
vious research has shown that surfactant addition improves PET degrada-
tion (Samak et al., 2020).

Subsequent to screening for potential supplements that could enhance
PET degradation efficiency in the yeast culture, we made an attempt to
scale up the degradation process. For this purpose, we used 0.3 L Erlen-
meyer flasks and culture conditions where a statistically significant effect
on PET hydrolysis was observed. The culture was conducted for 240 h
and the results of TPA concentration at the final checkpoint are shown in
Fig. 4. The samples were collected each day starting at 72 h and the daily
increase in released product amount is shown in S. Fig. 3. Considering the
pH as an important factor affecting the enzyme activity, it was monitored
for each checkpoint. From S. Fig. 4B, it can be seen that the pH was stable
at 8 throughout the sampling period for both AJD 2 and AJD 2 pAD
PET_IS strain. Consistent with the cultivation carried out in deep well
plates, we did not observe PET degradation by the AJD 2 strain, and TPA
was observed as the sole hydrolysis product in the strain AJD2 pAD-
PET _IS. The supplements used were selected based on a previous screening
experiment where a statistically significant effect on PET degradation was
observed in cultures containing 1 mM and 2.5 mM MnSOy4, 1 mM CuSO,,
and 1 % olive oil. The control culture labelled in the graph refers to AJD
2 pAD PET IS culture in a medium without supplementation. The obtained
results of salt supplementation in flask cultures did not confirm their posi-
tive effect on the degradation process. In the 2 pAD PET IS culture without
supplementation, the measured amount of released TPA was 0.53 gL. ™,
while the highest amount of TPA released in the case of salt supplementa-
tion was obtained in the medium containing 1 mM MnSO,4 and was
0.47 gL.~ . When cultures containing 2.5 mM MnSO, and 1 mM CuSO,
were grown, the TPA concentration was 0.39 gL.~* and 0.18 gL. ™ *, respec-
tively, which is 1.35- and 2.9-fold lower than in the control culture.
Contrary to the lack of a positive effect of salt on PET degradation when
scaling up the process, the addition of olive oil to a final concentration of
1 % in the culture did have a statistically significant effect on the degrada-
tion level of this polymer. The concentration of TPA was 0.88 gL. ™!, which
is 66 % higher than in the culture without olive oil added. The non-positive
effect of the addition of salts to the growth medium for cultures conducted
in 0.3-L Erlenmeyer flasks may be related to the aeration conditions and cell
growth rate. In comparison to the small scale, the yeast cells had a better en-
vironment for growth and the salts under these conditions had the opposite
effect to the previously observed results. Particularly important for the
growth of Y. lipolytica is aeration, the crucial effect of which has been de-
scribed before (Miroriczuk et al., 2019). Analysis of the daily increment of
a degradation product is shown in S. Fig. 3. Cultures without supplementa-
tion to salt-supplemented cultures show no remarkable differences in the
rate of growth of the amount of the TPA. The rise of the compound concen-
tration is gradual, and the highest daily increase is observed on the last day
of culture. Regarding the olive oil-supplemented culture, fundamentally
different dynamics of TPA accumulation in the supernatant can be
observed. In this case, three points of spiking increase of terephthalic acid
concentration can be noted: between 96 h and 120 h, 120 h and 144 h,
and on the last day of culture.

The degradation of PET plastic material during the cultivation of a mi-
croorganism capable of secreting PETase enzyme has not been the subject
of much research. Studies published so far have been mostly focused on
the production, isolation, and purification of PETase for further incubation
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with the plastic under optimized conditions. In this research, the novel deg-
radation of PET in Y. lipolytica yeast culture can provide an interesting alter-
native in studies on the hydrolysis of this polymer. In the method proposed,
purification of the enzyme is not required, the steady pH of the culture cor-
responds with the optimum for the enzyme action, and the low temperature
of cultivation ensures the stability of the protein. Moreover, as illustrated
previously, Y. lipolytica can assimilate ethylene glycol as a carbon source,
enabling yeast to grow despite the depletion of the main carbohydrate
source. In previous studies on PET degradation by PETase from
I. sakaiensis, the number of degradation products released varied depending
on the applied incubation conditions and the concentration of enzyme em-
ployed. In the first study reporting the promising capabilities of PETase, ap-
proximately 0.09 mM TPA and 0.2 mM MHET were obtained (Yoshida
et al., 2016). These results were noted after 18 h of incubation at 30 °C
and a pH of 7.0. An interesting study was conducted by Chen et al. in
2021, where PETase was expressed in E. coli. Incubation on PET film with
purified enzyme caused the release of approximately 0.12 mM of total
TPA and MHET after 6 days of incubation at 30 °C with PET. Interestingly,
when a temperature of 40 °C was used, the total amount of released degra-
dation products was slightly higher and was about 0.13 mM (Chen et al.,
2021). Conversely, in the study of Shi et al., 2021, PETase containing the
signal peptide pelB after 48 h of incubation with PET powder resulted in
the release of a total of 531 uM of TPA and MHET. From the measured
amount, approximately 400 pM was TPA and 130 pM was MHET, which
is 64 mgL. ™' and 30 mgL ™", respectively. Intriguingly, no significant
increase in the amount of degradation products was observed between
the established control points in this study (18 h, 24 h, and 48 h) (Shi
et al., 2021). A further study with PETase from I. sakaiensis performed by
Son et al. in 2019 showed that during incubation of the enzyme with PET
at 30 °C after 72 h, 11.5 pM of total TPA and MHET was released, whereas,
at 40 °C, the total amount of degradation products was 8.7 pM. Enzyme
stability during PET incubation for 10 days at both temperatures used dem-
onstrated that PETase maintains its activity throughout the experiment
(Son et al., 2019). A different study on PET degradation showed that,
using 5 pg of purified PETase enzyme, approximately 2.5 mM TPA
(400 mgL.™ 1) after 48 h of PET film incubation at 30 °C was released (Ma
et al., 2018). Among the studies devoted to PET degradation by PETase,
Kim et al., 2020 reported a very interesting application, whereby green
microalgae were used as a host organism for production of this hydrolase.
30 mg of PET powder was incubated in cell lysate for 4 weeks at 30 °C,
resulting in a quantity of TPA of 9.12 mg (Kim et al., 2020).

Notably, in addition to PETase, another promising enzyme for PET
biocatalytic recycling research is cutinase produced by such microor-
ganisms as: Fusarium solani, Fusarium oxysporum, Thermobifida fusca,
Saccharomonospora viridis (Furukawa et al., 2019; GroR et al., 2017;
Nimchua et al., 2007). Similar to PETase investigations described
above, studies conducted using different cutinases relied on employing
purified protein and executing the reaction under the most optimal con-
ditions for enzyme action. Interesting results were obtained in a study
comparing the action of two cutinases from Fusarium solani and Fusar-
ium oxysporum, where enzymes with activity of 80 U and PET yarn as
substrate, were used. Regarding the first enzyme, after 168 h of reaction
at pH 7.0 and temperature 30 °C, approximately 9 ugmL ™! TPA was re-
leased, while hydrolysis of PET by F. oxysporum resulted in the release of
approximately 16 ugmL~ ! TPA. Intriguing findings were reported by
Eugenio et al. in 2021 during a study on cutinase from Humicola insolens,
where post-consumer PET was used as a substrate. PET flakes have been
incubated for 96 h with 1.0 mgpoteinmL ™ 1 at 70 °C in pH 7.0, and the
total amount of hydrolysis products released (TPA, MHET and BHET)
was 129 mM (Eugenio et al., 2021). Another noteworthy study is the
leaf-branch compost cutinase, described by Sulaiman et al., 2014,
which inherently exhibits high thermostability and the ability to hydro-
lyze PET, and within 24 h caused a loss of about 5 mg of PET film weight
(initial PET weight 20-25 mg) at 70 °C (Sulaiman et al., 2014). How-
ever, other researchers, in their work on LCC, proved that the protein
is susceptible to aggregation in its native state, but this effect can be
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inhibited by protein glycosylation (Shirke et al., 2018) . In this work, the
LCC cutinase was expressed in Pichia pastoris (Komagataella phaffii), and
the results of PET film degradation indicated that after 48 h the polymer
weight loss was more than 95 %. The synergistic effect of hydrolytic
enzymes produced by Microbacterium oleivorans and cutinase from
Thermobifida fusca was recently observed by Yan et al., 2021. Here,
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it was proven that the combination of M. oleivorans culture and
120 ugmg ! of cutinase from T. fusca can contribute to more efficient
degradation of PET films as low as 35 °C, with 47 nM TPA and 330 nM
MHET released during 15 h of incubation (Yan et al., 2021).

In another study, various hydrophobic or hydrophilic monomers
(TBMA, HEMA, DMAEMA, MA) were used to improve the catalytic
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Fig. 5. Images of PET film surface derived from scanning electron microscope after 4 weeks of PET film incubation of control strain (AJD 2) (A) and AJD 2 pAD PET IS
(B) in YP medium containing 50 gL~ ! of glucose. Fig. C presents PET film obtained in the mutant culture in a medium supplemented with olive oil. All cultures were
incubated at 28 °C at 200 RPM. Detailed description (magnification, scale) is shown under every presented sample.
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performance of PETase and the protein thus conjugated was tested with
PET film at 40 °C. The best PET hydrolysis results were obtained using
TBMA-PETase and DMAEMA-PETase, where the total amount of TPA and
MHET released was 82.5 pM and 77.5 pM, respectively. Artificial intelli-
gence was also used in the development of the GRAPE (greedy accumulated
strategy for protein engineering) algorithm, with the help of which a
DuraPETase mutant was obtained, possessing as many as 10 mutations in
the amino acid chain. The generated PETase mutant, after 10 days of incu-
bation with PET film, resulted in the release of 3.1 mM total PET degrada-
tion products (TPA, MHET, BHET) (Cui et al., 2021). In the work of Liu
et al., 2022, this variant (DuraPETase) underwent further modifications
in the amino acid chain to increase the thermostability of the enzyme
(N233C/S282C/H214S/S245R). When degrading the amorphous PET
powder at 60 °C, the total amount of degradation products released after
96 h with the purified DuraPETase-4 M enzyme was 15.8 mM, which was
2.77 fold higher than the initial mutant tested under the same conditions
(Liu et al., 2022).

Protein engineering has also targeted cutinases, and among the most
promising cutinase modifications, was the one made by Tournier et al.,
2020. In this work, the LCC cutinase was subjected to a series of mutations,
two of which, named WCCG (F2431/D238C/S283C/Y127G) and ICCG
(F243W/D238C/S283C/Y127G), caused depolymerization of more than
90 % of the PET substrate in 10.5 h and 9.3 h at 72 °C, respectively
(Tournier et al., 2020). The comparison of PET degradability by enzymes
described above, with respect to reaction conditions, degradation time
and amount of hydrolysis products released can be found in Supplementary
Table 1.

3.4. PET film surface morphology analysis

After cultivation of Y. lipolytica strains in medium with the addition of
PET powder, we used a more difficult to degrade type of substrate, i.e.
PET film. For that purpose, the medium supplemented with olive oil to a
final concentration of 1 % in the medium was used. To compare the effect
of supplementation, a culture without supplements was conducted in paral-
lel. The addition of PET film to the medium was 2 g of equally divided film
fragments with dimensions of 1 cm X 1 cm. The collected film samples
were analysed using a scanning electron microscope (SEM). Images show-
ing the performance of the AJD 2 pAD PET IS strain are shown in Fig. 5.
The visual changes in the appearance of the films were also noticeable in
the samples without SEM analysis and are shown in S. Fig. 5. No significant
damage to the plastic surface was observed in the culture of strain AJD 2 at
either of the magnifications used, 500 x or 4000 x (Fig. 5A). The surface of
the film after culture with the AJD 2 pAD PET _IS strain in a medium with no
olive oil added is shown in Fig. 5B. Both magnifications used demonstrate
extensive damage to the surface of the material. The film is significantly
cracked and numerous gouges can be seen on the surface. The depicted
fragments also exhibit cavities in the plastic material. Fig. 5C presents the
PET film after culture with a modified strain of Y. lipolytica in the medium
supplemented with olive oil. The structure of the film obtained from this
culture exhibits visible craters of irregular shape in parallel with the cracks.
It can also be noted that the frequency of the breaks on this PET material is
lower than in the films obtained from the experiment using the same strain
but without supplementation (Fig. 5B). The films collected after long-term
culture with yeast strains were also subjected to an estimated mass loss
analysis (Supplementary Fig. 6). According to the data obtained, the addi-
tion of olive oil to the culture medium caused not only more corrosion on
the film surface but also a greater polymer mass loss of 53.05 % of the initial
mass. In the case of the substrate without supplementation, there was a
44.74 % decrease in film weight. For the culture of the control strain
(AJD 2), the mass loss was imperceptible.

The analysis of changes in the polymer surface after PETase treatment
plays a crucial role in determining the PET degradation level. The results
obtained in our study correspond with previously reported data on plastic
surface corrosion arising using the PETase enzyme (Shi et al., 2021;
Yoshida et al., 2016). However, due to the extended culture of the
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Y. lipolytica modified with PET film, degradation level in our study is
more apparent. Interestingly, in the 6-day incubation of PETase enzyme
at 40 °C at pH 9.0 with PET film in the study by Chen et al. in 2021, changes
in the plastic structure were barely noticeable (Chen et al., 2021). Consider-
ing the culture time, similar to our research, Kim et al. in 2020 incubated
PET film for 4 weeks in the cell lysate of PET-producing green microalgae.
In their study, the surface changes are slightly different due to the absence
of visible cracks in the material, but numerous depressions and cavities
could also be seen (Kim et al., 2020).

In summary, here we present the possibility to use an unconventional
yeast strain as a host organism for the extracellular production of PETase.
The methodology used in this work allowed us to determine the ability of
the obtained strain to degrade PET, and its universal applicability in re-
search on the degradation of this polymer allows us to compare the results
with other reports on the discussed topic.

4. Conclusion

The present study showed that the modified Y. lipolytica yeast is capable
of PET degradation directly in the culture. The obtained data showed that
olive oil addition significantly improves the PET hydrolysis efficiency.
However, we also observed that the addition of salt can reduce the degrada-
tion rate of the polymer, and the optimisation of the substrate composition
has a key role in the degradation of PET by the method used. Furthermore,
our study showed that Y. lipolytica cannot assimilate TPA; nevertheless,
with the medium composition used, it can take up ethylene glycol. The
applied novel approach has a great potential for further PET degradation
during yeast culture growth.
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