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A B S T R A C T   

The increased production and consumption of plastic materials in today’s world has caused a huge number of 
environmental problems, the solution of which is now crucial to improving the state of nature of our planet. In 
this study, we expressed cutinases from Fusarium solani f. sp. pisi and from Trichoderma reesei, individually or in 
combination with overexpression of the native lipase Lip2 in the yeast Yarrowia lipolytica. The engineered strains 
showed biodegradation activity toward polyester in the pH range between 4.0 and 9.0. The highest esterase 
activity was observed at pH 9.0 for the strain overexpressing cutinase from F. solani and lipase from Y. lipolytica, 
it reached 63.5 U ml− 1, moreover this strain was capable to degrade 0.5 g of polycaprolactone film within 144 h 
of shake flask culture. The obtained results showed that natural capability of Y. lipolytica combined with 
metabolic engineering results in a highly efficient biodegradation process.   

1. Introduction 

Plastic production has increased every year since 1950, and it 
reached 359 million tonnes in 2018 (PlasticsEurope Market Research 
Group (PEMRG)/Conversio Market & Strategy GmbH, 2019). Despite 
the fact that plastics have revolutionized the global industry in every 
field this increase has had a negative impact on the global ecosystem. 
Recently, large-scale research has focused on finding a solution to the 
ever-increasing level of plastic pollution (Ilyas et al., 2018). The 
research focuses on the biodegradation of plastic by microorganisms and 
improvement of this process. The capability of plastic biodegradation by 
microorganisms depends on the type of material, its surface, size and 
physicochemical properties (Sarjit et al., 2015). In the natural envi-
ronment, factors such as the hydrophobicity and surface irregularities of 
plastic particles affect the adhesion of microorganisms on the surface of 
material (Howell and Behrends, 2006). 

Plastics have been characterized as biodegradable, i.e., those that 
can be completely degraded by microorganisms and non-biodegradable. 
Poly-ε-caprolactone (PCL) is a biodegradable aliphatic polymer with the 
melting point at 59–60 ◦C. The biodegradation time of this polymer is 
2–5 years in the external environment (Cameron and Kamvari- 
Moghaddam, 2012). Many studies have been carried out to investigate 

the degradability of PCL material by microorganisms. The decomposi-
tion of PCL has been proven by cutinase-producing microorganisms such 
as F. solani (Shi et al., 2020) and Cryptococcus (Ghosh et al., 2013). It 
was shown that cutinases from Humicola insolens, Pseudomonas men-
docina, F. solani, Thermobifida cellulosilytica and Thermobifida fusca 
are able to hydrolyze aromatic polyesters such as PET (Herrero Acero 
et al., 2011). Polyethylene terephthalate (PET) is non-biodegradable, 
one of the most common aromatic polyester with annual worldwide 
production reaching 50 million tonnes (Bornscheuer, 2016). 

Microbial degradation of plastic materials by different strains of 
bacteria, fungi and yeast is possible due to enzymes from the hydrolase 
class such as cutinases, lipases and PETases. In addition, interesting 
results were obtained using nitrifying bacteria, which produce signifi-
cantly less extracellular polymeric substances (EPS) and soluble meta-
bolic products (SMP) compared to the production of these compounds 
by heterotrophs (Sepehri and Sarrafzadeh, 2018). Many genetic modi-
fications have been made to improve natural abilities of microorganisms 
for plastic degradation (Liu et al., 2018) or by overexpression of the 
enzymes involved in this process in the heterologous host (Gamerith 
et al., 2017; Ribitsch et al., 2011). A suitable host for heterologous 
protein expression is the yeast Yarrowia lipolytica. This is a well-known 
unconventional non-pathogenic yeast. Due to the ability to assimilate 
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various hydrophobic carbon sources, such as n-alkanes, fatty acids or 
polyols, Y. lipolytica is used in the bioremediation processes of soil 
contaminated with oils, fuels or aromatic compounds. To date there has 
been done many research about environmental applications of Y. lip-
olytica. Vasiliadou et al., in 2017 noted the ability of Yarrowia lipolytica 
yeast to produce lipids with altered fatty acid content. Additionally, 
authors indicated the ability of this yeast to assimilate polyunsaturated 
fatty acids, which can be used in the treatment of hydrophobic wastes 
and food processing wastewater with high content of oils (Vasiliadou 
et al., 2018). Other studies have shown the ability of Yarrowia lipolytica 
to grow on medium supplemented with olive mill wastewater (OMW), 
characterized by a high chemical and biological oxygen demand and a 
high concentration of phenolic compounds (Sarris et al., 2017). Another 
study conducted on a medium with OMW, indicated that Y. lipolytica 
can grow on this waste after dilution to appropriate concentrations of 
phenolic compounds. Furthermore, Yarrowia lipolytica with appropriate 
supplementation can utilize this waste for the production of biomass, 
mannitol and citric acid and effectively remove phenolic compounds 
(Dourou et al., 2016). 

Y. lipolytica produces native lipases, enzymes from the subclass of 
esterases which enable them to utilize triacylglycerides and might be 
helpful in hydrolysis of ester bonds in plastic polymers (Miller and Alper, 
2019). Moreover, it possesses a wide range of molecular tools, which 
allows for efficient genetic modification (Abdel-Mawgoud et al., 2018; 
Holkenbrink et al., 2018; Schwartz et al., 2016; Wong et al., 2017). Due 
to these properties, Y. lipolytica is a promising microorganism in 
biodegradation of plastic materials. 

In this study, we aimed to degrade plastic using genetically engi-
neered strains of Y. lipolytica. Here, we functionally overexpressed 
heterologous genes encoding cutinases from Fusarium solani f. sp. pisi 
and Trichoderma reesei and the native Y. lipolytica lipase Lip2. The 
catalytic triad of both cutinases is composed of Ser-His-Asp amino acids 
(Roussel et al., 2014). The catalytic triad of cutinase from Fusarium 
solani f. sp. pisi includes Ser 120, His 188 and Asp 175 (Baker et al., 
2012). The cutinase from the T. reesei catalytic triad consists of Ser 164, 
His 229 and Asp 216 (Roussel et al., 2014). An active site in native lipase 
from Y. lipolytica corresponds to the catalytic triad present in lipases 
and includes Ser 162, Asp 230 and His 289 (Fickers et al., 2011; Wierckx 
et al., 2018). Cutinase from Fusarium solani f. sp. pisi (CUT_FS) has a pH 
range of 3–11 and optimum of pH 6–9. The CUT_FS temperature range is 
20–70 ◦C with optima at 30 and 40 ◦C (Baker et al., 2012; Chen et al., 
2008). Cutinase from Trichoderma reesei (CUT_TR) has two pH optima 
(4.0 and 7.3). This enzyme is active between pH 3 and 8 and loses sta-
bility at a temperature over 60 ◦C (Roussel et al., 2014). Moreover, both 
cutinases have a lid covering the active site of the enzyme (Chen et al., 
2013; Roussel et al., 2014) and the presence of a biosurfactant in the 
reaction environment is necessary. Native lipase Lip2 has an optimal 
hydrolysis temperature of 37 ◦C and pH 7.0 with functional pH range of 
5.5–9.0 (Yu et al., 2007). The enzyme exhibits stability between 25 ◦C 
and 55 ◦C and pH profile 3.5–9. Since Y. lipolytica is known as a bio-
surfactant producer, and it produces many native lipases (Miller and 
Alper, 2019), these features can overcome this limitation in the efficient 
action of both cutinase enzymes. 

In this study, we compared the capability of the obtained strains to 
hydrolyze plastics using PCL as a model compound. To increase their 
enzymatic abilities, we overexpressed the enzymes simultaneously for 
the synergic activity. We focused on two different cutinases with various 
pH optimal activity and native lipase. Finally, we demonstrated that 
simple co-expression of cutinase from F. solani and lipase from Y. lip-
olytica results in rapid and efficient biodegradation of aliphatic poly-
ester during a short-term fermentation process. 

2. Materials and methods 

2.1. Microorganisms and media 

In this study we used strains derived from the wild type Yarrowia 
lipolytica A101 (Wojtatowicz and Rymowicz, 1991). 

Strains used in this study are shown in Table 1. For Escherichia coli 
strains LB medium was used. YPD (1% yeast extract, 1% peptone, 2% 
glucose) was used as inoculum medium for Y. lipolytica strains. For RNA 
isolation strains were inoculated in YNB minimal medium with 2% 
glucose. Shake flask experiments for esterase activity assay were pro-
vided in 0.3 L Erlenmeyer flasks in YPD medium at 28 ◦C at 200 RPM. 
Spot tests were conducted on YNB minimal medium with 0.1% ε-cap-
rolactone. Emulsification of ε-caprolactone was performed according to 
the protocol described previously (Kitamoto et al., 2011). pH of agar 
plates was adjusted before sterilization using phosphate buffer solutions 
appropriately at pH 4.0, pH 7.0 and pH 9.0. 

2.2. Cloning and transformation protocols 

Restriction enzymes used in this study were purchased from Fast-
Digest Thermo Scientific (USA). Digestion was conducted according to 
standard protocols. Target genes were amplified using Phusion high fi-
delity DNA polymerase (Thermo Fisher Scientific) by PCR reaction. T4 
DNA Ligase (Thermo Fisher Scientific) was used in ligation reactions 
conducted at room temperature for 10 min. Constructed plasmids were 
isolated using the Plasmid Mini Kit (A&A Biotechnology, Poland). The 
Genomic Mini AX Yeast Spit kit (A&A Biotechnology, Poland) was used 
for genomic DNA (gDNA) isolation from yeast. Transformants of E. coli 
and Y. lipolytica were checked using standard PCR reaction with Taq 
polymerase (PCR Mix, A&A Biotechnology, Poland). 

Table 1 
Strains and plasmids used in this study.  

Strain Genotype Source 

Escherichia coli 
DH5α F− endA1 glnV44 thi-1 recA1 relA1 gyrA 

96 deoR nupG purB20 ϕ80dlacZΔM15 
Δ(lacZYA-argF)U169, hsdR17 (rK

–mK
+), λ– 

(Hanahan and 
Glover, 1985) 

pAD Lip2 plasmid carrying the UAS1B16- TEF 
promoter, YALI0A20350g and XPR2 
terminator, ampr 

Janek et al. (2020) 

pAD Cut_FS Plasmid carrying UAS1B16-TEF promoter, 
codon optimized cutinase gene from 
Fusarium solani f.sp. pisi fungi and XPR2 
terminator, ampr 

This study 

pAD Cut_TR Plasmid carrying UAS1B16 –TEF promoter, 
codon optimized cutinase gene from 
Trichoderma reesei and XPR2, ampr 

This study 

Yarrowia lipolytica 
A101 Wild type Wojtatowicz and 

Rymowicz (1991) 
AJD MATA, A101: ura 3-302 (Mirończuk et al., 

2015) 
AJD ΔAΔX 

(AJD2) 
AJD, ΔAXP (YALI0B05654g), ΔXPR2 
(YALI0F31889g) 

Janek et al. (2020) 

AJD2 pAD 
Lip2 

Overexpression YALI0A20350g in AJD2 Janek et al. (2020) 

AJD2 pAD 
Cut_FS 

Overexpression of cutinase from F. solani f. 
sp. pisi 

This study 

AJD2 pAD 
Cut_TR 

Overexpression of cutinase from T. reesei This study 

AJD2 pAD 
Lip2/ 
Cut_FS 

Overexpression of Lip2(YALI0A20350g) 
and cutinase from F. solani f.sp. pisi 

This study 

AJD2 pAD 
Lip2/ 
Cut_TR 

Overexpression of Lip2(YALI0A20350g) 
and cutinase from T. reesei 

This study  
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2.3. Strain construction 

All plasmids used in this study were prepared based on the pAD 
vector (Mirończuk et al., 2017). Cutinase genes (cutinase from F. solani 
f. sp. pisi 741 bp and from T. reesei 722 bp) were codon-optimized for 
Y. lipolytica and fused to the XPR2 signal sequence from this yeast for 
protein secretion. Genes were cloned into the pAD vector using SgSI and 
NheI sites, resulting in pAD_CUT_FS and pAD_CUT_TR plasmids. All 
plasmids containing overexpression cassettes were sequenced (Gen-
omed, Poland). The newly obtained vectors were digested with MssI, 
resulting in linear expression cassettes with Y. lipolytica rDNA, which 
avoided bacterial DNA integration in the Y. lipolytica genome. 
Y. lipolytica transformation was described previously (Mirończuk et al., 
2019). Strains containing two genes, cutinase and lipase, were restored 
before the second transformation using the Cre-Lox recombinase system 
(Fickers et al., 2003). 

2.4. RNA isolation and qRT-PCR 

For RNA isolation shake flask cultures were inoculated in YNB me-
dium with 2% glucose. After 24 h of incubation at 28 ◦C at 200 RPM 
samples were collected and centrifuged for 5 min at 15 000 RPM. RNA 
extraction was done using a Total RNA Mini Plus kit (A&A Biotech-
nology, Poland). Isolated RNA was treated with DNase (RNase-free) 
(Thermo Scientific) enzyme under the conditions recommended by the 
manufacturer. Biochrom WPA Biowave II (Biochrom Ltd., UK) was used 
for RNA quantity measurement. Isolated RNA samples were stored in a 
freezer at − 80 ◦C. For cDNA synthesis the Maxima First Strand cDNA 
Synthesis kit (Thermo Fisher Scientific) was used. The DyNAmo Flash 
SYBR Green qPCR Kit was used for qRT-PCR analysis. The sequences of 
primers used in qRT-PCR are shown in Supplementary Data. The 
experiment was carried out in CFX Connect, and data analysis was 
performed in CFX Maestro Software (BIO-RAD, USA). 

2.5. Growth curves 

The growth of the strains was tested using Spark Microplate Reader 
(Tecan Group Ltd., Männedorf, Switzerland). For inoculum preparation 
strains were grown for 24 h in YPD medium. Cultures were centrifuged 
at 5000 RPM for 3 min and washed twice with sterile Milli-Q water. The 
experiment was performed in 96-well plates in 200 μl of YPD medium 
with cell culture standardized to OD600 0.1. Each strain was grown in 
three repetitions at 28 ◦C under orbital constant agitation. Optical 
density of cultures was measured at 600 nm every 30 min for 48 h. 

2.6. Spot-test experiments 

Emulsion of PCL for the spot test was prepared as described before 
(Urbanek et al., 2017). Briefly, agar plates congaing 0.1% PCL were 
prepared using YNB medium with pH standardized to 4.0, 7.0 and 9.0 
and mixed with the appropriate volume of 0.5% PCL emulsion. Inoc-
ulum cultures were prepared in YPD medium in 0.3 L Erlenmeyer shake 
flasks at 28 ◦C at continuous agitation 200 RPM and washed twice in 
sterile Milli-Q water before OD standardization to 0.1.5 μl of the stan-
dardized cell suspension was applied in triplicate on each plate and 
incubated for 72 h at 28 ◦C. 

2.7. Enzyme assay 

Cultures for esterase enzyme activity assay were conducted in 0.3 L 
shake flasks in YPD medium at 28 ◦C at 200 RPM. The overnight cultures 
were grown in YPD medium in flasks. Then inocula were spun down and 
washed twice with sterile Milli-Q water. Initial OD600 for each strain was 
standardized to 1.0. The experiment was carried out in YPD medium. 
Samples (500 μl) were collected after every 24 h for 3 days, then were 
centrifuged at 15 000 RPM for 10 min. Supernatants were transferred to 

a new Eppendorf tube and frozen at − 20 ◦C for the next experiment. 
The enzymatic activity was determined using esterase activity assay 

with 100 mM p-nitrophenyl acetate dissolved in DMSO. As a reaction 
environment, 50 mM phosphate buffer at pH 7.0 and pH 9.0 was used. 5 
μl of each supernatant was used in each reaction. Buffer and p-nitro-
phenyl acetate were mixed directly before measurement. The total re-
action volume was 150 μl. Absorbance was measured at 37 ◦C at ʎ = 405 
nm for 10 min using a BioTek Microtiter Plate Reader. The enzymatic 
activity was determined by measuring the amount of p-nitrophenol 
produced at 37 ◦C for 10 min. The calculated enzyme activity is pre-
sented in units. One unit hydrolyzes 1 μmol of substrate per minute 
under specific reaction conditions. 

2.8. Shake flask experiment 

The ability of the constructed strains to degrade PCL films was tested 
in a shake-flask experiment in YPD medium adjusted to pH 4.0, pH 7.0 
and pH 9.0 in a 0.3 L Erlenmeyer flask. PCL films were prepared by 
dissolving poly-ε-caprolactone granules in dichloromethane and poured 
into glass petri dishes to evaporate the solvent. Dried PCL films were cut 
into 0.5 g fragments and sterilized by washing in ethanol and subjecting 
to UV radiation for 30 min. The inoculation cultures were performed by 
incubation of overnight culture in YPD broth at 28 ◦C and 200 RPM. 
Cells were centrifuged at 3000 RPM for 3 min and washed twice with 
sterile water. Initial OD600 for each experimental flask was standardized 
to 1.0. An amount of 0.5 g of PCL film was added to each flask containing 
30 ml YPD medium with the proper inoculant. A control experiment for 
plastic was carried out with the same procedure but without inoculation. 
For HPLC analysis samples were collected every 24 h. Samples were 
collected every 24 h for 72 h. PCL films were collected after 144 h of 
culture, rinsed with distilled water, dried and weighed. Weight loss 
percentage analysis was calculated by comparing the weight of PCL film 
before and after cultivation (Urbanek et al., 2017). 

2.9. Analysis of PCL film hydrolysis product 

Samples taken during the shake flask experiment were analyzed with 
the UltiMate 3000 UHPLC System (Thermo Fisher Scientific, Waltham, 
USA) using a HyperRez CarbH + column with a UV (ʎ = 210 nm) 
(Dionex, Sunnyvale, USA) and RI detector (Shodex, Ogimachi, Japan). 
25 mM trifluoroacetic acid (TFA) was used as an eluent. Column tem-
perature was set to 65 ◦C and the flow rate was 0.6 ml min− 1. As a 
standard 1% ε-caprolactone dissolved in methanol was used. The data 
were analyzed in the Chromeleon Chromatography Data System 
(Thermo Fisher Scientific, Waltham, USA). 

2.10. Phylogenetic analysis 

The sequences of domains belonging to the α/β-hydrolase super-
family identified in cutinases and lipases were analyzed. Domain co-
ordinates were taken from Conserved Domain Database (CDD; Lu et al., 
2020). The exact position of the domain within PETase has not been 
established; therefore the entire enzyme sequence was analyzed. Se-
quences were aligned in COBALT (Papadopoulos and Agarwala, 2007) 
available at the NCBI webpage (https://www.ncbi.nlm.nih.gov/tools/c 
obalt/re_cobalt.cgi). CLC sequence viewer v.8 (QIAGEN Digital In-
sights) was used for graphical visualization of the alignment and for 
construction of the phylogenetic tree using the neighbor-joining (NJ) 
method with Jukes-Cantor protein distance measure after 1000 boot-
strap replications (Lu et al., 2020; Papadopoulos and Agarwala, 2007). 
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3. Results 

3.1. Sequence analysis and cloning of cutinases from F. solani f.sp. pisi 
and T. reesei and lipase from Y. lipolytica 

Y. lipolytica is known as an unconventional yeast able to use a hy-
drophobic carbon source such as alkanes or fatty acids. Its natural ability 
to produce biosurfactants increases the hydrophilicity of organic com-
pounds, enabling this yeast to assimilate hydrophobic substrates. This 
feature combined with resistance to high osmotic pressure and low pH 
makes Y. lipolytica a very good host that can be used in the degradation 
of plastics. 

First, to avoid heterologous proteins degradation, we overexpressed 
the native lipase Lip2 (YALI0A20350g) and two heterological cutinases 
from F. solani f. sp. pisi (K02640.1) and T. reesei (XM006964471.1) in a 
Y. lipolytica strain with deleted acid extracellular protease AXP 
(YALI0B05654g) and alkaline extracellular protease XPR2 
(YALI0F31889g) (AJD ΔAΔX) (Janek et al., 2020), hereafter named 
AJD2. Based on previously published amino acid sequences of various 
hydrolases, we analyzed the sequences of three tested enzymes, since it 
is important to identify the differences and commonalities for each 
enzyme. We assessed the relationship between the amino acid sequence 
domains of enzymes from the abhydrolase superfamily in 14 species of 
microorganisms. As seen in Fig. 1A, Lip2 from Y. lipolytica (AFH77825) 

showed the closest phylogenetic homology to PETase from Ideonella 
sakaiensis (6EQD_A) (Yoshida et al., 2016), whereas cutinase from 
T. reesei (ETS02914) showed high homology (53.49% identity) with 
cutinase from Monilinia fructicola (AAZ95012) (Wang et al., 2002). 
Cutinase from F. solani (AAA33334) is closely related (55.33% identity) 
to the cutinase from Humicola insolens (4OYY_A) (Kold et al., 2014; 
Soliday et al., 1984). Cutinases from F. solani and H. insolens have a 
common ancestral protein with cutinase from Colletotrichum gloeospor-
ioides (AAL38030) (protein homology 48.89% and 58.51% respectively) 
(Chen et al., 2007; Farah Diba et al., 2001). AAA33334 is homologues 
with cutinases from Aspergillus oryzae (3GBS_A) (50.50% identity) and 
Aspergillus nidulans (ABF50887) (48.74% identity) (Bauer et al., 2006; 
Zhiqiang et al., 2009). These proteins are found in three clades in which 
two monophyletic groups can be distinguished, and due to the relatively 
strong differentiation of homologues, we will be able to assess the effi-
ciency of hydrolysis of ester bonds present in PCL. As seen in Fig. 1b, a 
highly conserved region has been found in all 14 compared amino acid 
sequences. It consists of 5 amino acids, the arrangement of which can be 
represented by G-X1-S-X2-G. In the case of cutinases compared in this 
alignment, the X1 position is occupied by tyrosine and X2 by glutamine. 
In lipases we can detect the presence of histidine in X1 and leucine in X2 
position. In PETase tryptophan can be found in X1 and methionine in the 
X2 position. Considering the similarities found in the nucleophilic elbow 
between the cutinases and the lipase selected for this research, and the 

Fig. 1. Phylogenetic relationship between amino acid sequences of abhydrolase superfamily domains found in different cutinases (Cut) and lipases (Lip) of selected 
yeasts and molds. Accession numbers are given after the slash. The phylogram was constructed with the neighbor-joining (NJ) method and verified by 1000 bootstrap 
replications. The bootstrap percentage is presented on each node. B) Fragment of the COBALT alignment (Papadopoulos and Agarwala, 2007) visualized with CLC 
sequence viewer (QIAGEN Digital Insights) of domains belonging to abhydrolase superfamily detected on amino acid sequences of different cutinases (Cut), lipases 
(Lip) and PETase of the selected microorganisms. 
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enzyme PETase, they are highly likely to be able to hydrolyze ester 
bonds in non-biodegradable materials such as polyethylene tere-
phthalate (PET). 

3.2. Expression levels of CUT_TR, CUT_FS and Lip2 and growth of the 
engineered Y. lipolytica 

To prove functional overexpression of Lip2 and expression of 
CUT_TR and CUT_FS of the selected genes we evaluated their expression 
levels using the qRT-PCR method. For this reason, RNA from the engi-
neered strains was isolated, and Y. lipolytica AJD was used as a control. 
All genes used in this study were cloned under the UAS1B16-TEF hybrid 
promoter with the highest activity observed after 24 h of growth 
(Blazeck et al., 2013). Fig. 2A shows that all overexpressed genes present 
elevated expression. The expression level of native lipase in the control 
strain is low and it is the result of the native promoter’s activity. Relative 
gene expression for the overexpressed lipase was at a similar level in all 
three engineered strains. The results show that CUT_FS was expressed 
more highly in single gene overexpression than in co-expression with 
Lip2. CUT_TR was expressed at a similar level both in single gene 
overexpression and in co-expression with Lip2. The expression level of 
Lip2 in the constructed strains is significantly higher than in the control 
strain which suggests that the gene is functionally overexpressed and the 
amount of lipase produced by AJD pAD Lip2 strain will be greater than 
the control strain. 

Because metabolic engineering of the microorganisms might delay 
growth and reduce the ability to produce the target protein (Ko et al., 
2020), we tested the difference in growth between the genetically 
modified strains and control strains (AJD, AJD2). The strains were 
grown in YPD medium for 48 h. As shown in Fig. 2B, all of the strains 
showed an extended lag phase. However, all of the engineered strains 
have a similar growth profile with the exponential phase occurring until 
18 h of culture. The highest growth was observed after 20 h. That result 
confirms that there are no differences in growth level between the 
genetically modified strains and the control strains. 

3.3. Degradation of polymers by the engineered Y. lipolytica strains 

The previous experiments showed that the engineered strains are 
capable of functional overexpression of the cutinases and lipase; more-
over, their growth rate remained unchanged in comparison to the con-
trol strain. Thus, the next step in our research was evaluation of their 
degradation abilities. To test them we used emulsified poly-ε-capro-
lactone (PCL) as a model for aliphatic polyester with ester bonds in its 
structure, similar to polyethylene terephthalate (PET). 

Previous research showed that the optimal temperature and pH are 
important factors for efficient hydrolysis on plastic polymers (Eberl 
et al., 2009; Marten et al., 2003; Pischedda et al., 2019). For this reason, 
here we used two cutinases with various optimal pH values. Therefore, 
in this study a wide range of pH conditions were used (4.0, 7.0, 9.0) to 
confirm the ability of Y. lipolytica to produce active enzyme at various 
pH levels. The test was performed at 28 ◦C, corresponding to the optimal 
temperature for Y. lipolytica growth. 

The ability of the obtained strains to degrade PCL was evaluated by 
clear zone analysis in a spot test experiment. The results are shown in 
Fig. 3. All the tested strains were spotted onto YNB supplemented with 
0.1% PCL. pH was standardized to 4.0, 7.0 and 9.0 according to the 
previously described optimum pH range for cutinases. In agreement 
with the assumption, the clear zone method confirmed that strains 
overexpressing CUT_TR and Lip2_CUT_TR show the highest hydrolytic 
activity at pH 4.0 (Fig. 3). On the plate with pH 4, other tested strains did 
not show any activity. At pH 7.0, the biggest clear zones were observed 
for the strains AJD2 pAD-CUT_FS and AJD2 pAD_Lip2_Cut_FS. 
Compared to the control strain a significant difference is also visible for 
AJD2 pAD_CUT_TR and AJD2 pAD_Lip2_CUT_TR strains, but the latter 
with co-expression of lipase and cutinase from T. reesei has lower 
enzymatic activity than the strain with single gene expression of 
CUT_TR. The double-gene overexpressing strain AJD2 pAD_-
Lip2_CUT_TR creates slightly bigger clear zones than AJD2 pAD_Lip2. 
Clear zones created by the strain AJD2 pAD_CUT_FS both at pH 7.0 and 
pH 9.0 are similar in size. It was found that the strain with single lipase 
gene overexpression (AJD2 pAD_Lip2) created the biggest zone at pH 
9.0. In addition, the clear zone created by the control strain (AJD) was 
biggest at pH 9.0 compared to the other pH conditions used in this study, 
which corresponds with presence of the native lipase gene. According to 
the AJD2 pAD_CUT_TR feature, the clear zones are also noticeable at pH 
9.0, but they are smaller than those obtained under other conditions. As 
shown in Fig. 3, native lipase showed the highest hydrolytic activity 
towards PCL emulsion at pH 9.0. Our study provides considerable evi-
dence that Y. lipolytica can efficiently produce enzymes that show ac-
tivity at various pH levels already after 72 h of incubation. 

3.4. Esterase activity of strains overexpressing CUT_TR, CUT_FS and Lip2 

Previous results showed that overexpression of the cutinases and 
lipase in Y. lipolytica results in PCL degradation. Thus, to test the enzy-
matic activity of the engineered strains, we measured the level of their 
esterase activity by monitoring the hydrolysis of p-nitrophenyl acetate. 

The test was carried out only at pH 7 and 9. Here, we did not perform 
tests at pH 4.0, due to the fact that nitrophenol is colorless below pH 5.0 
and the obtained results would not be reliable at this pH. The results 

Fig. 2. Relative quantification of RNA transcript in the control strain (AJD) and 
the engineered Y. lipolytica strains overexpressing cutinase from F. solani pisi 
(CUT_FS), cutinase from T. reesei (CUT_TR) and/or native Y. lipolytica lipase 
Lip2 using RT-PCR (A). As a reference gene actin was used. All tested strains 
were grown in YNB medium supplemented with glucose. All samples were 
analyzed in triplicate and the standard errors were estimated using CFX 
Maestro Software (BIO RAD, USA). Growth curves (B) of Y. lipolytica strains on 
YPD medium. Experiments were performed at 28 ◦C with continuous shaking 
using Spark Microplate Reader (Tecan Group Ltd., Männedorf, Switzerland). 
A101 – dark blue, AJD – grey, AJD2 – orange, AJD2 pAD Lip2 – yellow, AJD2 
pAD CUT_FS – light blue, ADJ2 pAD CUT_TR – green, AJD2 pAD Lip_CUT_FS – 
black, AJD2 pAD Lip_CUT_TRred. 
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obtained in the esterase activity assay for the engineered strains at pH 
7.0 (Fig. 4A) showed that strains containing cutinase from F. solani f. sp. 
pisi has the highest enzymatic activity, and reaches 4.58 U ml− 1 for both 
AJD2 pAD_CUT_FS and AJD2 pAD_Lip2_CUT_TR strains. This result in-
dicates that lipase overexpression does not have a significant impact on 
the esterase activity at pH 7.0 after 72 h of culture. Esterase activity at 
neutral pH is at similar level in AJD2 pAD_Lip2, AJD2 pAD_CUT_TR and 
AJD2 pAD_Lip2_CUT_TR strains and reaches approximately 0.3 U ml− 1. 
Interestingly, it was observed that strains overexpressing CUT_TR and 
Lip2 had significantly higher esterase activity measured at pH 7.0 after 
24 h of cultivation (data not shown). AJD2 pAD_Lip2, AJD2 pAD_-
CUT_TR and AJD2 pAD_Lip2_CUT_TR obtained accordingly 3.66 U ml− 1, 
0.51 U ml− 1 and 3.80 U ml− 1, respectively. We did not observe a similar 
phenomenon for the strains overexpressing CUT_FS. The decrease in 
lipase and CUT_TR activity during the cultivation time may be related to 
the low stability of these enzymes under these conditions. In the control 
strain (AJD), the native lipase activity is noticeable after 48 h of culti-
vation (data not shown). 

The results obtained for each of the modified strains at pH 9.0 were 
significantly higher than those obtained for the control strain. The 
highest activity for AJD2 pAD_CUT_FS and AJD2 pAD_Lip2_CUT_FS 
strains at pH 9.0 reached 63 U ml− 1 and 63.5 U ml− 1 respectively 
(Fig. 4B). Strains overexpressing cutinase from T. reesei achieved the 
activity at the level of 20 U ml− 1 and 13.7 U ml− 1, for a single gene and 

co-expression with Lip2, respectively. This experiment is further evi-
dence that heterologous proteins secreted by Y. lipolytica retain their 
functionality at different pH levels and show high enzymatic activity. 

3.5. Shake-flask experiments with the engineered Y. lipolytica strains 

To investigate the capability of the engineered strain to degrade 
plastic, we performed shake-flask experiments, with PCL films, to esti-
mate the percentage weight loss during cultivation and to detect the 
products of PCL hydrolysis such as of ε-caprolactone and 6-hydroxyhex-
anoic acid. Cultures were grown for 144 h with in YPD medium with 
addition of 0.5 g of PCL film. The percentage weight loss was calculated 
based on the average weights of the PCL film from three biological 
replicates. The results were calculated against a control sample incu-
bated under the same conditions but without the presence of microor-
ganisms. The highest percentage weight loss was observed for strains 
AJD2 pAD_CUT_FS and AJD2 pAD_Lip_CUT_FS (above 90%) (Supple-
menteary Material, Fig. S2). Strains with CUT_TR and Lip_CUT_TR 
overexpression also decompose PCL films, but the percentage weight 
loss is much lower at 9.8% and 15.8% respectively. Interestingly, in this 
experiment, the synergistic effect of cutinases and Lip2 is clearly visible. 
In the case of co-expression of these two genes, the percentage weight 
loss shown by AJD2 pAD_Lip2_CUT_TR was higher than AJD2 pAD_-
CUT_TR. The visual comparison of the PCL films after incubation with 
the CUT_FS and Lip2_CUT_FS overexpressing strains in our study, very 
clearly shows the difference in the appearance of PCL films, and the 
results are in agreement with the obtained weight loss (Graphical 
Abstract). 

However, the percentage weight loss of PCL films during incubation 
with the engineered Y. lipolytica strains, may lead to misconceptions 
about the effectiveness of the method used to biodegrade plastic. A 
major source of uncertainty in this method is the fact that polymers 
release micro- and nano-plastics during decomposition processes (Wei 
et al., 2020). In this study we investigated ε-caprolactone release during 
PCL biodegradation by high performance liquid chromatography anal-
ysis (HPLC). As shown in Fig. 5, amounts of ε-caprolactone vary over the 
cultivation period. Results after 24 h of cultivation can be found in 
Fig. 5A. The highest amount of ε-caprolactone was observed in AJD2 
pAD_CUT_FS and AJD2 pAD_Lip2_CUT_FS samples, 5.55 g L− 1 and 3.32 
g L− 1, respectively. For the strain overexpressing CUT_TR, only 0.06 g 
L− 1 of this compound was noted in the supernatant. The CUT_TR and 
Lip2 co-expressing strain caused the release of a slightly larger amount 
of ε-caprolactone compared to the single overexpression strain, which 
was 0.09 g L− 1. Interestingly, a greater amount of ε-caprolactone was 
found in the supernatant of the AJD control strain than in the strain 
overexpressing native lipase. Fig. 5B presents amounts of ε-caprolactone 
released after 48 h of cultivation. It is clearly visible that the sample 
derived from the AJD2 pAD_Lip2_CUT_FS strain contained the highest 
amount of ε-caprolactone, which reached almost 8 g L− 1. In the super-
natant from the AJD2 pAD CUT_FS strain a similar amount of this 
released ε-caprolactone as after 24 h of cultivation was observed. A 

Fig. 3. Degradation of PCL emulsion on the YNB agar plates by the tested Y. lipolytica strains at pH 4.0, 7.0 and 9.0. The images were taken after 72 h of incubation 
at 28 ◦C. 

Fig. 4. Esterase activity of the tested Y. lipolytica strains at pH 7.0 (A) and 9.0 
(B) after 72 h of cultivation in YPD medium. 
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similar amount of ε-caprolactone was also found in the samples from the 
AJD2 pAD_Lip2, AJD2 pAD_CUT_TR, AJD2 pAD_Lip2_CUT_TR strains 
and the control strain. The amount of ε-caprolactone obtained for AJD 
and AJD2 pAD_Lip2 was twice as high compared with samples collected 
after 24 h of cultivation. After 72 h of cultivation (Fig. 5C), a large 
decrease in the amount of ε-caprolactone in the samples from AJD2 
pAD_CUT_FS and AJD2 pAD_Lip2_CUT_FS was observed; probably 
further hydrolysis of ε-caprolactone occurred. In the strain with 
co-expression of native lipase and cutinase from F. solani the amount of 
ε-caprolactone found in the supernatant was 2.5 times higher than in the 
AJD2 pAD_CUT_FS sample. The amount of ε-caprolactone measured 
after 72 h for the AJD2 pAD_CUT_TR and AJD2 pAD_Lip2_CUT_TR 
strains compared to the samples collected after 24 and 48 h of culture 
was also lower. The results obtained for the control strain indicated that 
0.12 g of L− 1 ε-caprolactone was in the supernatant after 72 h, which 
was the highest amount recorded for the AJD strain throughout the 
entire cultivation period. The results obtained in this analysis clearly 
show that the AJD2 pAD_CUT_FS and AJD2 pAD_Lip2_CUT_FS strains 
degrade PCL most efficiently. After 48 h of cultivation, the synergistic 
effect of native lipase and cutinase from Fusarium solani, resulting in a 
higher biodegradation efficiency of PCL by the co-expressing strain Lip2 
and CUT_FS, is clearly visible. Moreover, the control strain, AJD, also 
degraded PCL, releasing the most ε-caprolactone (0.12 g L− 1) after 72 h 
of cultivation. This amount is slightly greater than that of the AJD2 

pAD_Lip2, AJD2 pAD_CUT_TR and AJD2 pAD_Lip2_CUT_TR strains, 
which did not reach a similar value at any of the examined samples. 

In summary, our experiment showed that the engineered strains of 
Y. lipolytica during 72 h of cultivation are capable degrading PCL films 
into monomers. 

4. Discussion 

Growing amount of plastic wastes forces the scientist to find the 
solution of this global issue. Several microorganisms have been reported 
to be capable of plastic degradation, but their natural capabilities are 
limited. Up to now, an evidence for a significant effect of enzymes from 
the hydrolase class of cutinases, lipases and PETase has already been 
reported (Carniel et al., 2017; Herrero Acero et al., 2011; Kawai et al., 
2019; Shi et al., 2020; Yoshida et al., 2016). For this reason we func-
tionally overexpressed three different hydrolases, cutinase from F. solani 
f. sp. pisi, cutinase from T. reesei and native lipase Lip2, in the yeast 
Y. lipolytica. To prove, we tested the gene expression in the engineered 
strains, interestingly, we observed the differences between expressed 
genes. However, the obtained results are related to the level of tran-
scription factors in a cell, and it might result in lower gene expression in 
strains containing two overexpressed genes under the same 
hybrid-promoter. A similar phenomenon was observed in all strains with 
co-expression used in this study. Previous studies have shown that 
functional co-expression of two genes can be performed and the level of 
gene expression of the cloned genes may differ between strains with 
single gene overexpression (Dobrowolski and Mirończuk, 2020; Tai and 
Stephanopoulos, 2013). 

As mentioned before the optimal temperature and pH are important 
factors for efficient hydrolysis on plastic polymers. To test this, we 
performed esterase activity assays at various pH to measure the activity 
of the expressed enzymes. The results obtained in our experiments are 
consistent with previous results documenting optimal pH for cutinases 
from F. solani f. sp. pisi (7.0 and 9.0) and T. reesei (4.0 and 7.0) (Mar-
uyama et al., 2003; Poulsen et al., 2005; Roussel et al., 2014). The level 
of lipase activity in the control strain (AJD) is consistent with the pre-
vious studies. So far, documented activity of the native Y. lipolytica 
lipase after 72 h at pH 7.0 was below 0.5 U ml− 1 with the cultivation 
carried out in the bench fermenter and olive oil supplementation 
(Alonso et al., 2005). Lipase activity determined by Yu et al. on the 
purified Lip2 from Y. lipolytica indicated pH 8.0 as the most optimal one. 
At pH 7.0 and 9.0 lipase activity was respectively 50% and 85% lower 
than at pH 8.0 (Yu et al., 2007). 

Next, to determine the level of polyester degradation we performed a 
shake flask experiments with the PCL films. The material was sterilized 
by washing in ethanol and subjected to UV irradiation for 30 min. These 
methods might have an influence on the structure of the plastic material, 
but with a short exposure of PCL to these factors, no negative effects on 
the morphology have been found in previous studies (Horakova et al., 
2020). Poly-ε-caprolactone was used in our experiment as a model 
substrate, due to the fact that hydrolysis of this compound may indicate 
a potential use in the degradation of more complex compounds such as 
polyethylene terephthalate (PET). It is known that this substrate was 
used as a model polymer in other studies (Almeida et al., 2019; Danso 
et al., 2018; Nyyssölä et al., 2013). The highest degree of degradation 
was observed for strains AJD2 pAD CUT_FS and AJD2 pAD Lip_CUT_FS. 
In contrast to other studies (Shi et al., 2020), we did not note any sig-
nificant weight loss change after PCL films’ exposure for 144 h in AJD2 
pAD_Lip2 culture. However, we observed a decrease in lipase activity 
after 24 h of cultivation, which may cause this effect. The investigation 
by Shi et al. was carried out with purified lipase enzyme with established 
activity up to 45 U ml− 1. Also cutinase from F. solani f. sp. pisi in 45 U 
ml− 1 enzyme solution resulted in weight loss of around 85% after 72 h of 
incubation, but the published photographs do not indicate such signif-
icant degradation of the PCL films by this enzyme (Shi et al., 2020). 

A major source of uncertainty during measurement the weight loss of 

Fig. 5. Hydrolysis of PCL films during shake-flask experiments at 28 ◦C. Con-
centration of ε-caprolactone monomers in the supernatant. The samples (in 
triplicate) were taken after 24 (A), 48 (B) and 72 (C) of incubation. Error bars 
represent standard deviations. 
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polyester’s film is the fact, that polymers might be fragmented into 
micro- and nano-plastics during decomposition processes. To avoid this 
inaccuracy, we measured the level of the released ε-caprolactone during 
fermentation process. This compound was detected in all tested samples, 
however the highest level was observed for strain expressing CUT_FS. 
Before, the presence of PCL degradation products using both the natural 
abilities of microorganisms and incubation with purified enzymes was 
described. As reported by Hoshino and Isono in 2002, complete 
biodegradation of PCL by lipase F hydrolase from Rhizopus oryzae into 
monomers is possible after 100 days of incubation with the purified 
enzyme, and it was shown that dimers were the main decomposition 
products of PCL (Hoshino and Isono, 2002). Presence of ε-caprolactone 
was detected in HPLC analysis by Oda et al., in 1995 in a PCL degra-
dation experiment with PCL depolymerase produced by the filamentous 
fungus P. lilacinus D218. However, that experiment was carried out for 
1 h with purified enzyme solution. In our study we cultivated the 
engineered strains with polyesters films, what significantly reduce time 
and the cost of the process. 

In summary, our experiment showed that the engineered strains of 
Y. lipolytica overexpressing CUT_FS and Lip2 during 72 h of cultivation 
are capable degrading PCL films into monomers. 

5. Conclusion 

The obtained results showed that co-expression of the heterologous 
cutinase and native lipase in yeast Y. lipolytica results in efficient poly-
ester degradation at 28 ◦C. The secreted enzymes remain stable, active 
with capability to degrade of 0.5g PCL during 144 h of cultivation. The 
obtained results are a good starting point for further optimization of 
hydrolysis of non-biodegradable polyesters such as PET. 
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