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Abstract

A fungus, designated as strain SS2 able to degrade aliphatic polyesters, poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV), was isolated from soil. Strain SS2 was identified through rDNA gene sequencing
and showed maximum closeness to Penicillium oxalicum. The newly isolated P. oxalicum strain SS2 had completely degraded
PHB and PHBYV both in emulsion and films form within 3648 h at 30 °C. Furthermore, P. oxalicum SS2 degraded PHB and
PHBYV films in soil environment in lab-built soil microcosms within 1 week. The polymer films were evaluated for changes
after degradation through scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), differential scanning
calorimetry (DSC) and Fourier Transform Infrared spectroscopy (FTIR). The PHBV depolymerase enzyme was purified to
homogeneity through column chromatography and molecular mass was found approximately 36 kDa. The depolymerase
was stable over a wide range of temperature (15-60 °C) and pH (3.0-8.0) with optimum 40 °C and pH 5.0. The enzyme
activity was significantly affected by various metal ions and surfactants. The enzyme activity was strongly enhanced in the
presence of divalent cationic metal Cu** while inhibited by Zn?* and non-polar detergents Tween 20 and Tween 60. Finally,
it is concluded that P. oxalicum strain SS2 has profound degradation capabilities, and can be applied for the treatment of
plastic-contaminated environments.

Introduction great interest most importantly in short-term application
such as packaging and agriculture. Poly(hydroxyalcanoates)

The environmental burden due to conventional plastics and ~ (PHAs) are among the widely studied and used bio-based

decrease in oil resources has led to the development of bio-
degradable plastics. Among the biodegradable plastics, some
partially degradable polymers result in diffusion of micro-
and nano-particles of plastics into the environment thus con-
taminating soil and water resources. In this regard, bio-based
plastics that are completely biodegradable in a reasonable
time frame under natural environmental conditions are of
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polymers as they are completely biodegradable, biocom-
patible, and their properties are comparable to the com-
mercial synthetic counterparts such as polypropylene and
polyethylene. Poly(3-hydroxybutyrate) (PHB) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are among
the leading biodegradable polyesters used as replacement
of conventional fossil fuel-based polymers [1]. PHB and
PHBYV are used in agriculture and construction, automotive
industry, electrical devices, sanitary products, packaging,
biomedical industry, covering films, shopping bags and com-
post bags. With these wide spread commercial applications,
it is mandatory to study the fate of these polymers in the
environment and identify the potent PHB/PHBV-degrading
microbial strains from relevant habitats and determine the
nature and properties of their depolymerases. As most of
these applications are intended to be used and disposed off
in mesophilic environment particularly in soil; therefore, it


http://crossmark.crossref.org/dialog/?doi=10.1007/s00284-020-01968-7&domain=pdf

Biodegradation of Poly(3-hydroxybutyrate) and...

1623

is necessary to study the process of their degradation in soil
under mesophilic conditions. Most of the PHBV degrading
microorganisms grow better at mesophilic temperature [2].
The fate of any pollutant in soil is affected by different fac-
tors including properties of pollutant, precipitation and soil
characteristics such as temperature, pH, moisture, organic
matter and additional carbon sources [3—-8].

Biodegradation is a complex phenomenon including both
biotic and abiotic factors and needs more exploration using
the high-throughput approaches [9]. Co-metabolic biotrans-
formation is considered as the future bioremediation strategy
to cope with the plastic waste but present information on
potential degraders (bacteria and fungi) is insufficient and
needs more exploration [10]. Many researchers have iso-
lated PHB- and PHBV-degrading microorganisms from vari-
ous habitats such as Bacillus, Streptomyces, Pseudomonas
mendocina, Acidovorax facilis and Variovorax paradoxus,
Aspergillus fumigatus and Penicillium sp. from soil [11, 12].
Previously, PHBV-degrading Bacillus sp. AF3 was isolated
from sewage sludge in the author’s laboratory [13]. In the
current study, a fungal strain Penicillium oxallicum strain
SS2 was isolated from the dumping site of Islamabad, Paki-
stan and its degradation potential against PHB/PHBYV in soil
microcosms under mesophilic conditions was evaluated. The
physico-chemical changes occurred in polymeric materials
as a result of degradation activity by the fungal strain SS2
were analyzed through various analytical techniques. Moreo-
ver, production of depolymerase enzyme, purification and
characterization was also done. Reports on bacterial/fungal
species completely degrading PHB/PHBYV and the potential
depolymerases isolated from plastic-contaminated sites are
scarce, and the current study reports complete biodegrada-
tion of PHB/PHBYV by Penicillium oxallicum strain SS2
leaving no disintegrated particles.

Materials and Methods

PHB (M,, 3.5% 10% kDa), PHBV M, 2.3x% 10% kDa) and
Sabouraud Dextrose Agar (SDA) were purchased from
Sigma-Aldrich, Germany, and Chloroform (CHCl;) was
obtained from Panreac Quimica, SA. All the other chemi-
cals and reagents were commercial products of highest grade
available.

Isolation of Aliphatic Polyester-Degrading Fungi

Polymer emulsions and films were prepared by the previ-
ously described method [14]. Soil sample collected from
waste dumping site of Islamabad, Pakistan, was screened
for isolation of polyester-degrading fungi. The samples were
serially diluted in normal saline before spreading onto PHB-
and PHBV-emulsified mineral salt medium (MSM) g/L;

K,HPO, 0.5, KH,PO, 0.04, NaCl 0.1, CaCl,-2H,0 0.002,
(NH,),S0O, 0.2, MgS0,.7H,0 0.02 and FeSO, 0.001, pH
adjusted to 7.0. After inoculation, the plates were incubated
at 37 °C for 5 days. Fungal isolates showing zones of hydrol-
ysis around their growth on polymer-emulsified MSM agar
plates were purified and identified. Isolated fungal strains
were stored in the form of spore suspensions at 4 °C for
further use.

Characterization of the Isolates
Morphological and Microscopic Examination

The fungal isolate, designated as SS2, was characterized by
colony morphology and microscopic examination. Colony
morphology was observed on SDA and compared with the
descriptions provided in Advances in Penicillium and Asper-
gillus Systematics [15]. Lactophenol cotton blue staining of
fungal mycelia and spores was performed for microscopic
examination.

Phylogenetic Analysis

Fungal DNA was extracted according to the method
described by Zhang et al. [16] with slight modification and
internal transcribed spacer (ITS) regions were amplified
using primers ITS1 having sequence 5" TCCGTAGGTGAA
CCTGCGG-3" and ITS4 having sequence 5S'-TCCTCCGCT
TATTGATATGC-3'". ITS1 and ITS4 primers were used to
amplify the rDNA sequence that included partial 18S and
28S regions, and complete ITS1, 5.8S and ITS2 regions.
The standard PCR of 50 pL contained 25 uL. PCR master
mix (Platinum super mix 2X, Invitrogen), 5 uL each primer
(25 pmol/uL), 6 pL template DNA and 9 uL PCR water to
a final volume of 50 pL. The PCR conditions were set as
primary denaturation at 96°C for 5 min, 30 cycles of dena-
turation were repeated at 94 °C for 30 s, annealing was done
at 55°C for 45 s and extension at 72 °C for 45 s, followed
by a final extension at 72 °C for 10 min. PCR product was
purified with PCR clean up kit to remove any unincorporated
primers and dNTPs, and then confirmed by agarose gel elec-
trophoresis. Sequencing was performed using Big Dye Ter-
minator cycle sequencing kit v.3.1 (Applied Bio-Systems,
USA) and the product was resolved on an Applied Bio-
Systems model 3100 automated DNA sequencing system
(Applied Bio-Systems, USA) at the Macrogen, Inc., Seoul,
Korea. Sequences were analyzed through DNA baser and
further evaluated by comparing the nucleotide sequences
available in NCBI (National Center for Biotechnology
Information) database by BLAST (Basic Local Alignment
Search Tool) search analysis. Phylogenetic tree was con-
structed from rDNA sequences using the neighbor-joining
method by ClustalW software as implemented in MEGA 6
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(Molecular Evolutionary Genetics Analysis) [17]. A total
of 632 aligned bases were included in the analysis, and the
dataset was bootstrapped to 1000 replicates.

Biodegradation of Aliphatic Polyester

Degradation activity of P. oxalicum SS2 against PHB and
PHBYV was determined using clear zone method, emulsion
assay and weight loss technique.

Plate Assay (Zone of Hydrolysis)

Polymer-emulsified turbid MSM plates were prepared and
inoculated with strain SS2 using point inoculation method
followed by incubation at 30 °C. The polymer agar plates
contained PHB and PHBV at 0.2% and 0.3% concentration,
respectively.

Broth Assay (Decrease in Turbidity)

The degradation potential of strain SS2 was also determined
by observing its capacity to reduce turbidity of the polymer
emulsion. The emulsions were prepared by mixing PHB
(0.2%) and PHBYV (0.3%) powder in MSM broth. The emul-
sions were inoculated with 5% spore suspension and incu-
bated at 30 °C in shaker incubator at 150 rpm.

Weight Loss (Polymer Film)

Weight loss method previously described by Shah et al. [18]
was used to determine the hydrolyzing capability of P. oxali-
cum SS2 against polymer films. Films were prepared using
solvent cast method; PHB and PHBV powder at a concen-
tration of 0.2% and 0.3%, respectively, were dissolved in
100 mL chloroform and poured in Petri plates. The plates
were placed in vacuum desiccator at room temperature and
solvent was allowed to evaporate slowly. The polymer films
(~0.2 mm in thickness) were sterilized using 70% ethanol
and exposed to UV radiation for 5 min (UV dosage 10,771 J/
m?) followed by washing with sterilized distilled water prior
to adding to the liquid MSM in Erlenmeyer flask inoculated
with strain SS2 for 48 h at 30 °C in shaker incubator at
150 rpm. The experiment was run in triplicates while un-
inoculated flask was used as a negative control. Degradation
of plastic film was monitored by measuring its weight loss
every 8 h for a period of 48 h.

Effect of Extra Carbon Source on the Rate
of Polyesters Biodegradation

The effect of extra carbon source on degradation rate was

determined by growing P. oxalicum SS2 in 500 mL Erlen-
meyer flask containing 200 mL MSM with 200 mg of PHB
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films (1.5 cm X 1.5 cm, 50 mg) each, and supplemented
with different carbon sources (0.2%). Another flask was
setup, having the nutrient-rich medium, LB (Luria—Bertani)
medium, supplemented with polyester films and inoculated
with fungus. The composition of LB medium is g/l: tryptone
10; yeast extract 5.0; NaCl 5.0. The flasks were then incu-
bated at 30 °C for 05 days at 100 rpm and were observed on
a daily basis. At the end of experiment, the films were recov-
ered and medium was centrifuged at 6000xg for 10 min at
4 °C. The recovered cells were freeze-dried and weighed.
The hydrolysis of polymer film as a result of fungal activ-
ity was depicted through weight loss. All experiments were
conducted in triplicate.

Degradation of Polyesters in Soil Microcosms
by Penicillium oxalicum SS2

The soil has been collected from a garden located in Hor-
ticulture Section of Quaid-i-Azam University, Islamabad,
and used for degradation of polyesters (Table 1). Both un-
sterilized and sterilized garden soil were used in the experi-
ment. Chemical and physical characteristics of the soil were
analyzed based on the ISO-described standards [19, 20]. The
PHB and PHBYV films (50 mg) were first weighed and then
sterilized in 70% ethanol and exposed to UV radiation for
5 min followed by rinsing with sterilized distilled water.
These films were separately buried in sterilized soil (30 g)
taken in pots and inoculated with 10 mL of P. oxalicum SS2
in MSM under aseptic conditions and incubated at 30 °C
for 2 weeks. Negative controls were setup with plastic films
in sterilized soil inoculated with MSM without the fungal
strain. A similar set of experiment was also established with
un-sterilized soil. The samples of PHB and PHBYV films

Table 1 Properties of soil used

. ; . Soil parameters Values
in the microcosms experiment
Sand, % 79
Silt, % 11.7
Clay, % 10.3
Moisture content, % 10.8
Organic matter, % 3.6

% of exchangeable K 1.2
% of exchangeable Ca  85.5
Cation exchange capac- 10.8
ity (CEC), meq/100 g
Calcium, mg/kg 1682
Phosphorus, mg/kg 80

Potassium, mg/kg 52

Magnesium, mg/kg 168
Total Nitrogen, % 0.09
% Carbon 1.38
C:N 15.3
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were recovered on a daily basis to observe their weight loss.
Besides this, films were analyzed for their degradation after
1 week of incubation using different analytical techniques.
Every treatment had three replicates.

The soil microbiota was determined by measuring total
viable count (CFU/mL) as described previously [21] with
slight modification. Nystatin (33 pg/mL) containing nutri-
ent agar was used in case of bacteria, whereas malt extract
medium supplemented with chloramphenicol (40 pg/mL)
was used for fungi. Chloramphenicol containing plates were
incubated at 30°C for 72 h while nystatin plates at 37°C for
24 h.

Analysis of Biodegradation
Scanning Electron Microscopy (SEM)

PHB and PHBYV films recovered at the end of soil micro-
cosms experiment were analyzed for surface changes
through scanning electron microscopy (SEM) (Hitachi SU
1500, Japan). Samples were washed thoroughly with dis-
tilled water and mounted on copper stubs with gold paint.
Gold plating was carried out in vacuum through evaporation
to enhance the conductivity of samples. The control samples
were also analyzed along with the test for comparison.

Fourier Transform Infrared Spectroscopy (FTIR)

PHB and PHBYV films were subjected to FTIR (L160000A,
Perkin Elmer, USA) to detect changes in functional groups
as a result of degradation. For this purpose, films were
placed on FTIR sample plate and a spectrum of 500-4000
wavenumbers/cm was taken for each sample in duplicate.
Abiotic control was also analyzed for comparison.

Differential Scanning Calorimetry (DSC) for Thermal
Analysis

Polyester films were subjected to thermal analysis using
DSC technique to observe changes in thermal properties of
the films. For this purpose, a Mettler oscillating differential
scanning calorimeter (DSC 822e, STARe Software, USA)
was used. The treated films were placed in a sealed alu-
minum pan and an empty pan was used as a reference. Both
the pans were sealed in such a way so as to avoid the evapo-
ration of water during the process of scanning. The instru-
ment was calibrated with indium and then samples were
scanned at heating rate of 10°C/min from — 100 to 200 °C.
After scanning at high temperature, the samples were then
cooled down at a cooling rate of 10°C/min to— 100 °C.
Melting temperature (Tm), the temperature when poly-
mer changes from crystalline or semi crystalline form to
amorphous form, was observed at the onset of the melting

peak. A non-isothermal crystallization temperature (Tc), at
which polymer changes from rubbery amorphous form to
glassy solid amorphous form, was obtained from the cool-
ing process.

Proton-Nuclear Magnetic Resonance (TH-NMR)
Spectroscopy

To determine changes in the chemical structure, H-NMR
spectra of the treated PHB and PHBV films were taken using
Bruker Avance 400 NMR spectrometer (400 MHz). Polyes-
ter films were harvested after incubation with P. oxalicum
SS2. The treated films were then dissolved in deuterated
chloroform (CDCl,). This solution was then filtered through
0.47-pm PTFE syringe filter (25 mm diameter, Alpha Ana-
lytical) and then shifted to NMR tube to perform H-NMR
experiment. The residual protons of solvent, i.e., chloroform-
d were used as an internal standard to express chemical
shifts of the polymer that were stated as parts per million.

PHBV Depolymerase Assay

PHBYV depolymerase activity by Penicillium oxalicum strain
SS2 was evaluated using method as described by Park et al.
with some modifications [22]. Stock solution of substrate,
p-nitrophenyl butyrate (pNPB), was prepared in acetonitrile.
About 0.25 mL of culture supernatant was added to 2.5 mL
buffer along with 2 pL. pNBP and 10 pL ethanol. Reaction
mixture was incubated for 20 min at 37 °C and optical den-
sity was calculated at 410 nm. The depolymerase assay was
performed for 120 h and sample was withdrawn every 24 h.
All the experiments were performed in duplicates and a neg-
ative control was also run. The amount of enzyme required
to release 1 umol of product (p-nitrophenol) in 1 min was
defined as one unit of enzyme.

Optimization of Fermentation Conditions for PHBV
Depolymerase Production

The effects of various physical parameters such as tem-
perature (25-50 °C), pH (3-8), substrate concentration
(0.01-0.3%), size of inoculum (2-10% v/v; approximately
103 spores/mL), and supplementary carbon source (sucrose,
dextrose and glucose) on PHBV depolymerase production
were evaluated for maximum enzyme production. The depol-
ymerase activity was performed every 24 h.

Production of PHBV Depolymerase Under Optimized
Conditions

In an Erlenmeyer flask, about 500 mL MSM (pH 6.0) contain-

ing 0.2% (w/v) PHBV emulsion was taken and inoculated with
about 10 mL of freshly grown spores of Penicillium oxalicum
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strain SS2. The flask was incubated at 30° C and 120 rpm
for 72 h. By the end of production, the crude enzyme was
harvested from the culture medium by centrifugation being
performed at 10,000 g for 10 min at 4 °C and supernatant was
collected for further purification.

Purification of PHBV Depolymerase
Acetone Precipitation

The purification steps were performed at room temperature.
About 450 mL of cell-free supernatant was collected after
centrifugation procedure as the crude enzyme extract. Pre-
cipitation of PHBV depolymerase from the above-mentioned
crude enzyme extract was performed using acetone precipita-
tion method. Varying amounts (10-80%) of cold solvent was
added to the crude extract to determine the optimum amount
of acetone required for protein precipitation. To the 450 mL
of cell-free supernatant acetone (80% saturation) was added
slowly at 4 °C with continuous mixing. The precooled sol-
vent was used to avoid formation of locally high concentra-
tion of organic solvent. After complete addition of solvent, the
medium was kept undisturbed and allowed to stand for 15 min
to attain equilibration followed by centrifugation at 10,000xg
at 4 °C for 20 min. the precipitate was collected and suspended
in 100 mM Tris—HCI.

Gel Filtration Chromatography

The crude enzyme extract was first dialyzed overnight using
100 mM Tris—HCI buffer (pH 6.0). The dialysate was further
purified through size exclusion chromatography where a gel
column (1.8 x44 cm) packed with sephadex G-75 was used.
Elution of sample was performed using 100 mM Tris—HCL
buffer pH 6.0 at a flow rate 3.0 mL/5 min. About 23 fractions
with 2 mL each were collected. Fractions showing maximum
depolymerase activity were pooled and stored at — 80 °C for
further use.

Molecular Weight Determination

Molecular weight determination of purified depolymerase was
done by Sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) on 12% gel according Laemmli [23]
using the standard protein marker (Bio-Rad, USA). Coomassie
brilliant blue R-250 was utilized to mark gel.

@ Springer

Characterization of Purified PHBV Depolymerase

Effect of Temperature and pH on Enzyme Activity
and Stability

The influence of temperature on enzyme activity was eval-
uated for temperature range (15 —"60 °C). The purified
enzyme was pre-incubated in 100 mM Tris—HCL buffer
(pH 6.0) at various temperature 15 — 60 °C for 2 h to deter-
mine thermostability and residual activity was determined.
The influence of pH on enzyme activity was calculated
over various pH range (3.0-8.0). The purified enzyme
was incubated with different buffer systems at 30 °C for
2 h to determine pH stability and residual activity was
calculated. The following buffer systems (0.1 mM) were
employed: sodium phosphate (pH 6.0-7.0), sodium acetate
(pH 3.0-5.0), and glycine—-NaOH buffer (pH 8.0-9.0).

Effect of Metal lons and Surfactants on Enzyme Activity

Effect of metal ions on the enzyme activity was calcu-
lated by incubating the purified enzyme with metal ions at
various concentrations (10 mM and 20 mM); [Hg?*, Cu®*,
Zn?*, Ni?*, Fe’*, Co?*, Cr**, Na'* and As>*] using salts
[HgCl,, CuSO,, NiCl,, FeCl;, CoCl,, CrCl;, NaCl, AsCl;]
at 30 °C for 2 h and the residual activity was recorded. The
effect of surfactants (5 mM) [Tween 20, Tween 60, sodium
dodecyl sulfate (SDS), Polyethylene glycol (EDTA) and
Triton X-100] on the activity of purified enzyme was
evaluated. The purified enzyme was incubated with dif-
ferent surfactants for 1 h at 30 °C and residual activity
was calculated.

Statistical Analysis

Data were analyzed for statistical significance using the
IBM-SPSS software using analysis of variance (one-way
ANOVA), Tukey’s HSD (honestly significant difference)
test. p value was set at < (.05 as threshold for the level of
significance.

Results
Screening for Polyester-Degrading Microorganisms

Soil samples were screened for polyester-degrading micro-
organisms. Initially, a total of 56 potential degraders includ-
ing fungi, bacteria and actinomycetes were isolated but the
fungal strain designated as SS2 was selected for further
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Fig. 1 Zones of hydrolysis around colonies of Penicillium oxalicum strain SS2 on plastic-emulsified MSM agar plates after 04-05 days of incu-

bation; a PHB, b PHBV

study based upon its maximum polyester-degrading ability
at 30 °C within 48 h (Fig. 1).

Characterization of Fungal Strain SS2

The colony of strain SS2 was initially white in color,
which gradually turned dark green after 5 days of incuba-
tion at 30 °C, while the aerial mycelia remained white.
Fungal colony observed from lower side of agar plate was
off white to pale yellow in color. Microscopic examination
revealed that its hyphae were 7 pm in diameter, whereas
conidia were 2-3 mm, smooth and globulus. The fungal
strain SS2 was found to grow at wide temperature range
(20-55 °C) with an optimal temperature of 30 °C that rep-
resents its mesophilic nature. The degradation potential of

4
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o
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|

the fungus against aliphatic polyesters was checked using
PHB and PHBV. Zone of hydrolysis was observed at dif-
ferent temperatures between 20 and 50 °C indicating its
activity at wide range of temperatures.

rDNA sequencing results were analyzed by compar-
ing the nucleotide sequences available in NCBI data-
base through BLAST search analysis. Based on sequence
homology obtained from NCBI database, the strain SS2
showed close homology to genus Penicillium having 100%
similarity with P. oxalicum strain QTYC27 (KM103315.1)
(Fig. 2). Thus, strain SS2 was identified as Penicillium
oxalicum and the nucleotide sequence reported here can be
obtained from NCBI nucleotide sequence database under
accession number KY962009.

-l SS2

KM186184.1 Penicillium oxalicum strain BK
KM103315.1 Penicillium oxalicum strain QTYC27
L HQ443244.1 Penicillium oxalicum strain FFRh5
EU434727.1 Penicillium oxalicum

KX224481.1 Penicillium sp. isolate F4
KX674635.1 Penicillium oxalicum strain 2.1.6.1.13
LT558935.1 Penicillium oxalicum strain DI16-113

KT316705.1 Penicillium oxalicum isolate 739
KY560314.1 Penicillium oxalicum strain ANPS5
AB369915.1 Candida albicans strain: IFM 49030

Fig.2 Evolutionary analyses of strain SS2 (KY962009) using the Neighbor-Joining method as implemented in MEGA 6. The numbers at the

branch points are bootstrap values derived from 1000 replicates. The b.

ar represents 5% sequence divergence
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Degradation Activity Against Aliphatic Polyesters
Degradation Activity on Polymer Emulsions

The ability of P. oxalicum SS2 to degrade PHB and PHBV
emulsions as well as films was investigated. P. oxalicum SS2
can efficiently degrade PHB and PHBV and turned both the
emulsions completely transparent within 36 h (Fig. 3a and
b). The degradation ability of strain SS2 was also investi-
gated against PHB and PHBYV films and the rate of degrada-
tion was examined after different time intervals by measur-
ing weight loss. P. oxalicum SS2 was found to degrade PHB
and PHBYV films very efficiently and almost 100% of PHB
and PHBYV film was degraded within 48 h (Fig. 3c—e).

Effect of Extra Carbon Source on Rate of Polyester
Degradation by Penicillium oxalicum SS2

The relationship between growth of P. oxalicum SS2 in
various media and rate of degradation (hydrolytic activity)
against polyesters is given in Table 2. The fungus grew well
on all media. It was observed that the rate of degradation rate
was highest in MSM where PHB was the only carbon source
for strain SS2 while presence of extra carbon sources had
negative effect on hydrolytic activity. Strain SS2 showed suf-
ficient growth in minimal medium supplemented with extra
carbon sources like glucose, sucrose, maltose, lactose and
dextrose as well as in LB medium but the degradation rate
against PHB was not appreciable. There was a significant
difference in rate of degradation in medium supplemented
with PHB as a sole source of carbon (p <0.05) as compared
to the medium with extra carbon sources along with PHB.
Moreover, no significant change in the hydrolytic activity
was observed in presence of a detergent, Tween 20. Experi-
mental data were fitted to a linear reaction with an equation
type W=a+kxt. Here, W (mg) is the weight of the film at
time ¢ (s), a the intercept at =0, and k the rate of reaction
for a zero-order reaction.

Biodegradation of Polyesters in Soil Microcosm
by Penicillium oxalicum Strain SS2

Lab-scale soil burial experiment was carried out to determine
the role of P. oxalicum strain SS2 in degradation of aliphatic
polyesters, as a simulation of an actual soil environment. The
garden soil was thoroughly characterized and its constituents
are presented in Table 1. The experiment was performed by
burying the polyester films (PHB and PHBV) separately in
sterilized and un-sterilized soil, both inoculated with P. oxali-
cum SS2. Separate controls were run for both sterile and non-
sterile soil with polyester films but without the fungal strain.
The rate of degradation of PHB and PHBYV films in both sterile
and non-sterile soils was determined after every 24 h. Almost
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99% of PHB and PHBYV films were degraded on 6th and 7th
day of incubation, respectively, as indicated by the remnants
of the films. In case of controls, the films remained intact and
no weight loss was observed (Fig. 4). CFU of soil sample was
calculated for both bacteria and fungi. Based on the results,
both the bacterial and fungal population were calculated as
1.7x107 CFU/g and 5 x 10°> CFU/g, respectively, while our
test strain SS2 was not considered as part of the indigenous
fungal population of the soil.

Analysis of Degradation of Polyester Films
Fourier Transform Infrared (FT-IR) Spectroscopy

The changes in functional groups of PHB and PHBV dur-
ing degradation were examined through FTIR spectroscopy
(Fig. 5). For PHB, a peak at 1743 cm™! representing C=0
decreased in intensity and appeared at 1737 cm™! which is
not only indicative of decrease in carbonyl functionality but
also a decrease in the amorphous phase due to preferen-
tial degradation leading to relevant increase in crystalline
phase. Intense peak at 1032 cm™' representing C—O of the
ester linkage greatly decreased in intensity and appeared as
multiple small peaks at 1032 cm™' and 1054 cm™! indicating
breakdown of ester linkages by microbial esterases. In case
of PHBYV, a peak at 3026 cm™! represents C—H (SP2) stretch-
ing, disappeared in the treated PHBV films. Moreover, a new
sharp peak emerged at 1723 cm™' representing carboxylic
functionality. These observations represent hydrolysis of the
polymer chains resulting in formation of carboxylic acids.
The decrease in intensity of peaks in the area 2868 cm™! to
2979 cm™! indicates that intensity of C—H (SP3) stretching
has been decreased by conjugation. Peak at 1032 cm™' repre-
sents C—O of ester functional group in the untreated control
and its disappearance in the treated PHBV sample indicates
hydrolysis of ester bonds in the PHBV films exposed to
microbial treatment.

Scanning Electron Microscopy (SEM)

The progression of degradation was confirmed by SEM
micrographs. SEM of PHB and PHBV films recovered
from soil after 7 days was performed to observe morpho-
logical changes on the surface of film and compared to that
of untreated control. Appearance of pits, cracks and holes
in the test sample after microbial treatment, as compared to
untreated control, can be observed (Fig. 6).

Proton-Nuclear Magnetic Resonance (‘H-NMR)
Spectroscopy

The '"H NMR spectra of both test and control samples for
PHB as well as PHBV were compared and a clear difference
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Fig.3 Degradation of PHB

and PHBV emulsion and film
by Penicillium oxalicum strain
SS2. The turbidity of PHB

(a) and PHBV (b) emulsions
disappeared after treatment with
strain SS2 within 36 h. PHB (c)
and PHBYV (e) films were also
degraded by strain SS2 in 48 h,
as indicated in d PHB and f
PHBV. Vertical bars represent
standard deviation
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Table2 Rate of film degradation, k and growth of the Penicillium
oxalicum in the presence of different extra carbon sources

Carbon source Dry cell weight (mg/  Degradation
mL) rate, k (mg/
cm?/h)
MSM + PHB 0.1+0.01 —7.12+0.024
LB +PHB 0.4+0.02 —0.81+£0.008
Sucrose + PHB 0.2+0.01 —1.35+0.04¢
Glucose + PHB 0.39+0.03 —0.65+0.01°
Maltose + PHB 0.36+0.02 —0.70+0.01PFB
Lactose + PHB 0.39+0.01 —0.61+0.01PF
Dextrose + PHB 0.4+0.02 —0.75+0.018
Tween 20+PHB 0.42+0.01 —0.70+0.01P8

Values followed by the same letter within a column are not signifi-
cantly different at p <0.05—Tukey—Kramer test

k [mg (film)/cm? (area of film)/h (time)]

was observed. In case of PHB, the methyl protons [-CH3
(1)] of the 3-HB side chain corresponded to the doublet at
1.01 ppm were shifted to 0.84 ppm whereas the methines
[-CH (2)] of the 3-HB bulk structure chain corresponding
to two main multiplets were observed at about 5.5 ppm in
case of the test sample but not in control (Fig. 7). While in
case of PHBYV control, the methyl protons [-CH3 (5)] of the
3-HV side chain represented by the triplet at 0.9 ppm disap-
peared in test sample and the methylene protons [-CH2 (6)]
of the 3-HV side chain appeared in test sample as multiplet
at 1.6 ppm.

Differential Scanning Calorimetry (DSC) for Thermal
Analysis

A DSC curve taken for PHB and PHBYV films before and
after enzymatic degradation showed remarkable changes in
thermal properties of the polymers. In case of PHB, the melt-
ing temperature T, of microbially treated film increased up
to 172 °C from 168 °C in control. In case of PHBV, melting
temperature 7,, decreased from 172 °C to 158 °C (Fig. 8).

Optimization of Culture Conditions for PHBV
Depolymerase Production

The effect of various physical and chemical parameters on
PHBYV depolymerase production was evaluated using spe-
cific activity calculation of depolymerase from Penicillium
oxalicum strain SS2. The maximum specific activity was
found at 30 °C (p <0.05), pH 6.0 (p <0.05), 0.2% substrate
concentration (p <0.05) and 2% inoculum (p <0.05) after
72 h of incubation with PHBV as substrate with no supple-
mentary carbon source.
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Fig.4 Time course of degradation of PHB (a) and PHBV (b) by
Penicillium oxalicum strain SS2 in soil microcosms. Both PHB and
PHBV films were completely broken down within 06 and 07 days,
respectively, by strain SS2 as indicated by approximately 100%
weight loss. Each soil microcosm contained 30 g soil medium inocu-
lated with 50 mg PHB or PHBV films and 10 mL MSM to adjust the
moisture content

Production and Purification of PHBV Depolymerase

About 500 mL of production medium (pH 6.0) containing
PHBY as substrate (0.2%) was inoculated with Penicillium
oxalicum strain SS2 and incubated at 30 °C in shaker incu-
bator at 120 rpm for 72 h for depolymerase production. The
enzyme from cell-free supernatant was precipitated using
acetone precipitation method at 80% solvent concentration.
The precipitated enzyme was further purified to homogene-
ity through column chromatography using sephadex G-75
resin. The average molecular weight of the purified enzyme
was found to be approximately 36 kDa (Fig. 9). Table 3
describes various steps of purification for enzyme; a 6.12-
fold increase in purification of enzyme was achieved.
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Fig.5 FTIR spectra of PHB (a) and PHBV (b) films pieces recovered
from soil inoculated with Penicillium oxalicum strain SS2. a Pink line:
control; green line: test. b Blue line: control; pink line: test. The changes
in functional groups of PHB and PHBV after degradation could be
observed in FTIR spectra at different wavenumbers (Color figure online)

Characterization of Purified PHBV Depolymerase
Effect of Temperature and pH on Enzyme Activity

The effect of temperature on purified PHBV depolymerase
was observed at various temperatures (15-60 °C) for 2 h.
The purified esterase from Penicillium oxalicum strain SS2
showed high activity between 30 and 55 °C, with optimum
at 40 °C (p <0.05). The enzyme retained 99% of its activ-
ity at 40 °C up to 120 min (p <0.05), while above 80%
between 30 and 55 °C for 120 min (p < 0.05). The effect
of pH on purified PHBV depolymerase was observed by
incubating the enzyme at various pH (3.0-8.0) for 2 h,
then enzyme activity was calculated. The purified depoly-
merase showed activity over a wide pH range, with maxi-
mum at pH 5.0 (p <0.05). Purified enzyme was highly
stable within pH range 3.0-7.0, and retained more than
80% activity at pH 5.0 for 120 min (p < 0.05).

Effect of Metal lons and Surfactants on Enzyme Activity

The effect of various monovalent, divalent and triva-
lent metal ions on esterase activity was evaluated at two

different concentrations (10 mM and 20 mM). Cu* strongly
enhanced enzyme activity at 20 mM (p < 0.05), while As’™,
Co**, Fe’*, Na'*, Hg?", Ni** and Cr** did not affect the
enzyme activity much (p <0.05); Zn?" inhibited the enzyme
activity at both concentrations (p <0.05) and the relative
activity was dropped to less than 10%. The effect of sur-
factants on specific activity of purified esterase from Peni-
cillium oxalicum strain SS2 was determined by incubating
the enzyme with two different concentrations of each sur-
factant, i.e., 1% and 5%. A decline in the enzyme activity
was observed after treatment with surfactants. Maximum
inhibitory effect was shown by triton X 100 at 5% concen-
tration as purified depolymerase retained only 6.4% of its
residual activity (p <0.05). Tween 20 at both concentrations
exhibited inhibitory effect on enzyme activity followed by
Tween 60 (p <0.05). EDTA and SDS also greatly decreased
the enzyme activity at both concentrations (p <0.05).

Discussion

The construction of simulated systems using potential
microbial communities is future preferences among plastic
waste management strategies, which involves comprehensive
standardization and monitoring of biodegradation process
as well. This requires more dedicated and robust search for
the plastic-degrading microbial strains and highly efficient
depolymerizing hydrolases. The incomplete biodegradation
is hazardous as it releases plastic particles that contaminate
ground water resources and often become part of our food
web as well; therefore, complete biodegradation is highly
desirable. The present study was intended to isolate potential
polyester-degrading microorganisms from soil environment.
There are limited reports on bacterial and fungal species as
well as depolymerases that completely degrade polyester-
based plastics. The current study reports complete biodegra-
dation of PHB/PHBV by Penicillium oxallicum strain SS2 in
liquid media as well as in lab-built soil microcosms leaving
no disintegrated particles, which represent the novelty of the
study. Penicillium oxalicum strain SS2 is a soil inhabiting
fungus with dark green colonies having white smooth edges
and pale yellow base. Penicillium species are well known for
their role in PHB degradation from some previous studies
[24, 25]. Newly isolated P. oxalicum strain SS2 efficiently
degraded PHB and PHBYV films and almost 99% degradation
was achieved within 48 h. The degradation of aliphatic poly-
esters by P. oxalicum strain SS2 was also investigated in real
soil environment using lab-scale microcosms built for this
purpose. Degradation of PHB and PHBYV films in soil micro-
cosms upon augmentation with our fungus clearly indicates
the degradation potential of our strain SS2 against polymer
films and suggests that this strain could be implied in bio-
augmentation strategies against other polyesters as well.
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Fig.6 SEM images of both PHB (a—c) and PHBV (d-f) films recov-
ered from soil inoculated with Penicillium oxalicum strain SS2. The
films were washed with sterilized distilled water to remove dirt and
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the intensity of resonance could be observed in test samples of both
PHB and PHBYV in comparison to control, as shown by changes in the
integration values
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Fig.8 DSC spectra of PHB (a) and PHBV (b) films recovered from
soil inoculated with Penicillium oxalicum strain SS2, after 7 days. C
represents for control while T for test sample. A DSC curve taken for
both PHB and PHBV films before and after enzymatic degradation

The soil used in the experiment was loamy sand type and
its texture could have provided good aeration and surface
area for microbial colonization that facilitated biodegrada-
tion of polymer films. Other chemical properties of soil like
organic content, C/N ratio, particle size and mineral levels
may increase bioavailability and fungal attachment to poly-
mer surface. The phenomenon of catabolite repression was
observed while studying the effect of extra carbon sources on
growth rate of strain SS2 and its hydrolytic activity against
PHB. A profound fungal growth was found in the presence
of extra carbon sources while a significant decrease in rate of
degradation was observed as compared to the availability of
PHB as the only carbon source, which promoted degradation
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showed remarkable changes in melting temperature 7, of polymers.
Vertical axis represents heat flow (M, /mg) for both exothermic and
endothermic curves

activity. In a similar study, when poly(butylene adipate-co-
terephthalate) (PBAT) degradation was investigated in actual
soil environment using a fungus Isaria fumosorosea, strain
NKCM1712, 40% of degradation rate was recorded against
polymer films within 30 days of incubation and same effect
of catabolite repression had been described [24].

Polyester degradation was monitored by evaluating
changes in surface morphology and chemistry of the treated
PHB and PHBYV films through SEM and FTIR, respec-
tively. Due to microbial treatment, FTIR spectra of partially
degraded PHB and PHBYV films clearly showed cleavage of
polymer chain as well as appearance of new peaks. Major
changes observed in the FTIR spectrum of PHB films
indicated hydrolysis of ester functionality and preferential
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Fig.9 SDS-PAGE profile of purified depolymerase where M: molec-
ular marker 1: purified enzyme

degradation of the amorphous regions leading to an increase
in crystallinity with degradation. These results were also
supported by DSC data where an increase in melting point
of PHB film could easily be observed. Some changes were
observed in FTIR spectrum of treated PHBV film in compar-
ison to untreated control. Peaks representing C=0 and C-O
linkages of ester bond disappeared in treated films indicating
ester hydrolysis; moreover, reduction in stretching of SP3
hybridized CH indicates appearance of double bonds. The
microbially treated polyester films were further analyzed for

their degradation by NMR and DSC techniques. Changes in
intensity of the peaks in NMR spectra could be attributed
to the structural changes going on in the polymer due to
microbial treatment. In case of PHBYV, change in intensity
at 1.6 represents change in the carbanion group HV portion
of polymer. This clearly shows that degradation is going on
in HV region preferably, also confirmed by FTIR results.
Changes in the integration value of different signals indicate
chemical shifting by proton extraction and addition leading
to the structural modification [26]. Llauro-Darricades et al.
[27] also reported change in intensity, integration values and
chemical shifting of the signals in NMR analysis of plastics
that undergoes biodegradation. Changes in thermal prop-
erties of polymer like melting temperature can be related
to degradation of polymers as a result of microbial attack.
In case of PHB, marked changes occurred in structure of
polymer film after microbial treatment so T, and 7, curves
merged, showing complete deformity in structure of the pol-
ymer. It was observed from the DSC curves that PHB has
been degraded preferably in the amorphous region that can
be deduced from the rise of melting point. FTIR analysis of
PHB also directed toward an increase in crystallinity of the
polymer after exposure to microbial treatment. A decrease
in T,, for PHBV was observed which depicts decrease in
crystallinity of the film. Coelho et al. [28] and Osman et al.
[29] also reported the degradation of polymer with changes
in its thermal properties using DSC. Microbial enzymes are
responsible for degradation of polymers both in soil as well
as liquid medium. The solid substrates are difficult to depo-
lymerize in comparison to water-soluble substrates, because
plastic films have low contact efficacy with enzymes. Thus,
the enzymes that represent degradation potential against
solid substrates possess remarkable properties enabling
them to adsorb to the surface of substrates. The production
and activity of enzymes are influenced by different physico-
chemical parameters. Penicillium oxalicum strain SS2 could
produce maximum amount of PHBV depolymerase under
optimized culture conditions. Shivakumar et al. [30] have
reported a fungal strain Penicillium citrinum S2 that pro-
duced maximum amount of PHB depolymerase at 30 °C and
6.0 pH after 72 h of incubation. Substrate concentration is a
key factor that could have direct impact on enzyme activity.
Our strain expressed better enzyme activity at low substrate

Table 3 Steps for purification

. Purification steps Volume (mL) Activity (U/mL) Total Specific Purifi- Yield (%)
of dfzpol.ymerase.derlved from activity activity (U/  cation
Penicillium oxalicum strain SS2 (units) mg) (fold)
Crude extract 500 72.1 211.8 13.6 1.0 100
Acetone Precipitation 200 102.1 155.4 36.0 2.6 73.4
Sephadex G-75 90 117.3 138.3 83.3 6.1 65.3

The amount of enzyme required to release 1 umol of product (p-nitrophenol) in 1 min was defined as one

unit of enzyme (U)
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concentration; there are studies reporting low enzyme activ-
ity at higher substrate concentration (0.2%), which can be
attributed to the saturation of the enzyme [31]. A PHBV-
degrading Streptomyces sp. strain AF-111 has been reported
where maximum amount of enzyme was produced in the
presence of 0.2% PHBYV concentration [32]. Both low and
high inoculum size results in decreased enzyme activity as a
result of low growth rate owing to inadequate utilization of
nutrients and depletion of oxygen and nutrients, respectively
[33]. In our case, maximum enzyme activity was reported
from strain SS2 at 5% inoculum size. Supplementary carbon
sources seemed to decrease enzyme activity which depicts
catabolite repression thus confirming the results obtained in
our study where extra carbon sources decreased degradation
rate for PHB [34]. The depolymerase enzyme from Penicil-
lium oxalicum strain SS2 was purified to homogeneity with
a purification fold 6.12 and its molecular size was found
to be approximately 36 kDa. Mao et al. [35] purified PHA
depolymerase with molecular weight 33.8 kDa which could
degrade PHB, PHBYV, and P(3HB-co-4HB). The purified
enzyme represented stability at acidic pH, which is desirable
as hydrolysis of PHB/PHBYV could release butyric acid and
valaric acid in the medium making the environment slightly
acidic; therefore, an enzyme with the ability to withstand
acidic pH is ideal for de-polymerization of PHB/PHBV. In
a previous study, Penicillium expansum PHB depolymer-
ase showed better enzyme activity at pH values 4.0-6.0
with maximum activity detected on pH 5.0 and 50 °C [36].
Metal ions are very important for the structural stability
and to maintain enzyme solubility and catalytic properties
[37]. The enzyme activity was strongly enhanced in the
presence of divalent cationic metal Cu®** (p <0.05) while
Zn>* inhibited the enzyme activity at both concentrations
(p <0.05) and the relative activity was dropped to less than
10% (p <0.05). The surfactants inhibited the enzyme activ-
ity with maximum inhibitory effect shown by Tween 20 and
Tween 60. Observation showed that SDS and EDTA also
decreased the PHBV depolymerase activity. The suppres-
sion of enzyme activity by non-ionic surfactants represents
the presence of hydrophobic region near the active site of
enzyme [38].

Conclusion

The current study concludes that Penicillium oxalicum
strain SS2, isolated from soil, has potential to completely
biodegrade aliphatic polyesters (PHB and PHBV) within
limited time period in liquid media as well as in soil micro-
cosms at mesophilic temperature. The purified enzyme
(36 kDa) from strain SS2 showed maximum activity and
stability at wide range of temperature and pH. Degradation
potential of the isolated fungal strain and physio-chemical

properties of the depolymerase enzyme suggest that Peni-
cillium oxalicum strain SS2 could be exploited in depo-
lymerization of wide range of polyester-based biodegrad-
able polymers and in development of sustainable plastic
waste management strategies. Furthermore, the conditions
for soil microcosms experiment could be further optimized
to maximize the degradation rate.
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