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The target of this study was to isolate fungal strains from saline environments able to
degrade two synthetic polyesters (PCL, poly (-e-caprolactone) and adipic acid (1, 4-
butanediol, terephthalic-adipic, BTA).The clear zone method on mineral salt yeast extract
medium (MSY) containing polymers was adopted to compare the degradative efficacy of
isolated fungi. Scanning electron microscope as well was used to examine polymer
degradation by Aspergillus flavus. Through this study a total of 22 fungal strains were
isolated and identified as members of the genera Aspergillus, Acremonium, Cladosporium
and Penicillium. The results indicate that isolated fungi can be divided into several groups
according to their response to additional carbon and/or nitrogen sources such as glucose,
peptone, casein, and others which led to an increase in the radial growth and hence an
increased clear zone diameter. Scanning Electron micrographs of Aspergillus flavus
confirmed the results of weight loss and exposed the presence of fungal growth on PCL-
S MATER Bi ZF03U films. The film surfaces exposed to the fungal strains had a rough
appearance visibly different from that of the control. The surface of the films possessed
numerous pits depths of varying sizes. The fungal mycelium growing on and invading the
polyester material thereby cracking the film surface was also obvious. The findings of
this research may contribute to realize the role of fungi in biodegradation of non-
degradable synthetic polymers.

1. INTRODUCTION

Synthetic polymers designated as plastics have become
technologically significant since the 1940s. Since then they
have become an ideal material for many applications in every
aspect of life and industries such as in packaging, building
materials and commodities, as well as in hygiene products [1,
2]. These widespread applications are not only due to their
favorable mechanical and thermal properties but mainly due to
stability and durability of plastics. Indeed, these traditional
petroleum-derived plastics can lead to waste disposal
problems, as these materials are not readily biodegradable and
are resistant to microbial degradation [2-4]. The evaluation of
plastic polymer biodegradability has to be comprehensive in
order to minimize harmful effects of biodegradation on the
environment [5].

Polymer degrading microorganisms exist under several
environmental conditions in sea, soil and sludge. In
degradation processes microbes first adhere to the surface of
the plastic and then colonize it followed by its biodegradation
by enzymes. Enzymatic degradation is divided into two steps.
Enzymes first adhere to plastics and then subsequent
hydrolysis occurs that results in cleavage [6]. Several
microorganisms including bacteria, actinomycetes, and fungi
have been reported to biodegrade plastics under changing
biotic and abiotic factors [7].

Fungi could play a remarkable role in degradation of
polymers in soil due to their high ability to produce a variety
of enzymes such as glucosidase, cutinase, amylase, lipase,
esterase, cellulase, pectinase and hemicellulase [3]. Not only
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physiological studies, such as studies of enzymatic or
microbial degradation and their mechanisms, but also
ecological studies, such as studies of the distribution of
degrading microorganisms and their ratios in the natural
environment, are necessary to gain a better understanding of
plastic polymer biodegradation [8, 9]. Recently, the soil
fungus Aspergillus tubingensis has been reported to break
down large polymers by releasing certain enzymes [10].

Little is known about the diversity two of fungi degrading
synthetic polymers under salt stress and the co substrates
affecting the depolymerization process .Therefore ,it was
aimed in this study to investigate the fungal species in two
saline environments in Egypt and assess their potentiality to
break down the two polymers PCL and BTA under stress
conditions. It was also aimed to determine the co-substrate
requirements for efficient polyester degradation and detect the
changes caused in polymers films using scanning electron
microscopy.

2. MATERIALS AND METHODS
2.1 Microorganisms

The fungal strains used in the present study were isolated
from Siwa Oasis (soil and water), and from a salt lakes (water
and sludge), Egypt. According to Elnaggar et al. [11], the
salinity of Siwa soil was EC=77 dS m™ (and ESP=14.62 in
average). Samples were collected in sterile containers,
transferred to the lab within 24 h and stored at 4<€. They were
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identified at Assiut University Mycological Center, Accession
No AUMC 3200-3221.Mineral salt yeast extract medium
(MSY) [12], and Malt extract agar [13] were used for isolation
and degradation experiments.

2.2 Polymers

Two different materials were tested throughout this work:
an aliphatic polyester: PCL (melting point Tm=60°C, weight-
average molecular masses Mw = 50,000 g/mol) obtained from
Polyscience, Inc. Warrington, USA and PCL blended with
starch and assigned as MaterBi ZFO03U/A (melting point
Tm=63°C, weight-average molecular masses Mw=187,000
g/mol), and the aliphatic-aromatic copolyester BTA
45:55(melting point Tm=100°C, weight-average molecular
masses Mw=114,000 g/mol) obtained from BASEF,
Ludwigshafen, Germany.

2.3 Clear zone test with PCL and BTA polyesters

Turbid agar plates containing the synthetic polyesters were
prepared by an emulsion technique developed by Abou-Zeid
et al. [14, 15]. The polyester (0.25 g) was dissolved in 5 ml
methylene chloride and the solution was then emulsified by
sonication into 250 ml of the MSY-medium containing 1.5 %
(w/v) agar-agar (Difco, Detroit, Michigan, USA). The
emulsion was then stirred continuously while heating for at
least 30 min to evaporate the solvent completely. Once no
more rest solvent was detected in the medium, the pH was
adjusted to 610.2. Plates were composed of two solid layers,
the lower layer (15 ml) contained mineral salt medium,
whereas the upper layer (10 ml) contained the polymer
emulsion. The polymer was the only carbon source for fungal
growth [16].

2.4 Polyester depolymerization with co substrates and/or
10% NaCl

To investigate the importance of co-substrates and/or NaCl
on polymer depolymerization, the potential organisms were
inoculated parallel on MSY media and on media containing
one of the following substrates as a co-metabolite such as
glucose (Glu), peptone (Pep), pectin (Pec), casamino acids
(CASA), casein (Casein), malt extract (Malt) and trypticase
soy agar (TSA) at a final concentration of 0.1% (w/v). Medium
without any co-substrate was prepared and served as a control.
The individual strains were tested for their ability to grow on
and depolymerize the polyesters if the media were additionally
amended with 10% NaCl. The selection criterion was the
ability to form clear zones. MSY -agar plates containing the co-
polyester BTA 45:55 (0.1% w/v) or PCL (0.1% w/v) were
inoculated in the center of the plate with sterile tooth picks
from a 7 day old culture. The plates were incubated at room
temperature or at 30°C, 22°C or 4°C for 8 days, respectively.
The plates were examined daily for growth of colonies and
clear zone formation due to fungal growth. Both radial growth
increase and clear zone size were measured daily.

2.5 Scanning electron microscopy (SEM)

The partial disintegrated polyester films were carefully
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removed from the culture plates, washed and cleaned from
biofilm and media residues. The clean and dry films were
immersed in 4% (v/v) glutaraldehyde in 100mM sodium
cacodylate buffer, pH 7.2 for primary fixation. Following
primary fixation, the material was post fixed in 20gL ! aqueous
osmium tetra oxide and dehydrated in air. The dried material
was gold coated and examined using a Scanning Electron
Microscope Joel ISM 5300 operating at 15KV at the Electron
Microscope Unit, Faculty of Science, and Alexandria
University.

2.6 Statistical analysis

Each experiment was performed in duplicate and the value
is the mean of the two replicates. The radial growth was
calculated with Microsoft Excel 2010.

3. RESULTS AND DISCUSSION

3.1 Screening for polyester depolymerization by isolated
fungi

From enrichment cultures performed with liquid MSY
medium amended with PCL or BTA, a total of 22
morphologically different BTA and PCL degrading fungal
isolates were isolated from Salt Lake (77%) and Siwa (23%)
(Figure 1). These included species of Aspergillus (77%),
Cladosporium (9%), Penicillium (9%) and Acremonium (5%)
(Figure 1). Aspergillus flavus was the most prevalent fungus
(63.6%) isolated from salt lake water samples. These results
are in good agreement with Moubasher et al. [17] and
Moubasher [18] who identified Aspergillus flavus as one of the
commonest fungi in soil and other substrates in Egypt. Zohri
et al. [19] also identified A. flavus as a common species
isolated from soil. Moreover, A. flavus has been isolated from
Egyptian desert and salt marsh soils as well as agricultural
soils on media amended with 15-20% NaCl. Moubasher et al.
[20] also found that A. flavus was rated as highly halo tolerant
and Aspergillus parasiticus and Aspergillus candidus have
also been isolated from local desert and salt lake soils, on
media containing lower salt concentrations (5-10% NacCl).

B Aspergillus sp.
u Cladosporium sp.
Penicillium sp.

B dcremonium sp.

Figure 1. Percentage of fungal species isolated from Siwa
(23%) and Salt Lake (77%) degrading PCL or BTA



Table 1. Clear zones formed (cm) by fungal isolates on mineral salt plates containing emulsified BTA or PCL

Clear-zone size [cm] Trend of biodegrade-
Sub-group Fungal species ability
PCL BTA
Aspergillus flavus 7.5-10 -
Aspergillus parasiticus 9.6 -
Aspergillus candidus 25 -
Sub-goup 1 Aspergillus sclerotiorum 3.6 - PCL only
Cladosporium cladosporioides 2.6 -
Penicillium brevicompactum 3.3 -
Acremonium roseolum 1.9 -
Aspergillus flavus 8.3 4.7
Sub- group 2 Cladosporium cladosporioides 0.8 0.5 PCL> BTA
Sub- group 3 Penicillium griseofulvum - 3.3 BTA only
Sub- group 4 Aspergillus flavus 9 9 PCL=BTA

Acremonium roseolum strain capable of disintegrating PCL
was isolated from salt lake sludge. Species of Acremonium are
very common soil fungi isolated from Egyptian desert and salt
marsh soils [18]. Lipases produced by Acremonium strictum
[21-23] were reported to degrade the copolyester BTA 40: 60.

Cladosporium cladosporioides strains isolated from salt
lake sludge successfully depolymerized PCL or BTA. Crabbe
et al. [24] isolated a Cladosporium sp. based on its ability to
utilize a colloidal polyester PU (Polyurethane, Impranil
DLNTM) as the sole carbon and energy source and
Cladosporium herbarum DSM 15967 was reported by Belal
[23] to depolymerize BTA 45:55, BTA40:60, PCL and SP 4/6.
The same species was effective in the biodegradation of
anthracene [25].

Penicillium brevicompactum was stated as a moderately
halotolerant fungus isolated from Egyptian soils with rare
frequency of occurrence [20]. To our knowledge, Penicillium
brevicompactum and Penicillium griseofulvum isolated in the
present study have not been reported previously with respect
to fungal polyester degradation (PCL and BTA). In fact the
present study is the first to concentrate on fungal polyester
degradation in saline environments.

3.2 Classification of the isolates according to polyester
substrate specificity

Based on the degradation specificity/potential towards PCL
and/or BTA, the fungal isolates were divided into different
subgroups, while each subgroup included the strains similar in
their substrate specificities towards PCL and/or BTA.

Subgroup 1 included the vast majority of the isolated fungi
(18 strains) with 7 different species (Aspergillus favus, A.
parasiticus, A. candidus, A. sclerotiorum, Cladosporium
cladosporioides, Penicillium brevicompactum, Acremonium
roseolum) all of which disintegrated only the synthetic
aliphatic polyester PCL (Table 1). The clear zones formed
ranged from 1.9 cm for Acremonium roseolum to 10 cm for
Aspergillus flavus.

Members of subgroup 2 consisted of Aspergillus flavus and
Cladosporium cladosporioides capable of disintegrating both
polyesters under investigation. However, both strains formed
larger clear zones within one week of incubation with PCL
(8.3 and 0.8cm) than with the aliphatic aromatic copolyester
BTA (4.7 and 0.5cm), respectively.

A single strain of Penicillium griseofulvum (subgroup 3)
disintegrated only BTA (3.3cm/8 days). Similarly, only one
Aspergillus flavus (subgroup 4) strain formed equal clear
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zones on PCL and BTA containing mineral salt yeast extract
agar plates and exerted additionally a very high disintegration
potential forming clear zones of 9 cm within 8 days on either
PCL or BTA.

3.3 Clear zone formation (cm) on mineral salt agar plates
containing emulsified BTA or PCL

Preliminary studies showed that fungi grew and formed
clear zones on mineral salts agar (MSY) plates containing the
emulsified polymer BTA and/or PCL (0.1%) as the sole
carbon source. A. flavus successfully formed clear zones on
MSY-agar plates with PCL (Figure 2.a). Cladosporium
cladosporioides strain also formed clear zones on MSY-agar
plates with BTA (Figure 2.b) at a temperature as low as 4<€.
The result of this study showed that polycaprolactone was
preferred as a substrate compared to BTA. The capability to
degrade PCL is more widely distributed in the examined
environmental locations [6] than BTA. These results are in
contrary with Gouda et al. [1] who reported that both PCL and
BTA are readily biodegraded by the action of Fusarium solani
under ambient temperature.

Clear zone

Figure 2. Clear zones on MSY-agar plates with PCL a) A.
flavus and BTA b) CI. cladosporioides

Clear zone formation, and thus biodegradation of polymer
particles, depends on several basic requirements. The
extracellular depolymerizing enzyme(s) must be excreted,
followed by diffusion through the surrounding medium, and
eventually an interaction between the enzyme(s) and polymer
must occur. This interaction includes recognition of the
surface, association of the enzyme with the polymer and
chemical conversion. Eventually, depolymerization is
characterized by hydrolysis of the main polyester chain [2, 26,
27].
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Figure 4. PCL-degrading potential of CI. cladosporioides in presence of different co-substrates (0.1%, w/v)

3.4 Nutritional influence on enzyme induction

No uniform pattern was observed with respect to the effect
of co-substrate or NaCl. The influence of co-substrates on
growth and depolymerization activity was dependent on
fungal species and type of co-substrate used. Moreover, the
presence of 10% NaCl affected growth and polyester
degradation. The clear zone diameter for Aspergillus flavus
increased in presence of co-substrates (Figure 3). Obviously,
the presence of an additional carbon substrate or nitrogen
source such as glucose, peptone, pectin, casamino acids,
casein, malt extract and trypticase soy agar medium (TSA)
enhanced depolymerization. Parallel to the increased growth,
larger clear zones were observed in presence of co-substrates.
It is not surprising, that more fungal growth induces larger
colonies would be able to produce a higher quantity of PCL
depolymerizing enzyme. Only peptone seemed to slow down
the clear zone formation by Aspergillus flavus. Previous
studies by Alshehrei [28] and Iram et al. [7] confirmed that
different factors affecting microbial degradation of plastics
such as physical and physiochemical factors, the nature of
organisms and type of additives added. In addition, hydrolase
enzymes proceed the hydrolytic reactions which include a
large number of enzymes e.g. phosphatase, lipase, esterase,
glycosidase and many others [7], that could affect the rate of
degradation of plastics.

Cladosporium cladosporoides comprised the slowest
growth compared to all other tested fungal strains and the
different co-substrates tested did not markedly affect the clear

zone formation (Figure 4). The effect of salt stress (10%
NaCl), however, was very pronounced since it inhibited
growth on PCL in absence of co substrates. The presence of
10% NacCl, did not markedly affect clear zone diameter except
when PCL was the only carbon source. The addition of 10%
NaCl represented a stress factor if additional co substrates
were lacking from the growth medium. For example, the
potential of PCL depolymerization by Aspergillus flavus
decreased to about 50% in absence of co-substrates. This
clearly indicates that the presence of co-substrates obviously
successfully compensated the negative effect of NaCl (10%).
Despite the rapid depolymerization of the PCL homopolyester
and the synthetic aliphatic-aromatic copolyester BTA, only
poor growth of the fungus could be observed on mineral salt
agar with a polymer as the sole carbon source as indicated by
the radial growth increase. This suggests that the fungi
generally are not able to completely metabolize the oligomers
and monomers derived from the depolymerization of the
aliphatic-aromatic copolyester. As PCL and BTA polyesters
are abiotic synthetic materials, it is not likely that
microorganisms have been specialized to this kind of carbon
source. However, they are adapted to the use of other, similar
polyester structures containing aromatic components like
those in cutin or lignocelluloses.

3.5 Nutritional effects on BTA depolymerization

Two strains of Cladosporium cladosporoides and
Aspergillus flavus were not able to degrade synthetic polyester
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such as BTA under salt stress even in the presence of co-
substrates. Although PCL and BTA have been shown to be
depolymerized by a number of fungi through their
extracellular enzymes, PCL is certainly much more
susceptible to fungal attack which was expected from earlier
investigations [14, 15, 23].These results agree with VVroman
and Tighzert [8] and Pathak [29] who indicated that enzymes
and fungi easily biodegrade PCL. Polyesters with such a large
aromatic compound fraction have also been shown to degrade
slowly in composting tests [30]. This does not have to be a
consequence of chemical composition alone, but maybe
caused by its increased crystallinity or structural properties as
well [31]. The lower or slower biodegradability of BTA can
be explained on a biochemical level. The depolymerization
products of both aliphatic and aliphatic-aromatic polyesters
are monomers and oligomers. While the monomers and
oligomers of aliphatic polyesters are readily water soluble, the
aromatic oligomers (oligo esters with one and two
terephthalate units), are slightly water soluble [7]. Yet,
metabolization of the polyester degradation products by
microorganisms depends on their solubility and its
corresponding diffusability. Therefore, all monomers are
rapidly metabolized by microorganisms. The final degradation
of longer aromatic oligomers, with a significantly slower
degradability, comprises a slower/minor solubility, and hence
is metabolized at a much slower rate [32-34]. This result is
similar to Leja and Lewandowicz [35] who found that the
existence of microbial communities able of degrading
aromatic materials with sulfate as the electron acceptor has not
yet been confirmed. During the depolymerization of BTA,
purely aromatic dimers, trimers or oligomers are formed which
contain ester bonds between two terephthalic acid units [15,
29, 33]. However, up to now it is not clear if any enzymes
exist, which are principally able to cleave ester bonds between
two terephthalic acids (aromatic dimers, trimers or oligomers).
Probably chemical hydrolysis plays role in the breakdown of
such aromatic oligomeric intermediates [34, 36].

3.6 Depolymerization of PCL and scanning electron
microscopy of polyester films

The examination of the surface microstructure of the plastic
films and the consequences of degradation was investigated.

e
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When the fungal inoculum was placed below the polyester
films at 30<€, the maximum weight loss for Aspergillus flavus
(57.1%) and Cladosporium cladosporoides at 22€ (56.4%)
was obtained (data not shown).The residual polyester film
material exposed to A.flavus or Cl. Cladosporoides were taken
as examples and examined by scanning electron microscopy.
Morphological alterations of the polymer surface prove fungal
hydrolysis via surface active polyester depolymerases. This is
due to the fact that the ability of a fungal strain to degrade
PCL-S MATER Bi ZF03U/A films depends on the secretion
of specific depolymerizing enzymes that hydrolyze the
polymer chains on the surface to water soluble products [3, 37,
38]. In addition, it was attempted to explain the cessation of
degradation by surface properties or alteration. PCL-S
MATER Bi ZF03U/A polyester films which had been partially
degraded in the experiment described above were processed
for scanning electron microscopy. The surface of the
uninoculated control film incubated on sterile plates was
smooth (Figures 5a, 6.a). This indicates that incubation of the
PCL-S MATER Bi ZF03U/A films on sterile media had no
effect on the surface of the polymer. On the other hand, the
film surfaces exposed to A. flavus or CI. cladosporoides for 10
to 16 days had a rough appearance clearly different from that
of the control. The surface of the films possessed numerous
pits of varying sizes. However, zones of native film surfaces
also appeared spread over the film (Figures 5 and 6).
Moreover, the SEM micrographs of the surface showed
evidence of filamentous fungal strain whose hyphae adhered
to the polymer surface even after cleaning treatment. Even
spores appeared scattered over the polyester film surface. The
ability of the fungus to degrade PCL-S MATER Bi ZF03U /A
depends on the enzymatic hydrolysis of the polymer to water
soluble products and polymer erosion proceeds via surface
dissolution. It is obvious that amorphous regions of the
polymer are more rapidly degraded than the crystalline ones.
Similar results were found by Kumagai et al. [39]; Ghavimi et
al. [40]; Nishida and Tokiwa [37] as well as Molitoris et al.
[22]. However, no logic explanation for the cessation of
degradation of the polyester films was deducible from the
SEM micrographic examinations. Especially, since enough
native and amorphous material remained on the polyester
surfaces which could be further degraded.

Skn 054027

Figure 5. SEM micrograph of PCL-S MATER Bi ZF03U/A films exposed to Aspergillus flavus
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Figure 6. SEM micrograph of PCL-S MATER Bi ZF03U/A films exposed to Cladosporium cladosporoides

4. CONCLUSION

The results obtained in this study provide helpful
information about the degradation behavior of polyester
materials under harsh conditions, which is important for
recycling of biodegradable plastics in the environment. To test
the biodegradability of polymers, a lot of methods have been
used, such as clear zone formation on mineral salt agar plates
containing emulsified BTA or PCL and a study on nutritional
influence on enzyme induction was performed. These methods
improve both the biodegradation rate and the mechanical
properties of the final products. In addition, this study
demonstrated the use of fungal species as an alternative
expression system for production of the multi-polyester-
degrading enzyme of PCL and BTA, and provided insights on
its catalytic properties on surface degradation contributing to
further biotechnological application of this enzyme. The result
of microscopic observation using SEM and all the results
prove the degradability of the polyesters under test. The data
obtained in this study lead to the suggestion that enzymes
secreted by fungi attack preferentially the amorphous or less
ordered region rather than the crystalline or more ordered
region, because the enzymes are able to migrate more readily
into the less ordered region than the more ordered region. This
is probably attributed to the preferential degradation and
removal of amorphous regions. Additional studies with
obtained strains should provide interesting insights into the
mechanisms for aerobic polyester degradation under
environmental stresses. Further studies involving optimization
of factors affecting depolymerization processes is
recommended which will be considered in the future.
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