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Abstract. As part of efforts to conserve global resources and reduce pollution, the search for new bio-synthetic/bio-
degradable materials remains an urgent task. Poly[(R)-3-hydroxyalkanoates] (PHAs) are synthesized by bacteria and
display thermoplastic properties. The most common bacterial bio-synthetic PHAs are poly[(R)-3-hydroxybutyrate]
(PHB), poly[(R)-3-hydroxyvalerate] (PHV) and their copolymers. PHB and PHV are already commercially pro-
duced and used as BIOPOL™ (ICI) for packaging purposes. Oceans and estuaries often serve as major landfills and
fungi are an important component of their biodegradation microbiota. In order to characterize the role of fungi in
marine biodegradation processes, a simple degradation test suitable for fungi in partially simulated marine condi-
tions had to be developed. Thirty-two strains of yeasts and 102 strains of mycelial fungi isolated from marine habitats
and belonging to different systematic and ecological groups were tested for their ability to degrade PHAs. Only ap-
proximately 4.5% of the strains were able to degrade BIOPOL™ and about 6.7% depolymerized pure PHB homopoly-
mers. This is in sharp contrast to the results of our previous experiments with 143 strains of terrestrial fungi which
showed that more than 55% were able to degrade BIOPOL™. Among ascomicetous fungi, one strain of Asteromyces
cruciatus, one strain of Candida guilliermondii, and two strains of Debaryomyces hansenii were able to degrade PHB
or both PHB and BIOPOL™. Active basidiomicetous fungi were represented by one strain of Nia vibrissa and one

49-63

strain of Rhodosporidium sphaerocarpum that were able to depolymerize PHB, but not BIOPOL™.
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INTRODUCTION

The current global decrease in our natural fossil re-
sources has stimulated increased interest in the search for
renewable, bio-synthetic raw materials. Furthermore, current
concerns about global environmental pollution associated
with petrochemical-based plastics has inspired investigations
into possible options for the replacement of such non-de-
gradable synthetic polymers with acceptable bio-degradable
substitutes (Hartley 1987; Lafferty et al. 1988; Anderson and
Dawes 1990; Brandl et al. 1990; Abe et al. 1995). In some
bacteria PHAs constitute a major carbon and energy storage
material (Holmes 1988; Fuller 1990). PHAs have generated
increased research interest in recent years because of their
biodegradability, biocompatibility, and excellent mechani-
cal properties compared with traditional nondegradable

thermoplastics, such as polypropylene and polyethylene.
Poly[(R)-3-hydroxybutyrate] (PHB) is the most extensively
studied type in the PHA family and has been used success-
tully in the medical and packing fields as a renewable and
biodegradable plastic (Guo et al. 2016). Recently, PHB and
PHYV, often co-polymerized as PHB-co-HV, were demon-
strated to possess interesting thermoplastic properties. Thus,
these biopolymers have attracted great industrial interest.
BIOPOL™, a new biodegradable plastic material, is one such
copolymer and is already being produced on a large scale for
use as packaging material (ICI, Imperial Chemical Indus-
tries, England, 1990).

For the environment, one of the most important prop-
erties of PHAs is their ability to undergo complete micro-
bial bio-degradation to CO,, water and energy (Byrom 1990;
ICI 1990). In addition, due to a decline in production costs,
PHAs are today used more and more for the production of
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biodegradable containers, packages, and disposable dishware
and household goods. Therefore, PHAs are ecologically im-
portant alternative materials that can replace synthetic plas-
tics (Thi Van Anh 2010; Angelini et al. 2014). In the natural
environment, PHAs are decomposed by degrading microor-
ganisms to carbon dioxide and water under aerobic condi-
tions, or methane and water under anaerobic conditions.
(Matavulj et al. 1995, 2006; Boyandin et al. 2012a, 2012b).
Enzymolysis by PHB-depolymerase has been considered to
be the root cause of PHB degradation (Guo et al. 2016).

PHASs have been shown to be completely bio-degradable
by bacteria both in culture or under environmental (terres-
trial, freshwater, anthropogenic) conditions (Macrae and
Wilkinson 1958; Merrick and Doudoroff 1964; Delafield et
al. 1965; Lusti and Doudoroft 1966; Hippe und Schlegel 1967;
Fedulova et al. 1980; Tanio et al. 1982; Nakayama et al. 1985;
Fukui et al. 1988; Janssen and Harfoot 1990; Manna and Paul
2000; Gonzalez Garcia et al. 2013). However, few reports
have addressed PHA bio-degradation in marine environ-
ments (Akmal et al. 2003; Rutkowska et al. 2008; Rydz 2015;
Volova et al. 2015).

In early reports on microbial PHAs and PHA-based
plastic decomposers, fungi received little attention and (with
a few exceptions) were mostly neglected (Delafield et al.
1965; Lepidi et al. 1972). However, in recent decades molds,
yeasts and even mushrooms have attracted greater attention
with respect to plastic biodegradation (Holmes 1985; McLel-
lan and Halling 1988; Dave et al. 1990a, 1990b; Matavulj and
Molitoris 1990, 1991a, 1991b, 1991¢; 1992; Matavulj 1991;
Matavulj et al. 1992; Neumeier et al. 1994a, 1994b; Kim and
Rhee 2003). Fungi are an important part of the biodegrada-
tion microbiota, playing a very active role in mineralization
of organic matter and in element cycling. Because they are
equipped with extracellular multienzyme complexes, fungi
are often highly efficient “bio-degradation machines’, espe-
cially for the breakdown of natural polymeric compounds.
In addition, due to their fast-growing hyphal systems they
are also able to colonize substrates rapidly, and to transport
and redistribute nutrients within their mycelium (Brucato
and Wong 1991; Cooney et al. 1993; Andersen et al. 2011).

Mycorrhizal fungi are also an important component of
soil life and soil chemistry. Fungi possess important degra-
dative capabilities that have implications for the recycling of
recalcitrant polymers, and for the elimination of hazardous
wastes from the environment (Joutey et al. 2013; Katani¢ et
al. 2013, 2015; Pilipovi¢ et al. 2014). Previously we reported
that, unlike bacteria which degrade only the surface of or-
ganic substrates, through the use of their hyphae mycelial
fungi are able to penetrate deeply into organic materials.
Moreover, being equipped with a broader spectrum of en-
zymes, they are able to efficiently degrade and decompose
all natural polymers (Matavulj et al. 1992, 1995, 1997, 2000;
Rohrmann and Molitoris 1992; Gassner and Matavulj 1997;
Molitoris et al. 1997; Matavulj and Molitoris 1999; Karaman
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et al. 2012). The available data on fungal bio-degradation of
PHAs or PHA-based plastics are summarized chronologi-
cally in Table 1.

The ultimate fate of many organic materials is mineral-
ization by microorganisms. Ever-increasing demand for ma-
terials leads to a concomitant increase in waste production.
The fact that marine environments (sea- and estuarine wa-
ters, sea-bed sediments, coastal sand/rock/soil areas), often
serve today as major landfills (O’Brine and Thompson 2010)
means that new generations of bio-synthetic plastics likely
must be degraded in marine environments (Pruter 1987; Doi
et al. 1992; Mukai and Doi 1995; Tsui and Suzuyoshi 2002).
Marine fungi would thus be expected to participate signifi-
cantly in waste bio-plastic materials decomposition.

Obligate marine fungi are those that grow and sporu-
late exclusively in a marine or estuarine habitat; facultative
marine fungi are those from freshwater and terrestrial mi-
lieus that are able to grow and possibly also sporulate in a
marine environment (Kohlmeyer and Kohlmeyer 1979).
Marine fungi grow on a wide variety of substrata: ranging
from wood, sediments, mud, soil, sand, algae, coral, decaying
leaves (e.g. mangroves), intertidal grasses and living animals,
to the guts of crustaceans or other organisms. The need for
a concerted effort to investigate the biodiversity and role of
marine fungi globally and on as many substrata as possible
has already been emphasized (Hyde 1989; Matavulj and Mo-
litoris 1992; Hyde et al. 1998).

Fungi possess important bio-degradative capabilities
that have implications for recycling recalcitrant polymers
(e.g. lignin) and for the elimination of hazardous wastes from
the environment (Mohapatra 2006). In addition to aromatic
and aliphatic hydrocarbon compounds, microfungi may
transform numerous other aromatic pollutants cometaboli-
cally: including polycyclic aromatic hydrocarbons, various
pesticides, and plasticizers (Joutey et al. 2013). Some marine-
derived fungi were even reported as potential catalysts for
bio-remediation of oil spills and other potential pollutants
(Cooney et al. 1992; Matavulj and Molitoris 2009; Volova
etal. 2010).

It is currently well-accepted that fungi play significant
roles in microbial bio-degradation processes. However, their
role in the bio-transformation of allochthonous organic mat-
ter — particularly in marine habitats — remains largely un-
known. In order to address this gap in our current knowl-
edge, a simple screening method for fungal bio-degradation
of BIOPOL™ and its components (PHB homopolymer and
triacetin) must be developed. The method should provide
at least semi-quantitative data and enable screening large
numbers of fungal marine isolates under partially simulated
marine conditions (seawater mineral composition, level
of salinity, pH). Screening of bio-degradation of PHAs by
fungi isolated from marine environments should elucidate
the capacity of marine fungal population to participate in
biodegradation of novel PHA-based pollutants reaching ma-



Table 1. Chronological review of fungal species degrading poly[(R)-3-hydroxyalkanoates].

In vitro degradation of poly[(r)-3-hydroxybutyrate] and biopoltm by fungi isolated from marine habitats

Species Taxon Strain Substrate Reference

Penicillium simplicissimum A PHB McLellan and Halling 1988a,b
Eupenicillium sp. A IMI 300465 PHB McLellan and Halling 1988a
Aspergillus sp. A PHB Piichner 1988

Penicillium funiculosum A PHB Dave et al. 1990a,b

Syn. Talaromyces funiculosus

Penicillium funiculosum A PHB Brucato and Wong 1991

Syn. Talaromyces funiculosus

Penicillium simplicissimum A BIOPOL Matavulj and Molitoris 1991a
Penicillium atrovenetum A BIOPOL Matavulj and Molitoris 1991a
Trichoderma polysporum A BIOPOL Matavulj and Molitoris 1991a
(ollybia peronata B BIOPOL Matavulj and Molitoris 1991a
Lentinus edodes B BIOPOL Matavulj and Molitoris 1991a
Pleurotus ostreatus B BIOPOL Matavulj and Molitoris 1991a
Serpula lacrymans B BIOPOL Matavulj and Molitoris 1991a
Nectria episphaeria A BIOPOL Matavulj and Molitoris 1991a
Mucor hiemalis 7 BIOPOL Matavulj and Molitoris 1991a
Mucor sp. A BIOPOL Matavulj and Molitoris 1991a
Phlyctochytrium africanum C BIOPOL Matavulj and Molitoris 1991a
Phlyctochytrium palustre C BIOPOL Matavulj and Molitoris 1991a
Dictyostelium discoideum My-Am BIOPOL Matavulj and Molitoris 1991a
Physarum polycephalum My-Am BIOPOL Matavulj and Molitoris 1991a
Polyporus circinatus B BIOPOL Matavulj and Molitoris 1992
Mucor sp. 7 BIOPOL Matavulj and Molitoris 1992
Penicillium simplicissimum A IMI 300465 BIOPOL Matavulj and Molitoris 1992
(Cephalosporium sp. A BIOPOL Matavulj et al. 1992b; 2000
Aspergillus sp. A BIOPOL Matavulj et al. 1992b; 2000
Verticillium sp. A BIOPOL Matavulj et al. 1992b; 2000
Cladosporium sp. A BIOPOL Matavulj et al. 1992b; 2000
Penicillium sp. A BIOPOL Matavulj et al. 1992b; 2000
Penicillium restricum A PHB Mergaert et al. 1992
Penicillium orchrochloron A PHB Mergaert et al. 1992
Penicillium daleae A PHB Mergaert et al. 1992
Aspergillus penicilloides A PHB Mergaert et al. 1992
Paecilomyces marquandii A PHB Mergaert et al. 1992
Penicillium adametzii A PHB Mergaert et al. 1992
Acremonium sp. A PHB; 3-PHB/3-PHV Mergaert et al. 1993
Aspergillus fumigatus A PHB Mergaert et al. 1993, 1994
Verticillium leptobactrum A PHB Mergaert et al. 1994
Penicillium chermisinum A PHB Mergaert et al. 1995
Penicillium janthinellum A PHB Mergaert et al. 1995
Penicillium simplicissimum A PHB Mergaert et al. 1995
Penicillium funiculosum A PHB Oda etal. 1995

Aspergillus fumigatus A PHB Hocking et al. 1996
Aspergillus fumigatus A PHB Scherer 1996

Paecilomyces lilacinus A D218 PHB Oda et al. 1997

Penicillium pinophilum A ATCC 9644 PHB Han etal. 1998

Rhizopus delamar z (R)-3-HB-co-HH Abe et al. 1995

Penicillium crysosporium A 3-PHB/3-PHV Renstad et al. 1999
Penicillium simplicissimum A 3-PHB/3-PHV Renstad et al. 1999
Phanerochaete chrysosporium A 3-PHB/3-PHV Renstad et al. 1999
Aspergillus fumigatus A M2A PHB Scherer et al. 1999
Aspergillus fumigatus A PHB-co-PHV Eldsater 1999

Aspergillus sp. A PHB Sanchez et al. 2000
Thermoascus aurantiacus A IF0 31910 PHB Sanchez et al. 2000
Aspergilus ustus A T-221 PHB Gonda et al. 2000
Paecilomyces sp. A PHB Savenkova et al. 2000
Cephalosporium sp. A PHB Savenkova et al. 2000
Trichoderma sp. A PHB Savenkova et al. 2000
Penicillium sp A PHB Savenkova et al. 2000
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Table 1. Chronological review of fungal species degrading poly[(R)-3-hydroxyalkanoates]. (continued)

Species Taxon Strain Substrate Reference
Aspergillus fumigatus A PHB Scherer et al. 2000
Aspergillus fumigatus A Pdf1 PHB lyer et al. 2000
Fusarium solani A LAR 11 PHB Kim et al. 2000
Penicillium minioluteum A LAR 14 PHB Kim et al. 2000
Penicillium pinophilium A LAR 15 PHB Kim et al. 2000
Penicillium pinophilium A LAR13 PHB Kim et al. 2000
Penicillium simplicissimum A IF0 6345 PHB Miyazaki et al. 2000
Trichoderma reesei A PHA polymers Cutright, 2002
Paecilomyces lilacinus A F4-5 PHB-co-PHV Sang etal. 2002
Paecilomyces farinosus A F4-7 PHB-co-PHV Sang et al. 2002
Fusarium oxisporum A F1-3 PHB-co-PHV Sang et al. 2002
Penicillium simplicissimum A LAR13 PHB Han and Kim 2002
Emericellopsis minima A W2 PHB; 3-PHB/3-PHV Kim et al. 2002
Penicillium funiculosum A ATCC11797 PHB-co-HV/PHEMA Gracida et al. 2004
Syn. Talaromyces funiculosus

Penicillium sp. A DS9701-09a PHB Liu et al. 2006
Penicillium sp. A DS9713a-01 PHB Cietal. 2006
Penicillium funiculosum A PHB Hisano et al. 2006

Syn. Talaromyces funiculosus

Paecilomyces lilacinus A F4-5 PHB Sang et al. 2006

Syn. Purpureocillium lilacinum PHB-co-PHV

Penicillium funiculosum A PHB Numata et al. 2007
Syn. Talaromyces funiculosus

Penicillium simplicissimum A T-154 BIOPOL Matavuly and Molitoris 2009
Penicillium sp. A DS9701-D2 PHB Zhou et al. 2009
Aspergillus fumigatus A 202 PHB Bhatt et al. 2010
Malbranchea sp. A PHB; 3-PHB/3-PHV Volova et al. 2010
Aspergillus sp. A PHB; 3-PHB/3-PHV Volova et al. 2010
Verticillium sp. A PHB; 3-PHB/3-PHV Volova et al. 2010
Penicillium sp. A PHB; 3-PHB/3-PHV Volova et al. 2010
Trichoderma sp. A PHB; 3-PHB/3-PHV Volova et al. 2010
Mucor sp. /A PHB; 3-PHB/3-PHV Volova et al. 2010
Aspergillus fumigatus A PHB Lodhi etal. 2011
Gongronella sp. 7 PHB; PHB-co-PHV Boyandin et al. 2012a
Paecilomyces sp. A PHB; PHB-co-PHV Boyandin et al. 2012a,b
Penicillium sp. A PHB; PHB-co-PHV Boyandin et al. 2012a,b
Trichoderma sp. A PHB; PHB-co-PHV Boyandin etal. 2012a
Acremonium sp. A PHB; PHB-co-PHV Boyandin et al. 2012a
Verticillium sp. A PHB; PHB-co-PHV Boyandin et al. 2012ab
Zygosporium sp. A PHB; PHB-co-PHV Boyandin et al. 2012a
Aureobasidium sp. A PHB; PHB-co-PHV Boyandin et al. 2012b
Aspergillus sp. A NA25 PHB-co-PHV Nadhman et al. 2012a
Penicillium expansum A PHB Shivakumar 2012
Fusarium solani A PHB Shivakumar 2013
Penicillium pinophilum A ATCC 9644 PHB Panagiotidou et al. 2014
Penicillium expansum A PHB Gowda and Shivakumar 2015
Acremonium butyri A P(3HB) Volova etal. 2015
Penicillium sp. A BP-1 P(3HB) Volova et al. 2015
Penicillium sp. A BP-2 P(3HB) Volova et al. 2015
Purpureocillium lilacinum A P(3HB) Volova et al. 2015
Zygosporium masonii A P(3HB) Volova etal. 2015
Verticillium lateritium A P(3HB) Volova et al. 2015
Acremonium recifei A P(3HB) Volova et al. 2015
Gongronella butleri A P(3HB) Volova et al. 2015
Trichoderma pseudokoningii A P(3HB) Volova et al. 2015
Penicillium oxalicum A P(3HB) Volova et al. 2015

A= Ascomycota, B = Basidiomycota, Z = Zygomycota, C = Chytridiomycota, My-Am = Myxomycota — Amoebozoa.

52 Biologia Serbica 37



rine environments recently.

The scarce available data on marine fungi or fungal
strains isolated from marine environments that are capable
of biodegradation PHAs or PHA-based plastics are summa-
rized in Table 2.

MATERIAL AND METHODS
Media

In developing media for fungal growth and detection
of PHA biodegradation, three media with a low content of
non-PHA organic nutrients were tested comparatively:

1) Glucose-peptone-yeast extract agar (GPY), contain-
ing 0.1% glucose, 0.05% peptone, and 0.01% yeast extract
(Molitoris and Schaumann 1986).

2) Reduced glucose-peptone-yeast extract agar (rGPY):
0.01% glucose, 0.01% peptone, and 0.01% yeast extract.

3) Basal mineral medium with peptone and yeast ex-
tract (MPY): Mineral salts: 0.14% NaNO,, 0.10% NH,H PO,
0.10% KH,PO,, 0.06% K HPO, x 3H,0, 0.04% MgSO, x
7H,0, 0.02% CaCl, x 2H,O. Organic substances: 0.01% pep-
tone, 0.01% yeast extract. Microelement solution A (1 ml/l
medium): 0.40% CuSO, x 5H,0, 0.40% ZnSO, x 7H,0, 0.40%
Na,MoO,, 0.20% MnSO, x H,0, 0.20% CoCl, x 6H,0, 0.20%
H,BO,, 0.10% K1, 0.10% Na,SeO, x 5H,0, 0.10% Na,Wo, x
2H,0, 0.10% KAI(SO,), x 12H,0. Microelement solution B
(1 ml/l medium): 0.05% FeS0, x 7H,O.

In all cases 1.60% agar and artificial seawater were used

In vitro degradation of poly[(r)-3-hydroxybutyrate] and biopoltm by fungi isolated from marine habitats

for the preparation of media. The pH was adjusted to 7.0
before autoclaving at 121 °C for 20 min. The composition
of artificial seawater was as described earlier (Lorenz and
Molitoris 1992) resulting in the following concentrations
(weight/volume of distilled water): NaCl - 2.270%, KH,PO,
- 0.788%, MgSO, x 7H,0 - 0.700%, MgCl, x 6H,0 - 0.550%,
KCl - 0.065%, NaBr - 0.010%, H,BO, - 0.003%, SrCL, x 6H,0
- 0.0015%, C.H,O, x H,O - 0.001%. CaCl, was added as a
separate solution to make a final concentration of 0.15%.

A modified solution of microelements as proposed by
Balch and Wolfe (1976) and Balch et al. (1979), was added to
give final concentrations of: C HNO, (titriplex I) - 0.0015%,
MnSO, x H,0 - 0.0005%, Ni(NH,),(SO,), - 0.0002%, FeSO,
x 7H,0 - 0.0001%, CoCl, x 6H,0 - 0.0001%, ZnSO, x 7H,0
-0.0001%, CuSO, x 5H,0 - 0.0001%, KAL(SO,), x 12H,0 -
0.00001%, Na,MoO, x 2H,0 - 0.00001%, Na,WO, x 2H,0
- 0.00001%, Na,SeO, x 5H,0 - 0.00001%, KI - 0.000005%.

According to the visually recorded the most abundant
growth of all tested fungi, the GPY medium was chosen for
further experimental work.

Preparation of assay medium

Powdered commercial BIOPOL™ (“Bottle formulation™)
(1.00 g) or powdered PHB homopolymer (1.00 g) was sus-
pended in 100 ml of seawater, sonicated for 10 min (Bandelin
Sonorex RK 106 S) and autoclaved separately. After sonica-
tion for another 10 min, the opaque suspension was added
aseptically to 900 ml of hot sterile GPY medium, which was

Table 2. Fungal isolates from marine habitats - degrading poly[(R)-3-hydroxyalkanoates].

Species Taxon Strain Substrate Reference

Doratomyces sp. A PHB, BIOPOL Matavulj and Molitoris 1991¢
Gliomastix sp. A PHB, BIOPOL Matavulj and Molitoris 1991¢
Debaryomyces hansenii Ay PHB, BIOPOL Matavulj and Molitoris 1991¢
Candida guilliermondii Ay PHB, BIOPOL Neumeier 1994
Debaryomyces hansenii Ay PHB, BIOPOL Neumeier 1994
Rhodosporidium sphaerocarpum By PHB, BIOPOL Neumeier 1994

Aspergillus ustus A PHB Neumeier 1997

Aspergillus ustus A M-224 PHB Gonda et al. 2000

(andida guilliermondii Ay PHB Gonda et al. 2000
Debaryomyces hansenii Ay PHB Gonda et al. 2000
Rhodosporidium sphaerocarpum B PHB Gonda et al. 2000
Gliomastix sp. A M-51 BIOPOL Matavuly and Molitoris 2009
Fusarium merismoides A M-46 BIOPOL Matavuly and Molitoris 2009
Doratomyces sp. A M-50 BIOPOL Matavuly and Molitoris 2009
Asteromyces cruciatus A M-1 BIOPOL, PHB Matavuly and Molitoris 2009
Debaryomyces hansenii Ay M-111 BIOPOL, PHB Matavuly and Molitoris 2009
Debaryomyces hansenii Ay M-113 BIOPOL, PHB Matavuly and Molitoris 2009
(andida guilliermondii Ay M-122 BIOPOL Matavuly and Molitoris 2009
Nia vibrissa B M-167 BHB Matavuly and Molitoris 2009
Talaromyces verruculosus A PHB Devietal. 2014

Syn. Penicillium verruculosum

A= Ascomycota, B = Basidiomycota, Ay = ascomycetous yeast, By = basisiomycetous yeast.
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then sonicated for another 10 min, agitated, cooled to 50
°C and poured into sterile Petri plates or test tubes, which
resulted in a fine and evenly distributed turbidity caused by
the PHA. During autoclaving of the media, precipitates of
mineral salts occurred, which interfered with the readabil-
ity of the clearing reaction in plates, however no interfer-
ence occurred in test tubes where the larger particles of the
precipitate were allowed to settle before use. To prevent the
sedimentation of fine PHA particles during solidification
of the media, test tubes were cooled quickly in a cold water
bath. Powdered commercial BIOPOL™ was kindly supplied
by ICIL, England.

Biological materials

One hundred thirty-four pure strains of marine fungi
or marine-derived fungi (Culture collection of the Botanical
Institute, University of Regensburg), belonging to different
systematic and ecological groups (Table 1) were used for test-
ing the three basic media. The halotolerant strain Penicillium
simplicissimum (IMI 300465) was used as reference strain
because of its known high PHB-degrading activity (McLellan
and Halling 1988a; Matavulj and Molitoris 1992).

Cultivation

Fungal strains were cultured on GPY agar at 22 °C. Ap-
proximately 3 x 3 mm squares from the actively growing area
of the agar plates were used as an inoculum. All cultures in
test tubes were incubated at 22 °C and approximately 65%
relative humidity with a diurnal periodicity of 12 hours light
and 12 hours darkness.

Evaluation of degradative activity

Fungal ability to degrade commercial BIOPOL™ and
to depolymerize pure PHB homopolymer and use triacetin,
was determined by recording the depth of clearing in mm of
the opaque media in test tubes at daily (for the first week), or
weekly intervals for a period up to 9 weeks.

RESULTS AND DISCUSSION

In our work on PHA biodegradation in terrestrial fungi
(Matavulj and Molitoris 1992) we recommended using test
tubes instead of Petri plates for the PHA clearing test because
the clearing reaction on Petri plates may be concealed by the
growing mycelium, in particular if working with fastgrow-
ing strains. The same applies here to our work with marine
fungi. Since used commercial BIOPOL™ contains several
components including PHB and PHV as a heteropolymer
(79% PHB, 8% PHYV, 9% triacetin, 3% titanium dioxide, 1%
boron nitride), it was important to know whether there are
differences between media containing PHB-V heteropoly-
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mer and media containing pure PHB homopolymer for the
purpose of specifying depolymerase activity.

Test results for 134 marine-derived fungi for the bio-
degradation of commercial BIOPOL™, PHB homopolymer
and triacetin are summarized in Table 3.

A total of 134 strains were tested, representing 85 spe-
cies and (conditionally) 55 genera of different systematic and
ecological groups. Interestingly, only 6 strains (4.48%) were
found to be able to degrade commercial BIOPOL™, 9 strains
(6.72%) depolymerized PHB homopolymer, and 124 strains
(92.53%) were able to use triacetin as the sole carbon source.
This is in sharp contrast with our results using terrestrial
fungi, where approximately 55% were able to degrade com-
mercial BIOPOL", and nearly 68% depolymerised PHB ho-
mopolymer (Matavulj and Molitoris 1992). Triacetin was also
degraded by more than 90% of the terrestrial fungi tested.
The easy degradability of triacetin could be an important ini-
tial step in the destruction of this plastic material in nature,
especially under oligotrophic marine conditions.

Mergaert and Swings (1996), using polyhydroxyalkano-
ates as another pollutant, were unable to isolate any marine
fungus able to degrade these substances in situ. Using pure
fungal cultures, Matavulj and Molitoris (1991c), Neumeier
(1994a), and Molitoris et al. (1995) also found considerably
less marine isolates of filamentous fungi and yeasts (vs. ter-
restrial) capable of PHB biodegradation. One possible ex-
planation for this disparity lies in the fact that almost all
producers of PHAs are isolated from freshwater or terres-
trial environments, while producers of PHAs from marine
environments are almost unknown.

The results of a study by Neumeier (1997) showed less
degradation of PHB by marine and terrestrial isolates of As-
pergillus ustus (T-221, M-224) in artificial seawater vs. the
same terrestrial isolate of A. ustus (T-221) grown in fresh-
water medium under otherwise identical conditions (GPY
medium with PHB). Even more convincing is the failure of
marine yeast isolates studied to degrade PHB in artificial
seawater medium since on solid freshwater medium they
all degraded PHB, at least in the clearing test (Neumeier
1994). The negative effects of salinity on the biodegradation
of different substrates by fungi have been reported earlier.
Rohrmann (1993) noticed a decrease in the degradation of
wood with increasing media salinity. Decreased growth, sub-
strate degradation and enzyme activity with increasing salin-
ity was also found by Kurchenko et al. (1998), and Molitoris
etal. (1998).

A study of bacterial biodegradation of PHAs by Jen-
drossek et al. (1993) revealed that only approximately 10%
of aerobic PHB-utilizing bacteria were also able to degrade
pure PHV-homopolymers. Furthermore, Doi et al. (1990)
reported that the rate of polyester degradation by extracel-
lular PHA depolymerase purified from the bacterium Alcalig-
enes eutrophus, was strongly dependent on the composition
of the polyester. They observed that the presence of 3-hy-



droxyvalerate units significantly retarded the degradation of
the polyester as compared with the rate of pure PHB degra-
dation. Also, attenuation of the biodegradability of PHB by
a lignin-rich filler used for production of bio-based blends
was reported recently (Angelini et al. 2014).

Another important question is whether PHA-degrad-
ing activity correlates with the systematic or ecologic groups
of fungi investigated. Because of the low number of active
strains in marine fungal isolates, it is difficult to obtain statis-
tically significant correlations. However, from Table 3 it can
be seen that biodegradation activities are not evenly distrib-
uted among the different groups of tested marine-derived
fungal species. Table 3 seems to indicate that PHA-degrading
activity in marine fungal isolates is rather low among the
Ascomycotina (BIOPOL™ - 5.71%, PHB - 6.67%) as well as
in the group of Basidiomycotina (BIOPOL™ - 0.00%, PHB
- 6.89%).

Considering the distribution of PHA-degrading activity
among several members of a given genus or a given species,
one can see from Table 3 that out of five strains of Asteromy-
ces cruciatus tested, only the strain M-1 was able to degrade
both commercial BIOPOL™ and pure PHB. Out of 9 strains
of the genus Candida, only one strain of Candida guillier-
mondii (M-122) depolymerised PHB, but not commercial
BIOPOL™. The yeast Debaryomyces hansenii was represented
in our screen by 6 strains, of which only two showed the abil-
ity to degrade both PHB and BIOPOL™.

Investigation of 29 isolates belonging to Basidiomyco-
tina, representing 4 genera (Cryptococcus, Nia, Rhodospo-
ridium and Sporobolomyces) and 15 species, showed that
only one strain of Nia vibrissa (M-167) (Agaricales) and one
strain of Rhodosporidium sphaerocarpum species (M-185)
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(Sporidiobolales) were able to depolymerize PHB, but not
commercial BIOPOL™. Earlier we reported that among 65
investigated terrestrial basidiomycetous mushroom strains,
Collybia peronata, Lentinus edodes, Pleurotus ostreatus, Serp-
ula lacrymans, and Polyporus circinatus were able to degrade
BIOPOL (Matavulj and Molitoris, 1991a, 1992).

CONCLUSION

According to the data presented, it turned out that the
biodegradation capacity of marine-derived fungal popula-
tion against tested PHB and BIOPOL™ was pretty poor (4.5%
degraded BIOPOL™ and 6.7% depolymerized pure PHB).
This is in contrast to the results obtained from investigation
of terrestrial fungi (more than 55% active). Moreover, our
data indicate that in marine-derived fungi this characteristic
is not related to taxonomic character of a particular species
or genera, nor is it a feature of certain ecological groups.
In contrast, PHA biodegradation activity seems rather to
be a physiological characteristic of individual “physiological
strains” of the studied marine-derived fungal species.
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