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ABSTRACT

Polyurethane (PU) is widely used in many aspects of modern life because of its versatility and resistance. However, PU waste dis-
posal generates large problems, since it is slowly degraded, there are limited recycling processes, and its destruction may gener-
ate toxic compounds. In this work, we isolated fungal strains able to grow in mineral medium with a polyester PU (PS-PU; Im-
pranil DLN) or a polyether PU (PE-PU; Poly Lack) varnish as the only carbon source. Of the eight best Impranil-degrading
strains, the six best degraders belonged to the Cladosporium cladosporioides complex, including the species C. pseudocladospo-
rioides, C. tenuissimum, C. asperulatum, and C. montecillanum, and the two others were identified as Aspergillus fumigatus and
Penicillium chrysogenum. The best Impranil degrader, C. pseudocladosporioides strain T1.PL.1, degraded up to 87% after 14 days
of incubation. Fourier transform infrared (FTIR) spectroscopy analysis of Impranil degradation by this strain showed a loss of
carbonyl groups (1,729 cm™ ') and N—H bonds (1,540 and 1,261 cm™ "), and gas chromatography-mass spectrometry (GC-MS)
analysis showed a decrease in ester compounds and increase in alcohols and hexane diisocyanate, indicating the hydrolysis of
ester and urethane bonds. Extracellular esterase and low urease, but not protease activities were detected at 7 and 14 days of cul-
ture in Impranil. The best eight Impranil-degrading fungi were also able to degrade solid foams of the highly recalcitrant PE-PU
type to different extents, with the highest levels generating up to 65% of dry-weight losses not previously reported. Scanning
electron microscopy (SEM) analysis of fungus-treated foams showed melted and thinner cell wall structures than the non-fun-
gus-treated ones, demonstrating fungal biodegradative action on PE-PU.

IMPORTANCE

Polyurethane waste disposal has become a serious problem. In this work, fungal strains able to efficiently degrade different types
of polyurethanes are reported, and their biodegradative activity was studied by different experimental approaches. Varnish bio-
degradation analyses showed that fungi were able to break down the polymer in some of their precursors, offering the possibility
that they may be recovered and used for new polyurethane synthesis. Also, the levels of degradation of solid polyether polyure-
thane foams reported in this work have never been observed previously. Isolation of efficient polyurethane-degrading microor-
ganisms and delving into the mechanisms they used to degrade the polymer provide the basis for the development of biotechno-
logical processes for polyurethane biodegradation and recycling.

olyurethane (PU), one of the most versatile polymers invented

by humans, is synthesized from a wide variety of precursors
generating almost infinite types of materials, from elastomers and
varnishes to highly resistant components, such as automotive
parts, foams, semirigid plastics, and textile fibers. Due to their
versatility, PUs are widely used in different human activities as a
substitute for wood or metal and in other innovative products.
However, the advantages provided by these polymers are corre-
lated with the problem caused by its accumulation after the end of
its useful life. In Europe alone, 59 million tonnes of plastics were
produced in 2014, from which 4.4 million tonnes were PU; 25.8
million tonnes of postconsumer plastic waste ended up in the
waste upstream, and from that, 30.8% went to landfill sites after its
useful life (1). In Mexico in 2011, more than 4 million tonnes of
plastic waste was sent to landfills (2). In addition, PUs are slowly
degraded, and it has been estimated that it takes hundreds of years
for PU molecules to return to the environment (3, 4). Also, no
clean or effective systems for their disposal exist; incineration gen-
erates toxic fume emissions, and recycling has the inconvenience
that after a few rounds, the material becomes useless, ending in
dump sites (5).

PUs are synthesized from polyols and isocyanates, and depend-
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ing on what type of polyols is used, PUs can be of the polyester
(PS) type or polyether (PE) type. Biodegradation of PUs by bac-
teria and fungi has been studied since the 1980s, and although
different enzymatic activities have been identified (4, 6-8), the
underlying mechanisms of biodegradation are still unknown.
Many of the PS-PU-degrading fungi have been collected from
PS-PU coupons buried in soil under laboratory conditions or in
compost systems (9—14), whereas others have been found growing
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in PU-contaminated sand (15) or have been isolated from plants
(endophytic fungi) (16).

PE-PU foams are extensively used because of their resistance
and low cost of production. The foam’s protective and cushioning
properties make it the ideal material for packaging applications,
and its inherent comfort, support, and resilience make it the clear
choice for construction, automotive appliances, and apparel,
health care, medical, sports, and leisure products. This material,
however, is more recalcitrant to fungal attack than PS-PU (17).
Although several works have documented the degradation of solid
PS-PU by fungi (9-14, 17), scarce research on solid PE-PU bio-
degradation has been carried out. Early work reported that PE-PU
foams were unaffected by Aspergillus niger and Cladosporium her-
barum growth (18). Moreover, when incubated in compost piles
(11, 19) or agricultural soils (19), where fungi play an important
role in degradation, samples of PE-PU turned yellow and brown-
ish but were not physically deteriorated. The only work reporting
an effective microorganism, Alternaria sp. strain PURDK2, which
is able to degrade ether-PU cubes as much as 27.5% after 10 weeks
of exposure, was published in 2010. When incubated with sub-
strates that contained urethane or urea bonds, this strain caused
the release of some degradation products into the medium, prob-
ably by the action of urethane- and urea bond-degrading enzymes,
which have been suggested as the activities that enabled the strain
to degrade the ether-PU cubes (20).

Therefore, there is an urgent need to develop biotechnological
processes for PU biodegradation, particularly for the highly recal-
citrant PE-PU. For that, the first requirement is to isolate micro-
organisms with high capability to attack PU and to characterize
their biological activity on the polymer. Here, we report eight
novel fungal strains isolated from environmental samples, which
are able to degrade Impranil (a PS-PU varnish) and Poly Lack (a
PE-PU varnish) and to reduce the weight (up to 65%) of highly
recalcitrant solid PE-PU foams. We also provide evidence by Fou-
rier transform infrared (FTIR) spectroscopy, gas chromatogra-
phy-mass spectrometry (GC-MS), enzymatic activity analyses,
and scanning electron microscopy (SEM) of the biological action
displayed by the best PU-degrading fungi on the polymer. The
identification of degradation products generated by fungal action,
which may be recovered to be used as the substrates for new PU
synthesis, would make the development of biotechnological pro-
cesses for PU biodegradation and recycling more valuable.

MATERIALS AND METHODS

Culture media. For isolation and qualitative evaluation of PU degra-
dation, fungi were grown in the mineral medium (MM) modified
from that in reference 15: 19 mM NaH,PO,, 33.5 mM K,HPO,, 7.6
mM (NH,),S0,, 250 pM MgS0,-7H,0, 147 pM FeCl,-6H,0, 14 pM
ZnCl,-4H,0, 12 uM CoCl,-6H,0, 12 pM Na,Mo0O,-2H,0, 10 uM
CaCl,-2H,0, 11 uM CuCl,, 12 pM MnCl,, 12 uM H;BO;, and 1.8 mM
HCI; this was supplemented with different PU substrates as the only
source of carbon. The reagents used for medium preparation were
American Chemical Society (ACS) grade from J.T.Baker Chemicals.
Agar plates were made by adding 15 g/liter agar. Potato dextrose agar
(PDA) and potato dextrose broth (PDB) media were used for growth
and maintenance of filamentous fungi. Since fungal growth was simi-
lar between 25 and 30°C, these temperatures were used indiscrimi-
nately for incubation.

Isolation of fungi able to grow in PU. The different PU-related com-
pounds used to isolate fungi able to degrade PU were as follows: Rymsapol
200/107 L-83 (Resinas y Materiales S.A. de C.V.) (diethylene-glycol polya-
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dipate), a polyester polyol (PP) used as the substrate for PU synthesis;
Impranil DLN (Bayer) (I), a PS-PU; Hydroform (PolyForm de México,
S.A.de C.V.) (H), a PS-PU; and Poly Lack (Sayer Lack Mexicana, S.A. de
C.V.) (PL), a PE-PU. Impranil, Hydroform, and Poly Lack are commer-
cial PU varnishes formulated as colloidal water-based PU suspensions,
whose exact compositions are unknown. Plates with solid MM and one of
the PU-related compounds at 0.3% solids as carbon sources were inocu-
lated with environmental samples collected from different sources: gar-
den soil (T), decomposing PU foams collected at a municipal dump site
(Bordo Poniente, Ciudad Nezahualcdyotl, Estado de México, México)
(BP), natural airflow from laboratory indoors (A1) and outdoors (A2),
and fungal colonies growing on the PU insulation of a cold room wall
(A3). For the Bordo Poniente dump site samples, chloramphenicol (50
pg/ml) (Sigma-Aldrich) was added to solid medium to prevent bacterial
growth. After cultivation on these media for 7 days at 25 to 30°C, all the
morphologically different fungi were streaked on PDA medium for sev-
eral rounds until their isolation. Conidia from each isolate were preserved
by desiccation in silica gel. Fungal strains were named after their sampling
source (T, BP, A1, A2, or A3) and substrate used for their isolation (PP, I,
H, or PL).

Identification of fungi. Microcultures of the best PU-degrading fungi
were made by inoculating PDA medium cubes (0.5 by 0.5 by 0.5 cm) with
conidia on the four sides. Cubes were placed on slides and cover glasses
and incubated in petri dishes containing a glass triangle as support and
filter paper soaked with sterile water. Microcultures were incubated for 7
days at 25°C. Water was exchanged for formaldehyde to fix the reproduc-
tive structures to the slides and incubated for 1 h. PDA medium cubes
were removed from the slides and stained with lactophenol cotton blue to
observe the reproductive structures under the microscope. The genera of
the fungi were determined based on the morphology and pigmentation of
conidia and conidiophores, according to the Saccardo system of classifi-
cation (21). For species identification, molecular techniques were used.
All the reagents used in DNA techniques were molecular biology grade
from Sigma-Aldrich. Fungi were grown in PDB for 1 week at 30°C. DNA
was extracted according to the method in reference 22, with the following
modifications: 0.2 g of filtered mycelium was pulverized with liquid ni-
trogen, resuspended in 600 .l of extraction buffer (2% cetyltrimethylam-
monium bromide [CTAB], 1.4 M NaCl, 200 mM EDTA, and 100 mM
Tris-HCI [pH 8]), and incubated at 65°C for 30 min. The mixture was
cooled at 25 to 30°C, and 250 pl of 5 M potassium acetate was added to
complete cell lysis. Cell debris was removed by centrifugation (15,000 X g)
for 5 min in an Eppendorf centrifuge (model 5427C), and the supernatant
was extracted twice with phenol-chloroform. DNA was precipitated over-
night with absolute ethanol and resuspended in 100 .l of sterile deionized
water. Genomic DNA integrity was verified by agarose gel electrophoresis,
and DNA purity was determined by A,¢,/A,5, and A,40/A,3, ratios. An
aliquot (250 ng) of genomic DNA was used as a template for PCR ampli-
fication of part of the rRNA gene cluster (approximately 1,200 bp) span-
ning the internal transcribed spacer 1 (ITS1), the 5.8S rRNA gene, the
internal transcribed spacer 2 (ITS2), and the 28S rRNA gene region
D1-D2 (23), using the ITS1 forward primer (5'-TCCGTAGGTGAACCT
GCGG-3") (24) and the D2 reverse primer (5'-TTGGTCCGTGTTTCAA
GACG-3") (25). For a precise identification of the strains belonging to the
Cladosporium cladosporioides complex, partial sequences of actin (ACT)
(approximately 230 bp) and translation elongation factor (TEF) la
(approximately 240 bp) genes were amplified (26) using the primers
ACT-512F/ACT-783R and EF1-728F/EF1-986R, respectively (27).
PCR was performed with Phusion high-fidelity DNA polymerase (Thermo
Scientific), according to the manufacturer’s instructions for genomic DNA
amplification (10 wM each primer, 10 mM each deoxynucleoside
triphosphate [dNTP], 1X Phusion buffer, and 1 U of Phusion DNA
polymerase). The PCR program was one initial denaturation cycle at 98°C
for 3 min; 30 cycles of denaturation at 98°C for 10 s, annealing at 64.4°C
for 30 s for reactions with ITS-D2 primers, at 63°C for 15 s for reactions
with ACT primers, or at 58°C for 15 s for reactions with TEF primers, and
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extension at 72°C for 36 s; and a final extension cycle at 72°C for 7 min.
PCR products were gel purified by using the GeneJET PCR purification kit
(Thermo Scientific). Sequencing was performed at Macrogen, Inc. (Seoul,
South Korea) with the same primers used for the PCR amplifications.
Identification was made by comparison of the obtained sequences to the
GenBank database using Basic Local Alignment Search Tool (BLAST)
(28).

Impranil degradation assay. Strains were inoculated on plates con-
taining MM with Impranil and incubated at 25 to 30°C for 5 days. Fungal
utilization of Impranil as a carbon source and hydrolysis, by clearing halo
formation on Impranil plates, were qualitatively evaluated based on ref-
erence 14. For quantitative Impranil degradation assays, tubes containing
10 ml of MM with Impranil were inoculated with mycelium (80 mg [fresh
weight] obtained from static cultures grown in PDB for 1 week at 30°C in
darkness) from each selected fungus. The mycelial samples were washed
prior to inoculation to remove any residual medium. After incubation
without agitation for 14 days at 30°C in darkness, cultures were filtered
through Whatman grade 41 paper and the filtrate measured turbidimet-
rically at Ngog > Using distilled water as a blank. Noninoculated tubes
with 10 ml of MM with Impranil were set as controls. The concentration
of residual Impranil was calculated according to values obtained from a
standard curve done with different Impranil concentrations. The stan-
dard curve was linear (* = 1) up to 1 mg/ml at \yyg - Three biological
replicates were quantified for each fungal strain.

FTIR spectroscopy analysis of Impranil degradation. The eight fungi
with the highest capability to degrade Impranil were inoculated with 80
mg (fresh weight) of mycelium obtained from static cultures grown in
PDB for 1 week at 30°C, in tubes containing 10 ml of MM with Impranil,
and incubated without agitation for 14 days at 30°C in darkness. The
cultures were thoroughly mixed, mycelium was eliminated by filtration
through Whatman grade 41 filter paper, and 1 ml of each filtrate was
analyzed by FTIR spectroscopy in a 1605 PerkinElmer spectrometer at
2,500 to 800 cm . Three biological replicates were analyzed for each
selected fungal strain. Spectral interpretation was performed according to
references 29 and 30.

Identification of Impranil degradation products. Fungal mycelia (80
mg [fresh weight] of mycelium obtained from static cultures grown in
PDB for 1 week at 30°C in darkness) were cultured in 125-ml flasks with 40
ml of MM with Impranil, without agitation at 25°C in darkness; nonin-
oculated MM with Impranil flasks were used as controls. Analysis of in-
oculated and control media was carried out at 0, 7, and 14 days of incu-
bation. For each analysis time, cultures were thoroughly mixed, and
mycelium was eliminated from the media by filtering through Whatman
grade 41 filter paper. The filtrates were centrifuged at 12,000 X g for 15
min in a Sorvall RC-5C Plus with rotor type SS-34. Supernatants were
then filtered through 0.45-pm-pore-size Millipore membranes to elimi-
nate conidia and residual Impranil. The filtrates were extracted three
times with 10 ml of dichloromethane. The three extracts were pooled and
the solvent evaporated to dryness at 25 to 30°C. The dried samples were
resuspended in 50 pl of methanol-chloroform (1:1 [vol/vol]), and 1 pl
was injected (injector temperature, 300°C) with a split ratio of 1:50 in an
Agilent 6890N gas chromatograph with a DB-5MS column (5% phenyl-
methyl silicone; length, 20 m; internal diameter, 0.18 mm). The oven
program was initial temperature of 40°C (held for 3 min), which increased
by 20°C/min up to 300°C (held for 15 min). All the solvents used were
ACS grade from J.T.Baker Chemicals. Helium was used as the carrier gas
at a flow rate of 1 ml/min. Time of flight mass spectrometry (TOF-MS)
analysis was performed in a Leco Pegasus 4D model apparatus. The elec-
tronic ionization energy was 70 eV, and the mass range scanned was 45 to
550 atomic mass units (amu). The delay time was 300 s. The scan rate was
20/s. Mass spectra of the compounds detected in the analyzed extracts
were compared to the National Institute of Standards and Technology
(NIST) Mass Spectrometry Data Center 2002 library. Compounds with
mass spectrum similarity values of >850 were considered the same com-
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pound as the library hit; below this similarity value, they were considered
related compounds.

Enzymatic assays. For enzymatic analyses, 80 mg (fresh weight) of
mycelium obtained from static cultures grown in PDB for 1 week at 30°C
in darkness was cultured in 125-ml flasks with 40 ml of MM with Impra-
nil, without agitation at 25°C in darkness. Cultures were harvested after 0,
7, and 14 days of incubation (3 replicates for each time) and filtered
through four layers of cheesecloth. The filtrates were centrifuged at
12,000 X g for 15 min in a Beckman J2-21 centrifuge with a JA-20 rotor.
Cell-free supernatants, the source for extracellular enzymatic activity,
were filtered through 0.45-pm-pore-size Millipore membranes and then
concentrated to 3 ml in Amicon Ultra 10K devices. Next, three dialysis
rounds were sequentially carried out against 50 mM potassium phosphate
(pH 7.0) for 2 h (in 1 liter of buffer), overnight (in 2 liter of buffer), and
two more hours (in 1 liter of buffer). After that, samples were concen-
trated to 400 pl in an Amicon Ultra 10K, and protein levels were deter-
mined according to Bradford’s method by using bovine serum albumin
(BSA) as a standard. For 0 and 7 days of incubation, 1 ug of protein was
used, whereas for 14 days of incubation, 4 g of protein was used for the
enzymatic assays. Esterase activity was determined spectrophotometri-
cally by hydrolysis of p-nitrophenyl acetate (p-NPA) (catalog no. L00314;
Alfa Aesar) at No5 > as previously reported (6). The reaction mixture
contained 50 mM potassium phosphate (pH 7.0), 100 pl of enzyme ex-
tract, and 5 mM p-NPA in a final volume of 1 ml. Lipase from Pseudomo-
nas fluorescens (catalog no. 28602; Sigma-Aldrich) was used as a positive
control. Protease activity was determined spectrophotometrically by ca-
sein hydrolysis at N,g, .., s previously reported (6), except that the reac-
tion mixture contained 100 mM potassium phosphate (pH 7.0), 50 wl of
enzyme extract and 0.5% casein in a final volume of 1 ml, and it was
incubated at 37°C overnight. Proteinase K (catalog no. EO0491; Thermo
Scientific) was used as a positive control. Urease activity was determined
spectrophotometrically by using a phenol hypochlorite assay, which mea-
sured ammonia release at N34,y (31). The reaction mixture contained 15
mM potassium phosphate (pH 7.0), 100 p.l of enzyme extract, and 3.8 mM
urea in a final volume of 1.3 ml. Jack bean urease (catalog no. U-1500;
Sigma-Aldrich) was used as a positive control.

Degradation of PE-PU foams. Two types of PE-PU foams (A and B),
used for commercial production of mattress cushioning (kindly provided
by Espumas Industriales Monterrey, S.A. de C.V.), were tested for fungal
degradation. Both foams were synthesized from Caradol SC56-22 (Schell
Chemicals) (propylene oxide/ethylene oxide-based polyether polyol) and
Caradol MD30-45 (Schell Chemicals) (propylene oxide/ethylene oxide-
based polyether polyol grafted with a styrene-acrylonitrile copolymer for
higher strength) used at different proportions and polymerized with
Mondur TD 80 grade A (toluene diisocyanate) (Bayer). Foam A contained
a halogenated flame retardant, CP2 LV [Tris-(1,3-dichloroisopropyl)
phosphate (TDCPP)]. Preweighed pieces of foam (8 by 30 by 15 mm)
were washed, dried, autoclaved, inoculated with 80 mg (fresh weight) of
1-week-old mycelium grown in PDB in static cultures at 30°C in darkness,
and incubated for 21 days at 25 to 30°C in petri dishes containing 20 ml of
50% PDB. The PDB was refreshed every 5 days. Mycelium growing
around the foam pieces was carefully eliminated with sterile bistoury and
forceps at every medium change. After the completion of incubation time,
weight was recorded to determine biodegradation level. For that, foam
pieces were treated with 0.88% (wt/vol) sodium hypochlorite for 18 h to
destroy the remaining mycelium, washed out four times with 30 ml of
distilled water, and vacuum dried at 25 to 30°C until constant weight.
Noninoculated control foam pieces were similarly treated.

Scanning electron microscopy analysis. Replicate samples of PU
foam pieces used for quantifying biodegradation were analyzed by scan-
ning electron microscopy (SEM). The mycelium-containing foams were
fixed in 2.5% glutaraldehyde in 0.05 M phosphate bufter (pH 7.3) over-
night. Samples were washed three times with 0.05 M phosphate buffer and
then dehydrated in ethanol at 30%, 50%, 70%, 90%, and 100% for 5 min
each. After this treatment, foams were incubated in a vacuum oven at 25 to
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30°C for 72 h. For the mycelium-free foams, superficial mycelium was
carefully removed with a razor blade, and internal mycelium was elimi-
nated by submerging the foam in 50 ml of 0.88% (wt/vol) sodium hypo-
chlorite for 18 h. The foams were then washed six times with 20 ml of
distilled water by shaking at 125 rpm for 2 min each time. Vacuum filtra-
tion over a Buchner funnel (each side of the foam for 1 min) and incuba-
tion in a vacuum oven (72 h at 25 to 30°C) were used to remove the
remaining water until complete dryness. Foams with and without myce-
lium were coated with gold and analyzed under a high vacuum without
microanalysis in a Jeol JSM-5900-LV electron microscope. In each sam-
ple, 5 fields were analyzed as representative data.

Statistical analyses. Impranil and PE-PU foam biodegradation were
statistically analyzed by analysis of variance (ANOVA). Mean comparison
was performed with Tukey’s test for balanced experiments (P < 0.05).

Accession number(s). Sequences were deposited in GenBank (accession
numbers for partial sequences of rRNA genes, KU605792, KU605788,
KU605794, KU605789, KU605793, KU605790, KU605787, and KU605791;
for partial sequences of the actin gene, KU605800, KU605796, KU605799,
KU605797, KU605795, and KU605798; and for partial sequences of the trans-
lation elongation factor lo gene, KU605786, KU605782, KU605785,
KU605783, KU605781, and KU605784). Table S1 in the supplemental ma-
terial shows the percentage of the highest matches obtained and has the
GenBank accession numbers for reference strains and the strains reported
in this work.

RESULTS

Isolation of fungi. A variety of fungi isolated from samples of
diverse environments grew on mineral media containing different
PU-related compounds used as carbon sources. A total of 73 mor-
phologically different colonies were isolated, with 42 filamentous
fungi and 31 yeast-like strains. PU degradation qualitative assays
were performed by inoculating all the strains on agar plates with
the different PU substrates. None of the yeast-like and five of the
filamentous fungi were able to grow in any of the tested media;
therefore, no further analysis was made with these strains. From
the remaining 37 tested strains, 31 filamentous fungi were able to
grow and produce clearing halos on MM with Impranil and MM
with Rymsapol, indicating the capability to hydrolyze a polyester
PU and a polyester polyol, respectively. From these 31 halo-form-
ing strains, 22 were also able to grow on MM with Poly Lack, a
PE-PU varnish. Since Poly Lack does not clarify when degraded, it
fails as an indicator for quantitative assays, although it provides a
means to select possible PE-PU-degrading microorganisms.
Therefore, because Impranil clarifies when microorganisms hy-
drolyze it, it is a visual and reliable method for quantitative anal-
ysis (7, 16, 32, 33), and so we chose this substrate for further
quantitative degradation experiments.

Biodegradation of Impranil and identification of fungi. All
the 31 fungi that grew and formed degradation halos on Impranil
solid media were evaluated for quantitative turbidimetric analysis
of Impranil degradation. The growth of representative strains in
liquid MM with Impranil after 14 days of culture is depicted in Fig.
la. All the fungal strains were able to degrade Impranil to different
extents, with values that ranged from 6% to 99% (data not
shown). An interesting correlation was that all nine fungi unable
to grow on Poly Lack exhibited the lowest Impranil degradation
values. Based on these results, a second quantitative Impranil deg-
radation experiment with three replicates was performed, in
which the 15 fungal isolates that exhibited the highest Impranil
degradation levels were analyzed. This analysis showed degrada-
tion values from 40% to 87% (Fig. 1b). Isolates T1.PL.1, A2.PP.5,
BP8.1.3,and A3.1.1 showed degradation levels above 80%, whereas
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isolates BP3.1.2, A2.H.4, BP3.1.7, and A2.PL.1 displayed degrada-
tion levels between 74% and 78%. ANOVA showed statistically
significant differences on Impranil degradation between strains.
Tukey’s test demonstrated that only the two most Impranil-de-
grading strains, T1.PL.1 and A2.PP.5 (>80% degradation) (group
a), showed statistically significant differences compared to the
four least Impranil-degrading strains, A2.H.5, T1.H.7, BP6.L5,
and T1.H.2 (39 to 55% degradation) (group a’). When the nine
most Impranil-degrading strains (>70% degradation) were con-
sidered as a group (group b), they showed statistically significant
differences only compared to the two least-degrading strains (39
to 41% degradation) (group b’).

The eight best-degrading strains were identified by classical
taxonomy and by molecular biology methods. Reproductive
structure morphology and sequencing of amplicons obtained by
PCR from part of the rRNA genes (ITS1-D2 region) allowed the
precise identification of BP3.1.7 and A2.PL.1 as Penicillium chryso-
genum and Aspergillus fumigatus, respectively. In the same way, it
was determined that the six best PU-degrading strains belonged to
the Cladosporium cladosporioides complex, with identities be-
tween 99 and 100% (24). Further BLAST analysis of the actin and
translation elongation factor la partial sequences from these six
strains showed the highest matches with the following species:
T1.PL.1 with Cladosporium pseudocladosporioides, A2.PP.5 and
A3.1.1 with Cladosporium tenuissimum, BP8.1.3 and BP3.1.2 with
Cladosporium asperulatum, and A2.H.4 with Cladosporium mon-
tecillanum (34).

Effect of fungal growth on Impranil degradation. To deter-
mine the effect that fungal growth generated on Impranil, the
eight selected strains were grown on MM with Impranil, and FTIR
analyses were performed in cell-free filtrates obtained from 14-
day-old fungal cultures. All tested fungi generated similar changes
on Impranil FTIR spectra. A representative FTIR spectrum of Im-
pranil degradation by C. pseudocladosporioides T1.PL.1 revealed a
decrease in the 1,729 cm ™" signal associated with the stretching of
the carbonyl group (C=0) related to both the polyester fraction
and the urethane bond. Decrements in the signals of bending
(1,540 cm™ ") and stretching (1,261 cm ™ ") of the C—N—H bond
in the urethane group were also observed in the fungus-treated PU
(Fig. 2).

To explore the way in which fungi degrade Impranil, time
course analyses of the compounds present in the media at 0, 7, and
14 days of incubation with the most Impranil-degrading strain,
Cladosporium pseudocladosporioides T1.PL.1, were carried out by
GC-MS. In controls, only small changes in some compounds were
observed during the 14-day incubation period. However, impor-
tant changes in the relative area of compounds related to PU deg-
radation were observed in fungus-treated extracts (Table 1; see
also Fig. S1 in the supplemental material). Five compounds, ten-
tatively identified as cyclohexyl cyclohexanecarboxylate-related
compound, adipic acid dicyclohexyl ester-related compound, tri-
decan-6-ol-related compound, tetradecan-3-yl prop-2-enoate-
related compound, and cyclohexane (1-methylethyl)-related
compound, disappeared in the fungus-inoculated media, most of
them during the first week of incubation, whereas in the control,
they remained with few changes during the 2 weeks of the exper-
iment (Table 1 and Fig. S1, peaks 4, 6, 7, 8, and 9). Four com-
pounds, tentatively identified as 2,2-dimethyl-1,3-propanediol,
hexane-1,6-diol, hexane 1,6-diisocyanate, and adipic acid di(oct-
4-yl ester)-related compound, which were present at almost con-
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FIG 1 Growth and Impranil degradation by some of the selected fungal strains. (a) Growth of fungal strains showing different types of development in MM with
Impranil. Left tube, control; right tube, fungus-inoculated medium. (b) Quantitative analysis of Impranil degradation by the 15 fungal isolates showing the
highest degradation levels. All data were normalized to the negative control. The eight darker-shaded columns represent the strains that were selected for further
analysis. n = 3. The error bars represent standard deviations. Statistically significant differences are indicated by a versus a’ and b versus b’.

stant or slightly decreasing levels in the control, increased in the
cultures inoculated with the fungus (Table 1 and Fig. S1, peaks 1,
2,3,and 5). The mass spectra of the compounds identified in these
analyses are presented in Fig. S2 in the supplemental material.
Based on these results, and on the fact that the selection of
Impranil-degrading fungi was based on their capability to form
degradation halos on Impranil solid media, we hypothesized that
biodegradation of the compounds present in Impranil occurred
by fungal extracellular enzymatic activities. To address this possi-
bility, culture supernatants of the most Impranil-degrading strain,
C. pseudocladosporioides T1.PL.1 grown in MM with Impranil,
were analyzed for enzymes whose activities have been correlated
with polyurethane biodegradation: esterase, protease, and urease.
Esterase activity at the initial time was almost negligible (0.057 =
0.002 pmol p-NPA/min/mg of protein), and it increased to
84.91 = 19.97 wmol p-NPA/min/mg of protein (1,500-fold) after
7 days of incubation and decreased 4-fold at day 14 (20.73 * 1.41
pmol p-NPA/min/mg of protein). Protease activity was not de-
tected at any time when analyzing aliquots of the same protein
concentration as the ones used for esterase measurements. The
protease-positive controls showed proper activity in the assays.
Very low urease activity, at less than 3.13 = 0.13 wm of NH;/
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min/pg of protein, was determined at different times during the
analysis.

PE-PU foam degradation. In order to explore whether the
eight best Impranil-degrading strains could also be effective to
degrade solid PE-PU foams, they were challenged to decompose
two types of solid foams, which were similar in composition but
different in density and in that foam A contained a flame retar-
dant. Changes in the form and structure of the foam pieces were
recorded, and weight losses were measured after incubation with
the selected fungi. Analysis showed that the least PU-degrading
strains grew only on the surface, but the best ones clearly devel-
oped their mycelia inside the foam, invading the whole piece (Fig.
3). Evidence of the capability of the best PU-degrading fungi to
grow inside solid foam is shown in SEM micrographs, in which
large numbers of hyphae invading the surface and the interior of
foam cells can be seen (Fig. 4). After 21 days of incubation, foams
inoculated with fungi changed their shape, size, and weight com-
pared to the similarly treated but noninoculated pieces (Fig. 5a).
The foam with flame retardant (foam A) was less degraded than
the foam with no flame retardant (foam B), with weight losses
from 6 to 25.9% and 10 to 65%, respectively (Fig. 5b). ANOVA
and Tukey’s test made it evident that Cladosporium strains dis-
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FIG 2 Representative FTIR spectroscopy analysis of Impranil degradation by
fungi. Spectra of MM with Impranil noninoculated and inoculated with Cla-
dosporium pseudocladosporioides strain T1.PL.1 after 14 days of incubation. All
the eight best Impranil-degrading fungi presented similar results. Changes
reflecting Impranil degradation are observed in the signals at 1,729 cm™'
(non-hydrogen-bonded urethane C=-0 stretch and ester from polyol frac-
tion), 1,540 cm ™', and 1,261 cm ™' (urethane C—N—H bending and stretch,
respectively). Signal assignments are based on references 29 and 30.

played the largest foam degradation capability. Cladosporium
tenuissimum A2.PP.5 was significantly the most degrading strain
for both foam A (25.9%) and foam B (65.3%). C. tenuissimum
A3.1.1, C. asperulatum BP3.1.2, and C. pseudocladosporioides
T1.PL.1 followed in their ability to degrade foam B, at 49.3%,
47.1%, and 44.9%, respectively. Statistical analysis of foam B deg-
radation indicates that C. tenuissimum A2.PP.5 showed significant
differences with the three least-degrading strains (a’); C. tenuissi-
mum A3.1.1 showed statistically significant differences compared
to the two less-foam-degrading strains (b'), whereas C. asperula-

FIG 3 Fungal growth of Cladosporium asperulatum BP8.1.3 over and inside
PE-PU foam. Representative progression of fungal growth is shown by one of
the best Impranil-degrading strains, from initial colonization (1 day) on the
surface of foams to extensive invasion (12 days) on the whole piece of foam.
The growth on foam B (without flame retardant) is shown.

tum BP3.1.2 and C. pseudocladosporioides T1.PL.1 showed statisti-
cally significant differences only compared to the least PU-degrad-
ing strain, A. fumigatus A2.PL.1 (c¢’) (Fig. 5b).

To further analyze PE-PU foam degradation, we also evaluated
PU damage at a microscopic level. PU pieces of foam B incubated
with the three best foam-degrading fungi (C. tenuissimum strains
A2.PP.5 and A3.I.1 and C. pseudocladosporioides T1.PL.1) were
treated to remove fungal mycelium, and SEM micrographs were
taken. At panoramic views (50X magnification), the disruption
and loss of integrity of the foam reticulated-cell structure were
observed in samples incubated with the fungi (Fig. 6). At a closer
view (250X magnification), thinning, bending, and relaxation of
the fibers were observed in the fungus-incubated foams, in con-

TABLE 1 Time course GC-MS analysis of Impranil degradation by the best Impranil-degrading fungal strain, Cladosporium pseudocladosporioides

T1.PL1

% of relative area by treatment and day”

Control Fungus treatment
Peak Avg RT (s)* Compound TO T7 T14 TO T7 T14
1 390.53 2,2-Dimethyl-1,3-propanediol 9.8 9.4 13.0 11.7 25.9 30.5
2 503.39 Hexane-1,6-diol 19.6 18.5 18.1 24.7 40.0 39.9
3 580.10 Hexane 1,6-diisocyanate 3.2 1.7 1.0 5.6 7.1 9.8
4 731.53 Cyclohexyl cyclohexanecarboxylate related 14.9 14.4 13.5 13.6 3.6 ND
5 756.18 Adipic acid di(oct-4-yl ester) related ND 3.3 1.7 3.1 10.6 5.3
6 946.74 Adipic acid dicyclohexyl ester related 11.3 9.5 13.5 8.9 ND ND
7 1,110.59 Tridecan-6-ol related 2.2 2.4 2.4 2.1 ND ND
8 1,184.68 Tetradecan-3-yl prop-2-enoate related 5.2 4.1 4.5 5.3 ND ND
9 1,260.50 Cyclohexane (1-methylethyl) related 4.6 5.3 8.0 3.3 ND ND

“ RT, retention time.

b Samples from MM with Impranil culture media inoculated with C. pseudocladosporioides strain T1.PL.1 were harvested at 0 (T0), 7 (T7), and 14 (T14) days of incubation.
Noninoculated samples of MM with Impranil incubated for the same times were analyzed as controls. Compounds were tentatively identified by comparison to the NIST Mass
Spectrometry Data Center (2002 library). Shaded cells indicate values that increased >50% from time 0 to 14 days of incubation. Underlined values decreased to undetectable levels

during the analysis. ND, nondetected.
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FIG 4 Scanning electron micrographs of fungal growth inside PE-PU foam.
Hyphal networks are observed in samples of foam pieces incubated for 7 days
with three of the best Impranil-degrading fungi: Cladosporium tenuissimum
strains A2.PP.5 and A3.1.1 and C. pseudocladosporioides strain T1.PL.1.

trast to the non-fungus-treated control, in which PU cell struc-
tures remained straight and rigid. A finer detail of the fungal
attack on PE-PU foam cells was observed at 500X magnifica-
tion, in which pores, erosion, breaks, and bends of the reticu-
lated-cell walls were detected in fungus-treated foams, whereas
in the control, foam fibers remained smooth and rigid. Damage
was more evident in PE-PU foams incubated with C. tenuissi-
mum strain A3.1.1, in which fiber thickness diminished up to
less than a half of the size of the noninoculated control (Fig. 6).

DISCUSSION

The first aim of this research was to selectively isolate fungal
strains able to degrade PS-PU and PE-PU, using as strategy the
selection of fungi able to grow in both types of PU varnishes:
Impranil DLN, a PS-PU, and Poly Lack, a PE-PU. The best fila-
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mentous fungus reached Impranil degradation levels (87%)
slightly higher than those reported for some endophytic fungal
strains (85%) after the same incubation time (16). However, al-
though a diversity of fungal species isolated from different sources
have been recognized to degrade PS-PU (9, 10, 12-18, 20, 35), very
few have been reported to have the capability to degrade PE-PU
(15, 17-20).

The six best PU-degrading strains we isolated were identified as
members of the Cladosporium cladosporioides complex (26, 34).
The four different identified species were collected from di-
verse environments: garden soil, outdoor air, a PU-insulated
wall in a cold room, and a dump site. The fact that six out of the
eight best PU-degrading fungal strains were isolated from dif-
ferent environmental sources and belong to the same genus
strongly suggests that PU degradation capability might be
based on the physiology, biochemistry, and genetics of the ge-
nus. Although Cladosporium herbarum (18) and Cladosporium
sp. have been reported as PU degraders (35), the species de-
scribed in this work and the level of PE-PU degradation they
reached have not been previously reported. Even though more
than 770 species have been classified as members of the genus
Cladosporium (26), only the genome of Cladosporium sphaerosper-
mum UM 843, an allergenic fungus isolated from a blood
culture, has been sequenced (GenBank accession no.
AIIA00000000.2, GI 666699852) (36). Genome sequencing of
Cladosporium polyurethanolytic species would be of great rele-
vance to assist in determining the mechanisms responsible for this
capability and for biotechnological purposes.

Analysis of the chemical changes generated by PU-degrading
fungi has been addressed only in very few papers (16, 18, 20). This
type of analysis provides clues to envisage the mechanism fungi
display to attack the polymer during biodegradation. The dra-
matic decrements in the carbonyl signal (1,729 cm™ ") observed in
the FTIR spectra are related to the attack of ester bonds present in
the polyol fraction, as well as to the attack of urethane groups.
Actually, the decrements observed in the G—N—H bond signals
(1,540 and 1,261 ¢cm™"') confirm that the urethane groups are
affected (Fig. 2). In experiments performed under similar condi-
tions, Impranil degradation by the endophytic fungus Pestalotiop-
sis microspora was observed as a decrease in the carbonyl signal
(C=0) and, although not mentioned by the authors, the spec-
trum also showed decreases in the signals at 1,540 and 1,260 cm ™,
which, as in our work, implies enzymatic attack on the urethane
group (15). Attack on these functional groups, ester and urethane,
has been suggested to be performed by bacterial hydrolytic en-
zymes, such as esterase, protease, and urease (4, 8). In our work,
evidence of the activity of fungal enzymes on Impranil biodegra-
dation was also detected by GC-MS analysis after the incubation
of Impranil with the best PU-degrading fungus C. pseudocladospo-
rioides T1.PL.1, an approach not explored in any other previous
work, to our knowledge. Even though no quantitative conclusions
can be drawn from this type of analysis, the decrements in com-
pounds with ester bonds (Table 1, peaks 4, 6, and 8) in the fungus-
treated Impranil seem to correlate with increments in compounds
with alcohol groups (Table 1, peaks 1 and 2), as expected in reac-
tions where esterases hydrolyze ester bonds. Besides, in the fun-
gus-treated media, the increments in adipic acid di(oct-4-yl es-
ter)-related compound (Table 1, peak 5), which can only be the
result of hydrolytic reactions over aliphatic chains containing es-
ter bonds in the polyol segment, and in hexane 1,6-diisocyanate
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FIG 5 Biodegradation of PE-PU foams by the best Impranil-degrading fungi. (a) Effects on size and form of PU foams after fungal treatment. Foam A (upper
row) and foam B (lower row) were incubated with the four best Impranil-degrading fungi for 21 days. Each pair of foam pieces presents the control foam (left)
compared to the fungus-treated piece (right). (b) Quantitative analysis of PE-PU foam degradation (represented as weight loss) by the best Impranil-degrading-
fungi. Each value was normalized by subtracting the weight loss of noninoculated controls. n = 3. The bars represent standard deviations. For foam A
degradation, an asterisk denotes a statistically significant difference. For foam B degradation, statistically significant differences are indicated by a versus a’, b

versus b’, and ¢ versus c’.

(Table 1, peak 3) suggest that the recovery of PU precursors to be
reutilized for the synthesis of new PU molecules might be feasible.
It is known that the recovery of polyols from PU by chemically
treating PU by glycolysis is possible (37); in addition, the recovery
of polyester polyols from polyethylene terephthalate and the ex-
cess diisocyanate generated during PU synthesis to be used for the
synthesis of new PUs have also been reported (38, 39). Neverthe-
less, in these processes, the use of chemicals and high thermal
energy is required, generating significant expenses and pollution.
Therefore, the use of fungal strains to degrade PU waste might
be an ecological, economical, and sustainable system for recov-
ering PU precursors for recycling. On the other hand, the ali-
phatic nature of tridecan-6-ol-related compound (Table 1,
peak 7) and cyclohexane (1-methylethyl)-related compound
(Table 1, peak 9), present in the untreated media but absent in
the fungus-treated media, suggests that oxidative reactions
must be involved in their degradation. Cyclohexane transfor-
mation to cyclohexanol, and subsequently to cyclohexanone by
fungal peroxygenases, has been reported elsewhere (40); there-
fore, it may be feasible that C. pseudocladosporioides T1.PL.1 has
similar enzymatic activities.

When searching C. pseudocladosporioides T1.PL.1 cultures for
extracellular enzymatic activities proposed to participate in
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Impranil biodegradation, high esterase and low urease but not
protease activities were detected. The high increment in es-
terase activity observed at 7 days of culture, and the fact that it
still remains active after 14 days, suggest that it might be re-
sponsible for the attack on ester and urethane groups in the PU,
as observed by FTIR and GC-MS analysis. Several fungi dis-
playing esterase activity suggested to be responsible for PS-PU
biodegradation were previously reported (12, 35). Although
urease activity has been suggested to participate in PU biodeg-
radation (15, 20), it seems not to have a relevant role in Impra-
nil biodegradation.

The eight best Impranil-degrading fungi were also able to grow
on the PE-PU varnish Poly Lack as the sole carbon source and to
degrade solid PE-PU foams. C. tenuissimum A2.PP.5 was the most
degrading strain of solid PE-PU foams, showing levels of degra-
dation of 65.3% not previously reported for solid PE-PUs. Foam A
was much less degraded than foam B (Fig. 5), probably due to the
presence of the flame retardant TDCPP in foam A. TDCPP has
been implicated as a cause of toxicity in vertebrates, and it has
been reported to affect the growth and reproduction of Tetrahy-
mena thermophila by downregulating genes expressing ribosomal
proteins, accompanied by decreased ribosome quantity and en-
larged size, in rough endoplasmic reticulum and cytoplasm (41).
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FIG 6 Scanning electron micrographs of PE-PU foam ultrastructure after fungal growth. Foam pieces were incubated during 21 days with three of the best
Impranil-degrading fungal strains: Cladosporium tenuissimum A2.PP.5 and A3.1.1 and C. pseudocladosporioides T1.PL.1; after that time, mycelia were destroyed

to analyze their effect on PU structure.

Even though foam A presents this toxicity, C. tenuissimum
A2.PP.5 was able to degrade it to some extent (25.9%), suggesting
that this strain might have some resistance to the toxic effects of
TDCPP. PE-PU has been consistently reported to be highly recal-
citrant to biodegradation (11, 13, 14, 17-19). In our work, weight
losses from 35 to 65% were reached when PE-PU foams were
incubated in 50% PDB for 3 weeks with the six different Cladospo-
rium strains. These values are much larger than the 27.5% re-
ported for the degradation of PE-PU foams incubated in LB-50%
glucose for 10 weeks with the Alternaria sp. strain PURDK?2 (20).
Cultures of Cladosporium strains in MM with PE-PU foams failed
to grow (data not shown), indicating that an easily available car-
bon source is needed to sustain fungal growth and trigger PU
biodegradation capability. On the other hand, our results suggest
that the extent of hyphal penetration into the PU foam structure
seems to be correlated with the biodegradation of solid foam, since
mycelia of the Cladosporium strains, the most degrading species,
extensively invaded the tested material (Fig. 3 and 4), whereas A.
fumigatus A2.PL.1 and P. chrysogenum BP3.1.7, the least degrading
strains, produced a limited amount of mycelia with scarce foam
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penetration (data not shown). Moreover, the enzymes secreted by
fungal hyphae must actively participate in biodegradation. Indi-
rect evidence of these activities is observed in the microscopic
structure of the PE-PU foams after fungal treatment; they not
only looked to be broken by the physical action of mycelial
growth, but they also looked thinner, rougher, and more po-
rous than the non-fungus-treated foams (Fig. 6). Although Im-
pranil (PS-PU) and foams (PE-PU) have different formula-
tions, urethane and ester groups are common in all PUs;
therefore, the extracellular esterase activities detected in the
MM with Impranil cultures must also participate in the bio-
degradation of PE-PUs. However, other types of enzymes, such
as amidases, oxidases, or peroxidases, must also be involved in
the degradation of PE-PUs. Currently, efforts are being devel-
oped in our laboratory in order to identify the enzymatic ac-
tivities involved in the biochemical processes these fungi dis-
play to biodegrade PU.

In conclusion, in this work, we report the isolation of several
environmental filamentous fungi with the capability to degrade
PS-PU and PE-PU varnishes, as well as PE-PU solid foams, with
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the highest degradation values reported so far, to our knowledge.
Several species belonging to the Cladosporium cladosporioides
complex were the best PU degraders. FTIR spectroscopy and
GC-MS analysis showed that ester and urethane groups were at-
tacked through the activity of fungal enzymes. Considerable es-
terase and low urease but not protease activities were detected
during Impranil fungal degradation. Our findings represent one
step forward toward the development of new biotechnological
processes for more efficient PU degradation.
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