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ABSTRACT

Tire Rubber (TR) is a material that despite being recalcitrant can be biodegraded. Biodegradation is more
effective after detoxification, and includes biodeterioration, depolymerization, and assimilation of the material by
microorganisms. The potential for TR biodegradation in filamentous fungi isolated from deteriorated tires was
explored. Its growth was evaluated on Radha agar with ground tire rubber (GTR) at concentrations (w/v) of 0.6,
1.5, 15, 45, 100% and in liquid media at 0.8%. The best growth was obtained at the 15% concentration, possibly
due to a balance between the carbon source and the toxicity of the material. Six morphotypes grew significantly at
the 100% concentration, and four significantly acidified the liquid media, suggesting the ability to solubilize metals.
These ten (10) morphotypes that showed biodeterioration potential by growing on the polymer were identified by
their phenotype. The ability to acidify the liquid media of Curvularia sp. 2 and its growth in 100% TR agar, made it
of special interest, along with four Trichoderma spp. morphotypes, whose growth in all concentrations and previous
reports of degradation of other polymers suggest great potential to depolymerize and assimilate TR.
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INTRODUCTION

Billions of waste tires are discarded in landfills throughout the world
each year, creating risks to human health and the environment
[1]. While the landfills for the safe disposal of rubber waste reach
their limit, their indiscriminate disposal causes water and soil
contamination. Likewise, the burning of rubber waste generates a
large amount of heat and smoke that influence global warming and
air pollution [2].

The environmental risks associated with waste tire rubber and its
disposal are due both to its complex three-dimensional structure,
as well as to its composition and chemical additives that preclude
their direct recycling [3]; in addition to being hard to biodegrade [2].
The aforementioned factors contribute to the accumulation of the
material.

Tires, usually, are made by mixing natural and synthetic rubber [4].
Different compounds are added to this mixture to increase strength
and abrasion resistance [5]; additionally, this mixture is vulcanized
through a thermochemical process that involves complex reactions
between rubber polymers, sulfur, and additives [4-6]. Although there
are other vulcanization methods, the thermochemical is the most

used for tire manufacturing [7]. Despite its complex composition,
tire rubber can be biodegraded [2]. Biodegradation of polymeric
materials includes: biodeterioration (initial changes in the material
by microorganisms growing on its surface), depolymerization
(enzymatic breakdown of the polymer into oligomers, dimers, and
monomers), and assimilation (entry of compounds into the cell for
metabolization) [8]. Microorganisms such as fungi and bacteria can
degrade natural and synthetic rubber and use it as a carbon source
[9]. Some fungi, particularly white and brown rot fungi such as
Ceriporiopsis subvermispora, are capable of devulcanizing rubber [10], a
process that involves the desulfurization of the material [11], meaning
the breaking of the sulfursulfur and sulfurcarbon bonds [4] via
enzymes [5]. This biochemical process can promote the degradation
of rubber materials. However, many microorganisms are sensitive to
additives present in this substrate [12], such as zinc salts and oxides
(2], heavy metals such as Mn, Fe, Co, Ni, Cu , Zn, Cd, and Pb [13]
or polycyclic aromatic hydrocarbons (PAHs) [14]. These additives
can prevent or limit the growth of organisms and inhibit their
ability to biodegrade [7]. Fungal species such as Recinicium bicolor
can degrade aromatic compounds found in rubber and have been
successfully used to detoxify the material [2,15]. The ability of these
microorganisms to degrade polymers depends on the presence of
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extracellular enzymes [16]. Nayanashree and Thippeswamy [17] report
that the enzymes laccase and manganese peroxidase are responsible
for the degradation of natural rubber. Both enzymes are frequently
found in the Fungi kingdom [18,19]. According to Shah et al. [1], De
Vries [20] was a pioneer in examining the possible decomposition of
rubber by fungi. A decade later, Kalinenko [21] reported isolates of
the genera Aspergillus and Penicillium as rubber degraders. Another
species, Paecilomyces variotii strain SFA-25, was reported by Zeb [22] as
a degrader of vulcanized rubber.

Thus, there are reports of fungi capable of biodegrading tire
rubber and carrying out the two previous processes that promote
degradation: detoxification and devulcanization. This suggests that
fungi have potential in tire rubber degradation, at different stages
and through different processes. Taking into account what was
established above, the potential to degrade tire rubber of filamentous
fungi isolated from samples of deteriorated tires on the Bogota D.C-
Silvania-Cundinamarca Road, Colombia, was evaluated.

MATERIALS AND METHODS

Sampling place

Five sampling sites were selected on the Bogot4, D.CSilvania road,
and department of Cundinamarca, Colombia. The places were
selected considering the presence of at least three abandoned tires
with evident deterioration (Figure 1A). Three tires were selected
from each site and three pieces were removed from each using a
sharp knife disinfected with 5% (v/v) hypochlorite. Additionally,
with a garden shovel (disinfected with 5% v/v hypochlorite), a 40 g
sample was taken from the soil in contact with the tires (both types
of samples were stored in Ziploc® resealable bags). A total of 45
pieces of tires and 15 soil samples were analyzed in the Laboratory
of Environmental and Soil Microbiology of the Pontifical Xavierian
University, Bogota campus.

The sampling sites were: Abandoned Gallera, municipality of
Soacha, Cundinamarca (N 04°32.492' W 074°15.041"). Outskirts of
Bogota, Alto de Rosas (N 04°32.643’ W 074°17.174’). Montallantas,
route to Silvania, Cundinamarca (N 04°27.607° W 074°23.086).
Brio “El Vergel” service station, route to Silvania, Cundinamarca
(N 04°26.935 W 074°22.754’); Montallantas, Azafranal, Silvania,
Cundinamarca (N 04°25.086' W 074°23.338' (Figures 1A and 1B).

Figure 1A: Deteriorated tires with fungal growth and soil.
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Figure 1B: Deteriorated tires with fungal growth and soil, collected
on the Bogota, D.C- Silvania, Cundinamarca route.

Isolation of fungal morphotypes

For the isolation of fungi, pieces of tires in Figure 2A of approximately
12 cm? were placed in humid chambers, at room temperature
(approx. 14°C), for four weeks. Then, four 1 cm? pieces were cut
from each sample and inoculated (two repetitions per sample) on
Petri dishes with potato dextrose agar (PDA) (glucose 15 g L, agar
1.5% m/v of, potato infusion 200 mL L' and chloramphenicol
(clo), 50 mg L") (Figure 2A) and on rose bengal agar (OXOID, Ref.
CM1149), incubating for 10 days at (30 + 1) °C. For the soil samples,
serial 10 base dilutions were made in NaCl 0.85% (m/v) up to 10°
and the 10? and 10° dilutions were inoculated on PDA" clo agar (two
repetitions per sample).

Figure 2A: Tire rubber fragment with fungal growth (Black line=1 cm).

On the other hand, 50 ml of minimum salt broth (K,HPO, 8¢ L",
KH,PO, 1g L', (NH,),SO, 0.5¢ L', MgSO, x TH20 0.2¢ L', NaCl
0.1 g L', Ca(NO,)2 0.1 g L', CaCl, x 2H,0 20 mg L", FeSO, x
7H,0 20 mg L, Na,MoO, x H,0 0.5 mg L, MnSO, 0.5 mg L")
[23] supplemented with 0.1% (m/v) glucose, were placed in a 100 mL
Etlenmeyer flask and 4 mL of the 10? dilution of each soil sample
were added ( two repetitions per dilution, n=15). Subsequently, in
an analytical balance (ScoutPro OHAUS), we weighed (0.25 + 0.01)

g of tire pieces that were sterilized in an autoclave and added them,
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as bait, to the broths. They were incubated in a New Brunswick ™
Innova 44 orbital rotator at 120 rpm, at (25.0 + 0.1) °C for two weeks
(adapted from Tsuchii and Tokiwa [24]). After the incubation time,
the pieces were gently washed in distilled water, and they were used
as an inoculum in PDA" clo media.

The greatest possible number of fungal morphotypes was isolated by
central puncture technique in PDA* clo, from the growth obtained
in the 210-culture media (180 from the humid chamber experiment,
and 30 from the orbital rotator experiment). On the other hand,
the most representative morphotypes (those that had a greater radial
growth or that appeared more frequently) were isolated from the
60-culture media from the serial dilutions of soil samples (Figures

2A and 2B).

Figure 2B: Fungal growth from a fragment of tire rubber inoculated

on PDA.

Selection of isolated morphotypes and measurement of
growth at different concentrations of ground tire rubber

(GTR)

The morphotypes were grouped according to their sampling location
and their morphology. The most representative morphotypes of
each group were selected, eliminating similar ones. The growth of
the selected fungi was tested in GTR agar (rubber particles did not
exceed the (5 + 1) mm). In order to prepare the TR medium, Radha
agar was prepared (CuSO, 1.5 mM L, KH,PO, 2g L', NH,C1 0.05
g L', MgSO, x H,0 0.5 g L, CaCl, x 2H,0 0.1g L, 10 mL L" of
elements solution trace (MnSO, 0.5 g L, FeSO, x 7TH,0 0.1g LY,
ZnSO, * TH,0 0.1gL") [25] with 0.6% (m/v) GTR, 0.5% (m/v)
glucose and 2% (m/v) agar. In duplicate, the media were inoculated
with a 0.7 cm diameter disk of PDA* clo medium with the mycelial
growth of each morphotype. The media were incubated at (30 + 1)
°C (VELP™ Scientifica FOC 225I) for two weeks, recording their
radial growth every five days.

From the morphotypes that grew in GTR agar at 0.6% (m/v), agar
discs with fungal mycelium were taken and the previous procedure
was followed, inoculating them in GTR agar at 1.5%, 15% and
45% (m/v) (Figure 2B). The morphotypes that grew in the highest
concentration of GTR agar were inoculated in Petri dishes with 7 g
of sterile GTR and moistened with 7 mL of Radha medium (100%
GTR medium). The identification of the morphotypes of interest
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was carried out through macroscopic and microscopic description,
using lactophenol blue staining and Barnett and Hunter taxonomic

keys [26].

Evaluation of the degrading potential of the selected
morphotypes

100 mL Erlenmeyer flasks were filled with (200.00 + 0.01) mg of
GTR, weighed on a Mettler™ Toledo xp26p balance, with glucose
0.5% (m/v) and 25 mL of Radha broth, sterilized in an autoclave
and inoculated with a 0.7 cm disc of each morphotype selected and
previously grown on 0.6% (m/v) GTR agar (two repetitions per
morphotype) (adapted from Tsuchii et al. [27]). The broth without
inoculum was used as a negative control. Cultures were kept for
eight weeks [17] under constant agitation, in an Innova™ 44 orbital
rotator at 110 rpm and at (30.0 = 0.1) °C [28]. After incubation
(Figure 2C), the GTR was separated from the Radhamedium, using
a coffee filter (Stilocafé #8). The filtered medium was collected in 50
mL Falcon™ tubes and its pH was determined in an Okaton™ pH
meter. To separate the biomass from the GTR, the solid particles
filtered were placed in 100 mL Erlenmeyer flasks with 20 mL of
sterile distilled water. Then, the flasks were subjected to agitation
in a Velp Scientifica™ ZX Classic vortex at 3000 rpm for 20
seconds. The polymer was centrifuged at 4000 rpm for 10 minutes
in a PowerSpin™ CENTRIFUGE UNICO, the supernatant (water,
mycelium and some tire particles) was discarded and the precipitate
was sterilized to eliminate traces of fungal cells. Then, the GTR was

dried for 36 hours in a Memmert™ UF55 oven at (45.0 + 0.1)°C.

Each sample was analyzed by Fourier Transform Infrared
Spectrometry (FTIR), in a Shimadzu™ MIRacle 10, coupled with
an ATR (Attenuated Total Reflection) cell. The results of the
treatments were compared with those of the control. Additionally,
the samples were observed by scanning electron microscopy (SEM),
in a Jeol™ JSM 6490LV, using a voltage of 10 kV and obtaining
the signals of the secondary electron detector (SEs). Images were
obtained at magnifications between 450 and 5000X. Before
observation, the slides were plated with gold in a Denton™ Vacuum
Desk IV metallizer [29]. Tire rubber samples in which the growth
of microorganisms was evident were treated with Calcofluor White
[30] and observed with an Olympus™ FV1000 confocal microscope
(Figures 2C and 2D).

Figure 2C: Fungal growth on GTR agar. D. Fungal growth in
Radha+GTR broth.
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Figure 2D: Fungal growth in Radha+GTR broth.

RESULTS

Selection of morphotypes and growth measurement at
different concentrations of GTR

Approximately 300 morphotypes were isolated from the collected
soil and deteriorated tire samples, whose number decreased after
the selection processes at different concentrations of GTR agar. The
concentration from which more morphotypes were isolated was
0.6 m/v of GTR (Table 1). It is important to highlight that all the
morphotypes that grew at a concentration of 100% GTR medium,
were obtained from isolations made from the deteriorated tire pieces
that were incubated in a humid chamber.

Table 1: Number of isolated morphotypes at different GTR agar
concentration.

Concentration % (w/v) Number of isolated morphotypes

0.6 33
1.5 32
15 30
45 25
100 21

Radial growth of the morphotypes that grew in the 100% GTR
medium was evaluated. 17 out of 21 morphotypes were analyzed
(growth in multiple satellite colonies was not measured). Two
factoriall ANOVAs were performed (Design-Expert® version 9
software) whose independent categorical variables were GTR
concentration (0.6, 1.5, 15, 45, and 100%) and morphotype (17
analyzed) for both; one used radial growth as a response variable
(mm) and the other used the productivity (defined as maximum
growth in mm/day in which it was evidenced). The Fstatistic for the
model was 8.2 (pvalue<0.0001), for the concentration variable the
value was 19.99 (pvalue<0.0001) and for the morphotype variable,
5.25 (p value<0.0001). The model had a R2 of 0.7193, indicating the

interdependence between the variables.

On the other hand, productivity was used as a response variable as it
includes time as a factor in the analysis. The Fstatistic for the model
was 7.32 (pvalue<0.0001), for the concentration variable the value
was 17.19 (p value<0.0001) and for the morphotype variable, 4.85
(pvalue<0.0001). The model had a R2 of 0.6957, indicating the

interdependence between the variables.

In both statistical analyses, the best results for the growth and
productivity variables occurred at a concentration of 15% (m/v),
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for all the morphotypes evaluated. The morphotype that obtained
the highest growth and productivity values in all concentrations was

Trichoderma sp.4.

The morphotypes whose values were statistically significant for both
response variables were phenotypically identified as Trichoderma
sp., Trichoderma sp. and Aspergillus sp., isolated from sampling site
#2; Trichoderma sp. 3 and Curvularia sp. isolated from sampling site
#3; Curvularia sp. and Mucor sp. from sampling site #4 and Mucor
sp., Trichoderma sp. 4 along with an unidentified isolate, isolated at
sampling site #5. For sampling site #1, fungi were not selected since
the isolates did not meet the selection criteria. Some of the isolated
fungi are shown in Figures 3A-3F.

Figure 3A: Microscopic characteristics of some of the isolates obtained
from Radha+CNM liquid medium, observed under a light microscope,
with lactophenol blue staining, 100X (Trichoderma sp).

Figure 3B: Microscopic characteristics of some of the isolates obtained
from Radha+CNM liquid medium, observed under a light microscope,
with lactophenol blue staining, 100X (Curvularia sp.).

o i3 [ - e A

Figure 3C: Microscopic characteristics of some of the isolates obtained
from Radha+CNM liquid medium, observed under a light microscope,
with lactophenol blue staining, 100X (Aspergillus sp).
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Figure 3D: Microscopic characteristics of some of the isolates
obtained from Radha+CNM liquid medium, observed under a light
microscope, with lactophenol blue staining, 100X (Mucor sp).
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Figure 3E: Microscopic characteristics of some of the isolates obtained
from Radha+CNM liquid medium, observed under a light microscope,
with lactophenol blue staining, 100X (Mucor sp).

Figure 3F: Microscopic characteristics of some of the isolates obtained

from Radha+CNM liquid medium (Curvularia sp.).

Evaluation of the degrading potential of the selected
morphotypes

The evaluation of the degrading potential of the selected morphotypes
was carried out through variables such as radial growth, acidification
of the culture medium, evaluation of functional chemical groups by
FTIR and confocal laser scanning microscopy.

Regarding the pH values obtained in the Radha medium with the
GTR experiment, although all isolates generated a decrease in pH,
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Curvularia sp.1 (pH=2.38 + 0.01), Curvularia sp. 2 (pH=3.00 + 0.01),
Mucor sp. 1 (pH=3.15 + 0.01) and Aspergillus sp.1 (pH=2.43 + 0.01),
were the ones that generated greater acidification of the medium
compared to the control (pH of the culture medium without

inoculum=4.20 + 0.01) (Table 2).

Curvularia sp. 2 was able to tolerate concentrations of up to 100%
GTR medium, although it did not show significant growth compared
to the other morphotypes evaluated. On the other hand, Curvularia
sp. 1 grew, albeit with limited growth, up to a concentration of 45%
GTR (m/v) (Table 2). Aspergillus sp. 1 also grew at all concentrations,
however, due to its growth in numerous satellite colonies at 0.6, 1.5,
15 and 45% (m/v), its diameter could not be measured and was not
statistically analyzed. At the 100% GTR medium, the growth was
reduced (Table 2).

Table 2: Selection criteria for the species identified for FTIR-ATR

analysis.

Identified species Maximum radial growth at the pH value/(liquid

highest concentration w/v medium)
Trichoderma sp.1 (9.0 £0.1) cm [100%)] 3.77 £0.01
Trichoderma sp.2 (9.0 £0.1) cm [100%) 3.65 £0.01
Trichoderma sp.3 (9.0 £0.1) cm [100%) 3.92 +0.01
Mucor sp.1 (8.4 £0.1) cm [100%)] 3.64 +0.01
Unidentified (9.0 £0.1) cm [100%)] 4.05 +0.01
Trichoderma sp.4 (9.0 £0.1) cm [100%] 3.68 +0.01
Aspergillus sp.1 (1.8 £ 0.1) cm [100%] 2.43 +£0.01
Curvularia sp.1 (2.3 +0.1) cm [45%)] 2.38 £+ 0.01
Curvularia sp.2 (4.4 £0.1) cm [100%) 3.00 +0.01
Mucor sp. 2 (5.3 +0.1) cm [0.6%]) 3.15+0.01

Mucor sp. 1 grew up to 8.4 cm at a concentration of 100% (m/v)
while Mucor sp. 2 did not grow at concentrations above 0.6%
(m/v). Finally, all isolates of Trichoderma spp. and the unidentified
morphotype grew at all concentrations of GTR (Table 2).

Regarding the FTIR-ATR analyses, Figure 4A shows the spectra of
the control sample (tire without biological treatment black line) and
after exposure to fungi (red line). Figure 4A exhibits the unidentified
morphotype, while Figures 4B and 4C show Trichoderma sp. 2 and
sp. 3, respectively. Bands observed above 3400 cm™! correspond to a
signal of OH bonds [31]. A change in this signal between 600 and
1000 cm! is displayed, corresponding to the stretching of the C-O
bond.

100 A

Transmittance (%)

20
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4A: FTIR of ground tire rubber from some samples obtained
from the Radha+CNM medium after fungal treatment. (unidentified
morphotype). Note: ( ) Contro, ( ) IM14.
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Figure 4B: Signals in the range 3000 cm?-3500 cm and over 1000
cm™ and 1050 ecm™. Note: ( ) Contro, (—) IM14.
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Figure 4C: Signals in the range 3000 cm?-3500 cm™ and over 1000
cm™ and 1050 cm™! corresponding to OH groups and extensions of the
C-O-H bond, respectively. Note: ( ) Contro, (—) M4.

Finally, the growth of fungi on the tire samples was observed using
confocal microscopy and SEM. Figures 5 and 6 show examples of
mycelial adhesion to the substrate.

Figure 5: Tire rubber samples with fungal growth that were treated
with Calcofluor White and observed with laser scanning confocal
microscopy.

10kV  X2,000 10pm

UNIANDES

10kV X500  50pm

UNIANDES

Figure 6: SEM images of a sample of ground tire rubber with the
mycelial growth of Mucor sp. 1, at 500X (A) and 2000X (B).
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DISCUSSION

The results obtained show the growth of different morphotypes of
filamentous fungi on GTR agar at different concentrations. According
to Lucas et al. [8], the growth of microorganisms in a "polymer agar"
can indicate its consumption by the inoculated species. It could be
that some morphotypes used their mycelial reservoirs as a carbon
source instead of the polymer to grow. However, 90% of the isolated
morphotypes did not grow at the lowest concentration of GTR agar;
and only 21 morphotypes grew on 100% GTR. In addition, the
interdependence between the concentration and growth variables
was statistically demonstrated, which suggests the use of tire rubber
as a source of carbon.

The growth of numerous morphotypes was inhibited by the presence
GTR, even at minimal concentrations (0.6% m/v) and increasing
GTR concentration reduced the growth of several morphotypes
(Table 1). Thus, we will mention some possibilities on how the
identified species were able to grow in this medium, despite the
toxicity of the material.

Zinc salts and oxides are among the compounds that contribute the
most to tire toxicity [2]. Fomina et al. [32] concluded that acidolysis
(protonation) is the main mechanism of zinc dissolution. It is also
known that zinc oxide can be solubilized by organic acids [33].
Although toxic in high concentrations, Zinc is an essential metal for
the growth of fungi [34], so it might be assimilated and used by the
identified organisms.

On the other hand, proton and acid production in fungi is complex
[35]. It is known that a carbon source is needed to produce these
metabolites [36]. As stated above, metal mobilization can occur
by acidification and ligand-promoted metal complex formation.
These processes include the production of primary and secondary
metabolites with chelating properties, such as organic, amino and
phenolic acids [32].

The increase in growth of the morphotypes evaluated in GTR agar
was maintained up to a concentration of 15% (m/v). This could be
due to a balance between toxic compounds that inhibit growth and
the carbon source. It is likely that by increasing the concentration
of GTR to 45 (m/v) and 100% by mass, the toxic compounds limit
fungal growth. Contrastingly, it is possible that with concentrations
lower than 15% (m/v) the carbon source was not enough to support
greater growth of the morphotypes.

The 0.6% and 1.5% (m/v) GTR media had only up to 2% of carbon
source, assuming GTR as carbon and adding 0.5% (m/v) glucose.
Basu et al. [37] state that, for good growth, fungi require a high
carbon source; For example, potato dextrose agar (PDA), Czapek
Dox agar (CzA), or oatmeal agar (OA) media contain approximately
2.4%, 3%, and 6%, respectively, of carbon source depending on
the manufacturer and its formulation. These percentages do not
differ from the one estimated for the concentrations of GTR agar.
Nevertheless, due to the recalcitrant nature and low solubility of this
polymer, the availability and access of the carbon source could be
compromised.

The formation of a biofilm on the polymer surface is the first
step of biodegradation [38,39] (Figure 2C). Fungi can degrade
a damaged or rough surface more easily than smooth surfaces
because the propagules are more likely retained on the surface [40].
Rough or cracked surfaces concentrate nutrients and moisture,
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providing favorable conditions for fungal attachment and growth
[1]. The microorganisms that colonize the surface adhere utilizing
extracellular polymeric substances, mainly polysaccharides. Fungi
can form hydrophobic proteins capable of binding to the polymer
surface, producing degrading enzymes, and growing rapidly and
efficiently by spreading and penetrating the substrate with their
mycelial network [38]. The samples of the material subjected to
fungal treatment showed mycelial growth. The growth was observed
through confocal microscopy using Calcofluor, a fluorochrome used
for the detection of microorganisms, particularly those that have
cellulose or chitin in their wall MERCK, 2021) (Figure 5) and by
MBE (Figure 6). The mycelia could be observed on the GTR samples
even after the material was washed, vortexed, centrifuged, sterilized
by autoclave, and dried at 45°C. Shah et al. [1], mention that some
additives such as fillers and plugs can promote the biodegradation
of rubber materials. Meanwhile, Lucas et al. [8] state that the
development of microorganisms on the surface is an indicator of
polymer biodeterioration. Consequently, all isolates evaluated have
the potential to biodeteriorate tire rubber.

Before the assimilation of the GTR by fungi, it must be depolymerized.
Depolymerization occurs mainly due to oxidoreductase and
hydrolase enzymes [8]. Microorganisms secrete enzymes that form free
radicals capable of breaking down polymeric molecules, progressively
reducing their molecular weight. This process generates oligomers,
dimers, and monomers that can enter the cell and then be used as an
energy source [38]. The weight of the GTR as a response variable was
not considered since it was not possible to separate the GTR from
the biomass after incubation.

The three-dimensional structure acquired after vulcanization is
one of the greatest challenges for tire biodegradation [5]. However,
in nature, there are compounds with this structure, such as lignin.
Ligninolytic microorganisms synthesize enzymes capable of breaking
complex compounds [8]. The main enzymes involved are lignin
peroxidases, manganese peroxidases and laccases [41]. Peroxidases
and laccases have been used for the degradation of other recalcitrant
compounds, such as polyethylene [29,42], natural rubber [17] and
other polymers [43]. It is likely that these enzymes, capable of
interacting with many different substrates, are also involved in the
depolymerization of tire rubber.

All the genera of the selected and identified morphotypes have
reported the production of at least one of these enzymes. Curvularia
species produce laccases [44], cellulases and manganese peroxidases
[45]. Species of the genus Mucor can produce enzymes such as
amylases and even laccases [46,47]. Species of Aspergillus are
considered a source of new laccases and can produce peroxidases
[48,49]. Finally, lytic enzymes such as hydrolases, peroxidases and
laccases are also produced in the genus Trichoderma [50,51].

Polycyclic aromatic hydrocarbons (PAHs), present in tires, are largely
responsible for their toxicity [14]. Most fungi cannot use PAHs as
sole carbon source but can cometabolize PAHs to a wide variety of
oxidized products and, in some cases, to CO?. Besides that, it is known
that ligninolytic fungi can metabolize PAHs with the help of enzymes
such as laccases. Still, non-ligninolytic fungi can generally metabolize
PAHs through monooxygenases and cytochrome P450 epoxide
hydrolase, to form trans-dihydrodiols [43,52,53]. There are reports
of these enzymes for species of Trichoderma, Curvularia, Mucor and
Aspergillus [51,54-57]. There are also records of PAHs degradation
[52]. The morphotypes identified in this work can grow in GTR
agar, despite the presence of PAHs and other toxic compounds. It is
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possible that the genera identified as Trichoderma sp. and Mucor sp.1
effectively grew in GTR agar at different concentrations, due to their
tolerance to these compounds. Hence, their growing capacity may be
related to the ability to co-metabolize PAH:s.

Most fungi generated a decrease in the pH of the medium, compared
to the control. This indicates the production of organic acids and the
use of the substrate. It may also signify the ability to solubilize and,
possibly, assimilate toxic metals present in tires [32]. Regardless, not
all morphotypes able to acidify their medium managed to colonize
GTR agar at a concentration of 100% (m/v). This may happen
due to a lack of the enzymatic machinery needed to depolymerize
the carbon from the GTR, which would be necessary to support
fungal growth. Another important consideration is that at this
concentration, toxic compounds such as PAHs may be high enough
to limit growth. This statement is more likely since the morphotypes
showed better growth a GTR concentration of 15% (m/v).

The degradation of GTR could be verified with FTIR-ATR, a method
that allows non-destructive in situ analysis of surfaces covered by
microbial biofilms [39]. Bands are observed above 3400 cm™, a signal
corresponding to OH bonds [31] and a change in the signal between
600 and 1000 cm® corresponding to stretching of the C-O bond,
which suggests oxidation of the GTR by the fungi studied. Rose
et al. [58], mention the presence of aldehyde and ketone groups as
products of the oxidative degradation of cis-1,4-isoprene, the main
component of rubber [59,60].

CONCLUSION

Finally, several morphotypes with rubber tire degradation potential
were species of Trichoderma. This genus of saprophytes, with minimal
nutritional requirements and fast growth, produces a wide variety
of secondary metabolites. As mentioned above, these metabolites
may promote the solubilization of metals by chelating them and
acidifying the medium. Transformation and even degradation of
other components that, like tires, are potentially dangerous and
recalcitrant have been reported for this genus, which is considered a
hyperproducer of degradative enzymes.

ACKNOWLEDGEMENTS

We thank the microbiologist and microscopist Humberto Ibarra-
Avila for his collaboration in the interpretation of the images
obtained under optical, confocal and scanning electron microscopy.

CONFLICT OF INTERESTS

The authors declare that they have no conflicts of interest.

REFERENCES
1. Shah AA, Hasan F, Shah Z, Kanwal N, Zeb S. Biodegradation

of natural and synthetic rubbers: A review. International

biodeterioration & biodegradation. 2013;83:145-157.

2. Stevenson K, Stallwood B, Hart AG. Tire rubber recycling and
bioremediation: a review. Bioremediat J . 2008;12(1):1-10.

3. Gent AN, Walter JD. Pneumatic tire.

4. Holst O, Stenberg B, Christiansson M. Biotechnological possibilities
for waste tyre-rubber treatment. Biodegradation. 1998;(3):301-310.

5. Akca E, Gursel A, Sen N. A review on devulcanization of waste tire

rubber. Period Eng Nat Sci. 2018 Oct 17;6(1):154-60.


https://www.sciencedirect.com/science/article/abs/pii/S0964830513001832
https://www.sciencedirect.com/science/article/abs/pii/S0964830513001832
https://www.sciencedirect.com/science/article/abs/pii/S0964830513001832
https://www.tandfonline.com/doi/abs/10.1080/10889860701866263
https://www.tandfonline.com/doi/abs/10.1080/10889860701866263
https://ideaexchange.uakron.edu/mechanical_ideas/854/
https://link.springer.com/article/10.1023/A:1008337708006
https://link.springer.com/article/10.1023/A:1008337708006
file:///C:\Users\omics\AppData\Local\Temp\Rar$DIa0.233\pen.ius.edu.ba\index.php\pen\article\view\167
file:///C:\Users\omics\AppData\Local\Temp\Rar$DIa0.233\pen.ius.edu.ba\index.php\pen\article\view\167

Goémez-Gomez S, et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Aprem AS, Joseph K, Mathew T, Altstaedt V, Thomas S. Studies on
accelerated sulphur vulcanization of natural rubber using 1-phenyl-2,

4-dithiobiuret/tertiary butyl benzothiazole sulphenamide. Eur
Polym. 2003;39(7):1451-1460.

Chengalroyen MD, Dabbs ER. The biodegradation of latex rubber:
a minireview. ] Polym Environ. 2013;21(3):874-80.

Lucas N, Bienaime C, Belloy C, Queneudec M, Silvestre F, Nava-
Saucedo JE. Polymer biodegradation: Mechanisms and estimation

techniques-A review. Chemosphere. 2008;73(4):429-442.
Imai S, Yoshida R, Endo Y, Fukunaga Y, Yamazoe A, Kasai D, et

al. Rhizobacter gummiphilus sp. nov., a rubber-degrading bacterium
isolated from the soil of a botanical garden in Japan. ] Gen Appl
Microbiol. 2013;59(3):199-205.

Sato S, Honda Y, Kuwahara M, Kishimoto H, Yagi N, Muraoka K,
et al. Microbial scission of sulfide linkages in vulcanized natural
rubber by a white rot basidiomycete, ceriporiopsis s ubvermispora.

Biomacromolecules. 2004;5(2):511-5.

Asgher M, Bhatti HN, Ashraf M, Legge RL. Recent developments in
biodegradation of industrial pollutants by white rot fungi and their
enzyme system. Biodegradation. 2008 Nov;19(6):771-83.

Christiansson M, Stenberg B, Holst O. Toxic Additives- A Problem
for Microbial Waste Rubber Desulphurisation. Environ Biotechnol.
2000;3(1):11-21.

Fukuzaki N, Yanaka T, Urushiyama Y. Effects of studded tires on
roadside airborne dust pollution in Niigata, Japan. Atmos Environ.

(1967). 1986;20(2):377-386.
Llompart M, SanchezPrado L, Lamas JP, Garcia-Jares C, Roca E,

Dagnac T. Hazardous organic chemicals in rubber recycled tire

playgrounds and pavers. Chemosphere.2013;90(2):423-431.
Bredberg K, Andersson BE, Landfors E, Holst O. Microbial

detoxification of waste rubber material by wood-rotting fungi.

Bioresour Technol. 2002;83(3):221-4.

Gallert C. Degradation of latex and of natural rubber by Streptomyces
strain La 7. Syst. Appl Microbiol. 2000;23(3):433-441.

Nayanashree G, Thippeswamy B. Biodegradation of natural rubber
by laccase and manganese peroxidase enzyme of Bacillus subtilis.

Environ Process. 2015;2(4):761-772.

Mayer AM, Staples RC. Laccase: new functions for an old enzyme.
Phytochem. 2002;60(6):551-565.

Hofrichter M. lignin conversion by manganese peroxidase (MnP).

Enzyme Microb Technol. 2002;30(4):454-466.

De Vries O. Zersetzung von Kautschuk-Kohlenwasserstoff durch
Pilze. 1928;74:22-234.

Kalinenko VO. The role of actinomyces and bacteria in decomposing

rubber. Mikrobiologiia. 1938;17:119-128.

Zeb S. Vulcanized rubber degrading Paecilomyces variotii Strain SFA-
25 isolated from hot spring in Pakistan (Doctoral dissertation,
Quaid-i-Azam University).

Heisey RM, Papadatos S. Isolation of microorganisms able
to metabolize purified natural rubber. Appl Environ Micro.
1995;61(8):3092-3097.

Tsuchii A, Tokiwa Y. Microbial degradation of tyre rubber particles.
Biotechnol Lett. 2001;23(12):963-969.

Radha KV, Regupathi I, Arunagiri A, Murugesan T. Decolorization
studies of synthetic dyes using Phanerochaete chrysosporium and

their kinetics. Process Biochem. 2005;40(10):3337-3345.

Barnett HL, Hunter BB. Illustrated genera of imperfect fungi.
1972(3rd ed).

Fungal Genom Biol, Vol. 12 Iss. 5 No: 1000201

21.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

OPEN aACCESS Freely available online

Tsuchii A, Suzuki T, Takeda K. Microbial degradation of natural
rubber vulcanizates. App Environ. Microbiol. 1985 Oct;50(4):965-
970.

Watcharakul S. Umsakul, K. Hodgson, B. Chumeka, W,
Tanrattanakul, V., Biodegradation of a blended starch/natural
rubber foam biopolymer and rubber glovesby Streptomyces
coelicolor CH13. Electron ] Biotechnol.15(1).

Gomez-Méndez LD, Moreno-Bayona DA, Poutou-Pinales RA,
Salcedo-Reyes JC, Pedroza-Rodriguez AM, Vargas A,
Biodeterioration of plasma pretreated LDPE sheets by Pleurotus
ostreatus. 2018;13(9):0203786.

MERCK. Calcofluor White Stain 18909

Svoréik V, Kotal V, Siegel ], Sajdl P, Mackova A, Hnatowicz V.
Ablation and water etching of poly (ethylene) modified by argon
plasma. Polym Degrad Stab. 2007;92(9):1645-1649.

Fomina M, Alexander IJ, Hillier S, Gadd GM. Zinc phosphate
and pyromorphite solubilization by soil plantsymbiotic fungi.

Geomicrobiol J. 2004;21(5):351-366.

Burgstaller W, Strasser H, Woebking H, Schinner F. Solubilization
of zinc oxide from filter dust with Penicillium simplicissimum:
bioreactor leaching and stoichiometry. Environ Sci Technol.

1992;26(2):340-346.

et al

Ballou ER, Wilson D. The roles of zinc and copper sensing in fungal
pathogenesis. Curr Opin microb. 2016;32:128-134.

Gadd GM. Fungal production of citric and oxalic acid: importance
in metal speciation, physiology and biogeochemical processes. Adv

Microb Physiol. 1999;41:47-92.
Boswell GP, Jacobs H, Davidson FA, Gadd GM, Ritz K. Growth

and function of fungal mycelia in heterogeneous environments. Bull

Math Biol. 2003;65(3):447-477.

Basu S, Bose C, Ojha N, Das N, Das ], Pal M, et al. Evolution of
bacterial and fungal growth media. Bioinform. 2015;11(4):182.

Raut S, Raut S, Sharma M, Srivastav C, Adhikari B, Sen SK.
Enhancing degradation of low density polyethylene films by
Curvularia lunata SG1 using particle swarm optimization strategy.

Indian ] Microbiol Res. 2015;55(3):258-268.

Linos A, Berekaa MM, Reichelt R, Keller U, Schmitt ], Flemming
HC, et al. Biodegradation of cis-1, 4-polyisoprene rubbers by distinct
actinomycetes: microbial strategies and detailed surface analysis.

Appl Environ Microbiol. 2000;66(4):1639-1645.
Verran J, Rowe DL, Cole D, Boyd RD. The use of the atomic force

microscope to visualise and measure wear of food contact surfaces.

Int iodeterior Biodegrad. 2000;46(2):99-105.

Leonowicz A, Matuszewska A, Luterek ], Ziegenhagen D, Wojtal-
Wasilewska M, Cho NS, et al. Biodegradation of lignin by white rot
fungi. Fungal Genet Biol. 1999;27(2-3):175-185.

Sowmya HV, Ramalingappa B, Nayanashree G, Thippeswamy B,
Krishnappa M. Polyethylene degradation by fungal consortium. Int J
Environ Res. 2015;9(3):823-830.

Madhavi V, Lele SS. Laccase: properties and applications. Bio Res.
2009;4(4):1694-1717.

Zhang ], Ren ], Yu Y, Wang BS. Purification and Characterization
of Laccase from Curvularia trifol. Adv Mat Res. 2010;113, pp.2215-
2219.

Neoh CH, Lam CY, Yahya A, Ware I, Ibrahim Z. Ultilization of
agro-industrial residues from palm oil industry for production of
lignocellulolytic enzymes by Curvularia clavata.2015;6(3):385-390.


https://journals.asm.org/doi/full/10.1128/aem.50.4.965-970.1985
https://journals.asm.org/doi/full/10.1128/aem.50.4.965-970.1985
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0203786
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0203786
https://www.sciencedirect.com/science/article/pii/S0141391007002042
https://www.sciencedirect.com/science/article/pii/S0141391007002042
https://www.tandfonline.com/doi/abs/10.1080/01490450490462066
https://www.tandfonline.com/doi/abs/10.1080/01490450490462066
https://pubs.acs.org/doi/pdf/10.1021/es00026a015
https://pubs.acs.org/doi/pdf/10.1021/es00026a015
https://pubs.acs.org/doi/pdf/10.1021/es00026a015
https://www.sciencedirect.com/science/article/pii/S1369527416300686
https://www.sciencedirect.com/science/article/pii/S1369527416300686
https://www.sciencedirect.com/science/article/abs/pii/S0065291108601654
https://www.sciencedirect.com/science/article/abs/pii/S0065291108601654
https://link.springer.com/article/10.1016/S0092-8240(03)00003-X
https://link.springer.com/article/10.1016/S0092-8240(03)00003-X
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4479053/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4479053/
https://link.springer.com/article/10.1007/s12088-015-0522-z
https://link.springer.com/article/10.1007/s12088-015-0522-z
https://journals.asm.org/doi/full/10.1128/AEM.66.4.1639-1645.2000
https://journals.asm.org/doi/full/10.1128/AEM.66.4.1639-1645.2000
https://www.sciencedirect.com/science/article/abs/pii/S0964830500000706
https://www.sciencedirect.com/science/article/abs/pii/S0964830500000706
https://www.sciencedirect.com/science/article/abs/pii/S1087184599911507
https://www.sciencedirect.com/science/article/abs/pii/S1087184599911507
https://ijer.ut.ac.ir/article_969_9.html
https://ojs.cnr.ncsu.edu/index.php/BioRes/article/view/BioRes_04_4_1694_Madhavi_Lele_Laccase_Props_Applications_Rev
https://www.scientific.net/amr.113-116.2215
https://www.scientific.net/amr.113-116.2215
https://link.springer.com/article/10.1007/s12649-015-9357-4
https://link.springer.com/article/10.1007/s12649-015-9357-4
https://link.springer.com/article/10.1007/s12649-015-9357-4
https://www.sciencedirect.com/science/article/abs/pii/S0014305702003828
https://www.sciencedirect.com/science/article/abs/pii/S0014305702003828
https://www.sciencedirect.com/science/article/abs/pii/S0014305702003828
https://link.springer.com/article/10.1007/s10924-013-0593-z
https://link.springer.com/article/10.1007/s10924-013-0593-z
https://www.sciencedirect.com/science/article/abs/pii/S0045653508008333
https://www.sciencedirect.com/science/article/abs/pii/S0045653508008333
https://www.jstage.jst.go.jp/article/jgam/59/3/59_199/_article/-char/ja/
https://www.jstage.jst.go.jp/article/jgam/59/3/59_199/_article/-char/ja/
https://pubs.acs.org/doi/abs/10.1021/bm034368a
https://pubs.acs.org/doi/abs/10.1021/bm034368a
https://link.springer.com/article/10.1007/s10532-008-9185-3
https://link.springer.com/article/10.1007/s10532-008-9185-3
https://link.springer.com/article/10.1007/s10532-008-9185-3
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/5740838
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/5740838
https://www.sciencedirect.com/science/article/abs/pii/0004698186900417
https://www.sciencedirect.com/science/article/abs/pii/0004698186900417
https://www.sciencedirect.com/science/article/abs/pii/S0045653512009848
https://www.sciencedirect.com/science/article/abs/pii/S0045653512009848
https://www.sciencedirect.com/science/article/abs/pii/S0960852401002188
https://www.sciencedirect.com/science/article/abs/pii/S0960852401002188
https://www.sciencedirect.com/science/article/abs/pii/S0723202000800752
https://www.sciencedirect.com/science/article/abs/pii/S0723202000800752
https://link.springer.com/article/10.1007/s40710-015-0118-y
https://link.springer.com/article/10.1007/s40710-015-0118-y
https://www.sciencedirect.com/science/article/abs/pii/S0031942202001711
https://www.sciencedirect.com/science/article/abs/pii/S0141022901005282
https://journals.asm.org/doi/abs/10.1128/aem.61.8.3092-3097.1995
https://journals.asm.org/doi/abs/10.1128/aem.61.8.3092-3097.1995
https://link.springer.com/article/10.1023/A:1010593807416
https://www.sciencedirect.com/science/article/abs/pii/S1359511305001698
https://www.sciencedirect.com/science/article/abs/pii/S1359511305001698
https://www.sciencedirect.com/science/article/abs/pii/S1359511305001698
https://www.cabdirect.org/cabdirect/abstract/19721103191

Goémez-Gomez S, et al.

46.

41.

48.

49.

50.

51.

52.

53.

54.

Alves MH, Campos-Takaki GM, Porto AL, Milanez Al. Screening of
Mucor spp. for the production of amylase, lipase, polygalacturonase

and protease. Braz ] Microbiol. 2002;33:325-330.

Kiiskinen LL, Ritto M, Kruus K. Screening for novel laccasel

producing microbes. ] Appl Microbiol. 2004 ;97(3):640-646.
Tamayo Ramos JA, Barends S, Verhaert R, de Graaff LH. The

Aspergillus niger multicopper oxidase family: analysis and
overexpression of laccase-like encoding genes. Microb Cell Factories.

2011;10(1):1-12.

Jebor MA. Production and Purification of Peroxidase from
Aspergillus niger.

Rajesh RW, Rahul MS; Ambalal NS. Trichoderma: A significant
fungus for agriculture and environment. “Afr ] Agric Res.

2016;11(22):1952-1965.

Adav SS, Sze SK. Trichoderma secretome: an overview. Biotech bio.

2014:103-114.

Cerniglia CE, Sutherland JB. Degradation of polycyclic aromatic
hydrocarbons by fungi. InHandbook of hydrocarbon and lipid
microbiology 2010.

Juckpech K, Pinyakong O, Rerngsamran P. Degradation of polycyclic
aromatic hydrocarbons by newly isolated Curvularia sp. F18, Lentinus
sp. S5, and Phanerochaete sp. T20. Science Asia. 2012;38(2):147-
156.

Druzhinina IS, Shelest E, Kubicek CP. Novel traits of Trichoderma
predicted through the analysis of its secretome. FEMS Microbiol
Lett. 2012;337(1):1-9.

Fungal Genom Biol, Vol. 12 Iss. 5 No: 1000201

55.

56.

57.

58.

59.

60.

OPEN aACCESS Freely available online

Lu W, Du L, Wang M, Jia X, Wen ], Huang Y, et al. Optimisation
of hydrocortisone production by Curvularia lunata. Appl Biochem.

2007;142(1):17-28.
Kolet SP, Haldar S, Niloferjahan S, Thulasiram HV. Mucor hiemalis

mediated 14o-hydroxylation on steroids: in vivo and in vitro
investigations of 14a-hydroxylase activity. Steroids. 2014;85:6-12.

Faber BW, Van Gorcom RF, Duine JA. Purification and
characterization of benzoate-para-hydroxylase, a cytochrome P450
(CYP53A1), from Aspergillus niger. Arch Biochem Biophys.
2001;394(2):245-254.

Rose K, Steinbuchel A. Biodegradation of natural rubber and
related compounds: recent insights into a hardly understood
catabolic capability of microorganisms. Appl Environ Microbiol.

2005;71(6):2803-2812.

Kitjanon J, Khuntawee W, Sutthibutpong T, Boonnoy P,
Phongphanphanee S, Wong-ekkabut J. Transferability of Polymer
Chain Properties between Coarse-Grained and Atomistic Models
of Natural Rubber Molecule Validated by Molecular Dynamics
Simulations. ] Phys. 2017.

Harman GE, Kubicek CP. Trichoderma and Gliocladium. Volume
1: Basic biology, taxonomy and genetics. CRC Press; 2002.


https://link.springer.com/article/10.1007/s12010-007-0005-8
https://link.springer.com/article/10.1007/s12010-007-0005-8
https://www.sciencedirect.com/science/article/abs/pii/S0039128X14000737
https://www.sciencedirect.com/science/article/abs/pii/S0039128X14000737
https://www.sciencedirect.com/science/article/abs/pii/S0039128X14000737
https://www.sciencedirect.com/science/article/abs/pii/S0003986101925342
https://www.sciencedirect.com/science/article/abs/pii/S0003986101925342
https://www.sciencedirect.com/science/article/abs/pii/S0003986101925342
https://journals.asm.org/doi/full/10.1128/AEM.71.6.2803-2812.2005
https://journals.asm.org/doi/full/10.1128/AEM.71.6.2803-2812.2005
https://journals.asm.org/doi/full/10.1128/AEM.71.6.2803-2812.2005
file:///C:\Users\omics\Downloads\10.1201_9781482295320_previewpdf-2.pdf
file:///C:\Users\omics\Downloads\10.1201_9781482295320_previewpdf-2.pdf
https://www.scielo.br/j/bjm/a/4sBwmTbyT8WwWCggY3cWtLz/abstract/?lang=en
https://www.scielo.br/j/bjm/a/4sBwmTbyT8WwWCggY3cWtLz/abstract/?lang=en
https://www.scielo.br/j/bjm/a/4sBwmTbyT8WwWCggY3cWtLz/abstract/?lang=en
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2672.2004.02348.x
https://sfamjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2672.2004.02348.x
https://link.springer.com/article/10.1186/1475-2859-10-78
https://link.springer.com/article/10.1186/1475-2859-10-78
https://link.springer.com/article/10.1186/1475-2859-10-78
https://academicjournals.org/journal/AJAR/article-full-text-pdf/01E890258810
https://academicjournals.org/journal/AJAR/article-full-text-pdf/01E890258810
https://www.sciencedirect.com/science/article/pii/B9780444595768000084
https://www.infona.pl/resource/bwmeta1.element.springer-06c848b3-b45b-37ea-8a09-8a53927873f5
https://www.infona.pl/resource/bwmeta1.element.springer-06c848b3-b45b-37ea-8a09-8a53927873f5
https://www.researchgate.net/profile/Panan-Rerngsamran/publication/261216486_Degradation_of_polycyclic_aromatic_hydrocarbons_by_newly_isolated_Curvularia_sp_F18_Lentinus_sp_S5_and_Phanerochaete_sp_T20/links/54ffe8e80cf2eaf210bc995f/Degradation-of-polycyclic-aromatic-hydrocarbons-by-newly-isolated-Curvularia-sp-F18-Lentinus-sp-S5-and-Phanerochaete-sp-T20.pdf
https://www.researchgate.net/profile/Panan-Rerngsamran/publication/261216486_Degradation_of_polycyclic_aromatic_hydrocarbons_by_newly_isolated_Curvularia_sp_F18_Lentinus_sp_S5_and_Phanerochaete_sp_T20/links/54ffe8e80cf2eaf210bc995f/Degradation-of-polycyclic-aromatic-hydrocarbons-by-newly-isolated-Curvularia-sp-F18-Lentinus-sp-S5-and-Phanerochaete-sp-T20.pdf
https://www.researchgate.net/profile/Panan-Rerngsamran/publication/261216486_Degradation_of_polycyclic_aromatic_hydrocarbons_by_newly_isolated_Curvularia_sp_F18_Lentinus_sp_S5_and_Phanerochaete_sp_T20/links/54ffe8e80cf2eaf210bc995f/Degradation-of-polycyclic-aromatic-hydrocarbons-by-newly-isolated-Curvularia-sp-F18-Lentinus-sp-S5-and-Phanerochaete-sp-T20.pdf
https://academic.oup.com/femsle/article/337/1/1/599853
https://academic.oup.com/femsle/article/337/1/1/599853

