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Abstract

Background: Ligninolytic fungi are promising organisms in developing bioremediation technologies due to their ability to degrade
various pollutants. Fungi and their extracellular enzymes in soil inevitably collide with metabolites produced by other organisms. Here,
we investigated the effect of some natural metabolites on the degradation of a model mixture of polycyclic aromatic hydrocarbons (PAHs)
by the fungus Pleurotus ostreatus var. Florida. Methods: Fungus was grown in the liquid medium containing PAHs with or without the
addition of natural metabolites. The degraded PAHs and the identification of metabolites were checked using high-performance liquid
chromatography (HPLC). Enzymatic activities were measured spectrophotometrically using test substrates. The metabolite effects on the
pure laccase and versatile peroxidase were also checked. All experimental treatments were analyzed using Excel 2019 (Microsoft Office
2019, USA). Results: Indole-3-acetic acid (IAA) and salicylic acid increased PAH degradation by 25-70%. However, tryptophan,
a precursor to IAA biosynthesis, slightly increased the degradation of only three-ring PAHs. The tested flavonoids reduced the PAH
degradations, which may have resulted from the inhibition of mycelial growth by these compounds. Ferulic and cinnamic acids, precursors
to lignin biosynthesis, also inhibited PAH degradation. Of the tested fungal metabolites, only veratryl alcohol promoted PAH degradation:
the four-ring PAHs became more accessible to fungal degradation (43.5 and 38.1% for fluoranthene and pyrene, respectively). Oxalic
and malonic acids, the most actively produced fungal organic acids, reduced the degradation of all PAHs but fluoranthene. HPLC led us
to identify 9,10-phenanthrenequinone, 9,10-anthraquinone, and 9-fluorenone as the main metabolites of PAH degradation. P. ostreatus
is a strong producer of extracellular laccases and peroxidases, whose involvement in PAH degradation is also well known. In our study,
the most vigorous laccase inducers were tryptophan and ferulic acid (40 and 60%, respectively), whereas IAA and salicylic acid were
weaker inducers (about 20%). Ferulic and salicylic acids increased versatile peroxidase activity by 1.5-2 times, whereas other effectors
reduced it to varying degrees. Conclusions: These results are important for developing environmental biotechnologies that combine
phyto- and mycoremediation.
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1. Introduction

Bioremediation is a promising green biotechnology
for the cleanup of contaminated soils and water, which can
successfully compete with traditional but more expensive
remediation methods. Bioremediation is based on the abil-
ity of bacteria, plants, algae, and fungi to degrade, trans-
form, accumulate, or immobilize various organic and inor-
ganic pollutants, thereby reducing pollution [1]. Mycore-
mediation, a type of bioremediation, is based on the ability
of fungi to utilize a wide range of pollutants through an ex-
tracellular pool of nonspecific enzymes. Fungi have unique
properties that make them ideal for mycoremediation: (1)
The fungal mycelial network can penetrate soils and access
soil pores. (2) The multicellular fungal mycelium can act
as a unit, grow around barriers, recycle dead hyphae, and
grow toward nutrient-rich soil areas. (3) Fungal hyphae
show indeterminate growth, and there is no limit on cell

division in the hyphae of a mycelium as long as resources
are available in the substrate. (4) Many fungal species can
form rhizomorphs, which grow through vast distances un-
der inhospitable environmental conditions, permitting col-
onization of areas far from the original mycelial source. (5)
Fungi are more resistant than bacteria to high pollutant con-
centrations. (6) Fungi produce many bioactive compounds,
including exoenzymes with low substrate specificity. (7)
Fungi generally depend on the extracellular degradation of
macromolecules, with many enzymes being produced and
secreted into the substrate [1,2].

Although many fungi can metabolize pollutants,
strong natural lignin degraders are the most promising for
mycoremediation. These are equipped with systems of phe-
nol oxidases, including laccases, lignin peroxidases, and
manganese peroxidases (Mn-peroxidases). These sets of
enzymes have evolved specifically to degrade lignin. How-
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ever, owing to the complexity of the lignin molecule, the
enzymatic breakdown mechanisms are unspecific yet are
likely to involve the formation of free radical ions at vari-
ous levels. This explains why white-rot fungi can degrade
a wide variety of organic pollutants in addition to lignin [ 1—
4].

Species of the genus Pleurotus are often considered
the most promising for mycoremediation. These are widely
grown, and their spent mycelia (after edible fruit bodies are
obtained) can be used as an economical source of inocu-
lum for application to contaminated soil. In addition to nu-
tritional and therapeutic properties, they can convert agri-
cultural residues into useful products and degrade a wide
range of pollutants alongside lignin. This latter property
is associated with their production of an extracellular non-
specific oxidative enzyme system, including laccases, Mn-
peroxidases, and versatile peroxidases [2,5,6]. These en-
zymes degrade and transform polymeric substances into ox-
idized products that cells can easily absorb [3,4].

The use of associations of different organisms (fungi,
bacteria, and plants) in bioremediation has recently been
discussed [7-9]. In this case, the mutual influence of these
organisms is inevitable, including through their produced
metabolites. In particular, compounds produced by other
organisms, such as plants and soil bacteria, affect extracel-
lular fungal enzymes in soil. In addition, these substances
can induce or inhibit the production of these enzymes; thus,
this influence must be considered when fungi are used for
bioremediation [10].

Polycyclic aromatic hydrocarbons (PAHs) are among
the most dangerous pollutants that Pleurotus spp. can de-
grade and mineralize [5,11,12]. PAHs consist of three
or more benzene rings in a linear, angular, or cluster ar-
rangement and have mutagenic and carcinogenic proper-
ties. PAHs enter the environment due to natural processes
and human activities [2,12]. The degradation and detoxifi-
cation of PAHs involve oxidative nonspecific enzymes such
as laccases and peroxidases, which are produced by Pleu-
rotus spp. [5,12].

This study aimed to identify the effects of natural
metabolites from plants, bacteria, and fungi on the degrada-
tion of a mixture of PAHs and the production of ligninolytic
enzymes by P. ostreatus var. Florida in a model system.

2. Materials and Methods

Pleurotus ostreatus var. Florida (IBPPM 540) was
obtained from the IBPPM RAS Collection of Rhizosphere
Microorganisms (http://collection.ibppm.ru; accessed on
23.07.2022).

A modified basidiomycetes-rich medium was used to
store the fungus and obtain an inoculum (g/L): NH4NO3,
0.724; KH2POy, 1.0; MgSO4 x7TH50, 1.0; KCl, 0.5; yeast
extract, 0.5; FeSO4x7H20, 0.01; ZnSO4 x7H50, 0.0028;
CaCl; x2H50, 0.033; glucose, 10.0; peptone, 10.0; agar,
15.0; (pH 6.0) [13]. For the degradation study, we used the

medium reported in Tsivileva et al. [14], composed as fol-
lows (g/L): glucose, 4.5; fructose, 4.5; L-asparagine, 1.5;
KH2P04, 10, KQHPO4, 10, N32M004 ><2H20, 0002,
CaCly, 0.02; MgSO4x7H20, 0.2; NaCl, 0.1; NH4Cl, 1.0.
A mixture of PAHs (anthracene, phenanthrene, fluorene,
pyrene, and fluoranthene; 1 mg of each) was added to a
final total PAH concentration of 5 mg per 100 mL. Indole-
3-acetic acid (IAA), salicylic acid, ferulic acid, cinnamic
acid, oxalic acid, malonic acid, tryptophan, rutin, morin,
quercetin, or veratryl alcohol were also added to the flasks
to a final concentration of 1 mg/100 mL to study the ef-
fect of different compounds on fungal growth and PAH
degradation. Phenanthrene (~90%), pyrene (~90%), an-
thracene (>95%), fluoranthene (>97%), fluorene (>99%),
and TAA (Pestanal; analytical standard) were all purchased
from Fluka (Buchs, Switzerland). Salicylic acid, ferulic
acid, cinnamic acid, oxalic acid, malonic acid, tryptophan,
rutin, morin, quercetin, and veratryl alcohol were from
Sigma-Aldrich (St. Louis, MO, USA). The fungus (50
mg inoculum dry weight) was grown at 24 °C in 0.3 L
Erlenmeyer flasks placed on a New Brunswick Excella
E24/E24R shaker (Eppendorf, Niirtingen, Germany) at 130
rpm. An aliquot (2 mL) was taken from the flasks at certain
intervals, and the extracellular enzymatic activities and [AA
concentration were determined as described below. The
growth of the fungal mycelium was controlled by the weight
method [15].

After 14 days, the contents of the flasks were ex-
tracted three times using 5 mL of chloroform (HC quality,
Chimmed, Moscow, Russia), and the extracts were evapo-
rated. The sorption of PAHs by the fungal mycelium did not
exceed 5-7%. The PAH content was analyzed using high-
performance liquid chromatography (HPLC) on an Agilent
Technologies 1220 Infinity IT LC chromatograph (Agilent
Technology, Waldbronn, Germany) equipped with a 4.6 x
150 mm ZORBAX Eclipse PAH 5-micron column and a
254 nm UV detector. The solvent system was H2O: ace-
tonitrile, the linear gradient was 40—100% acetonitrile, and
the time was 15 min. The PAHs and their metabolites were
analyzed by comparing the retention times with those of
standard compounds.

The TAA content was analyzed by HPLC on the Ag-
ilent Technologies chromatograph equipped with a 4.6 X
150 mm ZORBAX column and a 254 nm UV detector. The
solvent system was HO (acidified with H3PO4 to pH 2.5):
acetonitrile. The linear gradient was 10-90% acetonitrile,
and the time was 15 minutes.

Laccase activity was measured using the oxidation
rate for 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS; Fluka, Buchs, Switzerland)
at 436 nm (¢ = 29,300 M~'ecm™!), according to Niku-
Paavola et al. [16]. Peroxidase activity was measured using
the oxidation rate for 2,6-dimethoxyphenol (DMP; Fluka,
Buchs, Switzerland) with HoO5 at 468 nm (¢ = 14,800
M~tem™1), according to Martinez et al. [17]. Peroxidase
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activity was calculated as the difference between the values
obtained in the presence and absence of HoO, (HC quality,
Chimmed, Moscow, Russia). One unit of enzyme activity
was defined as the amount required to catalyze the forma-
tion of 1 umol of product per minute and is expressed in
relative units (wmol/min/mL of enzyme (U/mL)).

Electrophoretically homogeneous laccase and versa-
tile peroxidase from P. ostreatus var. Florida were pre-
pared in accordance with the previously published purifi-
cation protocols [18,19].

To examine the effect of different compounds on en-
zyme activities, we also added [AA, salicylic acid, ferulic
acid, cinnamic acid, tryptophan, rutin, morin, quercetin, ox-
alic acid, malonic acid, or veratryl alcohol (final concentra-
tion, 100 uM) to the reaction mixture. In these experiments,
enzyme activities were tested as described above.

All experiments on the enzymatic oxidation of PAHs
were carried out in reaction test tubes containing 1 mL
of 50 mM acetate buffer (pH 4.5) (HC quality, Chimmed,
Moscow, Russia) and 1% (v/v) acetonitrile (HPLC-quality,
Fluka, Buchs, Switzerland). In the case of versatile peroxi-
dase, 200 uM H504 (HC quality, Chimmed, Moscow, Rus-
sia) was also added. A 100 pL portion of laccase or versatile
peroxidase was added to each test tube to a final concentra-
tion corresponding to 1 U/mL. The PAHs were dissolved
in acetonitrile and added to a final concentration of 10 pM.
Effectors (ABTS, ferulic acid, or quercetin) were added to
a final concentration of 100 pM. The closed reaction test

tubes were incubated at 30 °C for the desired period. The
PAHs and their oxidation products were extracted using 2
mL of chloroform, evaporated, and redissolved in 100 pL of
acetonitrile. Control samples were prepared similarly, but
the enzyme was deactivated by boiling for 10 min before
being added.

All experimental treatments and all analyses were re-
peated at least three times. The obtained experimental data
were statistically processed, average values were calcu-
lated, and the standard deviation (SD) was used for compar-
isons. Calculations were performed using Microsoft Excel
2019 (Microsoft, Redmond, WA, USA).

3. Results and Discussion

P ostreatus var. Florida was previously described as
a strong degrader of PAHs [20]. We investigated the ef-
fect of selected natural plant, bacterial, and fungal metabo-
lites (IAA, salicylic acid, ferulic acid, cinnamic acid, tryp-
tophan, rutin, morin, quercetin, oxalic acid, malonic acid,
and veratryl alcohol) on the degradation of a model mix-
ture containing three- (anthracene, fluorene, phenanthrene)
and four-ring (pyrene, fluoranthene) PAHs by this fungus.

Phenolic compounds, including simple phenols,
coumarin, lignin, condensed and hydrolyzable tannins, and
flavonoids, may play a part in plant responses to environ-
mental stress. These compounds are also believed to be
important in detoxifying environmental pollutants by pro-
moting the production of enzymes such as peroxidases and
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Fig. 1. Effect of plant and fungal metabolites on the growth of P. ostreatus var. Florida.
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&% IMR Press


https://www.imrpress.com

oxidases, which are involved in the metabolism of phenolic
compounds [21]. High contents of phenolic compounds (1-
6 mg/g dried mycelium) and flavonoids (0.9-3 mg/g dried
mycelium) were found in some basidiomycetes, including
P ostreatus [22]. Salicylic acid with phenolic hydroxyl is
a metabolite produced following PAH degradation by sev-
eral bacteria and fungi [23]. Fungi, bacteria, and plants
produce oxalic acid, which performs various functions in
these organisms. In particular, oxalate may be implicated
in bacterial-fungal communications [24]. Oxalic acid se-
creted by fungi and malonic acid promotes Mn-peroxidases
reactions during lignin degradation [5]. Ferulic acid is the
most abundant hydroxycinnamic acid in plants and is not
only a precursor for lignin biosynthesis [25] but is also
formed during fungal lignin degradation.

The addition of metabolites had little effect on the dry
mass of mycelium in the PAH-free variants (Fig. 1). The
exceptions were IAA and rutin, which reduced this indica-
tor by 16.3 and 36.7%, respectively, and ferulic acid, which
slightly increased it (by 17.8%).

As evidenced by decreased mycelial dry weight, the
PAHs inhibited fungal growth, contrasting with similar
treatments without PAHs. The exception was salicylate,
whose presence increased the dry weight by approximately
30% compared to corresponding treatments without PAHs.
Analysis of mycelial dry weight in the presence of the PAHs
and metabolites showed that quercetin and cinnamic acid
reduced this indicator by 31.1% and 78.2%, respectively.
Myecelial production increased in the presence of the PAHs
and salicylic and ferulic acids, morin, tryptophan, and vera-
tryl alcohol compared to corresponding treatments without
metabolites (Fig. 1). Apparently, in this case, these plant
and fungal metabolites neutralize, to some extent, the neg-
ative effect exerted on fungal growth by the PAH metabo-
lites. Interestingly, veratryl alcohol is a known stabilizer of
fungal ligninolytic enzymes [25,26].

In the control treatment (without effectors), P. ostrea-
tus var. Florida could only metabolize the three-ring PAHs
(fluorene, phenanthrene, anthracene), while the four-ring
PAHSs (pyrene and fluoranthene) were poorly available (Ta-
ble 1). Table 1 shows that only IAA and salicylic acid in-
creased the degradation of all PAHs included in the study by
25-70%. However, even the four-ring pyrene and fluoran-
thene became more accessible to fungal degradation. The
presence of tryptophan, a precursor to bacterial and fungal
biosynthesis of IAA, only slightly increased the degradation
of the three-ring PAHs. In contrast, the loss of the four-
ring PAHs remained low. Both tested flavonols (morin and
quercetin) and their glycoside (rutin) reduced the degrada-
tion of all PAHs, which may have resulted from the inhibi-
tion of mycelial growth by these compounds. Ferulic and
cinnamic acids, precursors to lignin biosynthesis, also in-
hibited PAH degradation by P. ostreatus var. Florida, al-
though these are known inducers of ligninolytic enzymes
in this fungus [25,26].

Among the natural fungal metabolites used, only ver-
atryl alcohol, a known inducer of the ligninolytic enzymes,
promoted the degradation of the PAH mixture. However,
the four-ring PAHs also became more accessible to fungal
degradation (43.5% and 38.1% for fluoranthene and pyrene,
respectively). Oxalic and malonic acids, the most actively
produced organic acids by fungi, reduced the degradation of
all PAHs except fluoranthene, whose content decreased by
more than 4 times (Table 1); this identified effect requires
further research.

HPLC identified 9,10-phenanthrenequinone, 9,10-
anthraquinone, and 9-fluorenol as the main metabolites of
PAH degradation, irrespective of the effector used or its ad-
ministration. The formation of the corresponding quinones
during PAH degradation is well-known and involves oxida-
tive enzymes such as laccases and peroxidases [2,5,12].

Table 1. Effects of plant and fungal metabolites on the degradation of a model mixture of PAHs by P. ostreatus var. Florida.

PAH disappearance (%)

Treatment

Fluorene  Phenanthrene  Anthracene  Fluoranthene Pyrene
Without effector ~ 70.3 4+ 5.8 583 +32 40.9 + 4.9 17.7 £ 4.0 1.9+£0.5
1AA 859+33 689 +2.8 852 +3.8 739 £3.6 69.0 4.2
Rutin 635+5.5 50.0 £ 5.1 352428 0+0.2 0+0.1
Morin 622+ 3.7 292 +38 0+0.1 0£02 0+0.1
Quercetin 419+47 13.94+29 0+0.1 0+0.1 0+0.1
Tryptophan 824471 722+ 6.9 48.8 £5.0 11.3+3.0 18.1 £3.8
Ferulic acid 37.8 +3.7 472 +£2.6 47.7+£238 0+0.2 0+0.1
Cinnamic acid 243 +2.1 43.1+22 148 £2.8 0+0.2 0+£0.2
Veratryl alcohol ~ 81.1 £ 6.7 819+ 6.5 84.1+6.5 435+42 38.1+4.0
Salicylic acid 87.8 £ 7.7 87.5+2.9 86.4 £3.6 80.6 +£4.0 80.0 £ 4.1
Malonic acid 257+ 438 16.6 + 3.0 28.1 +3.1 145+ 0.8 0+0.1
Oxalic acid 31.1+3.0 16.7 £ 2.6 284 +238 145+£33 0+03

=+ standard deviation. IAA, indole-3-acetic acid; PAHs, polycyclic aromatic hydrocarbons.
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TAA is the most important naturally occurring auxin,
which is involved in many aspects of plant growth and de-
velopment. Most plant growth-promoting rhizobacteria (or
fungi) (PGPR or PGPF) synthesize IAA, and their effects
on plants mimic those of exogenously applied IAA. Indeed,
the L-tryptophan amino acid is a physiological precursor for
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auxin biosynthesis in plants and microbes [27]. Fungi, in-
cluding Pleurotus members, are also known to produce IAA
[28].

Our experiments evaluated the effect of natural
metabolites on IAA production by P. ostreatus var. Florida
during PAH degradation. IAA production was most vigor-
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These effects were assessed in the presence of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), ferulic
acid (FA), quercetin (QUER), fluorene (FLU), phenanthrene (PHEN), anthracene (ANTH), fluoranthene (FLA), and pyrene (PYR).

ous in the presence of L-tryptophan and salicylic acid (0.4
and 0.68 ng/mL, respectively; Fig. 2). Apparently, trypto-
phan can also be a precursor for IAA biosynthesis in fungi
and bacteria. Without PAHs, the production of IAA by P
ostreatus was non-significant and within the defined error
level of the method.

It is difficult to overestimate the role of extracellular
enzymes, particularly oxidoreductases, in degrading those
difficult-to-degrade pollutants for bacterial intracellular en-
zyme systems. However, partial oxidation of persistent pol-
lutants, such as PAHs, by extracellular oxidative enzymes
yields more polar and hydrophilic products, which can eas-
ily be utilized by bacterial intracellular enzyme systems
[3,4]. Among the most important extracellular enzymes in-
volved in the degradation of pollutants in different environ-
ments are fungal laccases and peroxidases [4]. P. ostrea-
tus is a strong producer of extracellular laccases and per-
oxidases, whose participation in PAH degradation is well
known [12,29]. We investigated the effect of a selection of
natural metabolites on the production of laccase and ver-
satile peroxidase by P. ostreatus var. Florida during PAH
degradation. Tryptophan and ferulic acid (40-60%) were
the strongest laccase inducers, which was expected since
aromatic compounds are known to induce fungal laccases.
IAA and salicylate induced this enzyme to a lesser extent
(about 20%; Fig. 3). A similar picture emerged during PAH
degradation: the most vigorous laccase inducers were tryp-
tophan and ferulic acid (Fig. 3).
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Versatile peroxidase is another enzyme identified in
P ostreatus var. Florida, which combines the properties
of lignin and Mn-peroxidases. Generally, the activity of
this enzyme was 2.5-3 times lower than that of laccase, re-
gardless of the effectors used (Fig. 4). Ferulic acid and sali-
cylic acid both induced versatile peroxidase activity by 1.5—
2 times, whereas the other effectors reduced it to varying
degrees (Fig. 4). During PAH degradation, versatile perox-
idase activity increased in the presence of ferulic, salicylic,
and cinnamic acids, whereas the other effectors inhibited
it (Fig. 4). Organic acids, such as oxalate and malonate,
which are secreted by fungi, are known to promote Mn-
peroxidases reactions by stabilizing Mn3*, which diffuses
from the surface of the enzyme and oxidizes the insoluble
terminal substrate, lignin [5,30]. Our studies showed no
promotion of versatile peroxidase by these acids. In con-
trast to Mn-peroxidases, these organic acids are unneces-
sary for effective catalysis by versatile peroxidase.

The identified effects may have resulted from changes
in the production of extracellular enzymes and from the
influence of the tested metabolites on enzyme activity.
For this purpose, we purified laccase and versatile perox-
idase according to previously developed protocols [18,19].
Morin and quercetin inhibited the laccase almost com-
pletely (Fig. 5). Furthermore, the nearly 45% increase in
laccase activity in the presence of veratryl alcohol may have
resulted from the stabilizing effect of this naturally occur-
ring fungal metabolite, which has been described exten-
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sively previously [26]. Versatile peroxidase was unaffected
by the flavonoids used and even increased in the presence
of quercetin. A stimulatory effect mediated by ferulic acid
was also noted (Fig. 5).

Laccase directly oxidizes phenolic compounds, in-
cluding lignin components, whereas versatile peroxidase
can act on more recalcitrant nonphenolic aromatic com-
pounds. Mediators, or co-oxidants, not only increase the
catalytic ability of these enzymes but also largely expand
their substrate scope to include those with higher redox po-
tential or more complicated structures [30].

As a synthetic laccase substrate, ABTS can act as a
redox mediator, allowing the oxidation of nonphenolic aro-
matic compounds, including PAHs, which are inaccessible
to direct laccase oxidation. In addition to synthetic com-
pounds, such as ABTS, 1-hydroxybenzotriazole, and vio-
luric acid, some natural metabolites can act as redox medi-
ators. For example, to overcome the redox potential bar-
rier, Pycnoporus cinnabarinus produces the metabolite 3-
hydroxyanthranilate, which mediates the oxidation of non-
phenolic substrates by the laccase in this fungus [5].

Natural compounds that contain sulfhydryl groups,
such as methionine, cysteine, and reduced glutathione, also
act as mediators [31]. Indeed, fungal laccases can degrade
some PAHs in the presence of phenolic compounds similar
to those produced by ligninolytic fungi during lignin and
humus degradation. The potency of these natural media-
tors, including vanillin, acetovanillone, acetosyringone, sy-
ringaldehyde, 2,4,6-trimethylphenol, p-coumaric acid, fer-
ulic acid, and sinapic acid, was comparable to that of the
synthetic mediators ABTS and 1-hydroxytriazole. The best
results were obtained with 4-hydroxybenzoic acid and 4-
hydroxybenzyl alcohol, which, along with other aromatic
compounds, are produced and secreted by fungi. Mean-
while, a system consisting of laccase and hydroxybenzoic
acid was shown to oxidize highly condensed PAHs, such as
benzo[a]pyrene [31].

Our studies showed that the natural metabolite fer-
ulic acid was an equally effective redox mediator of the
laccase oxidation of PAHs (Fig. 6). Apparently, natu-
ral metabolites, which act as mediators, can be important
in natural PAH degradation by fungi. Moreover, an in-
crease was noted in PAH oxidation in the versatile per-
oxidase/redox mediator system. The oxidation of phenan-
threne in the presence of quercetin or ferulic acid increased
by 2 times compared with the control treatment (no medi-
ator), while that of pyrene and fluoranthene increased by
4 times (Fig. 6). In this case, the identified effects can be
attributed to both the stabilization of the enzyme in the pres-
ence of these substances and to the reactions catalyzed by
the enzyme. However, the mechanism through which PAH
oxidation occurs via versatile peroxidase in the presence of
these compounds will be the subject of future research.

4. Conclusions

The efficacy of pollutant biodegradation depends on
the type of pollutant and fungus [3,4]. The factors affect-
ing degradation efficacy include but are not limited to the
bioavailability of the compound, pH, temperature, aeration,
and the presence of inhibitory compounds [12]. When dif-
ferent organisms are cocultured, inter-organismal relation-
ships are added to these factors [8]. Importantly, degrada-
tion efficacy also depends on effectors, such as the natu-
ral metabolites of fungi, plants, and bacteria, which affect
this process in a biocenosis. This study has tested the effect
of some well-known natural metabolites on the degradation
of a PAH mixture by P. ostreatus var. Florida, as well as
the production and activity of extracellular laccase and ver-
satile peroxidase, which catalyze the initial attack on the
PAH molecule. In addition to the direct effect of these com-
pounds on fungal growth and PAH degradation, we found
inhibitory (for laccase, morin, and quercetin) and stimula-
tory (for versatile peroxidase, quercetin, and ferulic acid;
for laccase veratryl alcohol) effects on the activity and sta-
bility of the extracellular enzymes. Moreover, some com-
pounds (e.g., ferulic acid) can act as redox mediators, al-
lowing and/or accelerating PAH oxidation.
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