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Abstract: Multi-contamination by organic pollutants and toxic metals is common in anthropogenic and
industrial environments. In this study, the five fungal strains Chaetomium jodhpurense (MH667651.1),
Chaetomium maderasense (MH665977.1), Paraconiothyrium variabile (MH667653.1), Emmia lacerata, and
Phoma betae (MH667655.1), previously isolated in Tunisia, were investigated for the simultaneous
removal and detoxification of phenanthrene (PHE) and benzo[a]anthracene (BAA), as well as heavy
metals (HMs) (Cu, Zn, Pb and Ag) in Kirk’s media. The removal was analysed using HPLC, ultra-high
performance liquid chromatography (UHPLC) coupled to a QToF mass spectrometer, transmission
electron microscopy, and toxicology was assessed using phytotoxicity (Lepidium sativum seeds) and
Microtox® (Allivibrio fisherii) assays. The PHE and BAA degradation rates, in free HMs cultures,
reached 78.8% and 70.7%, respectively. However, the addition of HMs considerably affected the BAA
degradation rate. The highest degradation rates were associated with the significant production of
manganese-peroxidase, lignin peroxidase, and unspecific peroxygenase. The Zn and Cu removal
efficacy was considerably higher with live cells than dead cells. Transmission electron microscopy
confirmed the involvement of both bioaccumulation and biosorption processes in fungal HM re-
moval. The environmental toxicological assays proved that simultaneous PAH and HM removal was
accompanied by detoxification. The metabolites produced during co-treatment were not toxic for
plant tissues, and the acute toxicity was reduced. The obtained results indicate that the tested fungi
can be applied in the remediation of sites simultaneously contaminated with PAHs and HMs.

Keywords: polycyclic aromatic hydrocarbons; heavy metals; ascomycetes fungi; mycoremediation;
phenanthrene; extracellular enzymes; microtoxicity; phytotoxicity; transmission electron microscopy

1. Introduction

Environmental quality and human health are increasingly being affected by various
pollutants of anthropogenic origin. Polycyclic aromatic hydrocarbons (PAHs) and heavy
metals (HMs) are some of the most important environmental contaminants (https://www.
epa.gov/ accessed on 21 January 2023) and characterised by a high persistence, recalcitrance,
abundance, and toxicity [1,2]. The PAHs are mainly released by industrial operations and
during the incomplete combustion of organic materials such as coal, fuel, and wood.
Exposure to PAHs is associated with various serious diseases due to their teratogenic,
carcinogenic, and mutagenic properties. The HMs are widespread in the environment
and are mainly derived from industrial wastewater (tanning industry, sewage sludge
usage, mining activities, fertilisers, among others). Some HMs, such as Cu (II), Zn (II), and
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Fe (III), are essential for the biological activities of plants and microorganisms. However,
at high concentrations in soils, HMs can be toxic, threatening human and environmental
health. The prevalence of typical potentially toxic metals such as Pb, Zn, Cu, Cd, and
Ag in paddy soils and in different organs of rice plants in a typical industrial zone in
China were investigated [3]. The study demonstrated that the rice containing some heavy
metals might cause serious non-carcinogenic and carcinogenic health risks for residents,
especially for aged persons. Frequently, PAHs and HMs co-occur, mainly in industrial
areas, when different pollutants sources converge in combination with phenomena such as
transportation from air and waters from different emission points. Both pollutant types
tend to be accumulated in organic matter, making soil a major pollutant reservoir [4].

Among the technologies for the removal of hazardous pollutants such as PAHs and
HMs, bioremediation represents an eco-friendly approach in comparison with physical
and chemical methods [5,6]. In particular, the use of fungi has several advantages over
the use of bacteria since fungi can produce a wide range of unspecific degrading enzymes,
possess a large surface-to-cell ratio, and are able to biomineralize or change the valence of
HMs [7]. In addition, the interactions between HMs and both live and dead cells lead to a
better biological elimination of metals via mechanisms such as cellular surface adsorption,
bioleaching, intracellular bioaccumulation, biomineralization, and biotransformation [8].
In the last decades, bioremediation technology studies have focused on the removal of
individual PAHs or HMs. For instance, Aspergillus flavus and Aspergillus fumigatus strains
were found to play an important role in bioremediation of 16 PAHs compounds with a
degradation rate of 82.7% and 68.9% of the total PAHs after 15 days of incubation [9].
Podoscypha elegance strain was also able to degrade 99% of phenanthrene and 98.9% of
pyrene in-vitro conditions [10]. In addition, fungal HMs removal is well-documented. For
example, the strain Penicilium simplicissium showed a great ability to remove Cd, Cr, Cu, Pb,
and Zn involving both bioaccumulation and biosorption mechanisms [11]. The removal of
Cu, Cr, Cd, and Zn by Trichoderma brevicompactum was investigated, which demonstrated a
high removal rate for both individual and multi-metal mixture [12].

However, although pollutants rarely occur individually, the bioremediation of sites
with various pollutants has rarely been reported [13-15]. The coexistence of both pollutant
types can negatively affect bioremediation processes since microbes are unable to efficiently
bioremediate a co-contaminated environment. As HMs are potent inhibitors of various
microbial activities, they can disrupt their regulation and expression by competing for metal
binding sites or with enzymes, i.e., oxygenases [16], thus inhibiting the enzyme functions
or proteins. Intermediates of PAHs, such as salicylic acid, can also impact microbial cell
metabolism, and induce reactive oxygen species (ROS) production, thus affecting the
adsorption capacity of HMs [17,18].

The present study investigated the simultaneous PAH biotransformation and HM
removal by five selected fungi isolated from polluted Tunisian salt water [19]. Two PAHs,
namely phenanthrene (PHE) and benz[a]anthracene (BAA), were used in this work. Four
HMs, namely Cu(ll), Zn(Il), Pb(Il), and Ag(lI), were tested in mixtures with the PAHs
for fungal removal. This study represents a step forward to develop biological processes
designed to treat pollutants in complex mixtures.

2. Materials and Methods
2.1. Chemicals and Strains

The compounds 1-amonibenzothiazole (ABT, 97% purity), 2,2’- azinobis (3-ethylbenzo
thiazoline-6-sulfonic acid) (ABTS, 98% purity), phenanthrene (PHE, 98% purity), and
benz[a]anthracene (BAA, 98% purity) were purchased from Sigma (St. Louis, MO, USA).
Copper sulphate and zinc, lead, and silver nitrate metal salts were acquired from Merck
(Madrid, Spain). All solvents used were of HPLC grade: acetonitrile (PanReac, AppliChem,
Barcelona, Spain), HPLC water (PanReac, AppliChem, Barcelona, Spain), and phosphoric
acid (Fisher Chemical, Madrid, Spain). All other chemicals and reagents were of analytical
grade or higher purity.
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The used fungi were Chaetomium jodhpurense (MH667651.1), Chaetomium maderasense
(MH665977.1), Paraconiothyrium variabile (MH667653.1), Emmia lacerata, and Phoma betae
(MH667655.1), previously isolated from a salt environment in Tunisia and molecularly
identified [19]. The fungal genera Chaetomium, Paraconiothyrium, Phoma, belonging to
Ascomycota, were known by their large application in bioremediation due to their great
ability to produce extracellular enzymes [20-22]. The strain Emmia lacerate is a Basidiomycota
belonging to polypore species. As a white rot fungus it can produce a large wide of
extracellular enzymes [23].

2.2. Culture Conditions

Mycelium from 5-day-old cultures of the five strains on PDA (potato dextrose agar,
BD DIFCO, NJ, USA) petri dish medium was added to 80 mL of sterile distilled water and
aseptically homogenised with an ultra-turrax (IKA, Germany) for 10 s. Five hundred pL of
the suspension used as pre-inoculum was added into individual flasks containing 25 mL
of Kirk’s medium prepared with half-strength artificial seawater [24]. The composition of
the artificial seawater was as follows: 29.8 g/L NaCl, 0.73 g/L KCl, 10.7 g/L MgCl,e6H,0,
5.4 g/L MgS0O47H;0, and 1.1 g/L CaCl,e2H,0. The culture was incubated at 28 °C under
agitation at 120 rpm. After 2 days of growth, half of the flaks were heat-inactivated (autoclaved
for 20 min at 121 °C) and used as biotic control. All experiments were performed in triplicate.

2.2.1. Phenanthrene and Benz[a]anthracene Biodegradation Experiments

The PHAs (PHE and BAA) were prepared individually in a stock solution (5 mM
dissolved in acetonitrile) and added into Kirk’s medium after 2 days of fungal growth to
reach final concentrations of 100 uM for PHE and 50 uM for BAA. The experiment was
maintained for 18 days at 28 °C under agitation at 120 rpm. Each treatment was performed
with three replicates. Flasks were sacrificed at regular intervals of 9 days.

2.2.2. Bioremediation of Combined Pollutants

The influences of HMs on PAH biodegradation and the bioaccumulation properties
of the fungi were investigated in a pollutant cocktail of 20 mg/L total concentration, with
the addition of a multi-metal mixture [5 mg/L Cu(Il), Zn(II), Pb(II), and Ag(Il) each] in
combination with the PAHS, as previously described in Section 2.2.1. The metal concen-
tration was selected according to a previous experiment to study the minimum inhibitory
concentration (MIC) with the selected fungi. A metal stock solution of 1000 mg/L was pre-
pared by dissolving their respective salts CuSO407H,0, ZnNO3, Pb(NO3),, and Ag(NO3)
in distilled water, followed by sterilisation by filtration using a syringe filter with a pore
size of 0.22 um. The sterilised metal stock solutions were added separately to the PAH
medium flasks to obtain final total metal concentrations of 20 mg/L.

Additionally, to investigate the involvement of CYP450 in the bioremediation pro-
cesses, the CYP450 inhibitor 1-aminobenzotriazole (ABT) was used at a final concentration
of 1 mM in additional flasks, and ABT was added together with the pollutants.

2.2.3. Sampling

After each treatment, half of the content of each flask was centrifuged and stored
at —20 °C for enzyme activities, biomass, pH, glucose content, HMs content, Microtox®
Bioassay, and phytotoxicity experiments, as described below. Biomass was calculated
gravimetrically by filtrating and drying in an oven for 72 h until constant weight. The pH
was measured using a reactive strip (Panreac Quimica, Barcelona, Spain).

The remaining content was treated with ethanol (1.6:1 v:v) to stop the incubation and
to obtain the PAHs. After sonication for 15 min, the samples were centrifuged (12,000x g),
disposed in HPLC glass vials, and analysed by chromatography (HPLC and UHPLC-QTOF).
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2.3. Enzymatic Activity

Samples of each treatment were filtered and centrifuged at 10,000 g for 20 min, and
the supernatant was used for enzymatic analyses. Subsequently, Mn peroxidase (MnP),
unspecific peroxygenase (UPO), lignin peroxidase (LiP), and laccase (Lac), were analysed
on a UV-visible spectrophotometer (Shimadzu UV-1800 UV).

Manganese peroxidase (MnP) activity (EC 1.11.1.13) was monitored at 270 nm through
the oxidation of 0.5 mM MnSQy in sodium malonate buffer (50 mM, pH 4.5) with 0.5 mM
H,O; [25]. Unspecific peroxygenase (UPO) activity (EC 1.11.2.1) was measured using
5 mM veratryl alcohol as substrate in potassium phosphate buffer (50 mM, pH 7.0) in the
presence of 1 mM H,O; [26]. Lignin peroxidase (LiP) activity (EC 1.11.1.14) was determined
by measuring the rate of oxidation of veratryl alcohol toveratryl aldehyde at 310 nm, as
described by Tien and Kirk [27]. The mixture reaction contained 2 mM veratryl alcohol
and 0.4 mM H;O; in sodium tartrate buffer (50 mM, pH 3). Laccase activity (EC 1.10.3.2)
was measured using 2,2-azino-bisethylbenthiazolina (ABTS) according to Novotny et al.
(1999) [28]. The rate of ABTS oxidation (5 mM) in sodium acetate buffer (0.1 M, pH 4.5),
was determined at 420 nm.

One unit of enzyme was defined as the amount of enzyme necessary to release 1 pmol
of product per minute under the assay conditions and expressed as Ul

2.4. Chemical Analyses
2.4.1. Estimation of Glucose Content

Glucose was analysed according to Miller (1959) [29], using DNS (dinitrosalicyclic
acid reagent). The supernatant of each treatment was centrifuged and used in a proportion
of 1:1 (sample: DNS reagent). The mixture was boiled at 90 °C for 10 min in a water
bath, and after cooling, 1 mL of distilled water was added. The obtained solution was
read at a wavelength of 540 nm using a spectrophotometer (Shimadzu UV-1800 UV). The
total glucose content was estimated using a standard curve of glucose, and the results are
expressed as mg/L.

2.4.2. Phenanthrene and Benzo[a]anthracene Quantification and Metabolite Identification

The removal of PHE and BAA was analysed using an Agilent 1200 HPLC (Agilent,
Technologies, Palo Alto, CA, USA), coupled to a DAD detector. The compounds were sepa-
rated using an RP-C18 Synergy Fusion column (80 A; 4 um, 4.6 x 150 mm; Phenomenex®,
Madrid, Spain). Separation was performed according to the methodology described in
Aranda et al. (2009) [30], using water + 1% phosphoric acid (A) and acetonitrile (B) as eluent
buffers in isocratic mode, and a flow rate of 1 mL/min. Quantification was performed
based on a calibration curve with the pure standards.

The metabolites produced were analysed using an ultra-high performance liquid
chromatography (UHPLC), Acquity I-Class System (Waters, Milford, MA, USA), and a
Synapt G2S QToF mass spectrometer (Waters, Milford, MA, USA) coupled to a CORTECS-
UHPLC® HILIC® C18 1.6 um column (2.1 x 50 mm; Waters, Milford, MA, USA), connected
to a PDA (photodiode array). The flow rate was 0.350 mL/min, using a gradient flow of
water, 0.1% NHjs (A), and acetonitrile, 0.1% NH3 (B) (5 min A 80%: B 20%; 10 s A 30%:
B 70%; 1.40 min A 0%: B 100%; 1.10 min A 80%: B 20%). The data were analysed using the
MassLynx software (version 4.1, Waters, Milford, MA, USA). Metabolites were analysed on
positive and negative mode.

2.4.3. Heavy Metal Analysis

The removal of Cu, Zn, Pb, and Ag from the culture medium was evaluated by in-
ductively coupled plasma-optical emission spectrometry (ICP-OES) (Perkin-Elmer Optima
8300) at the Center of Scientific Instrumentation of the University of Granada (Granada,
Spain). At the end of the incubation time, 10 mL of the samples from HM treatment
cultures (biotic control and fungal treatments) were taken and centrifuged at 12,000 x g.
The supernatant was filtered through 0.22-pm Millipore filters and injected into the ICP-



J. Fungi 2023, 9, 299

50f18

OES. Standards with different concentrations were prepared with pure water (Millipore).
Recovery value for all metals was 99%.

2.4.4. Transmission Electron Microscopy Coupled with Energy-Dispersive X-ray
Spectroscopy (TEM EDX)

Fungal pellets were harvested and washed with phosphate saline buffer (100 mM,
pH 6.8). The obtained fungal cells were fixed using 2.5% v/v glutaraldehyde overnight at
4 °C, and 2% osmium tetroxide was used as a secondary fixative for 2 h. The fixed cells were
washed with 0.1 M phosphate buffer. Subsequently, fungal cells were dehydrated in a series
of ethanol, cut into ultra thin sections using an ultramicrotome, and fitted on TEM grids
for examination [11]. Samples were visualised using an HR-TEM TALOS F200X (Thermo
Fisher Scientific) equipped with a detector of a high-angle annular dark-field (HAADF),
Cannon type: Schottky-type field emission (FEG), using the Microanalysis system EDX type
(using X-ray energy dispersion) at the Center of Scientific Instrumentation of the University
of Granada (Granada, Spain).

2.5. Toxicity Bioassays
2.5.1. Phytotoxicity Test

The phytotoxicity test was performed according to the method of Zucconi et al.
(1981) [31], using cress seeds (Lepidium sativum) to evaluate the toxicity of the culture
medium after treatment with the selected fungi. The L. sativum seeds were soaked in
tap water for 1 h; subsequently, 20 seeds per replicate were positioned at equal distances
in glass Petri dishes with Whatman paper N° 1, and 2 mL of each sample was added at
different concentrations (100%, 40%, 20% and 10%), followed by incubation at 28 °C in
the dark. Distilled water was used as control, and the abiotic control was prepared using
non-inoculated media amended with PHE and BAA, and HMs. After 48 h, the germination
index (GI%) was calculated from the number of germinated seeds and the root length,
according to the following formula:

Gl% = (G x L)/Gqg x Ly) x 100

e G and Gp: number of germinated seeds in the samples and the control;
e L and Ly: root length values in the samples and the control.

2.5.2. Microtox®Test

The Microtox® bioassay was employed to evaluate acute toxicity (as ECsg) of the
supernatant after fungal treatment of PAHs and HMs, abiotic, and biotic samples at time
0 and at the end of each experiment. For this, the Microtox® M500 toxicity analyser
(Instrumentacion Analitica S.A. Madrid, Spain) was employed. Toxicity is expressed as
ECsg (%), the concentration of the sample that causes a 50% of bioluminescence reduction
in the bacterium Aliivibrio fischeri after 5 and 15 min of exposure to the sample [32,33]. The
analyses were performed in triplicate.

3. Results
3.1. Removal of Phenanthrene and Benz[alanthracene

The removal of PHE and BAA was studied in salt Kirk media every 9 days for 18 days.
The biodegradation ability of the fungi varied for the different PAHs (Figure 1). For PHE,
E. lacerate showed the highest biodegradation rate (78.8%), followed by P. variabile (74.1%),
C. jodhpurense (69.3%), C. maderasense (48.4%), and P. betae (46.3%). However, for BAA,
P. variabile exhibited the largest removal rate (70.7%) (Figure 1), followed by P. betae (58.7%),
E. acerate (57.8%), C. maderasense (28.8%), and C. jodhpurense (26.9%).
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Figure 1. Residual phenanthrene and benzo[a]anthracene (uM) in the culture medium, fungal
biomass (g/L) (red color), pH variation, and glucose concentration (g/L) (blue color). (a) C. jodh-
purense, (b) C. maderasense, (c) P. variabile, (d) E. lacerata, and (e) P. betae. Error bars indicate the average
of tree replicates (n = 3).

The influence of the presence of the mixture of HMs (Cu, Zn, Pb, Ag) on PHE and BAA
removal was evaluated under the same experimental conditions. The PHE degradation
rate varied from 41.1% to 78.0%, and for BAA, the degradation rate ranged between 25.6%
and 49.9%.
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The degradation rate for BAA coexisting with the mixture of HMs was considerably
reduced compared to that in free HM cultures, except for C. maderasense, in which the rate of
BAA degradation in free HM media increased from 33.7% to 49% in the presence of HMs.

The highest degradation inhibition of BAA in the presence of HMs was observed with
P. betae, E. lacerata, and P. variabile, with a degradation rate of approximately 30%. However,
the ability of the tested strains to biodegrade PHE coexisting with HMs increased from
48.4% to 51.7% in C. maderasense, and from 69.3% to 78.0% in C. jodhpurense. A moderate
decline in the PHE biodegradation rate by approximately 3% was observed in E. lacerata,
and 5% in P. betae and P. variabile was detected in the presence of HMs.

The role of the cytochrome P450 enzymatic system (CYP) in the degradation of the co-
contaminated media was evaluated by the addition of the inhibitor 1-aminobenzotriazole.
A lower degradation activity was observed in cultures containing CYP inhibitor with only
the P. betae strain, in which the degradation rate decreased by 12.8% and 14.6% for PHE and
BAA, respectively. This indicates that P. betae is involved in both extra- and intracellular
enzymatic PAH removal.

For the other strains (C. jodhpurense, C. maderasense, P. variabile and E. lacerata), inhibi-
tion of the CYP did not significantly influence the biodegradation rate of PAHs (Figure 1),
indicating that PHE and BAA could be transformed mainly via extracellular pathways.

Regarding the pH profile, glucose use, and biomass production by fungi in the absence and
presence of HMs in the growth medium, a shift of pH from 5 to 7 and an increase in biomass
accumulation during the first 9 days with or without HMs were detected. A rapid decrease
in the glucose concentration was also observed in the first 9 days, followed by a moderate
and stable decline in the remaining 9 days of incubation. The biomass produced by the fungi
was increased considerably. The presence of HMs did not affect fungal growth throughout the
experiment. However, in the last 9 days, biomass accumulation in P. betae and C. jodhpurense
increased from 8 g/L in the PAH treatment to 10 g/L in the presence of HMs.

3.2. Enzyme Production during Degradation

Extracellular ligninolytic enzyme production was also monitored after 9 and 18 days
of incubation in Kirk media supplemented with the PAHs, and in the presence or absence
of HMs (Table 1).

Table 1. Enzymatic activities. MnP—manganese peroxidase; UPO—unspecific peroxygenase; LiP—lignin
peroxidase; Lac—Laccase, expressed as (UI) during PAH treatment after 9 and 18 days of cultivation
in the absence and presence of HMs. +Value indicates the average of tree replicates (n = 3).

MnP UPO LiP Lac
T9 T18 T9 T18 T9 T18 T9 T18
. C PAH 876+74 160+ 14 n.d. 415+ 64 324+103 257+18 n.d. 88+ 25
jodhpurense
AFA%I{IM 8+2 n.d. n.d. 898 +194 166439 432492 n.d. 84+ 09
PAH + HM n.d. n.d. n.d. 122+28 239438  99.4+30 n.d. 8.0+13
C. PAH 2740+123 91+45 152414  17.8+23 n.d. n.d. 437451 2251+ 138
maderasense
PAPA%I;IM 259 + 12 90+17  260+05 nd. 102 423 nd. nd. nd.
PAH+HM 1206 +57  36+07 1757 +362 n.d. 109 + 2.4 n.d. n.d. 1221435
PAH 149 + 0.9 85+14  555+56 379461 3091+ 412 nd. nd. n.d.
Poariabile PAREHM 887439 gp1+62  772+48 nd. 111 + 31 nd. nd. nd.
PAH+HM  51+11 74428  2004+376 1814+170 3294 +159 n.d. n.d. n.d.
E. lacerata PAH 250 +37 nd. n.d. 418+121 622+46 426427  293+17 nd.
PAH + 1M n.d. 66.5 + 26.1 n.d. 1057473 662457 466455 n.d. n.d.
PAH + HM nd. 15.6 + 2.3 n.d. 714+ 138 1839+254 629 +67 n.d. 0
P. betae PAH 42409 254484  216+24 650+ 114 195+20 694+47 473439 635+ 65
PA+HA%¥M 247+32 259434 24424 105+13 91423  774+105 656+118  39.1+09
PAH+ HM  185+27 n.d. 273435 455+102 328469 760+119 68754283 52344215

n.d. = not detected.
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The production of MnP, LiP, UPO, and laccase enzymes was detected in most of the
treatment cultures of the five tested fungi (Table 1).

Maximum MnP production was observed in C. maderasense, which reached 274.0 £+ 12.3
Ul in the PAH treatment. The presence of HMs with PAHs negatively affected enzyme
activity; MnP was not detected in C. jodhpurense, and its level decreased considerably in
C. maderasense (from 274.0 = 12.3 Ul to 120.6 £ 5.7 UI). The highest level of production was
found after 9 days of incubation.

Among the peroxidase enzymes, UPO had the highest levels. The fungus P. vari-
abile produced the maximum amounts of 329.4 + 15.9 Ul in the presence of HMs, and
of 309.4 £ 41.2 Ul in PAH media. Co-exposure to HMs and PAHs enhanced UPO activ-
ity three-fold in C. jodhpurense and four-fold in E. lacerate; LiP activity was lower than
MnP and UPOs. The highest value was detected in P. variabile (200.4 & 37.6 Ul). In treat-
ments amended with HMs, LiP activity increased in C. maderasense (from 15.2 = 1.4 Ul to
175.7 4+ 36.2 UI), P. variabile (from 55.4 + 5.6 Ul to 200.4 + 37.6 Ul) and E. lacerata (from
41.8 £12.1 Ul to 71.4 £ 13.8 Ul). In C. jodhpurense and P. betae, LiP activity decreased from
41.55 + 6.4 Ul to 12.2 £ 2.8 Ul and from 65.0 &= 11.4 Ul to 45.5 = 10.2 U], respectively.

Only C. maderasense and P. betae produced considerable levels of Lac in both PAH
treatment and PAHs with HMs. Interestingly, the addition of HMs to PAHs in P. betae
increased Lac production 14- and 8-fold, respectively, after 9 and 18 days of cultivation.

3.3. Metabolic Products after PHE and BAA Biodegradation

The intermediate metabolites of PHE and BAA after biodegradation by the strains
detected by LC-MS are shown in Figure 2. No significant differences were observed in
the metabolism of the PAHs among the strains or between the presence of ABT and HMs.
The analysis revealed the presence of 1-phenanthrol (P1), phenanthrene 9,10-dihydrodiol
(P2), anthracene (B1), anthrone (B2), anthraquinone (B3), phthalic anhydride (B4), and
phthalic acid (B5), being the main metabolites produced under the tested conditions,
although we also found other unspecific metabolites (Appendix A Table Al). Phthalic
anhydride and phthalic acid could be part of both BAA and PHE degradation metabolic
pathways as a consequence of ring cleavage reactions under in vivo conditions after the
first oxidation steps. The hydroxylated metabolites confirm the action of peroxidases in
PAH biotransformation.

Phenanthrene Benzo[a]anthracene

P1

‘
(@)
T

@

=1

BS5
BA ¥ o
/]
o—t OH T [y\/\\/o
OH o// \g

Figure 2. Proposed pathways for the biotransformation of phenanthrene and benz[a]anthracene by the
selected fungi. The same metabolites were found with the five tested strains for all experimental variants.
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3.4. Heavy Metal Removal
3.4.1. Residual Heavy Metal Content

Figure 3 shows the residual metal (Cu, Zn, Pb and Ag) concentrations in the culture
media. After 18 days of cultivation, both live and inactivated mycelia showed high removal
efficiencies for Ag and Pb. The highest amounts of Ag(II) and Pb(II) absorbed by inactivate
mycelium were 4 and 4.4 mg/L, respectively. These amounts were increased to reach
4.9 mg/L with live cells at the end of the experiment. However, only live cells removed
large amounts of Zn(Il) and Cu(Il), with a maximum of 4.7 mg/L for Zn(II) and 3.9 mg/L
for Cu(ll), contrary to inactivated mycelia, which did not exceed 0.357 mg/L for Cu and
0.801 mg/L for Zn. At the end of the experiment, after 18 days of incubation, the total
amounts of metals removal by live cells were 4.9 mg/L for Ag(Il) and Pb(Il), 4.7 mg/L for
Zn(Il), and 3.9 mg/L for Cu(Il).
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Figure 3. Residual concentrations of Cu, Zn, Pb, and Ag, expressed in mg/L in the culture medium
of inactivate mycelium (IM), and for each fungus in the presence of PAH (MXT) and ABT for
(a) C. jodhpurense, (b) C. maderasense, (c) P. variabile, (d) E. lacerata, and (e) P. betae after18 days of
incubation. Error bars indicate the average of tree replicates (n = 3).

3.4.2. Transmission Electron Microscopy Coupled with EDX Analysis

Figure 4 shows the transmission electron micrographs of the five fungi. The TEM
images clearly show the morphological structures of the fungi after exposure to HMs.
The EDX spectrum of strain C. maderasense shows only the presence of Cu and Zn inside
the cell, reflected by the presence of some dark areas (Figure 4a). Ultrastructure analysis
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of C. jodhpurense, with the presence of an intact and regular cell membrane and a well-
organised cytoplasm distribution (Figure 4b), and EDX analysis revealed no interesting
findings in relation to the tested metals. The dark electron granules (Figure 4c) found in
P. variable in the cell wall/cell membrane and in the cytoplasm were identified by EDX as Cu.
Dark, and dense spots were observed in various areas in the cytoplasm of E. lacerate, and
EDX analysis confirmed the prevalence of the four metals (Cu, Zn, Pb, and Ag) (Figure 4d),
indicating bioaccumulation. Strain P. betae accumulated Cu, Zn, and Ag throughout the cell
wall/cell membrane, and the cytoplasm showed visible dark spots inside the fungal cell. The
cell wall/cell membrane was surrounded by electron-dense granules identified by the EDX
spectrum as Pb (Figure 4e). The obtained results indicate that this tolerance towards Cu, Zn, Pb,
and Ag could be associated with both biosorption and bioaccumulation mechanisms.

Figure 4. TEM of the five fungal strains in the presence of a multi-metal cocktail after 9 days of
incubation. (a) C. maderasense, (b) C. jodhpurense, (c) P. variabile, (d) E. lacerata, and (e) P. betae in the
presence of 20 mg/L of each Cu, Zn, Pb, and Ag.
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3.5. Ecotoxicological Studies
3.5.1. Phytotoxicity Analysis

The plant species L. sativum was used as indicator plant to test the toxicity of the
bioremediated culture medium. Seeds were assigned to an abiotic control (untreated
mixture of PAHs and HMs), inoculated with PAHs in the presence and absence of HMs
with dead and live cells of the selected fungi, without dilution and with a serial of dilution
(0.4,0.2, and 0.1) (Figure 5). Media containing untreated culture medium negatively affected
the growth of L. sativum, with a germination index of 1.7% =+ 0.8% and 49.1% + 1.1%, in
0.4 and 0.2, respectively; at higher concentrations, germination was inhibited completely.
Untreated systems were toxic and inhibited the germination of L. sativum.
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Figure 5. Phytotoxicity effects of PAHs and HMs on L. sativum, expressed as the germination
index (GI) at 48 h after treatment with PAHs (solid line), PAHs and HMs (dotted line), inactivated
mycelium (long-dash line), and untreated PAHs and HMs (dotted dash line), with (a) C. jodhpurense,
(b) C. maderasense, (c) P. variabile, (d) E. lacerata, and (e) P. betae. Error bars indicate the average of tree
replicates (n = 3).

Samples obtained after PAH treatment in the presence or absence of HMs with either
fungal species revealed a decrease in phytotoxicity, depending on the dilution.

The highest germination index observed in PAH culture medium with a dilution of
0.2 was 99.5% =+ 9.3% with P. betae, followed by C. judheprenses (87.5% =+ 3.3%), P. variabile
(81.9% =+ 2.3%), E. lacerata (73.2% =+ 3.3%), and C. maderasense (72.7 £+ 7.2%). In cultures
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amended with a mixture of HMs and PAHs, the highest phytotoxicity reduction was
observed for the 0.2 dilution, and the highest germination index was 96.5% =+ 7.8% with
C. maderasense, followed by P. betae (88.3% =+ 7.8%); for the other strains, the germination
index was approximately 66%.

Treatment with inactivated mycelia was less effective. The germination index did not
exceed 66.5% with all tested fungi, indicating a prevalence of biological transformation
rather than bioadsorption. This leads us to infer that live mycelia not only removed PAHs
and HMs, but also potentially transformed toxic compounds into less hazardous products.

3.5.2. Microtox®Test

The Microtox® bioassay represents an additional tool to assess the acute toxicity
of pollutants and mixtures, but also of their degradation metabolites. High toxicity
was observed with untreated culture medium (AC) (ECsg 5 min = 5.5% =4 0.4%; ECsg
15 min = 4.6% = 0.1%) at the beginning of the experiments and after 18 days (ECs¢ 5 and
15 min = 2.7% =+ 0.1%) (Figure 6). The toxicity levels of cultures with HMs and PAHs in
mixture were almost similar for all samples at the onset of the experiments, except for culture
media with live cells (MXT) of P. variabile (Figure 6¢). Only the treatment with dead cells (IM) of
E. lacerate, incubated over 18 days, exhibited a slight reduction in acute toxicity (Figure 6d).

40 - 40
a
35 J‘ 35 b
g 301 g 30
o 25 4 o 25 -
g 20 J ®5min 9 20 -
15 J‘ 15 min 15 ~
10 4 10 -
5 <‘i i i‘ i_ i 5 4
0 T T 0
ACt0 AC IMt0 IM MXT MXT ACt0 AC IMt0 IM MXT MXT
t18 t18 t0 t18 t18 t18 t0 t18
40 - 40 -
35 - c 35 d
30 -~ 30 - 1
g 2 ﬂ; M5 min § 25 1
g 20 _ ) g 20 ® 5 min
T 15 min 15 - 15 min
10 [ 10 = I -
5 = I 5 I |
0 rfiﬂw—l—f 2 ,11,' s 0 i, | B NN NI SIS
ACt0 AC IMt0O IM MXT MXT AC AC IM IM MXT MXT
t18 t18 to 118 t0 t18 t0 ti18 t0 t18
40 ‘ e
35 1
. 30 1 ® 5 min
‘E 25 1 T  15min
3 20 1
w15 ‘
10 -

| I I
sk s FEE
0 E . i -

ACt0 AC IMtO0 IM MXT MXT
t18 t18 t0 t18
Figure 6. Acute toxicity (as ECs after 5 and 15 min after exposition) for (AC) untreated media, (IM), PAH
and HM cultures treated with inactivate mycelia, and (MXT) treatment of PAH and HM culture media
with live cells of (a) C. jodhpurense, (b) C. maderasense, (c) P. variabile, (d) E. lacerata, and (e) P. betae at time 0
and after 18 days of incubation. Error bars indicate the average of three replicates (n = 3).
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However, with live cells (MXT), a robust EC5y decrease was found for cultures treated
with E. lacerata (Figure 6d) and P. betae (Figure 6e) (up to ECsy = 32%). Treated cultures
with C. maderasense (Figure 6b) and P. variabile (Figure 6¢) also exhibited a decrease in acute
toxicity after 18 days of incubation (up than ECsg = 23%). On the other hand, C. jodhpurense
was the only fungal strain that did not show toxicity reduction, irrespective of the exposure
time (ECsp 5 min = 5.6% = 0.1%; EC50 15 min = 5.7% =+ 0.1%, respectively) (Figure 6a).

4. Discussion

The metabolism of fungi in response to complex pollution stress has received little
attention [34]. Usually, PAHs and HMs are found alongside in contaminated environments
such as manufacturing plants and refinery sites, and their presence may affect biodegradation
processes by impacting both the physiology and ecology of degrading microorganisms, and by
competing with metal cofactors and enzymes, consequently reducing the enzymatic activity
of degrading microorganisms [35]. Xu et al. (2022) [36] discussed the impact of organic carbon
on the redox transformation of toxic metals. Due to their redox moieties such as phenol or
quinine, organic carbon can affect redox reaction of some HMs such as As, Cr, and Hg. On
the other side, HMs can affect enzymatic PAHs degradation. Excess HMs can compete with
macronutrients serving as cofactors for enzymes, thus inhibiting the enzymes activities. They
can also denature enzymes by combining with their sulthydryl groups [37].

The tested fungi were grown during 2 days before the addition of contaminants to
support growth. The degradation of PHE and BAA was studied in different systems: in
the presence or absence of HMs, and with the inhibition of the intracellular enzymatic
system. The obtained results showed that fungal strains could tolerate and degrade PAHs,
as evidenced by the high biomass production and glucose consumption. Notably, the
addition of glucose, which served as a carbon energy source, facilitated fungal growth and
PAH degradation, indicating the co-metabolic trait of all strains.

The five tested fungi showed high biodegradation abilities, ranging from 46.3% to
78.8% for PHE, and from 26.9% to 70.7% for BAA. The addition of ABT, a CYP inhibitor,
decreased the degradation of PHE and BAA only in P. betae, suggesting that CYPs play
an important role in PAH degradation in this strain. Li et al. (2018) [38] found that the
inhibition of CYPs suppressed the degradation of PHE but not that of BAA.

The biodegradation efficiency for BAA decreased slowly In the presence of HMs in
P. betae, P. variabile, and E. lacerate from 58.1% to 25.6%, 57.4% to 29.1%, and 70.7% to 38.4%,
respectively. This might have been caused primarily by the addition of the tested HMs since
they could stress metabolic activities and interact with various key fungal activities such as
ATP production, substrate mineralization, and cell surface functions, which play important
roles in the transport, biotransformation, and detoxification of organic xenobiotics [37].

However, all tested strains tended to degrade PHE with approximately the same rates
as those observed for HM-free cultures. Hong et al. (2010) [39] investigated Fusarium
solani and Hypocera lixii, isolated from petrol station soil, for pyrene degradation as well as
Cu and Zn tolerance. Both isolated strains degraded more than 60% of pyrene, with the
accumulation of Cu and Zn. Janicki et al. (2018) [6] observed that the presence of Pb and
Zn individually decreased xenobiotic removal rates.

In the present work, the pH increased from 5.5 to 7.5-8, which is in agreement with
the findings of Ye et al. (2011) [40], who demonstrated that anthracene degradation by
A. fumigatus was optimal within a pH range of 5-7.5.

The biodegradation process was associated with the production of different extracellu-
lar enzymes, mainly peroxidases and laccases, which were produced concomitantly to the
reduction inthe pollutants. The highest degradation rates were found in strains producing
significant amounts of MnP, LiP, and UPOs. Only P. beate and C. maderasense produced
laccase, and these strains were not among those with the highest degradation rates. These
results suggest that peroxidases play a main role in PHE and BAA degradation by the
tested fungi. Ye et al. (2011) [40] stated that LiP is the principal enzyme involved in the
degradation of anthracene. However, according to Li et al. (2018) [38], laccase plays the
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main role in PHE and BAA transformation in the white rot fungus Pycnoporus sanguineus.
Many enzymes are regulated by HMs at transcription and activity level, and therefore, in
most cases, metal ions might inhibit the activities of enzymes involved in the degradation
of the tested compounds [41]. Moreover, our findings indicate that metal supplementation
increased laccase production in P. betae. This could be explained by the presence of Cu,
which is a well-known strong laccase inducer [42].

The same metabolites were found in different testing conditions and with the five
strains, and the following conclusions were derived: first, the presence of HMs did not
affect enzymatic activities, and second, the ligninolytic enzymes and CYPs could transform
PHE and BAA to the same products, which is in agreement with previous findings by
Luo et al. (2016) [43] and Li et al. (2018) [38].

In the present study, the degradation of PHE and BAA generated phthalic acid and
benzoic, both of which are metabolites of the degradation of different PAH molecules by
ligninolytic enzymes [44-46].

Our results clearly show that the tested fungal strains can tolerate a mixture of HMs
and remove them successfully via adsorption (dead cells) and trough metabolic processes
(live cells). The removal efficacy was better with live cells, indicating the presence of active,
energy-dependent transporters [8,47]. After adsorption onto the cell wall, and unlike for
dead cells, live cells can bioaccumulate metal ions on their cell surface for sequestration and
detoxification [48]. Dead cells showed a high uptake efficacy for Pb, followed by Ag. On the
contrary, only live cells removed large amounts of Cu and Zn. The fungal uptake preference
in a multi-metal medium depends on the metal properties such as electronegativity, ionic
radius, and hydration energy [49,50]. The metals Pb and Ag possess a higher electronegativity
(2.33 and 1.93 Pauling, respectively) and a larger ionic radius (1.75Aand 1.44A, respectively)
than Cu (1.90 Pauling; 1.28 A) and Zn (1.38 Pauling; 1.65 A). This could explain the great
affinity of dead cells for Pb and Ag. Several studies described Pb(Il) as the metal most
easily removable by filamentous fungi [11,51,52]. Adsorption processes are related to the
composition of the mycelium cell wall without energy involvement, whereas extracellular
polymeric substances play an important role in heavy metal adsorption at binding sites
through different mechanisms such as proton exchange [53].

The bioremediation of PAHs and HMs can be affected by the nature of the contam-
inants or the interaction of these two pollutant types [37]. The PAHs can change the
permeability of biomembranes by interacting with the lipophilic components of the fun-
gal cytoplasm, which promotes the entry of HMs into the cells, and may affect cellular
functions [34]. Dey et al. (2020) [35] found that, in the presence of a pesticide, A. fumigatus
showed a higher Pb and Zn removal capacity.

The TEM-EDX micrographs confirmed that fungal strains exhibited various responses
against HM stress, suggesting the involvement of both bioaccumulation and biosorption.
The heterogeneous responses of the different tested fungi might be due to their various
resistance mechanisms and tolerance strategies against HMs, such as efflux system, ex-
tracellular precipitation, chemical transformation, mycelial cell wall compositions, cell
surface adsorption, and intracellular accumulation [8,54,55]. Intact cell structures observed
in the TEM photomicrographs, with regular cytoplasm dispersion and a well-defined cell
membrane, confirmed the high abilities of the tested fungi to resist and survive under
co-contaminant stress. This is supported by the findings of Dey et al. (2020) [35], who
underlined the ability of A. fumigatus for HM removal from a multi-metal pesticide matrix.

Investigations on the degradation and elimination of metals and organic chemicals by
microorganisms should be coupled with detoxification assays. In this work, the phytotoxic-
ity test confirmed that all tested fungi produced non-toxic metabolites during co-treatment
of PAHs and HMs at a dilution of 0.2. Along with this, the Microtox® bioassay revealed
acute toxicity decreases (especially in the treatments with live cells) with all tested strains
except for C. jodhpurense. This finding correlates with the lowest BAA removal rate (22.91%)
observed for the same strain. In no case did the ECs( values recorded after fungal treatment
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exceed 33%, most likely because of the high toxicity of PAHs and HMs in untreated culture
media at the beginning of the experiments (ECsy 5 min = 5.5% and ECsp 15 min = 4.6%).

5. Conclusions

This study investigated the ability of different fungal strains to bioremediate environ-
ments co-contaminated with PAHs (PHE and BAA) and heavy metals. The strains could
efficiently degrade phenanthrene and benzo[a]anthrancene, along with four heavy metals
(Cu, Zn, Pb, and Ag). Bioremediation is linked with ligninolytic enzyme production, which
may lead to the generation of phthalic and benzoic acid as PHE and BAA metabolites. The
toxicological analyses confirmed the detoxification of emerging pollutants. Overall, the
tested fungal strains are suitable candidates for the environmentally friendly remediation
of co-contaminated sites.
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Appendix A

Table Al. Phenanthrene and benz(x)anthracene metabolites after fungal biodegradation.

. Elemental Chemical . Retention Time
Metabolite Composition Structure Molecular Weigh Error (ppm) (min)
Phenanthrene

Original molecule

P1

P2

C14H120,

Cy4Hyg QGQ 179.0861 17 5.30

C14H100

195.0810 -10.3 0.70

213.0916 —6.1 0.52
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Table Al. Cont.

. Elemental Chemical . Retention Time
Metabolite Composition Structure Molecular Weigh Error (ppm) (min)
Benz[x]anthracene
Original molecule C18H12 %OO 229.1017 —4.8 5.90
Bl C14Hio 179.0861 17 5.30
(0]
B2 C14H;00 195.0810 15 572
O
B3 C14HgOy O‘O 209.0603 2.4 6.84
(0]
(0]
B4 CsH,0; ©i(j<o 149.0239 94 6.31
(0]
B5 CgHgOy4 R 167.0344 ~3.6 6.27
(0] OH
4
OH O
References
1. Arul, MN,; Alemu, A K.; Goswami, L.; Pakshirajan, K.; Pugazhenthi, G. Waste litchi peels for Cr (VI) removal from synthetic

wastewater in batch and continuous systems: Sorbent characterization, regeneration and reuse study. . Environ. Eng. 2016,
142, C4016001. [CrossRef]

Titaley, .A.; Chlebowski, A.; Truong, L.; Tanguay, R.L.; Massey Simonich, S.L. Identification and toxicological evaluation of
unsubstituted PAHs and novel PAH derivatives in pavement sealcoat products. Environ. Sci. Tech. Let. 2016, 3, 234-242. [CrossRef]
Wang, ].; Deng, P.; Wei, X.; Zhang, X; Liu, J.; Huang, Y,; She, J.; Liu, Y.; Wan, Y.; Hu, H.; et al. Hidden risks from potentially toxic
metal (loid) s in paddy soils-rice and source apportionment using lead isotopes: A case study from China. Sci. Total Environ. 2023,
856, 158883. [CrossRef]

Ali, M.; Song, X.; Ding, D.; Wang, Q.; Zhang, Z.; Tang, Z. Bioremediation of PAHs and heavy metals co-contaminated soils:
Challenges and enhancement strategies. Environ. Pollut. 2021, 295, 118686. [CrossRef] [PubMed]

Kadri, T.; Rouissi, T.; Brar, S.K.; Cledon, M.; Sarma, S.; Verma, M. Biodegradation of polycyclic aromatic hydrocarbons (PAHs) by
fungal enzymes: A review. . Environ. Sci. 2017, 51, 52-74. [CrossRef]

Janicki, T.; Diugonski, J.; Krupiniski, M. Detoxification and simultaneous removal of phenolic xenobiotics and heavy metals with
endocrine-disrupting activity by the non-ligninolytic fungus Umbelopsisisabellina. ]. Hazard. Mater. 2018, 360, 661-669. [CrossRef]
Deshmukh, R.; Khardenavis, A.A.; Purohit, H.]. Diverse metabolic capacities of fungi for bioremediation. Indian . Microbiol. 2016,
56, 247-264. [CrossRef]

Priyadarshini, E.; Priyadarshini, S.S.; Cousins, B.G.; Pradhan, N. Metal-Fungus interaction: Review on cellular processes
underlying heavy metal detoxification and synthesis of metal nanoparticles. Chemosphere 2021, 274, 129976. [CrossRef]
Al-Dossary, M.A.; Abood, S.A.; Al-Saad, H.T. Factors affecting polycyclic aromatic hydrocarbon biodegradation by Aspergillus
flavus. Remediation 2020, 30, 17-25. [CrossRef]


http://doi.org/10.1061/(ASCE)EE.1943-7870.0001099
http://doi.org/10.1021/acs.estlett.6b00116
http://doi.org/10.1016/j.scitotenv.2022.158883
http://doi.org/10.1016/j.envpol.2021.118686
http://www.ncbi.nlm.nih.gov/pubmed/34920044
http://doi.org/10.1016/j.jes.2016.08.023
http://doi.org/10.1016/j.jhazmat.2018.08.047
http://doi.org/10.1007/s12088-016-0584-6
http://doi.org/10.1016/j.chemosphere.2021.129976
http://doi.org/10.1002/rem.21658

J. Fungi 2023, 9, 299 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

Agrawal, N.; Barapatre, A.; Shahi, M.P,; Shahi, S.K. Biodegradation pathway of polycyclic aromatic hydrocarbons by ligninolytic
fungus Podoscyphaelegans strain FTG4 and phytotoxicity evaluation of their metabolites. Environ. Process. 2021, 8, 1307-1335.
[CrossRef]

Chen, S.H.; Cheow, Y.L.; Ng, S.L.; Ting, A.S.Y. Mechanisms for metal removal established via electron microscopy and spec-
troscopy: A case study on metal tolerant fungi Penicilliumsimplicissimum. J. Hazard. Mater. 2019, 362, 394-402. [CrossRef]
Zhang, D.; Yin, C.; Abbas, N.; Mao, Z.; Zhang, Y. Multiple heavy metal tolerance and removal by an earthworm gut fungus
Trichodermabrevicompactum QYCD-6. Sci Rep. 2020, 10, 6940. [CrossRef]

Zhang, W.; Zhuang, L.; Yuan, Y.; Tong, L.; Tsang, D.C. Enhancement of phenanthrene adsorption on a clayey soil and clay
minerals by coexisting lead or cadmium. Chemosphere 2011, 83, 302-310. [CrossRef]

Chen, S.; Yin, H.; Ye, J.; Peng, H.; Liu, Z.; Dang, Z.; Chang, J. Influence of co-existed benzo [a] pyrene and copper on the cellular
characteristics of Stenotrophomonasmaltophilia during biodegradation and transformation. Bioresour. Technol. 2014, 158, 181-187.
[CrossRef]

Ma, X.K,; Ding, N.; Peterson, E.C.; Daugulis, A.]. Heavy metals species affect fungal-bacterial synergism during the bioremediation
of fluoranthene. Appl. Microbiol. Biotechnol. 2016, 100, 7741-7750. [CrossRef]

Sandrin, T.R.; Maier, R M. Impact of metals on the biodegradation of organic pollutants. Environ. Health Perspect. 2003,
111, 1093-1101. [CrossRef] [PubMed]

Guo, PY,; Liu, Y.; Wen, X.; Chen, S.F. Effects of algicide on the growth of Microcystisflos-aquae and adsorption capacity to heavy
metals. Int. |. Environ. Sci. Technol. 2015, 12, 2339-2348. [CrossRef]

Kuang, D.; Zhang, W.; Deng, Q.; Zhang, X.; Huang, K.; Guan, L.; Hu, D.; Tangchun, W.; Guo, H. Dose-response relationships of
polycyclic aromatic hydrocarbons exposure and oxidative damage to DNA and lipid in coke oven workers. Environ. Sci. Technol.
2013, 47, 7446-7456. [CrossRef] [PubMed]

Hkiri, N.; Aounallah, E; Fouzai, K.; Chouchani, C.; Asses, N. Ability of marine-derived fungi isolated from polluted saline
environment for enzymatic hydrocarbon remediation. Braz. J. Microbiol. Submitted (BJMI-D-22-01135).

Darwish, A.M.G.; Abdel-Azeem, A.M. Chaetomium Enzymes and Their Applications. In Recent Developments on Genus Chaetomium;
Springer: Cham, Switzerland, 2020; pp. 241-249. [CrossRef]

Wang, J.; Shao, S.; Liu, C.; Song, Z.; Liu, S.; Wu, S. The genus Paraconiothyrium: Species concepts, biological functions, and
secondary metabolites. Crit. Rev. Microbiol. 2021, 47, 781-810. [CrossRef]

Debnath, R.; Mistry, P.; Roy, P.; Roy, B.; Saha, T. Partial purification and characterization of a thermophilic and alkali-stable
laccase of Phomaherbarum isolate KU4 with dye-decolorization efficiency. Prep. Biochem. Biotechnol. 2021, 51, 901-918. [CrossRef]
[PubMed]

Nguyen, M.H.; Kim, D.H,; Park, ].H.; Park, Y.U.; Lee, M.Y.; Choi, M.H.; Lee, D.H.; Lee, ].K. Identification, enzymatic activity, and
decay ability of basidiomycetous fungi isolated from the decayed bark of Mongolian oak (Quercus mongolica Fisch. Ex Ledeb.).
J. For. Environ. Sci. 2021, 37, 52-61. [CrossRef]

Tien, M.; Kirk, T.K. Lignin peroxidase of Phanerochaete chrysosporium. In Methods in Enzymology; Academic Press: Cambridge, MA,
USA, 1988; Volume 161, pp. 238-249.

Giardina, P; Palmieri, G.; Fontanella, B.; Rivieccio, V.; Sannia, G. Manganese peroxidase isoenzymes produced by Pleurotus
ostreatus grown on wood sawdust. Arch. Biochem. Biophys. 2000, 376, 171-179. [CrossRef] [PubMed]

Ullrich, R.; Niiske, J.; Scheibner, K.; Spantzel, ].; Hofrichter, M. Novel haloperoxidase from the agaric basidiomycete Agrocy-
beaegerita oxidizes aryl alcohols and aldehydes. Appl. Environ. Microbiol. 2004, 70, 4575-4581. [CrossRef]

Tien, M.; Kirk, T.K. Lignin-degrading enzyme from Phanerochaete chrysosporium: Purification, characterization, and catalytic
properties of a unique HyO,-requiring oxygenase. Proc. Natl. Acad. Sci. USA 1984, 81, 2280-2284. [CrossRef]

Novotny, C.; Erbanova, P; Sasek, V.; Kubatova, A.; Cajthaml, T.; Lang, E.; Krahl, J.; Zadrazil, F. Extracellular oxidative enzyme
production and PAH removal in soil by exploratory mycelium of white rot fungi. Biodegradation 1999, 10, 159-168. [CrossRef]
Miller, G.L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 1959, 31, 426-428. [CrossRef]
Aranda, E.; Kinne, M.; Kluge, M.; Ullrich, R.; Hofrichter, M. Conversion of dibenzothiophene by the mushrooms Agrocybe aegerita
and Coprinellus radians and their extracellular peroxygenases. Appl. Microbiol. Biotechnol. 2009, 82, 1057-1066. [CrossRef]
Zucconi, ].M.; Moreels, G.; Parisot, ].P. Photolytic effects of solar radiation at stratospheric levels during sunrise and sunset. Carn.
J. Phys. 1981, 59, 1158-1169. [CrossRef]

Onorati, F.; Mecozzi, M. Effects of two diluents in the Microtox toxicity bioassay with marine sediments. Chemosphere 2004,
54, 679-687. [CrossRef]

Purswani, J.; Guisado, I.M.; Coello-Cabezas, ].; Gonzalez-Lopez, ].; Pozo, C. Social microbial inocula confer functional stability in
a methyl tert-butyl ether extractive membrane biofilm bioreactor. Environ. Pollut. 2019, 244, 855-860. [CrossRef] [PubMed]

Li, Q.; Liu, J.; Gadd, G.M. Fungal bioremediation of soil co-contaminated with petroleum hydrocarbons and toxic metals. Appl.
Microbiol. Biotechnol. 2020, 104, 8999-9008. [CrossRef] [PubMed]

Dey, P; Malik, A.; Mishra, A.; Singh, D.K.; von Bergen, M.; Jehmlich, N. Mechanistic insight to mycoremediation potential of a
metal resistant fungal strain for removal of hazardous metals from multimetal pesticide matrix. Environ. Pollut. 2020, 262, 114255.
[CrossRef] [PubMed]

Xu, Z.; Tsang, D.C.W. Redox-induced transformation of potentially toxic elements with organic carbon in soil. Carbon Res. 2022, 1, 9.
[CrossRef]


http://doi.org/10.1007/s40710-021-00525-z
http://doi.org/10.1016/j.jhazmat.2018.08.077
http://doi.org/10.1038/s41598-020-63813-y
http://doi.org/10.1016/j.chemosphere.2010.12.056
http://doi.org/10.1016/j.biortech.2014.02.020
http://doi.org/10.1007/s00253-016-7595-4
http://doi.org/10.1289/ehp.5840
http://www.ncbi.nlm.nih.gov/pubmed/12826480
http://doi.org/10.1007/s13762-014-0633-9
http://doi.org/10.1021/es401639x
http://www.ncbi.nlm.nih.gov/pubmed/23745771
http://doi.org/10.1007/978-3-030-31612-9-9
http://doi.org/10.1080/1040841X.2021.1933898
http://doi.org/10.1080/10826068.2021.1875235
http://www.ncbi.nlm.nih.gov/pubmed/33586595
http://doi.org/10.7747/JFES.2021.37.1.52
http://doi.org/10.1006/abbi.1999.1691
http://www.ncbi.nlm.nih.gov/pubmed/10729203
http://doi.org/10.1128/AEM.70.8.4575-4581.2004
http://doi.org/10.1073/pnas.81.8.2280
http://doi.org/10.1023/A:1008324111558
http://doi.org/10.1021/ac60147a030
http://doi.org/10.1007/s00253-008-1778-6
http://doi.org/10.1139/p81-153
http://doi.org/10.1016/j.chemosphere.2003.09.010
http://doi.org/10.1016/j.envpol.2018.10.100
http://www.ncbi.nlm.nih.gov/pubmed/30390459
http://doi.org/10.1007/s00253-020-10854-y
http://www.ncbi.nlm.nih.gov/pubmed/32940735
http://doi.org/10.1016/j.envpol.2020.114255
http://www.ncbi.nlm.nih.gov/pubmed/32443189
http://doi.org/10.1007/s44246-022-00010-8

J. Fungi 2023, 9, 299 18 of 18

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Liu, S.-H.; Zeng, G.-M.; Niu, Q.-Y.; Liu, Y.; Zhou, L.; Jiang, L.-H.; Tan, X.-F; Xu, P; Zhang, C.; Cheng, M. Bioremediation
mechanisms of combined pollution of PAHs and heavy metals by bacteria and fungi: A mini review. Bioresour. Technol. 2017,
224,25-33. [CrossRef]

Li, X.; Pan, Y;; Hy, S.; Cheng, Y.; Wang, Y.; Wu, K.; Zhang, S.; Yang, S. Diversity of phenanthrene and benz [a] anthracene metabolic
pathways in white rot fungus Pycnoporus sanguineus 14. Int. Biodeterior. Biodegrad. 2018, 134, 25-30. [CrossRef]

Hong, J.W,; Park, ].Y.; Gadd, G.M. Pyrene degradation and copper and zinc uptake by Fusarium solani and Hypocrea lixii isolated
from petrol station soil. J. Appl. Microbiol. 2010, 108, 2030-2040. [CrossRef]

Ye, ].S,; Yin, H.; Qiang, J.; Peng, H.; Qin, H.M.; Zhang, N.; He, B.Y. Biodegradation of anthracene by Aspergillus fumigatus. J. Hazard.
Mater. 2011, 185, 174-181. [CrossRef]

Chen, A.; Zeng, G.; Chen, G; Fan, ].; Zou, Z.; Li, H.; Hu, X.; Long, F. Simultaneous cadmium removal and 2, 4-dichlorophenol
degradation from aqueous solutions by Phanerochaete chrysosporium. Appl. Microbiol. Biotechnol. 2011, 91, 811-821. [CrossRef]
Palmieri, G.; Giardina, P.; Bianco, C.; Fontanella, B.; Sannia, G. Copper induction of laccase isoenzymes in the ligninolytic fungus
Pleurotus ostreatus. Appl. Environ. Microbiol. 2000, 66, 920-924. [CrossRef]

Luo, A.; Wu, Y.R.; Xu, Y;; Kan, J.; Qiao, J.; Liang, L.; Huang, T.; Hu, Z. Characterization of a cytochrome P450 monooxygenase
capable of high molecular weight PAHs oxidization from Rhodococcus sp. P14. Process. Biochem. 2016, 51, 2127-2133. [CrossRef]
Hadibarata, T.; Kristanti, R.A. Biodegradation and metabolite transformation of pyrene by basidiomycetes fungal isolate Armillaria
sp. F022. Bioprocess. Biosyst. Eng. 2013, 36, 461—468. [CrossRef]

Khudhair, A.B.; Hadibarata, T.; Yusoff, A.R.M.; Teh, Z.C.; Adnan, L.A; Kamyab, H. Pyrene metabolism by new species isolated
from soil Rhizoctonia zeae SOL3. Water Air Soil Pollut. 2015, 226, 186. [CrossRef]

Agrawal, N.; Shahi, S.K. Degradation of polycyclic aromatic hydrocarbon (pyrene) using novel fungal strain Coriolopsisbyrsina
strain APC5. Int. Biodeterior. Biodegrad. 2017, 122, 69-81. [CrossRef]

Chen, M.; Ding, S.; Gao, S.; Fu, Z.; Tang, W.; Wu, Y.; Gong, M.; Wang, D.; Wang, Y. Efficacy of dredging engineering as a means to
remove heavy metals from lake sediments. Sci. Total Environ. 2019, 665, 181-190. [CrossRef]

Igiri, B.E.; Okoduwa, S.I.; Idoko, G.O.; Akabuogu, E.P.; Adeyi, A.O.; Ejiogu, LK. Toxicity and bioremediation of heavy metals
contaminated ecosystem from tannery wastewater: A review. J. Toxicol. 2018, 16, 2568038. [CrossRef] [PubMed]

Rahman, N.N.N.A; Shahadat, M.; Omar, EM.; Chew, A.W.; Kadir, M.O.A. Dry Trichoderma biomass: Biosorption behavior for the
treatment of toxic heavy metal ions. Desalin. Water Treat. 2016, 57, 13106-13112. [CrossRef]

Gola, D.; Malik, A.; Namburath, M.; Ahammad, S.Z. Removal of industrial dyes and heavy metals by Beauveria bassiana: FTIR,
SEM, TEM and AFM investigations with Pb (II). Environ. Sci. Pollut. Res. 2018, 25, 20486-20496. [CrossRef] [PubMed]
Pakshirajan, K.; Swaminathan, T. Biosorption of copper and cadmium in packed bed columns with live immobilized fungal
biomass of Phanerochaete chrysosporium. Appl. Biochem. Biotechnol. 2019, 157, 159-173. [CrossRef] [PubMed]

Vargas-Garcia, M.; Lopez, M.].; Sudrez-Estrella, F.; Moreno, ]. Compost as a source of microbial isolates for the bioremediation of
heavy metals: In vitro selection. Sci. Total Environ. 2012, 431, 62-67. [CrossRef]

Comte, S.; Guibaud, G.; Baudu, M. Biosorption properties of extracellular polymeric substances (EPS) towards Cd, Cu and Pb for
different pH values. J. Hazard. Mater. 2008, 151, 185-193. [CrossRef] [PubMed]

Pinel-Cabello, M.; Jroundi, E.; Lopez-Fernandez, M.; Geffers, R.; Jarek, M.; Jauregui, R.; Link, A.; Vilchez-Vargas, R.; Merroun,
M.L. Multisystem combined uranium resistance mechanisms and bioremediation potential of Stenotrophomonas bentonitica BII-R7:
Transcriptomics and microscopic study. J. Hazard. Mater. 2021, 403, 123858. [CrossRef] [PubMed]

Danouche, M.; El Ghachtouli, N.; El Arroussi, H. Phycoremediation mechanisms of heavy metals using living green microalgae:
Physicochemical and molecular approaches for enhancing selectivity and removal capacity. Heliyon 2021, 7, €07609. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.biortech.2016.11.095
http://doi.org/10.1016/j.ibiod.2018.07.012
http://doi.org/10.1111/j.1365-2672.2009.04613.x
http://doi.org/10.1016/j.jhazmat.2010.09.015
http://doi.org/10.1007/s00253-011-3313-4
http://doi.org/10.1128/AEM.66.3.920-924.2000
http://doi.org/10.1016/j.procbio.2016.07.024
http://doi.org/10.1007/s00449-012-0803-4
http://doi.org/10.1007/s11270-015-2432-4
http://doi.org/10.1016/j.ibiod.2017.04.024
http://doi.org/10.1016/j.scitotenv.2019.02.057
http://doi.org/10.1155/2018/2568038
http://www.ncbi.nlm.nih.gov/pubmed/30363677
http://doi.org/10.1080/19443994.2015.1057767
http://doi.org/10.1007/s11356-017-0246-1
http://www.ncbi.nlm.nih.gov/pubmed/28965177
http://doi.org/10.1007/s12010-008-8283-3
http://www.ncbi.nlm.nih.gov/pubmed/18551254
http://doi.org/10.1016/j.scitotenv.2012.05.026
http://doi.org/10.1016/j.jhazmat.2007.05.070
http://www.ncbi.nlm.nih.gov/pubmed/17611021
http://doi.org/10.1016/j.jhazmat.2020.123858
http://www.ncbi.nlm.nih.gov/pubmed/33264934
http://doi.org/10.1016/j.heliyon.2021.e07609
http://www.ncbi.nlm.nih.gov/pubmed/34355100

	Introduction 
	Materials and Methods 
	Chemicals and Strains 
	Culture Conditions 
	Phenanthrene and Benz[a]anthracene Biodegradation Experiments 
	Bioremediation of Combined Pollutants 
	Sampling 

	Enzymatic Activity 
	Chemical Analyses 
	Estimation of Glucose Content 
	Phenanthrene and Benzo[a]anthracene Quantification and Metabolite Identification 
	Heavy Metal Analysis 
	Transmission Electron Microscopy Coupled with Energy-Dispersive X-ray Spectroscopy (TEM EDX) 

	Toxicity Bioassays 
	Phytotoxicity Test 
	Microtox®Test 


	Results 
	Removal of Phenanthrene and Benz[a]anthracene 
	Enzyme Production during Degradation 
	Metabolic Products after PHE and BAA Biodegradation 
	Heavy Metal Removal 
	Residual Heavy Metal Content 
	Transmission Electron Microscopy Coupled with EDX Analysis 

	Ecotoxicological Studies 
	Phytotoxicity Analysis 
	Microtox®Test 


	Discussion 
	Conclusions 
	Appendix A
	References

