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Metals removal during SSF at 30 °C for 3 weeks. Laccase degradation experiments were set up in packed-

bed reactor (PBR), with a constant feed of 21.6 mL/day of laccase, with and without
mediators. In 35 days, 75.8% degradation of chrysene was achieved by laccase. The
highest degradation was observed with ABTS (2,2/-Azino—bis(3—ethylbenzothiazoline-G—
sulfonic acid diammonium salt) as mediator, 87.9%. Benzo|a]pyrene degradation with
laccase reached 35.6%, raising to 38.8 % with ferulic acid as mediator. In addition, 99.2%
of iron and 99.6% of aluminium was removed by laccase, being the treatment for this

last mediated with ABTS.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Polycyclic aromatic hydrocarbons (PAH) are some of the main pollutants typically present in contaminated soils, usually
in combination with heterocyclic aromatic rings in which carbon atoms are substituted by nitrogen, sulphur or oxygen
atoms. PAH substituted by alkyl groups are also common co-pollutants (Idowu et al., 2019), together with heavy metals,
defining complex mixtures.

They are a group of organic pollutants related to anthropogenic activities and industrial development. With the rapid
industrialization and demand for crude oil in developing countries, toxic chemicals and metals are spreading and becoming
a threat to the environment and the food chain. Most of times, organic pollutants are present mixed with heavy metals
(Okonofua et al.,, 2019). Their concentration is approximately 2-10 times higher in urban areas, where they are adsorbed
and accumulated in the upper surface layer of the soil, finding their way into the ecosphere. Moreover, the soil appears
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to act as a long-term storage area for PAH as they are deposited there. In Nigeria, the negative effects of oil includes
pipeline leakages, indiscriminate dumping of hydrocarbon wastes, leakages from transporting vessels/vehicles moving
all over the country, with different effects on environment and impacts on health (Okonofua et al.,, 2019). Another
contaminating factor is the open low temperature wastes burning on dumping sites, creating anthropogenic contamination
from petrogenic and pyrogenic sources.

High molecular weight (HMW) PAH sorb strongly in soils and sediments and are more resistant to microbial
degradation due to their high molecular weight, hydrophobicity and toxicity towards microbial cells (Bisht et al., 2015;
Sikkema et al., 1995). Heavy metals are also considered as hazardous element, their non-degradable nature causes them to
accumulate in the environment and pose a threat to eco-system. Several studies report microbial approaches to diminish
the toxicity of some heavy metal ions or transform them to less harmful (Enayatizamir et al., 2020; Essa et al., 2012; Park
et al,, 2011; Zhou et al., 2013). Iron can act as co-factor and benefit cellular growth, however in excess amount it becomes
toxic. On the other side aluminium has no biological function (Baldrian, 2003).

Bioremediation is an environmentally friendly, economic and efficient alternative to degrade and transform PAH into
non-toxic compounds and has been classified as a soil clean-up technique. However, studies have shown that the success
of PAH bioremediation has been limited to low molecular weight (LMW) PAH (Ogbonna et al., 2012). The major drawback
for the bioremediation of PAH is their low water solubility and subsequent low degradation rates. PAH degradation rate
is reduced with increasing benzene rings. Therefore, with increasing molecular weight also toxicity increases (Li et al.,
2010a). Microbes require special conditions, as the toxicity of heavy contamination may also damage them (Bamforth
and Singleton, 2005). Enzyme bioremediation may be another option that should be considered. Laccase are versatile
enzymes with the ability to oxidize a wide range of aromatic and non-aromatic compounds, along with inorganic ions
(Jacob et al.,, 2018) and has high stability and very low substrate specificity that makes it suitable for PAH degradation
(Fernandez-Fernandez et al., 2013). Despite the high decomposition efficiency of enzymatic catalysis associated with the
low toxicity of enzymes, their low redox potential may be a limiting factor, and to overcome it, redox mediator like ABTS
or HBT (1-Hydroxybenzotriazole) might be used (Upadhyay et al., 2016).

The present study reports the potential of a fungus isolated from heavily polluted soil to degrade chrysene and
benzo[a]pyrene, as well as to remove metals, present in this soil. The production of relevant enzyme by this microor-
ganism, namely laccase, was also evaluated, as well as its ability to degrade soil contaminants in batch and packed bed
reactor. Unlike PAHs remediation, there are no reports addressing the fate of heavy metals in contaminated soil during
the enzymatic remediation process by laccase. Moreover, to evaluate bioaugmentation (by T. versicolor) — biostimulation
(plantain peels) effect of selected soil, the contaminated soil in any assay was not sterilized.

2. Material and methods
2.1. Chemicals

Acetonitrile (HPLC grade) and nitric acid (69.5%) were purchased from Sigma-Aldrich as well as UHPLC and ICP
standards; PAH Calibration Mix and ICP multi-element standard solution IV. ABTS (2,2’-Azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt), ferulic and coumaric acid were acquired from Alfa Aesar.

2.2. Soil collection and characterization

Soil used in this study was collected in Lagos (6°32°'46.1”N 3°16’09.0"E - Lagos, Nigeria), in a condensed neighborhood.
It has been collected at the end of November (dry season), with an average temperature 32 °C. Samples were collected
from soil surface (0-30 cm depth) and kept into polyethylene bags at 4 °C until use.

The soil samples were dried for 2 days at 60 °C and sieved in a 2.0 mm mesh. The pH of the samples was measured in
a soil/ H,0O ratio of 1:1.5. The moisture content of the sample was assessed in a hot air incubator at 105 °C and organic
matter was determined as the percentage loss on ignition of 2.0 g of soil in an oven at 450 °C for 4 h.

Metals were extracted by putting 1 g of each sample into digestion tubes with 10 mL of aqua regia (concentrated
hydrogen chloride and nitric acid, ratio 3:1) (US EPA method 3050b) (US EPA, 2012). Concentration of iron and aluminium
were measured by an ICP-OES (Optima 8000, PerkinElmer), with detection of iron at 238.204 nm and aluminium at
396.153 nm, and operating conditions of 1300 W RF power, 8 L/min argon plasma flow, 0.2 L/min auxiliary gas flow
and 0.5 L/min nebulizer gas flow.

For PAH extraction in all assays, 1.5 mL of acetonitrile was added to 0.5 g of soil and extraction was carried out using
rotating shaker at 160 rpm for 30 min and for another 10 min in 40 kHz Sonicator. The samples were centrifuged at
8000 g and the supernatant was transferred to 2 mL vials. The quantification of the selected PAHs was performed by ultra-
high-performance liquid chromatography (UHPLC), using a Shimadzu Nexera X2 (Shimadzu, USA) with one multi-channel
pump (LC-30AD), an autosampler (SIL30AC), an oven (CTO-20AC), a diode array detector (M-20 A) and a system controller
(CBM-20 A) with built-in software (LabSolutions). For the PAHs quantification, a Kinetex PAH C18 column (Phenomenex,
Inc. CA, USA) was used. The mobile phase was ultrapure water (pump A) and acetonitrile (pump B). Starting mobile phase
composition was 51% A, decreased to 4.5% A in 12.03 min, remaining in this percentage until 16.3 min and increased
again to 51% (17.25 min) and remaining in this percentage for 2.35 min. The flow rate was 0.6 mL/min, and samples were
monitored by a diode array detector from 190 to 400 nm, and chromatograms were extracted at 252 nm. Column oven
was set at 25 °C, and the injection volume was 15 pL.
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2.3. Fungal collection and isolation

Fungal strains were isolated from soil by the serial dilution technique, prepared by mixing in vortex 1 g of soil with
10 mL of distilled water, and further diluted to 107°. A volume of 0.1 mL was pipetted onto plates with Rose Bengal agar
and Sabouraud agar, incubated at 28 °C. The pure culture obtained was transferred to MEA (malt extract agar) and kept
at 4 °C for further use.

2.4. Laccase screening of isolated fungi and identification

For a preliminary screening of laccase production, 20 dried ABTS-impregnated discs were placed into an empty
standard flat-bottom 96-well microplate (Dias et al., 2017). The screening of laccase activity was started by the adding 10
WL aliquots from each sample (in this work, 48 h old fungi biomass from malt broth) to discs and left for 10 min at 30 °C.
Samples with laccase production developed green-bluish color and were further tested on laccase plate assay, where a
diameter of 1 cm of mycelium from each isolated strain was inoculated into MEA, containing 10 mL of 20 mM ABTS and
1 mL of 100 mM CuSO4 per 1 L medium. The formation of halo in the plates supplemented with ABTS indicated a positive
laccase secretion. The diameters of the halo zones and of the mycelium were measured at regular intervals of time for 5
days, after the organisms were selected for benzo[a]pyrene and chrysene degradation.

The identification of the selected fungus was performed molecularly by DNA amplification and sequencing. Fungus was
grown on Potato Dextrose Agar for 5 days at 28 °C and genomic DNA extraction was performed as described (Rodrigues
et al., 2009). PCR amplification was achieved with universal primers ITS1 (5'-CTTGGTCATTTAGAGGAAGTAA-3') and ITS4
(5'-TCCTCCGCTTATTGATATGC-3’) and PCR reactions were carried out in a thermal cycler BioRad Mycycler, in a final
volume of 50 pL, containing 10 L of 5x Go-Flexi Taq MgCl,-free reaction buffer (Promega), 1.5 mM MgCl,, 1.25 U of
Go-Flexi Taq polymerase (Promega), 200 WM of each Primer, 1 wL dNTP (Bioron) and 2 L of genomic DNA. Amplifications
were carried out in a Bio-Rad MYCYCLER thermal cycler using a temperature gradient protocol as described (Rodrigues
et al,, 2009). The sequencing was conducted by Microsynth (Switzerland) and manually adjusted by chromatogram
comparison and then aligned with the NCBI GenBank database (http://www.ncbi.nlm.nih.gov/) using the BLAST algorithm.

2.5. Laccase production by solid state fermentation (SSF)

The fungal inoculum was prepared by cutting four agar plugs (5 mm x 5 mm) from the malt extract agar plates.
These were extruded through a syringe into 500 mL Erlenmeyer flasks containing 200 mL of sterile malt extract (2% w/v).
Fungus was cultivated at room temperature, with continuous agitation at 120 rpm, for 5 days. Plantain peels were used
as substrate for SSF. For this, they were cut to 1 cm? and pretreated with 83 mM of KOH at room temperature (228 °C)
for 20 min, in a ratio of 1:3, to neutralize organic acids (Stredansky and Conti, 1999). After that, they were washed twice
with deionized water, dried at 60 °C for 45 min, and stored for use. The final moisture content of the peels was 60%.

The 500 mL Erlenmeyer flasks were filled with 200 g of the pretreated plantain peels, autoclaved at 121 °C for 15 min,
inoculated with 5 mL of fungal biomass per flask and left at room temperature for 3 weeks. After that, the mixture
was suspended in 400 mL of 50 mM sodium acetate buffer (pH 4.5) and mixed continuously (100 rpm) for 1 h at room
temperature. This suspension was filtered through a nylon cloth and the filtrate was centrifuged at 7500 g for 15 min and
used for enzymatic assays. SSF was performed in duplicate.

2.6. Laccase activity assay

Laccase activity was measured in the spectrophotometer (BioTek Synergy HT) at 420 nm by the oxidation of ABTS in
0.1 M sodium acetate buffer, pH 5.0, at 30 °C (Bourbonnais and Paice, 1990). One unit of enzyme activity was defined as
1 wmol of substrate oxidized per minute and expressed in U/g.

2.7. Soil rehabilitation

PAH degradation and metals removal were evaluated in soil using two strategies: degradation by the isolated fungus,
namely Trametes versicolor, in amber laboratory bottle, and enzymatic degradation by laccase produced from T. versicolor
in packed bed reactor (PBR). Laccase mediator system (LMS) was evaluated in the second strategy.

2.7.1. Trametes versicolor degradation

Batch fungal degradation assay was set up in 100 mL amber laboratory bottles with 50 g of naturally contaminated
soil, 10 g of plantain peels and 1 mL of fungal inoculum. Experiment was set up for 8 weeks at room temperature, by
taking samples once a week and, at the same time, each bottle was sprayed with air, at a flow rate of 0.02 ml/min, for
1 min. Experiments were performed in the dark and in triplicate.
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2.7.2. Laccase degradation

Batch laccase degradation assay was set up into 100 mL amber laboratory bottles with 20 g of contaminated soil, 10
mL of laccase load at 2 U/g and 6 U/g, and mediators (ABTS, coumaric acid, ferulic acid) at concentrations of 0.5, 1 and
2 mM. Experiment was set up for 7 days in triplicate, at 30 °C and in the dark. Boiled enzyme was used as control.

Laccase-fed degradation was set up in packed-bed bioreactor (PBR) consisting of a vertical glass column (25 cm length,
3 cm @, and 3.5 cm width) filled with 300 g of contaminated soil. A load of 2 U/g of laccase and 1 mM of mediator was
used, in a continuous flow of 0.015 mL/min, using a laboratory peristaltic pump (Masterflex, Cole-Parmer). The laccase flow
was refreshed every five days. This procedure was done in triplicate and performed during 35 days at room temperature
(28 °C) in the dark. Soil samples were taken every 5 days for measuring the removal efficiency of the pollutants.

2.8. Statistical analysis

GraphPad Prism® software (version 8.0; graphPad Software, Inc., San Diego, CA, USA) was used for statistical analyses.
The level of significance was determined by two-ways ANOVA followed by Tukey’s test for multiple comparisons.
Significance was accepted at p < 0.05.

3. Results and discussion
3.1. Soil characterization and fungal screening

The physicochemical characteristics of the Nigerian soil are reported in the supplementary material (Table S1). The
major pollutants considered in the present study were HMW-PAH, mainly chrysene and benzo[a]pyrene, with 367.94
mg/kg and 11.74 mg/kg in samples, respectively. This soil is classified as sandy loam, with 64% of sand, 16.2% silt and
19.8% of clay. The pH value of 8.3 4+ 0.2 indicates that the soil was alkaline in the studied area, with 18% moisture at
the beginning of the experiments. As expected, there were also 625.37 mg/kg of iron and 238.33 mg/kg of aluminium.
The main reason for such high amounts is the location where the samples were collected, with high PAH and metal
concentrations as a result of their accumulation from surface run-off, municipal and industrial waste discharges and aerial
deposition from industrial pipes, probably with evident fluctuations depending on of the dry and wet season cycles.

Oketola & Akpotu and Adeyi & Oyeleke studies reported the formation of leachates from municipal solid waste
dumpsites in Nigeria, containing high concentrations of metals, PAH and PCB, which are further distributed into soil,
water and sea, and from there entering into food chain (Adeyi and Oyeleke, 2017; Oketola and Akpotu, 2015). The
improper handling of different residues is contributing to the addition of metals and PAHs in the air and mainly in the
top layer of soil. The efficiency of the polluting compounds degradation in soil differ randomly and it is more complex
than in liquid media, mainly due to the low bioavailability of substrates, however, there are several factors that need to
be considered in the bioremediation. One of them is organic matter content of topsoils, whose are also responsible for
retaining concentrations of the contaminants in soils. Biomass waste as biochar are desirable, but can also affect the ability
of biochar to sorb organic contaminants. Moreover, the presence of co-contaminants may affect the sorption, desorption,
bioaccessibility and biodegradation of the target compound (Ogbonnaya and Semple, 2013). Adeyi and Oyeleke (2017)
observed the migration of metals to the topsoil. In most cases, metal concentrations were higher in the topsoil, which is
evidence of recent anthropogenic contamination; with limited evidence of migration to the subsoil, which also indicates
that there is little risk of groundwater contamination. At the same time, it was also observed that concentrations of
individual PAH were higher in soil at the 0-15 cm level compared to soil at the 15-30 cm level.

One of the aspects of the bioremediation of soils contaminated by oil derivatives with autochthonous microorganisms
is the isolation and identification of fungal strains from polluted soil in order to choose the most active to degrade or
remove them. In this sense, seventeen pure fungal cultures were isolated from the soil samples collected, and further
screened for the laccase production in 96-well microplate (Fig. 1A). Among them, two rapidly showed greenish blue color
(fungal strain 3 and 14), indicating laccase activity, and therefore they were selected for further laccase screening in plate
(Fig. 1B,C). The one with the highest laccase production (4.5 & 0.27 cm — determined through halo formation) was
selected for the present study.

3.2. Molecular identification of fungal strain

Molecular identification revealed 99.31% sequence similarity of the fungal strain selected for this work with Trametes
versicolor (Table S2). Trametes versicolor is well known by its ability to degrade different organic pollutants. They have the
ability to efficiently degrade most PAH using them as an exclusive carbon source (Bhattacharya et al., 2014; Hadibarata
et al., 2009). It has been recognized that white-rot fungi degrade PAHs by the synthesis of lignin modifying enzymes,
as laccases. Trametes versicolor can secrete high levels of laccase; because of its oxidoreductive nature, this enzyme can
oxidize various types of toxic chemical compounds into nontoxic ones (Brijwani et al., 2010), making Trametes versicolor
an important contributor in bioremediation research. These enzymes usually catalyze the first attack on PAH molecules
degradation (Steffen et al., 2003). T. versicolor has also been reported on biosorption studies of heavy metals (Bayramoglu
et al., 2003; Manna et al., 2018).
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Fig. 1. Laccase screening of fungi isolated from Nigerian soil. ABTS-impregnated discs for 17 isolated fungi (A), laccase plate assay on MEA with
20 mM ABTS and 100 mM CuSO4 for fungal strains n°3 (B) and n°14 (C) that showed the highest laccase oxidation. Fungus n°14 was identified as
Trametes versicolor.

3.3. Evaluation of laccase production

Laccase production was performed by SSF for 6 weeks. The highest amount of laccase on plantain peels was 38.8 U/g
after 3 weeks of fermentation (Fig. S1). Plantain peel represents a local agricultural waste in Nigeria, and such residue
contains polysaccharides and phenolic compounds that can stimulate both the fungal growth and subsequent laccase
production. Osma et al. (2007) achieved 63 U/L of laccase with 3 days of fermentation and 1570 U/L with 20 days, by
cultivation of Trametes pubescens on banana peels (7 g of substrate with 20 mL of culture medium).

The dependence of laccase activity on temperature and pH is shown in the supplementary material (Fig. S2). Maximal
laccase activity was reached at pH 6 and 30 °C. A number of reports have indicated that the optimal pH for fungal laccase
activities varies from 3 to 7, depending on the fungal species, implying that laccase remediation is unsuitable for alkali soil
(Li et al.,, 2010b; Vandelun Ado et al., 2019). However, it is important to highlight that the microorganisms isolated from
contaminated environments are capable of degrading PAH, due to their increased cell affinity to hydrophobic substances
that enable them to absorb and utilize the PAH and accumulate heavy metals. They are also capable of producing a variety
of enzymes, including laccase, lignin peroxidase and manganese peroxidase, which transform PAH and heavy metals into
less harmful and simpler forms (Ani et al., 2018; Camarero et al., 2008; Enayatizamir et al., 2020; Haritash and Kaushik,
2009; Xu et al., 2018).

An interesting behavior observed was that the produced laccase reached its maximal activity at pH 6 for temperature
between 25-35 °C, but at higher temperatures the optimum pH was 4. Enzyme showed higher activity at lower
temperatures and less acid pHs, but at higher temperatures, a more acid pH was more favorable. One of the limiting
factors in laccase production is temperature. In the presence of light, the temperature of 25 °C is generally accepted as
optimum, but in dark conditions the optimum temperature is generally 30 °C (Bamforth and Singleton, 2005; Pointing,
2001; Thurston, 1994), reducing the production when fungi are cultivated at temperatures higher than 30 °C (Lang et al.,
2000). However, the optimal temperature and pH of laccase production diverse from one to another fungal strain.

The effect of temperature and pH on laccase stability was observed for 7 days, since the pollutant degradation assays by
laccase was performed in this period of time. Regarding temperature stability, it was higher at 30 °C, with 54% of activity
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remaining after 7 days. With increasing temperature, stability decreases. Laccase showed the highest stability at pH 6,
followed by pH 5. The pH stability decreased during the incubation time. After 7 days there were still 41.7% and 37.4% of
residual activity at pH 6 and pH 5, respectively. Considering the removal of PAHs and heavy metals in contaminated soil,
the higher stability of the enzyme at room temperature, as well as in pH from 6.0 to alkaline, is particularly important
for its application herein foreseen, as soil pH was 8.3 £ 0.2.

3.4. PAHs degradation and metals removal

3.4.1. Fungal treatment

The longer PAH remain in contact with the soil, the more irreversible their sorption is and the lower the chemical
and biological extractability of the contaminants (Ghosal et al., 2016; Luo et al., 2012; Martin, 2000). Biodegradation of
PAH using microorganisms has been proven to be an efficient way to degrade PAH into less toxic forms. This method is
relatively cheap, easily managed, and eco-friendly. However, the presence of organic and inorganic contaminants on the
same site can affect the efficiency of bioremediation.

Fig. 2 presents the degradation of chrysene (A) and benzo[a]pyrene (B) in nonsterile soil by Trametes versicolor, with
and without plantain peels as support. Soil was not initially sterilized by choice, in order to make the process more
competitive, and previous work excluded the influence of any other microbe with high degrading capability (data not
shown). Around 81% of chrysene was degraded only by T. versicolor and, using plantain peels as support, the degradation
increased to 91%, both in 8 weeks (Fig. 2A). Benzo[a]pyrene was less degradable. In 8 weeks, 38% degradation was reached
only with T. versicolor and 49.13% with the support (Fig. 2B). The degradation rates by T. versicolor over time showed that
the fungus was capable of commencing PAH degradation from the first week when plantain peels were used as support,
mainly because of support-induced laccase production. When no support was used, the fungus took 2 weeks to start
degrading the compounds. Biache et al. (2017) also reported a higher degradation rate for chrysene than benzo[a]pyrene
by the microbial community, that is probably related with its lower molecular weight. Borras et al. (2010) reported similar
degradation rates with T. versicolor, which were capable of a faster and more extensive removal of PAH in artificially spiked
soil, despite its weaker growth. The removal of a total of 16 priority PAHs from USEPA by T. versicolor was 49% in 10 weeks.
Rama et al. (2001) reported similar results with degradation of 16 priority PAH from USEPA, which was 38% in 20 weeks.
However, their study was carried out on industrially contaminated soil, using agricultural waste peels for cultivation. On
the other hand, Baltrons et al. (2018) reported the biodegradation of 3-4 rings PAH (phenanthrene, fluoranthene and
pyrene) was lower, as the concentration of metals increased, but no important effect on the biodegradation of HMW-PAH
(benzo[b]fluoranthene and benzo[a]pyrene) was observed at the different concentrations of metals studied.

Aluminium and iron load biosorption by T. versicolor are presented in Fig. 3. In 8 weeks, it was capable of accumulate
46.1% of aluminium and 57.22% of iron. By adding plantain peels, these amounts increased 2.04% and 4.61%, respectively.
Bamforth and Singleton (2005) reported that some metals may be too toxic for white-rot fungi and may have a negative
effect on the activity of their ligninolytic enzymes. However, many of these metals naturally exist in soil in trace
concentrations. T. pubescence was able to withstand 1000 mg/L of Pb and Ni, removing 99% of Pb and 8.6% of Ni
(Enayatizamir et al., 2020); while T. versicolor was able to absorb almost 0.300 mg/g of Cd from contaminated effluent
(Manna et al., 2018). Biosorption of Cu, Pb and Zn by immobilized T. versicolor was also reported by Bayramoglu et al.
(2003).

3.4.2. Laccase treatment in batch

Enzymatic treatment of contaminated soil may be considered as an alternative and/or as a supplement to microbial
bioremediation. The main advantages include high reaction activity, low sensitivity to high pollutant concentration,
coverage of a wide range of physicochemical gradients in the environmental matrix, therefore being easy to control. PAH
degradation by ligninolytic enzymes produced by white-rot-fungi, such as laccases, have been reported by other authors
(Agrawal et al., 2018; Agrawal and Shahi, 2017; Ike et al., 2019; Li et al., 2014). However, there is still a limited number
of published reports dealing with enzymatic remediation of soil, mainly due to the high cost of large-scale production of
commercial laccase and the high amount needed. Utilizing bio-wastes to produce an enzyme can reduce the production
costs while generating high concentrations of products (Panda et al., 2016). Agricultural wastes contain polysaccharides
and phenolic compounds that might stimulate fungal growth and enzyme production.

The efficiency of laccase in degrade chrysene and benzo[a]pyrene was evaluated in batch using two laccase loads (Fig.
S3). After 7 days, the highest chrysene degradation rates were obtained with 6 U/g of laccase with 57.9% of degradation,
being that of 55.6% by 2 U/g (Fig. S3-A). The most efficient benzo[a]pyrene degradation was achieved with 2 U/g with
8.7% of degradation, followed by 6.5% with 6 U/g (Fig. S3-B).

Wau et al. (2008) studied the effect of 3 different initial concentrations of laccase DAIWA Y120 (from Trametes, obtained
by Amano Enzyme Inc) (1, 3 and 10 U/g) on degradation of 15 PAHs in soil with concentration of 10,834.65 wg/kg, during
14 days. After 14 days, laccase activity was not detected in the soil samples and during this time the degradation of total
PAHs was 17.6% with 3 U/g, 32.4% with 1 U/g and 31% with 10 U/g.

The obtained data indicate that laccase transforms PAH efficiently with low initial laccase load, thus it was evaluated
the PAH degradation using 2 U/g laccase in combination with 0.5, 1 and 2 mM of mediators (Table 1). The highest
degradation was observed with 0.5 mM of ABTS and ferulic acid, and with 1 mM of coumaric acid. After 7 days, the highest
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Fig. 2. Degradation of chrysene (A) and benzo[a]pyrene (B) in batch by Trametes versicolor with and without plantain peels as support at room
temperature for 8 weeks in triplicate. Plotted values are the mean 4 SD.

Table 1

Removal (%) of chrysene and benzo[a]pyrene with 2 U/g laccase and different concentrations of mediator.

Treatment Chrysene removal Benzo[a]pyrene removal
3 days 5 days 7 days 3 days 5 days 7 days
Laccase 3373 £ 0.35 43.90 + 0.40 55.58 + 0.35 541 + 042 6.40 £+ 0.67 8.65 + 0.64
L + 0.5 mM ABTS 37.42 £ 043 46.89 + 0.33 67.41 £ 0.14 4.68 + 0.84 10.37 + 0.46 13.60 + 0.15
L + 1 mM ABTS 26.32 +£ 0.13 34.68 £+ 0.04 49.94 + 0.03 2.15 £ 0.19 473 £+ 0.52 8.38 £+ 0.42
L + 2 mM ABTS 19.66 + 04 50.84 £+ 0.16 53.35 £+ 0.02 3.91 + 045 520 £+ 0.51 6.23 £+ 0.14
L + 0.5 mM FA 32.69 £ 0.02 53.90 £+ 0.03 65.15 £+ 0.03 8.16 £ 0.62 8.59 + 0.19 10.20 + 0.52
L+ 1mMFA 16.33 + 0.23 31.94 £ 0.21 37.00 £ 0.23 432 + 0.25 5.12 + 0.09 6.21 £ 0.31
L+ 2 mM FA 14.55 £+ 0.04 19.58 + 0.42 26.79 £+ 0.03 291 £ 0.16 3.50 + 0.19 6.87 £+ 0.41
L + 05 mM CA 9.23 £+ 0.53 17.95 + 0.04 24.23 £+ 0.12 0.57 £ 0.32 223 £+ 0.32 3.94 + 0.52
L+ 1 mMCA 26.81 £ 0.44 53.34 + 0.402 65.36 £+ 0.03 3.12 £ 0.31 8.43 £+ 0.21 10.75 £+ 0.74
L+2mMCA 51.07 £+ 0.42 57.20 £ 0.42 58.60 £+ 0.03 7.11 £ 0.71 8.04 £+ 0.41 10.60 £+ 0.71
L - laccase.
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degradation rate achieved for chrysene was 67.4% using ABTS as a mediator. It was 11.83% higher than only laccase, being
this improvement on degradation of 9.6% and 9.8% with ferulic acid and coumaric acid, respectively.

Benzo[a]pyrene was degradable for 8.7% with only laccase and by adding 0.5 mM of ABTS and ferulic acid, degradation
increased by 4.9 and 1.6%, respectively. For coumaric acid, the lowest degradation ratio was observed with 0.5 mM of this
mediator, yet with 1 and 2 mM there was no significant difference in the benzo[a]pyrene degradation, this being 2.1%
and 1.9% higher than only laccase. Such low degradation rate is a consequence of benzo[a]pyrene being one of the most
persistent PAH, which increases with aging. Moreover, the LMS is less efficient in system lacking water.

Some of the relevant parameters determining laccase activity in PAH degradation are the mediator and pH, as well as
the incubation temperature for maximal laccase activity (Jin et al., 2016). Regarding temperature, a higher temperature is
preferable for laccase catalysis, but it also leads to a faster loss of activity (Aktas and Tanyolag, 2003; Zhang et al., 2008).
In general, mediators improve the degradation rates of PAH. Li et al. (2010b) also reported that LMS works actively in
water environment or in soil with high capacity of water as in slurry. In this reported work, experiments were carried
out with 10 U/g of laccase and soil with 70% of moisture content. After 10 days, 40.8% degradation was confirmed, which
increased to 56.7% by adding 1 mmol/kg ABTS.

Regarding the removal of metals, around 84.9% of iron was removed with an enzymatic load of 2 U/g, and 73.3% with
6 U/g laccase (Fig S3-C). Aluminium concentration in soil was reduced in 98.8% with 2 U/g laccase, and 95.1% with a 6 U/g
laccase load (Fig. S3-D). This is the first report about the enzymatic bioremediation of metals in naturally contaminated
soil by laccases. However, the mechanism by which laccase would be able to reduce the amount of metals is not clearly
understood. It have been reported that heavy metals can be biologically transformed by enzymes (e.g., by oxidation,
reduction and methylation) to other harmless metal forms (Saravanan et al., 2021). Ahmadi Khozani et al. (2021) have
reported the heavy metals removal and precipitation by a fungal laccase using tannin as a natural mediator. According to
the authors, the radical intermediate of the tannin oxidation generated by laccase could react and precipitate the metal.
Thus, tannin would be helping in the metal oxidation by enzyme, while it is reduced as mediator. Furthermore, they
suggest that tannin (mediator) could react with the metal to form bioactive mineral complex, such as the fulvic acid.

Nathan et al. (2018) have reported the use of laccases for the paper pulp deinking process. During enzymatic deinking,
there are possibilities for the release of heavy metals from the ink particles; however, they verified that metals like Fe,
Pb and Zn were not detected in the enzyme assisted deinking effluent sample, and that there was a reduction in heavy
metal concentration in the paper pulp compared to the untreated pulp after the enzyme treatment. Thus, oxidative and
reductive enzymes play a crucial role in transforming metals, being one of the emerging techniques for pollution-free
remediation methods (Saravanan et al., 2021).

3.4.3. Laccase treatment in PBR (fed-batch)

As in batch set-up, also in PBR laccase starts transforming PAH immediately upon entering in contact with the soil
(Fig. 4), even if the mixture of soil and laccase differs. It is possible to prepare a slurry in batch, in which column assays
aim the mimicking of a microcosms in field conditions. Therefore, 300 g soil in a fixed bed were daily fed with 21.6
mL of crude laccase: with and without mediator in ration. Degradation was rapid in the first 10 days for chrysene and
benzo[a]pyrene (the presence of other PAH and organic pollutants in soil was not monitored), and then started slowing
down, despite fresh laccase was used every 5 days.

Laccase removed 68.5% of chrysene in the first 10 days and, in total, 75.8% till the end of the experiment. Despite the
fact that laccase with ABTS was capable of removing more chrysene, 87.9%, by the end of the assay, the process was slower
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during the whole period. By adding ferulic acid, 81.1% of chrysene was removed and with coumaric acid 76.3% removal
was reached (Fig. 4A). The degradation of benzo[a]pyrene was similar with and without mediator. Laccase degraded 35.6%
of this molecule, while with ferulic acid, coumaric acid and ABTS as mediators the degradation changed to 38.8%, 37.9%
and 36.5%, respectively (Fig. 4B), showing a limitation in benzo[a]pyrene degradation by laccase and LMS, one of the
most recalcitrant and toxic PAH. Moreover, soil used in this assay was heavily contaminated, so it is possible that other
compounds might compete in the degradation pathway or even inhibit the laccase activity.

Laccase achieved, per se, the highest removal rates for iron. In 35 days, 99.2% of iron was removed by laccase, reducing
to 90.2% removal when mediated with ABTS, 76.1% with coumaric acid and 74.2% with ferulic acid (Fig. 4C). Regarding
aluminium, more than 99% was removed, remaining in soil 0.4% when the laccase treatment was mediated with ABTS.
Laccase with ferulic acid removed 74.1% of aluminium and with coumaric acid 44.5% of removal was achieved (Fig. 4D).
Zhou et al. (2017) studied the effect of metals on commercial laccase from T. versicolor in buffer. Metal cation, K™, Na™,
Mg?*+, Ca?*, and Cu?* and the anion SO4%~ had almost no effect on laccase activity during the initial stage of the catalytic
reactions, inhibitory effect was shown at 30 mM of each compound. High concentration of Mn?* only showed weak
inhibition on laccase, Fe>* had no direct effect on the binding of laccase to its substrate, but strongly retarded the progress
of the catalytic reaction by reducing the intermediate free radicals.

In a previous study (Vipotnik et al., 2021), a commercial soil was spiked with 300 ppm of 6 PAH and within 25 days,
81.8% of chrysene and 96% of benzo[a]pyrene were removed with a load of 2 U/mL laccase from cocultivation of Penicillium
chrysogenum and Trichoderma viride and 1 mM ABTS, but the moisture content of soil increased to 59% by the end of the
experiment, indicating that the LMS is not able to work effectively in an environment lacking water. On the other side
in current study, moisture content at the end of assay was 31 £ 0.082%, therefore LMS was less successful. Moreover, in
the current study naturally contaminated soil was used, with different aged organic and inorganic pollutant, and other
microorganisms present. Therefore, the different incubation conditions and compositions of the reaction mixtures make
it difficult to compare the ability of laccases from different fungal species to degrade PAH. Jones et al. (2014) reported
competitive inhibition of PAH degradation when a soil contains a mixture of contaminants, and more than one substrate
is metabolized by the same enzymes. Therefore, despite the same amount of replicated, using naturally non-sterilized
contaminated soil cannot be compared or standardized as the artificial spiked soil.

4. Conclusion

In the present study, an efficient degradation of PAH in soil was achieved without redox mediators, which indicates
that some compounds present in the soil may have acted as mediator in the enzymatic oxidation. Enzymatic treatment
of contaminated soil revealed to be an alternative or a supplement to microbial bioremediation. However, production of
laccase in large scale still need to be optimized as well as stability and usage in field. An overview of PAH degradation
rates and heavy metals removal achieved using the different strategies (microbial and enzymatic remediation) is provided
in Fig. S4 of supplementary material. Similar PAH degradation was achieved by T. versicolor (strategy I) and laccase/LMS
in fed-batch mode in PBR (strategy II); however, the removal of heavy metals was higher by laccase/LMS (strategy II),
both in batch and fed-batch, than by fungus, showing a possible metal toxicity in T. versicolor. Although some metal ions
can act as cofactors to assist cell growth with even trace level, they can become toxic in excess to most living systems.

CRediT authorship contribution statement

Ziva Vipotnik: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources, Validation,
Visualization, Writing - original draft. Michele Michelin: Conceptualization, Methodology, Supervision, Validation, Vi-
sualization, Writing - review & editing. Teresa Tavares: Conceptualization, Funding acquisition, Project administration,
Resources, Supervision, Validation, Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This study was supported by the Portuguese Foundation for Science and Technology (FCT), Portugal under the scope
of the research project PTDC/AAG-TEC/5269/2014, the strategic funding of UID/BIO/04469/2013 unit and BioTecNorte
operation (NORTE-01-0145-FEDER-000004) funded by the European Regional Development Fund under the scope of
Norte2020 - Programa Operacional Regional do Norte.

Ziva Vipotnik is a recipient of a fellowship supported by a doctoral advanced training (call NORTE-69-2015-15) - Doctoral
Program in Applied and Environmental Microbiology (DP_AEM); operation NORTE-08-5369-FSE-000060; co-financed by
North 2020 through the European Social Fund (ESF).

10



Z. Vipotnik, M. Michelin and T. Tavares Environmental Technology & Innovation 28 (2022) 102737
Appendix A. Supplementary data
Supplementary material related to this article can be found online at https://doi.org/10.1016/j.eti.2022.102737.

References

Adeyi, A.A., Oyeleke, P., 2017. Heavy metals and polycyclic aromatic hydrocarbons in soil from e-waste dumpsites in Lagos and Ibadan, Nigeria. .
Heal. Pollut. 7, 71-84. http://dx.doi.org/10.5696/2156-9614-7.15.71.

Agrawal, N., Shahi, S.K.,, 2017. Degradation of polycyclic aromatic hydrocarbon (pyrene) using novel fungal strain Coriolopsis byrsina strain APC5. Int.
Biodeterior. Biodegrad. 122, 69-81. http://dx.doi.org/10.1016/j.ibiod.2017.04.024.

Agrawal, N., Verma, P., Shahi, S.K., 2018. Degradation of polycyclic aromatic hydrocarbons (phenanthrene and pyrene) by the ligninolytic fungi
Ganoderma lucidum isolated from the hardwood stump. Bioresour. Bioprocess. 5, http://dx.doi.org/10.1186/s40643-018-0197-5.

Ahmadi Khozani, M., Emtiazi, G., Aghaei, S.S., Ghasemi, S.M., Zolfaghari, M.R., 2021. Application of fungal laccase for heavy metals precipitation using
tannin as a natural mediator. Int. J. Environ. Sci. Technol. 18, 2335-2344. http://dx.doi.org/10.1007/s13762-020-02992-7.

Aktas, N., Tanyolag, A., 2003. Reaction conditions for laccase catalyzed polymerization of catechol. Bioresour. Technol. 87, 209-214. http://dx.doi.org/
10.1016/S0960-8524(02)00254-7.

Ani, AK.,, Ezeugwu, F., Ochin, E., 2018. Growth and optimization processes of mixed microbial population degrading chrysene. Gazi Univ. ]. Sci. 31,
740-757.

Baldrian, P., 2003. Interactions of heavy metals with white-rot fungi. Enzyme Microb. Technol. 32, 78-91. http://dx.doi.org/10.1016/S0141-0229(02)
00245-4.

Baltrons, O., Lopez-Mesas, M., Vilaseca, M., Gutiérrez-Bouzan, C., Le Derf, F., Portet-Koltalo, F., Palet, C., 2018. Influence of a mixture of metals on
PAHs biodegradation processes in soils. Sci. Total Environ. 628-629, 150-158. http://dx.doi.org/10.1016/j.scitotenv.2018.02.013.

Bamforth, S.M., Singleton, I., 2005. Bioremediation of polycyclic aromatic hydrocarbons: Current knowledge and future directions. J. Chem. Technol.
Biotechnol. http://dx.doi.org/10.1002/jctb.1276.

Bayramoglu, G., Bektas, S., Arica, M.Y., 2003. Biosorption of heavy metal ions on immobilized white-rot fungus Trametes versicolor. J. Hazard. Mater.
101, 285-300. http://dx.doi.org/10.1016/S0304-3894(03)00178-X.

Bhattacharya, S., Das, A., Prashanthi, K., Palaniswamy, M., Angayarkanni, J., 2014. Mycoremediation of Benzo[a]pyrene by Pleurotus ostreatus in the
presence of heavy metals and mediators. 3 Biotech 4, 205-211. http://dx.doi.org/10.1007/s13205-013-0148-y.

Biache, C., Ouali, S., Cébron, A., Lorgeoux, C., Colombano, S., Faure, P., 2017. Bioremediation of PAH-contamined soils: Consequences on formation
and degradation of polar-polycyclic aromatic compounds and microbial community abundance. J. Hazard. Mater. 329, 1-10. http://dx.doi.org/10.
1016/j.jhazmat.2017.01.026.

Bisht, S., Pandey, P., Bhargava, B., Sharma, S., Kumar, V., Krishan, D., 2015. Bioremediation of polyaromatic hydrocarbons (PAHs) using rhizosphere
technology. Braz. J. Microbiol. 46, 7-21. http://dx.doi.org/10.1590/S1517-838246120131354.

Borras, E., Caminal, G., Sarra, M., Novotny, C., 2010. Effect of soil bacteria on the ability of polycyclic aromatic hydrocarbons (PAHs) removal by
Trametes versicolor and Irpex lacteus from contaminated soil. Soil Biol. Biochem. 42, 2087-2093. http://dx.doi.org/10.1016/j.s0ilbio.2010.08.003.

Bourbonnais, R., Paice, M.G., 1990. Oxidation of non-phenolic substrates an expanded role for lactase in lignin biodegradation.

Brijwani, K., Rigdon, A., Vadlani, P.V., 2010. Fungal laccases: Production, function, and applications in food processing. Enzyme Res. http://dx.doi.org/
10.4061/2010/149748.

Camarero, S., Cafias, AL, Nousiainen, P., Record, E., Lomascolo, A., Martinez, M.J., Martinez, A.T., 2008. p-hydroxycinnamic acids as natural mediators
for laccase oxidation of recalcitrant compounds. Environ. Sci. Technol. 42, 6703-6709. http://dx.doi.org/10.1021/es8008979.

Dias, A.A., Matos, AJ.S., Fraga, ., Sampaio, A., Bezerra, RM.F,, 2017. An easy method for screening and detection of laccase activity. Open Biotechnol.
J. 11, 89-93. http://dx.doi.org/10.2174/1874070701711010089.

Enayatizamir, N., Liy, J., Wang, L., Lin, X., Fu, P., 2020. Coupling laccase production from Trametes pubescence with heavy metal removal for Economic
Waste Water Treatment. J. Water Process. Eng. 37, 101357. http://dx.doi.org/10.1016/j.jwpe.2020.101357.

Essa, A.M., Abd-Alsalam, E.S., Ali, R.M., 2012. Biogenic volatile compounds of activated sludge and their application for metal bioremediation. Afr. J.
Biotechnol. 11, 9993-10001. http://dx.doi.org/10.5897/ajb11.4282.

Fernindez-Fernindez, M., Sanroman, M.A., Moldes, D., 2013. Recent developments and applications of immobilized laccase. Biotechnol. Adv. 31,
1808-1825. http://dx.doi.org/10.1016/]. BIOTECHADV.2012.02.013.

Ghosal, D., Ghosh, S., Dutta, T.K.,, Ahn, Y., 2016. Corrigendum to Current state of knowledge in microbial degradation of polycyclic aromatic
hydrocarbons (PAHs): A review. Front. Microbiol. 7, 1369. http://dx.doi.org/10.3389/fmicb.2016.01369, Front. Microbiol. https://doi.org/10.3389/
fmicb.2016.01837.

Hadibarata, T., Tachibana, S., Itoh, K., 2009. Biodegradation of chrysene, an aromatic hydrocarbon by Polyporus sp. S133 in liquid medium. J. Hazard.
Mater. 164, 911-917. http://dx.doi.org/10.1016/j.jhazmat.2008.08.081.

Haritash, A.K., Kaushik, C.P., 2009. Biodegradation aspects of polycyclic aromatic hydrocarbons (PAHs): A review. ]J. Hazard. Mater. 169, 1-15.
http://dx.doi.org/10.1016/] JHAZMAT.2009.03.137.

Idowu, O., Semple, K.T., Ramadass, K., O’Connor, W., Hansbro, P., Thavamani, P., 2019. Beyond the obvious: Environmental health implications of
polar polycyclic aromatic hydrocarbons. Environ. Int. 123, 543-557. http://dx.doi.org/10.1016/j.envint.2018.12.051.

Ike, P.T.L., Birolli, W.G., dos Santos, D.M., Porto, A.L.M., Souza, D.H.F., 2019. Biodegradation of anthracene and different PAHs by a yellow laccase from
Leucoagaricus gongylophorus. Environ. Sci. Pollut. Res. 26, 8675-8684. http://dx.doi.org/10.1007/s11356-019-04197-z.

Jacob, J.M., Karthik, C., Saratale, R.G., Kumar, S.S., Prabakar, D., Kadirvelu, K., Pugazhendhi, A., 2018. Biological approaches to tackle heavy metal
pollution: A survey of literature. J. Environ. Manage. 217, 56-70. http://dx.doi.org/10.1016/j.jenvman.2018.03.077.

Jin, X, Yu, X,, Zhu, G., Zheng, Z., Feng, F., Zhang, Z., 2016. Conditions optimizing and application of laccase-mediator system (LMS) for the
laccase-catalyzed pesticide degradation. Sci. Rep. http://dx.doi.org/10.1038/srep35787.

Jones, M.D., Rodgers-Vieira, E.A., Huy, ]J., Aitken, M.D., 2014. Association of growth substrates and bacterial genera with benzo[a]pyrene mineralization
in contaminated soil. Environ. Eng. Sci. 31, 689-697. http://dx.doi.org/10.1089/ees.2014.0275.

Lang, E., Gonser, A., Zadrazil, F., 2000. Influence of incubation temperature on activity of ligninolytic enzymes in sterile soil by Pleurotus sp. and
dichomitus squalens. J. Basic Microbiol. 40, 33-39. http://dx.doi.org/10.1002/(SICI)1521-4028(200002)40: 1<33::AID-JOBM33>3.0.C0;2-Q.

Li, X, La, G, Cheng, Q., Wang, F.,, Feng, F., Zhang, B., Zhang, Z., 2014. Profile of natural redox mediators production of laccase-producing fungus
Pleurotus ostreatus. Bull. Environ. Contam. Toxicol. 93, 478-482. http://dx.doi.org/10.1007/s00128-014-1340-4.

Li, X,, Lin, X,, Yin, R, Wuy, Y., Chu, H., Zeng, J., Yang, T., 2010a. Optimization of laccase-mediated benzo[a]pyrene oxidation and the bioremedial
application in aged polycyclic aromatic hydrocarbons-contaminated soil. J. Heal. Sci. 56, 534-540. http://dx.doi.org/10.1248/jhs.56.534.

Li, X,, Lin, X,, Yin, R.,, Wu, Y., Chu, H,, Zeng, ]., Yang, T., 2010b. Optimization of laccase-mediated benzo[a]pyrene oxidation and the bioremedial
application in aged polycyclic aromatic hydrocarbons-contaminated soil. ]. Health Sci..

11



Z. Vipotnik, M. Michelin and T. Tavares Environmental Technology & Innovation 28 (2022) 102737

Luo, L, Lin, S., Huang, H., Zhang, S., 2012. Relationships between aging of PAHs and soil properties. Environ. Pollut. http://dx.doi.org/10.1016/j.envpol.
2012.07.003.

Manna, A., Sundaram, E., Amutha, C.,, Vasantha, V.S., 2018. Efficient removal of cadmium using edible fungus and its quantitative fluorimetric estimation
using (z)-2-(4 H-1, 2, 4-triazol-4-yl)iminomethylphenol. ACS Omega 3, 6243-6250. http://dx.doi.org/10.1021/acsomega.8b00342.

Martin, A., 2000. Critical review aging, bioavailability, and overestimation of risk from environmental pollutants. http://dx.doi.org/10.1021/es001069.

Nathan, V.K., Rani, M.E., Gunaseeli, R., Kannan, N.D., 2018. Enhanced biobleaching efficacy and heavy metal remediation through enzyme mediated
lab-scale paper pulp deinking process. ]. Clean. Prod. 203, 926-932. http://dx.doi.org/10.1016/j.jclepro.2018.08.335.

Ogbonna, D.N,, Ideriah, TJ.K., Nwachukwu, M.I, 2012. Biodegradation of polycyclic aromatic hydrocarbons by associated microbes from abattoir
wastes in the Niger Delta, Nigeria. J. Microbiol. Res. 2, 157-169. http://dx.doi.org/10.5923/j.microbiology.20120206.02.

Ogbonnaya, U., Semple, K.T., 2013. Impact of biochar on organic contaminants in soil: A tool for mitigating risk? Agronomy 3, 349-375. http:
//dx.doi.org/10.3390/agronomy3020349.

Oketola, A.A., Akpotu, S.0., 2015. Assessment of solid waste and dumpsite leachate and topsoil. Chem. Ecol. 31, 134-146. http://dx.doi.org/10.1080/
02757540.2014.907280.

Okonofua, E.S., Babatola, ].0., Ojuri, 0.0., 2019. Field pilot study on the assessment of selected. 10, 121-134.

Osma, J.F,, Toca Herrera, J.L., Rodriguez Couto, S., 2007. Banana skin: A novel waste for laccase production by Trametes pubescens under solid-state
conditions. Application to synthetic dye decolouration. Dyes Pigment 75, 32-37. http://dx.doi.org/10.1016/j.dyepig.2006.05.021.

Panda, S.K., Mishra, S.S., Kayitesi, E., Ray, R.C., 2016. Microbial-processing of fruit and vegetable wastes for production of vital enzymes and organic
acids: Biotechnology and scopes. Environ. Res. 146, 161-172. http://dx.doi.org/10.1016/j.envres.2015.12.035.

Park, ].H., Bolan, N., Megharaj, M., Naidu, R., 2011. Isolation of phosphate solubilizing bacteria and their potential for lead immobilization in soil. J.
Hazard. Mater. 185, 829-836. http://dx.doi.org/10.1016/j.jhazmat.2010.09.095.

Pointing, S.B., 2001. Feasibility of bioremediation by white-rot fungi. Appl. Microbiol. Biotechnol. http://dx.doi.org/10.1007/s002530100745.

Rama, R, Sigoillot, J.C., Chaplain, V., Asther, M., Jolivalt, C., Mougin, C., 2001. Inoculation of filamentous fungi in manufactured gas plant site soils
and pah transformation. Polycycl. Aromat. Compd. 18, 397-414. http://dx.doi.org/10.1080/10406630108233817.

Rodrigues, P., Venancio, A., Kozakiewicz, Z., Lima, N., 2009. A polyphasic approach to the identification of aflatoxigenic and non-aflatoxigenic strains
of Aspergillus Section Flavi isolated from Portuguese almonds. Int. J. Food Microbiol. 129, 187-193. http://dx.doi.org/10.1016/j.ijfoodmicro.2008.
11.023.

Saravanan, A., Kumar, P.S.,, Vo, D.V.N,, Jeevanantham, S., Karishma, S., Yaashikaa, P.R.,, 2021. A review on catalytic-enzyme degradation of toxic
environmental pollutants: Microbial enzymes. J. Hazard. Mater. 419, 126451. http://dx.doi.org/10.1016/j.jhazmat.2021.126451.

Sikkema, J., De Bont, J.A.M., Poolman, B., 1995. Mechanisms of membrane toxicity of hydrocarbons. Microbiol. Rev. 59, 201-222.

Steffen, K.T., Hatakka, A., Hofrichter, M., 2003. Degradation of benzo[a]pyrene by the litter-decomposing basidiomycete. Appl. Environ. Microbiol. 69,
3957-3964. http://dx.doi.org/10.1128/AEM.69.7.3957.

Stredansky, M., Conti, E., 1999. Xanthan production by solid state fermentation. Process. Biochem. http://dx.doi.org/10.1016/S0032-9592(98)00131-9.

Thurston, C.F., 1994. The structure and function of fungal laccases. Microbiology 16, 19-26.

Upadhyay, P., Shrivastava, R., Agrawal, P.K,, 2016. Bioprospecting and biotechnological applications of fungal laccase. 3 Biotech 6, 1-12. http:
//dx.doi.org/10.1007/s13205-015-0316-3.

US EPA, 2012. Selected analytical methods for environmental remediation and recovery (SAM) - 2012.

Vandelun Ado, B., Onilude Anthony, A., Apeh Oluma, H.O., Mabitine, D.M., 2019. Production of fungal laccase under solid state bioprocessing of
agroindustrial waste and its application in decolourization of synthetic dyes. J. Adv. Biol. Biotechnol. 21, 1-17. http://dx.doi.org/10.9734/jabb/
2019/v21i430100.

Vipotnik, Z., Michelin, M., Tavares, T., 2021. Development of a packed bed reactor for the removal of aromatic hydrocarbons from soil using
laccase/mediator feeding system. Microbiol. Res. 245, 126687. http://dx.doi.org/10.1016/j.micres.2020.126687.

Wu, Y., Teng, Y., Li, Z,, Liao, X., Luo, Y., 2008. Potential role of polycyclic aromatic hydrocarbons (PAHs) oxidation by fungal laccase in the remediation
of an aged contaminated soil. Soil Biol. Biochem. 40, 789-796. http://dx.doi.org/10.1016/j.s0ilbi0o.2007.10.013.

Xu, X,, Liu, W,, Tian, S., Wang, W., Qi, Q., Jiang, P., Gao, X,, Li, F,, Li, H., Yu, H., 2018. Petroleum hydrocarbon-degrading bacteria for the remediation
of oil pollution under aerobic conditions: A perspective analysis. Front. Microbiol. 9, 1-11. http://dx.doi.org/10.3389/fmicb.2018.02885.

Zhang, ]., Liu, X,, Xu, Z, Chen, H. Yang, Y., 2008. Degradation of chlorophenols catalyzed by laccase. Int. Biodeterior. Biodegrad. 61, 351-356.
http://dx.doi.org/10.1016/].IBIOD.2007.06.015.

Zhou, Q., Chen, Y., Yang, M., Li, W,, Deng, L., 2013. Enhanced bioremediation of heavy metal from effluent by sulfate-reducing bacteria with copper-iron
bimetallic particles support. Bioresour. Technol. 136, 413-417. http://dx.doi.org/10.1016/j.biortech.2013.03.047.

Zhou, C,, Dong, A., Wang, Q., Yu, Y., Fan, X,, Cao, Y., Li, T., 2017. Effect of common metal ions and anions on laccase. BioResources 12, 5102-5117.

12



