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Abstract: Biotechnologies based on microbial species capable of destroying harmful pollutants are a
successful way to solve some of the most important problems associated with a clean environment.
The subject of investigation is the Antarctic fungal strain Aspergillus glaucus AL1. The culturing of the
examined strain was performed with 70 mg of wet mycelium being inoculated in a Czapek Dox liquid
medium containing naphthalene, anthracene, or phenanthrene (0.3 g/L) as the sole carbon source.
Progressively decreasing naphthalene and anthracene concentrations were monitored in the culture
medium until the 15th day of the cultivation of A. glaucus AL1. The degradation was determined
through gas chromatography–mass spectrometry. Both decreased by 66% and 44%, respectively, for
this period. The GC-MS analyses were applied to identify salicylic acid, catechol, and ketoadipic
acid as intermediates in the naphthalene degradation. The intermediates identified in anthracene
catabolism are 2-hydroxy-1-naphthoic acid, o-phthalic acid, and protocatechuic acid. The enzyme
activities for phenol 2-monooxygenase (1.14.13.7) and catechol 1,2-dioxygenase (1.13.11.1) were
established. A gene encoding an enzyme with catechol 1,2-dioxygenase activity was identified and
sequenced (GeneBank Ac. No KM360483). The recent study provides original data on the potential of
an ascomycete’s fungal strain A. glaucus strain AL 1 to degrade naphthalene and anthracene.

Keywords: biodegradation; PAH; Aspergillus glaucus; phenol 2-monooxygenase; catechol 1,2-dioxygenase

1. Introduction

The availability of sufficient water applicable for drinking, domestic, and agricultural
use is a growing problem of global importance. At the same time, the use of water in
technological manufacturing leads to huge amounts of wastewater contaminated with
various harmful substances and chemical compounds, often polluting the environment.
Naturally, it must be concluded that the purification of polluted water is one of the main
ways to supply people with usable and drinkable water. Applying a circular economy
model regarding wastewater will synchronize the development of modern, legally, and
socially supported technologies for water treatment [1,2]. This may lead to new ideas
and concepts, as well as the more widespread use of these environmentally friendlier
approaches to water use and reuse. More and more new approaches are emerging for the
full utilization and recovery of nutrients, wastewater treatment, and removal of heavy
metals, such as the design of bioelectrochemical systems (BES) to be used for electricity, fuel
production, water recovery, recovery or removal of nitrates, sulfate, sulfides, antibiotics,
dyes, etc. BES technologies, which use appropriate microorganisms, are a low-cost option
for simultaneously achieving zero waste goals and energy recovery [3,4].

It has been known for a long time that biotechnologies based on microbial species
capable of destroying and utilizing harmful pollutants are a successful and cost-effective
way to solve some of the most important problems associated with a clean environment.
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The microbial capacity to decompose a wide variety of xenobiotics provokes re-
searchers’ efforts to explore more opportunities to develop bioremediation technologies.
Many efforts are made to achieve the effective microbial utilization of widespread chemical
compounds in the environment, such as aromatic and polyaromatic substances, harming
humans’ and other living organisms’ health [5–10].

A large amount of studies on the isolation and selection of active microorganism
strains that have the ability to transform or assimilate polyaromatic hydrocarbons (PAHs)
have been published by many scientists around the world [11–16].

The influence of a number of basic physico-chemical factors on the microbial elimina-
tion of PAHs has been examined. The topic of PAHs’ bioavailability and bioaccessibility
is being discussed [17–19]. Investigations on microbial strains belonging to all groups of
microorganisms, including archaea, cyanobacteria, and algae, have been reported, but it
is obvious that the search remains active [20–23]. The ascomycetes nonlignolytic fungi,
which often predominate in industrially polluted areas of the environment, are still poorly
studied with respect to the decomposition of harmful environmental contaminants, in-
cluding PAHs [14,24]. Despite significant achievements in real practice, there are still
many unsolved complex problems related to the microbial degradation of polyaromatic
compounds [25–28].

Many authors attempt to colligate reported data in this field [19,24,29]. The catabolic
schemes by which some bacteria carry out the complete or partial degradation of PAHs are
described quite well in the available literature, but the same cannot be claimed regarding
comes to fungi [30,31]. Most of the authors have focused their attention on lignolytic basid-
iomycetes fungi and especially “white rot fungi”, which are able to transform various pol-
yaromatic compounds with the help of some nonspecific extracellular enzymes [13,32–37].
Other authors suggest that, as a rule, fungi can only convert PAHs to intermediates that are
subsequently degraded by bacteria and others [38–40]. Some consider that the degrada-
tion of PAHs from fungi is carried out in an identical manner to mammalian cells, which
practically excludes the utilization and removal of their degradation products from the
body [29,41,42]. All different assertions are corroborated by divers’ experimental evidence.
However, the results in some published articles clearly show that they do not support the
above allegations. It is clear that fungal genetic and functional diversity are very high, but
the number of well researched fungal species, therein, is still too narrow. For example,
the degradation and utilization of some low-molecular-weight PAHs as a single source of
carbon by the strains of Aspergillus, Penicillium, Trichoderma, and Fuzarium has been
proven [14,43,44]. The published results on the degradation and utilization of PAHs by
nonlignolytic fungi are still not enough to clarify the full set of possible degradation mecha-
nisms of these compounds [11,24,45–47]. There is a need to identify and explore new fungal
strains capable of degrading PAHs, as well as to gather more experimental data through
the use of advanced biochemical and molecular methods [25,48,49].

Logically, the majority of strains active against the degradation of aromatic compounds
should be isolated from habitats contaminated with relevant industrial wastes containing
such substances. However, there are publications proving the existence of indigenous
microorganisms inhabiting areas considered as very clean and practically free from in-
dustrial waste, such as Antarctica, that demonstrate the capability to eliminate harmful
environmental pollutants [50–56].

The purpose of this study was to investigate the ability of the Antarctic A. glaucus AL1
fungal strain to degrade naphthalene and anthracene and to utilize them as the sole source
of carbon for its growth.

2. Materials and Methods
2.1. Chemicals

Naphthalene (99.0%), anthracene (≥99.0%), phenanthrene (≥97.0%), NADPH, and all
components of the mineral medium Czapek Dox mentioned below were purchased from
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Sigma Aldrich, St. Luis, MO, USA. The monoaromatic hydrocarbons, such as phenol and cat-
echol, as well as acetone, were purchased from Merck-Schuchardt, Hohenbrunn, Germany.

2.2. Microorganism and Culture Conditions

The soil samples were taken during the Bulgarian Antarctic expedition 2006/07 in the
vicinity of the permanent Bulgarian Antarctic base “St. Kliment Ohridski” on Livingston
Island, West Antarctica (62◦38′29′′ S, 60◦21′53′′ W) [57] (Figure S1). The strain A.glaucus
AL1 grown on the beer agar medium was sub-cultured by a transfer of spores to fresh
universal beer agar medium (Sigma-Aldrich, Co., St. Luis, MO, USA). Spores of the studied
strain suspended in 6 mL sterile distilled water were used to inoculate the liquid Czapek
Dox culture medium (2 g/L NaNO3, 1 g/L KH2PO4, 0.5 g/L KCl, 0.5 g/L MgSO4x7 H2O,
0.01 g/L FeSO4. 7 H2O) supplemented with 1% glucose [45]. The acidity of the medium
was fixed to pH 5.5 with NaOH solution. The formed fungal pellets in the culture medium
were aseptically filtered and then washed with sterile distilled water to remove residual
glucose. A total of 70 mg of mycelium (wet weight) was used to inoculate 20 mL of Czapek
Dox medium containing naphthalene, anthracene, or phenanthrene (0.3 g/L) as the sole
carbon source in 300 mL flasks.

The flasks were agitated (320 rpm) on a rotary shaker IKA KS 130 Basic, IKA-Werke
GmbH&Ko.KG, Germany in the dark at 23 ◦C. Un-inoculated flasks served as control at
each time point.

The YEP medium (10.0 g/L yeast extract, 20.0 g/L peptone) was applied as a control
for strain growth.

2.3. Biomass Measurement

The measurement of biomass amount (dry or wet) was in grams per liter of culture
medium at the beginning and end of the cultivation process. Dry weight (DW) measure-
ment was performed with an electronic moisture analyzer comprising dryer and scale,
which can measure differences of up to 0.0001 ng (KERN DBS Version 1.1 03/2013, Ger-
many). The obtained wet biomass after filtration was placed on the aluminum sample
plates at 110 ◦C to complete dehydration.

2.4. Enzyme Analyses

The vegetative biomass obtained after the strain’s cultivation was centrifuged at
5000 rpm for 10 min at 4 ◦C. The define cell quantity (approximately 300–500 mg wet
cells) was mechanically ground in a sterilized mortar together with quartz sand. A total
of 1.5–2 mL potassium phosphate buffer (0.05 M KH2PO4/Na2HPO4, pH 7.6) was inset,
and the mixture was centrifuged at 10,000 rpm for 10 min at 4 ◦C. The obtained cleared
intracellular extracts were used for analytical purposes [43,54,58].

Phenol 2-monooxygenase (EC 1.14.13.7) activity was determined on a spectropho-
tometer at 340 nm by following NADPH oxidation in the presence of phenol [59]. Catechol
1,2-dioxygenase activity was calculated on the basis of the accumulated amount of cis,
cis-muconic acid by the method described by Varga and Neujahr, 1970 [59].

The values of measured enzyme activities were expressed by units (U) per mg protein
at 25 ◦C [43].

The protein concentrations in a clear cell-free lysate were defined by the method of
Bradford, 1976 [60]. A sample of 50 µL was inset to 1.5 mL Bradford reagent (Sigma-Aldrich,
St. Luis, MO, USA). The absorbance at 595 nm was measured 5 min after the incubation.

The presence of laccase activity was checked by the method of Kiiskinen [61].
The conventional drifts of data from all performed metering are in a diapason of 1–8%.

2.5. Extraction of PAHs and GC-MS Analysis

The PAHs were extracted from 2 mL solution aliquots 3 times by 2 mL dichloromethane
(DCM) in an ultrasonic cleaner B-3001 (VWR Int., Leuven, Belgium). The combined
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dichloromethane extracts were concentrated in a rotary vacuum concentrator RVC 2-25 CD
plus (Christ, Osterode am Harz, Germany) before GC-MS analysis.

Appliance Hewlett Packard 7890 associated with MSD 5975 equipment (Hewlett
Packard, Palo Alto, CA, USA) was used to conduct the GC-MS analysis in EI mode—70 eV.
The column HP-5 MS used had parameters 30 m × 0.25 mm × 0.25 µm. Helium was used
as a carrier gas at a flow rate of 1.0 mL/min [62]. The applied temperature mode included
24 s at 50 ◦C and was subsequently increased by 25 ◦C/min to 195 ◦C and held for 1.5 min.
The next increase to 265 ◦C was at a rate of 8 ◦C/min, and then the temperature rise rate
was changed to 20◦ C/min to reach 315 ◦C, and held at this temperature for 1.25 min. The
temperature of the ion source was 250 ◦C, and the interface temperature was 280 ◦C.

2.6. DNA Isolation Procedure

A single colony of the test strain of fungi was inoculated into 15 mL of YEP medium
with 10 g/L glucose I addition, and was cultured 48 h on a rotary shaker at 180–200 rpm
and 23◦ C. The precipitate received as a result of the centrifugation (5000 rpm, 15 min)
was rinsed with 5 mL 0.98% saline solution and centrifuged once again. The pellet was
mashed with quartz sand for approximately 10 min. Two milliliters of 1xTE buffer (10 mM
Tris/HCl, pH 8.0, 1 mM EDTA) was added to the cell lysate, and the homogenates were
dispensed in 500 mL Eppendorf tubes [43]. According to Maniatis et al. 1982 [63], the
samples were centrifuged (5000 rpm, 5 min) at 4 ◦C, and DNA was isolated from the
separated supernatant. The DNA was purified via GFX columns (GE Healthcare, Little
Chalfont, Buckinghamshire, England), and its quality and quantity were checked, using
NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA), from the correlation of the
UV absorbance at 260 and 280 nm.

2.7. PCR Conditions and DNA Sequencing

For DNA amplification, a T100TM Termal Cycler (BIO-RAD, Hercules, CA, USA) was
used. PuReTaqTM Ready-To-GoTM PCR beads (Amersham Biosciences, Piscataway, NJ,
USA) were inset into the reaction mixture, whose final volume was 25 µL with the 50 ng
matrix DNA. The eventual concentration of applied primers was 0.4 pmol/µL (Table 1).
The PCR products were analyzed electrophoretically in 1.5% agarose gel. As a buffer, TBE
(10.8 g/L Tris base, 5.5 g/L boric acid, 20 mL of 0.05 M EDTA, pH 8.0) was used.

Table 1. The list of the used oligonucleotide primers.

Primers Sequence (5′→3′) Source

for 18S rDNA
Pffor
Pfrev

AGGGATGTATTTATTAGATAAAAAATCAA
CGCAGTAGTTAGTCTTCAGTAAATC

PCR conditions: initial step, 95 ◦C,
5 min;

35 cycles amplification, 95 ◦C, 30 s;
58 ◦C, 30 s;

72 ◦C, 45 s; extension step, 72 ◦C, 7 min

[64]

for catechol
dioxygenase

AFKF1
AFKR1
AFKF2
AFKR2
AFKF3
AFKR3
AFKF4
AFKR4

GCTACTCATCGATTTGACC
GCGGCCTCATCAGCAAGCTT
TTGTCTGTGACGTGATCGGG
TGCCACACCTCCACCGTCGC
TCATGCACGGCCGGGTGATC
GGGTGTCGGTCCATGAGCTC
GTCCGACGCCGTATCCTGTT
CTACGCCTGGTCCGCCACCA

PCR conditions: initial step, 95 ◦C,
5 min; 35 cycles amplification, 95 ◦C,

30 s; 60 ◦C,
30 s; 72 ◦C, 60 s; extension step, 72 ◦C,

5 min

Primers for detection
of catechol dioxygenase

coding genes were designed
in this study

on the basis of
Aspergillus fumigatus Af293

sequence NCBI Acc. No.
XM_744333 [43]
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The obtained PCR products were purified using the GFXTM PCR DNA and gel band
purification kit (GE Healthcare). The purified PCR products were sent to Macrogen Europe,
Amsterdam, Netherlands, for sequencing.

3. Results and Discussion
3.1. Degradation of PAHs

The studied strain A. glaucus AL1 originates from soil probes brought from Livingston
Island, Antarctica [57]. Its taxonomic affiliation was determined by 18S rDNA analysis.
The strain’s good biodegradation capacity has been reported earlier toward phenol and
other mono-phenolic compounds such as catechol, hydroquinone, o-cresol, m-cresol, and
p-cresol [54,65].

There are no published articles about the A. glaucus strains’ ability to degrade aromatic
compounds. To date, there are only a few renowned investigations on the biodegradation
of polyethylene by a strain of A. glaucus [66,67]. Initially, we checked the strain’s ability to
utilize naphthalene, anthracene, or phenanthrene in a mineral (CzapekDox) solid media.
The strain grew well in the media, incorporating 0.3 g/L of each of the first two compounds.
The strain showed a noticeably slower growth in the mineral medium including 0.3 g/L
phenanthrene, as well as in a rich organic media with phenanthrene added; thus, these
experiments have not been reported in this study.

Our further cultivation and degradation experiments were accomplished in a carbon-
less liquid Czapek Dox medium, individually complemented with 0.3 g/L of each of the
two investigated PAHs as sole carbon sources. The reductions in concentrations of naph-
thalene and, respectively, anthracene included in the medium were followed by GC-MS
analyses. When tracing the degradation of the two compounds tested within 5 days, it
can be seen that, under the same culture conditions, their different amounts are degraded
(Figure 1).

Figure 1. Gas chromatographic analysis of the reduction in the concentration during
Aspergillus glaucus AL1 culturing: (a) naphthalene—in the beginning (0.3 g/L) and after 5 days
(0.2 g/L); (b) anthracene—in the beginning (0.32 g/L) and after 5 days (0.24 g/L).

Naphthalene degraded faster than anthracene. For 5 days, naphthalene’s content
in the media reduced by 34%, whereas anthracene’s content reduced by 25%. Following
the concentration decrease in the two studied PAHs up to the 15th day of cultivation
confirmed that the strain’s degradation effectiveness varied with both compounds. The
concentration of naphthalene decreased by over 66%, whereas that of anthracene lowered
by approximately 44% for this period (Figure 2 and Table 2).
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Figure 2. Degradation of naphthalene and anthracene in the Czapek Dox mineral medium by the
Aspergillus glaucus strain AL1 for 15 days at 23 ◦C.

Table 2. Mass balance after growth of Aspergillus glaucus AL1 on single LMW PAH.

C-Substrate Initial Biomass,
DW (g/L)

Final Biomass,
DW (g/L) Growth % C0 * (g/L) C5 ** (g/L) Degradation % C15 *** (g/L) Degradation %

Naphthalene C10H8 0.012 0.05 76 0.3 0.2 33.05 0.11 66.6

Anthracene C14H10 0.011 0.03 64 0.32 0.24 18.75 0.18 43.75

* C0—initial concentration of C-substrate, ** C5—a concentration of C-substrate on the 5th day of cultivation,
*** C15—a concentration of C-substrate on the 15th day of cultivation.

The spectral peaks on the 5th day show the intermediates’ presence. They were not
found in the next phases of the degradation process, probably due to the rapid further
reduction in their concentrations. The chromatographic specters of identified intermedi-
ates, mentioned below, demonstrated some patterns of the naphthalene and anthracene
degradation paths of A. glaucus AL1.

In the chromatogram demonstrating the naphthalene degradation on the 5th day
of the strain’s growth, compounds were identified, such as salicylic acid, catechol, and
ketoadipic acid (Figure 3). Mass spectral profiles of naphthalene intermediate metabolites
are demonstrated in Figure 4. The presence of these compounds correlates well with the
second half of the scheme for the catabolic pathway of naphthalene in aerobic bacteria that
was proposed earlier by some authors [29,68,69].

Figure 3. Gas chromatographic analysis of naphthalene metabolites—catechol, salicylic acid, and
ketoadipic acid.
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Figure 4. Mass spectral profiles of naphthalene intermediate metabolites.

2-hydroxy-1naphtoic acid, o-phtalic acid, and protocatechuic acid could be identified
in the chromatogram, showing the aroused intermediates during the anthracene catabolism
(Figure 5). Mass spectral profiles of anthracene intermediate metabolites are demonstrated
in Figure 6. The presence of o-phtalic and protocatechuic acids emphasizes the similarity
with a part of the already proposed anthracene catabolic pathway in aerobic bacteria [29].

Figure 5. Gas chromatographic analysis of anthracene metabolites—protocatechuic acid, o-phtalic
acid, and 2-hydroxy-1naphthoic acid.

In general, the results obtained by experiments on the biodegradation of naphthalene
and anthracene, and subsequent chromatographic analyses in the present study, suggest
the presence of some quite similar mechanisms of degradation of PAHs in bacteria and
some nonlignolytic fungi, regardless of the different genomic organization and regulation.

The appearance of 2-hydroxy-1-naphthanoic acid is somewhat surprising. The avail-
ability of this compound was illustrated particularly in the bacterial decomposition of
phenanthrene, but has not yet been found in the process of the microbial degradation of
anthracene [14,42,70,71].
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Figure 6. Mass spectral profiles of anthracene intermediate metabolites.

3.2. Enzyme Analyses

Most authors exploring the PAHs’ microbial degradation affirm that oxygenases play
an essential role in these metabolic pathways. A series of catabolic chains are described
in aerobic bacteria and lignolytic fungi, but there is still insufficient information about the
enzymes that are substantial for the PAHs catabolism in different groups of nonlignolytic
fungi [31,42,47,71].

In our prior investigations on the substrate specificity of phenol 2-monooxygenase in the
strain A. glaucus AL1, with respect to mono-phenolic compounds, this enzyme activity was
examined, and the gene encoding this protein was sequenced [54]. The corresponding oligonu-
cleotide sequence was registered in NCBI—Acc. No KM360482.1. Catechol 1,2-dioxygenase
activity was also determined during the degradation of mono-phenols by A. glaucus AL1. The
highest value was recorded in the process of phenol degradation—2.11 U/mg of protein [54].

In the present study, the activities of both key enzymes for aromatic catabolism were
tested in the absence of other carbon sources for growth, except naphthalene or anthracene.
The absence of laccase activity proves that the examined strain does not express such
extracellular enzyme activity. This verifies that the degradation of the two studied PAH
compounds was due to the action of the intracellular enzyme systems.

The rates obtained for the activity of phenol 2-monoxygenase and catechol 1,2-dioxygenase
are very comparable when the A. glaucus AL1 is cultured in a medium incorporating each
of the two compounds individually. For example, in the process of the degradation of naph-
thalene or anthracene on the fifth day of culture, the activity of phenol 2-monooxygenase
is 1.48 U/mg protein or, respectively, 1.12 U/mg protein. The enzyme activity of catechol
1,2-dioxygenase is 0.24 U/mg protein when assimilating naphthalene and 0.16 U/mg
protein in the experiments with anthracene (Figure 7). Notwithstanding the detected dis-
tinguishable extent of the degradation of the investigated PAHs, contrasting activities of
both enzymes under investigation have not been found.

The interesting question that arose as a result of these analyses was the role of the
enzyme phenol 2-monooxygenase in the process of the degradation of naphthalene or
anthracene when they were used as the sole carbon substrates. Articles focusing on
the identity of the cytochrome P450 isoenzyme component(s) with benzene and phenol
hydroxylase in rabbit hepatic microsomes have been published [72–74].
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Figure 7. Enzyme activities of phenol 2-monooxygenase and catechol 1,2-dioxygenase in cells of
Aspergillus glaucus AL1, cultivated in a Czapek Dox mineral medium containing 0.3 g/L naphthalene
or 0.3 g/L anthracene as a sole carbon source.

Based on these studies and the fact that P450 oxygenases play a major role in the
first phase of PAH degradation in fungi, it can be considered reasonable to establish a
relatively high phenol 2-monooxygenase activity in the described experiments [12]. At
the same time, we could assume that phenol 2-monooxygenase can be induced directly
by the two polyaromatic substances or by other metabolites obtained in the course of
their transformation.

The presence of catechol dioxygenase activity has confirmed the fact that catechol is a
central metabolite in the degradation pathway of aromatic compounds [75–77]. The ability
of dioxygenase enzymes to cleave 1,2-carbon bonds suggests that catechol 1,2-dioxygenase
may be involved not only in the final phase of catechol degradation but also in the formation
and transformation of other previously occurring intermediate metabolites such as, for
example, 2-hydroxy-1-naphthoic acid [30].

The variety of microorganisms, including fungi, is enormous, as well as the variety
of metabolic schemes, which permits them to adapt and manage to survive in exclusively
extreme circumstances from a human point of view [78]. The diversity of genes encoding
proteins with enzymatic activity involved in the PAH decomposition increases by the
mechanisms of so-called horizontal transfer, protoplast and cellular fusion, and other
mechanisms of genetic transfer [41,69].

3.3. Sequence Analyses of Putative Catechol 1,2-dioxygenase Gene

To identify and sequence the gene encoding protein with catechol 1,2-dioxinase activity
in the A. glaucus AL1 strain, four pairs of oligonucleotide primers were created (Table 1).
The oligonucleotide primer pairs were arranged using the sequence of gene coding for
catechol dioxygenase in A. fumigatus Af293 (NCBI Acc. No. XM744333.1). The sequence
of the putative gene was formed by sequencing and combining the obtained overlapping
PCR fragments. Upon application of the first pair of primers, no acceptable fragment was
obtained. The catechol 1,2-dioxygenase gene’s partial sequence consisted of 843 bp. The
644 bp coding region organized in four exons was identified. The found sequence also
contained three introns with lengths of 75 bp, 71 bp, and 53 bp, respectively. Both sequences
were registered in the NCBI Gene Bank under accession numbers as follows: KM360483.1
(for nucleotide) andAIY27718.1 (for protein).

The 644 bp oligonucleotide fragment of the putative catechol 1,2-dioxygenase gene
of A. glaucus AL1 was compared by BLAST analysis with the analogous sequences in the
NCBI gene bank. An over 99% similarity was found regarding the sequences coding for
catechol 1,2-dioxigenase in A. fumigatus Af293, A. fumigatus AL3 (KT781126.1), and A.
fumigatus AL15 (KT371935.1). The similarity of this sequence with Neosartorya fischeri NRRL
181 dioxygenase, putative (NFIA_035270) partial mRNA was 96% (XM001265855).

The corresponding protein sequence (213 amino acids) showed a 99% similarity be-
tween both the reference protein sequence, i.e., the catechol 1,2-dioxygenase of A. fumigatus
Af293, and the respective protein sequence of A. glaucus AL1. The same percent of
similarity was observed in comparison to catechol 1,2-dioxigenase protein sequences of
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A. fumigatus var. RP-2014 (KEY75569.1), A. fumigatus AL15 (AMA07788.1), and A. fumigatus
Z5 (KMK57661.1). The similarity of the investigated partial protein sequence with a puta-
tive dioxygenase of N. fischeri NRRL 181 (XP001265856.1), and catechol 1,2-dioxygenase
of A. lentulus (GAQ07244.1) was 98% and, with catechol 1,2-dioxygenase of N. udagawa
(GAO90728.1), was 96%. As a result, a cladogram was created (Figure 8) that reflects
the phylogenetic proximity of the resulting sequence, with proteins expressing a similar
function in fungi belonging to the genus Aspergillus [79].

Figure 8. Phylogenetic tree of homologous catechol 1,2-dioxygenase amino acid sequences in
fungi (NCBI). The analyses were performed by the maximum likelihood method using the MEGA
11 software.

4. Conclusions

The recent study provides original data about the potential of an ascomycete’s fungal
strain A. glaucus strain AL 1, isolated from Antarctic soil, to degrade naphthalene and
anthracene. These species are a representative of the nonlignolytic fungi. A. glaucus AL1
has been found to possess a significant capacity to remove naphthalene and anthracene
from media as a single carbon source using its intracellular enzyme capacity.

The enzymes phenol 2-monoxygenase and catechol l,2-dioxygenase of the investigated
strain exhibited different expressions associated with the type of PAHs consumed as a
carbon substrate. A comparative analysis of the DNA sequence found in the current
study and the available ones in the NCBI database revealed a significant similarity with
a few other earlier reported DNA sequences for catechol l,2-dioxygenase genes found in
Aspergillus strains. As a result, we could assume that closely similar genes coding for
catechol l,2-dioxygenase considerably spread in that genus. There have not been many
other fungal nucleotide or amino acid sequences found that possess a high similarity with
those obtained in the present study.

The carried out analyses of the Antarctic’s strain A. glaucus AL1 give us a solid reason
to value its potential and good outlook in enhancing the biotechnological processes related
to environment remediation. We claim that the current study extends knowledge of the
degradation of PAH by fungi from the Ascomycota division and provides information that
can be useful in developing and improving advanced bioremediation technologies aimed
at purifying PAH-contaminated water and soil. Such elaborations will contribute both to a
cleaner living environment and to an increased access to purified and safe water through
cyclical use and reuse.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pr10050873/s1, Figure S1: The permanent Bulgarian Antarctic
base “St. Kliment Ohridski” on Livingston Island, West Antarctica (62◦38′29” S, 60◦21′53′′ W).
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