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Abstract

Background: Due to progress in science and technology, several harmful polycyclic aromatic hydrocarbons are
synthesized and released into the environment. In the present investigation, a phenanthrene- and pyrene-degrading
white rot fungi Ganoderma lucidum strain CCG1 was isolated from the Janjgir Champa district of Chhattisgarh, India,
and then the degradation of phenanthrene and pyrene was estimated by high-performance liquid chromatography.

sequencing

Results: It was found that G. lucidum able to degrade 99.65% of 20 mg/L of phenanthrene and 99.58% of pyrene

in mineral salt broth after 30th day of incubation at 27 °C. G. lucidum produced significant amounts (p <0.0001) of
ligninolytic enzymes (Laccase, lignin peroxidase and manganese peroxidase) in the phenanthrene- and pyrene-
containing mineral salt broth. G. lucidum produced maximum 10,788.00 U/L laccase, 3283.00 U/L Lignin peroxidase
and 47,444.00 U/ Manganese peroxidase enzymes in the presence of phenanthrene and produced maximum
10,166.00 U/L laccase, 3613.00 U/L lignin peroxidase and 50,977.00 U/L manganese peroxidase enzymes in the pres-
ence of pyrene. Therefore, G. lucidum will be a potent phenanthrene and pyrene degrader from the environment.
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Background

Polycyclic aromatic hydrocarbons (PAHs) are a type of
xenobiotic compounds that are released into the envi-
ronment due to incomplete combustion of organic mate-
rials such as oil, petroleum gas, wood, municipal and
urban waste (Juhasz and Naidu 2000; [joma and Tekere
2017; Kadri et al. 2017). PAHs are made up of three or
more fused benzene rings, arranged in the linear, cluster
or angular arrangements (Di Toro et al. 2000). PAHs are
thermodynamically stable due to their strong negative
resonance energy. PAHs are highly bioaccumulative com-
pound in soil and sediments because of their high hydro-
phobicity and low volatility (Singh 2006). The exposure
to PAHs causes acute symptoms such as eye irritation,
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vomiting, and nausea. High concentration of PAHs can
also cause kidney and liver damage, skin inflammation,
suppress immune reactions, an embryotoxic effect during
pregnancy and also show genotoxic, carcinogenic, muta-
genic and teratogenic effect (Rostami and Juhasz 2011;
Rengarajan et al. 2015). Thus, it is necessary to remediate
the PAH compound from the environment. The United
States Environmental Protection Agency (USEPA) has
been listed 16 PAHs as priority pollutants, including
phenanthrene and pyrene (Jin et al. 2007; Puglisi et al.
2007; Wu et al. 2016). Phenanthrene and pyrene are con-
sidered as model compounds for the PAH degradation
study because they were found most abundantly in the
PAH-polluted environment (Bezalel et al. 1996; Makkar
and Rockne 2003; Mrozik and Piotrowska-Seget 2010).
Bioremediation is an efficient technique which utilizes
the metabolic potential of microorganisms to degrade and
transform of PAHs compound to non-toxic compound
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with less input of chemicals, energy and time (Haritash
and Kaushik 2009; Adenipekun et al. 2012). Bioremedia-
tion technique removes the toxic compound permanently.
It is a less-expensive technique can be used in the site
directly (Boopathy 2000). Many bacterial species were
able to degrade PAHs (Aitken et al. 1998; Singh 2006) but
now researchers concentrate on the degradation of PAHs
from the terrestrial and aquatic environment by fungi,
because fungi remove PAHs by their cometabolic path-
way. Fungi do not use PAHs as a source of their carbon
and energy (Wunder et al. 1994; Pothuluri et al. 1995;
Casillas et al. 1996). Fungi play robust roles in ecosystem
functioning by regulating the flow of nutrients and energy
over their mycelia networks; they act like natural ecosys-
tem engineers (Lawton and Jones 1995; Tisma et al. 2010).
White rot fungi perform a significant role in the process
of mycoremediation (Dominguez et al. 2005; Casas et al.
2009; Wong 2009). White rot fungi produced nonspecific
extracellular ligninolytic enzymes: laccase, lignin peroxi-
dase (LiP) and manganese peroxidase (MnP) (Kitamura
et al. 2005). These ligninolytic enzymes play an important
role in the transformation and mineralization of various
organic pollutants (Pointing 2001; Lee et al. 2004; Casas
et al. 2009; Wang et al. 2009). The common white rot fungi
used for the degradation of aromatic ring or pretreatment
of lignin through ligninolytic enzymes are Phanerochaete
chrysosporium, Pleurotus ostreatus, Trametes versicolor,
Armillaria sp., and Bjerkandera adusta (Rigas et al. 2009;
Balesteros et al. 2014; Kumar and Sharma 2017).

The objective of this study is to isolate polycyclic aro-
matic hydrocarbon-degrading white rot fungi G. luci-
dum from Chhattisgarh, India, identified by 185 rRNA
sequencing and used for the analysis of phenanthrene
and pyrene degradation on the basis of their ligninolytic
activity. Degradation of phenanthrene and pyrene was
estimated by HPLC and the ligninolytic enzyme produc-
tion was quantified in phenanthrene- and pyrene-con-
taining media.

Methods

Chemicals

Phenanthrene, pyrene, guaiacol, azure B, and 2,6-dimeth-
oxy phenol (2,6-DMP) were purchased from Himedia,
India. All other chemicals and solvents (ethyl acetate,
acetonitrile) used were of analytical grade purchased
from Himedia, India.

Microorganism and culture condition

A white rot fungi strain CCG1, found on the decayed
wood surface, was collected from the Janjgir Champa
district of (Latitude 21°58'13.9908”, Longitude
82°28/30.9936” and Elevation 258.7 m) Chhattisgarh,
India, fungi were isolated from the fruiting body by the
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spore-drop method according to Choi et al. (1999). A
piece of cap tissue was cut from the fruiting body and
transferred in the top of a Petri dish containing sab-
ouraud dextrose agar (SDA) media composition (g/L):
dextrose (40), peptone (10), agar (15) and streptomycin
(500 mg/L) antibiotic to inhibit the bacterial growth).
After the pure culture was obtained, culture was main-
tained in SDA media and stored at 4 °C.

Ligninolytic enzyme production
To investigate the enzyme production, 8 mm of fungal
mycelium disc was transferred in the 20 mL of mineral
salt broth (composition g/L: glucose—10, KH,PO,—2,
MgSO,-7H,0—0.5, CaCl,-2H,0—0.1, ammonium tar-
trate—0.2 and trace element solution—10 (mL) with
20 mg/L phenanthrene and 20 mg/L pyrene separately
(0.2 pm membrane filter sterilized). A trace element
solution comprised of (in mg/L) FeSO,-7H,O (12),
MnSO,-7H,O (3), ZnSO,-7H,0 (3), CoSO,7H,0O (1),
(NH4)¢Mo,0,,-4H,0 (1) (Hadibarata and Kristanti
2012). Then, incubate the culture at 27 °C in a rotatory
shaker incubator for 2, 5, 10, 15, 20, 25 and 30 days. The
ligninolytic enzyme activity was investigated in the pres-
ence of phenanthrene and pyrene separately. Control
experiment (containing 20 mL of mineral salt broth with
20 mg/L phenanthrene and pyrene separately), was done
at the same time when sample experiment was done. All
the experiments were performed in triplicates.

The production of ligninolytic enzyme was investigated
as the following procedure:

Laccase assay

To investigate the laccase enzyme production, take 3 mL
of reaction mixture containing 0.5 mL of the enzyme
extract, 1.5 mL of sodium acetate buffer (10 mM, pH 5.0)
and 1 mL of guaiacol (2 mM), then incubated for 2 h and
absorbance read at 450 nm. The laccase enzyme activ-
ity has been expressed in international units per liter of
enzyme extract (U/L) (Sandhu and Arora 1985).

Lignin peroxidase assay

For the lignin peroxidase enzyme production, take
0.5 mL of the culture filtrate, 1 mL of 125 mM sodium
tartrate buffer (pH 3.0), 0.5 mL of 0.16 mM azure B, then
add 0.5 mL of 2 mM hydrogen peroxide, after addition
of hydrogen peroxide, reaction was initiated. One unit
of enzyme activity was expressed as an O.D. decrease at
651 nm of 0.1 units per minute per liter of the culture fil-
trate (Archibald 1992).

Manganese peroxidase assay
According to de Jong et al. (1992) manganese peroxi-
dase activity was accessed by the oxidation of 2,6-DMP
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at 468 nm. Take total 3 mL of reaction mixture contain-
ing 0.5 mL of culture filtrate, 1 mL of sodium tartrate
buffer (50 mM, pH 4.0) and 1 mL of 2 mM 2,6-DMP. The
reaction was started by the addition of 0.5 mL of 0.4 mM
hydrogen peroxide.

Degradation of PAHs (phenanthrene and pyrene)

To investigate the phenanthrene and pyrene degrada-
tion mineral salt broth containing 20 mg/L phenanthrene
and pyrene were taken separately. Then, 8 mm diameter,
one culture mycelium disc was transferred in the broth
media, control set containing mineral salt broth with
phenanthrene and pyrene separately. Incubate the culture
at 27 °C in a rotatory shaker incubator for 2, 5, 10, 15, 20,
30 days.

Extraction of degraded PAHs and analyzed by HPLC

After the incubation period degraded phenanthrene and
pyrene were extracted from the medium and mycelium
using ethyl acetate, equal volumes of ethyl acetate were
mixed with incubated mineral broth and kept 160 rpm
in a rotatory shaker for overnight, centrifuge for 10 min
in 12,000g, fungal body was separated from liquid media
by filtration. Separated filtrate mycelium was dried in
oven at 50 °C; dry weight of mycelium was analyzed.
The remaining liquid medium was shaken vigorously for
10 min and then ethyl acetate was separated by separator
funnel. Extraction procedure was repeated three times
with ethyl acetate (Bezalel et al. 1996). The extracted
ethyl acetate was dried and evaporated with the help of
sodium sulfate using vacuum evaporator. The residue
obtained was redissolved in acetonitrile for further HPLC
analysis. Biodegradation efficiency (%) was calculated by
as following formula given by Bishnoi et al. (2008).

(Co—Ce)
— X
0

Biodegradation efficiency (%) = 100
where C; initial concentration of PAHs (mg/L), Ce equi-
librium concentration of PAHs (mg/L).

HPLC analysis

The PAH degradation efficiency was assessed by HPLC
(UFLC, Shimadzu prominence) using Luna5u, C,g, 100 A
column (250 x 4.6 nm), pump (LC—20AT), detector
(PDA) was set at 254 nm. A mixture of acetonitrile and
water (70:30) used as mobile phase with 1.0 mL/min
flow rate for 20 min in case of phenanthrene analysis
and 30 min for pyrene analysis. Concentration of phen-
anthrene and pyrene was calculated by the comparison
of peak area of sample chromatogram and peak area of
standard chromatogram (Bishnoi et al. 2005).

ApaAH

Concentration of PAHs in sample (mg/ L) = x CsTp
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where Ap, Peak area of chromatogram of sample, Agrpy
Peak area of standard PAHs compound, Cgrp, Concentra-
tion of standard PAH compounds (mg/L).

Morphological and molecular characterization
Morphological observation of strain CCGl was per-
formed and molecular identification was conducted
through 18S rRNA. 18S rRNA sequencing was carried out
by the service provider Chromous Biotech Pvt. Ltd., Ban-
galore, India. They amplified the extracted DNA genome
of the fungal strain CCG1 through polymerase chain
reaction (PCR). The process of PCR amplification con-
tains DNA template, primer (FP: GTAGTCATAKGCT-
NGTCTS, RP: GARACCTDGTTAVGACTY), tag DNA
polymerase enzyme, dNTPs, buffer. PCR amplification
was performed with following reactions: Started with 1st
cycle at 94 °C for 5 min, 35 cycles at 940 °C for 30 s, 55 °C
for 30 s, 72 °C for 2 min and ended with 1 cycle at 72 °C
for 7 min. After that, sequencing reaction was performed
using ABI 3500XL Genetic Analyzer sequencing machine.
Later, closely related sequence was obtained from the
National Center for Biotechnology Information (NCBI)
database. Multiple alignments of all sequences were per-
formed using CLUSTAL W. The neighbor-joining tree
was constructed by Mega 7.0 software programs using
bootstrapping at 1000 bootstraps (Tamura et al. 2007).

Data analysis

One-way ANOVA (analysis of variance) test was per-
formed to analysis of the difference in ligninolytic
enzyme production in the presence of phenanthrene and
pyrene in mineral salt broth as compared to control; by
applying Dunnett’s multiple comparison test with the
help of statistical program Graph Pad Prism 7.

Results and discussion

Isolation and identification of collected fungal strain
Fungal strain CCG1 was collected from the hardwood
stump of Janjgir Champa district of Chhattisgarh, India
during the rainy season. A collected CCG1 fungus was
isolated from their fruiting body. Further strain CCG1
was used for the PAHs degradation investigation on the
basis of their ligninolytic enzyme activity (Agrawal et al.
2017).

Morphological and molecular characterization

The fruiting body (Fig. 1a) of fungal stain CCG1 was
annual, umbrella shaped with a semicircular reniform
pileus (8-10 cm wide and 1-2 cm thick). Epicutis dull
yellowish brown colour, lustrous, gills on the underside
of pileus are white with tubules containing numerous
pores. Stipe lateral 5-7 cm long, 1-2 cm diameter, red-
dish brown, lustrous.
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On the basis of morphological and molecular charac-
terization through 18S rRNA gene sequencing fungal
strain CCG1 was identified as G. lucidum (Accession
no. KY464926). A phylogenetic tree was created with
the gene sequence of strain CCG1 and with their simi-
lar sequences of reference strain which are obtained
from NCBI database. On the basis of phylogenetic
tree (Fig. 1b) strain, CCG1 (Accession no. KY464926)
was more similar with G. lucidum strain GI-16 (Acces-
sion no. FJ379279.1) and another 99% similar strains
are Ganoderma australe strain Wu 9302-56 (Acces-
sion no. AY336763.1), Amauroderma sp. MUCL40278
(Accession no. AF255199.1), Lentinus sp. WR2 (Acc-
cession No. GQ899200.1), Lentinus tigrinus (Accession
no. AY946269.1), Hexagonia hirta strain Wu 9906-35
(Accession no. AY336759.1), Ganoderma tsugae isolate
AFTOL-ID 771 (Accession no. AY705969.1), Ganoderma
boninense (Accession no. AF255198.1), Coriolopsis
byrsina strain CRM-46 (Accession no. AY336773.1),
Earliella scabrosa strain Wu 9704-83 (Accession no.
AY336766.1), Hexagonia hirta strain CBS 515.96 (Acces-
sion no. AY336760.1), Hexagonia pobeguinii strain CBS
510.96 (Accession no. AY336758.1), Ganoderma australe
(Accession no. AF026629.1), Diplomitoporus crustulinus
strain FP 101824 (Accession no. AY336770.1), Diplo-
mitoporus lindbladii strain HHB 5629 (Accession no.
AY336768.1), Microporus xanthopus strain Wu 9705-42
(Accession no. AY336756.1), Lignosus rhinocerus strain
CH2 (Accession no. FJ899144.1), and Coriolopsis poly-
zona strain OH-184-SP (Accession no. AY336771.1).
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Ligninolytic enzyme production

Ligninolytic enzyme production was investigated in the
fungal strain CCG1 after 2, 5, 10, 15, 20, 25 and 30 days of
incubation in mineral salt broth with PAHs compound.
The production of ligninolytic enzyme in fungal strain
CCG1 increased with the incubation period and maxi-
mum laccase, LiP and MnP activity 10,788.00, 3283.00
and 47,444.00 U/L were found in 15, 15 and 10 days of
incubation period, respectively, in the phenanthrene
media (Table 1). In the presence of pyrene, 10,166.00,
3613.00 and 50,977.00 U/L laccase, LiP and MnP activ-
ity was investigated after 30, 25 and 15 days, respectively
(Table 1). Strain CCG1 produced a significant amount of
ligninolytic enzyme in the phenanthrene- and pyrene-
containing mineral salt broth as compared to without
phenanthrene and pyrene up to p<0.0001 significant
level. Ting et al. (2011) also reported that the produc-
tion of laccase by G. lucidum was enhanced, when the
PAH is present in the media. The production of ligni-
nolytic enzymes activated during secondary metabolic
stage and increased in the carbon-, sulfur- and nitrogen-
limiting condition in media (Heinzkill et al. 1998). Zhuo
et al. (2011) also found that during the dye decolouriza-
tion process, laccase activity increased by Ganoderma
sp. En3. Ting et al. (2011) found that G. lucidum BCRC
36021 showed maximum 670.00 U/L laccase activity in
the presence of 20 mg/L PAHs (phenanthrene and pyr-
ene), but G. lucidum strain CCG1 produced maximum
10,788.00 U/L laccase, because due to the laccase gene-
encoding promoter regions contain various xenobiotic
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and heavy metal-specific recognition site (Sannia et al.
2001; Faraco et al. 2002). The production of high amount
of enzyme also depends on the cultivation media condi-
tion (Heinzkill et al. 1998).

Degradation of phenanthrene

The phenanthrene degradation efficiency was accessed
by the HPLC chromatogram. In the control experiment,
one single peak of phenanthrene was eluted at the reten-
tion time 12.322 (Fig. 2a). The peak area of phenan-
threne was decreased continuously with the incubation
period increase in the sample and other small molecule
compound peaks were eluted (Fig. 2b). After 30 days of
incubation, maximum 99.65% phenanthrene degradation
(Fig. 2c) was investigated on 6 pH at 27 °C. As the deg-
radation of phenanthrene increases, the concentration of
biomass and protein of G. lucidum increases, maximum
biomass 255.00 mg and protein 129.00 mg/L were found
in the phenanthrene media, respectively, (Fig. 2c). Previ-
ously, degradation of phenanthrene was investigated by
Phanerochaete chrysosporium (Sutherland et al. 1991),
Pleurotus ostreatus (Bezalel et al. 1996), Trametes versi-
color (Sack et al. 1997), Kuehneromyces mutabilis (Sack
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et al. 1997), Trametes versicolor 951022 (Han et al. 2004),
Polyporus sp. S133 (Hadibarata and Tachibana 2010), G.
lucidum BCRC 36021 (Ting et al. 2011), Pleurotus ostrea-
tus sp. ATCC38540 (Tirado-Torres et al. 2016), Pleurotus
eryngii (Wu et al. 2016). Ting et al. (2011) observed that
G. lucidum BCRC 36021 degraded 98.70% of phenan-
threne in basal medium at 30 °C but in this study, phen-
anthrene degradation was investigated in mineral salt
broth, in our knowledge, no one study has been found
on the degradation of phenanthrene by G. lucidum strain
CCG1 in mineral salt broth.

According to Bezalel et al. (1996), phenanthrene
contains K-region and bay region in their structure.
Phenanthrene was oxidized in K-region and formed
9,10-dihydroxy phenanthrene. Then, further the action of
oxidation and ortho-ring cleavage reaction 2,2-diphenic
acid was formed, and then it converted into phthalic acid
and finally carbon dioxide (Bezalel et al. 1996, 1997; Had-
ibarata and Tachibana 2010). Hammel et al. (1992, 1995a)
reported that the 2,2-diphenic acid produced by the
action of MnP and LiP enzyme in Phanerochaete chrys-
osporium. Then, formed phthalic acid enters into basal
metabolism pathway suggested by Pozdnyakova et al.
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(2010). According to Cerniglia et al. (1992) and Hammel
(1995b) the characteristic feature of ligninolytic fungi is
open and mineralize aromatic ring structure compounds.

Degradation of pyrene

The degradation efficiency of pyrene by strain CCG1 was
investigated by the HPLC chromatogram. In the control
experiment, one single peak of pyrene was eluted at the
retention time 15.835 (Fig. 3a). It was found that as the
peak area of pyrene decreases with the incubation period
increase in the sample and other small peaks were eluted
(Fig. 3b). After 30 days of incubation, maximum 99.58%
degradation of pyrene was investigated (Fig. 3c) was
investigated on 6 pH at 27 °C. Previously, degradation of
pyrene was investigated by Crinipellis stipitaria JK364
(Lange et al. 1994), Trametes versicolor (Sack et al. 1997),
Kuehneromyces mutabilis (Sack et al. 1997), Irpex lacteus
(Song 1999), Trametes versicolor KR11W (Song 1999),
Phanerochaete chrysosporium (Song 1999), Pleurotus
ostreatus (Song 1999), Pleurotus ostreatus HP-1 (Hardik
et al. 2010), G. lucidum BCRC 36021 (Ting et al. 2011),
Pseudotrametes gibbosa (Wen et al. 2011), Armillaria sp.
F022 (Hadibarata and Kristanti 2013), Pleurotus eryngii
F032 (Teh and Hadibarata 2014), Rhizoctonia zeae SOL3
(Khudhair et al. 2015), Pycnoporus sanguineus H1 (Zhang

Page 7 of 9

et al. 2015), Trametes polyzona RYNF13 (Teerapatsakul
et al. 2016), Coriolopsis byrsina strain APC5 (Agrawal
and Shahi 2017). G. lucidum BCRC 36021 degraded
88.80% of pyrene in basal medium at 30 °C (Ting et al.
2011), but in this research phenanthrene degradation was
investigated in mineral salt broth, in our knowledge, no
one study has been found of the degradation of pyrene by
G. lucidum strain CCG1 in mineral salt broth.

As the pyrene degradation increases, the biomass and
protein concentration of G. lucidum increases, maximum
257.00 mg biomass and 140.00 mg/L protein concentra-
tion were found in the pyrene-containing media (Fig. 3c).

Pyrene was oxidized at the 4,5 bond (K-region) and
formed 4,5 dihydroxy pyrene in the ligninolytic condi-
tion, it may be converted from pyrene trans 4,5-dihydro-
diol (Sack et al. 1997; Agrawal and Shahi 2017). Further,
due to the oxidation process 4,5 dihydroxy pyrene con-
verted into phenanthrene, phthalic acid and benzoic
acid by the action laccase, LiP and MnP enzyme (Had-
ibarata and Kristanti 2013; Khudhair et al. 2015; Agrawal
and Shahi 2017). According to Pozdnyakova et al. (2010)
phthalic acid can be involved in basal metabolism. Bogan
and Lamar (1996) and Field et al. (1992) also reported
that laccase-producing fungi are capable to mineralize
PAHs to CO, and H,O.
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Conclusions

PAHs are recalcitrant organic pollutants in the environ-
ment; their occurrence in the environment caused an
adverse effect on the human and other animals. In this
study, ligninolytic enzyme producing white rot fungi
G. lucidum was used for the degradation of PAHs com-
pound (phenanthrene and pyrene). G. lucidum degrade
99.65, 99.58% of phenanthrene and pyrene, respectively,
in mineral salt broth. G. lucidum produced a significant
amount of ligninolytic enzyme (p<0.0001) in the pres-
ence of phenanthrene and pyrene containing media. Fur-
ther, after successful pot and field trial G. lucidum strain
CCGL1 can be used as potent PAH degrader from the
environment.
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