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ARTICLE INFO ABSTRACT

Edited by Paul Sibley Fluorene, a low molecular weight polycyclic aromatic hydrocarbon (PAH), is of immense environmental interest
because of its carcinogenicity, teratogenicity, mutagenicity, toxicity and persistence to microbial degradation.
Existentially, there is paucity of information on PAH degradation by fungi isolated from marine environment.
Therefore, this study investigated fluorene degradation efficiency of marine derived filamentous fungus, Mucor
irregularis strain bpol (GenBank Accession Number: MK373020). Response Surface Methodology (RSM) using
Box-Behnken Design (BBD) was successfully deployed in the optimization of process parameters (pH-7, tem-
perature-32.5 °C, substrate concentration-100 mg L™! and dry weight-2 g) resulting in 81.50% fluorene degra-
dation on 5th day. The design and regression model were found to be statistically significant, adequate and
appropriate with p < 0.0001, F value = 202.39, and predicted coefficient of determination (R?> = 0.9991).
Optimization of the vital constituents of the mineral salt medium (MSM) used for the study using RSM-Central
Composite Design (CCD) resulted in 79.80% fluorene degradation rate. Enhanced fluorene degradation efficiency
(82.50%) was recorded when the optimized process variables were subjected to growth-linked validation ex-
periments. The enzyme activities revealed 87%, 59% and 31% induction of laccase, manganese peroxidase and
lignin peroxidase respectively. Four metabolites; 9H-fluoren-9-one, benzene-1,2-dicarboxylic acid, 2-hydroxy-
benzoic acid and phenol obtained after the experiment were characterized and confirmed with GC-MS anal-
ysis. The findings revealed the promising potentials of M. irregularis in PAH degradation and by extension green
remediation technology.
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makes them more stable, persistent, and arduous to break down during
biodegradation (Patnaik, 2007). PAHs exhibit high tendency in accept-

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large group of
organic chemicals composed of condensed aromatic rings (> 2) in
linear, angular or clustered arrangements of cross-linked hydrogen and
carbon atoms. Typically, PAHs are highly hydrophobic, less volatile and
non-polar which makes them characteristically bioaccumulative in the
environment (Johnsen et al., 2005). PAHs with four or more condensed
aromatic rings are tagged as high molecular weight PAHs while the ones
with four aromatic rings or less are referred to as low molecular weight
(Haritash and Kaushik, 2009). Low molecular weight PAHs are water
soluble with low melting and boiling points while high molecular weight
PAHs less soluble in water with high melting and boiling points which
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ing electrons and adherence to soil particles due poor water solubility
(Tang and Krieger-Brockett, 2007). The constant surge in environmental
pollution by PAHs is attributed to natural disasters like wild fires, vol-
canic eruptions and anthropogenic factors such as excessive use of fossil
fuels as raw material by the industries (coal, petroleum, oil and gas). The
enormity of PAHs in the environment raises grave environmental and
health concerns due to their teratogenic, carcinogenic, toxigenic, and
mutagenic effects. Their fate in the environment is dependent on vola-
tilization, photo-oxidation, chemical oxidation, adsorption on soil par-
ticles, leaching and microbial degradation. Physical and chemical
methods have been found to be expensive, energy-demanding and
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ineffective (Isaac et al., 2017). PAHs detoxification efficiency by fungi is
a promising bioremediation alternative because it requires less energy,
chemicals, and time (Czaplicki et al., 2018). However, the potency of
fungi in the removal of PAHs in the environment is largely dependent on
the strain and characteristics of organic pollutants (Al-Hawash et al.,
2018). Several authors have reported biodegradation of vast majority of
PAHs by fungi; phenanthrene by Trametes hirsuta (Hidayat and Yanto,
2018), anthracene by Leucoagaricus gongylophorus (lke et al., 2019),
benzo [a] pyrene by Trichoderma asperellum (Zafra et al., 2015), and
pyrene by Peniophora incarnata (Lee et al., 2014).

The ability to secrete non-specific, non-selective extracellular en-
zymes confers on fungi the efficiency to breakdown diverse number of
PAHs. To date, existential reports on PAH mineralization by non-white
rot fungi are few and incomprehensive even though they are well
adapted to high pollution impacted environments (Romero et al., 2010).
Since Ahearn and Meyers (1972) reported PAH degradation efficiency
by marine derived fungi, their application by other researchers has been
poorly explored and investigated. Marine-derived fungi possesses saline
tolerance features which makes them a good candidate for the biore-
mediation of polluted saline (Raghukumar et al., 2008) and an impor-
tant precursor in their eco-friendly application in the remediation of
PAH impacted environments (Haritash and Kaushik, 2009). The appli-
cation of marine-derived fungi for the bioremediation of pollution
impacted saline compartments is engineered by their tolerance to high
saline conditions. These important features gave marine-derived fungi
the edge in the remediation of PAH impacted saline environments (such
as oceans and brackish sediments) (Birolli et al., 2018; Vieira et al.,
2018). The National Waste Minimization Program which is saddled with
the responsibility of reducing the usage and production of 31 priority
chemicals enlisted fluorene to be teratogenic, carcinogenic, persistent
and toxigenic in nature (EPA, 2016). Researchers are of the opinion that
there is no safe level on the exposure of humans to fluorene which has
over the years been tagged as a probable carcinogen. Fluorene has been
implicated as a major cause of dysfunctional human reproductive sys-
tem, lung, skin and liver cancer in animals.

Since there are few negligible reports of degradation of PAHs by
marine fungi and the marine ecosystem is worst hit by PAH contami-
nation, this present paper seeks to (1) investigate fluorene-degradation
capacity of a filamentous isolated from marine soil (2) characterize
the fungus using molecular sequence analysis (3) optimize physico-
chemical parameters and culture constituents using Response surface
methodology-Box-Behnken Design (BBD) and Complete Composite
Design (CCD) respectively for enhanced fluorene degradation (4) carry
out extracellular enzyme activities to determine the influence of en-
zymes during degradation (5) characterize the metabolites using Gas-
Chromatography Mass Spectrometry (GC-MS) analysis. To the best of
our knowledge this is the first report on fluorene-degrading fungus
isolated from marine soil. This study revealed the PAH biodegradation
prowess of the new fungal strain.

2. Materials and methods
2.1. Chemicals

Fluorene (99.7%), potato dextrose agar, malt extract agar and HPLC
grade methanol were procured from Sigma-Aldrich, UK. Dichloro-
methane, ethyl acetate, N’,N’-dimethylformamide (DMF), dime-
thylsulfoxide, acetone and other chemicals of high analytical grade and
purity used were purchased from Merck (Darmstadt, Germany).

2.2. Sampling, microorganism and culture media

Mucor irregularis strain bpo1 was isolated from the soil collected from
the shorelines of Atlantic Ocean, Lagos State, Nigeria (7°60'41"'N;
4°09'19"E) using mineral salt medium (MSM) with addition of fluorene
to a final concentration of 50 mg L. The mixture was kept in a 250 mL
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Erlenmeyer flask at 29 °C for 7 days. The MSM was composed of 6.0 g
L™! KH,PO4, 1.0 g L7 NayS04, 0.2 g L~ MgS0,-7H,0, 0.05 g L™! yeast
extract and 0.3 g L™! glucose. The mycelia biomass obtained was later
centrifuged at x10,000g for 15 min. The fungus was thereafter main-
tained simultaneously in agar plates containing potato dextrose agar and
nutrient broth composed of 20 g L™! glucose, 2 g L™! KHyPO4, 0.5 g L™
MgS04-7H20, 0.1 g L~! caCly, 0.2 g L! yeast extract and 1000 mL of
sterile distilled water and kept at a pH of 7 and at a temperature of 4 °C
for further experimental use.

2.3. Molecular identification of fluorene degrading filamentous fungus
strain

Total genomic DNA of M. irregularis strain bpol was extracted using
cetyl-trimethylammonium bromide (CTAB) method as suggested by
Griffith et al. (2009). The ITS 4 gene fragment was amplified by PCR
using the forward primer ITS1F (5 TCCGTAGGTGAACCTGCGG-3') and
reverse primer ITS4R (5-TCCTCCGCTTATTGATATGC-3'). The poly-
merase chain reaction (PCR) conditions were as follows: initial dena-
turation at 94 °C for 5 min, 35 cycles at 94 °C for 30 s, at 55 °C for 35 s,
and at 72 °C for 1 min, followed by a final extension at 72 °C for 8 min.
Purified PCR products were sequenced at International Institute of
Tropical Agriculture (IITA), Nigeria. Basic Local Alignment Search Tool
(BLAST) query was used in confirming the identity of the nucleotides
sequences on the National Centre for Biotechnology Information (NCBI)
portal. The fungus strain molecular data were thereafter deposited on
the portal for reference purpose. Sequence alignment was carried out in
comparison with twenty-one (21) other similar and homologous se-
quences retrieved from NCBI portal using ClustalW facility on MEGA X
Software (Kumar et al., 2018). Phylogenetic typing analyses were con-
ducted using the neighbor-joining tree method (Tamura et al., 2004).
Statistical support for the branching nodes was estimated using boot-
strap values based on 500 replicates. The neighbor-joining tree repre-
sents the nucleotide sequences of the ITS gene and shows the
relationships between M. irregularis (MK373020) strain bpol and 24
closely-related homologous taxa with accession numbers. The percent-
ages at the nodes indicate the levels of bootstrap support based on the
neighbor-joining analyses of the 500 resampling datasets.

2.4. Optimization of physicochemical parameters during fluorene
degradation

Stock solution (100 mg L) of fluorene was prepared by dissolving
0.005 g of fluorene in 50 mL ethyl acetate. The procedure was repeated
for the preparation of other fluorene concentrations (200, 300, 400 and
500 mg L™1). The degradation experiments were carried out in 500 mL-
Erlenmeyer flasks containing 100 mL mineral salt medium (MSM). The
media was supplemented with different concentrations (100-500 mg
L 1) of fluorene, mycelia dry weight (0.2-2.0 g). In addition, the incu-
bation temperature was varied between (25-40 °C) while the pH of the
medium was varied between 5 and 9 with the addition of HCl and NaOH
to the mixture. Abiotic control was made of mixture with no fungus
mycelia. The experimental set up were done in triplicates and kept for 5
days. Cultures were later filtered with Whatman filter paper to remove
the solid and extract the fluorene in the mixture. The resultant fluorene
present in the mixture after the experiment was extracted with ethyl
acetate in ratio 30:70. The filtrate was thereafter dried overnight with
NaySO4. The absorbance of the filtrates (experimental and control)
containing suspended solids were taken with HPLC machine (Shimadzu,
Japan) at wavelength (Aax = 263 nm) (Bressler et al., 2000). Response
surface methodology is a statistical sequential modeling technique used
in establishing interactions between different variables with the aim of
arriving at a given response. Typically, RSM is a full factorial mathe-
matical enquiry which involves simultaneous and efficient variation of
vital experimental conditions or parameters. A classical model is formed
to test the interactive effect of the parameters with the aim of
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determining the best conditions for optimal desired response (Das and
Mishra, 2017). Prior to the study, a screening experiment was performed
to determine the range of values of all the variable tested. In this study,
Box-Behnken design (BBD) which is a class of rotatable three factorial
second order design was deployed to determine the effect of important
culture conditions; pH-5-9, temperature-25-40 °C, fluorene concen-
tration-100-500 mg L~} (substrate), dry weight-0.2-2 g on the degra-
dation efficiency of fluorene by M. irregularis. BBD is also deployed to
study the interactions between the physicochemical variables.

Regression equation was derived from second order polynomials
with experimental number of runs:

N=K’+K+Cp (¢

Where K (factor number) = 4 and Cp (number of replications at the
center point = 5) in the present study. The design model deployed was
full quadratic which resulted in 25 experimental runs and analyzed
using Design-expert software v. 12.0.1.0, Stat-Ease, Inc., Minneapolis,
USA (Sutar et al., 2019). The experimental runs comprise of 22 trials and
3-center points with each run performed in triplicates and data were
presented as mean + standard error of means. The relationship between
the coded and actual values is described as follows:

_ Xu — XO
o AX

(2)

¢

Where X, and X, are the coded and actual values of the independent
variables respectively. Xy is the actual value of the independent variable
at the center point, and AXyis the step change of X,. A second-degree
polynomial was fitted to the experimental data to estimate the
response of the dependent variable and predict the optimal point. The
RSM-BBD experimental data on fluorene degradation was subjected to
the analysis of variance (ANOVA) and fitted in second order polynomial
(Eq. (3)). With full consideration of all terms, the quadratic response
model is best represented as:

Y =by+bA+byB+b3C+byD~+bsAB+b13BC+byAC+bsuAD+bysBC
+b34BD~+b15CD~+b11A® 4+ by, B* + b33 C* 4+ byy D* 3)

Where Y is predicted response, A, B, C and D are independent variables,
by is offset term, by, by, b3, and by are linear effects and by 1, bas, b33, and
bs4 are squared terms and byo, b13, bas, bs4, bas, b34 and b4 interaction
terms.

2.5. Optimization of fluorene degradation with variation in media
components by RSM using CCD

Similarly, Central Composite Design (CCD) with five coded levels
was used in determining the effect of vital medium components such as
KH3PO4, NayS04-7H20, MgS04-2H50, yeast extract and glucose for
optimal fluorene degradation. The five media components were studied
at three alpha (a) levels (— 1, 0 and 1) with a set of 50 experiments. The
five media components (A, B, C, D and E) were flagged as independent
variables while percentage fluorene degradation represents the depen-
dent response variable (Y) after a successful screening experiment
(Ghevariya et al., 2011). Furthermore, the Central Composite Design
(CCD) matrix was made of 4 axial points with 3 replicates and 3 center
points (coded and actual values are given in Table 2) in order to enhance
fluorene degradation. Percentage fluorene degradation (response Y) was
explained as a second order response surface model Eq. (4) in five in-
dependent variables.

Y=p,+ZBXi+ zﬁiixzi + z/)’iniXJ 4

where S, B;, B, B; represent respectively, the constant process effect
between X; and X on fluorene degradation process.

The combined effect of the above five parameters on fluorene
degradation ranges as KHpPO4: 5-8 gL’l, NayS04-7H0: 1-3 gL’l,
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MgS04-2H,0: 0.2-0.6 g L1, yeast extract: 0.05-0.15 g L™ and glucose:
0.1-0.3 g L™! was evaluated.

2.5.1. Experimental validation of fluorene degradation using RSM model
data

Fluorene degradation was experimentally validated with all opti-
mized variables as obtained by RSM based on the data from the above
sections. Simultaneously, fluorene degradation rate and growth of
M. irregularis mycelia cells were taken at absorbance (wavelength -
Amax = 560 nm). The results were juxtaposed with the confirmatory
experiments done through enzyme induction, GC-MS and HPLC analyses
(Xu and Lu, 2010).

2.6. Metabolites identification

2.6.1. GC-MS analysis

The identification of the metabolites after fluorene degradation by
M. irregularis was achieved using GC-MS technique. The fungus was
inoculated and incubated in minimal salt medium (100 mL) in Erlen-
meyer flask for 12 days with the addition of fluorene (200 mg L_l) at
28 °C and 120 rpm. The biotic controls which contain no fungus was
however made of equal volume of fluorene and kept under same culture
conditions. The experimental assays were made in triplicates. Ethyl
acetate was used as solvent in the adsorption of organic compounds and
breakdown of grown mycelia cell biomass collected from the culture
medium. Ethyl acetate (50 mL) was added to each flasks (experimental
and control) and centrifuged at 10,000xg for 10 min. The resultant
mixture was later filtered and transferred to a 250 mL separating funnel
and shaken vigorously for 3 min. The organic phases were pooled
together after two extractions and dried in vacuum using a rotary
evaporator in a water bath at 30 °C. The resultant products were further
dissolved in 2 mL of ethyl acetate where 1 mL was withdrawn and
injected into the GC-MS system. The injected samples were separated in
a GC system equipped with HP-5MS capillary column of dimension,
30m x 0.25 mm x 0.25 m at an operating temperature of 60-280 °C.
The temperature was elevated to 5 °C per minute and kept at 280 °C for
26 min, and from 280 °C to 310 °C, up 5 °C per minute and held at
310 °C for 5 min. The injector temperature was 250 °C (splitless injec-
tion) and the interface temperature was 300 °C. Samples were analyzed
in Full Scan mode in the 50-600 m/z range. Peaks were identified by
comparing the mass spectrum and the data available in the library
software NIST MS SEARCH version 2.0 and independently through
fragmentation pattern interpretation. Metabolites were identified by
one identification ion and at least one additional confirmation ion per
compound, as mass spectra described in literature. Control experiments
with no fluorene were equally analyzed.

2.6.2. High performance liquid chromatography (HPLC) analysis

The resultant residue obtained in the procedure above (2.7.1) was
dissolved in dichloromethane, diluted further in HPLC grade methanol
and filtered. Residual fluorene was analyzed on HPLC machine (Shi-
madzu, Japan) using an ultraviolet detector with the absorbance set at
255 nm, 1.0 mL min~* flow rate and with a mobile phase made meth-
anol and water in ratio 1.5:8.5. The retention times (min ') were
thereafter observed and recorded.

2.7. Enzyme induction by M. irregularis during fluorene degradation

Induction of ligninolytic enzymes was studied from the experimental
assays containing 100 mL of MSB, 200 mg L™} of fluorene, 7 mm disc of
the fungal mycelia (Hadibarata and Kristanti, 2012). The biological
control was set up alongside the experimental assay using the same
substrate concentration without fungal mycelia. Both experimental and
control assays were then incubated at 30 °C in a rotatory shaker incu-
bator for 4, 8,12, 16 and 20 days. All the experiments were performed in
triplicates. Laccase activity was evaluated from the 3 mL sample
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withdrawn from the mixture of enzyme extract (0.5 mL), sodium acetate
buffer (1.5 mL) and guaiacol (1 mL). After a 2 h incubation, the absor-
bance was taken when the wavelength (Apmax = 450 nm) sample. The
laccase enzyme activity has been expressed in international units per
liter of enzyme extract (U L™1) (Sandhu and Arora, 1985).

Lignin peroxidase induction was determined from the reaction be-
tween culture filtrate (0.5 mL), sodium tartrate (1 mL), azure B (0.5 mL)
and hydrogen peroxide (0.5 mL). Absorbance was read at 650 nm and
expressed as 1 unit per liter (U L1 of the culture filtrate (Archibald,
1992). The reaction time was 30 min. Manganese peroxidase induction
was evaluated from the sample (3 mL) taken in a mixture of culture
filtrate (0.5 mL), sodium tartrate buffer (1 mL) and 2,6 DMP (1 mL).
After 30 min, the activity was measured through the oxidation of 2,6
DMP with hydrogen peroxide (0.5 mL) at an absorbance wavelength of
470 nm and expressed as 1 unit per liter (U L.

2.8. Statistical analysis

Response surface methodology and statistical analyses was per-
formed by using Design Expert v.12.1.0.1 (Stat-Ease Inc., Minneapolis,
USA). The obtained experimental data were analyzed using analysis of
variance (ANOVA). All experiments were performed in triplicates and
data were presented as mean + standard error of means. The means
were separated at p < 0.05 level of significance. A two-way Analyses of
Variance (ANOVA) to determine normality and homogeneity of vari-
ances of the data enzymes induction and growth-linked validation
experiment were conducted using Shapiro-Wilk and Levene statistic
tests respectively with GraphPad Prism software version 8.4.2 (2020) at
level of significance (p < 0.05).

3. Results and discussion

3.1. Identification and molecular characterization of M. irregularis strain
bpol

The molecular characterization of fungus strain through the Internal
Transcribed Spacer (ITS) gene revealed its identity as M. irregularis. It
was thereafter assigned an Accession Number (MK373020) upon sub-
mission of the NCBI portal using the Banklt tool. A full Basic Local
Alignment Search Tool (BLAST) analysis of the fungus molecular
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88
93 99
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sequence data revealed 91-100% homologous identity with 21 other
sequences retrieved from the NCBI database. The evolutionary rela-
tionship with twenty-one (21) nucleotide sequences inferred through
neighbor-joining tree method revealed that M. irregularis strain bpol
belonged to the genus Mucor with close affinities to M. irregularis strain
LZ04 (MN533717), M. irregularis strain LZ02 (MN533715), M. irregularis
strain CMFCCCB (JX976255), M. irregularis strain CBS 700.71
(JN206154), M. irregularis strain URM7724 (MG269828), M. irregularis
strain 607F12C-AM (MG751192), M. irregularis strain CBS 977.68
(JX976259) and M. irregularis strain CBS 977.68 (JN206155). The
phylogenetic typing done through neighbor-joining method showed the
relationship of the fungus with other sequences (Fig. 1).

3.2. Physicochemical parameters optimization for enhanced fluorene
degradation using Box—Behnken method

Biodegradation of persistent organic pollutants is largely influenced
by the concentration of the substrate, inoculum size, pH and incubation
temperature. Hence, the present study was carried out to determine the
effect of four different physicochemical parameters on fluorene degra-
dation. Design expert v 12 was used in creating an experimental design
with each parameter and their corresponding responses (Table 1). The
second order polynomial coefficient (Y) for each response was deter-
mined through multiple linear regression. High degradation efficiency
was observed at run 8 followed by 19, 1, 2, 17 and 6 with percentage
degradation of 81.50%, 79.25%, 74.25%, 67.25%, 66.00% and 64.75%
respectively. Same degradation efficiency (64.75%) was recorded at
runs 6 and 16 which is as a result of similar experimental culture con-
ditions. However, lowest degradation efficiency was recorded at runs
22, 7, 21 and 13 with percentage degradation of 23.50%, 27.25%,
31.25% and 35.00% respectively. The removal efficiency at run 1 with
pH-5, temperature-32.5 °C, fluorene concentration-100 mg L™ and dry
weight-1.1 g was 74.25%. Likewise, high fluorene degradation effi-
ciency could be achieved at optimized culture conditions of pH-7,
temperature-32.5 °C, fluorene concentration-100 mg L’l, Dry weight-
2 g. The optimized culture conditions favorable for maximum fluorene
degradation obtained in this study were verified and validated at stan-
dard conditions.

Mucor sp. (MN968723)

Rhizomucor variabilis  (KY069199)

— Mucor irregularis strain CBS 977.68 (JN206155)
100——— Mucor irregularis strain URM7724 (MG269828)

Mucor irregularis strain E22F (KY425732)

Mucor irregularis strain 607F12C -AM (MG751192)
Mucor sp. (MN853752)

Rhizomucor variabilis  (JQ885450)

Mucor irregularis strain Bpf -19 (MH397495)
Mucor irregularis
91 | Mucor irregularis strain CBS 977.68 (JX976259)

100 “— Mucor irregularis strain CBS 700.71 (JN206154)
100 ——— Mucor irregularis strain CMFCCC B (JX976255)
L Mucor irregularis strain CBS 700.71(JX976247)
100 | Rhizomucor sp.JJP -2009a (FJ210508)
" Rhizomucor sp.JJP -2009a (FJ210515)
Mucor irregularis (MH102381)
Mucor irregularis (MK239972)

bpo1 (MK373020)

100 1001 Rhizomucor sp. strain SH -16 (MN521812)

[ a——
0.5

L— Mucor circinelloides strain SD -8 (KY807767)
100 Mucor irregularis strain LZ04 (MN533717)
100 "Mucor irregularis strain LZ02 (MN533715)

Fig. 1. Phylogenetic typing through neighbor-joining tree method of M. irregularis strain bpol. The tree was inferred from analysis of sequence data with a scale bar

of 0.50 indicating the genetic distance.
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Table 1
Box-Behnken design for the degradation of fluorene by M. irregularis.

Ecotoxicology and Environmental Safety 208 (2021) 111619

Run no. pH Temperature (°C) Substrate Dry weight (g) Degradation efficiency (%)
Coded Actual Coded Actual Coded Actual Coded Actual Experimental Predicted

1 1 5 0 32,5 -1 100 0 1.1 74.25 73.93
2 0 7 1 40 -1 100 0 1.1 67.25 68.70
3 -1 5 0 32,5 0 300 -1 0.2 41.50 40.22
4 0 7 1 40 0 300 -1 0.2 44.75 45.12
5 0 7 -1 25 -1 100 0 1.1 63.50 64.01
6 0 7 0 32,5 1 500 -1 0.2 64.75 63.93
7 -1 5 1 40 0 300 0 1.1 27.25 27.41
8 0 7 0 32,5 -1 100 -1 0.2 81.50 80.98
9 1 9 0 32.5 0 300 -1 0.2 49.25 48.77
10 -1 5 0 32.5 1 500 0 1.1 47.25 47.88
11 0 7 -1 40 0 300 1 2 42.50 41.99
12 1 9 0 32,5 1 500 0 1.1 55.00 55.09
13 1 9 1 40 0 300 0 1.1 35.00 34.92
14 0 7 -1 25 0 300 -1 0.2 41.00 39.07
15 0 7 -1 25 1 500 0 1.1 46.75 47.02
16 0 7 0 32.5 1 500 1 2 64.75 65.47
17 0 7 0 32,5 0 300 0 1.1 66.00 59.66
18 -1 5 0 325 0 300 1 2 39.25 39.33
19 0 7 0 32,5 -1 100 1 2 79.25 80.05
20 -1 5 0 32,5 -1 100 0 1.1 64.00 63.87
21 1 9 -1 25 0 300 0 1.1 31.25 30.90
22 -1 5 -1 25 0 300 0 1.1 23.50 23.57
23 0 7 -1 25 0 300 1 2 38.75 38.92
24 1 9 0 325 0 300 1 2 47.00 46.88
25 0 7 1 40 0 500 0

26 (Control) -

1.1 50.50

50.91

3.2.1. Model adequacy, fitting of second-order polynomial equation and
statistical analysis

The ANOVA (Table SM1) for the full quadratic, non-aliased model
showed that the design model is very significant and sufficient for the
experiment with F-value (202.39) and a corresponding p-value
(< 0.0001) (Table SM1). The findings further suggest that there is
0.0001% chance for a F-value this large could occur as a result of noise.
The p-value (x) must obey 0.05 < x < 0.1, hence the model would be
regarded as insignificant. The F-value further implied an insignificant
difference between the center and factorial points in the design matrix
which ensures goodness of fit and use of model. Moreover, the “lack of
fit” F-value for the model is 3.04 which signifies its insignificance
relative to pure error. The “lack of fit p-value” of this model indicates
that there is 95.60% chance of no-significant lack of fit which is good
enough for the model. In addition, results obtained in Table SM1 and
Fig. 2e revealed that the Cook’s distance has no outlier points (D) above
1 which suggests goodness of fit of the model. The coefficient of varia-
tion (C.V) which is the ratio of the mean to the standard error of means
of observed responses. In this study, the C.V is 1.40 which is far < 10%
indicates the reliability and reproducibility of the model. Low standard
deviation of 0.719 indicates a high level of accuracy and an excellent
consistency of the model for the experimental results (Table SM2). For a
good degree of fitness, the coefficient of determination (R?) which is the
ratio of observed variation and total variation, should be > 0.8. The R-
squared value obtained using this model was 0.9991 which showed high
degree of correlation between predicted and experimental fluorene
degradation efficiencies. Also, the marginal difference between pre-
dicted R% (0.9991) and adjusted R? (0.9980) is far less than 0.2 which
suggests model adequacy and that there was no problem encountered
during the experiment, data analysis and model design. The adjusted R?
further affirmed that the accuracy of the model predicted response could
be 99.80% and that the prediction of experimental data is quite satis-
factory. In this study, the adequate precision which is the ratio of signal
to noise was 106.106 (Table SM2). This signifies that the fluorene
degradation efficiency has adequate signal since the adequate precision
if far > 4. Therefore, provisionally quadratic model was chosen for
further analysis.

The equation in terms of coded factors

Fluorenedegradationefficiency(%) = 66.00 +4.08A + 1.88B + 8.40C
—0.9375D + 0.0002AB — 0.6250AC + 0.0001AD + 0.0003BC + 0.0001BD
+0.5625CD — 17.01A% — 19.82B% + 11.02C* — 4.54D*

(5)

Table SM3 represents the estimated coefficients of corresponding
parameter alongside variance inflation factor (VIF), confidence limits
and standard error. The VIF value for all process parameters is 1 which
connotes the magnitude of multi-collinearity in the regression analysis
(Mishra and Maiti, 2019). While other process parameters how positive
coefficients in the model, negative coefficients (— 8.40 and — 0.9375)
were obtained for factors C (substrate concentration) and D (dry weight)
respectively. The negative coefficient values of concentration and dry
weight is due to the large influence exerted by the parameters above
others during fluorene degradation by M. irregularis (Mishra and Maiti,
2019). The Eq. (5) represents coded factors which is typically used in
making response variable (Y) predictions for each process variables
having high and low levels as + 1 and — 1 respectively. A match to
model design value was observed in the Box-Cox plot for power trans-
formation (Fig. SM1c) where the minimum and maximum lambda
values are 0.82 and 1.13 respectively. The finding further suggest that
transformation is absolutely needless for model fitting in getting the
response variable. In addition, the leverage versus run plot revealed that
the variable and numerical data falls within the standard limits of 0-1 of
an experimental trial (Fig. SM1d) which affirmed that the design points
do not distort the fitness, relevance and appropriateness of the model.
The Cook’s distances plot is used in elucidating response outlier for
corresponding experimental trial (Fig. SM1e). In this study, the Cook’s
distance values obtained are < 1 which is indicative of the normal dis-
tribution and constant variance of the residuals. Furthermore, the value
of cook’s distances affirmed that there were no outliers for the response
data. Steep slopes indicating high sensitivity to the fluorene degradation
efficiency (Y) variable were obtained in the perturbation plot (Fig. SM1)
representing the interaction effect of process variables on performance
of the system. Out of all the process parameters, slope of substrate
concentration (C) is steeper followed by parameter D and A, confirmed
its high sensitivity on the fluorene degradation percentage (response)
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than others.

3.2.2. Optimization of process variables on fluorene degradation efficiency
by M. irregularis

Interaction effects and optimal levels of the variables were deter-
mined by plotting the response surface contour plots (Fig. 2) which
showed the behavior of response (% fluorene degradation efficiency)
with respect to simultaneous change in two variables. The multiple
regression plot is typically elucidated by three-dimensional (3D) mesh
response plots in process optimization with RSM. The relationship be-
tween fluorene degradation efficiency (dependent variable) and other
four process parameters-independent variables (pH, temperature, sub-
strate concentration and dry weight) are presented in 3D surface plots
with their contour plots (Fig. 2). While other variables are kept constant
at fixed level, the individual plots represent the effect of two indepen-
dent process variable on fluorene degradation efficiency by M. irregu-
laris. The degree of interactions between two process parameters could
be depicted from nature of contour plots. An oval contour plot indicates
close interaction while a circular contour plot suggests negligible
interaction between two variables. Fig. 2a showed the interaction effect
of pH and temperature on fluorene degradation rate. As seen on the 3D
mesh plot, the spherical surface implies that there is a local maximum
region under certain ranges of pH and temperature. In addition, an in-
crease in pH and dry weight initially led to increase in fluorene degra-
dation rate. The optimal level of pH and temperature were 7 and 32.5 °C
respectively for maximum degradation of fluorene (62.1%). Addition-
ally, pH and ionic strength of water phase also affect its state which in
turn allows effective biodegradation of targeted organic pollutant
(Sandrin and Maier, 2003). The 3D mesh and contour plots (Fig. 2b)
shows the interactive effect of concentration and pH on fluorene
degradation efficiency. The ellipsoidal nature of the shape indicates
decrease in degradation efficiency at concentrations ranging between
100 and 500 mg L™, Ultimately, maximum degradation efficiency
81.5% was achieved at a pH 7.2 and concentration (100 mg L.
Further increases in both variables above 32.5°C and 100 mgL™!
resulted in decrease in degradation rate of fluorene. The concentration
of substrate plays a significant role in degradation efficiency. The higher
the concentration, the higher the toxicity of PAH metabolites and
distortion of the degradation system (Kim et al., 2005). Similarly, the
elliptical and contour plots in Fig. 2c showed that the maximum per-
centage degradation of fluorene (60.6%) was achieved at pH 7 and dry
weight (1.1 g). Fungi perform optimally at a pH range 5-7. Although, a
high fluorene degradation rate was favored with increasing dry weight
however a further increase in pH led to decrease in fluorene degradation
efficiency. The sinusoidal 3D mesh plot showing interactive effect of
temperature and concentration (Fig. 2d) revealed maximum degrada-
tion rate (71.1%) when the temperature and concentration were 32.5 °C
and 100 mg L~! respectively. Lowest degradation efficiency was how-
ever recorded when the temperature and concentration was set above

Y =20.92 — 8.93A — 7.24B — 5.79C — 6.45D — 6.33E — 0.1969AB
—1.49AD + 1.47AE + 0.3531BC + 0.7844BD — 0.8031BE

Ecotoxicology and Environmental Safety 208 (2021) 111619

most filamentous fungi thrive and proliferates best at temperature range
of 25-35 °C (Fu and Viraraghavan, 2001). The elliptical shape obtained
from the interaction between dry weight and temperature (Fig. 2e) show
that maximum degradation (60.0%) which further suggest significant
quadratic effect of the two process variables. Fig. 2f shows the interac-
tive effect of dry weight and concentration on fluorene degradation rate.
It was evident that maximum degradation of fluorene (75.2%) was
achieved at dry weight (1.1 g) and concentration (100 mg LY. The
finding corroborated earlier work by Abdelhay et al. (2008) which re-
ported higher phenanthrene degradation rate on increase in inoculum
size.

3.2.3. Optimization of media components by RSM using CCD

Eq. (6) depict a quadratic relationship between fluorene degradation
efficiency (Y)-dependent variable and vital media components-
independent variables. From Table 2 which represents the CCD, it is
clear that there were close matches between the predicted and experi-
mental values during fluorene degradation by M. irregularis. The Fisher’s
(F-value) (33.26) obtained from the ANOVA was found to be high
(Table SM5) which affirmed that the likely variations in response factor
(fluorene degradation percentage) would be well catered for by the
regression model equation. The p value obtained in this study is
< 0.0001 which suggests that the model is statistically significant at
> 95% confidence interval. In addition, the linear and square terms of
the regression model for fluorene degradation on 5th day were found
highly significant (p < 0.0001). Furthermore, the interaction between
independent parameters were also found to be statistically relevant at
95% confidence level. Overall, the regression model was statistically
significant (p < 0.0001) which connotes that the second order poly-
nomial was appropriate and adequate for determining the actual rela-
tionship between fluorene degradation percentage (Y) and media
components (process variables-A, B, C, D and E). The ANOVA revealed
significant interaction between the variables. The regression coefficient
of determination (R% = 0.9582), predicted R2(0.8518) and adjusted R?
(0.9294) indicated that the model is highly reliable on reproducibility of
experiments by other researchers (Table SM4). The second order RSM
equally revealed the quadratic and interaction effects of the media
constituents in relation to fluorene degradation rate. The coefficient for
the linear effect of KHyPO4 (p < 0.0001), NaySO4 (p < 0.0001), MgSO4
(p < 0.0001), yeast extract (p < 0.0001), and (p < 0.0001) were highly
significant. The interaction between A: KHyPO4 and B: NaySOg4
(p = 0.0140), A: KHPO4 and D: yeast extract (p = 0.0227), A: KHoPO4
and E: glucose (p = 0.0364), B: NaxSO4 and C: MgSO4 (p = 0.0174), B:
NaySO4 and D: yeast extract (p = 0.0021), C: MgSO4 and D: yeast extract
(p =0.0177) and D: yeast extract and E: glucose (p = 0.0047) were
statistically significant (Table SM5). The fitted second order response
surface model specified by Eq. (6) for percent degradation of fluorene in
coded process variables is:

+ 0.8031AC

(6)

—0.2156CD + 0.1969CE + 0.4906DE + 6.37A% + 7.46B> — 2.14C* + 2.69D* + 9.66F*

35°C and 200 mg L1 of fluorene respectively. Typically, lower con-
centrations and ambient temperature usually favors maximum degra-
dation of PAHs. An increase in fluorene concentrations from 200 to
500 mg L ! resulted in sharp decline in degradation efficiency to about
47.25%. This indicates that M. irregularis is a mesophilic fungus which
grows best at room temperature. At a much higher temperature above
ambience, the mycelia cells experiences apoptosis (cell death) and in
turn loses the efficiency in effective degradation of PAHs. Furthermore,

3.2.4. Effect of interaction between the media components on fluorene
degradation

Fig. SM1 represents contour plots for degradation of fluorene by
M. irregularis on 5th day as observed after a number of repeated exper-
iments. Each contour plot represents a number of combinations of two
test variables with the other variable maintained at zero level. The
maximum percent degradation of fluorene is indicated on the surface of
the contour plot (Fig. SM2). Studies of the contour plots also reveal the
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Table 2
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Full factorial CCD of vital media constituents for fluorene degradation by M. irregularis.

Run no. KH,PO4 NaySO4 MgS04 Yeast extract Glucose Degradation efficiency (%)
Coded Actual Coded Actual Coded Actual Coded Actual Coded Actual Experimental Predicted

1 1 8 -1 1 1 0.6 0.15 -1 0.1 27.00 27.05
2 1 8 3 1 0.6 -1 0.05 1 0.3 23.00 22.87
3 1 8 1 3 -1 0.2 0.15 -1 0.1 22.20 22.25
4 1 8 -1 1 1 0.6 -1 0.05 1 0.3 39.00 38.86
5 0 6.5 0 2 0 0.4 0 0.1 0 0.2 19.20 19.00
6 -1 5 -1 1 -1 0.2 -1 0.05 -1 0.1 79.80 80.00
7 0 6.5 2 0 0.4 0 0.1 0 0.2 29.60 29.51
8 -1 5 -1 1 1 0.6 1 0.15 1 0.3 42.00 41.13
9 -1 5 1 3 1 0.6 -1 0.05 1 0.3 38.00 38.03
10 0 6.5 0 2 -1 0.2 0 0.1 0 0.2 25.00 25.41
11 1 8 -1 1 -1 0.2 -1 0.05 -1 0.1 64.80 65.01
12 0 6.5 0 2 0 0.4 1 0.15 0 0.2 18.40 18.84
13 0 6.5 0 2 0 0.4 0 0.1 -1 0.1 29.60 29.01
14 -1 5 1 3 -1 0.2 -1 0.05 1 0.3 49.20 48.93
15 -1 5 1 3 -1 0.2 -1 0.05 -1 0.1 63.80 63.00
16 -1 5 1 3 -1 0.2 1 0.15 1 0.3 37.20 37.25
17 -1 5 -1 1 -1 0.2 -1 0.05 1 0.3 65.20 65.00
18 -1 5 -1 1 1 0.6 -1 0.05 1 0.3 54.00 53.86
19 0 6.5 0 2 0 0.4 0 0.1 0 0.2 19.20 19.00
20 1 8 1 3 0.6 1 0.15 -1 0.1 29.20 28.97
21 1 8 1 3 -1 0.2 -1 0.05 1 0.3 34.20 34.10
22 -1 5 -1 1 1 0.6 1 0.15 -1 0.1 56.60 56.51
23 1 8 -1 1 -1 0.2 1 0.15 1 0.3 38.20 38.01
24 -1 5 1 3 1 0.6 1 0.15 -1 0.1 40.60 40.54
25 0 6.5 0 2 0 0.4 0 0.1 0 0.2 21.00 20.89
26 1 8 -1 1 1 0.6 1 0.15 -1 0.3 27.00 26.88
27 0 6.5 0 2 0 0.4 0 0.1 0 0.2 19.20 18.97
28 0 6.5 0 2 0 0.4 0 0.1 0 0.2 19.20 19.05
29 0 6.5 0 2 0 0.4 0 0.1 0 0.2 19.20 18.99
30 0 6.5 0 2 1 0.6 0 0.1 0 0.2 13.80 13.96
31 -1 5 -1 1 1 0.6 -1 0.05 -1 0.1 68.60 69.05
32 0 6.5 0 2 0 0.4 0 0.1 0 0.2 19.20 19.00
33 0 6.5 0 2 0 0.4 0 0.1 0 0.2 19.20 19.98
34 -1 5 1 3 1 0.6 1 0.15 1 0.3 26.00 25.76
35 1 8 1 3 1 0.6 -1 0.05 -1 0.1 37.90 38.00
36 -1 5 -1 1 -1 0.2 1 0.15 1 0.3 53.20 53.89
37 -1 5 1 3 1 0.6 -1 0.05 -1 0.1 52.60 52.01
38 1 8 0 2 0 0.4 0 0.1 0 0.2 19.60 20.00
39 1 8 1 3 -1 0.2 1 0.15 1 0.3 22.20 22.28
40 -1 5 -1 1 -1 0.2 1 0.15 -1 0.1 67.80 66.50
41 1 8 1 3 1 0.6 1 0.15 1 0.3 11.00 11.33
42 0 6.5 -1 1 0 0.4 0 0.1 -1 0.2 37.00 36.72
43 1 8 -1 1 -1 0.2 -1 0.05 1 0.3 50.20 51.65
44 0 6.5 0 2 0 0.4 0 0.1 1 0.3 32.80 31.99
45 1 8 1 3 -1 0.2 -1 0.05 -1 0.1 48.80 49.01
46 0 6.5 1 3 0 0.4 0.1 0 0.2 21.00 20.87
47 1 8 -1 1 -1 0.2 1 0.15 -1 0.1 47.00 46.88
48 0 6.5 0 2 0 0.4 0 0.1 0 0.2 19.20 20.12
49 -1 5 1 3 -1 0.2 1 0.15 -1 0.1 67.80 68.03
50 1 8 -1 1 1 0.6 -1 0.05 -1 0.1 53.60 52.89

best optimum value of the process conditions as KHoPO4 — 5.0 g L7,
NayS04-1.00 g L1, MgS0,4—0.20 g L™}, yeast— 0.05 g L™ and glucose
- 0.1 gL™!. The maximum degradation rate recorded at the best opti-
mum media condition was 79.80% while the lowest fluorene degrada-
tion rate was 11.00% when KHyPO4, NaySO4, MgSOy4, yeast and glucose
were 8, 3, 0.6, 0.15 and 0.3 g L™! respectively. The actual proportions of
KH3PO4, NaySO4, MgS04, yeast extract and glucose prior to experi-
mentation were 6.0, 1.0, 0.2, 0.05 and 0.3 g L™ respectively. The results
of this study were however in disagreement with previous similar work
by Bhatt et al. (2014) which reported enhanced degradation of chrysene
with 0.1 gL~} MgSO4 and 0.5 g L™} KH,PO4 albeit low degradation
efficiency (46.67%). Na2" ions play a vital role in membrane mecha-
nisms and cultures involving degradation of PAHs by fungi. Being
enzyme co-factors, metal ions such as Mg2* helps in enhancing prolif-
eration of microbial mycelia cells and invariably improve degradation
efficiency (Santos et al., 2008). The addition of readily utilizable carbon
source (i.e. glucose as a co-substrate) is considered as an alternative to

promote biodegradation resulting in an increase in biomass thereby
increasing growth linked degradative ability of the isolate (Simarro
et al., 2012). Similar results have also been reported by Hadibarata and
Tachibana and Bhatt et al., (2009, 2014) with 65% and 76.35% of
chrysene removal by a white rot fungus Polyporus sp. S133 and Armil-
laria sp. respectively. Increased addition of glucose in the degradation
set leads to over saturation which in turn distorts bioremediation effi-
ciency (Mohana et al., 2008). Hence, a proper choice of level combi-
nation of glucose is desirable for enhancing PAH degradation. Thus,
addition of inorganic nutrients increased mineralization and shortened
adaptation periods.

3.3. Determination of metabolic fate with GC-MS and HPLC analyses

Four metabolites were obtained during the fluorene degradation by
M. irregularis (Table SM6). The identity of four of the metabolites were
confirmed with other spectra obtainable in the GC-MS library. The first
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metabolite; 9H-fluoren-9-one (mw = 180.20 g mol’l, m/z = 181) at
R; = 33.08 min was as a result of partial decarboxylation of the cyclo-
pentene ring of the fused fluorene structure (Table SM6). The second
metabolite was formed as a result dual carboxylation of one of the
benzene aromatic ring which led to the formation of benzene-1,2-
dicarboxylic acid (mw = 166.13 g mol’l, m/z = 166) at
R; = 19.54 min. Loss of hydroxyl compounds and further reduction of
benzene-1,2-dicarboxylic acid resulted in an organic acid (2-hydrox-
ybenzoic acid) of lower molecular weight (mw = 138.12, m/z = 138)
at Ry = 14.67 min. The final metabolite, phenol (mw = 94.11, m/
z = 95) was formed as a result of decarboxylation of the benzoic acid at
R; =10.19 min (Table SM6, Fig. SM3). It is however noteworthy to
state that this is the first report on the biodegradation of fluorene which
resulted in the final product, phenol. Multiple peaks shown elucidated
on the GC-MS spectra were due to the action of extracellular enzymes
secreted by M. irregularis. Non-stereo selective enzymes deployed by
fungi during biodegradation of organic pollutants have been implicated
in the ring cleavage, asymmetric cleavage, oxidation, demethylation,
desulfonation, oxidation, carboxylation and decarboxylation processes
leading to their breakdown. Most existential works in literature by
previous researchers reported the oxidation of fluorene by different
species of fungi to metabolites of high molecular weights-9-fluorenol, 9-
fluorenone, and 2-hydroxy-9-fluorenone (Johannes and Majcherczyk,
2000). However, the fungus used in this study was able to degrade flu-
orene to phenol which is of lower molecular weight. The formation of
these metabolites was engineered by the activities of enzymes produced
by the fungus during degradation. This study was able to ascertain the
specific enzymes responsible for decarboxylation, carboxylation, ring
and asymmetric cleavages of the metabolites. However, the trans-
formation, decarboxylation and polymerization of most phenolic,
non-phenolic and aromatic compounds through oxidation is attributed
to the action of laccases and lignin peroxidases which are non-selective
and non-specific (Crampon et al., 2014). Furthermore, LiP, Lac and MnP
has been implicated in the degradation of several PAHs to less toxic
metabolites (Bogan and Lamar, 1995). HPLC spectrum of the untreated
fluorene (data not shown) revealed peaks at retention times (R;) 1.327
and 1.412 min (Fig. SM4a, Table SM7). The metabolites obtained on
treatment of fluorene with M. irregularis resulted in four (4) distinct
peaks at retention times (R, = 1.431, 1.489, 1.553 and 1.607 min)
(Fig. SM4b).

20004
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3.4. Enzyme analyses

Efficient and enhanced degradation of PAH by fungi is usually aided
through optimum induction of extracellular enzymes. Therefore,
enzyme assay activities were carried out during fluorene removal by M.
irregularis in comparison with their biotic controls (Fig. 3). Lac
(1663.50 + 0.45 U L™!) was the most induced enzyme followed by MnP
(961.50 + 0.22 U L™!) and LiP (840 + 0.31 U L ™). The induction of Lac
was steady over the 5 days experimental period (Fig). However, the
induction of LiP and MnP was initially low in the first 2 days which later
peaked by 530.50 + 0.75 and 732.50 + 0.53 UL ™! at day 3 respec-
tively. The two-way ANOVA revealed that induction of each enzymes
was significantly different with respect to experimental time. These
findings revealed that increased enzyme activities resulted in the
removal of fluorene. Hence, fluorene degradation rate and efficiency
were mediated by secretion of ligninolytic enzymes by M. irregularis. In
recent times, Lac, LiP and MnP have been recognized to be significantly
induced during microbial degradation of polycyclic aromatic hydro-
carbons (Hadibarata and Kristanti, 2012). Laccase has been implicated
in the degradation of several PAHs by many researchers (Dean-Ross and
Cerniglia, 1996). Bressler et al. (2000) reported that laccase was
responsible for the breakdown of fluorene to 9-fluorenone. However, in
this present study, laccase was found to play a major role in the
biodegradation mechanism and final breakdown of fluorene to phenol.
The enzymes are involved in the mechanistic and oxidative activities
involving ring cleavage, carboxylation and decarboxylation of fluorene
to different metabolites. It is postulated that the catalytic nature of few
peroxidase is due to a hybrid molecular architecture combining different
substrate binding and oxidation sites (Wu et al., 2010).

3.5. Validation through growth linked degradation experiments after
process optimization and confirmatory tests

Fluorene degradation pattern was studied with all the variables at
their optimized levels (Figs. SM1 and 2f). Fig. 4 illustrates the enhanced
degradation (82.50 + 0.5%) and growth of M. irregularis within 5 days.
It is noteworthy that the percentage degradation rate recorded in the
validation experiment is quite close to the predicted degradation effi-
ciency (81.50%) obtained during optimization of process parameters
using BBD. The two-way ANOVA revealed that there was statistical
difference between the growth of M. irregularis and fluorene degrada-
tion. The results also showed strong agreement between the two ex-
periments. Hence, the Box-Behnken design used in the current study is
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Fig. 3. Induction of enzymes during fluorene degradation by M. irregularis.
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Fig. 4. Growth-linked enhanced fluorene degradation pattern with optimized levels of variables.

appropriate for optimized and enhanced prediction of fluorene degra-
dation by M. irregularis.

4. Conclusions

The study is the first report of fluorene degradation by marine
derived, M. irregularis. The RSM-BBD confirmed the interactive effect of
pH, substrate concentration, dry weight and temperature on optimum
degradation of fluorene by the fungus. It is noticeable that fungal
mycelia dry weight, pH and concentration play a huge role in the
degradation of fluorene. The BBD was found to be statistically signifi-
cant with p < 0.0001, F = 202.39, predicted R? (0.9991) and adjusted
R? (0.9980). Maximum degradation efficiency (81.50%) was achieved
under optimal conditions. The optimization of vital media components
resulted in 79.80% in fluorene degradation depletion by M. irregularis.
The study revealed the influence of glucose and manganese ions in the
enhanced degradation of fluorene by the fungus. The degradation
mechanism and rate were improved with significant induction of laccase
and manganese peroxidase. The study affirmed the promising potentials
of marine derived M. irregularis in the degradation PAHs.
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