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Screening of Wild Basidiomycetes and Evaluation of the
Biodegradation Potential of Dyes and Lignin by
Manganese Peroxidases
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Manganese peroxidase (MnP), a crucial enzyme in biodegradation of lignin,
is synthesized by most white rot fungi. To obtain novel enzymes with
superior biodegradation potential, MnP-producing wild isolates were
evaluated for their ability to degrade recalcitrant azo dyes, sulfonephthalein
dyes, and kraft lignin. Of 30 wild isolates screened, 18 tested positive for
lignin modifying enzymes (LMESs). Thirteen of these isolates were positive
for both laccase and MnP, whereas four produced only laccase, and one
produced lignin peroxidase alone. The isolates were identified as Clitopilus
scyphoides MH172162 (AGUMO004), Ganoderma rasinaceum MH172163
(AGUMO0OQ7), and three Schizophyllum species: MH172164, MH172165, and
MH172166 (KONA0O1, AGUMO0011, and AGUMO021). The Fourier-transform
infrared spectroscopy (FTIR) analysis of dye degradation and kraft lignin
samples with AGUM004 and AGUMOO7 revealed biotransformation. The
former could not completely degrade Reactive Black 5 and bromocresol
green, but it could completely (100%) decolorize bromophenyl blue,
bromothymol blue, and Remazol brilliant blue R. The latter efficiently
degraded almost all tested dyes. Both degraded kraft lignin. The screened
hyper MnP-producing wild AGUM004 and AGUMOQ07 were shown to be
potential dye degraders in addition to having lignin degrading abilities.
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INTRODUCTION

Fungi play important roles in biodegradation and bioremediation. White rot fungi
(WRF), a group within the class Basidiomycetes, have the unique ability to degrade and
mineralize recalcitrant hetero-polymer lignin, which is the most abundant organic
material on Earth (Erden et al. 2009; Cesarino et al. 2012). White rot fungi are ubiquitous
in nature and grow as saprophytes on dead and decaying trees, usually in the forest
ecosystem, and are exceptional in their ability to degrade lignin selectively. They possess
a set of nonspecific enzymes called lignin modifying enzymes (LME), which degrade
lignin and other recalcitrant compounds such as munitions waste, pesticides,
polychlorinated biphenyls, polycyclic aromatic hydrocarbons, bleach plant effluent,
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synthetic dyes, synthetic polymers, and wood preservatives (Pointing 2001). These LME
are a set of extracellular enzymes secreted by WRF, and are mainly comprised of laccase,
manganese peroxidase (MnP), lignin peroxidase (LiP), and versatile peroxidase (VP),
along with oxidases, which generate extracellular H.O>. Different species of white rot
fungi may secrete one, two, or all of these enzymes (Wesenberg et al. 2003).

Within the LME, MnP is synthesized by almost all the lignin-degrading WRF and
is the most crucial in lignin biodegradation. The MnPs are peroxide-dependent
extracellular glycoproteins with one molecule of heme (Dashtban et al. 2010). In the
presence of hydrogen peroxide, they oxidize Mn (1) to highly reactive Mn (111). Mn (I11)
further chelates with organic acids, which attack and oxidize lignin and other recalcitrant
compounds (Van Aken and Agathos 2002). Since the discovery of MnP inP.
chrysosporium (Glenn and Gold 1985), MnPs have been found in other basidiomycetes,
such as Bjerkandera sp. strain BOS55 (Mester and Field 1997), Bjerkandera sp. (Palma
et al. 2000), Agaricus bisporus (Lankinen et al. 2001), Lenzites betulinus (Hoshino et al.
2002), Phanerochaete flavido-alba (de la Rubia et al. 2002), Phanerochaete sordida
(Harazonoet al. 2003), Panus tigrinus (Lisov et al. 2003), Ganoderma lucidium
(Novotnyet al. 2004), Dichomitus squalens (Eichlerova et al. 2005), Lentinula edodes
(Boer et al. 2004), Nematoloma frowardii bl19 (Hildén et al. 2008), Pleurotus
pulmonarius (dos Santos Bazanella et al. 2013), Trametes versicolor, Pleurotus
ostreatus, Irpex lacteus (Zhao et al. 2015), and Trametes hirsuta (Vasina et al. 2017).

The potential applications of MnPs rival those of laccases. They degrade both
phenolic and non-phenolic lignin model compounds (Wang et al. 2018). They are
efficient degraders of many recalcitrant compounds including different synthetic dyes
(Qin et al. 2014), herbicides, polycyclic aromatic hydrocarbons, mycotoxins, estrogens,
explosives, and antifouling compounds (Wang et al. 2018). The presence of MnP
increases the degree of dye decolorization (Chagas and Durrant 2001; Christian et al.
2003).

Considering the wide application of MnPs, the current study was conducted to
screen for wild WRF exhibiting higher MnP activities and identify their phylogenetic
relationships. The wild isolates producing greater quantities of MnP were further
evaluated for their ability to degrade recalcitrant azo dyes and sulfonephthalein dyes.
They were tested for the biodegradation of kraft lignin. The extent of biodegradation of
different dyes and kraft lignin was measured using spectrophotometry, and patterns of
degradation were studied using Fourier-transform infrared spectroscopy (FTIR)
techniques. The identified isolates producing MnP have not been explored previously.

EXPERIMENTAL

Material and Methods
Chemicals

Chemicals used in the study were of analytical grade unless otherwise stated.
Reactive Black 5 (RBS), 2,2’-azino-bis(3-ethyl benzothiazoline-6-sulfonic acid) (ABTS),
and Remazol brilliant blue R (RBBR) used for assay were procured from Sigma Aldrich
(St. Louis, MO, USA).

Collection, isolation, and maintenance of white rot fungi
Fruiting bodies of 30 different WRF were collected in clean dry self-sealing
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polythene bags from forests in Agumbe, Madikere and in and around Shimoga
(Karnataka State), India. In all cases, the substrate was represented by wood found in
various stages of decay.

The cultures were marked with information such as number and isolation location.
Pure cultures from collected samples were obtained by tissue culture technique (Pradeep
et al. 2013). All pure cultures were maintained on PDA slants and stored at 4 °C for
further use.

Screening for LME production

Initial screening for lignolytic enzyme production was carried out on 0.02%
guaiacol-supplemented PDA. All cultures were inoculated on pre-solidified PDA medium
supplemented with guaiacol and incubated for 7 days at room temperature to check the
phenolic oxidation. The positive cultures from primary screening were then grown in
basal medium which contained 0.1% KH2POs, 0.05% CsH12N20s¢, 0.05% MgSO4.7H20,
0.001% of CaCl, and yeast extract, and 0.0001% of CuSO4.5H20, Fex(SO4)s, and
MnS0O4.H20. Fungal cultures pre-grown in PDB were used as inoculum. The cells were
homogenized prior to inoculation, and 2% of culture suspension was added to the
production medium. Flasks were maintained under continuous shaking at 80 rpm at 30 °C
for 7 days. Culture filtrates obtained were assessed for the production of laccase and
other peroxidases. All experiments were performed in triplicate.

Enzyme Assay

Culture filtrate was used as the enzyme source to determine the ligninolytic
enzymes activity. A sample of 500 puL was taken to check different enzyme production.
Laccase production was assessed by a measurement of the enzymatic oxidation of ABTS
at 420 nm (Kinnunen et al. 2016).

The reaction mixture contained 0.8 mM ABTS, 0.4 M sodium acetate buffer
(pH5.2), and 500 pL of 0.5 mg/mL catalase. The MnP activity was assayed by the
oxidation of 4 mM MnSO4 in 50 mM sodium malonate buffer (pH 4.5), in the presence of
0.4 mM H20,. Oxidation of MnSO4 was measured by increase in OD at 270 nm
(Wariishi et al. 1992).

Lignin peroxidase was determined by Azure B assay (Archibald 1992). Reaction
mixture for assay contained 0.04 mM Azure B, 100 mM sodium tartarate (pH 4.5), and
0.4 mM H20,. Oxidation of Azure B was determined by the decrease in OD at 651 nm.
Production of versatile peroxidase was assessed by RB5 assay (Jarosz-Wilkotazka et al.
2009). Oxidation of RB5 was determined in 100 mM sodium tartrate buffer at pH 3 with
10 uM of RB5. The reaction was initiated by addition of 0.1mM H20; and assessed
through decrease in absorbance at 598 nm.

Identification and Phylogenetic Analysis of WRF

The proficient strains unveiling hyper MnP activity were identified in a separate
study carried out by Rao et al. (2018). Genomic DNA of selected WRF were isolated by
the microwave method, which was then amplified using PCR with ITS 1 (5'-
TCCGTAGGTGAACCTGCG G- 3') and ITS 4 (5-TCCTCCGCTTATTGATAT G-3') as
forward and reverse primers, respectively. The amplified product comprised of 18s
rDNA, 28s rDNA, and5.8s rDNA, along with ITS1 and ITS4 regions, was sequenced.
The ITS sequence obtained was then subjected to sequence comparison through BLAST.
Culture names were assigned based on more than 99% sequence similarity.
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To study the morphology of identified isolates, culture stained with lacto-phenol
blue dye, was examined under microscope. The morphology of the fungus and details of
hyphae structure and spores were observed at 60x magnification (Pradeep et al. 2013).

The identified isolates were studied for their evolutionary relationship with their
phylogeny using MEGAX software (Kumar et al. 2018). A total of 44 related species’
DNA sequences comprised of 18s rDNA, 28s rDNA, and5.8s rDNA, along with ITS1
and ITS4 regions, were selected; the data were retrieved from NCBI. Maximum
likelihood statistical method was selected to compute the evolutionary distance (Tamura
et al. 2004). Bootstrap method with 1000 replicates was adopted to find the phylogenetic
evaluation (Felsenstein1985). To construct the phylogenetic tree, Nearest-Neighbor-
Interchange (NNI) was considered (Saitou and Nei 1987). All positions containing gaps
and missing data were eliminated.

MnP Production

The biosynthesis trend of MnP from AGUMO004 and AGUMO007 was studied
using modified production media (Takano et al. 2004). Production media was composed
of 0.4g K:HPO4, 0.6 g KH2PO4, 0.5 g MgSOg4, 0.03 g MnSO4, 0.01 g CaCOs, 1 g
NH4H2PO4, 0.25 g yeast extract, 10 g glucose, 0.5 g Tween 80, and 8.3 g sodium
malonate in 1000 mL of distilled water. Then 50 mL of production media in 250-mL
shaken flasks were inoculated with 2% well grown culture in LME basal medium and
incubated for 7 days at 30 °C with constant shaking at 120 rpm. Activities of MnP and
laccase were monitored from 0 h to 10 days at intervals of 24 h. Experiment was carried
out in 5 replicates.

Dye Decolorization and Lignin Degradation Studies

To study the dye decolorization and delignification proficiency, hyper MnP-
producing strains AGUMO004 and AGUMO0O07 were considered. For this, 20 mL of MnP
production medium supplemented with 0.02% of RBBR, RB5, bromocresol green,
bromothymol blue, and kraft lignin in 100 mL shaken flasks were inoculated with 2%
well grown culture in LME basal medium and incubated for 7 days at 30 °C with
constant shaking at 120 rpm. Uninoculated flasks with dyes/lignin were considered as
control. Culture filtrates were examined on a spectrophotometer at the absorbance
maxima for different dyes and lignin. Degradation efficacy of the culture was determined
in terms of percentage of color removal and was calculated according to the formula
given below,

R(%) = —=X100 (1)

where C is the current concentration of dye in a control sample (mg/L) and S is the
current residual concentration of dye in the samples. Results were expressed in %
degradation.

All the samples were also analyzed for dye and lignin breakdown pattern by using
the FTIR technique. The FTIR analysis was carried out in the mid IR region of 400 cm™
to 4000 cm™. Graphs were reformed using Originpro software for comparison and
interpretation. Absorption spectra in the region between 3100 cm® and 3600 cm
Lindicated the presence of exchangeable protons, typically from alcohol, amine, amide,
or carboxylic acid groups, which was of less importance in interpreting the data (Coates
2000). Therefore, the region above 3000 cm™ was omitted in the reformed graphs. The
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FTIR analysis was outsourced from SITC, University of Science and Technology,
Cochin, India.

RESULTS AND DISCUSSION

Screening for LME Production

The 30 WRF were collected together to check the production of ligninolytic
enzymes. Out of 30 cultures, 18 cultures were found to be positive for guaiacol oxidation
in the primary screening, which showed an intense brown halo in and around the culture
and indicated the production of ligninolytic enzymes, while 40% of the culture specimens
failed to develop brown color around the mycelial growth (Fig. 1). Further investigation
on lignolytic enzymes production in liquid medium, revealed that 13 WRF were both
MnP and laccase producers, 4 cultures were only laccase producers, and only 1 culture
was a lignin peroxidase producer. However, VP was not detected in any of the culture
filtrates. Out of 13 MnP positive cultures, AGUMO004 and AGUMO007 were observed to
secrete higher quantities of both MnP and laccase enzymes. Table 1 specifies the
morphological appearance of positive cultures on PDA along with ability of guaiacol
oxidation and lignolytic enzyme quantification.

Fig. 1. Guaiacol oxidation: control (uninoculated plate) (A); positive for guaiacol oxidation (B);
positive culture on PDA without guaiacol (C); negative for guaiacol oxidation (D)

Identification and Phylogenetic Analysis of WRF

As AGUMO004, AGUMO007, KONA001, AGUMO011l, and AGUMO021 were
showing greater MnP activity, they were considered further for culture identification as
well as phylogenetic studies. Isolates were identified as Clitopilus scyphoides
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(AGUMO004), Ganoderma rasinaceum (AGUMO007), and theother three as Schizophyllum

species (KONAO001, AGUMO0011, and AGUMO021).

Table 1. Morphological Appearance of WRF along with Primary Screening Result

(Guaiacol reaction) and Quantification of their Lignolytic Enzymes

bioresources.com

Fig. 2. Microscopic observation of (A) AGUMO004; (B) AGUMO007; (C) KONA0O1; (D) AGUMO11;
and (E) AGUM021

No | Name of the Culture | Appearance on LME Enzyme activity (Ul-1)
Laccase MnP LiP
1 KONAOO1 White spongy mat 6500 800 ND
2 KONAO002 White mycelia mat 35 ND ND
3 KONAO30 White mycelia mat 2 20 ND
4 MANDOO1 White mycelia mat 3000 430 ND
5 MADIOO1 White mycelia mat ND ND 72
6 MADIO04 White thick mat 77 ND ND
7 AGUMO002 White mycelia mat 100 20 ND
8 AGUMO004 White mycelia mat 1300 1110 ND
9 AGUMO007 White thick mat 1000 990 ND
10 AGUMO010 White spongy growth 1380 ND ND
11 AGUMO011 White thick mat 6300 690 ND
12 AGUMO014 White thin mat 600 ND ND
13 AGUMO016 White thick mat 29 13 ND
14 AGUMO017 White spongy growth 160 46 ND
15 AGUMO018 White thick mat 99 57 ND
16 AGUMO019 White thin mat 12 19 ND
17 AGUMO020 White thick mat 34 43 ND
18 AGUMO0021 White mycelia mat 7000 ND
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The PCR amplified DNA sequence through ITS1 and ITS4 primers were of 700
bp length comprised of ITS1, ITS2, and rDNA regions, which were deposited to Genbank
with accession numbers MH172162 (Clitopilus scyphoides isolate AGUMO004),
MH172163 (Ganoderma rasinaceum isolate AGUMO007), MH172164 (Schizophyllum
sp. isolate KONAOO1), MH172165 (Schizophyllum sp. isolate AGUMO011), and
MH172166 (Schizophyllum commune isolate AGUMO021). Figure 2 reveals microscopic
observation of the type of hyphae, septa, clamp connections, and the features of the
spores, which further confirmed these isolates belong to basidiomycetes. Morphological
details revealed that Clitopilus scyphoides had septate hyphae and elliptical spores (Fig.
2A), Ganoderma rasinaceum formed typical almond-shaped basidiospores unique to the
genus with septate hyphae (Fig. 2B), and the other three isolates of Schizophyllum had
simple septate hyphae forming clamps with absence of basidiospores (Figs. 2C, 2D, and

2E).

26, KC885964.1 Clitopilus cystidiatus
9 | Hme23130.1 Clitopilus cystidiatus
HME23129.1 Clitopilus cystidiatus
KY385634.1 Clitopilus fusiformis
KR261086 1 Clitopilus prunulus
HME23128 1 Clitopilus chrischonensis
KC138085.1 Clitopilus austroprunulus
KP938185.1 Clitopilus sp.
KC885866.1 Clitopilus sp.
MH172162 AGUMO04
FJ770388 1 Clitopilus hobsonii
MF926596.1 Clitopilus albidus
FJ770385.1 Clitopilus hobsonii
KJ461903.1 Clitopilus kamaka
MF927542.1 Clitopilus subscyphoides
50 FJ770401.1 Clitopilus scyphoides
KY&30515.1 Clitopilus prunulus
— FJ770404 1 Clitopilus abortivus
KY312627.1 Schizophyllum commune
MG761830.1 Schizophyllum commune
31, AF249391.1 Schizophyllum umbrinum
LT217560.1 Schizephyllum umbrinum
ga | | KP132727 1 Schizophyllum commune
MH539647 1 Schizophyllum commune
MH172164 KONAOO1
MH172166 AGUM021
IMH172165 AGUMO11
LT217559.1 Schizophyllum fasciatum
LT217556.1 Schizophyllum radiatum
83 ' KC507223 1 Schizophyllum sp.
100 FJ798671.1 Schizophyllum sp.
I Fu798670.1 Schizophyllum sp.
IMH172163 AGUMOOT
KF011548.1 Ganoderma leucocontextum
25 | JQ520193.1 Ganoderma neojaponicum
100 |' JQ520202.1 Ganoderma resinaceum
JQ520204.1 Ganoderma resinaceum
100 1JQ520203.1 Ganoderma resinaceum
40| 97 - KY364250.1 Ganoderma lingzhi
1MG654187_1 Ganoderma meredithae
MG020255.1 Ganoderma dunense
MGO66447.1 Ganoderma sp.
46 MF796661.1 Ganoderma podocarpense

100| B2

96

100

100

100

100

97

0.050

Fig. 3. Phylogenetic tree of identified wild WRF revealing the phylogenic evolution
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Phylogenetic analysis of all 5 isolates, along with their related species, was carried
out to obtain evolutionary relationships of taxa. The optimal tree with the sum of branch
length = 2.29447280 was shown. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to
the branches (Fig. 3).

The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. This analysis involved 43
nucleotide sequences. There were 932 positions in the final dataset. Phylogenetic analysis
confirmed the isolates belonged to genera Clitopilus (AGUMO004), Ganoderma
(AGUMUO007), and Schizophyllum (KONAQ001, AGUMO011, and AGUMO021).

MnP Production

Production trial of MnP from AGUMO004 and AGUMOO07 revealed that production
of MnP biosynthesis started from day 3, reached maximum on day 5, and started to
decline thereafter. Laccase biosynthesis was observed from day 1, reached maximum on
day 3, and then declined drastically thereafter. Maximum MnP produced was 1890+109
U/L from AGUMO004 and 1623+152 U/L from AGUMOO07. Figure 4 shows the activity
trend of both MnP and laccase from day O to day 7 in intervals of 24 h.
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Fig. 4. Production of MnP (——) and laccase (---) by C. scyphoides (A) and G. rasinaceum (B)
using MnP production media

Dye Decolorization and Lignin Degradation Studies

AGUMO004 and AGUMO007 were further considered for the biodegradation study.
Both isolates exhibited different levels of lignin biodegradation and decolorization of
different dyes.

Though AGUMO004 could not completely degrade bromocresol green and RB5, it
could completely (100%) decolorize dyes such as bromophenyl blue, bromothymol blue,
and RBBR, whereas AGUMO007 could efficiently (100%) degrade almost all the dyes
including bromophenol blue, bromothymol blue, bromocresol green, and RBBR, but
could only partially degrade RB5 (Table 2). Both AGUMO004 and AGUMOOQ7 could
degrade kraft lignin up to 46% and 48% only.

The FTIR analysis of dye degradation and kraft lignin samples revealed the
biotransformation of the dyes and lignin, which reflected the spectrophotometric results.
The FTIR of control and biodegraded samples was compared for major and fingerprint
spectra (Table 3).
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Table 2. Percent Degradation of Different Compounds by AGUM004 and

AGUMOO07

Compound Class Amax(nm) Degradation (%)
AGUMO004 AGUMO007

Bromophenol blue Sulfonephthalein 598 100 100

Bromothymol blue Sulfonephthalein 616 100 100

Bromocresol green Sulfonephthalein 423 70 100

RBBR Anthraguinone 592 100 100

RB5 Azo 598 2 55

Kraft lignin Hetero polymer 465 46 48

Table 3. List of Changes Obtained in the Major Finger Print Spectra of Different
Compounds by AGUM004 and AGUMO07 Compared with Control

Group % transmission t
Compounds frequency Functional group
(cm?) CONTROL | AGUMO004 | AGUMO0O07
1600 aromatic C=C 43.10 45.23 53.26
Brong)(l)lﬁ):enol 1000-1200 sulfonate groups 74.95 74.11 82.66
580 C-Br 26.99 27.03 36.64
1600 aromatic C=C 50.86 56.34 44.18
Bro";)?ltjgymo' 1000-1200 sulfonate groups 98.2+1.09 | 98.74+0.82 | 97.92+1.33
580 C-Br 45.06 45.13 36.95
1600 aromatic C=C 59.92 46.09 56.06
Bro;"rgg;eso' 1000-1200 sulfonate groups 99.27+0.5 | 98.23+1.09 | 98.07+1.04
580 C-Br 53.90 53.15 43.86
RBBR 1600 aromatic C=C 40.09 47.25 53.65
1100-1200 sulfonate groups 73.27+0.59 | 79.38+0.19 | 82.56+0.09
2300 alknyl C=C 96.30 96.23 90.24
1600 aromatic C=C 65.43 56.57 55.41
RB5 1100-1200 sulfonate groups 96.98+0.33 | 96.61+0.58 | 92.51+1.17
1400 (NN roreh) 95.09 95.43 88.10
1771 aromatic C=0 79.35 75.12 66.47
conjugated p-substituent
1650-1680 carbonyl and carboxyl 49.1245.83 | 36.68+6.47 | 42.06+3.41
C=0
1420-1430 benzengk’;rl‘gt;roma“c 93.82+0.03 | 93.55+0.04 | 78.08+0.05
Kraft lignin 1325-1330 C-O of syringyl ring 93.95+0.04 | 93.61+0.07 | 81.93+0.09
1230-1235 C-O of syringyl ring 95.62+0.08 | 95.61+0.04 | 88.46+0.2
1270-1275 C-O of guaiacyl ring 94.46+0.01 | 94.86+0.06 | 84.97+0.14
1140 -1145 C-H of guaiacyl ring 98.72+0.07 | 97.63+0.03 | 96.74+0.13
1130 CH of syringyl ring 99.04 97.81 97.34
750-860 C-H of aromatic ring 60.46+9.16 | 73.97+6.35 | 81.57+4.67
1 Values are presented in mean + standard deviation where ever applicable
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Considerable changes in the peaks of spectra were observed for the biodegraded
samples (Fig. 5Ato Fig. 5G). In the graph 5A-C for all the sulfonephthalein dyes, both
alknyl C=C stretching at around 2300 cm™, aromatic C=C bending at around 1600 cm?,
C=0 bending at around 1400 cm, vibration of sulfonate groups between 1000 cm™ and
1200 cm?, and stretching of C-Br at 580 cm™ were observed in the control samples. For
both AGUMO004 and AGUMO007, peaks at around 2300 cm™ and at around 1400 cm'*
were absent, a few spectra between 1000 cm™ and 1200 cm® had disappeared, and shifts
in the peaks for C-Br at 580 cm™ were noticed. The comparison of FTIR spectra of
control RB5 dye with degraded dye by AGUMO007 and AGUMO004 (Fig. 5D) revealed
that AGUMOO04 failed to degrade the dye, whereas AGUMOO07 had degraded the azo bond
and sulfonate groups, which was clearly indicated by the removal of bands near 1400 cm
L and 1200 cm, respectively. For RBBR, an anthraquinone dye, the characteristic bands
(Fig. 5E) were observed around 1600 cm™ wavenumber for C=C bending in benzene ring
and between 1100 cm™ and 1200 cm™? for vibration of sulfonate groups in the control
samples. In samples of AGUMO007 and AGUMO04, the sulfonate groups were removed,
which could be confirmed by the bands for sulfonate groups between 1100 cm™ to 1200
cm? that disappeared. Further drastic change in absorption pattern for aromatic C=C was
observed for both RBBR samples of AGUMO007 and AGUMO004. For RB5, an azo dye,
spectra were assigned at around 2400 cm™ for alknyl C=C stretching, at around 1600 cm™
for C=C stretching, between 1100 cm™ and 1200 cm for vibration of sulfonate groups,
and 1400 cm™ for characteristic azo bands (N=N stretch) (Kalkan et al. 2014). For kraft
lignin, peaks were assigned at 1771 cm™ for aromatic C=0, 1700 cm™ to 1750 cm™ for
unconjugated ketones, carbonyls, and ester groups; 1722 cm™ for aliphatic C=0, from
1650 cm™ to 1680 cm™ for conjugated p-substituent carbonyl and carboxyl C=0, 1500
cm? to 1600 cm?, and 1420 cm? to 1430 cm™ for benzene ring aromatic skeletal,
1325cm™ to 1330 cm?, and 1230 cm™ to 1235 cm for C-O of syringyl ring, 1270 cm™ to
1275 cm™ for C-O of guaiacyl ring, 1140 cm™ to 1145cm™ for C-H of guaiacyl ring,
1130 cm for CH of syringyl ring, 1085 cm™ to 1090 cm™ for C-O of secondary alcohol
and aliphatic ether, 1025 cm™ to 1145 cm™ for C-H of aromatic and primary alcohol, and
750 cm™ to 860 cm™ for C-H of aromatic ring (Lu et al. 2017).
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Fig. 5. FTIR spectra for different dyes and kraft lignin

Comparison of FTIR spectra of kraft lignin (Fig.5F) revealed that AGUMO007
could transform peaks around 1230 cm™ to 1235 cm™; 1130 cm™; 1085 cm™ to 1090 cm’
1750 cm™ to 860 cm™?; as well as at 1771 cm™ ,compared to the control whereas, in the
case of AGUMO004 major changes were observed only in peaks around 750 cm™ to 860
cmtand 1771 cm™,

MnP acts as an effective biochemical tool in degrading a variety of recalcitrant
compounds with the help of reactive Mn(I11) (Hofrichter 2002). The study results showed
that 72% of guaiacol oxidation-positive isolates were MnP producers. Guaiacol is the
most widely-used indicator compound for screening LME-producing WRF when
compared to other compounds including tannic acid, gallic acid, syringaldehyde, etc.,
which directly indicates the presence of LME (Kim et al. 2010; Bodke et al. 2012;
Pollegioniet al. 2015). Primary qualitative assay always helps in screening of large
number of isolates as it consumes less time and is easy to interpret.

Naturally, WRF produces more than one LME or an array of LMEs to degrade
lignin in the wood, and oxidation of guaiacol alone does not indicate the presence of any
one particular enzyme. Therefore, quantitative estimation of LME was carried out using
LME basal medium. Quantitative analysis of culture filtrate by isolated culture revealed
that among positive isolates, majorities were either laccase producers or both laccase and
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MnP producers. Among the MnP-positive cultures, AGUMO004 and AGUMO007 were
found to be hyper MnP-producing isolates with 111 U/L and 99 U/L activities,
respectively. The quantitative analysis of the ligninolytic enzymes secreted by these wild
isolates confirmed the presence of MnP, and further microscopic observation of spores,
hyphae, and septa confirmed the isolates belonged to the basidiomycetes group. Yet
molecular identification techniques involving DNA sequences are more precise and
efficient. Consequently, the more frequently employed method of using Internal
Transcribed Sequence (ITS) region of ribosomal DNA through the use of ITS 1 and ITS
4 primers to identify unknown fungal isolates was adopted. The isolates were identified
through comparison with BLAST of the known fungal sequences in a distinct study
carried out in the authors’ laboratory. However, the phylogenetic analysis did not confirm
the novel isolates to their species level, yet confirmed their respective genera.

Strains of Clitopilus scyphoides and Ganoderma rasinaceum are scarcely reported
in the literature as MnP and laccase producers. The presence of MnP along with laccase
has been reported in Ganoderma lucidium strains (D’souza et al. 1999; Songulashvili et
al. 2008),Pleurotus strains (Patrick et al. 2011; Camassola et al. 2013), Echinodontium
taxodii 2538 (Kong et al. 2016), Trametes versicolor (Champagne and Ramsay 2005),
and Panus tigrinus (Maltseva et al. 1991).

Production of MnP under submerged conditions drastically increased the
production of MnP in the culture media. Production of laccase in the same media, though
evident from day 1 itself, reached maximum on day 3, and started to decline subsequently
when production of MnP started exponentially. MnSO4, Tween 80, and sodium malonate
are inducers for MnP biosynthesis in different WRF (Perez and Jeffries 1992; Acevedo et
al. 2011; Jarvinen et al. 2012; Usha et al. 2014). Production of laccase did not drastically
increase unlike MnP in the media used. This could be explained by the requisite of
copper ions supplementation in the media for the production of higher levels of laccase
(Baldrian 2003; Ire and Ahuekwe 2016).

White rot fungi are efficient degraders of recalcitrant synthetic dyes because of
their nonspecific enzyme system (Murugesan and Kalaichelvan 2003). The ability to
degrade different dyes has been observed in Pleurotus ostreatus (Palmieri et al. 2005;
Shrivastava et al. 2005; Erkurt et al. 2007), Phanerochaete chrysosporium (Christian et
al. 2003), Coriolus versicolor and Funalia trogii (Erkurt et al. 2007), and Cerrena
unicolor BBP6 (Zhang et al. 2018). In most of the studies, WRF took more than 10 days
to degrade the dyes, but isolates AGUMO007 and AGUMOO04 in the study were more
efficient and could degrade almost all the compounds within 7 days from the day of
incubation. These findings are in agreement with Patrick et al. (2011), who found laccase
and MnP together in Pleurotus sajorcaju could degrade RBBR within 7 days. Though
MnP is known to degrade sulfonephthalein dyes by using free phenolic moiety present in
SP dyes, which oxidizes to form carbon-centered cation by enzyme-generated Mn**
(Christian et al. 2003), it is always a multi-enzyme action that is more efficient in
biodegradation and bioremediation, which reflects the physiological conditions of
basidiomycetes in action (Patrick et al. 2011). To see the pattern of degradation of dyes
by the isolates screened, all the samples were analyzed for FTIR. The FTIR method acts
as a valuable tool in dye decolorization studies, as it helps determine the type and
strength of interactions occurring in the different functional groups of dyes after bio-
transformation by microorganisms. Even a small shift in the spectra, deletion and/or
addition of peaks determines the biotransformation of a compound (Coates 2000). The
FTIR spectra of different dyes incubated with AGUMO004 and AGUMO0O07 in the current
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study have shown variations when compared with control samples, which in turn
confirmed the degradation of dyes.

A number of studies have supplemented enough proof that lignin degradation in
different straws with fungal pretreatment is more effective in improving the feed quality
as compared to bacterial pretreatment (Madadi and Abbas 2017). To test the proficiency
of isolates AGUMO004 and AGUMOO7 in lignin degradation, degradation of kraft lignin
was studied. The FTIR results showed that both isolates were equally capable of
degrading kraft lignin. When the spectra of kraft lignin samples were compared, it was
revealed that AGUMOO07 had degraded most of C-O in syringyl ring, C-O in guaiacyl
ring, C-H in guaiacyl ring, and CH in syringyl ring, along with aromatic C=0O and
aromatic C-H bonds, whereas AGUMO004 could majorly degrade aromatic C=0 and
aromatic C-H bonds. Similar findings were reported by Sahadevan et al. (2016) and Yang
et al. (2010).

CONCLUSIONS

1. Screened wild isolates exhibiting higher MnP activities were identified as Clitopilus
scyphoides (AGUMO004), Ganoderma rasinaceum (AGUMO007), and Schizophyllum
species (KONAO001, AGUMO0011, and AGUMO021).

2. Maximum MnP activity of 1890+109 U/L and 1623+152 U/L was produced by
Clitopilus scyphoides and Ganoderma rasinaceum and was found to be highly
efficient in degrading of various sulfonephthalein, azo, and anthraquinone dyes as
well as kraft lignin.

3. Because AGUMO004 (Clitopilus scyphoides), and AGUMO007 (Ganoderma
rasinaceum) are potential dye degraders in addition to having lignin degrading ability,
they promise wide range of industrial, biotechnological, and environmental
applications.
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