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Abstract

Novel laccase-producing thermo-tolerant organisms were identified and its culture conditions optimized for effective del-
ignification. Forty-three isolates were screened for ligninolytic activity, out of which six isolates with higher laccase spe-
cific activity (3.27, 5.49, 2.26, 4.54,4.61, and 4.73 U mg—l protein) were selected for further analysis. Maximum enzyme
production of 450 U/uLL was obtained after 120 hours of incubation, at 46°C and pH 6.0. Erianthus bagasse digested with
crude enzymes was studied for their structural modifications. The SEM analysis showed cavities (1.28 to 2.56 ym) indicating
the disintegration of lignin molecules while the FT-IR showed peaks at 1509 cm™', 1725 cm™!, and 2894 cm™! indicating
the breakdown of lignin, hemicellulose, and cellulose moieties, respectively. The GC-MS analysis generated derivatives of
syringyl and hydroxyphenyl lignin. Sequence analysis of the isolate showed that the isolate S2 is affiliated to A. caespitosus
and its purified laccase showed a specific enzyme activity of 7.9 to 19.2 U/mg of protein. Our results suggest that Aspergil-
lus caespitosus S2 has the highest potential for Erianthus delignification. Aspergillus caespitosus and its system biology
generated from this study might be beneficial for bio-refinery applications.
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1 Introduction

In the bio-energy platform, lignocellulosic biomass plays a
pivotal role as feedstock for bio-refineries to replace the fos-
sil fuel demand. Lignocellulosic biomass (LCB) is classified
into agricultural, forestry residues, energy crops, and cel-
lulosic wastes. Globally, around 5300 million tons per year
of agricultural residues are readily available as feedstock
[1]. Erianthus arundinaceus (sweet cane) is a wild cane
species recognized as a potential bioenergy crop due to its
huge biomass yield with high fiber and lignin content [2, 3].
LCB is composed of cellulose, hemicelluloses, intertwined
by complexes of lignin. Lignin are aromatic cross polymers
of 4 hydroxyl phenylpropanoid monomers linked by carbon-
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lignin-degrading enzymes are exemplified by the white-rot
fungi, as well as the bacteria and the archaeon Haloferax
volcanii [1, 6, 7]. The lignin components in the lignocel-
lulosic biomass are decomposed by ligninolytic enzymes
such as laccase, lignin peroxidases, polyphenol oxidases,
and manganese peroxidases [8—10]. Enzymes such as lac-
case catalyze the oxidation of aromatic thiols, phenols, and
anilines present in the biomass. Nevertheless, biological
pretreatment are affected by parameters like substrate, types
of microorganism, incubation temperature, aeration rate,
and moisture content, and these need to be optimized in the
process [11]. Among the ligninolytic enzymes, laccase (EC
1.10.3.2) is a multi-copper oxidase enzyme with huge appli-
cability in various biotechnological process, such as biore-
mediation, biofuels, fiber modified, biosensor, textile, and
paper industries [12, 13]. In particular, the textile dyestuffs
which were 10-50% highly reactive dyes were discharged
in the water bodies by the industrial scale and azo dyes
were predominantly found in it and they form toxic aro-
matic amines and phenolic. The lignin-degrading enzymes
such as laccase and peroxidase play pivotal role to cleave
this aromatic azo dyes by their oxido-reductive enzymatic
mechanism [14]. Due to this wider applicability, laccase
enzymes are at huge demand.

Hence, to enhance the laccase production at low cost,
optimization of fermentation conditions, methods, and
developing new productivity strains are effective methods.
Many researchers have used various lignocellulosic wastes,
such as coffee shell, cotton seed hull, corncob, cottonseed
hull, bamboos, rice straw, and dried leaves, to investigate
the production of ligninolytic enzymes at low cost [15, 16].
The different biomass substrates such as birch, alder, aspen
from saw dust, and wheat bran were formulated and utilized
as lignocellulosic feedstock by Lentinula edodes. The del-
ignification of these combined feedstock corresponds to the
degradation of S-lignin unit and reduction of S-G ratio [17].

Sugarcane compost pits/piles are one of the most abun-
dant agricultural wastes, under-exploited, which provide a
unique ecological niche, for the identification of lignino-
lytic microbes that can thrive in relatively high temperatures
(45-50°C). Response surface methodology (RSM) is a tool
which uses statistical and mathematical technique to opti-
mize the process parameters and their output responses. It
aids to design the experiments with minimal trials, to cor-
relate the input and output responses and reduce the time,
material, and cost [18]. In this study, we exploited the micro-
bial community in the sugarcane compost pit for the identi-
fication and characterization of new thermo-tolerant lignin-
degrading isolates. We report the optimization of process
variables along with their interaction for effective delignifi-
cation using RSM. The sequence analysis of the high laccase
producing isolate is affiliated to A. caespitosus. Erianthus
biomass structural modifications after laccase extracted from
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A. caespitosus have been documented through scanning
electron microscope, Fourier-transform infrared spectros-
copy, gas chromatography-mass spectrometry, and degrada-
tion of aromatic azo dye. In this study, novel thermo-tolerant
Aspergillus caespitosus has been screened and the crude lac-
case enzyme extracted from the isolate has been used for the
digestion of Erianthus bagasse. We have identified that the
purified laccase showed excellent specific enzyme activity
and, therefore, suggesting that Aspergillus caespitosus has
a high potential for Erianthus bagasse delignification. Our
results contribute to providing new isolate that holds prom-
ise for improved production and activity of laccase enzymes
at low cost.

2 Methods

The compost pit samples and Erianthus bagasse from a
matured plant (11 months old) were collected from ICAR
Sugarcane Breeding Institute, Coimbatore. The chemicals
and reagents of molecular grade used for enzyme activity
studies were purchased from Hi-media Laboratories (Mum-
bai, India). PCR reagents, Taq DNA polymerase, and oli-
gonucleotide primers were obtained from Thermo Fisher
Scientific, USA. The Trametes versicolor laccase enzyme
was procured from Sigma-Aldrich (Merck, Germany).

2.1 Biomass preparation

The pith and rind portion of the Erianthus arundinaceus
stems (clone IK-76-81) were removed manually. The juice
was extracted, and the bagasse was chopped into smaller
pieces. The chopped bagasse material was shade dried for
3 days and ground in a pulverizer machine (model: SF 250,
China). The resulting powder was sieved to 200 ym sizes [19].

2.2 Isolation of lignin-degrading fungi

Thermo-tolerant microbes were isolated from a sugarcane
compost pit located at an ICAR Sugarcane Breeding Institute
farm (11°0"20"N and 76°54'54"E). The natural compost had
been incubated for approximately 14 days at 37-45°C. The
thermo-tolerant microbes were isolated from the pit by a
serial dilution and plating technique. In this method, com-
post samples (1 g each) were added to a 250 mL Erlenmeyer
flask containing 100 mL of minimal liquid medium with 0.1
Mm CuSO, for 5 days at 46°C in a rotating shaker of 150
rpm. From the liquid medium, 1 mL of sample was removed
and serially diluted from 107! to 107, After the serial dilu-
tion, 100 xL dilution was spread on plates containing mini-
mal agar medium. The plates were incubated at 46°C for five
days. The minimal medium, pH 6, was composed per liter
of 1 g dextrose, 5 g NaCl, 1 g K,HPO,, 1 g NH,H,PO,, 1 g
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(NH,),S0,, 0.2 g MgSO,-7TH,0, 3 g KNO;, and 20 g agar,
as previously described [20]. The medium was sterilized
by autoclaving at 121°C for 1 h prior to use. To obtain pure
cultures of the microorganisms, colonies from the mother
plate were further isolated by the ““zigzag” streaking method,
and most of the cultures were isolated from the 1072 and
1073 dilutions.

2.3 Screening of laccase-producing fungi

To identify the isolates that produced laccase activity,
ABTS (2,2'-azinobis-3-ethyl-benzothiozoline-6 sulfonic
acid) was used as a substrate. The isolated strains were
grown in a 500 mL baffled Erlenmeyer flask with 50 mL
mineral medium along with 0.1 mM CuSO, for five days
at 46°C. The culture was incubated in an orbital shaker
at 150 rpm. After five days of growth, the cultures were
centrifuged at 6700 X g for 10 min. The resulting culture
broth was mixed in a micro titer plate containing 70 uL of
100 mM sodium acetate buffer pH 5.0 and 30 4L of ABTS
pipetted into 200 uL of reaction mixture for a final concen-
tration of 5 mM ABTS substrate with final pH of 5. Laccase
activity was monitored by a change in absorbance at 420 nm
(AA) over a time of 10 min using a SpectraMax micro plate
reader (Molecular Devices, San Jose, CA) and calculated
using the following formula:

Volumetric activity (U/mL) = (AA) X V, X DF/(t XexXlx V,)
(H
AA is the final absorbance value subtracted from the
initial absorbance value of the reaction; V, is the enzyme
volume used in the reaction expressed in mL; DF is the dilu-
tion factor of the crude enzyme preparation in the culture
broth expressed in mL; 7 is the time of incubation with the
unit of minute; ¢ is the extinction coefficient of 36,000 M~
cm™! at 420 nm for the ABTS substrate;  is the path length
expressed as cm; and V; is the total reaction volume with
the unit of mL.

2.4 Optimization of laccase production using
response surface methodology (RSM)

The response surface methodology using the
Box—Behnken design was used to determine the opti-
mum concentration of the selected variables. The vari-
ables selected were temperature, pH, inoculum size, and
incubation period. A total of 27 experiments were for-
mulated using the statistical software package Design
Expert® 13.0 (STAT-EASE, Inc., Minneapolis, MN) [21,
22]. Each selected variable was analyzed at three levels,
namely, low, medium, and high coded as —1, 0, and +1
in total of 27 runs (Supplementary Table S1).

2.5 Protein content of crude enzyme

To determine the total protein content of the crude enzymes,
the Bradford protein assay was used with bovine serum albu-
min (BSA) as the standard. The specific activity of the crude
enzyme was calculated according to the ratio of volumetric
activity to the amount of protein (mg) per mL of culture
broth [23].

2.6 Analysis of Erianthus bagasse material

The crude preparations of enzymes from the novel fungal
isolates were examined for their influence on the structural
composition and degradation of the lignin within the bagasse
material. The commercial laccase purified from Trametes
versicolor was included for comparison. The biomass slurry
was prepared by mixing 1 mL of enzyme with 2 g bagasse
in 40 mL of 100 mM sodium acetate buffer at pH 4.5 [18].
The slurry was incubated at 46°C in a 250 mL baffled Erlen-
meyer flask for 15 h with orbital shaking at 150 rpm. After
incubation, the pretreated bagasse was separated from the
supernatant using a muslin cloth (200 ym size). The pre-
treated material was washed thrice with distilled water (500
mL) and was dried in a hot air oven at 45°C.

2.6.1 Scanning electron microscopy to examine surface
morphology

The raw and pretreated biomass materials (treated with the
commercial enzyme and the crude enzymes from six iso-
lates identified in this study (S1, S2, S3, S6, S8, and S10))
were analyzed for surface morphology by scanning electron
microscopy (SEM; Quanta 250, FEI, Hillsboro, OR, USA).

2.6.2 Fourier-transform infrared spectrometry to assess
the functional group

To identify the functional group and structure of compounds
within the raw and pretreated biomass samples, the absorp-
tion and molecular stretching of the compounds were deter-
mined by Fourier-transform infrared spectrometry (FT-IR
6800 JASCO, Japan). In brief, a resolution of 4 cm™" was
used for the analysis with a scanning speed of 2 mm/sec.
The absorbance band was documented from the range of
4000-400 cm™".

2.6.3 Gas chromatography and mass spectroscopy
to identify molecular compounds

After digestion of the samples, the biomass was analyzed for
lignin degradation by gas chromatography-mass spectrom-
etry (GC-MS) using a DB-5 MS capillary standard nonpo-
lar column (PerkinElmer Clarus, USA) according to [24].
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Metabolites identified with high probability and peak area
were chosen along with their component name and retention
time, for the generation of heat map using ORIGIN 2021b
software (Origin Lab, Northampton, MA).

2.7 Residual enzyme activity

The supernatant of the biomass slurry that was pretreated
with the enzymes (commercial laccase and crude enzyme
preparations from six isolates identified in this study) was
collected after passage through a muslin cloth. This residual
material was assayed for laccase activity.

2.8 Screening isolates for dye degradation

The fungal strains that produced laccase activity were fur-
ther screened for azo dye degradation. The azo dyes (mala-
chite green 50 mg L~! w/v) were incorporated into the PD
plates. The cultures were inoculated by spread plating onto
PD plates supplemented with the azo dyes and 0.1 mM
CuSO, at 46°C [14, 25].

2.9 Molecular characterization of isolates
through ITS primers and DNA sequencing

To determine the taxonomic phyla of the fungi, the genomic
DNA was isolated from all the six isolates using a cetyltri-
methylammonium bromide (CTAB) method according to
(Karakousis et al. [26]) and used as template in a polymerase
chain reaction (PCR). The PCR mixture consisted of forward
and reverse ITS primers as ITS-1F 5'-CTTGGTCATTTA
GAGGAAGTAA-3" and ITS-4R 5'-TCCTCCGCTTATTGA
TATGC-3') 10 puM each, 5 pL of 10x Taq buffer with MgCl,,
2.0 uL of 2 mM dNTPs, 1.0 uL of Taq DNA polymerase
(3 U uL™Y), and genomic DNA (150 ng) at a final volume
of 50 uL.. The PCR conditions were 94°C for 3 min (initial
denaturation); 34 cycles of 94°C for 1 min (denaturation),
50°C for 1 min (primer annealing to template), and 72°C
for 1 min (elongation); and a final extension at 72°C for 10
min. The amplified products were separated by 1% (w/v)
agarose gel and documented in G:box EF gel documentation
system, Syngene, USA. The PCR product of all the isolates
was sequenced using Applied Biosystems Sanger sequenc-
ing 3500 Genetic Analyzer (Thermo Fisher Scientific, USA)
for further identification of the taxa. Phylogeny analysis was
performed with using the molecular evolutionary genetics
analysis MEGAL11 (https://www.megasoftware.net/).

2.10 Enrichment of laccase enzymes from culture
broth and SDS-PAGE analysis

To enrich the laccase enzymes from the culture broth, the
fungal isolates were grown in 500 mL baffled Erlenmeyer
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flask with 50 mL mineral medium for five days at 46°C with
orbital shaking at 150 rpm. After the five days of growth, the
cultures were centrifuged at 15,000 X g for 20 min at 4°C,
filtered with Whatman filter of 3MM size, and precipitated
with 1 volume of ice-cold ethanol. The protein was collected
by centrifugation at 7000 X g for 10 min at 4°C and sus-
pended in 25 mM Tris-HCI buffer pH 8.4 as a crude protein
sample as previously described [27]. The samples were sepa-
rated based on their molecular weight by 12% reducing SDS-
PAGE according to [28]. After electrophoresis, the protein
bands were visualized in the gel by Coomassie Blue R-250
staining according to [29] and documented.

3 Results

3.1 Isolation and identification of thermo-tolerant
lignin-degrading isolates

A total of forty-three fungal isolates were isolated from
sugarcane compost pit and screened for ligninolytic activ-
ity using ABTS as chromogenic substrate according to [30]
(Fig. S1). The isolates were designated as S1 to S43. Out of
the 43 isolates screened, six isolates (S1, S2, S3, S6, S8, and
S10) showed an increased level of laccase enzyme activity
on the fifth day varying from 0.36 to 0.46 U mL~! (Fig. 1).
The specific activity of these isolates (S1, S2, S3, S6, S8,
and S10) was 3.27,5.49, 2.26, 4.54,4.61,and 4.73 U mg_1
of protein, respectively. Based on this result, these six iso-
lates were selected for further analysis. By comparison, the
commercial laccase enzyme of T. versicolor was determined
to have a specific activity of 6 U mg™'.

3.2 Optimization of laccase production by the Box-
Behnken design

The BBD tool of RSM generated a matrix of 27 experi-
mental runs, each having a combination of the four selected
parameters (pH (A), temperature (B), inoculation period
(C), and inoculation size (D)) for the optimization of lac-
case production. The Box—Behnken design matrix for lac-
case production optimization is presented in Table S1. The
response surface plots were generated by keeping the vari-
able at optimal level and other variables at experimental
range. The interactions between the model terms (AB, AC,
AD, BC, BD, and CD) were expressed as three-dimensional
surface models (Figs. 2a—f). The results of the second-order
response surface model fitting in the form of analysis of
variance (ANOVA) are given in Table S2. Here, the quad-
ratic model of enzyme activity had a predicted and adjusted
R2 value of 0.98 and 0.97, respectively. The predicted R2
was in agreement with the adjusted R2, since the difference
between the two values was less than 0.2, indicating that
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Fig.2 The response surface plots displaying their effects of interac- temperature and inoculum size, and (f) inoculum size and incubation

tions between (a) pH and temperature, (b) pH and inoculum size, (c) period for laccase production
pH and incubation period, (d) temperature and incubation period, (e)

the model developed will be able to give a good estimate of ~ and inoculation size of 8 mm provide the highest laccase
the response (laccase enzyme activity). The CV% of 2.11 production of 450 U/uL (Fig. 2¢).

clearly indicated a very high degree of precision and a good

reliability of the experimental values due to closeness of 3.3 Biomass preparation and analysis

experimental and predicted values. The adequate preci-

sion measures the signal to noise ratio and the value greater =~ Biomass prepared from Erianthus clone IK-76-81
than 4 which is desirable and indicates adequate model dis-  (Figs. S2A, B) was examined for enzymatic pretreatment.
crimination and implies greater predicted response relative ~ The crude extracellular fractions of these isolates S1, S2,
associated error. Hence, in the present study, the proposed ~ S3, S6, S8, and S10 were used as the enzymatic solutions
model was found to be statistically significant. The opti-  for the pretreatment of the Erianthus bagasse material. A
mized results of 3D plot term AD show that the variables at ~ sample was digested with the purified laccase from T. ver-
pH of 6, temperature of 46°C, inoculation period of 5 days,  sicolor as a positive control, and a sample was processed
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similarly without enzyme as negative control. The bio-
mass was treated overnight with the enzyme preparations
(Fig. S2C). The resultant biomass slurry was washed with
distilled water to neutralize the pH and dried (Fig. S2D).
Further, the biomass samples were analyzed through SEM,
FT-IR, and GC-MS.

3.3.1 Biomass surface alterations detected by scanning
electron microscope

The physical surface structure of untreated and pretreated
Erianthus bagasse was analyzed through SEM. The surface
of the untreated Erianthus bagasse (negative control) was
smooth with the fiber bundles intact, and we observed slight
peel-off due to the overnight digestion (Fig. 3a). The surface
of the biomass samples treated with the commercial laccase
enzyme (6 U mL~") had holes and pinholes (Fig. 3b), while
the biomass treated with the crude enzyme preparations

Fig. 3 SEM analysis at 5000x
magnification of the Erian-
thus bagasse after enzymatic
treatment. (a) Control (without
enzyme), (b) digested with
commercial laccase, and (c-h)
digested with crude enzyme
preparations of S1, S2, S3,

S6, S8, and S10, respectively.
Representative images from n =
3 independent experiments

5245 nm

-

412
1 nm

5218 nm
A

701.8 nm
A
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from the six isolates (S1, S2, S3, S6, S8, and S10) also had
numerous pin holes with a range of 1.28 to 2.56 ym and
cavities on the surface of the material (Figs. 3c—h) suggest-
ing the action of the enzyme on the biomass disintegration.
The integrity of the Erianthus bagasse surface was partially
destroyed, forming various pits or holes. These changes
indicated that different degrees of degradation occurred on
the surface of biomass due to the efficient degradation of
lignocellulose caused by the enzymes secreted by these iso-
lates. Likewise, the surface morphology of the Erianthus
bagasse treated with the enzymatic extract from S2 isolate
showed wider pores (Fig. 3d) indicating the efficiency of
the enzyme. These effects are due to the partial removal of
lignin, thus exposing cellulose and hemicellulose for acces-
sibility and which in turn leads to increased yield of ferment-
able sugars. The structural changes and compositional varia-
tion were visualized under the SEM after the treatment, and
they were further analyzed by FT-IR and GC-MS to assure
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Fig.3 (continued)

1,982 pm

2040pm #

it was a removal of lignin content from the bagasse which
leads to the holes and pinholes [31].

3.3.2 Structural changes analyzed
through Fourier-transform infrared

FT-IR analysis is used to characterize the biomass accord-
ing to its organic groups, and its assay is mainly associated
with lignin modifications [32]. The Erianthus bagasse pre-
treated with the crude and commercial enzymes was ana-
lyzed by FT-IR to determine the stretching of bonds within
the lignin components. The spectrum peaks detected in
the raw bagasse material served as a control to compare
with the enzymatically treated biomass. The reduced and
weakened peak intensity was observed at 1509 cm™!. The
peaks at the 14501300 cm™! region exhibited molecular
coupling super positions around 1458 cm™! that are asso-
ciated with the deformation of lignin CH,-CHj; linkages

and included spectra linked to the alcohol stretching bands
for phenol or tertiary alcohols [33]. The peak observed
at 2894 cm™! can be linked to an asymmetric stretching
of C-H and CH, due to cellulose, while the broad and
strong spectrum detected at 3335.28 cm™! was associated
with the stretching of the alcohol O-H hydrogen bond,
aliphatic groups, and intermolecular and intramolecular
hydrogen bonds within the cellulose structure [31]. The
spectrum gradually decreased in intensity in the order
of commercially treated on par with the S2, S1, S3, S6,
S8, and S10 enzyme-treated biomass when compared to
the untreated control. The spectrum observed for the S2
enzyme-treated biomass showed significant peak shifts
indicating the breakdown of lignin and cellulosic moieties
which are highlighted in Fig. 4. Based on this analysis, the
crude enzyme from S2 was found to catalyze the degrada-
tion of the lignin components in the biomass on par with
the commercial enzyme.
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Fig.4 FT-IR analysis of the Erianthus biomass after enzymatic pretreatment. FT-IR spectra of biomass treated with no enzyme (control), com-
mercial enzyme, and crude enzyme from thermophilic isolates S2 are indicated by scale bar

3.3.3 Biomass-derived products detected by gas
chromatography-mass spectrometry

The GC-MS analysis was next used to detect the biochemi-
cal products generated after pretreatment of the Erianthus
bagasse. Pretreatments included a control, crude enzymes
from the S1, S2, S3, S6, S8, and S10 isolates, and a com-
mercial laccase. Metabolites were identified based on rela-
tive peak area and the probability of the detected compo-
nent. The GC-MS analysis of the bagasse treated with the
enzymes showed 96 metabolites which were totally absent
in the control biomass (without enzymatic treatment). Out
of the 96 metabolites, 43 metabolites with high probability
and peak area, along with their component name and reten-
tion time, were identified and selected. These 43 metabolites
were compared among the different isolates using a heat
map (Fig. 5). Certain compounds, such as tetradecanoic acid,
n-hexadecanoic acid, and octadecanoic acid, were identified
in all the samples digested with all the six isolates. Deriva-
tives of these components were identified to be of high abun-
dance in the enzyme-treated bagasse when compared to the
untreated control that indicate the breakdown of lignin and
the formation of derivative compounds [24]. The breakdown
products included low molecular weight metabolites, such as
propionic acid, likely generated by the breakdown of ester
and phenyl-linked components. The GC-MS analysis also
detected metabolites with phenolic, acidic, and ester groups
due to the breakdown of the f-aryl and benzoyl ether bonds
in the lignin [34]. Metabolites associated with the formation
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of lignin benzene-diols and the breakdown of the cellulose
and hemicellulose fractions of biomass were also detected.
The metabolites generated from Erianthus bagasse treated
with crude enzymes of isolates S1, S3, and S6 predominately
showed phenol, phthalates (diisooctyl and diethyl phthalate),
and trans-sinapyl alcohol which are highlighted in Fig. 5.

3.4 Residual laccase enzyme activity

Recycling of the enzyme biocatalyst during the pretreat-
ment process is desirable as this reduces cost and minimizes
waste. To investigate the possibility of reusing the laccase
enzyme preparations, the supernatant was collected from the
biomass slurry after being treated with the crude enzymes
from all the isolates and analyzed for residual laccase activ-
ity. Residual laccase activity was detected at 0.006, 0.023,
0.004, 0.021, 0.002, and 0.003 U mg_1 of protein for the
isolates (S1, S2, S3, S6, S8, and S10), respectively (Fig. S3).
These results reveal that high residual laccase activity was
detected in S2 isolate which can be retrieved after the enzy-
matic digestion process when performed at the lab scale,
suggesting these enzymes could be recycled in an active
form after pretreatment of bagasse at the industrial scale.

3.5 Degradation of aromatic azo dyes
Aromatic azo dyes used in the textile industry yet often

form aromatic amines which are toxic to the environ-
ment and human health. Laccases and other ligninolytic
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Fig.5 Heat map of lignin-derived metabolites detected by GC-MS
after biomass digestion. Green indicates the relative peak maximum
of 30, while yellow represents an absence of detecting the compound
(peak area of 0) and the gradual coloring represents the intermediate

enzymes are found to be useful in decolorizing aromatic
azo dyes and preventing the formation of toxic aromatic
amines [14, 25]. Thus, the thermo-tolerant fungal isolates
that were identified in this study to produce laccase activ-
ity were grown on plates supplemented with malachite
green to screen their activity. These dyes are chromophore
compounds that are highly visible even at low concentra-
tions, and certain fungal isolates are distinctly capable of
removal and mineralization of azo dyes by their enzymatic
machinery [35]. Here, an Escherichia coli (non-laccase
producing) isolate was used as a negative control with
no inoculation as experimental control which is shown in

Isolate S1

N g
———

I

Isolate S2 | Isolate S3 | Isolate S4 |Isolate S8

Retentic
30

Isolate S10 |

25

20
ﬂ 1s
=
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amounts of metabolites detected by GC-MS. The metabolites encir-
cled were used to show the compounds specifically and predomi-
nantly reduce due to lignin breakdown in biomass. Origin software
was used to generate the heat map as described in methods

Figs. 6a, b respectively. Among the six isolates (S1, S2,
S3, S6, S8, and S10 shown in Figs. 6¢c-h, respectively)
studied, we were able to observe the zone of clearance for
isolates S1 and S3, while isolate S2 showed a more prom-
ising zone of clearance. The enzyme-producing fungal S2
isolate was found to positively produce a zone of clearance
on malachite green (Fig. 6d) PD plates examined. The azo
dyes that were removed by the fungal isolates S2, S3, and
S1 were malachite green, which is an industrial textile dye
with complex aromatic amine rings and sulfonic groups.
These results reveal that isolate S2 is able to oxidize com-
plex aromatic compounds.
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Fig.6 Isolate S2 mediates the
oxidation of azo dyes as indi-
cated by plate assay. PD plates
supplemented with malachite
green dye 0.5% w/v. (a) Nega-
tive control using E. coli strain,
(b) control PD plate with no
isolate, (c, d, e) isolates S1, S2,
and S3 showing zone of clear-
ance, and (f, g, h) isolates S6,
S8, and S10

3.6 Fungal isolates classified to the ascomycetes
phyla
Primers targeting the internal transcribed spacer region (ITS)

were designed (ITS1F and ITS4 primers) to distinguish
fungi of the ascomycetes, basidiomycetes, and zygomycetes

O S2Isolate

O OL711784.1 Aspergillus caespitosus strain CBS 103.45

[36]. We were able to observe an amplification of 600 bp for
all six isolates (Fig. 7a). All the six isolates were sequenced
in which the PCR product derived from isolate S2 revealed
99.16% sequence identity to A. caespitosus. Using this DNA
sequence information, a phylogenetic tree was constructed
for isolate S2 in which isolate S2 clustered with the fungal

O S$3Isolate
DQ978219.1:105-497 Flammulina velutipes strain X 249
MT734035.1:83-480 Flammulina filiformis strain FO15-Y-A

strain DT0 325-C1

KU866669.1

JQ765499.1:115-512 Flammulina velutipes strain Ri Jin
Q Sloisolate

NR 153998.1:129-521 F
KY200201.1:121-518 Flammulina filiformis voucher HKASY.
MN337393.1:115-512 Flammulina filiformis strain F006
MH468771.1:1870-2267 Flammulina velutipes strain strain 1
MZ293094.1:192-589 Flammulina filiformis voucher KUN-H

ina velutipes var. himalc

NRRL 4545

Fig.7 Molecular identification of fungal isolates using ITS primer
and phylogeny of the query isolates clustering. (a) Molecular identifi-
cation of all 6 isolates using ITS primer with 600 bp. (b) Phylogenic

@ Springer

—————————— KY964057.1 Curvularia lunata strain BWFWV

NR 138358.1 Penicillium murcianum CBS 161.81
600bp NR 077150.1 Aspergillus ochraceus NRRL 398

NR 138307.1 Penicillium hispanicum CBS 691.77

NR 135355.1 il i

[EU287942.1 Emericella nidulans strain RTMHI3.CS

KU866664.1 Aspergillus rugulosus strain DTO 325-A7

QO S6 Isolate
EUI191069.1:95-492 Flammulina velutipes voucher TENN59
MN337400.1:114-511 Flammulina filiformis strain FO07

©

analysis of S2 isolates clustering with the Aspergillus caespitosus. (c)
Phylogenic analysis of S3, S6, and S10 isolates clustered with Flam-
mulina velutipes
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species to A. caespitosus. Therefore, with the available data
the isolate S2 is affiliated ascomycetes phylum, A. caespito-
sus (Figs. 7b, ¢). The morphology of isolate S2 was visual-
ized by growing the culture in czapek yeast extract media for
seven days and the microscopic characterization of isolate
S2 was done using the lactophenol cotton blue at 40x to
visualize the sclerotia, hyphae, and conidiospores of isolate
S2 shown in supplementary data (Fig. S4).

3.7 Laccase enzymes purified by ethanol
precipitation

The laccase enzymes were further purified from the culture
broth of the six fungal isolates (S1, S2, S3, S6, S8, and S10)
by ethanol precipitation. The spent culture broth containing
the laccase enzyme activity was mixed with an equal vol-
ume of ethanol and precipitated. The protein composition of
this precipitated fraction was then analyzed by 12% reduc-
ing SDS-PAGE and Coomassie Blue R250 staining. The
major protein bands detected in the ethanol precipitates were
found to migrate between 30 and 40 kDa for the six isolates
(Fig. 8a). A single protein band of 30 kDa was identified
in the S2 isolate that was common to isolates S3, S6, S8,
and S10. The S1 sample did not have this 30 kDa protein
and was instead composed of a 33 kDa protein suggesting
a different homolog or isoform of the laccase. The specific
activity of the purified laccase from all the isolates is shown
in Fig. 8b, while for the S2 isolate it was 19.22 U mg~! of
protein, a 3.5-fold increase in activity compared to the crude
enzyme in the culture broth. Together these results indicate
that the laccase enzyme can be readily purified in an active
form from the culture broth of the S2 isolate by ethanol pre-
cipitation. The specific enzyme activity in the presence of
copper inhibitor 0.1% thioglycolic acid for 15 minutes was
10.37, 18.65, 5.89, 11.56, 13.76, and 12.14 U/mg for all six
isolates from S1 to S10. The presence of copper inhibitor

Fig. 8 Crude enzyme protein

molecular weight determina- KDa
tion by SDS-PAGE along with 135
the specific activity of laccase

enzyme for all 6 isolates. Panel 75
A: lane M shows the pre-stained

protein ladder. Crude protein 63
isolated from S1 (lane 1), S2

(lane 2), S3 (lane 3), S6 (lane

4), S8 (lane 5), and S10 (lane 45
6). Panel B: the specific enzyme

activity of all 6 isolates 35

shows only a slight variation in the specific activity of the
enzymes which has been shown in Fig. S5.

4 Discussion

The study was aimed at identifying potential thermo-tolerant
fungi that could degrade lignin from Erianthus bagasse. In
our explorations, we have isolated and purified 43 isolates
from sugarcane compost pit. All the isolates were subjected
to preliminary screening through laccase enzymatic assay.
Based on the high value of lignolytic enzyme activity with
ABTS as substrate, we selected six isolates for further anal-
ysis. Selection of isolates based on their laccase enzyme
activity was in accordance to [37], where they selected two
bacteria isolates from 140 isolates with high laccase activ-
ity. As the optimization of enzyme production can be done
using the response surface methodology which enhance
the production of enzyme among which the Box—Behnken
design of experiments was used to construct second-order
response surfaces with the input parameters such as pH,
temperature, and time [21]. The efficiency of these six iso-
lates on the delignification of the Erianthus bagasse was
determined through scanning electron microscopy (SEM),
FT-IR, and GC-MS. The SEM analysis of the degraded sub-
strate showed an enzyme-dependent alteration. The observed
peeling of intermolecular structures is an indicator that the
enzymatic pretreatment is breaking down components of the
biomass [38]. These enzyme-dependent alterations likely
removed lignin from the cell wall resulting in absences of
cohesion between adjacent cell walls within the biomass.
Cavities generated on the surface of the biomass are found
to aid in the access of cellulose and hemicellulose enzymes
for saccharification [18]. These results were similar with
the earlier reports on various plants [39—41]. The altera-
tion in the functional groups for laccase pretreated Erian-
thus bagasse in relation to the non-treated substrate was
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qualitatively observed by FT-IR analysis. The reduced and
weakened peak was observed at 1509 cm™! which is in con-
sistent with a stretching of the aromatic rings of lignin [42].
Our results were in accordance with previous findings that
reveal lignin can be assigned to a broad region (3300-3600
cm™!) with hydrogen bond in phenolic groups, OH stretch-
ing of alcohols, phenols, and acids [43]. The bands detected
at ~2900 cm™~! were consistent with the C—H stretching in
methyl and methylene groups [44—46]. The signal detected at
1725 cm™! was consistent with carboxylic (C=0 stretching
vibration) stretching of the hemicelluloses [42]. These find-
ings are indicative of the enzyme-pretreatment step breaking
down the biomass, especially the lignin component. Based
on this analysis, the crude enzymes from S10, S8, and S2
were found to catalyze the degradation of the lignin compo-
nents in the biomass on par with the commercial enzyme.
The intermediates observed during GC-MS analysis could
be a result of the laccase reactions on the phenylpropanoid
units. The release of phenolic ketones and heterocyclic aro-
matic compounds on laccase pretreatment is described natu-
ral mediators of non-phenolic lignin biodegradation process
[39]. Nevertheless, the metabolite like phthalates has indus-
trial application especially in personal care products and
cosmetics and also used in plasticizers [47]. These products
are likely derived from the breakdown of S-lignin (syrin-
gyl structure lignin) and H-lignin (hydroxyphenyl structure
lignin) as this was the composition of lignin component
[48]. Metabolites from carbohydrate breakdown, including
furaldehyde, furan methanol, furanone, and methyl furfural,
were also detected exclusively in the bagasse pretreated with
enzymes and not in the control sample. Most of the lignin-
derived metabolites generated after pretreatment of the bio-
mass were found in samples treated with the enzymes from
S1 and S2 isolates and the commercial source. The laccase
enzyme thermal stability was investigated by measuring the
residual enzymatic activities after pretreatment of the Eri-
anthus bagasse, at pH 5.0. A comparative study showed that
wheat straw delignification of Phlebia brevispora was 30.6%
and Trametes trogii was 21.9%, respectively [49], while the
laccase enzyme identified from Trichoderma viride had an
ability to reduce the lignin content up to 56% in rice straw
[50]. Laccase enzyme isolated from Pleurotus djamor was
used for the delignification of sugarcane tops which resulted
in 79.1% delignification [39].

Large-scale utilization of these crude enzymes would
be facilitated in a continuous and batch process where the
residual enzymes are reused for modification of the substrate
[51]. The laccase derived from the S2 isolate is particularly
desirable for this process as it displays the highest residual
activity of the isolates isolated in this study and has specific
activity values on par with the commercial enzyme. In addi-
tion to the increased residual laccase enzyme activity, we
observed zone for clearance for the S2 isolate which is in
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accordance with the earlier numerous reports decoloriza-
tion of malachite green [52-54]. The ITS region was used
for phylogenetic classification of fungi, and the results show
that isolate S2 is highly similar 7o A. caespitosus [55] and
isolates S3, S6, and S10 show resemblance with Flammulina
velutipes [56].

The SDS-PAGE results showed that A. caespitosus has a
molecular weight of 30, 33, and 40 kDa close to the laccases
from A. nidulans which is reported as 40 kDa [57]. The
bands of lesser molecular weight were observed this might
be the different isoforms of laccase. A majority of laccases
have been reported to be produced as multiple isoforms;
three and four laccase isoforms are reported in 7. villosa
[58] and Pleurotus ostreatus, respectively [59]. The specific
activity of purified laccase recorded a 3.5-fold increase as
that of the earlier reports [60, 61]. Our results on the specific
enzyme activity of laccase in the presence of thioglycolic
acid were in accordance with the earlier report [62].

Therefore, in this study, six isolates of thermo-tolerant
fungi were isolated that secrete laccase activity at high lev-
els in the culture broth. The isolates were classified to the
ascomycetes using ITS primers and found to produce lac-
case specific activity in the culture broth at a level on par
with the laccase purified commercially from 7. versicolor of
the Basidiomycetes. Comparison of the Erianthus biomass
pretreated with crude enzymes of the different ascomycetes
isolates showed that the breakdown of lignin components
was predominantly detected in the enzyme preparations
from the S2, S8, and S1 isolates. Further analysis revealed
isolate S2 to be superior to the other isolates in its capacity
to degrade complex aromatic azo dyes. Thus, isolate S2 was
further analyzed by DNA sequencing the ITS PCR product
and found to be closely related to A. caespitosus and the
morphology of the isolate S2 has been studied using the
lacto-phenol cotton blue [63]. The S2 isolate was found to
secrete the laccase enzyme at such abundance that it was
readily purified to homogeneity and high specific activity
(19.2 U mg™") by ethanol precipitation from the culture
broth. Sandrim and his team reported the production of two
xylanase (xyl I and II) from thermo-tolerant fungus Asper-
gillus caespitosus [64]. In an earlier report, A. caespitosus
(ASEF14) strain also exhibits high lipid content similar to
vegetable oil, when it has been grown in sago processing
wastewater which has been employed for biodiesel produc-
tion [55]. They also showed that these enzymes preferen-
tially hydrolyzed birchwood xylan. Likewise, Alegre and
his co-workers have observed the production of thermo-
stable invertases by A. caespitosus strains under submerged
or solid state fermentation using agro-industrial residues as
carbon source [65]. Here, we provide the first report that A.
caespitosus strain S2 secretes laccase enzyme at specific
activity levels that can modify sugarcane bagasse, a feed-
stock for biofuels.
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