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Abstract

Lignocellulosic residues, including rice stubble, carboxymethyl cellulose (CMC), xylan, and lignin, were
evaluated as substrates for cultivating lignocellulolytic fungi in submerged fermentation at 30 °C over
15 days. Rice stubble, accounting for 40-60% of rice plant biomass and containing 42.14% cellulose,
22.08% hemicellulose, and 11.98% lignin, was explored as a renewable resource for energy and
biochemical production. Four fungal strains-Penicillium oxalicum (F1), Talaromyces pinophilus (F12),
Penicillium griseofulvum (F22), and Trichoderma reesei (F26) were evaluated for their lignocellulolytic
enzyme production potential. Enzyme assays conducted at 3-day intervals revealed maximal production
of CMCase (63.42-88.26 U/mL), FPase (46.01-80.66 U/mL), xylanase (1146.10-1640.52 U/mL), lignin
peroxidase (0.192-0.287 U/mL), and laccase (0.193-0.434 U/mL). ITS (internal transcribed spacer)
sequencing confirmed the fungal strain identities. These findings highlight the potential of the tested
fungal strains for hydrolytic stubble production and lignocellulose degradation, positioning rice straw
as a cost-effective carbon source for biotechnological applications in biorefineries.
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INTRODUCTION

The natural world is abundant with a
wide variety of microorganisms, most of which
provide valuable benefits to our environment.
Among these microorganisms, fungi are essential
in agriculture as they contribute significantly to the
breakdown of organic matter and the management
of waste. Researchers have consistently focused on
exploring novel fungal strains due to their potential
for producing lignocellulosic enzymes, which hold
significant industrial importance. Lignocellulosic
enzymes, produced by various filamentous fungi,
comprise a complex of hydrolytic and oxidative
enzymes that decompose lignocellulosic biomass,
especially crop residues.? These enzymes have
garnered growing research interest due to their
wide substrate versatility, sustainable valorisation
and usefulness in industrial applications of
lignocellulosic biomass.?

Agricultural, forestry, and agro-
industrial waste that typically accumulates in
the environment presents significant ecological
challenges. Nevertheless, lignocellulosic wastes
have the potential to be utilised as important
resources for the efficient manufacturing of
valuable products such as secondary metabolites,
organic acids, biocatalysts, biofuels, and other
refined chemicals. These applications are currently
attracting significant attention from researchers.
Since the cost of lignocellulosic feedstock is crucial
in determining the economic viability of the
delignification process, considerable research has
focused on using low-cost substrates.

Agricultural biomass has garnered
attention as a carbon source for producing cellulase
enzymes through submerged fermentation using
microbial species.* Currently, lignocellulolytic
enzymes, including hydrolytic and lignolytic are
widely employed in the food industry for various
purposes such as texturizing and flavouring
during the preparation of fruits and vegetables.
Additionally, these enzymes enhance the softness
of clothes by causing fibers to bulge and minimize
the visibility of diminishing in fabrics.>®

Although, as per the Indian Ministry
of New and Renewable Energy (MNRE), India
produces 686 million tons (MT) of dry matter
agricultural residue annually from different

crops. Nevertheless, there remains a surplus
of 234.5 million metric tons of crop residue,
which contributes to the production of excessive
particulate matter and air pollution.”® The rising
demand for rice due to a growing population
has resulted in the generation of substantial
amounts of rice stubble. The rice plant consists
of approximately 40%-60% rice stubble, a
lignocellulosic biomass containing 46.55%
cellulose, 28.25% hemicellulose, 11.60% lignin,
13.70% silica, 0.81% nitrogen, 0.32% phosphorus,
and 2.78% potassium.>*° The roles of cellulase,
xylanase, laccase, and lignin peroxidase in the
conversion of agricultural and other organic waste
have been extensively studied in recent decades.

As a result, straw can be a decent
feedstock for producing cellulase enzymes.
Utilizing crop residue as a feedstock in microbial
fermentation processes could be a more cost-
effective method for cellulase enzyme production,
thereby reducing overall costs. Cellulase
enzymes are secreted by microorganisms, such
as bacteria and fungus, during the process
of breakdown or fermentation.!! Cellulases
hydrolyse cellulose by breaking B-1,4-glycosidic
bonds, with endoglucanases initiating cleavage
in amorphous regions, exoglucanases break
processing ends of chain which release cellobiose,
and lastly B-glycosidases converting cellobiose
into glucose molecules. Effective cellulose
hydrolysis requires synergistic action among these
three enzyme types for complete and efficient
conversion. Hemicellulases break glycosidic bonds
between carbohydrates and aid glycohydrolases
by removing surface methyl and acetyl groups.
They include depolymerizing enzymes (xylanases,
glucanases, mannanases) that hydrolyze main
chain bonds, and accessory enzymes that target
ester and side chain bonds (acetyl xylan esterase,
a-L-arabinofuranosidase, glucuronyl esterase,
ferulic acid esterase and B-glucuronidase). Lignin,
an aromatic and hydrophobic polymer having high
molecular weight, resists the action of hydrolases
due to its physiological stability provide by ester
and ether bonds, requiring oxidative reactions for
its degradation. Ligninases, including peroxidases
(lignin, manganese, versatile, and bleaching) and
oxidases, facilitate this process. Peroxidases,
heme-containing glycoproteins, use hydrogen
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peroxide to oxidize phenolic and non-phenolic
compounds, forming free radicals and Mn* ions,
which degrade lignin.®

Although, various fermentation
techniques, such as solid-state, submerged,
and co-culture fermentation, can be employed
to produce lignolytic and hydrolytic enzymes.
Optimizing these processes can enhance enzyme
yield and productivity without incurring extra
costs. Additionally, genetic engineering can be
leveraged to boost enzyme production to satisfy
industrial demands. Therefore, this study aims to
screen fungal species for their ability to produce
lignolytic and hydrolytic enzymes through
submerged fermentation using rice stubble. The
objective is to identify effective fungal strains that
are suitable for large-scale enzyme production.

MATERIALS AND METHODS

Procurement of the materials

Fresh rice stubbles were collected from
a farmer's field in Salarpur village, Sirsa, India. It
was cut into pieces of 2-3 cm using a fodder cutter
and then stored in high-quality polythene bags at
the room temperature.

Isolation of lignocellulolytic fungi for degradation
of rice stubbles

Rice stubble were collected from the
ICAR-IARI fields in New Delhi, India, after the rice
harvest. These stubble, along with soil samples,
were immediately placed into RMM medium??
supplemented with 1% carboxymethyl cellulose
(CMC), 1% xylan, and 0.1% lignin, and incubated
at 30 °C for 14 days. After the enrichment period,
fungi were isolated using the serial dilution and
spread plate method on RMM medium containing
1% CMC, 1% xylan, and 0.1% lignin. Fungal
isolates with distinct morphological features were
selected, purified, and maintained on potato
dextrose agar slants.

Maintenance of the Fungal strain

The isolated colonies were subcultured
three times on fresh agar plates to ensure the
cultures were purified. The fungal culture showing
distinct morphology was maintained as per the
growth conditions, that is, incubation temperature
of 28 + 2 °C, incubation period of 7 days and was

stored in refrigerator at 4 °C after sub-culturing

Morphological observations and identification
of the promising lignocellulolytic fungal strains

Morphological observations were
conducted on four different fungal isolates cultured
on 1.5% PDA at approximately 28 £ 2 °C. The
more complex conidiophores, which developed
from characteristic tufted or pustulate areas of
conidiation typically 3 to 5 days after inoculation,
were examined microscopically. A compound
microscope equipped with a Progres 2.7 camera
(Jenoptik, USA) was used to analyze the color, size,
shape, and septation of the conidiophores and
conidia of each strain. Measurements were taken
using MagVision software, with 25 recordings per
replication to ensure accuracy. The fungal strains
were identified using identification keys provided
by Rifai'* and Bissett.’* The fungal isolates are
identified as lignocellulolytic fungal strains on the
basis of their enzymatic studies.

Molecular identification of the promising
lignocellulolytic fungal strains

The genetic diversity of fungal strains
from the genera Trichoderma, Penicillium, and
Talaromyces was examined using the random
amplified polymorphic DNA (RAPD) approach.®
7 days old mycelial biomass of Trichoderma,
Penicillium and Talaromyces culture were
transferred to Potato dextrose broth (PDB) in
aseptic condition under the laminar air flow and
the cultures were then incubated at a temperature
of 28 °C. The fungal mycelial mat was harvested
after 8-10 days and subsequently stored at -20 °C
for future study.

Isolation of genomic DNA

The fungal mycelium was pulverised into
a fine powder using liquid nitrogen. Four grams
of powdered mycelium were mixed with C-TAB
buffer and incubated at 60 °C for one hour in a
water bath. Afterwards, the mixture was subjected
to centrifugation at a rate of 10,000 revolutions
per minute for 10 minutes at 24 °C. Following
this, 500 ul of the resulting liquid above the
sediment was carefully collected and transferred
to a fresh tube. Subsequently, an equal quantity
of Chloroform: Isoamyl alcohol (24:1) was added,
and the mixture was centrifuged again at a speed
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of 10,000 rpm for 2 minutes at a temperature of
24 °C. Subsequently, 500 pl of the supernatant
was transferred to a separate tube. Then, 0.6
times the volume of isopropanol (300 pl for 500
pl of the liquid) and 0.1 times the volume of
sodium acetate (50 pl for 500 pl of the liquid) were
introduced. Subsequently, the tubes were placed
in a controlled condition at-20 °C. On the following
day, the tubes were subjected to centrifugation
at a speed of 10,000 rpm for 10 minutes at 4 °C.
The liquid portion above the solid sediment at
the bottom was meticulously removed without
causing any disturbance to the sediment. To wash
the pellet, 500 pl of 75% ethanol was added, and
the solution was subjected to another round of
centrifugation at 10,000 revolutions per minute
for a duration of 10 minutes at a temperature of
4 °C. The pellets were dried by exposing them to
air after the ethanol was removed. The DNA was
dissolved by adding TE buffer, and the solution
was kept at a temperature of 4 °C for an entire
night before being stored at -20 °C. The DNA
concentration was determined using a Nano-Drop
spectrophotometer and subsequently utilised for
PCR amplification.
Amplification of ITS region, sequencing, alignment
and identification

The ITS region was amplified using
a Thermal cycler manufactured by Biotron
Healthcare (India) Pvt. Ltd. In order to enhance
the signal, the amplification process utilised
Internal Transcribed Spacer (ITS) primers, namely
ITS-1 (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS-4
(5’-TCCTCCGCTTATTGATATGC-3’), as described
by White et al.'® The PCR was performed under
optimised conditions. The procedure began with
an initial denaturation phase at a temperature
of 95 °C for a duration of 5 minutes. This was
followed by a series of 30 cycles consisting of
denaturation on 95 °C for 30 seconds, annealing at
50 °C for 30 seconds, and extension takes place at
72 °C for period of 60 seconds. Finally, there was
a completing step of elongation at 72 °C for a
period of 10 minutes. MilliQ water was used as
a negative control in the experiment. PCR results
were visualized on a 1.2% horizontal agarose gel
containing 0.002% ethidium bromide. Gel images
were captured using a Gel Documentation System
(Alphalmager 1220, Alpha Innotech Corporation,
California) equipped with a CCD camera. ITS rRNA

sequencing was outsourced to the Eze Diagnon
sequencing facility in Coimbatore, India, using
the same primer set. The aligned sequences
were analyzed through BLAST using the EzTaxon-e
server.” A phylogenetic tree was constructed with
MEGA 6.0 software employing neighbor-joining,
maximum parsimony, and maximum likelihood
methods, based on data from all type strains of the
isolates' closest relatives. The ITS sequences were
aligned using CLUSTAL-X,*® and bootstrap analysis
was conducted with 1000 replicates to assess the
confidence of the branching.

Phylogenetic analysis

For phylogenetic analysis, the nucleotide
sequences were aligned using neighbor-joining
algorithm, a multiple sequence alignment
program.’ MEGA 7 version software was used to
perform phylogenetic based analysis.?° A neighbor-
joining algorithm analysis was performed using
a heuristic search. An initial tree was generated
through stepwise calculation, with sequences
added randomly for 1000 replicates. The stability
of the tree was assessed with 1000 bootstrap
replication.

Qualitative analysis of fungal isolates for
production of the ligno-cellulolytic enzymes
Qualitative screening of CMCase and Xylanase
The cellulolyticand xylanolytic capabilities
of the fungal strains were assessed using the Congo
Red test, as described by Teather and Wood,*
which showed a clearing zone on carboxymethyl
cellulose (CMC) agar plates. The CMC and Xylan
agar plates were prepared by adding 1% (w/v) CMC
and 0.5% (w/v) beechwood Xylan, respectively,
to the basal medium, along with 2% agar. The
medium was composed of 1.5 g KH,PO,, 5.0 g
K,HPO,, 0.5 g (NH,),SO,, 0.1 g MgS0,.7H,0, 0.2
g NaCl, and 0.1 g yeast extract. The final volume
was made up 1 litre by adding distilled water and
the pH adjusted to 7.2. The medium underwent
sterilisation using autoclaving at a pressure of
15 pounds per square inch for a duration of 20
minutes. The pure selected fungal culture was
inoculated into the Xylan and CMC agar containing
plates and incubated at 28 °C. Following a five-day
incubation period, the plates were immersed in a
solution of Congo Red (1 mg/ml in distilled water).
After a 20 minute period of incubation, the dye
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was extracted and the plates were immersed in
a solution of 5 M NaCl. After a duration of 15
minutes, the NaCl was removed, and colonies that
exhibited the production of CMCase and xylanase
were distinguished by the presence of a pale
orange to clear region surrounding the colonies
in contrast to the red background.

Laccase activity (Modified method of Hankin and
Anagnostakis??)

The selected pure fungal culture was
inoculated on agar plates containing 2% malt
extract and incubated at 28 °C for a period of 7
days. Succeeding this incubation period, a cavity
was made in the middle of each plate, and the
bottom of the cavity was sealed using molten
agar. To evaluate the activity of laccase, a solution
of guaiacol (2-methoxyphenol) was prepared
by mixing 1 ml of guaiacol with 95% ethanol at
a concentration of 1% v/v. Subsequently, 1 ml
of this freshly prepared guaiacol solution was
added to each cavity, and the plates were kept in
darkness. After a period of 10 hours, the plates
were examined for the presence of ared to purple
colour, which indicates the production of laccase.

Lignin Peroxidase activity (modified method of
Egger®)

The selected fungal culture was grown
on agar plates containing 2% malt extract and
incubated at 28 °C for a period of 7 days. After
incubation, molten agar was used to seal the
bottom of each plate after a well of 6 to 8 mm
in diameter was made there using a sterile cork
borer. Each well was filled with 0.5 ml of a 1.0%
(w/v) pyrogallol aqueous solution, and the plates
were kept in darkness at room temperature for
10 hours to assess the activity of lignin peroxidase.
The presence of lignin peroxidase activity was
indicated by the appearance of a golden yellow
to brown hue.

Quantitative analysis of fungal isolates for the
production of the lignolytic enzymes

The isolates were grown in 50 ml of
sterilised Reese mineral medium with 1% (w/v) rice
stubble chopped into 2-3 cm lengths. The flasks
were incubated at 30 °C for a duration of 14 days
under submerged conditions. After the incubation

period, the fermented broth was filtered by using
Whatman filter paper No. 41. The filtrate obtained
was used to quantitatively measure the activities
of Carboxymethyl cellulase (CMCase), Filter
Paperase (FPase), xylanase, lignin peroxidase, and
laccase.

Determination of Carboxymethyl Cellulase
(CMCase) activity

The CMCase quantity in the culture filtrate
was measured by using the method described by
Ghose.? The substrate used in the experiment
was CMC, obtained from Central Drug House
Ltd., Mumbai. Two grams of CMC were added
in 100 ml of citrate buffer with a concentration
of 0.05 M and a pH of 4.8. After that, a 0.5 ml of
enzyme filtrate was taken with 0.5 ml of a solution
containing 2% CMC. The mixture was then kept at a
temperature of 50 °C for a duration of 30 minutes.
The concentration of reducing sugars in each tube
was measured using the methodology outlined by
Miller.® An enzyme blank was prepared in a similar
manner, excluding the addition of substrate. The
enzymatic activity of the filtrate was measured in
units per millilitre (U/mL), indicating the amount of
enzyme release one microgram of reducing sugars
per minute under the submerged conditions.

Determination of Filter Paperase activity (FPase)

The FPase activity or endo B-1,4 glucanase
was assessed using the procedure described by
Mandels et al.? The substrate used was Whatman
filter paper No. 1, which was cut into pieces of
roughly 1 mm. An incubation was performed by
combining 50 milligrams of filter paper with 0.5
ml of citrate buffer and 0.5 ml of enzyme filtrate.
The solution was incubated at 50 °C for a duration
of 60 Minutes. An enzyme solution, devoid of
substrate, was made using a similar method.
Following the incubation period, the tubes were
cooled using flowing tap water. The reducing
sugars released in each tube was quantified by
the methodology outlined by Miller.> As per the
regulations established by the International Union
of Biochemistry, a unit of enzyme activity is defined
as the amount of enzyme capable of rescuing one
microgram of reducing sugars per minute under
submerged conditions.
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Quantitative estimation of xylanase activity

A 1% xylan solution was created by
dissolving 1 g of xylan in 1 N NaOH and then
increasing the volume to 100 ml using 0.05 M
citrate buffer at a pH of 4.8. In order to assess
the activity of xylanase, test tubes were filled
with 0.5 ml of enzyme filtrate and then enriched
with a 1% xylan solution. Subsequently, the tubes
incubated in water bath set at 50 °C for a period of
30 minutes. The quantification of reducing sugars
was conducted using the DNSA method, with
absorbance readings taken at a wavelength of 575
nm. A standard curve was generated by employing
D-xylose. The definition of one enzyme unit is the
liberation of 1 umole of xylose by hydrolysis. Blanks
were created by utilising culture filtrates that had
been rendered inactive by the use of heat. The
substrate blanks were prepared by combining of
citrate buffer (0.5 ml) and of Xylan (0.5 ml) solution
ata pH of 4.8.

Quantitative estimation of lignin peroxidase
activity

The lignin peroxidase enzyme quantified
by using the procedure outlined by Tien and Kirk.?”
According to this, add 0.5 ml of enzyme filtrate into
cuvettes that already contained 0.05 M of citrate
buffer (0.5 ml) at a pH of 4.8. By this combination,
50 pl of a 0.05 M solution of Azure-B and 50 ul
of a 10 mM solution of H,0, were introduced. A
blank was made without the inclusion of hydrogen
peroxide (H,0,). The absorbance was recorded at
a wavelength of 651 nm at a interval of 30-second
for a total period of 180 seconds. A change in
absorbance of 0.01 unit at a wavelength of 651 nm
per millilitre per minute was deemed to be equal
to one unit of enzyme activity.

Quantitative estimation of laccase activity
The laccase activity was determined by
measuring the change in absorbance at 436 nm

Figure 1. Morphological observations and identification of a: Penicillium oxalicum (F-1); b: Talaromyces pinophilus
(F-12); c: Penicillium griseofulvum (F-22); d: Trichoderma reesie (F-26)
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using 5 mM ABTS as the substrate. This was done
following the methodology described by Munoz et
al.2 In which, add 1 ml enzyme filtrate was mixed
with 1 ml of a 0.05 mM citrate buffer (pH 4.8) in a

51 ~ KF997019.1| Penicillium polonicum isolate NFW9
50|l KP411588.1| Penicillium echinulatum strain T3 10 -3

cuvette. In order to start the reaction, a volume of
0.2 ml of a5 mM solution of ABTS was introduced
into the cuvette that already contained the sample.
The blank did not undergo the addition of ABTS.

67 | KP411569.1| Penicillium crustosum strain C2-5 10 1 52

KR912333.1| Penicillium chrysogenum strain FF48

8 L KP278202.1| Penicillium aurantiogriseum strain QRF372
7

23

98

Penicillium griseofulvum

L— MF034654.1| Penicillium griseofulvum strain L1

MN413170.1| Penicillium rubens strain DTO236B6
MN413171.1| Penicillium rubens strain DTO236B7
MN413172.1| Penicillium rubens strain DT0236B9
MN413173.1] Penicillium rubens strain DTO236C6
MN413175.1| Penicillium rubens strain DTO236D1
MN413180.1] Penicillium rubens strain DTO269C2
MN413181.1 | Penicillium rubens strain DTO269E3
MNG644620.1| Penicillium aethiopicum
0M415952.1| Penicillium oxalicum isolate R6.9

Penicillium oxalicum

MN413174.1| Penicillium rubens strain DTO236C7

r Talaromyces pinophilus

9

0

=i

KP278201.1| Penicillium chrysogenum strain QRF370
{— HG326284.1| Penicillium citrinum

L MG925208.1| Penicillium chrysogenum strain KANK2

OR294178.1| Talaromyces pinophilus isolate ZHAAQ
MW113591.1| Talaromyces pinophilus strain SC54B01
LT558962.1| Talaromyces pinophilus

0Q550083.1| Talaromyces pinophilus strain GXM230072
KM458798.1| Talaromyces cellulolyticus strain

6( KM458786.1| Talaromyces cellulolyticus strain NFML CH8 GP 1
MF806019.1] Talaromyces pinophilus isolate AUN-1

0P482313.1| Talaromyces annesophieae isolate BZ-R-§
KM458826.1] Talaromyces cellulolyticus strain NFML CH49 258 1
ON211310.1 | Talaromyces pinophilus strain TPSR-3

99 | 0Q120565.1 Trichoderma harzianum strain T-2

MW183113.1 Trichoderma harzianum isolate mms183

0.050

99

Trichoderma ressie

MH368149.1 Trichoderma reesei isolate 1

920
72

MG547722.1 Trichoderma reesei

411 MH398538.1 Trichoderma reesei culture BCCTHAA

Figure 2. Phylogenetic tree of four strains created using neighbor-joining algorithm with 1000 replications
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Absorbance measurements were taken at a  RESULTS

wavelength of 436 nm every 30 seconds for a total

of 180 seconds. A laccase unit was determined as ~ Primary screening of filamentous fungi
The current study aims to investigate
per millilitre. potent filamentous fungi for selective cellulolytic

a change of 0.01 units in absorbance at 436 nm

Table 2. Molecular identification of screened fungal strains confirmation

Name Maximum similarity Sequence Accession
similarity with no.
NCBI database
through BLAST
analysis
Penicillium oxalicum (F1) Penicillium oxalicum 97% PQ276969
Talaromyces pinophilus (F12) Talaromyces pinophilus 98% PQ276970
Penicillium griseofulvum (F22) Penicillium griseofulvum 99% PQ276971
Trichoderma reesei (F26) Trichoderma reesei 100% PQ276972

F1 F12

_F22

Figure 3. Primary screening results of fungal strain for: a: CMCase activity; b: Xylanase activity; c: Laccase activity;

d: Lignin peroxidase activity
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and ligninolytic activities. During screening 39 (F1
to F39) different morphologically distinct isolates
screened for different enzymatic activity. All strains
were subjected to preliminary screening.

Identification of lignocellulolytic fungi
Morphological observations and identification

Morphological characteristics such as
size, septation, shape, and color of conidiophores
and conidia were examined. Based on these
morphological features, the isolates were found
to exhibit significant differences (Table 1,
Figure 1).

Molecular identification of the promising
lignocellulolytic fungal isolates

The promising strains based on
qualitative and quantitative lingo-cellulolytic
screening underwent molecular confirmation.
The morphological identification was confirmed
through, molecular characterizations using
Internal transcribed spacer (ITS) sequences. PCR
based amplification of all the isolates with both
forward and reverse primers of ITS (ITS1 and
ITS4) were carried out. Amplified products were
separated and sequenced. Further the amplified
products were sent to sequencing. After receiving
the sequencing result, sequences were analysed
for their quality through Bio-edit software. The
sequences from the amplified product were
blasted with NCBI GenBank database (webpage:
http://blast.ncbi.nim.nih.gov) comparing with the
reference sequences available at NCBI GenBank
database. Similarity between 97 to 100 percent
was obtained (Table 2).

Phylogenetic analysis

A phylogenetic study was conducted
utilising the neighbor-joining technique. The
results of the analysis revealed that all four isolates
(F1, F12, F22, F26) demonstrated the highest
similarity with their Ex-type strains retrieved from
NCBI GenBank, compared to the other Penicillium
and Trichoderma species (Figure 2), including
Penicillium polonicum, Penicillium echinulatum,
Penicillium crustosum, Penicillium chrysogenum,
Penicillium aurantiogriseum, Penicillium citrinum,
Penicillium ruben, Penicillium aethiopicum,
Talaromyces cellululolyticum, Talaromyces
annesophieae and Trichoderma harzianum.

Qualitative screening of CMCase and Xylanase

Thirty-nine fungal isolates were isolated
from the ICAR-IARI paddy fields in New Delhi, India,
and screened for maximum activities, cellulolytic,
xylanolytic, laccase, and lignin peroxidase
enzymatic activities. The initial screening of fungal
species conducted via observing the development
of a distinct and visible zone around the colony on
the solid media, which was reinforced by particular
indicators. The formation of a pale-yellowish
hydrolyzed zone on solid media when Congo red
dye is used indication of extracellular CMCase
as well as xylanase production by filamentous
fungi. In this study found that, the formation of
smaller fragment that do not effectively bind
Congo red dye, thereby causing the formation
of a pale-yellowish hydrolyzed zone around the
fungal colonies. This qualitative assay serves as an
indication of the extracellular secretion of CMCase
and xylanase by filamentous fungi (Figure 3a, 3b).
Qualitative screening of Laccase activity
Qualitative

When guaiacol is employed as the
substrate, the presence of a transparent patch
over solid media shows that filamentous fungus
is producing laccase outside of its cells. Therefore,
the lack of colour in the area surrounding the
fungal colony signifies the existence of laccase
activity, as it facilitates the chemical reaction that
converts guaiacol into a substance without colour.
When guaiacol is utilised as a substrate, a distinct
zone appears on the solid media, indicating that
filamentous fungus are producing extracellular
laccase (Figure 3c).

Qualitative screening of Lignin Peroxidase activity

Selected strain plates will be filled
with 0.5 ml of a 1.0% (w/v) pyrogallol aqueous
solution, and the plates were kept in darkness
at room temperature for ten hours to assess the
activity of lignin peroxidase. The presence of
lignin peroxidase activity was indicated by the
appearance of a golden yellow to brown hue
(Figure 3d).

Quantitative estimation
Assay of Cellulase Enzyme Production

The four selected fungal strains
Penicillium oxalicum, Talaromyces pinophilus,
Penicillium griseofulvum, and Trichoderma reesei
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15
0.079°

12
0.049°  0.038°

Xylanase (1U/g)

0.032¢

Time (Days)
9
121.7+ 195.24+ 30144+ 1146.1+ 998.78

0.026¢
82.14+ 229.57+ 532.55+ 1458.2+ 1238.25%*

0.039¢

15
26.28 +
0.026*
80.66 *

12
46.01
0.035¢
74.94
0.026°

55.1+%

FPase (1U/g)
Time (Days)
9
16.11 +
0.025°

6
10.7 +
0.015¢
7.803+ 11.032+ 25.33%

3
8.342
0.020¢

15
0.012¢
36.79 +
0.035°
3297+
0.015¢

12
63.424+ 42,012+ 33.77%
0.021°
46.65 +
0.026*
43.84
0.038*
53.87
0.038*

CMCase (1U/g)
Time (Days)
0.032°
83.72 ¢
0.030¢
82.78 £
0.021°

0.057°
24,59 +
0.026¢

6.25 %

19.475+ 5143 %
0.075¢

0.012¢

Table 3. Quantitative estimation of cellulolytic and hemicellulolytic potential of selected four fungal strains under submerged Fermentation

Strain

(o]
i
w

F1

0.012¢ 0.052° 0.018*  0.020?

0.019*
32.89+

0.023¢  0.026°
26.99 +

0.023¢
6.27 £

92.78+ 190.77 + 498.63 + 1383.12+ 10659+

0.026¢
14.06+ 11241+ 521.63+ 744.28+ 1640.52 +1378.98 +

8.47 £

36.93
0.021°
20.99 +
0.061¢

6.93

0.012¢

F22

0.035°  0.018¢  0.046°

0.035¢

0.021¢  0.021¢ 0.024* 0.026° 0.036°
2141+

9.14 +
0.023¢

61.82 +
0.044°

11.73 ¢
0.038°

88.26 +
0.030¢

38.93
0.030°

6.52
0.032¢

F26

0.062¢ 0.058° 0.026° 0.015¢  0.086*

0.044°

0.035°

were screened for qualitative hydrolytic potential.
The hydrolytic potential of fungi was estimated
with time under submerged fermentation using
chopped paddy stubble as the substrate. Table 3
shows CMCase, FPase and xylanolytic activity of all
fungal strains 3, 6,9, 12 and 15 days of submerged
Fermentation. The data obtained for CMCase
activity shows (Figure 4a) that in case of Penicillium
oxalicum, Talaromyces pinophilus and Penicillium
griseofulvum the enzyme activity increased from
3 days to 12 days showing 19.475 IU/g, 6.25 IU/g
and 6.93 IU/g after three days of incubation and
increased to maximum on 9*" day with 63.424 |U/g,
83.721U/g and 82.78 IU/g respectively. Among all
the four strains Trichoderma reesei resulted as
maximum hydrolytic potential 88.26 1U/g on 15%
day after inoculation and incubation.

Assay of FPase enzyme production

Further FPase activity data reveals (Table
3, Figure 4b) that Penicillium oxalicum, Penicillium
griseofulvum and Trichoderma reesei fungal strain
shows maximum potential on 12 day having
46.011U/g, 55.1 1U/g and 61.82 1U/g respectively,
while Talaromyces pinophilus showed maximum
hydrolytic potential on 15% day having 80.66 1U/g
and this fungal strain showed the highest potential
among the four selected strains.

Assay of xylanase enzyme production

Similarly, xylanase activity data reveals
(Figure 4c) that all four fungal strains Penicillium
oxalicum, Talaromyces pinophilus, Penicillium
griseofulvum and Trichoderma reesei showed
maximum enzymatic activity on 12 day showing
1146.1 IU/g, 1458.2 IU/g, 1383.12 IU/g and
1640.52 |1U/g, respectively (Table 3). Among
all the four fungal strains Trichoderma reesei
showed the highest xylanase activity followed by
Talaromyces pinophilus, Penicillium griseofulvum
and Penicillium oxalicum fungal strains.

Assay of laccase enzyme production

Since lignolytic and hydrolytic potential
has to be estimated, all four fungal strains were
estimated for Laccase and lignin peroxidase
activity under submerged Fermentation condition.
Table 4 shows the hydrolytic activities of four
strains with time in days. The fungal strains showed
initial increase in Laccase activity (Figure 4d) from
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3" day to 9" and 12*" day. The maximum laccase
activity was observed by strain Trichoderma
reesei on 12" day showing 0.434 1U/ml which was
followed by strain Penicillium griseofulvum on 9%
day showing 0.287 IU/ml; Talaromyces pinophilus
also showed maximum activity on 9" day showing
0.223 IU/ml while the strain Penicillium oxalicum
showed 0.193 IU/ml on 12'" day. The data clearly
shows variation in hydrolytic potential of all four
fungi with time. However, overall observation
indicates Trichoderma reesei fungal strain has
potential for lignolytic activity.

Assay of lignin peroxidase enzyme production
Similar trends were found in case of
lignin peroxidase activity (Figure 4e) and there
was marginal difference among the four strains.
The two fungal strains Penicillium oxalicum and
Trichoderma reesei showed maximum lignin
peroxidase activity 0.172 IU/ml and 0.129 1U/ml
on 15" day while strain Talaromyces pinophilus
and Penicillium griseofulvum showed maximum
activity on 12t day havinga0.194 and 0.169 IU/m,
respectively (Table 4). These results give an insight
for lignolytic potential of all the four fungi where
it is found that that all are potential candidates
for this desirable activity. On the whole, all four
fungi are showing hydrolytic potential and can be

100 100

considered for microbial consortium development
formulation.

DISCUSSION

A total of fifteen fungi were isolated
for their xylanase and cellulase activity with an
aqueous solution (1%) of Congo red dye. After,
7-days of incubation period at 50 °C, the culture
plates were fully flooded with Congo red dye
solution and allowed to settle undisturbed for a
period of 30 minutes. Then, the destaining process
was performed by washing the culture plates twice
with a 1 M NaCl solution for 20 minutes each. The
study by Ahirwar et al.?® identified transparent
hydrolytic zones, indicating the decomposition of
cellulose and xylan into basic sugars.

There were 23 isolates exhibiting distinct
zones on xylan containing agar plates. The fungal
morphology and xylanase activity was done on
potato dextrose agar and agar plates containing
the xylan as a substrate, respectively and found
the 5 fungal isolates that exhibited the highest
enzymatic activity, as reported by Dhaver et al.*
Among the 22 fungal strains tested for xylanase
activity, a positive response was observed, with
clear zones indicating producer strains. However,
guantitative analysis is necessary to identify the

2000
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Figure 4. Quantitative estimation of A. CMCase; B. FPase; C. Xylanase; D. Laccase; E. Lignin Peroxidase activity of

selected fungal strains under submerged Fermentation
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Sa 5y highest producers of xylanase.! Plates (a) and (b)
" s22s display zones of xylan hydrolysis, while plates (c)
I and (d) show zones of mannan hydrolysis.
53489 Ahirwar et al.?reported similar findings,
°eceee observing that Absidia corymbifera CM-4, A.
“,B “,B '“"o” '“"8 fumigatus SS-1, Humicola insolens WS-20, T.
- ~ 3333 lanuginosus SL-9, M. thermophila NFCCI 3725,
E |7 33am E. nidulans WS-23, Aspergillus terreus SS-43, C.
2 S 39S thermophile L-61, Scytalidium thermophile SL-36,
-‘E Do Do Do mo M. albomyces DOM-65 and M. cinnamomea NFCCI
g ’:; § § 'é 3 3724 exhibited clear zones against an opaque xylan
9S|, | SSSo agar medium.
3 g L2 g The most frequently employed microbes
S F SS 2o for hydrolytic enzyme production are typically
8 5D B from the genera Penicillium, Aspergillus, and
5 gﬂ 83888 Trichoderma.?? Phanerochaete chrysosporium,
E =5 © ‘i’l fl fl 3 a white rot fungus, has been shown in study
é E § g g to produce significant qu.an'Fltles of cellula.s.e
s oo o enzyme.* Recent research indicates that specific
o R b & types of white rot fungus have great potential for
& 8888 breaking down biomass and removing lignin due to
g o E. E E. E their ability to c.reate enzymesthat-can breakglown
3 nSTQg cellulose, hemicellulose, and lignin.?* The size of
g S o oo the hydrolysis zone was found to be positively
= RN correlated with the diameter of the colony on
2 2328 CMC and xylan agar mediums. However, all of
2 =t v the isolates exhibited slightly higher enzymatic
= a § E 5 activity.33®
g ScS oo Seventeen fungal isolates exhibited
g & & ?8 ”g cellulolytic activity by their interaction with
“E N p = = = Congo red, which specifically binds to unbroken
o L A I B-D-glucan present in Carboxymethyl cellulose.
% = § § E §_ The areas where cellulose was broken down via
qg g : - ° e the enzymes were visible as transparent zones or
5|22 g § § & faint rings.*” In a prior investigation by Su et al.,*®
S| 53 o | S S o g 63 fungal strains exhibiting lignolytic properties
91 % @ NG were isolated, indicating that fungal isolates
e g9F 3 NS 3 were more proficient in lignin peroxidase activity
2| 8 e compared to laccase activity.® discovered those
Eo 3 g & o 'é ten out of twenty-one isolated cultures tested
5 © f; S 2 f; positive for laccase, manifesting a reddish-brown
g ShA zone on petri plates.*’ Screened ten fungal strains
£ So o3 for ligninolytic enzyme production using ABTS
o o d . and Azure B dye decolorization. Fungal strains
'fg 8 8 § § such as A. ochraceus, Rhizopus sp., F. africana, F.
"é ol 99 f; 'f; verticillioides, A. nomius, and A. favus exhibited
S e N clearance zones indicating lignin degradation,
Jd = P 3 S as did P. pulmonarius and Fomitopsis sp. A
< o
2 § n o subsequenfc evaluation was carried out to analyse
el & o the formation of extracellular laccase employing
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guaiacol as a phenolic substrate.* Nayak and
Choudhary* utilised a comparable methodology
using the guaiacol plate test for the purpose of
qualitative screening. Prior research has revealed
many fungi with lignolytic characteristics in natural
habitats.*®** Thrimothi et al. and Nayak et al.>***
conducted a qualitative assessment of 23 lignolytic
fungal isolates with the guaiacol test on PDA
plates. They identified 5 fungal isolates that had
very strong laccase activity.

Similarly, Devi et al.?! quantified
cellulolytic fungal strains under submerged
fermentation using abundant and inexpensive rice
stubble. Notable activity was observed 0.92 U/m
for Aspergillus flavus and 0.70 U/mL for Aspergillus
terreus. The study conducted by Septiani et al.*
investigated cellulase production utilising CMC
media. The results revealed that the crude extract
of Aspergillus niger demonstrated a (0.131 U/
mL) cellulase activity, whereas Trichoderma
reesei exhibited a cellulase activity of 0.106 U/
mL. Andriani et al.*® performed a quantitative
analysis of cellulase activity using the DNS method,
quantifying Trametes hirsuta at 540 U/L after 12
days of incubation. Intasit et al. reported cellulase
activity for Aspergillus tubingensis TSIP9 (40.09
U/g), Aspergillus niger ATCC 6815 (37.31 U/g), and
Trichoderma reesei QM 9414 (9.26 U/g).

Giwa et al.*discovered that Trichoderma
orientalis is a notable cellulase producer, along
with other filamentous fungi like Aspergillus sp.,
Trichoderma sp., and white rot fungi, specifically
Phanerochaete chrysosporium.* Sakpetch et al.*
evaluated the production of cellulase enzyme by
three isolates (F6, A2, and B15). They discovered
that the CMCase activities were F6 (0.61 U/ml),
A2 (0.33 U/ml), and B15 (0.21 U/ml).>*° Conducted
a study which found that isolate HST16 had the
highest CMCase activity at a concentration of
0.026 IU/ml. The CMCase activities of Aspergillus
terreus and Aspergillus flavus were found to be
the lowest 0.179 U/ml and highest 2.03 U/ml,
respectively, wheat straw was used as a carbon
source. The CMCase activity on rice straw were
measured by A. terreus of 1.07 U/ml.3! Lee et
al.>* examined the Filter paperase activity of 64
fungal isolates, measuring activities that varied
from 0 to 0.259 U/ml. The FPase activities of
specific isolates were measured as follows:
Aspergillus flavus displayed an activity of 1.169

U/ml, Ramichloridium apiculatum exhibited 1.03
U/ml activity, and another Aspergillus flavus
isolate exhibited 0.99 U/ml activity. The Filter
paperase activity in rice stubble varied between
0.163 and 1.07 U/ml. The RT isolate exhibited an
FPase activity (0.512 U/ml), while the AL1 white
isolate displayed an FPase (0.174 U/ml) activity.3>>°
Devi et al. also documented an FPase activity
of 0.026 IU/ml for the HST16 isolate.?! Devi et
al. evaluated the xylanolytic activity of fungal
strains, both isolated and commercial, utilising
wheat straw and rice stubble in a submerged
fermentation process. Significant xylanase activity
was detected in Aspergillus flavus (0.92 U/ml)
and Aspergillus terreus 0.70 U/ml. According
to Andriani et al,*® Trametes hirsuta exhibited a
xylanase activity of 670 U/L after being incubated
for 10 days.

All the strains (Aspergillus terreus,
Aspergillus flavus, A. terreus ITCC 11853.23,
Aspergillus flavus ITCC 11854.23, RT isolate)
producing xylanase on wheat straw exhibited
activities ranging from 0.33 to 4.03 U/ml. Among
these, Aspergillus terreus demonstrated the
highest xylanolytic activity at 4.03 U/ml under
submerged fermentation. Additionally, significant
xylanase production was observed in Aspergillus
flavus (2.81 U/ml), A. flavus ITCC 11854.23 found
2.96 U/ml, and Aspergillus terreus ITCC 11853.23
found 2.28 U/ml. The xylanase activity exhibited
by the isolated fungal strains on rice straw showed
variation within a range of 0.321 to 4.68 U/ml,
with Aspergillus flavus ITCC 11854.23 showing
the highest activity at 4.68 U/ml. Additionally, the
study by Devi et al.! found Aspergillus terreus ITCC
11853.23 (2.64 U/ml), the RT isolate (1.70 U/ml),
and Aspergillus flavus ITCC 11694.22 (1.83 U/ml)
as highly proficient in producing xylanase.

The xylanase activity exhibited by the
isolated fungal strains on rice stubble showed
variation within a certain range. When evaluating
xylanase activity in three fungal strains, A. niger
ATCC 6815 exhibited markedly greater xylanase
activity (82.89 U/g) compared to T. reesei QM
9414 (40.97 U/g) and A. tubingensis TSIP9
(62.43 U/g).® Dhaver et al.*° conducted a study
where they measured the xylanase activities in
different strains. They found that strain CB1 had
an activity of 21.67 U/ml, CB2 had 16.98 U/ml,
MS5 had 22.98 U/ml, PS3 had 15.64 U/ml, and
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PB7 had 14.22 U/ml. Tanwar et al.>*discovered that
among the 10 fungal isolates tested for xylanase
activity, 5 fungal isolates (SH2, SH5, R3, R4, and
S5) demonstrated the most elevated activities,
measuring 7.20, 7.44, 7.31, 7.83, and 8.09 1U/
ml, respectively. Furthermore, Olanbiwoninu and
Odunfa® documented that the fungus Aspergillus
terreus produced xylanase enzyme of 3.4 U/
ml. In their study, Bisht et al.>* specifically chose
12 fungal isolates to produce enzymes in liquid
broth medium containing degraded bark as the
substrate. They revealed that three isolates (A2,
B15 and F6,) exhibited the highest enzymatic
activity, measuring at 0.36, 0.32 and 0.61, IU/ml,
respectively.

The observations we made are supported
by the findings of Ang et al.*® They found that
white-rot fungus, notably Penicillium sanguineus,
Penicillium chrysosporium, and Penicillium radiata,
possess ligninolytic activities and are capable
of breaking down lignin and compounds similar
to lignin. Furthermore, our analysis confirmed
the presence of laccase and lignin peroxidase
activities in P. sajor-caju. Sumiati et al.>® made
similar findings, measuring the laccase enzyme
generated by isolates KRB12 at 8244.72 U/mL,
KRB1at 3239.68 U/mL, and KRB8 at 3243.54 U/mL,
Sijinamanoj et al.** reported that the fungal isolate
T. harzianum produced a laccase enzyme at a rate
of 0.059 U/mL over a 15-day period. Illuri et al.?
previously reported similar findings, documenting
laccase activities for various species as follows:
Pleurotus djamor (14.05 x 10 1U/mL), Hypsizygus
ulmarius (14.83 x 10° IU/mL), Tricholomopsis
giganteus (10.73 x 10° IU/mL), and Volvariella
volvacea (10.45 x 10 IU/mL), Pleurotus florida
(12.11 x 10 1U/mL), and Oudemansiella radicata
(11.83 x 10° IU/mL).

The importance of screening
basidiomycetes fungi for ligninolytic organisms is
emphasised by increasing evidence that supports
their industrial applications and their ability to
degrade lignin through ligninolytic enzymes.>”°
They were examined, P. ostreatus, P. diamor,
T. giganteus, and H. ulmarius displayed lignin
peroxidase activity that varied from 10.06 to
10.64 x 10° IU/ml. The species P. sajorcaju, P.
florida, and V. volvacea exhibited laccase activity
of 19.56 x 10° IU/ml, 7.31 x 108 IU/ml, and 7.05

x 10° IU/ml, respectively, as reported by Illuri
et al.2 According to Thrimothi et al,*® the fungal
isolate Pv5 showed LiP activity of 412 U/ml on
the 7™ day, which then increased to 544 U/ml
by the 14* day. Andriani et al.* recorded the
highest levels of Laccase and LiP activity as 25.7
x 10° and 91 U/L, respectively, following an 8-day
incubation period. Sanchez-Corzo et al.®® found
that Trichoderma longibrachiatum and Trametes
sanguinea produced lignin peroxidase enzyme in
liguid media containing coffee husk, resulting in
yields of 540.12 U/Land 7115.22 U/L, respectively.
On the 12 day, Bisht et al.>* reported peak LiP
production at 10.386 U/mL. Olanbiwoninu and
Odunfa®® made similar observations, where
isolates KRB8 produced 6626.31 U/mL of lignin
peroxidase, KRB9 produced 5302.89 U/mL, and
KRB1 produced 3881.91 U/mL.

CONCLUSION

In summary, this study isolated 39 fungal
strains from the ICAR-IARI paddy fields in New
Delhi, India, and screened them for cellulolytic,
xylanolytic, laccase, and lignin peroxidase activities.
Fourisolates (F1, F12, F22, and F26) demonstrated
the highest enzymatic activities and were selected
for further investigation. The research evaluated
the potential of lignocellulosic residues, specifically
rice stubble, as substrates for cultivating these
fungi under submerged fermentation at 30 °C
over a 15-day period. With rice stubble accounting
for 40-60% of the rice plant’s biomass and
containing cellulose (42.14%), hemicellulose
(22.08%), and lignin (11.98%), it was shown to
be a promising renewable resource for energy
and biochemical production. The selected fungal
strains, Penicillium oxalicum (F1), Talaromyces
pinophilus (F12), Penicillium griseofulvum (F22),
and Trichoderma reesei (F26) were evaluated
for their lignocellulolytic enzyme production.
Peak enzyme activities were recorded at 3-day
intervals, with CMCase (63.42-88.26 U/mL), FPase
(46.01-80.66 U/mL), xylanase (1146.10-1640.52
U/mL), lignin peroxidase (0.192-0.287 U/mL),
and laccase (0.193-0.434 U/mL) demonstrating
significant potential. ITS sequencing confirmed
the identities of the fungal strains. Overall, these
findings highlight the potential of these fungi
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to produce hydrolytic enzymes and efficiently
degrade lignocellulose, with rice stubble serving as
a cost-effective carbon source for biotechnological
applications in biorefineries.
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