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Abstract

Lignocellulosic biomass (LCB) generated from various agro-waste can be effectively used to manufacture a broad range
of value-added products cost-effectively. However, the high cost of cellulases is still a major challenge in producing bio-
fuels and biochemicals from LCB on an industrial scale. The enzyme output and activity of cellulase in the fermentation
broth are closely linked in terms of enzyme manufacturing costs. Therefore, research on efficient fermentation processes
of hyperactive fungi, and cost-effective recovery systems have been directed toward lowering enzyme costs and increas-
ing overall enzyme production. Penicillium funiculosum NCIM 1228 (P. funiculosum NCIM 1228) is a feasible cellulase-
producing strain that possesses all four enzymes required to efficiently hydrolyse LCB. The primary objective of this study
was to employ random mutagenesis to increase enzymes titer, yield, and productivity. The potential mutant D4 (derived
by Ethyl methanesulfonate (EMS) mutation) exhibited 6.47, 3.05, 3.03, and 3.19-fold higher activities of FPase, CMCase,
B-glucosidase, and xylanase, respectively, compared to the parent strain. Mutant D4 demonstrated a promising protein
titer of 17.96 g/L at the 40 L fermenter scale, with productivities of 479, 4249, and 6987 U/L/day for FPase, CMCase,
and Xylanase, respectively, on the tenth day. Interestingly, the crude form of enzymes from the mutant demonstrated
promising saccharification, releasing 3.54% of glucose and achieving a 54.03% of cellulose conversion efficiency without
formulation. In comparison, a commercially formulated enzyme exhibited 53.07% efficiency against pre-treated sugarcane
bagasse, indicating its promising potential for future applications.
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Introduction

According to the Indian Ministry of New and Renewable
Energy, India produces approximately 500 and 600 mil-
lion tonnes of agro-based LCB per year. A majority of the
waste generated is utilized as feed and fuel for both home
and industrial purposes [1]. However, over 100 million
tonnes of agro-residual waste are burned each year, and it
is alarming to note that the percentage of agricultural waste
burned in India exceeds the total amount of agricultural
waste produced in other nations [1, 2]. The concerns that
such activities pose a threat to the environment by contrib-
uting to the alarming increase in greenhouse gas production
cannot be ignored [3, 4]. Likewise, depositing agricultural-
based lignocellulosic biomass as garbage is yet another
ineffective approach for dealing with the crop’s leftovers
[5]. Furthermore, the elimination of these residues from the
fields requires new technological advancements and more
expensive professional support [1]. As a result, alternative,
cost-effective, and less hazardous methods of converting
agro-residual waste into value-added goods are essential for
an eco-friendly environment and sustainable development.
Microbial enzymes such as cellulase, laccase, and xyla-
nase can break down LCB obtained from various agro-
based residual wastes like sugarcane bagasse, rice straw,
and corncob [3]. However, the three main enzymes involved
in cellulose hydrolysis are exoglucanase (avicelase),
endoglucanase (carboxymethyl cellulase, CMCase), and
B-glucosidase. To completely degrade cellulose into soluble
sugars, these enzymes must work together [6, 7]. Due to
its widespread availability, various LCBs like wheat straw,
rice straw, bagasse, and corn cob, etc. were successfully
employed to make a wide range of value-added products.
In this regard, cellulosic biorefinery has gained consider-
able attention for development of a wide range of platform
chemicals, biofuels, and other biochemicals [8]. Products
from biofuels are biorefinery can be used world-wide to
reduce the use of gasoline and greenhouse gas emissions.
Liu et al. estimated that the cost of one enzyme unit in the
purchase mode ranged from 1.25 to 23.3 $/kg protein using
the Aspen Plus model [9]. Therefore, optimizing the cost
of the biorefinery process is imperative. Novel technologies
should be integrated to produce additional high-quality plat-
form chemicals and other biomaterials to overcome the con-
straints led by the biorefineries [10]. Peng et al. stated that
cellulase is a protein generated by a filamentous fungus that
aids in the conversion of LCB into soluble sugars for the
production of chemicals and fuels. However, most filamen-
tous fungi developed through spontaneous breeding have a
limited ability to secrete cellulase, making them unsuitable
for commercial production. Therefore, combining random
mutagenesis with an adaptive laboratory evolution approach

would certainly aid in an increased fungal enzyme output
[11].

This study evaluates the potential of filamentous fungi
P funiculosum as an efficient cellulase and xylanase pro-
ducer. To date, there is a dearth in the knowledge regard-
ing the improvement of the cellulase production capacity
by using P. funiculosum for commercial application. Strain
improvement has traditionally been accomplished through
mutation, selection, or genetic recombination [12, 13]. In
this study, EMS, a chemical mutagen thought to primarily
promote random nucleotide substitution in genetic material,
was used to improve the cellulase and xylanase production
by P. funiculosum NCIM 1228 [14]. This strain was the
preferred choice due to its potential to produce the neces-
sary enzymes which are required for the efficient hydroly-
sis of LCB. The necessary cocktail is already available in
the secretome of the P. funiculosum NCIM 1228 [15]. This
study explores the enhancement of efficient cellulase and
xylanase enzyme production through strain improvement by
chemical mutagenesis and its applications in the production
of various high-value products from cellulose biorefineries.
It also examines the commercial obstacles and economic
viability of the process [16].

The discovery of high-titer cellulase-producing mutants
significantly reduces the costs of cellulase synthesis and
downstream processing in commercial-scale enzyme manu-
facturing. Interestingly, cellulase production was evaluated
in the putative P. funiculosum mutant D4 in comparison
to the parent strain. The mutant D4 exhibited enhance-
ments of 647%, 305%, 303%, 319% of FPase, CMCase,
B-glucosidase, and xylanase, respectively, as compared to the
parent strain [15]. Furthermore, 18.81 g/L of extracellularly
secreted protein was observed, which was 267.56% higher
than the wild type. Isolating mutants with better growth and
hydrolysis zones on cellulose-containing plates resulted in
cellulase-hypersecreting mutants [17]. The mutant that grew
the fastest on cellulose also had the most cellulase activity,
implying that higher cellulase protein levels are associated
with increased cellulase synthesis. In theory, our approach
may be used to enhance the extracellular protein output of
filamentous fungi. The cellulase enzyme of mutant D4 effi-
ciently saccharified pre-treated bagasse, releasing 35.38 g/L.
of glucose at a dose of 6 FPU/g cellulose, while the com-
mercial enzyme (Sacchariceb) from Advanced Enzymes, at
the same dose, released 34.83 g/L of glucose. So, further,
improvement in P. funiculosum mutant D4 can be employed
in biorefinery processes for onsite enzyme production due
to its high enzyme yield and great biomass hydrolysis capa-
bilities of D4 crude enzyme. As a result, the overall cost for
the second generation (2G) of ethanol production will be
lower. Using filamentous fungi as hosts to produce enzymes
and proteins is constrained by the low production titers that
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are typically reached [18]. Here, we describe a mutagenesis
technique for isolating EMS mutants with increased enzyme
and protein production titers.

Materials and methods
Penicillium funiculosum NCIM 1228

In this investigation, filamentous fungus P. funiculosum
NCIM 1228 was used as the parent strain for generating
mutations. After five days of incubation at 30 °C, sporula-
tion was detected on potato dextrose agar (PDA). Spores
containing glycerol stocks, were prepared and preserved at
-80 °C for future experiments [15].

Culture, inoculum preparation, and media

A spore suspension was prepared by aseptically harvesting
spores of P. funiculosum NCIM 1228 from the PDA slant
surface using sterile water and a glass rod. Subsequently,
these spores were transferred into a sterile 50 mL falcon
tube, and a serial dilution was performed to obtain a stan-
dard inoculum containing 1-10x 10° spores per mL. The
same stock was used to make glycerol stocks and preserve
it at -80 °C for future use. The medium consisted of 1.4 g
(NH,),SO,, 2 g KH,PO,, 0.3 g Urea, 0.3 g CaCl,.2H,0,
0.3 g MgSO,-7H,0, 0.005 g FeSO,, 0.0016 g MnSO,,
0.0017 g ZnSO,.7H,0, 0.02 g CoCl,, 0.75 g Peptone, 0.5 g
Yeast extract, 1 g Tween80, per liter and 5.0 g/L of the cel-
lulose (Avicel) as a carbon source. Experiments were per-
formed in 250 mL Erlenmeyer flasks with 100 mL of the
above-mentioned media [15].

Production of enzymes in submerged fermentation
(SmF)

Spores of P. funiculosum NCIM 1228 were inoculated into
Czapek dox broth and kept at 30 °C for 48 h to generate
the pre-seed inoculum. For seed inoculum generation, 10%
of grown pre-seed was inoculated into modified Mandels
and Reese medium containing: 2.0 g/L KH,PO, 0.3 g/L;
Urea; 0.3 g/L CaCl,.2H,0; 0.3 g/L MgSO,.7H,0; 1.4 g/L
(NH,),S0,; 0.1 g/L Yeast extract; 0.25 g/L Peptone; 2.0 g/L
Glucose; 1.0 g/L Tween 80; 0.0005 g/L FeSO,.7H,0;
0.0014 g/L ZnSO,.7H,0; 0.0016 g/L MnSO,; 0.002 g/L
CoCl,; and 5.0 g/L Cellulose Acetate; pH 5.5 [19]. The seed
inoculum was incubated at 30 °C under 150 rpm for 48 h on
an incubating shaker (Innova 4080 Incubator Shaker, New
Brunswick Scientific, USA). Further, 10% of the grown
seed of P. funiculosum or mutants was inoculated into opti-
mized formulated enzyme production media consisting of:

@ Springer

2.0 g/L KH,PO,; 5.0 g/L Urea; 1.0 g/L CaCl,.2H,0; 0.3 g/L
MgS0,.7H,0; 0.5 g/L Yeast extract; 16.0 g/L. Peptone;
1.0 g/L Tween 80 0.0005 g/L; FeSO,.7H,0; 0.0014 g/L
ZnS0,.7H,0; 0.0016 g/L MnSO,; 0.002 g/L CoCl,;
10.0 g/L Corn steep liquor (CSL),;5.0 g/L Citric acid,;
7.2 g/LNa,HPO,;10.0 g/L Wheat Bran and 30 g/L of micro-
crystalline cellulose (MCC) also called MCC101 [19, 20].
MCCI101 which is obtained from Blanver Farmoquimica
Ltd. (made in Brazil) was used as a substrate in the fermen-
tation medium throughout this study. As a nitrogen source,
Yeast extract, CSL, and Urea were employed. Wheat bran
obtained from the local market was used as a carbon source.
CSL was obtained from Rasayan Trading Co. Ambawadi,
Ahmedabad, Gujarat, India, which is a complex, viscous,
and a by-product of corn wet milling containing minerals,
amino acids, vitamins, and other essential constituents of
growth media. All these media constituents were distributed
100 mL in 500 mL Erlenmeyer flasks and then autoclaved at
121 °C for 15 min. After seed inoculations, all flasks were
incubated at 30 °C at 150 rpm. The experiment was contin-
ued for twelve days and samples were collected every 24 h
interval for enzyme assay of cellulases (FPase, CMCase,
B-glucosidase, xylanases, and protein estimation) [15]. The
pH was maintained at 5.5 +0.3 throughout the batch [21].

Chemical mutagenesis using EMS for possible
overproduction of enzymes by P. funiculosum NCIM
1228

The first step of this approach is to determine the kill curve.
Spores were visible on Malt Dextrose Agar after 3 to 4 days,
whereas PDA required 10 to 12 days at 30 °C. Fungal spores
were scraped from a Malt dextrose Agar slant after six days,
suspended in 5 mL sterile distilled water, and mixed on a
cyclomixer. To separate the mycelium, the suspension was
filtered. The spore suspension of P. funiculosum NCIM
1228, prepared as described above was then serially diluted
to achieve a final concentration of 2.22 x 10° spores/mL [22].
Took samples for spores to count microscopically. And used
these spores for EMS Mutagenesis. The spore suspension
was made with 10° spores per mL in 0.2 M phosphate buffer
(pH 7.0). The spore suspension was transferred aseptically
into a sterile test tube and subjected to EMS for 60 min at
varied EMS concentrations of 2,4,6,8,10,15,20,25,30 mg/
mL [23, 24]. No chemical mutagens were used in the con-
trol tube. The reaction was stopped with 10% sodium thio-
sulphate and the treated tubes were centrifuged (Eppendorf,
5810 R) the for 10 min at 5000 rpm SI Fig. 1. The cells were
washed three times in sterile phosphate buffer before being
resuspended in 5 mL of the same buffer. The samples were
serially diluted in Phosphate buffer and plated on Potato
Dextrose agar medium. The plates were then incubated for
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Fig. 1 Effect of EMS mutagenesis on cellulase improvement. Improved FPase, CMCase, -glucosidase, and Xylanase activity by EMS mutants

five days at 28 +2 °C. Several isolated mutant strains were
randomly selected for further investigation. Mutant colonies
were obtained on plates at four different concentrations.
Rose Bengal carboxymethyl cellulose (RB-CMC) plates
were used to screen all mutations [25]. Submerged fermen-
tation was used to screen for FPase, CMCase, and Xylanase
activity in mutants that showed positive findings. The initial
growth conditions for submerged fermentation of strains B3
and D4 were optimized [26].

Sampling and data analysis

Experiments were carried out in triplicates. Therefore, 5
mL of fermented broth was collected every 24 h at regular
intervals. The pH of the broth was measured. Subsequently,
the samples were then centrifuged at 12,000 rpm for 10 min
at 4 °C, following which the supernatant was used in trip-
licate for enzyme assays and protein estimation, with the
means values reported. The 3,5-dinitrosalicylic acid (DNS)
method was employed to evaluate the activities of CMCase,
Avicel cellulase (Avicelase), filter-paper cellulase (FPase),

and Xylanase [15]. Enzyme production was measured at
24-hour intervals for up to twelve days during cultivation.
The broth was then centrifuged at 12,000 rpm for 10 min
at 4 °C, and for enzyme testing, the supernatants were col-
lected as crude enzymes.

Cellulase activity assay

Cellulases are a group of enzymes that work together to
break down cellulose, a complex polysaccharide found in
plant cell wall. The three main types of enzymes involved
in cellulose degradation are FPase, CMCase, B-glucosidase
and xylanases. The combined action of these three enzymes
is essential for the complete hydrolysis of cellulose into glu-
cose monomers. Therefore, to estimate hydrolysis of cellu-
lose, FPase, CMCase, B-glucosidase, and xylanases enzyme
assays are crucial.
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FPase activity assay

FPase Activity Units provide another way to measure cel-
lulase activity [15]. In a solution comprising 0.5 mL enzyme
supernatant and 1.0 mL citrate buffer (50 mM pH 4.8), a
1 X6 cm strip of Whatman No.1 filter paper was added. The
mixture was then incubated for 1 h at 50 °C. Subsequently,
3 mL of DNS solution was added, and heated for 5 min.
After cooling, 20.0 mL of distilled water was added, and
the absorbance was measured at 540 nm using glucose as
a reference. Heat-inactivated (98 °C for 10 min) enzyme
samples were used as controls in this enzyme assay [15].
“One unit of cellulase activity was defined as the amount
of enzyme that released 1 mol of reducing sugar equal to
glucose per minute under the conditions studied.” Units per
milliliter (U/mL) were used to assess enzyme activity.

CMCase activity assay

The activity of CMCase was measured using the Ghose et
al. method [27]. In Sodium citrate buffer (0.05 M, pH 5.5),
CMCase activity was measured by combining 0.5 mL of a
properly diluted crude enzyme with 0.5 mL of a 2% sub-
strate (carboxymethyl cellulose, medium viscosity, Sigma).
Subsequently, the enzyme-substrate mixture, was incubated
for 30 min at 50 °C. The concentration of glucose, as the
reducing sugar was measured using DNS to stop the process
[22]. Three mL of DNS were added to the enzyme mixture
and incubated for 5 min at 100 +£2 °C. Then 20 mL of water
was added. Subsequently, the test tube was submerged in
cold water for 15 min. The amount of glucose present was
determined by measuring the absorbance at 540 nm using
a spectrophotometer (Shimadzu UV-2450 UV-VIS spectro-
photometer). The breakdown of carboxymethyl cellulose to
liberate glucose catalysed by CMCase activity in this exper-
iment. The reaction was then stopped by introducing DNS,
which reacted with glucose to produce a red-brown com-
plex. “To measure CMCase activity, one unit (U) is defined
as the quantity of enzyme that releases 1 mL of reducing
sugar glucose per minute under the test conditions.” The
activity of CMCase was determined using a glucose stan-
dard curve [15, 27].

B-glucosidase (cellobiase) assay

According to IUPAC guidelines, the cellobiase test was
utilized to determine B-glucosidase [15, 27]“One unit of
cellobiase activity was defined as the amount of enzyme
necessary to liberate 2 mol of glucose per minute during
cellobiose breakdown.” Cellobiase activity was determined
by combining 1.0 mL 15 mM D (+) cellobiose produced
in Sodium citrate buffer (0.05 M, pH 4.8) with 1.0 mL of
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a properly diluted crude enzyme in the same buffer. The
enzyme mixture was then incubated at 50 °C for 30 min.
Place the reaction mixture in a boiling water bath for 5 min
to stop the process. Subsequently, add 10 mL of the afore-
mentioned reaction mixture to a 1 mL Glucose oxidase -
peroxidase (GOD POD) reagent and incubate for 15 min at
37 °C. Measure the OD at 500 nm to determine the amount
of glucose produced [28].

Xylanases assay

Ghose’s approach was used to measure xylanase activity
[15, 27]. In this assay, xylanase catalysed the hydrolysis of
xylan to release xylose. “One unit (U) of xylanase activity
is defined as the amount of enzyme that releases 1 mL of
reducing sugar of xylose per minute under the test condi-
tions.” The activity of xylanase was determined using the
xylose standard curve. In this procedure, 0.5 mL of citrate
buffer (0.05 M, pH 5.5), and 0.5 mL of supernatant (appro-
priately diluted) were mixed with 0.5 mL of 2% substrate
(birch wood xylan, Hi-media) in citrate buffer (0.05 M,
pH 5.5) to determine xylanase activity. Following this, the
enzyme combination was incubated for 30 min at 50 °C.
The concentration of xylose as the reducing sugar was mea-
sured using DNS to stop the reaction. Three mL of DNS
was added to the enzyme mixture, which created a red-
brown complex with xylose, and then, incubated for 5 min
at 100+ 2 °C. Following that, 20 mL of water was added.
Subsequently, the test tube was submerged in cold water for
15 min. To estimate the amount of xylose present, the absor-
bance was measured at 540 nm using a spectrophotometer
(UV-2450, UV-VIS spectrophotometer, Shimadzu) [15].

Protein estimation

Total protein was calculated by Folin-Ciocalteu method,
with bovine serum albumin (BSA) used as a standard [29].
The Folin protein determination method was used to cal-
culate the amount of protein present in supernatants of
fermented samples based on the absorbance reading at a
wavelength of 750 nm. The BSA standard curve was uti-
lized to determine the soluble protein concentration of the
cell-free broth [30].

Production of cellulase by EMS mutant D4 at 40 L
scale

The extra-cellular cellulolytic and hemicellulolytic enzymes
were produced during submerged fermentation of EMS
mutant D4 on microcrystalline cellulose (MCC101) in a
40 L fermenter (New Brunswick™ BioFlo® 510 Sterilize-
in-Place (SIP) Fermentor from Eppendorf) [29, 31]. A total
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of 5% (v/v) of 48 h old inoculum was used for the batch.
The agitation speed was maintained at 150 rpm, temperature
at 30 °C, and aeration was provided at a rate of 1 volume of
air per volume of liquid per minute (vvm). The media used
for seed cultivation and enzyme production were the same
as those used in the shake flask. MCC101, MCC101, less
expensive than Avicel from Sigma, was employed as the
sole source of carbon for the induction of cellulase [12, 32].
After production, tangential flow filtration (TFF, Millipore,
Billerica, MA) was used to concentrate the crude fungal
enzyme in the supernatant containing proteins greater than
10 kDa. A Biomax membrane (polyethersulfone) with a
10 kDa molecular mass cut-off (MMCO) was employed for
diafiltration [33]. The retentate was collected and compare
the saccharification efficiency with commercial enzymes for
the degradation of biomass (by Avicelase, carboxy methyl
cellulase, B-glucosidase, and xylanase respectively).

Saccharification of pre-treated LCB by cellulase
obtained from mutant D4

To compare the hydrolysis efficiency of the cellulase
enzyme produced from the D4 mutant with the commercial
cellulases (Sacchariseb and Cellic CTech3) from Advanced
Enzymes and Novozyme, the same dose of FPU (Filter
Paper Unit) for both enzymes was used for the hydrolysis
of lignocellulosic biomass (sugarcane bagasse, corn cob,
and rice straw). For bagasse, the D4 mutant enzyme was
tested at doses of 3 FPU, 4 FPU, 5 FPU, and 6 FPU per
gram of cellulose, while Advanced Enzymes used doses of
5 FPU and 6 FPU per gram of cellulose. For corn cob and
rice straw, the FPU doses for the D4 mutant enzyme ranged
from 2 FPU, 4FPU, 6 FPU, and 8 FPU per gram of cellu-
lose, while Novozyme Enzyme used doses of 6 FPU and 8
FPU per gram of cellulose [15].

Briefly, for enzyme hydrolysis, pre-treated sugarcane
bagasse (LCB) was taken in a 250 mL Erlenmeyer flask
(50 g). A pH of 5.0 was maintained for commercial cel-
lulases from Advanced Enzymes, and 4.8 pH was main-
tained for mutant D4 [22, 34]. Sampling was conducted

Table 1 EMS kill curve

Parent strain EMS concentration (mg/ml)  Kill %
0 0
2 25
4 18
6 40

P, funiculosum NCIM 1228 8 25
10 232
15 58.8
20 88.4
25 89.4
30 95

at 0-h, 24-h, 48-h, and 72-h for high-performance liquid
chromatography (HPLC) quantification of glucose, xylose,
and arabinose. The HPLC set-up consisted of an Aminex
HPX-87 H, 300 mm X 7.8 mm column (Bio-Rad, USA), and
the mobile phase used for elution was 0.050 M H,SO, at a
flow rate of 0.6 mL min— 1 at 35 °C. Samples were injected
using an autosampler injector with a fixed volume of 20 pl.
A refractive index detector (Agilent HPLC 1260 series),
was used for the detection of sugars and other metabolites.
Glucose, xylose, and arabinosewere detected at a retention
time of 9.06 min, 9.72 min, and 10.62 min respectively [35].
The FPase information only accounts for three primary
enzymes, Cellobiohydrolase (CBH), Endoglucanase (EG),
and B-glucosidase (BGL). Therefore, the protein concentra-
tion of the mutant D4 secretome was considered for enzyme
loading versus FPase in a comprehensive LCB hydrolysis
experiment. The saccharification performance of the cellu-
lase from mutant D4 was measured using HPLC analysis.
The amount of liberated free sugars from the saccharifica-
tion sugarcane bagasse pre-treated was estimated with a
ratio of 3:1, phosphoric acid: Sulphuric acid (PASA) [15].

Results and discussions
Production of cellulases by EMS treated mutant
EMS mutagenesis kill curve plot

Each of the experimental set comprised an initial spore
count of 2.2x10%mL with various EMS concentrations,
such as 2, 4, 6, 8, 10, 15, 20, 25, and 30 mg/mL, labelled as
B1 to B9 respectively. The experimental sets were exposed
to varying concentrations of EMS for 60 min. EMS induces
point mutations in DNA by alkylating guanine residues, par-
ticularly at the O6 position, leading to G:C to A:T transi-
tion mutations. Understanding the mode of action of EMS
mutation is crucial for its effective use in mutagenesis
studies aimed at generating genetic diversity and studying
gene function. The control set (C)was not exposed to EMS.
Table 1 [36]. For each set of EMS-exposed concentrations,
serial dilutions were made up to 107>, followed by their
spreading them onto the PDA plates. The experiments were
performed in triplicates, and the resulting plates were incu-
bated at 28 +2 °C for 4 + 1 days. After incubation, the colo-
nies obtained on the plates in triplicates were counted. The
average of colony count from each experimental set was
used to plot the kill curve Table 1. Colonies that could grow
on the plates post-EMS treatment were termed as mutants.
These isolated mutants were plated on Production media
containing Rose Bengal dye and carboxy methyl cellulose
(PM-RB-CMC) medium for primary screening [17, 25, 37].
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Table 2 EMS mutants and their Series EMS concentration Kill % No. of mutants Mutants ID
ID. A 30 mg/ml 95 25 Al to A25

B 25 mg/ml 89.4 53 B1 to B53

C 20 mg/ml 88.4 58 C1 to C58

D 15 mg/ml 58.8 198 D1to D198

Table 3 FPase activity by promising mutants up to 11th day of incuba-
tion

Mutants FPase (U/ml) Protein mg/ml sp.activity
A23 3.50+0.09 12.92+0.35 0.27+0.01
B3 5.55+0.16 16.81+0.21 0.33+0.01
B35 3.23+0.08 12.66+0.33 0.26+0.01
Cs5 3.70+0.09 14.25+0.35 0.26+0.01
D4 6.66+0.25 18.81+0.36 0.35+0.01
D60 2.32+0.13 19.86+0.50 0.12+0.01
D126 2.41+0.18 11.01+£0.20 0.22+0.02
D133 3.20+0.39 11.45+£0.44 0.28+0.04
D135 2.52+0.19 9.89+0.17 0.25+0.02
D139 3.15+0.13 11.86+0.34 0.27+0.02
D148 2.47+0.16 9.31+0.20 0.27+0.02
D150 3.70+0.41 12.86+0.37 0.29+0.04
D151 3.49+0.24 12.36 +0.41 0.28+0.03
D157 2.59+0.26 10.96+0.36 0.24+0.02
D159 3.70+0.43 11.89+0.17 0.31+£0.04
D188 2.46+0.20 9.69+0.31 0.25+0.03
Parent 1.03+0.05 7.03+0.52 0.15+0.01

* “Experiments were performed in triplicate” All enzymes activities
values are average of three replicates with + standard deviation

EMS primary screening

Atotal of 334 mutants were screened on PM-RB-CMC plates
to identify the most potent cellulase producing mutant in
comparison to its parent strain. These mutants were selected
based on the maximum zone of cellulose hydrolysis on the
PM-RB-CMC agar medium plates. The isolates that dem-
onstrated the ratio of zone size to colony size, greater than
that of the parent strain, were termed as higher cellulase
producers. Out of 334 mutants,47 strains showed promising
zones of clearance defined by a Zone Ratio (X-Y)/Y greater
than 0.75 cm. This selection criterion has been categorized
into three distinct levels marked by +++ (best) with a zone
of hydrolysis greater than 1 cm, ++ (good) with a zone of
hydrolysis in the range 0f 0.75 to 1.0 cm, and + (avg.) with a
zone of hydrolysis between 0.5 and 0.75 cm. Since the par-
ent strain showed the zone ratio of approximately 0.5 cm,
this value has been set as the critical benchmark for com-
parison with the mutants (SI Tables 1 and 2).

The maximum number of the hits exhibiting the zone
ratio in the category> 1.0 cm and 0.75-1.0 cm was obtained
with doses of 25 mg/mL and 15 mg/mL of EMS, respec-
tively. The consideration here is that the number of hits
selected after exposure for primary screening was 53 and
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198, respectively; thus, the relative occurrence was consid-
ered. Maximum relative occurrence of the best and good
hits, based on zone ratio, was obtained in the case of a
30 mg/mL dose of EMS (SI Table 3).

Production of FPase

EMS mutants from primary screening were selected for
extracellular enzyme production based on the plate-clearing
zone assay used in primary screening. The stimulation of
extracellular cellulase enzyme synthesis was carried out in
submerged fungus cultures [38]. Agar blocks were inocu-
lated into Erlenmeyer flasks (250 mL) containing 50 mL
of the production medium used to test cellulose digestion
by specific fungi from one-week-old mutant colonies cul-
tivated on PDA at 28 +2 °C (SI Fig. 2). The mutants were
incubated in an orbital shaker incubator for twelve days
at 28+2 °C. Following twelve days of cultivation, the
fermented broth was centrifuged at 10,000 rpm for 10 to
15 min at 4 °C to remove solids. The clear supernatant was
then analysed for the extracellular or free enzymes activities
of the samples by Ghose’s method [27]. All of the experi-
ments were conducted in triplicate. In a 500 mL Erlenmeyer
flask, 100 mL of medium was placed, and average values
were considered for the analysis. The results obtained till 11
days of incubation, top 17 mutants results have been tabu-
lated (SI Table 4). The highest FPase activity observed was
6.66 U/mL by the D4 mutant followed by 5.55 U/mL pro-
duced by mutant B3 (Fig. 1 and SI Fig. 3). The highest sp.
activity observed was 0.35 by mutant D4 which is 2.33-fold
higher than the wild type (Table 3).

Production of CMCase

To begin, endoglucanases, notably carboxymethyl cellulase
(CMCase), act on cellulose in between the chains to release
tiny cellulose fragments with both reducing and non-reduc-
ing ends. Mutant B3 and D4 produced CMCase activities of
37 and 37.37 U/mL, respectively, which is 3.02 and 3.05-
fold greater than the wild type (Fig. 1). The specific activi-
ties of B3 and D4 were 2.20 and 1.99, respectively (Table 4).
Irfan et al. demonstrated that, the highest enzyme titer by
strain Bacillus subtilis K-18 1s 3.50+0.11 IU/mL, obtained
at 2% substrate concentration, 2% inoculum size, 1% yeast
extract, pH 5.0, incubation temperature of 50 °C for 24 h
during the fermentation period. The enzymatic hydrolysis
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Fig.2 a) Production of cellulase by D4 mutant in a 40-L scale fermen-
ter. b) SDS PAGE analysis of mutant D4 extracellular protein at 40 L
scale fermenter and before and after TFF samples. Lane-1: 3 -day
supernatant, Lane-2: 4" -day supernatant, Lane-3: 5" -day superna-
tant, Lane-4: 6" -day supernatant, Lane-5: 7™ -day supernatant, Lane-

6: 8" -day supernatant, Lane-7: 9" -day supernatant, Lane-8: 10" -day
supernatant of cell free enzyme broth. Lane-9 and 10: 10" day before
TFF sample, Lane-11 and 12: 1:1 diluted concentrated broth after
TFF sample and Lane M:Molecular markers from the top are72kDa,
55 kDa, 43 kDa, 34 kDa and 26 kDa
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Table4 CMCase activity by promising mutants up to 11th day of incu-
bation

Mutants CMCase (U/ml) Protein mg/ml sp. activity
A23 16.72+1.06 12.924+0.35 1.29+0.11
B3 37.00+1.82 16.81+0.21 2.20+0.12
B35 14.93+£1.65 12.66+0.33 1.18+0.15
C55 22.20+1.39 14.256 +£0.35 1.56+0.13
D4 37.37+£2.20 18.81+£0.36 1.99+0.15
D60 20.55+1.71 19.86£0.50 1.03+0.11
D126 22.20+1.04 11.01+0.2 2.02+0.13
D133 18.91+0.99 11.45+0.44 1.65+0.14
D135 25234221 9.89+0.17 2.55+0.26
D139 14.70£0.82 11.86+0.34 1.24+0.10
D148 18.54+0.94 9.31+£0.2 1.99+0.14
D150 19.40+1.20 12.86+0.37 1.51+0.13
DI51 17.68+1.24 12.36+0.41 1.43+0.13
D157 17.50£0.82 10.96+0.36 1.60+0.13
D159 20.30+£1.97 11.89+£0.17 1.71+£0.15
D188 16.65+1.61 9.69+0.31 1.72+0.19
Parent 12.24+0.77 7.03+0.52 1.74+0.24

* “Experiments were performed in triplicate” All enzymes activities
values are average of three replicates with + standard deviation

of acid/alkali-treated pine needles exhibited 54.389% sac-
charification in acid-treated pine needles, demonstrating the
effectiveness of the enzyme [39]. Tandon et al. reported a
12.81% hdrolysis rate of NaOH + H, 0, treated pine needles
using indigenously produced cellulase and xylanase from P,
notatum-102, which is lower than our results [40]. In this
study, we observed a CMCase cell-free activity of 37.37 U/
mL and a hydrolysis rate of approximately 49% for PASA-
treated bagasse.

Production of B-glucosidase

The major enzyme component of cellulase is 3-glucosidase,
which completes the final phase of cellulose hydrolysis by
converting cellobiose to glucose. In a recent study, Chen
et al. reported the cloning of the BGL gene from Bacillus
licheniformis into Escherichia coli and the production of the
B-glucosidase enzyme with an activity of 45.44 U/mL [41].
We observed the highest B-glucosidase activity produced by
mutant D4 was 32.1 U/mL (Fig. 1). In a study by Mallerman
et al., Flammulina velutipes CFK 3111, a white rot fungus,
was found to produced 1.6 U/mL of B-glucosidase with a
glucose output of 10 g/L [42]. In this study, we observed
that P. funiculosum NCIM1228, EMS was employed to
produce cellulase overproducing mutant. Sixteen of the
mutant derivatives improved FPase production from cellu-
lose in batch cultures, out of a total of 334. When compared
to the parental strain, D4, a stable EMS mutant, produced
the highest protein production of 18.81 mg/mL, a 2.67-fold
increase (Table 3). de Oliveira Rodrigues et al. reported that
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Aspergillus fumigatus produced 27.5 U/mL and 5.68 U/mL
B-glucosidase when grown on Microcrystalline cellulose
(Avicel) and Kraft pulp, respectively [43]. In terms of batch
fermentation kinetic parameters, the mutation increased
FPase specific activity by 2.33 times and improved CMCase
and B -glucosidase specific activities by 1.14 and 1.13 times,
respectively, in the D4 mutant (Tables 4 and 5).

Production of xylanases by EMS treated mutant

The EMS-treated mutant D4 and B3 produced the highest
maximum Xylanase activity 83.2 U/mL and 114.49 U/mL,
respectively, which are 2.85 and 3.13-fold higher compared
to the Parent P. funiculosum NCIM 1228 (Table 6) Inter-
estingly, other mutants exposed to different concentrations
of EMS (15 mg/mL to 30 mg/mL) for one hour achieved a
relatively higher maximum xylanase activity, ranging from
1.07 to 2.74-fold. The profile of xylanase activity obtained
by the non-treated control and EMS-treated mutants in SmF
is shown in Fig. 1. In this investigation, mutants A23, B35,
and D139 exhibited the lowest maximal xylanase activity,
having been exposed to 30, 25, and 15 mg/mL of EMS for
60 min, respectively. An activity increment of 313% was
observed in mutant C55 when compared to the parent strain
(Table 6). The mutant C55 exhibited a substantially higher
maximal xylanase activity of 121.53 U/mL, derived from
a spore concentration of 1+ 10x 10° spores/mL and a total
cell-free protein concentration of 14.23 mg/mL at medium
pH of 5.5. EMS treatment, as described by Qin et al. pro-
duces base-pair insertions or deletions [44]. Indeed, EMS
causes lasting lesions that leads to DNA base sequence
changes. EMS treatment resulted in enhanced xylanase
activity from the mutation D4 and B3 of the parent strain
P funiculosum NCIM 1228 in this investigation. When
compared to the wild strain, the EMS mutant D4 produced
1.96 times the amount of xylanase. However, in certain cir-
cumstances, overproduction resulting from EMS-treated
mutants was shown to be positive. The increase in xylanase
activity in the mutant strain is attributed to a change in the
gene sequences encoding for the xylanase enzyme, which
enhances gene expression after exposure to the EMS muta-
gen. Radha et al. used a mutant of 4. niger that underwent
EMS treatment and found that it exhibited a maximal pro-
tease activity of 7.12 U/mL [45]. Yousaf et al. reported a
similar result, indicating that the maximal yield of prote-
ase activity produced by the EMS mutant of 4. oryzae was
662.61+0.36 U/gds, representing a 4.03-fold improvement
as compared to the wild type [46].

We investigated that FPase, CMCase, B-glucosidase, and
xylanase activities were about three to six times greater in
the EMS mutants than that in the parent strain (SI Table 4)
[15]. The highest enzyme activity obtained in the EMS
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mutants was 37.37 U/mL CMCase in D4, 6.66 U/mL FPase

in D4, 121 U/mL xylanases in the C55 mutant, and 32.1  Production of cellulases by promising EMS mutants

U/mL -glucosidase in D4. The extracellular protein in the  of P. funiculosum at 40 L scale fermenter

broth was found to be 19.86 mg/mL and 18.81 mg/mL in

mutant D60 and D4 respectively. The Fig. 2 (a) represents the average of three batches,
demonstrating that the synthesis of enzymes and proteins
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Table 5 B-glucosidase activity by promising mutants up to 11th day
of incubation

Mutants  B- glucosidase (U/ml) Protein mg/ml sp.activity
A23 23.6+1.57 12.924+0.35 1.83+0.16
B3 29.4+1.57 16.81+0.21 1.75+0.12
B35 22.2+0.78 12.66+0.33 1.75+0.11
C55 27.1+1.91 14.256 £0.35 1.90+0.17
D4 32.1+2.85 18.81+0.36 1.71+£0.17
D60 27.1+1.08 19.86+0.50 1.36+0.09
D126 28.6+0.72 11.01+£0.2 2.60+0.10
D133 16.78 £ 1.11 11.45+0.44 1.47+0.15
D135 19.19+0.79 9.89+0.17 1.94+0.11
D139 17.55+1.00 11.86+0.34 1.48+0.13
D148 16.69 +1.60 9.31+0.2 1.79+0.16
D150 23.58+1.44 12.86+0.37 1.83+0.14
D151 17.04+0.88 12.36+0.41 1.38+£0.12
D157 24.61+1.25 10.96+0.36 2.25+0.18
D159 21.94+1.06 11.89+0.17 1.85+0.11
D188 16.78 +1.21 9.69+0.31 1.73+0.18
Parent 10.6+1.04 7.03+£0.52 1.51+0.27

* “Experiments were performed in triplicate” All enzymes activities
values are average of three replicates with + standard deviation

Table 6 Xylanase activity by promising mutants up to 11th day of
incubation

Mutants Xylanase U/ml Protein mg/ml sp.activity
A23 31.60+3.91 12.92+0.35 2.45+0.37
B3 114.49 +4.31 16.81+0.21 6.81+0.32
B35 37.50+1.74 12.66+0.33 2.96+0.22
C55 121.13+£6.33 14.25+0.35 8.50+0.66
D4 83.20+4.77 18.81+0.36 4.42+0.34
D60 45.30+3.49 19.86+0.5 2.28+0.23
D126 50.10+2.44 11.01+0.2 4.55+0.20
D133 56.80+2.90 11.45+£0.44 4.96+0.44
D135 30.40+2.38 9.89+0.17 3.07+0.29
D139 28.30+2.46 11.86+0.34 2.39+0.28
D148 57.60+2.48 9.31+0.2 6.19+0.37
D150 73.60+4.49 12.86+0.37 5.72+0.51
D151 79.73+4.80 12.36 +0.41 6.45+0.58
D157 56.80+3.42 10.96+0.36 5.18+0.45
D159 75.61+£4.43 11.89+0.17 6.36+0.44
D188 50.10+3.67 9.69+0.31 5.17+0.55
Parent 42.43+4.12 7.03+0.52 6.04+0.04

* “Experiments were performed in triplicate” All enzymes activities
values are an average of three replicates with + standard deviation

is linked to growth. Improved enzyme production patterns
were observed significantly. Enzyme activities and extracel-
lular protein amounts in the culture broth of the fungi at
the end of cultivation are shown in Fig. 2 (a). Carvalho et
al. and their colleague reported that the growth process was
conducted in batches in the fermenter. After an optimizing
bioreactor, operational settings of 220 rpm agitation and 0.6
vvm aeration resulted in an enzyme pool with the activities
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of 0.508 U/mL for FPase, 9.204 U/mL for endoglucanase,
and 2.395 U/mL for B -glucosidase. The sequential optimi-
zation technique was successful, resulting in cellulase output
that was 3.6 to 9.5 times higher than under non-optimized
conditions [47]. In this study, extracellular protein pro-
duction in fermenter cultures was observed as promising.
Enzyme activities were improved from 2-fold to 5-fold as
compared to parent fungi. Moreover, the D4 mutant boosted
the activity of cellulolytic enzymes in fed-batch culture; this
is the first time that it has been documented that the fermen-
ter system used in this study considerably improved cellu-
lase production in addition to protein production. The FPase
activity of 4.79 U/mL was achieved at a 40 L scale of sub-
merged fermentation in this study. In contrast, Ogunyewo et
al. reported a maximum FPase production of 3.41 U/mL in
a 20 L scale fermenter with the assistance of recombinant
P. funiculusum PfMig1®® [12] Prasanna et al. obtained the
best activities on an optimised medium with Penicillium
sp., achieving yields of 25 U/mL for CMCase and 9.52 U/
mL for B-glucosidase. These values represented increases of
9.2,5.9, and 43.8-fold over unoptimized medium titers [19].
In this study, we achieved 42.49 U/mL and 21.17 U/mL of
CMCase and B-glucosidase, respectively, at a 40 L fermen-
ter scale Fig. 2 (a). Sridevi et al. reported Penicillium sp. that
produced xylanase via submerged fermentation with xylose
as the major substrate, and the enzyme yield was measured
on a regular basis [48]. On the fourth day of incubation, xyl-
anase production reached 123.1 U/mL. In this work, Mutant
D4 achieved a maximum xylanase production of 101.87 U/
mL on the sixth day at the fermenter scale, along with a
promising cellulase titer. On the tenth day at the 40 L fer-
menter scale, it was noted that the protein productivity was
1.79 g/L/day and the FPase productivity was 479 U/L/day
(Table 7). According to Gang Hu et al., the molecular mass of
isozymes of cellulases from Trichoderma reesei (Celluclast)
and Aspergillus niger ranged from around 18 kDa to about
120 kDa. The sensitivity of staining methods determines the
amount of proteins that may be observed. The gels stained
with the silver stain kit revealed eight protein bands in his
study [49]. An almost similar pattern was observed in this
study with mutant D4 of P. funiculosum Fig. 2 (b). Goyal
et al. reported the results are similar to those described by
Gang Hu et al. who reported molecular mass in the range of
45 to 100 kDa for Trichoderma reesei cellulases. Purified
CBHI from multiple sources has a molecular mass ranging
from 42 to 72 kDa, CBHII has a molecular mass ranging
from 50 to 58 kDa, endoglucanase-I is a significant cellulase
component has 54 kDa, endoglucanase-II has 48 kDa, and
endoglucanase-III has a molecular mass ranging from 20 to
23.5 kDa [50]. McGregor et al. predicted a molecular mass
major xylanase band at ~57 kDa and a xylanase band of
111 kDa may represent a B-xylosidase [51]. We observed



Systems Microbiology and Biomanufacturing (2024) 4:716-730 727
Table7 Rroductivity of enzymes Time (Days) FPU CMCase Xylanase B-glucosidase Protein
?;‘r‘fn P;rnotf;“ at 40 L scale Ull/day Ull/day U/l/day U/l/day o/l/day

3 180.00+17.64 61333343982  23643.33+358.7 1773.33+129.9 3.47+0.80

4 350.00+£33.07  7955.00+818.3  21910.00+201.2  1660.00+2162 2.84+1.17

5 476.00+21.17  4514.00+439.1  17564.00+214.7  1028.00+146.4 2.58+1.39

6 49333+22.05 7251.67+809.6 16978.33+335.8  1521.67+79.09 2.11+0.63

7 481.43+41.18  5620.00+955.5 12571.43+278.8 1937.14+78.59  2.39+0.83
All enzymes activities and 8 486.25+15.00  5057.50+383.0  8955.00+315.5  2147.50+49.21  2.16+0.51
protein values are an average of g 47333425.12  4755.56+473.1  8848.89+678.9  2944.44+41.19  1.99+0.50
three replicates with +standard

10 479.00+13.23  4249.00+397.1  6987.00+430.9  2117.00+46.59  1.79+0.49

deviation

Table 8 Compositional analysis of untreated and pre-treated sugarcane bagasse

Components of Biomass Sugarcane Bagasse Corn cob Rice straw
(%, wiw) Un treated PASA- Pre-treated Un treated PASA- Pre-treated Un PASA-Pre-treated
treated

Cellulose 48 +5 61+8 50+5 64+8 46+6 60+9
Hemicellulose 28+3 20+2 2343 19+2 24 +3 20+3

Lignin 20+3 18+2 17+3 17+2 18+3 16+2.5

Ash 1.8+0.05 2.1+0.5 2.8+0.05 24+0.5 24+0.05 2.6+

Total carbohydrates 76 +4 87+4.5 83.8+4 84+3.7 78+4 84+3.7

that the secretome of mutant D4 has roughly nine bands in
the range of 28 kDa to 100 kDa, with the most intense band
between 45 kDa and 58 kDa. TFF was used to concentrate
the crude extracellular enzyme by 1.40 folds. The FPase
concentration was 4.79 U/mL before TFF and increased to
6.71 U/mL after TFF. Fang et al. reported 2-fold concen-
trated by using TFF [33].

LCB hydrolysis by cellulases from EMS mutants of P.
funiculosum vs Advanced enzymes

The composition of untreated and PASA-treated bagasse,
rice straw as well as corn cob is detailed in Table 8. Pre-
treated LCB has been suggested as a viable alternative for
the conversion of LCB into fermentable sugars, biofuels,
and other platform chemicals such as 5-hydroxymethylfur-
fural (5-HMF), xylitol, sugar alcohols, lactic acid, 2,3BDO,
levulinic acid, phenols, succinic acid, and furfurals through
enzymatic degradation by fungal enzymes [52—54]. Peng et
al. reported in their study that the crude enzyme from MEA-
12 demonstrated good enzymatic hydrolysis efficiency
against three different biomasses (cornstalk, bamboo, and
reed), when supplemented with cellulase from T reesei Rut-
C30 [11]. In this study, we found that without supplementa-
tion of an external enzyme, the crude secretome of the D4
mutant of P. funiculosum effectively saccharified the pre-
treated bagasse, rice straw and corn cob into soluble sugars.
Figure 3a,b and c is the average of the three values. The
results showed that after saccharification with the mutant
enzyme, 3.54%, 5.13% and 4.54% of soluble sugars were

liberated from pre-treated bagasse, corn cob and rice straw
(SI Tables 5, 6 and 8).

Bussamra et al. utilized an optimised enzyme cocktail
for efficient hydrolysis, comprising T.reesei fraction (80%),
endoglucanase (10%), and B-glucosidase (10%), theoreti-
cally converted 72% of the cellulose in hydrothermally
pre-treated bagasse. In comparison, commercial Celluclast
1.5 L converts 49.11% [55]. By applying the synergism prin-
ciple and statistical analysis, a rational enzyme mixture was
capable of enhancing biomass saccharification. The enzyme
from P. funiculosum NCIM 1228 exhibited a hydrolysis
efficiency of 51.30% on sugarcane bagasse when admin-
istered at a dosage of 7 FPase units per gram of cellulose
[15]. However, when we employed doses of 6 FPU, 8 FPU,
and 8 FPU per gram of cellulose in this trial on bagasse,
corn cob and rice straw respectively, we achieved hydroly-
sis efficiencies of 54.03%, 71.4% and 76.87% (Fig. 3a, b,
and c). This indicates that no formulation was required as
the necessary cocktail is already available in the secretome
of the P. funiculosum D4 mutant. In this way, D4 mutant
is a potential choice for efficient LCB hydrolysis and other
biocatalysis-dependent processes.

Conclusions

In this study, the extracellular cellulase activity of various
mutants from filamentous fungus P. funiculosum NCIM
1228 was investigated to enhance extracellular cellulase
production. EMS-based mutagenesis was employed to
improve the strain for better performance, especially for
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increasing enzyme production. To the best of our knowl-
edge, no definitive reports or studies are highlighting
6.47, 3.05, 3.03, and 3.19-fold higher activities of FPase,
CMCase, B-glucosidase, and xylanase, respectively, com-
pared to the parent strain, indicating its promising future.
We believe that this study is crucial, and the substantial
results can serve as a baseline to carried out further stud-
ies to meet the demand of practical application. Submerged
fermentation of the promising strain D4 was conducted in
a 40 L fermenter and the saccharification efficiency of the
cellulase enzyme secreted by mutant D4 was compared
with commercial cellulase enzymes using 6 FPU per gram
of cellulose dosage. The mutant D4 enzyme demonstrated
hydrolysis efficiencies of 54.03%, 71.44%, and 76.87%
on bagasse, corn cob, and rice straw, respectively, whereas
the commercial enzyme showed hydrolysis efficiencies of
53.07%, 78.06%, and 78.66% on the same substrates. These
results clearly show that the mutant strains produced effi-
cient cellulases that are comparatively promising. Addition-
ally, compared to the parent strain, the EMS mutant D4 also
exhibited high extracellular FPase, CMCase, xylanase, and
protein in the broth, which could be promising in reducing
the overall cellulase production costs at a large scale. Fur-
ther process improvement could result in a more suitable
alternative for industrial scale. Furthermore, the P. funiculo-
sum D4 mutant and its crude enzyme extract rich in cellulase
efficiently degraded pre-treated LCB without any modifica-
tions in the secretome. A promising hyper-producing mutant
and its cellulase, efficient in hydrolysing common biomass
bagasse, corn cob, and rice straw provide a new option for
bioresource processing in the future.
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