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Abstract: Cellulases and xylanases are hydrolytic
enzymes that randomly cleave the B-1, 4 backbones of
the cellulose and arabinoxylans of wheat flour and are
widely used in the bakery industry as a dough texture
improver in the formulations of flour products. Creating
novel sources of a microbial strain using induced
gamma irradiation can increase enzyme production for
bakery industrial usage. According to this, Co®® gamma
irradiation has been used to develop a mutant strain of
Trichoderma afroharzianum. Trichoderma mutants
were isolated, and the qualitative and quantitative
screening were used to evaluate the extracellular
enzyme production with the wheat bran waste as a
substrate. The best Trichoderma mutant isolate was
identified using the DNA barcoding method. The
highest xylanase activities were observed in the
superior mutant isolate of Trichoderma afroharzianum
NAS107-M82, which is approximately 3.3 times higher
than its parent strain. The electrophoretic pattern of
proteins showed that the exo-glucanase I, endo-
glucanase III, and the xylanase I enzymes hydrolyzed
the wheat bran, synergistically. Overall, gamma
irradiation-induced mutation could be an expedient
technique to access such superior mutants for the
bioconversion of wheat bran wastes to xylanase
enzyme.
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INTRODUCTION

Filamentous fungi such as Trichoderma spp.
produce extracellular hydrolytic enzymes, such as
endoglucanases (EGI/Cel7B, EGII/Cel5A,
EGIII/Cel12A, EGIV/Cel61A, and EGV/Cel45A) and
exoglucanases (the cellobiohydrolases, CBHI/Cel7A,
and CBHII/Cel6A) that act synergitically to break down
cellulose into cellobiose (glycosyl B-1,4-glucose) and
subsequent hydrolysis to glucose by B-glucosidase)
(Kunamneni et al.,, 2014), which cleave the B-1, 4-
glycosidic bonds present in cellulose and its derivatives
(Mach and Zeilinger, 2003). Several other enzymes by
Trichoderma include PB-mannase (EC 3.2.1.78), B-
mannosidase (EC 3.2.1.25), o-L-arabinofuranosidase
(EC 3.2.1.55), a-galactosidase (EC 3.2.1.22), acetylene
xylan esterases (EC 3.1.1.72), laccases (benzendiol:
oxygen oxidoreductases, EC 1.10.3.2),
polygalacturonase (EC 3.2.1.15), pectin lyase (EC
4.2.2.10), and pectin esterase (EC 3.1.1.11)
(Kunamneni et al., 2014). The cost of enzyme
production can be significantly decreased by improving
enzyme  production by  utilizing effective
microorganisms, their mutation, and using agricultural
waste as a substrate for fermentation. Effective
microorganisms can improve production performance
because the culture medium typically accounts for 25-
50% of the total production costs (Shafei et al., 2011).
Also, microorganisms that produce both cellulases and
xylanases under the same culture conditions hold great
significance due to their synergistic applications. Cost-
effective substrates such as wheat bran can be used by a
single microbial isolate to process multiple enzymes
upstream in the same fermentation medium, which has
great benefits for the industry.

Xylanase and cellulase production in filamentous
fungi is much higher than that of actinomycetes,
bacteria, and yeasts. These microorganisms release the
enzyme directly without any negative side effects and
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without requiring the degradation of cell walls
hemicellulosic material in the environment. Induction
of random mutations by physical mutagens such as UV,
X-, and gamma radiation and chemical mutagens such
as ethyl methane sulfonate have been used as useful
tools to manipulate Trichoderma genetically (Catlett et
al., 2003; Gohel et al., 2004).

Several studies have shown that gamma radiation
can cause genetic diversity of filamentous fungi and
induce positive (Abbasi et al., 2016; Lee et al., 2000;
Shahbazi et al., 2014) or negative mutants (Zolan et al.,
1988) of specific genes. For instance, a large number of
the high-secreting mutants offer suitable strains for
specific industrial objectives (Steensels et al., 2014),
such as the overproduction of antibiotics (Barreiro et
al., 2012; Kardos and Demain, 2011), and enhanced
production of cellulase enzymes (Bischof et al., 2016;
Dillon et al., 2006; Ribeiro et al., 2013), lipases
(Karanam and Medicherla, 2008), citric acid (Javed et
al., 2010) and bioethanol (Mobini-Dehkordi et al.,
2008; Zhao et al., 2022).

According to the Food and Drug Administration
(FAO), wheat was cultivated worldwide in 2023,
producing  approximately = 785.1 million tons.
(FAOSTAT, 2023). Wheat bran is primarily made up of
cellulose and xylan, which is the abundant organic
carbon source in the wheat flour industry. Bran's
contribution to total wheat grain weight is between 13
and 19%, depending on the milling process (wet or dry)
utilized for its extraction (Onipe et al., 2015), which
currently has low commercial value, but can be used as
the best carbon source for xylanase and cellulase
production. Hemicellulose, which is typically present in
higher concentrations on the outer surface of cellulose
fibers but is also diffused into the interfibrillar space
through fiber pores (Kohnke et al., 2010), has been
suggested to act as a physical barrier that limits the
accessibility of the cellulase enzymes to the cellulose
(Pauly et al., 1999). The purified wheat bran contains
high amounts of hemicellulose (Doner and Hicks,
1997), which can be used as the finest substrate for
induction of xylanase-cellulase enzyme production by
Trichoderma fungi.

Due to this enzymatic diversity of Trichoderma
filamentous fungi and its ability to biodegradation of
hemicellulosic waste and production of extracellular
enzymes, in this study, we will approach to
simultaneously produce xylanase and cellulase enzymes
from wheat bran using superior gamma radiated
mutants of Trichoderma. Therefore, the best
Trichoderma 1isolate was screened, identified and
treated with different doses of gamma irradiation to
investigate the possible enhancement of xylanase and
cellulase production by gamma radiation-induced
mutation.

MATERIALS AND METHODS

Trichoderma isolates

In this study, twenty-four (T1 to T24) Trichoderma
isolates (with NCBI accession numbers: MW718882,
OMO083873, MZ681938, MZ682034, OMO083970,
MW719569, MW714049, MW719590, MW719097,
OMO078503, MW719255, MW719475, MW719563,
MW719876, MZ681867, MZ681937, OMO084953,
MW719878, MZ682163, MZ682208, OMO074016,
MZ682231, OM074000, MZ682234, respectively) were
obtained from the fungal collection of the Plant
Protection Department of the Nuclear Agriculture
Research School, Alborz, Iran. The cultures were grown
on potato dextrose agar (PDA, Merck, Germany)
medium containing 100 mg. L! of chloramphenicol and
stored at 4 °C for further studies.

Qualitative screening of best xylanase-producing
isolates

All wild-type Trichoderma isolates were screened
for their xylanase activity using the plate screening
methods on Trichoderma complete medium (TCM or
Mendel’s mineral salts solution medium) contained (g.
L'): Bactopeptone, 1.0; urea, 0.3; KH:POs, 2.0;
(NH4)2S04, 1.4; MgS0O4. 7H20, 0.3; CaCl2.6H20, 0.4;
FeS04.7H20, 0.005; MnSOs4, 0.0016; ZnSOs4, 0.0014;
CoCl2.6H20, 0.002 and 0.2 ml. L', Tween 80,
supplemented with the addition of 17.5 g. L! of agar,
0.1% (v/v) Triton X-100, 4 gL' of sorbose and 0.5%
w/v of arabinoxylan as a substrate. The medium was
adjusted to pH 5.3 with pH meter. The plates were
inoculated with mycelial plug (0.8 cm diameter), and
incubated at 28 °C for 3 days followed by 18 h at 45 °C.
The Petri dishes were flooded with 0.4% Congo red dye
and after 10 minutes washed with 1M NaCl. For better
visualization of the clear areas, acetic acid (5%) was
flooded to the surface of the Petri dishes (Yopi et al.,
2017). The best xylanase-producing isolate was
determined by calculating its maximum hydrolysis
capacity (HC). According to the definition, HC refers to
the relationship between the diameter of the hydrolysis
clearing zone surrounding the colony and the colony
itself.

Gamma radiation-induced mutation of Trichoderma

After the determination of the best enzyme-
producing isolate of Trichoderma, the spore
suspensions were prepared from a seven-day-old PDA
culture in sterile saline solution and irradiated using a
gamma cobalt 60 source in Gammacell 220 irradiator
(MDS Nordion, Ottawa, Canada) at a dose rate of 4.5
kGy per hour, located at the radiation application
research school, nuclear science and technology
research institute (NSTRI) of the atomic energy
organization, Tehran, Iran (Fig. 1). In triplicate, dose
levels of 0, 100, 250, 500, 750, and 1000 Gy were used,
and after the irradiation process, the spore suspensions
were cultured on PDA media.
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Fungal viability was used to estimate the gamma
radiation Dio value. Dio value of gamma radiation
represented the dose of gamma radiation that reduced
the fungal viability of one log cycle or 90%. According
to the previous study, gamma rays are inclined to create
multiple mutations in one gene at a dose higher than the
Dio value (Hidayati et al., 2021; Ottenheim et al., 2015).
Determination of optimum dose of gamma irradiation
for on-induced mutation was selected based on
approximately 90-99 % (or 1-2 log cycle) reduction of
spore germination on PDA medium. Based on the spore
germination rate, the first single colonies of the fungus
were isolated from the surface of the culture medium
using a binocular microscope. The selected colonies
from an optimum dose of gamma irradiation were
subcultured on malt yeast glucose agar (MYGA)
medium containing (gL!): malt extract, 5; yeast extract,
2.5; glucose, 10; agar, 17.5; and examined after 7 d of
incubation at 28°C for qualitative screening of xylanase
producer mutant isolates similar to the method
described above. Best xylanase-producing mutant
isolates were determined based on the ratio between the
hydrolysis capacity of mutant isolate (HCM), and the
hydrolysis capacity of wild-type strain (HCW). The best
mutant isolates of Trichoderma were maintained on
MY GA medium.

Nonirradiated Gamma irradiated
Spore suspension Spore suspension
. [ I

T. afroharzarnumn,

Gamma irradiation

Fig 1. Gammacell 220 irradiator used to induce
mutation in Trichoderma afroharzianum NAS107

Quantitative screening of Trichoderma mutant
isolates

One milliliter of spore suspension (1x107
spores/mL) was used as inoculum for the inoculation of
50 mL of TCM medium (pH 4.8) supplemented with
0.3% w/v glucose in 250 ml Erlenmeyer flasks, and
placed in an orbital shaker (150 rpm) at 28 °C for 24 h.
The fungal mycelia were collected and transferred to 50
ml of Trichoderma fermentation medium (TFM)
containing TCM supplemented with 0.5% w/v wheat
bran powder as a substrate at pH 5.3 to induce the
production of xylanase enzymes. Growth conditions
were as described previously, and triplicate flasks were
harvested after an incubation time of 72 h at28 °C.
Estimation of extracellular protein and enzyme activity

was assayed in TFM after centrifugation at 4500 xg for
seven min at 4 °C (Shahbazi et al., 2016).

Assay of extracellular protein production and
enzyme activity

The extracellular protein content in the TFM
supernatants was estimated in different mutant isolates
of Trichoderma by the Bradford dye-binding method
(Bradford, 1976). The amount of protein was calculated
using bovine serum albumin (BSA) as a standard. The
absorbance was read at 595 nm on a spectrophotometer
(Jenway, USA). Exo-glucanase, endo-glucanase and [3-
glucosidase, total cellulase (Filter paperase or FPase),
and xylanase activity were determined by measuring the
amount of glucose or xylose released from substrates by
the dinitrosalicylic acid (DNS) method with glucose or
xylose as the standard (Ghasemi et al., 2019; Shahbazi
etal., 2016).

Electrophoresis and molecular size determination of
proteins

Protein samples (~ 200 pg) were precipitated from
TFM supernatants with two volumes of cold acetone
and kept at-20°C overnight. The molecular weight
(kDa) of the proteins was determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) with a 5% (stacking) and 12.5%
(separating) polyacrylamide gel based on Laemmli
method (Laemmli, 1970). The proteins were separated
at a constant amperage of 25 mA. The gels were stained
with Coomassie Brilliant Blue R-250 in methanol-
acetic acid—water (5:1:4, v/v), and decolorized in
methanol—acetic acid—water (1:1:8, v/v). Estimation of
the molecular weight of enzymes was performed using
Gel-Pro Analyzer 6.0 densitometry software (Media
Cybernetics, Inc.) using a protein marker belonging
to Sinaclon Company (Gooruee et al., 2024). The
molecular weight range was 11-245 kDa (Laemmli,
1970; Shahbazi et al., 2016).

Genotypic identification of best Trichoderma
isolates and their mutant

Production of fungal biomass

Trichoderma cultures (wild-type strain and its
best mutant isolate) were grown in potato dextrose
broth at 28 °C for 5 to 7 days at an agitation rate of
150 rpm. Mycelium was collected and frozen in
liquid nitrogen and lyophilized.

DNA extraction, sequence alignment, and molecular
phylogeny

The total genomic DNA extraction was done
according to the protocol previously described by
Abbasi et al., (2016). The ITS-rDNA and parts of the
TEFI-o gene were amplified using the primer pairs
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ITS-1 (5-CGTAGGTGAACCTGCGG-3') and ITS-4
(5'-TCCTCCGCTTATTGATATGC-3") and EF1-728F
(5'-CATCGAGAAGTTCGAGAAGG-3'), and EFI-
986R (5'-TACTTGAAGGAACC CTTACC-3"),
respectively. The polymerase chain reaction (PCR)
amplification was performed in 20 pl reaction volume
containing 0.2 unit/ul Taqg DNA polymerase (Sinaclon,
Iran); 1.5 mM, MgClz; 0.2 uM of the primers, and 10
ng genomic DNA of each isolate. PCR amplification
was carried out in a Bio-Rad thermocycler (USA), and
PCR conditions for ITS-rDNA region were as: an initial
denaturation step for 5 min at 93°C, followed by 35
cycles of denaturation at 93°C for 45 s, annealing at 57
°C for 30 s, extension at 72°C for 90 s, and a final
extension step at 72°C for 5 min. TEF1-a were as: an
initial denaturation step for 5 min at 94 °C, followed by
35 cycles of denaturation at 94°C for 60 s, annealing at
58°C for 60 s, and extension at 74 °C for 50 s, and a
final extension step at 74 °C for 7 min. The PCR
products were visualized using 1% (W/V) agarose gel
electrophoresis stained with ethydium bromide in a
TBE (Tris/Borate/EDTA, pH 8.3) buffer and were
observed under UV using the gel-documentation system
(BioRad, Gel Doc XR system). A 0.1-10-kb DNA
ladder (Thermo Scientific™ O'RangeRuler DNA
Ladder, Thermo Fisher Scientific, USA) was used as a
molecular size marker for comparison. The amplified
products were cleaned and sequenced using the same
primers used for PCR amplification by Bio Magic Gen
Co. ITS-rDNA and Tefl-a sequences were subjected to
NCBI nucleotide BLAST
(http://blast.ncbi.nlm.gov/Blast.cgi) to identify similar
sequences of related species. The data sets used for
phylogenetic analyses included 2 isolates of T.
afroharzianum (wild type and its mutant isolate) and 26
reference sequences were assembled from GenBank
(NCBI), namely: 2 T. afroharzianum, 4 T. guizhouense, 2
T. lentiforme, 3 T. harzianum, 2 T. pleoroticola, 2 T.
virense, 2 T. citrinoviride, 2 T. longibrachiatum, 2 T.
hamatum, 2 T. atroviride, 2 T. caerulescens and
Porotocrea farinosa which was selected as the out-group
taxon.

The evolutionary history was inferred using the
Neighbor-Joining method. The optimal tree with the sum
of branch length = 0.65694272 is shown. The percentage
of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown
next to the branches. The tree is drawn to scale, with
branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the
Maximum Composite Likelihood method (Tamura et al.,
2004), and are in the units of the number of base
substitutions per site. This analysis involved 28
nucleotide sequences. All ambiguous positions were
removed for each sequence pair (pairwise deletion
option). There were a total of 2559 positions in the final

dataset. The Phylogenetic tree was constructed using
the MEGA version 10.0.5 (Kumar et al., 2018).

Statistical analysis

All experiments had three replications for 24
isolates. Differences in the extracellular protein
production and qualitative, and quantitative xylanase
activities were analyzed using a completely randomized
design. The results were subjected to analysis of
variance (ANOVA) with means compared by the
Duncan test and HSD Tuky test (p<0.05), using the
SPSS (ver. 16) statistical software.

RESULTS AND DISCUSSION

Pure cultures (24 Trichoderma isolates) were
prepared by the single spore isolation method. All
isolates presented white mycelium of spongy
consistency in the early days of cultivation on the PDA
culture medium that spread throughout the plate and
consequently had a yellowish-green to dark green color
after 3-5 days of incubation at 25 °C.

The initial screening of the Trichoderma wild-type
strains was done first based on the high xylanase
enzyme activity because the xylan forms a sheath on
each cellulose microfibril and it might be affected
by the depolymerization of cellulose by cellulases
within the fiber.

Qualitative screening of the best xylanase-producer
strain

Figure 2 shows the qualitative evaluation of
xylanase enzyme production in the studied 24 different
isolates of Trichoderma by the plate screening method.
The results of hydrolysis capacity in different isolates
showed a statistically significant difference (p<0.05).
The highest hydrolysis capacity was observed in the T7
isolate, which was selected for gamma radiation-
induced mutation. Hydrolysis plays a crucial role in
enzyme plate screening by enabling the identification
and characterization of enzymes with hydrolytic
activities on various substrates, including xylan.
Hydrolysis can indeed enhance the efficiency of
enzyme plate screening by providing a means to
identify enzymes with specific substrate specificities,
thus improving biocatalyst performance.

Gamma radiation-induced mutation

The results of gamma radiation showed that the
spore viability of T7 strain was significantly decreased
with increasing in radiation dose (Figure 3). High doses
of gamma radiation cause more DNA damage and lead
to fungal death. According to the previous study,
gamma rays are inclined to create multiple mutations in
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Fig 2. Qualitative evaluation of different Trichoderma isolates for their xylanase activity using the plate screening

methods. T1-T24: different wild type Trichoderma isolates. Different letters in each column indicate a statistically
significant difference between different Trichoderma isolates.

Table 1. Maximum hydrolytic capacity (HC) value of Trichoderma mutant isolates on plate screening media.

Strains Hydrolysis capacity (HC) Ratio HCwmutant/HCwild type
Wild 33414 0.02 1.00' + 0.00

type
M 10 437°+0.00 13180001
M1 4247+ 0.00 12714001
M 17 4.88 %+ 0.05 1,46+ 0.02
M 44 479 %0+ 0.03 1,449 0,02
M49 4.46°+001 13474 0,01
M 51 4.45°+0.00 1.33 40,01
M 56 525+ 0.04 15794 0,02
M 62 4.85°+0.00 1.45 %+ 0.01
M 69 3.60 £+ 0.02 1.08 £+ 0.00
M 72 437°+0.05 131805001
M 73 4425002 1.32 £ 0,00
M 76 4127+0.01 12374001
M 79 4709 0.01 1414 0.01
M 80 435°+001 1302 0.01
M 82 445°+0.02 133 4 0.01
M 86 4167+ 0.03 12514 0.02
M 87 2,861+ 001 0.86 ™% 0.01
M 89 491+ 0.04 1.47 ©+0.02
M 114 5.00®+0.05 1,50 b+ 0.02

* Different letters in each column indicate a statistically significant difference (p<0.05).
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one gene at a dose higher than the Dio value (Hidayati
et al.,, 2021; Ottenheim et al., 2015). The Dio value
represents the radiation dose required to reduce the
viability of fungi by 10%. The logarithmic reduction of
viable spore population as a function of radiation dose
can be described by the present equation in Figure 3.
According to the results shown in Figure 3, the
irradiation in a dose of 250 Gy resulted in an
approximately 90-99 % (or 1.825 log cycle) reduction
of spore germination on the PDA medium. Therefore,
the dose of 250 Gy was chosen as the optimal dose of
gamma radiation-induced mutation.

Screening of the best xylanase-cellulase-producing
mutant isolates

Qualitative screening of mutant isolates

118 pure cultures were obtained from an optimum
dose of gamma radiation (250 Gy), for further
investigations regarding the activity of xylanase by
using single spore isolation method. To identify the best
mutant isolates, the xylanase production on qualitative
plate  screening  containing  xylan  (psyllium
hydrocolloid) as a carbon source was studied. Of the
118 mutant isolates, 17 isolates were selected based on
the ratio of HCM/HCW more than 1.25 (Table 1). Also,
M17 and M79 isolates were selected as mutants with
hydrolysis capacity similar to and weaker than the wild-
type strain (control), respectively.

Table 1 presents the results of comparing the mean
hydrolysis capacity of mutant isolates (19 mutants) with

the wild-type strain. Results showed statistically
significant differences at p<0.05. The highest hydrolysis
capacity in qualitative screening tests was observed in
mutant isolates of M56, M114, M89, M17, M62, and
M44, respectively.

These results suggest that xylanase or cellulase
enzymes, which affect the structure of arabinoxylan,
may be secreted into the culture medium by the mutant
isolates. Therefore, xylanase and cellulase enzyme
activity measured in the supernatant of TFM could be a
better indicator (criterion) of the ability of mutant
isolates to hydrolyze wheat bran.

Quantitative screening of mutant isolates

The results of extracellular protein concentration are
shown in Table 2. Mutant isolates showed statistically
significant differences at p<0.05 in extracellular protein
production. The extracellular protein concentration
varied from 56.97 to 185 pg/mL. The highest
extracellular protein concentration was obtained in the
TFM supernatant of the M82 isolate and the other
mutant isolates had lower concentrations than this
isolate.

Extracellular proteins play a crucial role in
fermentation processes by contributing to various
aspects of microbial metabolism and product formation.
Extracellular proteins in Trichoderma play a crucial
role in enzyme production and interactions with other
organisms. These proteins include hydrolytic enzymes
such as cellulases and xylanase, which are essential for
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degrading complex polysaccharides and organic
compounds. Overall, the extracellular proteins of
Trichoderma exhibit enzymatic activities that are vital
for their biological functions and industrial applications.

The results of enzyme activity are presented in
Table 2. The isolates showed statistically significant
differences at p<0.05. The highest xylanase activity was
obtained in the M82 mutant isolate (5.61 + 0.48 U/mL),
which was approximately 3.3 times higher than the
wild-type, and other mutant isolates. The results
showed that the induced mutation in M82 mutant isolate
has led to the development of a xylanase hyper-
producing system, further increasing xylanase yields for
efficient biomass degradation.The results of cellulase
activity are shown as international units (U). One unit
of cellulase activity (Exo-, endo-glucanase, [-
glucosidase, and total cellulase) is definite as the
amount of enzyme that liberates reducing sugars
equivalent to 1.0 umol of glucose for a 1-hour reaction.

The enzyme system for conversion of cellulose to
glucose involves at least three types of cellulases
including exo-glucanase, endo-glucanase, and -
glucosidase. Cellobiohydrolases (CBH) act as exo-

glucanases to release the disaccharide cellobiose. The
highest exo-glucanase activity (U/mL) was obtained in
mutant isolates of M82, and M44, respectively. These
results showed that these mutant isolates, probably have
a high ability to decompose crystalline regions of
lignocellulosic materials. Exo-glucanase activity in the
mutant isolate of M82 was approximately 1.78 times
higher than the wild-type strain. Exo-glucanases or
cellobiohydrolases (CBH I and II) cleave the accessible
reducing and non-reducing wheat bran cellulose chain
ends to liberate cellobiose and glucose molecules
(Zhang and Lynd, 2004).Also, the highest endo-
glucanase (EG) activity was observed in mutant isolates
of M82, and M69, respectively. EGs can randomly
hydrolyze internal glycosidic bonds in cellulosic cell
walls of wheat bran, especially in the amorphous
regions of the cellulose chain. EG activity in the mutant
isolate of M82 was approximately 1.48 times higher
than the wild-type strain. Also, the mutant isolates of
M62, M73, M72, M86, and M82 showed high [-
glucosidase activity compared to other isolates,
respectively.

MS2

LN Lot

CEHI —3 '

1) @) () (9 (5) 6) (7) (& (9 (10) (1) M

(1) (43) (%) (5) | (1e) 17) (1%) (19) (20) M
.q' - > e

2 ¥555 §

Fig 4. Electrophoretic pattern (SDS-PAGE) of extracellular proteins of the wild-type and different superior mutant
isolates: a:1-11 indicates wild-type strain T. afroharzianum NAS107 and M10, M11, M17, M44, M49, M51, M56, M62,
M72, and M73 isolates respectively. b: 12-14 indicates the wild-type strain T. afroharzianum NAS107 and M76, M79,
M80, M82, M86, M87, M89, and M1 14, respectively. (M) Protein molecular weight marker in the range of 11-245 KDa.

Overall, the total cellulase system contains exo-
glucanases, endo-glucanases, and -D-glucosidases, all
of which hydrolyze the crystalline cellulosic cell wall of
wheat bran synergistically. The most commonly studied
type of synergy is between EGs and exo-glucanases,
and it is a quantitative necessity for the hydrolysis of
crystalline cellulose. The highest FPase or total
cellulase activity (U/mL) was found in mutant isolates
of M82. However, the mutant isolate of M82 could be
the best superior mutant of cellulase producer, because
of its higher cellulase activity. A higher level of total

cellulase activity in M82 isolate could be attributed to
its higher exo-glucanase activity and EG activity
compared to other mutant isolates and the synergistic
action of these enzymes on the cellulose chain (Table
2). Studies have shown that the synergistic interaction
between endo- and exocellulases enhances the de-
polymerization of cellulose chains, leading to improved
bioconversion efficiency (Zajki-Zechmeister et al.,
2022). Additionally, the supplementation of f-
glucosidases (BG) in cellulase cocktails has been found
to significantly enhance synergism, resulting in higher
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hydrolysis yields and improved recyclability of
enzymes during the saccharification process (Fernandes
et al., 2023, 2022). Understanding the degree of
synergism thresholds between different cellulolytic
enzymes is essential for formulating effective enzyme
cocktails for biomass degradation, as not all interactions
between endo- and exo-cellulases are synergistic,
highlighting the importance of selecting compatible
enzyme combinations for optimal cellulose
hydrolysis (Mafa et al., 2021; Zajki-Zechmeister et al.,
2022).

The electrophoretic pattern of proteins

The variation and molecular weight distribution of
enzyme-rich proteins in different superior mutants are
shown in Figure 4 (a, b). The presence of diverse
protein groups within the range of 11 to 135 kilodaltons
(kDa), indicates the diversity of enzymes with various
molecular weights (Mw), which can contribute to the
hydrolyzation of wheat bran cell wall compounds. The
proteins with the molecular weight of 17, 21, 32, and 43
kDa belong to a group of enzymes called xylanase (Xyl
I, IL, III, and IV, respectively) (Lappalainen et al., 2000;
Parkkinen et al., 2004; Tenkanen et al., 1992; Torronen,
1997; Xu et al., 1998). The most Xyl I (17 kDa) was
observed in the TFM supernatant of M76, and M11
mutant isolates, respectively. However, the higher
xylanase activity in M82 (Table 2) may be due to the
presence of the Cell2A enzyme, which, besides acting
in the cellulose chain as a endoglucanase, has acted
against beta-1,3-glucan and beta-1,4-xylan
hydrocolloids (Hayn et al., 1993; Karlsson et al., 2002).
The results showed that the Cel12A protein band with a
weight of 26 kDa was highest in the M82 isolate, and
this was confirmed by testing the xylanase enzyme
activity. Also, the highest concentration of xylanase IV
(43 kDa) was observed in M17, M73, M44, M11, M49,
MS51, M89, M51, M82, M69, and M86 mutant isolates,
respectively.

Previous studies have shown that the Trichoderma
species can be produced at least two cellobiohydrolases,
Cel6A (CBH II, Mw 56-62 kDa), and Cel7A (CBH I,
Mw 66 kDa; EC 3.2.1.91) (Teeri et al., 1983, 1987),
and five endo-glucanases, CelSA (EG II, Mw 48 kDa)
(Saloheimo et al., 1988), Cel7B (EG I, Mw 50-55
kDa)(Penttild et al., 1986), Cell2A (EG III, Mw 25
kDa) (Okada et al., 1998; Ward et al., 1993), Cel45A
(EG V, Mw 23 kDa)(Saloheimo et al., 1994), and
Cel61A (EG IV, Mw 34 kDa; EC 3.2.1.4)(Saloheimo et
al., 1997).

Trichoderma mutant isolates of M82 (lane 16), M76
(lane 13), M49 (lane 6), M44 (lane 5), and M17 (lane 3)
had two exo-glucanase enzyme bands called
cellubiohydrolase I and II (CBH I and CBH II). The
highest optical density of CBH protein bands (CBH I
and II) was observed in mutant isolates M82. Also, the
highest secreted proteins of CBH II (62 kDa) and

Cel5A (EG 11, 48 kDa) were observed in the mutant
isolate M82 (Figure 4b), as confirmed by the results
obtained from exo-glucanase and endo-glucanase
enzyme activity, respectively (Table 2).

The Cel3A protein band, also known as BGLI, with
a molecular weight of 73 kilodaltons, was present in the
profiles of M82 mutant isolate of Trichoderma. Also,
CellA, also known as BGLII, has a molecular weight
ranging from about 95-105 kDa. This enzyme was
observed only in the protein profile of M11, M49, M51,
M14, M79, M80, M82, M86, M87 mutant isolates.

Molecular identification of the best Trichoderma
strain and its mutant isolates

Molecular identification of Trichoderma
afroharzianum involves utilizing genetic markers like
actin, calmodulin, rDNA (ITS), and translation
elongation factor 1-a (tefl-o) for accurate species
differentiation (Hussein and Saadullah, 2023; Marques
et al., 2022). DNA extraction was performed from wild-
type strain T7 and its superior mutants of M82 and
M44. The quantity and quality of extracted DNA were
examined by spectrophotometry and agarose gel
electrophoresis (Figure 5-a). PCR amplification of the
the genomic regions, (ITS-tDNA and TEFI1-a)
produced amplicon sizes of 650 and 350 bp,
respectively (Figure 5-b, c¢). The forward sequence of
PCR products (ITS-rDNA and TEF-1a) were registered
in the GenBank database at the National Center for
Biotechnology Information (NCBI) and the accession
numbers are presented in their phylogenetic tree.

Using bioinformatics tools, 7. afroharzianum
NAS107 was identified for Trichoderma sp. T7 and its
mutant isolate and the phylogenetic relationship of our
Trichoderma and other isolates are shown in Figure 6.
We studied the sequence of ITS-rDNA/TEF1-a regions
in our Trichoderma strains and compared them to six
other groups of Trichoderma using the MEGA 10.0
software and maximum likelihood method at 1000
replications for each bootstrap. While this number
characterizes only a few percent of the Trichoderma
species designated today, the isolates selected are
included in the phylogenetic clade Harzianum.

The superior isolate of Trichoderma T7 isolate and
its mutant isolate of M82 were deposited in the
microbial collection of Iran Biological Resources
Center (IBRC) with the accession numbers IBRC-M
30594 (T. afroharzianum NAS107), and IBRC-M
30594 (T. afroharzianum NAS107-M82). The
molecular characterization of Trichoderma species, like
T. afroharzianum NAS107, through ITS-rDNA and
TEF1-a sequencing, provides valuable insights into
their diversity, behavior, and potential applications in
biological control and enzyme production.

Trichoderma  afroharzianum, known for its
mycoparasitic and biocontrol abilities, has been studied
in various regions, including Iran. Research in Iran has
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revealed the presence of T. afroharzianum alongside
other Trichoderma species like T. harzianum, T. virens,
T. brevicompactum, and T. longibrachiatum in different
habitats such as pistachio orchards (Mirkhani and Alaei,
2015; Naeimi et al., 2011). Phylogenetic analyses have
positioned 7. afroharzianum within the genus
Trichoderma, showing a close relationship with 7.
harzianum, T. simmonsii, and T. lixii (Ozkale et al.,
2024; Ozkale kaya et al, 2022). Furthermore, the
characterization of the mitochondrial genome of T.
afroharzianum has contributed to understanding the
phylogeny and evolution of the order Hypocreales,
confirming its place within this fungal order (Ozkale et
al., 2024). These findings highlight the diversity and
evolutionary relationships of Trichoderma species,
including 7. afroharzianum, in different geographic
regions like Iran.

bp L@ @ bp L (1) (@2

Fig 5. Garose gel electrophoresis of DNA extraction
(a), PCR products amplification of the fungal isolates:
The internal transcribed spacer (ITS) regions of the
ribosomal DNA (b), and the translation elongation
factor 1-a encoding gene (TEF1-a) (c); L: Molecular
weight ladder (100 bp-10 kb, Thermo Scientific™
O'RangeRuler DNA Ladder); (1, and 2): DNA or PCR
product of the Trichoderma sp. T7 and its mutant
isolate NAS107-M82, respectively.

CONCLUSIONS

A complex of extracellular enzymes is secreted by
Trichoderma, which is one of the most well-known
filamentous fungi for the degradation of wheat bran
waste and other hemicellulose materials. Various
organisms with different characteristics produce
xylanase-cellulase complexes that are utilized in
industrial applications, such as in the food and baking
industry. We evaluated different isolates of
Trichoderma for their hydrolysis potential of
arabinoxylan compounds and wheat bran through
quantitative and qualitative screening. Among them, the

Trichoderma isolate T7 was selected as the best wild-
type strain.

Traditionally, morphological identification was used
for Trichoderma phenotypic and taxonomic studies.
New types of Trichoderma have been discovered, but
they look very similar and it is hard to tell them apart
just by their morphology. For instance, Trichoderma
types usually grow quickly and make many branchy
conidiophores. They also produce cylindrical to nearly
subglobose structures called phialides and ellipsoidal,
and globose spores called conidia. Furthermore, its
appearance properties may be altered under various
environmental conditions (Samuels et al., 2002).
Therefore, studying DNA sequences has helped us to
classify and understand a new way of how fungi evolve
and are related to one another. Thus, DNA extraction
was performed from wild-type strain T7 and its superior
mutants of M82 and M44, and was identified using ITS-
rDNA and TEFl-a sequences as T. afroharzianum.
Sequence analysis of the ITS-rDNA region and TEF-1a
is widely used for the precise reorganization of
Trichoderma species (Druzhinina et al., 2005).

Efficient mutation or improvement of microbial
strains is a fundamental requirement for any
commercial fermentation process of enzymes. In most
cases, mutation influences the overall economics of
enzyme production because it allows an organism to
carry out a biochemical process more efficiently.

Gamma radiation was used to induce mutations in
the best wild-type isolate (7. afroharzianum NAS107)
to generate mutants that produce more xylanase-
cellulase. Although there are numerous studies on the
application of gamma radiation to an induced mutation
in other microorganisms, this is the first time that 7.
afroharzianum mutants were produced using gamma
radiation mutagenesis. Gamma radiation can lead to
deactivation by destroying the DNA structure of
microorganisms (Smith and Pillai, 2004), while
sometimes incomplete inhibition by less cellular
alteration leads to the induced mutation of cells (Ross et
al., 2003). Trichoderma's DNA can be directly affected
by a high dose of gamma irradiation, leading to growth
or reproduction inhibition (Tauxe, 2001). The DNA can
be damaged and the functioning of the living organism
can be affected by free radicals when ionizing beams
interact with water particles in Trichoderma cells.
Moreover, other factors such as the number or density
of spores, can also affect the sensitivity or tolerance of
Trichoderma to gamma radiation (Mobini-Dehkordi et al.,
2008; Zhao et al., 2022).

Our results showed that, statistically significant
changes in xylanase-cellulase production of T.
afroharzianum NAS107 after irradiated treatment were
influenced by doses of the ray. Similarly, the study of
Gherbawy exhibited that the low dose of gamma
irradiation (1 MCi for 10 min), improved the virulence of
Aspergillus niger by more polygalacturonase, cellulase,
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and protease production, while the high dose of
radiation (1 MCi for 20 min and 30 min) was inhibited
fungi growth (Gherbawy, 1998). Our investigation
revealed that the mutants exposed to gamma radiation
had increased levels of xylanase and cellulase activity
compared to the wild-type strain.

The research conducted on various fungi and
bacteria exposed to gamma radiation consistently
demonstrated an increase in enzyme activity,
particularly xylanase and cellulase, in mutant strains
compared to the wild types. Studies on Trichoderma
mutants showed enhanced production of chitinase and
cellulase enzymes, crucial for biological control of plant
diseases (Ghasemi et al., 2019; Sahu et al.,, 2023).
Similarly, investigations on filamentous fungi exposed
to gamma irradiation revealed mutants with
significantly higher cellulase secretion, leading to

improved cellulose hydrolysis capacity (Diep et al.,
2020). These findings collectively support the notion
that gamma radiation-induced mutagenesis can
effectively enhance xylanase and cellulase activity in
various fungal and bacterial strains, offering potential
applications in bioprocessing and biocontrol strategies.

The highest extracellular enzyme activity was
observed in mutant isolates of T. afroharzianum
NAS107-M82, in which its xylanase and cellulase
activities were approximately 3.3 times higher than
wild-type strain. In this mutant isolate, exo-glucanase
(CBH 1, cell 7A), endo-glucanase (EG III, Cel 12A),
and xylanase (Xyl I) hydrolyzed the wheat bran,
synergistically.

95 - A MW714049.1 / OP476431.1 Trichoderma afroharzianum isolate NAS107

100

A 018972851 / OP476430.1 Trichoderma afroharzianum isolate NAS107-M82
KR911900.1 / KR911897.1 Trichoderma afroharzianum strain Z19
87 ' FJ442233.1 / FJ463298.1 Trichoderma afroharzianum strain GJS 04-193
95 | OP703665.1/0P709973.1 Trichoderma guizhouense isolate Tr49
OP703666.1/0P709974.1 Trichoderma guizhouense isolate Tr118
PP320373.1/PP321303.1 Trichoderma guizhouense isolate NAS127
94 ' PP320379.1/ PP321305.1 Trichoderma guizhouense isolate NAS127-M45
FJ442617.1/ FJ463353.1 Trichoderma lentiforme strain DIS 246K
FJ442272 1/ FJ463393.1 Trichoderma lentiforme strain DIS 67B
KX632478.1 / KX632592.1 Trichoderma harzianum strain T3
AJ222720.1 / AF348101.1 Trichoderma harzianum strain CBS 226.95
100 ' AF057605.1 / AF348100.1 Trichoderma harzianum strain CBS 227-95
%3 KP009264.1/ KP008951.1 Trichoderma pleuroticola strain TRS70

98 = HM142362.1/ HM142381.1 Trichoderma pleuroticola strain CBS 124383
MK439941.1 / MK439945.1 Trichoderma virens isolate GV22

_ 82 100 ' MH624149.1 / MK850836.1 Trichoderma virens isolate HZA14

3 —

0.020

100 |: MK890773.1 MK895140.1 Trichoderma hamatum strain FBL587

EU280124.1 EU279965.1 Trichoderma hamatum strain DAOM 167057
93 | KX538952.1 / KX538956.1 Trichoderma atroviride strain TRW
KX538951.1 / KX538955.1 Trichoderma atroviride strain SB6
93 JN715590.1 / JN715624.1 Trichoderma caerulescens strain S206
100 ' JN715589.1 / JN715621.1 Trichoderma caerulescens strain S195
100 | MT041661.1/MT069951.1 Trichoderma longibrachiatum strain TLS6
KJ467813.1/ KJ467815.1 Trichoderma longibrachiatum strain Evx1
99 r MH624144.1 / MK850831.1 Trichoderma citrinoviride isolate HZAS
100 * MH357336.1 / MH425156.1 Trichoderma citrinoviride isolate Tc1
EU703914.1 EU703892.1 Protocrea farinosa strain C.P.K. 2472

Fig 6. Phylogenetic relationship of Trichoderma afroharzianum NAS107 and its mutant of 7. afroharzianum NAS107-
MB82 using the internal transcribed spacer (ITS) and the translation elongation factor 1-a encoding gene (TEF1-a) regions
gene nucleotide sequence alignment using maximum likelihood method at 1000 replications for each bootstrap value

using the MEGA 10.0, symbols in red triangle.
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Table 2. Extracellular protein concentration (ug/ml) and enzyme activity (U/ml) of different mutant isolates of 7richoderma in the
supernatant of the TFM containing wheat bran as a substrate after 72 h fermentation at 28°C and 150 rpm.
Soluble Protein Enzyme activity (U/ml)

Strains

(ng/ml) Xylanase Exo-glucanase Endo-glucanase B-glucosidase Total cellulase
W.T. 87.89 +£3.77 ¢f 1.70 £ 0.06 Y 1.04 £ 0.01>¢ 0.79 £ 0.04 >4 0.45+0.00" 2.24 +0.40 >4
M 10 78.95 £ 6.65 & 2.00 £ 0.04 " 0.82£0.02 % 0.60 £ 0.08 & 3.00+0.60 ¢ 1.98 +0.36 “©
M1l 116.84 + 6.64 ° 5.18£0.14° 0.82 £0.05 % 0.79 £0.11 >4 1.89 £0.22 ¢ 1.97 £ 0.05 ¢
M 17 56.97 £ 1.947 1.63£0.167 0.73 £0.07 % 0.68 £ 0.00 4 1.59£0.15™ 1.60 £ 0.05 ¢
M 44 81.58 +0.00 3.04 £0.06°F 1.27 £0.06 ° 0.66 +0.02 ¢t 225+0.18 1% 2.69£0.05°
M49 115.00 £0.71 ® 2.60+0.17# 1.17 £0.70 * 0.83 £0.01 > 0.78 £0.03 1 2.70+£0.18°
M 51 93.42+4.77 ¢ 2.06+0.25" 0.89 +0.05 0.72 £0.08 ** 2.07+£0.151% 1.84 £0.03 °f
M 56 93.16 £4.71 ¢¢ 3.87+£0.43¢ 0.75 £ 0.05 % 0.73+0.05¢° 244£0.01°F 1.92 £0.00°F
M 62 84.21+0.53 4.63+0.24°¢ 0.69 +0.09 0.49 £0.04! 6.04+0.59° 1.29+£0.17
M 69 88.16 +1.32 ¢f 521+0.51° 0.80 £ 0.02 % 0.87£0.07° 321+0.05¢ 2.13+£0.75°¢
M 72 93.29+7.49 «¢ 2.94+0.23¢°¢ 0.90 £ 0.08 % 0.56 £0.01 1 4.88+0.32° 1.53+0.04 ¢
M 73 94.47+£9.38 1.72 £0.05Y 0.74 £0.01 % 0.61 £0.00 542+0.13° 1.96 + 0.04 <
M 76 75.13+£7.05" 2.70+£0.181% 0.81+0.01 % 0.66 +0.05 °* 1.37+£0.05 1 1.65+£0.19 ¢
M 79 86.45+9.70 < 2.87+£0.311% 0.75 £ 0.07 % 0.73+0.12¢¢ 4.89+031° 1.52+0.19 ¢
M 80 78.95+£3.33 ¢ 2.23£0.07" 0.75£0.03 % 0.60 £ 0.04 1.85+£0.07 & 1.92 £0.06 °F
M 82 185.00£0.26* 5.61+£0.48° 1.81+0.12° 1.17+0.10° 328+0.19°¢ 4.68+1.122
M 86 87.89 +£9.20 ¢f 2.68+0.14¢ 0.63+0.02°¢ 0.57 £0.02 & 4.28 £0.44 ¢ 1.63 £0.08 4
M 87 97.89+141° 3.24+041° 1.22+£0.11° 0.80 = 0.05 * 0.95 £ 0.06 * 2.33+£0.12°%
M 89 67.11+£6.13 1 3.70 £0.05¢ 0.74 £0.01 % 0.60 = 0.06 " 1.06 £ 0.08 * 1.11+0.07 ¢
M114 81.58 +1.41 4.78 +0.49°¢ 0.81£0.10 % 0.73+0.09 ¢° 0.81+0.08 1 1.59 £0.26 42

* Wild type

** Different letters in each column indicate a statistically significant difference (p<0.05).
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Different strains of Trichoderma have Xylanase
activity, which is influenced by xylanases I, II, III, and
IV, as well as cellulases that digest xylan. Xylanases I
and II are small proteins that belong to a group of
enzymes called Family 11 of glycosyl hydrolases. They
weigh around 17 and 20 kDa and have plI 5.5 and 9,
respectively (Tenkanen et al., 1992; Torronen, 1997).
Xylanase III (Mw of 32 kDa and pl 9.1) belongs to the
Family 10 glycosyl hydrolase and was first identified in
T. reesei PC-3-7. Xylanase I works best at a pH of 4.0-
4.5, while xylanase II works best at a pH between 4.0
and 6.0. The optimum pH for xylanases III and IV (pl
7.0, 43 kDa) activity was observed at pH 6.0-6.5 and
3.5-4.0, respectively (Zhi et al., 1999). According to the
results of Table 2, the mutant isolate of NAS107-M8&2
in this study could be the superior mutant that can
produce xylanase, with high specific activity, and
optimal temperature and pH of 45°C and 5,
respectively.

The entire group of enzymes that break down the
cellulose structure of wheat bran is called the cellulase
system. This system includes CBHes, EGes, and
cellobiases, which work synergically to break down the
wheat bran. Synergism between endo-glucanases and
exo-glucanases is the foremost type of synergy, which
was observed in T. afroharzianum NAS107 (or T7
isolate) and its mutant isolates; and it is among the
foremost quantitatively imperative for hydrolysis
cellulose. Also, wheat bran cellulose crystallinity plays
a critical role in its enzymatic hydrolysis. The presence
of amorphous and crystalline regions in wheat bran
cellulose structure induces the 7. afroharzianum
NAS107 to produce endo-glucanases and exo-
glucanases, to act synergistically with each other. In
addition to substrate properties, fermentation conditions
and potential mutant isolates for enzyme production
also affected the extent of synergy observed. In T.
afroharzianum NAS107-M82, we observed that the
gamma radiation-induced mutation led to the creation
of a mutant isolate, could produce a high amount of
exo-glucanase and endo-glucanase enzymes, and led to
synergy in total cellulase activity. Based on the SDS-
PAGE profile of proteins (Fig. 4), it was determined
that T. afroharzianum NAS107-M82 has both enzyme
bonds of CBH I and CBH II. Trichoderma
afroharzianum NAS107-M82 had a high concentration
of exo-glucanase activity because of the high level of
cellobiohydrolases being secreted.

The activity of CBH I and CBH 1II results in a
gradual decrease in the degree of polymerization (DP)
of wheat bran cellulose and produces cellobiose. This
mutant isolate had the highest production of CBH II and
Cel5A (EG II) proteins, leading to maximum synergy of
total cellulase. Comparing cellulase activity in different
mutant isolates, especially 7. afroharzianum NAS 107-
M82, showed that optimal wheat bran degradation is

usually obtained with a large amount of exo-enzyme
and a minor amount of endo-enzyme (Zhang and Lynd,
2006). The synergistic action between CBH and or
'endo-exo' synergistic model causes to high production
of small oligosaccharides and mainly cellobiose.
Initially, internal B-1, 4-glycosidic bonds in the chains
at the surface of the wheat bran cellulosic fibers
randomly hydrolyzed and thereby free reduced and non-
reduced chain ends for hydrolysis by CBH I and II
produced. The superiority of cellulase activity in 7.
afroharzianum NAS107-M82 is due to the presence of
CBH and EG enzymes and their cooperative behavior
or synergism of them. Wheat bran is a suitable substrate
for T. afroharzianum NAS107-M82 to produce
xylanase-cellulase, as indicated by the enzyme activity
results.

Finally, the results display the possibility of
improving the T. afroharzianum for xylanase-cellulase
production through mutation with gamma radiation. In
simple words: Gamma irradiation has the potential to
generate beneficial mutations in fungi, which could
result in improved industrial varieties. According to our
study, a mutant isolate of 7. afroharzianum NAS 107-
MS2 can be a successful extracellular enzyme producer
candidate for the bioconversion of wheat bran wastes
into xylanase-cellulase enzymes. Also, this study
highlighted the significance of wheat bran as a substrate
for Trichoderma fermentation in producing valuable
extracellular proteins like cellulases and xylanase.
Overall, gamma radiation emerges as a promising tool
for strain improvement across various organisms,
offering enhanced traits and productivity. In other
fungi, this technique can be utilized to create new
mutants with various uses.
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