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Abstract: Trichoderma sp. is extensively applied as a beneficial fungus for the management of
plant diseases, plant growth promotion, induced resistance, and plays an important role in global
sustainable agriculture. This study aimed to enhance the production of microbial xylanase in high
titer from the endophytic fungus Trichoderma harzianum kj831197.1, and the cloning of xylanase
genes in E. coli DH5α using a pUC19 vector. A combination of glucose, 0.1 mM, Tween 80 with
lactose, and 2 mM galactose combined with malt extract boostedthe enzyme production. Xylanase
production was maximized at a pH of 5.0, temp. of 30 ◦C, and agitation of 150 rpm in the presence
of malt extract and bagasse as the best nitrogen source and waste, respectively, using submerged
fermentation. The molecular weight of highly purified xylanase was 32 KDa, identified using SDS-
PAGE. The xylanase gene of T. harzianum kj831197.1 was screened in fungal DNA using definite
primers specified in the gene bank database. The identified region was excised using restriction
enzymes HindIII and EcoRI and cloned into a pUC19 plasmid vector. Optimization of fermentation
conditions improved xylanase production about 23.9-fold.The antifungal efficacy of xylanase toward
different phytopathogenic fungi was determined. The highest inhibition was against Corynespora
cassiicola, Alternaria sp., Fusarium oxysporum, and Botrytis fabae. This study offered an economical,
simple, and efficient method using Trichoderma harzianum kj831197.1 for the production of the xylanase
enzyme via the submerged fermentation method.

Keywords: xylanase; submerged fermentation; cloning; Trichoderma harzianum; E. coli; phytopathogenic
fungi

1. Introduction

The mandate for fungal xylanases in industrial biotechnology has displayed an un-
blemished intensification globally; accordingly, there is awareness of altering the circum-
stances of xylanases production from microbes [1]. Xylanases are an authoritative set of
hydrolases that catalyze the breakage of xylopyranosyl b-1,4- linkages of xylan present in
lignocellulosic materials of hardwood [2]. Endo-1,4-D-xylanases (EC. 3.2.1.8) (also known
as endo-xylanases) are cell wall hydrolytic enzymes that are involved in the decomposition
of xylan. Xylan is considered as a crucial part of hemicelluloses and is plentiful in monocot

J. Fungi 2022, 8, 447. https://doi.org/10.3390/jof8050447 https://www.mdpi.com/journal/jof

https://doi.org/10.3390/jof8050447
https://doi.org/10.3390/jof8050447
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jof
https://www.mdpi.com
https://orcid.org/0000-0002-5017-3570
https://orcid.org/0000-0002-8924-2086
https://doi.org/10.3390/jof8050447
https://www.mdpi.com/journal/jof
https://www.mdpi.com/article/10.3390/jof8050447?type=check_update&version=1


J. Fungi 2022, 8, 447 2 of 24

plants’ cell walls [3]. Endo-xylanases catalyze the hydrolysis of the -1,4 bond, which breaks
down the xylan skeleton and can be valuable all over plant infections [4]. On the other
hand, some cell wall-degrading enzymes (CWDEs) might have dual functions because their
presence is sensed by plants, triggering defense responses. These enzymes can activate
the innate immune system of plants by both pathogen-associated and damage-associated
molecular patterns. Considering the commercial point of view, Xylan-degrading enzymes
from varied microorganisms such as fungi, bacteria, and yeast strains have riveted extensive
attention due to their prevalent application in industrial processes, viz., improvement of the
digestibility of feedstocks of animals [5], pulp bio bleaching and in the textile industry [6],
xylooligosaccharides production [7], enhancement of the texture in bakery products [8],
juice and wine clarification, conversion of lignocellulosic wastes to appropriate reason-
able products such as ethanol, sugary syrups, and liquid and gaseous fuels [9,10], animal
husbandry, bread making, and fruit juice extraction [11].

Production of the xylanase enzyme by numerous organisms such as fungi [11], bac-
teria [12], and yeast [13,14] have been considered. Amongst microbial sources, the genus
Trichoderma is, widely known to supply an excessive amount of xylanase enzyme, can be
added to the culture medium. This property makes fungi economically powerful manu-
facturers of xylanases [15–17]. Trichoderma strains are non-plant pathogenic filamentous
fungi that can generate an excessive yield of extracellular xylan-degrading enzymes [18,19].
Trichoderma longibrachiatum is the only species in this genus that is exceedingly dangerous
and toxic to humans. It can create trilogies, which are poisonous peptides. As a result, a
T. longibrachiatum infection cannot be cured with antimicrobials and severely impairs the
immune system [20]. As a result, much effort has been put into improving Trichoderma
strains to produce more industrial enzymes. Consideration should be given to enzymes
produced by fungi such as Trichoderma sp., T. reesei, T. harzianum, and T. viride which seem
to be good for producing xylanolytic enzymes [21]. The major products generated during
the breakdown of xylan are xylooligosaccharides [21]. Its full hydrolysis is critical for
obtaining higher yields of simple sugars such as D-xylose and L-arabinose, which may
have implications in the fuel and food sectors [22]. Trichoderma sp. are frequently employed
as a biological control agent in field crops to manage disease [23]. Trichoderma molds have
been used in biotechnology as a biological control agent as well as in agriculture to combat
plant infections and increase crop yields, demonstrating that this fungus can be valuable
for humankind.

One of its most obvious benefits is that it eliminates competition by overcoming other
fungi, making it helpful to the plants it colonizes. Some farmers like to apply it to the
gardens before planting because of its numerous advantages [24,25]. This is due to the
flexibility of the mechanisms of action versus agricultural diseases along with pests.

Trichoderma species can use several mechanisms of action such as parasitism, manu-
facture of antimicrobial metabolites, and manufacture of polymer- and protein-degrading
enzymes (glucanases, chitinases, and proteases). Furthermore, these fungi can boost plant
growth (through plant hormone production) and stimulate systemic disease resistance.
Plants can also activate protective mechanisms upon contact with invaders. This is termed
induced or acquired resistance [24], which makes it more applicable in agricultural settings
and even more attractive [26].

The cost of the substrate has a fundamental role in the total processing fee, thus low-
priced substrates as agro-residues can be used in place of carbon sources for the enzyme
production process [27]. In general, xylanases are generated by two fermentation processes:
submerged fermentation (SMF) and solid fermentation (SSF), which both have their own
set of advantages and disadvantages. It is necessary to properly assess the worth of the
predictable products, the generating microorganism, the type of the substrates, as well
as the offered technical equipment when choosing one approach over the other [28]. In a
previous study, approximately 80–90% of commercial xylanases were gained by SMF [29].
Some cheap agro-residues to produce xylanase are wheat bran [2], wheat husk [19], var-
ious agricultural wastes, some vegetable leaf, and groundnut shell [30,31]. Rice straw is
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an agricultural waste that has the potential to produce enzymes such as cellulases and
xylanases, which are essential to industry [32]. Moreover, Ref. [33] reported the usage of
agricultural wastes including paddy straw, coir pith, sugarcane bagasse, and leaf litter
for cellulase and xylanase production. Submission of genetic engineering simplifies the
large-scale production of various important industrial enzymes [34]. Genes of xylanases
have been secluded from microorganisms of numerous genera and replicated in E. coli
with the aims of enzyme production and fluctuating its properties to outfit commercial
applications [35–37]. Therefore, this research was aimed at the production of the xylanase
enzyme by Trichoderma harzianum kj831197.1 using a submerged fermentation method and
a low-cost agricultural residue to establish an economical fermentation process, as well as
the cloning of the xylanase gene in E. coli strain DH5α and the evaluation of its activity as a
potent antifungal to combat the pathogenicity of a variety of plant pathogens.

2. Materials and Methods
2.1. Chemicals

Chemicals, reagents, and ingredients used throughout this study were of analytical
and high-level purity grade and were obtained from Sigma (St. Louis, MO, USA).

2.2. Isolation of Xylanase Producing Strain from the Sugar Beet Plant

Sugar beetroots were sampled from Agricultural lands at New Borg El Arab, Alexan-
dria, Egypt, and then washed thoroughly for ten minutes with tap water. The roots were
then cut into small pieces (1 cm in diameter) and air-dried at room temperature. Surface
sterilization was conducted by soaking the specimens in 76% ethanol for 1 min followed
by soaking in 5.3% hypochlorite solution for 5 min and finally in 76% ethanol for 30 s.
Then, they were dissected longitudinally under an aseptic condition. Soon after, they
were placed on the surface of a PDA medium containing chloramphenicol (0.005% w/w).
Incubation at 30 ◦C for 5–7 days was conducted. The fungal growth was detected, purified
by streaking methods on the same isolation medium, preserved at 4 ◦C for further study,
and sub-cultured every 21 days.

2.3. Identification of the Fungal Isolate
2.3.1. Morphological Identification

Standard guidelines for morphological description and species identification were
employed as reported by Samson et al. [38]. Colony color, reversed pigmentations, texture,
and appearance were all noted down as culture features after 5 days of cultivation on potato
dextrose agar (PDA). For additional characterization, the fungal isolate was examined using
scanning electron microscope model JEOL-JXA-840A at the central Lab of City for Scientific
Research and Technology Applications, New Borg El-Arab, 21934, Alexandria, Egypt.

2.3.2. Molecular Identification
Genomic DNA Extraction and Primer Designing

Extraction of genomic DNA was performed using the standard CTAB technique [39].
Specific ITS primers were used to amplify DNA from the fungal isolate, i.e., ITS1: 5′-
TCTGTAGGTGAACCTGCGG-3′ and ITS4: 5′-TCCTCCGCTTATTGATATGC3′ [40,41].

PCR and DNA Sequencing

The amplified PCR products were fractionated by running through 1.5 percent (w/v)
agarose gels, which were stained with 0.5 mg mL−1 ethidium bromide. Estimation of
the amplified fragments’ molecular weights was achieved by comparison with molecular
weights of DNA markers (1 kb DNA ladder). The amplified bands (600 bp) of ITS1, 5.8 S
ribosomal RNA gene; ITS2, complete sequence; and 28 S ribosomal RNA gene were excised
from the gel, and the elution was refined agreeing to the producer’s guidelines using a
DNA kit (Fermentas, Germany). The Applied Biosystems ABI Prism Big Dye terminator
cycle sequencing kit was used to read a PCR fraction of the ITS region from the Trichoderma
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strain, using the same primers as for ITS region amplifications. A computerized sequencer
(MegaBace 500) was used to depict the sequences.

2.4. Bacterial Strain and Culture Circumstances

Escherichia coli DH5α (Qiagen, Germantown, MD, USA.) was used as the replication
and expression host, respectively. This strain was grown in a lactose broth medium (LB)
supplemented with 50 µg/mL ampicillin (Sigma Aldrich, Burlington, MA, USA) at 37 ◦C.

2.5. Plasmids

Plasmid pUC19 (Qiagen, USA) was used as a cloning vector with a cloning site for
cloning and sequencing of the xyn 2 gene.

2.6. Fungal Growth and Optimization of Xylanase Productivity

T. harzianum was grown on potato dextrose agar (PDA) at 28 ◦C ± 1 in the dark for
7 days. Conidiospores were gathered, washed by sterilized distilled water, and filtered
using a double layer of sterile Mira cloth. The concentration of spores was determined by a
Neubauer chamber. In the current study, different parameters were carried out to optimize
the productivity of the xylanase enzyme. After determining each parameter, the best result
obtained was applied in the subsequent parameters.

2.6.1. Selection of the Best Medium Supporting Highest Enzyme Activity

Four different media were tested to find the optimal medium for maximum enzyme
production. After sterilization, 1 mL of fungal spore suspension containing 4.5× 103 spores
per mlwas introduced followed by incubation at 30 ◦C for 7 days. After the incubation
period, 10,000 rpm centrifugation was conducted for 10 min. The attained supernatant was
used in assessing xylanase activity.

Basal medium (M1) (g/L): (KH2PO4 1.0 g/L, ammonium sulfate 0.5 g/L, MgSO4·7H2O
0.5 g/L, CaCl2 0.01 g/L, yeast extract 0.01 g/L, CuSO4·5H2O 0.001 g/L, Fe2(SO4)3 0.001 g/L,
MnSO4·H2O 0.001 g/L, and glucose 20 g/L) pH 6–6.5.

Medium (M2) (g/L): KH2PO4 1.5, NH4Cl4, MgSO4.7H2O 0.5, KCl 0.5 and yeast extract
1.0 in distilled water, 0.04 mL/L, trace element solution following component arrangement
having, in µg, FeSO4·7H2O 200, ZnSO4·7H2O 180, and MnSO4.7H2O 20 at pH 6 [42].

Medium (M3) (g/L): malt extract 0.5, NH4SO4 0.25, KH2PO4 1.4, CaCl2 2, MgSO4·7H2O
0.3, NaNO3 3.0, KCl 0.5, and trace elements(mg/L): CuSO4·5H2O 0.5, FeSO4.7H2O 0.5,
MnSO4·4H2O 1.6, ZnSO4·7H2O 1.4, CoCl2·6H2O 20, and 0.1% Tween 80 (v/v), pH 5.5 [43].

Medium (M4) (g/L): peptone 0.8, NH4NO3 2.5, MgSO4·7H2O 1.5, KH2PO4 1.2, KCl
0.6, and trace element solution of basal medium 0.3 mL/L.

In subsequent experiments, medium 3 may be used for further investigations, as it
gave the highest xylanase biosynthesis. Different C-sources such as xylose and glucose
were used alone and in a combination of malt extract (ME) in a conc. of 0.5% [44].

2.6.2. Effect of Different pH Values

The medium used for xylanase production was adjusted at various pH values, viz., 3,
5.5, 6, and 7, using 6N NaOH and 6N HCl. One milliliter of fungal spore suspension contain-
ing 4.5 × 103 CFU mL−1 was inoculated on the production medium and incubated under
shaking conditions. Xylanase activity was assayed at the end of the incubation period.

2.6.3. Effect of Incubation Conditions (Shaking and Static Manner)

This was carried out by incubating the flasks containing the inoculated production
medium under shaking at different agitation rates (100, 150, or 200 rpm) while another
flask was incubated under static conditions. After ending the incubation, xylanase activity
was estimated.
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2.6.4. Effect of Different Incubation Temperature

The xylanase-producing fungal strain was allowed to grow at different incubation
temperatures (25, 30, 35, 40, or 45 ◦C) for 7 days on a rotary shaker. At the end of the
incubation interval, xylanase activity was assayed.

2.6.5. Effect of Carbon Sources

Glucose, xylose, lactose, and arabinose at a concentration of 2 mM were tested as
carbon sources and the assay of xylanase was conducted individually with each C source.
A control lacking a carbon source was also included.

2.6.6. Effect of Nitrogen Sources

Nitrogen sources’ low and high levels of each nitrogenous compound were tested
for enzyme production. Urea, peptone, and yeast extracts presented at low levels as
recommended in the media composition reached to its half, and high conc. presented as
two times as the initial conc. presented in the original medium. Two extra N sources (beef
extract and malt extract at two different conc., 0.5% and 1%) were also tested. The best
nitrogen source was incorporated into the next experiment as part of the same study.

2.6.7. Effect of Different Inducers

Different inducers were examined alone and in combination in this experiment, in-
cluding sophorose, galactose, and mannose, all at a concentration of 2 mM.

2.6.8. Effect of Tween 80 as an Additive

Concentrations of 0.1 and 0.2% v/v of this additive were mixed with the production
medium (before autoclaving). Inoculation and incubation were carried out as previously
mentioned [45,46].

2.6.9. Effect of Agricultural Wastes

In this experiment, the C-N sources of the production medium were substituted with
naturally occurring wastes such as rice brain, rice straw, sugarcane bagasse, wheat, and
wood in three different conc. of 0.25%, 0.5%, and 1.0%. The substrates were oven-dried at
70 ◦C for 48 h, ground to 40 mesh particle sizes, then used as a substrate. Other previously
mentioned optimal conditions were taken into consideration.

2.7. Purification of Crude Xylanase

Xylanase produced by Trichoderma harzianum isolate kj831197.1 was purified as de-
scribed by [47] with minor modifications. All purification steps were conducted at 4 ◦C.
The fractionation of the crude enzyme was carried out by (NH4)2SO4 at 80% saturation.
Ultra filtration was managed to concentrate the enzyme. Purification of the concentrated
xylanase enzyme was achieved by Sephadex G-100 columns applying 50 mM phosphate
buffer, pH 7.8. Equilibration and elution of the column were achieved with the same buffer.
Fractions containing xylanase were concentrated and used for further characterization.

2.7.1. Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The purity of the enzyme was checked using SDS-gel electrophoresis, which is also
used for the determination of the molecular weight of the enzyme compared with a protein
marker according to [48].The active fraction obtained was subjected to PAGE (13% poly-
acrylamide gel) using a vertical plate gel (Bio-Rad, Hercules, CA, USA) for detecting its
molecular weight by comparing with a protein marker (in the range 6.5 to 70 kDa, Sigma).

2.7.2. Characterization of Purified Xylanase
Substrate Specificity

Xylanase activity was determined using various substrates, viz., (xylan, laminarin,
and cellulose).
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Effect of pH

The optimum pH for purified xylanases activity was estimated by assaying enzymatic
reactions in McIlvaine buffer (adapted to different pH values between 3.0 and 8.0, with one
unit intervals for 140 h at 4 ◦C) in the privation of substrate.

Effect of Temperature

To determine the optimal temperature, enzymatic reactions were carried out using the
purified xylanase (sodium acetate buffer 0.05M, pH5.5), applying temperatures ranging
from 30 to 70 ◦C.

2.8. Bioreactor Cultivation Conditions

The bioreactor experimentations were passed out in a 3 liter bioreactor (2 liter working
volume) of the previously obtained optimized medium. The bioreactor was fortified
with tools and controllers for agitation, temperature, and pH. Fermentor contents were
sterilized and permitted to cool, then inoculated with the preculture of fungal strain.
Stirring at 150 rpm was carried out to certify homogeneous mixing, and the rate of airflow
was controlled at 1 vvm while the temperature was preserved at 30 ◦C. The process of
fermentation was continuous for 140 h. Collection of samples from the bioreactor was
performed at specified intervals (6 h) for analysis.

2.9. DNA Manipulation
2.9.1. Isolation of Xylanase Gene from T. harzianum

Purification of DNA directly from T. harzianum was achieved using a kit for ge-
nomic DNA purification (Fermentas, Germany) according to the manufacturing procedure.
Oligonucleotide primers used for PCR amplification for xyn2 gene (xyn2, 1080 bp) frag-
ment non-coding sequences were designed based on the available sequences present in
the database via the GEENTOOL software. EcoR1 and HindIII restriction sites were found
in the primer sequences to facilitate cloning and were obtained from Bioneer (Cheong-
won, Korea). PCR amplification was carried in Eppendorf Master Cycler (Germany) using
the forward oligonucleotides CKT 087 (5′-ATCGGAGTCGACACTCGCATCCG-3′; cor-
responding to sequences from 1075 to 1053) and the reverse oligonucleotides CKT 088
(5′-ATGCTAGCGTTGATGTCTTCT TGCTTCAGC-3′; corresponding to sequences from
1 to 23) according to [49]. Total PCR reaction volume of 25 µL was prepared, and PCR
circumstances were considered. The amplified PCR product of the Xyn gene was purified
using the Biospin PCR purification kit (BioerBiospin, China) and separated by electrophore-
sis on a 1% agarose gel. The PCR products of the xyn2 (1080 bp) gene was ligated to a
pUC19 DNA vector (2.686 kb) to yield corresponding reporter plasmid (3766 bp) with
inserts of the xyn2 gene and directly transformed into E. coli DH5α-competent cells to con-
struct a xyn2-enriched DNA library carried out according to standard techniques [50–52]
using the Strata cloning kit (Agilent Technology, Santa Clara, CA, USA).

2.9.2. Screening of the Transformed Cells and Confirmation of Clones

The recombinant clones were identified using the blue and white colony assay. After
incubation, colonies having a white color (winning recombinant vectors) were selected and
splashed on the surface of Luria agar plates supplemented with Amp100, IPTG, and X-gal,
then incubated overnight at 37 ◦C. Endorsement for the existence of anticipated fragments
of DNA in the cloning vector was achieved by diverse procedures as labeled below. The
alkaline lyses protocol of [53] with some changes was used for the seclusion of plasmids.

2.9.3. PCR Confirmation of Recombinant PUC19 Plasmid

The PCR amplification of clones with respective primers for the xyn2 gene was used
for confirming the presence of cloned fragments (3766 p). In the PCR, positive and neg-
ative controls were employed for the total DNA and cloning vector. Relative restriction
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examination of the indicated clones, as well as the control vector, was also used to validate
the incidence of an insert with HindIII and Eco R1 for the T. sp. xyn2 gene (3766 bp).

2.9.4. Screening of Xylanase Production

A screening test for xylanase activity of fungal xylanase-positive clones was performed
by determining the amount of reducing sugars liberated using a dinitro salicylic acid (DNS)
method as described by Miller [54]. One unit of the enzyme activity is defined as the
amount of enzyme that liberates one µmole of xylose from xylan at 34 ◦C for 20 min. The
colonies harboring the xylanase gene showed high enzyme activity. Recombinant DNAs
were isolated from these clones and analyzed with EcoR1 and HindIII restriction enzymes
to determine the size of the inserts.

2.9.5. Extraction of Xylanase Gene and Assay of Enzyme

To evaluate the localization of the recombinant xylanase in E. coli cells, a suitable
amount of the fermentation medium was spun (10,000× g for 10 min at 4 ◦C). Next, the
supernatant was utilized to assess xylanase activity. Then, 0.5 mL of the supernatant
containing the enzyme was mixed with0.5 mL of the substrate solution (birchwood xylan)
(tubes incubated at 34 ◦C in a water bath for 20 min, stirred gently by hand from time to time.
Finally, a DNS reagent was added to halt the reaction. The tubes were boiled for 10 min at
100 ◦C. The blank tubes were prepared similar to sample tubes, only exchanging enzyme
supernatant with distilled water. Spectroscopic absorbance was measured at 400 nm against
the blank. One unit of the enzyme activity was defined as the amount of enzyme that
liberates one µmole of xylose from xylan at 34 ◦C for 20 min. The amount of reducing
sugars was quantified spectrophotometrically at 400 nm using 3.5 dinitro salicylic acid
(DNS).A procedure utilizing xylose solution was the reference standard. All assays were
accomplished in triplicate, and the results are described as mean ± standard deviation.

2.9.6. Antifungal Activity Assay

The fungal strains Alternaria alternate isolate STE-U4349, Botrytis fabae isolate MU BF1,
Fusarium oxysporum isolate KJ831189, Fusarium solani isolate KJ831188, Fusarium avenaceum
isolate P21 70, Corynespora cassiicola isolate YC46, Fusarium decemcellulare isolate C82NL,
and Bipolaris oryzae isolate 232 were obtained kindly from the Plant Pathology lab, Arid
Lands Cultivation Research Institute, Borg El Arab, Alexandria, Egypt.

Antifungal efficacy of crude xylanase was assayed using the hyphen extension inhibi-
tion assay, as described by [55], with a few variations. Fungal mycelium was inoculated
at one pole of a (PDA) Petri plate which was then incubated at 28 ◦C for 24 to 48 h. Next,
200 µL of the xylanase enzyme under study was spotted in the front of the growing fungal
mycelium. Finally, additional incubation of plates at 28 ◦C was performed for 7 days and
the progress of mycelia inhibition was recorded. The antifungal activity was measured in
terms of percentage of mycelia inhibition according to the following equation:

Inhibition Percentage = [(d control − d treatment)/d control] × 100.

2.10. Statistical Analysis

The data analysis was achieved using computerized software SPSS (Statistical Package
of Social Science, version 20, IBM Corp, Armonk, NY, USA). Duncan’s multiple comparisons
test was employed to assess the variance between the investigational groups, and p < 0.05
was chosen as the statistical significance level.

3. Results

The main objective of the present studywas to explore the screening, production, and
optimization of xylanase enzymes from Trichoderma harzianum kj831197.1 with the aid of the
submerged fermentation method for establishment of an economical fermentation process
and cloning of the xylanase gene in E. Coli strain DH5α.
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A total of five fungal isolates were obtained from sugar beet roots. Only one isolate
was selected according to its ability to produce the xylanase enzyme, based on our previous
preliminary results using the quantitative method for assaying enzyme activity (Figure 1).
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Figure 1. Culture characteristics ((A) = front and (B) = reverse) of Trichoderma harzianum kj831197.1
on PDA media after 5 days of incubation, (C): microscopic features of fungal mycelia and spore under
the light microscope (40×), and (D–G): different internal structures of conidia and conidiophore
under the scanning electron microscope (500, 2700, and 5000 magnification), respectively.

3.1. Phylogenetic Relationships

The achieved T. harzianum sequence was saved in the gene bank with accession number
(KJ831197.1). The strain showed a 98.1% homology range. A dendrogram based on the
ITS region partial sequences of several species and strains of the genus T. harzianum were
depicted by neighbor-joining analysis of the NJ method and the maximum composite
likelihood method.

The obtained sequence was used to extract the most closely related sequences among
T. harzianum using the BLASTn search. Alignments were produced for phylogenetic anal-
yses using ClustalX 2.1.0.12 software 9 [56] with default parameters. The phylogenetic
tree was constructed with maximum likelihood (ML) and neighbor-joining (NJ) meth-
ods using MEGA software, version 10.1.6 [57]. The optimal tree with the sum of branch
length = 0.00733945 is shown. The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches.
The evolutionary distances were computed using the p-distance method (Figure 2).
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Figure 2. The phylogenetic tree shows the phyletic relationships among the T. harzianum (KJ831197.1)
isolate and other eight matching homologous species and strains from the NCBI gene bank database.
The DNA substitution model was the p-distance (nucleotide)method, and the phylogenetic tree
construction was depicted by the construct and test neighbor-joining tree model according to Saitou
N. and Nei’s (1987) NJ method.

3.2. Optimization of Xylanase Productivity

A screening test for xylanase productivity using different medium types resulted in
the fact that medium no. 3 was the best medium for maximal production of xylanase as
illustrated in Figure 3.
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Figure 3. Effect of different culture media on xylanase productivity by Trichodermaharzianum
kj831197.1.NB:M1: basal medium, M2: Paul et al. (1999), M3: Mandels and Sternburg (1976),
and M4: Haltrich et al. (1994).

The impact of changing the medium pH from 3 to 7 on xylanase production was
observed. On the clearest data, the highest xylanase productivity was observed at pH 5.5
(520.56) as shown in Figure 4.
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Figure 4. Relation of different incubation temperatures (◦C) and pH values to xylanase production
by Trichoderma harzianum kj831197.1.

Commonly, microbes are acknowledged to yield high levels of enzymes at their
optimal growth temperature. In the current study, 30 ◦C was the optimum temperature for
maximal production of xylanase by Trichoderma harzianum kj831197.1 (Figure 4).

Glucose was observed to exhibit the highest xylanase production when compared
with xylose, lactose, and arabinose (Figure 5). To gain a more detailed understanding
of the production of xylanase by Trichoderma harzianum kj831197.1, different incubation
conditions such as static and shaking were carried out. Results in Figure 5 showed that
shaking conditions proved to be more preferable for the production of the xylanase enzyme
than static conditions by Trichoderma harzianum kj831197.1, especially at 150 rpm.
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Figure 5. Comparing the effect of using different carbon sources and agitation speeds on xylanase
production by Trichoderma harzianum kj831197.1.

The results gained throughout the study suggest that malt extract was the most suitable
nitrogen source as it offered the maximal activity of enzyme under study as represented in
Figure 6. The experimentation yielded a satisfactory outcome, five-fold greater in xylanase
activity, equated with the non-optimized basal medium.
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Figure 6. Relation of different nitrogen sources to xylanase production by Trichoderma harzianum
kj831197.1.

The impact of distinct concentrations of Tween 80 on enzyme production was studied.
The addition of Tween 80 to the medium improved the production of the xylanase enzyme.
Two concentrations of Tween 80 (0.1 mM and 0.2 mM) were used in the presence of carbon
source xylose and lactose compared with basal media where glucose was used as the
C-source. The results showed that high enzyme activity (2192.68 U/mL) was obtained from
low conc. of Tween 80 with lactose and decreased by increasing Tween conc. as shown in
Table 1. The initiation of xylanase was strongly reliant on the concentration of Tween 80.

Table 1. Relation of Tween 80 concentrations to xylanase production by Trichoderma harzianum
kj831197.1.

Tween 80 Conc. (mM) Xylanase Activity (U/mL)

0.1 mM + xylose 1139.9 ± 0.02

0.1 mM + lactose 2192.7 ± 0.9

0.2 mM + xylose 347.68 ± 0.5

0.2 mM + lactose 102.58 ± 0.44
All results are reported as the mean ± standard error (significance p < 0.05).

Results for inducers’ impact on xylanase production are given in Table 2. By adopting
the mixture of galactose and malt extract, the xylanase activity reached (2636 U/mL) when
glucose was added as a carbon source.

Five agricultural wastes were used to investigate the most suitable substrate for
xylanase production from Trichoderma harzianum kj831197.1. These wastes were wheat bran,
sugarcane bagasse, rice bran, rice straw, and wood (Table 3). The highest yield of xylanase
enzyme production (3620.19 U/mL and 2910 U/mL)was obtained when sugarcane bagasse
and wood were used as substrates, respectively.
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Table 2. Theeffect of different inducers on the production of xylanase by Trichoderma harzianum
kj831197.1.

Inducer Xylanase Activity (U/mL)

Galactose 850 ± 0.3

Sophorose 712 ± 0.9

Mannose 590 ± 0.9

Galactose + malt extract 2636 ± 0.7

Sophorose + malt extract 2150 ± 1.1

Mannose + malt extract 1430 ± 1.4
All results are reported as the mean ± standard error (significance p < 0.05).

Table 3. The consequence of using some agricultural wastes on xylanase activity by Trichoderma
harzianum kj831197.1.

Agricultural
Waste

Concentration
(%)

Xylanase Activity (U/mL)

Different Agricultural Wastes

Rice Bran Rice Straw Sugarcane
Bagasse Wheat Bran Wood

0.25 1220.5 ± 0.72 843.9 ± 0.35 1250 ± 0.56 200 ± 0.1 2910 ± 0.40

0.5 3100.1 ± 0.48 2550 ± 0.12 2800.2 ± 0.82 319 ± 0.46 2800 ± 0.85

1 850.2 ± 0.30 2170.3 ± 0.40 3620.2 ± 1.25 510 ± 0.32 1420.1 ± 0.66
All results are reported as the mean ± standard error (significance p < 0.05).

From the obtained results, the enzyme production under the optimum conditions was
increased 6.5-fold compared with the amount obtained at the first screening production.

3.3. Purification of Xylanase Enzyme

The properties of xylanase from Trichoderma harzianum kj831197.1 were judged by
using ammonium sulfate precipitation and Sephadex G-100 (Table 4).In a trial to precipitate
xylanase by ammonium sulfate, the results revealed that increasing the concentration of
ammonium sulfate gave rise to an increase in the specific activity of xylanase (up to 80%
saturation).Gel filtration of xylanase on Sephadex G-100 showed that there was one active
peak (from fraction15 to 17) in which fraction number 16 reached the highest specific
activity up to (433 U/mg).The fold purification of xylanase was 23.9.

Table 4. Purification summary of xylanase from Trichoderma harzianum kj831197.1.

Step Total
Activity (U)

Total Protein
(mg)

Specific Activity
(U/mg) Purity (Fold)

Crude xylanase 105 580 18.10 1

Ammonium sulfate
precipitation (80%) 58 107 54.2 2.99

Sephadex G-100 39 9 433 23.9

3.4. Characterization of Purified Xylanase
3.4.1. Substrate Specificity

The purified xylanase from Trichoderma harzianum kj831197.1 showed the highest
substrate specificity toward xylan with 100% relative activity, while having low activity
toward cellulose and laminarin (Figure 7).
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3.4.2. Temperature and pH Stability

The enzyme activities concerning temperature and pH stability were studied. The
results of the purified enzyme indicated that the optimum temperature and pH for the
xylanase enzyme were at 40 ◦C and 5.5, respectively (Figures 8 and 9).
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3.4.3. Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The purified xylanase enzyme produced by Trichoderma harzianum kj831197.1. was
subjected to SDS-PAGE analysis. The molecular weight of the pure xylanase was esti-
mated at 32 KDa. Figure 10 indicates that the purified xylanase produced by T. harzianum
kj831197.1contained a single protein band.
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Figure 10. SDS-PAGE of purified xylanase; Lane (M): marker, Lane2: purified xylanase, and
Lane 3: crude xylanase.(Protein Ladder, ®Extra broad, molecular weight 6.5–270 KDa, Abcam,
Waltham, MA, USA).
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3.5. Cultivation Conditions for Large-Scale Production of Xylanase Enzyme in a Bioreactor

During research in our lab, it was noticed that the speed of agitation, which sprays
certain fragments of mycelia on the wall vessel, amplified the mycelium development
of the fungi during culture performance. The behavior of the selected strain Trichoderma
harzianum kj831197.1 in the laboratory by the bioreactor was analyzed, allowing continuous
tracking of the fermentation process data (temperature, pH, and dissolved oxygen concen-
tration). The greatest xylanase activity was 4654 U/mL, which was 6.5 times higher than
the original medium and achieved in a shorter period (almost half the time taken in the
shaking flask) (Figure 11). Galactose is thought to improve respiration, cell viability, and
energy consumption by allowing oxygen to enter the cells more easily. An industrial-scale
bioreactor should be constructed and regulated to produce the highest amount of product
in the shortest length of time with the lowest cost.
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Figure 11. Xylanase activity profile in the bioreactor.

3.6. Isolation and Transformation of Xylanase Gene

The xylanase gene was isolated by PCR amplification using chromosomal DNA from
Trichoderma harzianum kj831197.1 as a template. The PCR product of amplified genes was
digested with the HindIII/EcoRI and cloned into the same sites in the pUC19 (2.686 kb)
plasmid and transformed into E. coli DH5α cell.

3.6.1. Screening of the Transformed Cells

The confident colonies that developed on LB plates supplemented with Kanamycin
were exposed to PCR using primers of the xylanase gene and the PCR circumstances that
were previously cited in the materials and methods section for an additional assortment of
colonies sheltering plasmid with the xylanase gene. The recombinant clones were detected
with the aid of using the blue and white colony assay. Subsequent to incubation with white
colonies only, recombinant vectors were selected and applied on the surface of Luria agar
plates supplemented by Amp100, X-gal, and IPTG. The incubation of plates was applied all
night at 37 ◦C.

3.6.2. Confirmation Using Restriction Analysis

To see if the plasmid included the xylanase fragment, HindIII and Eco R1 were used to
digest selected clones and the control vector (recombinant and non-recombinant plasmids)
for the Trichoderma harzianum kj831197.1 xyn gene. The obtained results existing in Figure 12
showed that one fragment of roughly 3766 bp was produced by the recombinant plasmid
compared to the 1 kb DNA marker, and these findings indicated that the recombinant
xylanase gene was efficaciously expressed in the E. coli DH5α host cell (Figure 13).
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3.6.3. Estimation of Xylanase Activity

The activity of the xylanase gene from stimulated and non-stimulated mutated E. coli
was assessed. The overall xylanase activity was9 U/mL, which was lower than the activity
found in Trichoderma harzianum kj831197.1 (80 U/mL).

3.6.4. In Vitro Antifungal Activity of Crude Xylanase

The effect of Trichoderma harzianum kj831197.1 xylanase on the growth of some plant
pathogenic fungi isillustrated in Table 5 and Figure 14. Results showed thatbetter antifungal
action and the highest inhibition was against Corynespora cassiicola YC46, Alternaria alternate
STE-U4349, Fusarium oxysporum KJ831189, Botrytis fabae MU BF1, Fusarium decemcellulare
C82NL, and Fusarium solan iKJ831188(81, 63, 60, 58, 56, and 54%), and the feeblest effect
was on Fusarium avenaceum P21 70 and Bipolaris oryzae 232 (20%) for each.
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Table 5. Antifungal activity of crude xylanase against some plant pathogenic fungi.

Fungal Strain Inhibition %

Alternaria alternate STE-U4349 63

Botrytis fabae MU BF1 58

Fusarium oxysporum KJ831189 60

Fusarium solani KJ831188 54

Fusarium avenaceum P21 70 20

Corynespora cassiicola YC46 81

Fusarium decemcellulare C82NL 56

Bipolaris oryzae 232 20
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C82NL, and (H) Bipolaris oryzae 232.

4. Discussion

In a preliminary study, we screened the beet sugar plant endophytic fungus for its
activity in producing the xylanase enzyme. The potential xylanolytic-producing fungus
identified as Trichoderma harzianum kj831197.1 is a member of the family Hypocreaceae. Tri-
choderma strains are non-plant-pathogenic filamentous fungi that can generate an excessive
yield of extracellular xylan-degrading enzymes [18,19].

By screening different medium types for xylanase productivity, it was found that
medium no. 3 was the best medium for maximal production of xylanase. It is widely
known that 30 to 40% of the manufacturing price of commercial enzymes is taken up
with the cost of the growth medium [58]. Moreover, some other workers reported that
wastewater resulting from the pulp industry could be used as a medium for the production
of xylanase [59].

The highest xylanase productivity was observed at a pH of 5.5 and a temperature
of 30◦C. The hydrogen ion concentration of the medium is one of the most monitored
parameters during the fermentation process [60]. It was reported that the pH of the
medium can affect enzyme production since it can affect both solubility and ionization of
medium substrates and their availability for fungal growth [61]. The effect of altering the
medium pH from 3 to 7 has been observed on xylanase productivity. On the clearest data,
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the highest xylanase productivity was observed at a pH of 5.5 (520.56). Parichart et al. [62]
recorded that the ideal pH for xylanase productivity from Aspergillus niger was 6.0 while
Sonika et al. [63] denoted that a pH of 6.0 gave the maximum xylanase activity from
Trichoderma sp. Generally, pH values around 5.0 have been informed to be optimal for
xylanase production [64,65]. Fungi generally prefer slightly acidic conditions.

Commonly, microbes are acknowledged to yield high levels of enzymes at their
optimal growth temperature. Long et al. [16] informed that the optimal temperature
intended for xylanase enzyme production from Trichoderma orientalis was 37.3 ◦C while
the ideal temperature for xylanase enzyme invention from Trichoderma sp. was 30 ◦C [63].
Moreover, some investigators showed that the optimal temperature for xylanase production
under solid-state fermentation conditions from Trichoderma sp. was 55 ◦C [63–67]. Lower
and higher temperatures reduce the specific activities for the reason that the thermal effects
of such temperatures on both the growth of microorganisms and the rate of enzymatic
reaction inside the cells imitate the vital construction of the enzyme [68,69].

In the current study, glucose exhibited the highest xylanase production. In contrast,
xylanase activity was induced by xylose and xylan in A. pullulans Y-2311-1 [70]. Additionally,
malt extract was the most suitable nitrogen source as it offered the maximal activity of
the enzyme under study. A study conducted by [63] indicated that corn powder was the
superlative nitrogen source that furnished the maximal xylanase activity by Trichoderma sp.
under solid-state fermentation conditions. Ref. [71] reported that peptone in combination
with yeast extract exhibited the uppermost xylanase activity by Bacillus pumilus SV-85 S.
Enhancing enzyme production by Tween 80 might be correlated with the increased cell
membrane permeability, permitting a more rapid secretion of the enzymes, which leads to
greater enzyme synthesis as denoted by [72,73]. An additional conceivable explanation is
that Tween 80 affects the level of glycosylation and consequently, protein stability [74].

The highest yield of xylanase enzyme production (3620.19 U/mL and 2910 U/mL)
was obtained when sugarcane bagasse and wood were used as substrates, respectively.
Because sugar cane bagasse is a biomass resource that is abundant year after year, this
strategy can be utilized to add value to it by producing lignocellulolytic enzymes including
cellulase and xylanase. A study conducted by [75] showed that the superlative medium
for the production of xylanase from A. niger contains wheat bran and maltose as a carbon
source. Moreover, rice straw was the most promising substrate for the production of
xylanase by Aspergillus oryzae MN894021 [17]. Usage of wheat straw and wheat bran as
a promising carbon source for xylanase production also has been described by [76,77].
Other agro-residues such as corn cob [78,79], oat spelled xylan [80], and brewer’s spent
grain [81] have also been conveyed as an appropriate substrate for xylanase production.
As a result, the use of these wastes in enzyme production minimized the cost of production
and overcame environmental pollutants. By comparing the amount of the enzymes with
the initial production from basal media, there was a notable increase in xylanase production
up to 4.5 times by using these wastes. These wastes are generally recyclable and can be
converted into valuable products which include biofuels, chemicals, and low-cost sources
of energy for fermentation, as well as improved livestock feed and human nutrition as
documented by [82].

In this study, after 140 h of cultivation of Trichoderma harzianum kj831197.1 in the
bioreactor, the examination of the dynamic growth revealed the absence of a lag period,
a steep exponential phase descent, a stationary phase with a downward appearance,
and a decreasing phase. Due to differences in biotechnological factors, the aspects for
growing curves in the bioreactor were higher than that achieved in conical vessels through
stirring, namely: agitation circumstances and increasing volume of aerated media. The
simulation findings demonstrated the systems’ control capability, which was achieved
by estimating the substrate nourishment required for the development of cells as the
biomass concentration increased. Biomass in a bioreactor reached a maximum after 100 h
of cultivation, which was similar to the value predicted by simulation. In the case of
xylanase concentration, dissolved oxygen consumption remained constant throughout



J. Fungi 2022, 8, 447 19 of 24

the culture period. The highest biosynthesis was attained throughout the exponential
growth stage, once xylose was employed as a source of carbon and especially following
the induction by galactose, for the strain Trichoderma harzianum kj831197.1, which offers
energetic growth through xylanase productivity. After 100 h of cultivation, the xylanase
production curve revealed a strong peak, indicating that when biosynthesis reached its
maximum, it was feasible to create a complex of enzymes. The catabolic suppression
was lessened as substrate consumption increased, and microbial cells resumed biogenesis,
as evidenced by the graph’s second maximal. The drop-in activities beyond 100 h of
incubation were clarified by a decline in the cell population during the decline phase and
catabolic suppression followed by enzyme biosynthesis throughout the process.

In our study, the xylanase gene of T. harzianum kj831197.1 was isolated from DNA via
definite primers specified in the gene bank database, digested with HindIII and EcoRI, and
cloned into a pUC19 plasmid vector. According to some researchers, recombinant xylanase
productivity was less than that of the mother cell because of its ease of manipulation,
suitable growing conditions, minimal transformation requirements, and ability to collect
significant amounts of productivity in the cell cytoplasm. Even though E. coli is a reliable
replicating host for recombinant proteins, successful and efficient expression of various
xylanase genes is not feasible with this bacterium. This could be owing to uncommon
codons appearing frequently and requiring particular translational adjustments (disulfide
bond formation and glycosylation) [83–85].

The antagonistic reactions of xylanase toward different phytopathogenic fungi had a
significant part in biocontrol and the highest inhibition was against Corynespora cassiicola,
Alternaria sp., Fusarium oxysporum, and Botrytis fabae. Our findings agreed with [17] who
stated that Aspergillus oryzae MN894021 xylanase T1 had significant antifungal activity
and is a practical and reliable enzyme showing potential as a plant pathogen management
alternative to standard chemical fungicides. Moreover, Kumar et al. [86] revealed the
promising plant’s beneficial impact on Trichoderma sp. in suppressing Fusarium wilt disease
in tomatoes. Trichoderma’s ability to create cell wall-degrading enzymes such as cellulase
and xylanase seem to play a significant role in antagonistic effect [87]. Several researchers
have discovered that numerous Trichoderma species are capable of preventing Fusarium wilt
in a variety of agriculture crops [88]. Trichoderma’s mode of action varies depending on
the pathogen. Their behavior differs according to the species [89]. During Trichoderma’s
antagonistic activity, chitinase, xylanase, and glucanase are important enzymes in the
disintegration of plant pathogenic fungal cell walls [90].

In a trial to precipitate xylanase by ammonium sulfate, the results revealed that
increasing the concentration of ammonium sulfate increased the specific activity of xylanase
up to 80% saturation.

Following the present results, Bagewadi et al. [47] recorded that 80% ammonium sul-
fate saturation was the best for xylanase purification from Penicillium citrinum isolate HZN13.

The purified xylanase and standard enzyme were subjected to SDS-PAG electrophore-
sis. The produced gel indicated that purified xylanase from Trichoderma harzianum kj831197.1
was separated into one single band of a molecular weight of approximately 32 KDa. In the
findings of other studies, Ujiie et al. [91] recorded that the purified T. viride xylanase was
assessed to be 22 KDa, while that from T. harzianum was estimated at 20 KDa as stated by
Tan et al. [92].

The enzyme activities concerning temperature, pH, and substrate specificity were
studied. The results of the purified enzyme indicated that the optimum temperature and pH
for the xylanase enzyme were at 40 ◦C and 5.5, respectively. Fairly, the pH and temperature
optima considered for the Trichoderma harzianum kj831197.1 xylanase in this study were
consistent with those reported from the Trichoderma strains that were mostly observed in
the pH range from 3.5 to 6.0 and in temperatures extending from 40 ◦C to 60 ◦C [19].
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5. Conclusions

In this study, gene encoding xylanase was cloned in a suitable host to maximize the
enzyme production by adjusting nutritional and environmental parameters and changing
its characteristics to suit valuable purposes as a plant pathogenic biocontrol agent. This
assisted in the resolution of problems such as enzyme availability, substrate scope, and
operational stability. This could provide information on the present state of cloning and
expression of fungal xylanases and their potential applications. Our results indicated that
the optimum conditions for xylanase production were massively prompted by glucose,
0.1 mM Tween 80 with lactose, and 2 mM galactose combined with malt extract as an
inducer. The maximum xylanase production was attained at a pH of 5.0, temp. of 30 ◦C, and
agitation of 150 rpm in the presence of malt extract and bagasse as the best nitrogen source
and waste, respectively, using the submerged fermentation method. Moreover, superior
antifungal action was obtained by the xylanase enzyme under study and the highest
inhibition was against Corynespora cassiicola, Alternaria sp., and Fusarium oxysporum. The
recombinant clone was expressed and excreted in culture supernatant with xylose acting as
an inducer. The xyn2 gene from T. harzianum kj831197.1 generated the largest (23.9-fold)
xylanase activity compared to the wild type. The molecular weight of highly purified
xylanase was 32 KDa with SDS-PAGE. The purified enzyme showed the highest substrate
specificity toward xylan. This study opened the door to an opportunity of examining
different fungal hosts able to form recombinant xylanases. Further technical improvements
in the growth and progress of fungal expression systems by genetic engineering techniques
can aid in the hyper-expression of xylanases for industrial and agricultural applications.

Author Contributions: Conceptualization, S.A.E.; investigation, E.S.A.R.; supervision and data
curation, A.A.A.-s.; methodology, F.A.-S.; validation, G.E.D.; writing—original draft, writing—review
& editing, A.Y.M. All authors have read and agreed to the published version of the manuscript.

Funding: Not applicable.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: This article provides all of the data collected or analyzed during
this study.

Acknowledgments: The authors greatly acknowledge Usama Beshay, former at City for Scientific Re-
search & Technology Applications, Genetic Engineering & Biotechnology Research Institute (GEBRI),
Bioprocess Development Dept. for for providing all facilities during the research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Martínez-Pacheco, M.M.; Flores-García, A.; Zamudio-Jaramillo, M.A.; Chávez- Parga, M.C.; Alvarez-Navarrete, M. Optimization

of production of xylanases with low cellulases in Fusarium solani by means of a solid state fermentation using statistical
experimental design. Rev. Argent. De Microbiol. 2020, 52, 328–338. [CrossRef]

2. Jae, W.L.; Jun, Y.P.; Mi, K.; In, G. Purification and characterization of a thermostable xylanase from the brown rot fungus Laetiporus
sulphureus. J. Biosci. Bioeng. 2009, 107, 33–37.

3. Meineke, T.; Manisseri, C.; Voigt, C.A. Phylogeny in defining model plants for lignocellulosic ethanol production: A comparative
study Phylogeny in defining model plants for lignocellulosic ethanol production: A comparative study of Brachypodium distachyon,
wheat, maize, and Miscanthus x giganteus leaf and stem biomass. PLoS ONE 2014, 9, e103580. [CrossRef]

4. Sella, L.; Gazzetti, K.; Faoro, F.; Odorizzi, S.; D’Ovidio, R.; Schäfer, W.; Favaron, F. A Fusarium graminearum xylanase expressed
during wheat infection is a necrotizing factor but is not essential for virulence. Plant Physiol. Biochem. 2013, 64, 1–10. [CrossRef]

5. Selle, P.H.; Ravindran, V.; Partridge, G.G. Beneficial effects of xylanase and/or phytase inclusions on ileal amino acid digestibility,
energy utilization, mineral retention and growth performance in wheat-based broiler diets. Anim. Feed Sci. Technol. 2009, 153,
303–313. [CrossRef]

6. Dhiman, S.S.; Sharma, J.; Battan, B. Industrial applications and future prospects of microbial xylanases: A Review. BioResources
2008, 3, 1377–1402.

http://doi.org/10.1016/j.ram.2019.12.003
http://doi.org/10.1371/journal.pone.0103580
http://doi.org/10.1016/j.plaphy.2012.12.008
http://doi.org/10.1016/j.anifeedsci.2009.06.011


J. Fungi 2022, 8, 447 21 of 24

7. Maalej-Achouri, I.; Guerfali, M.; Gargouri, A.; Belghith, H. Production of xylooligosaccharides from agro-industrial residues
using immobilized Talaromyces thermophilus xylanase. J. Mol. Catal. B Enzym. 2009, 59, 145–152. [CrossRef]

8. Selinheimo, E.; Kruus, K.; Buchert, J.; Hopia, A.; Autio, K. Kinetics of transglutaminase-induced cross-linking of wheat proteins
in the dough. J. Cereal. Sci. 2006, 43, 152–159. [CrossRef]

9. Nitin, K.S.; Vivek, K.T.; Santosh, K.M. The production of xylanase enzyme (E.C. Number = 3.2.1.8) using solid substrate
fermentation. Biotech. Indian J. Biol. -Technol. 2017, 13, 145–153.

10. Shabeena, K.S.; Ravi, M.; Jayaraj, Y.M. Microbial production of xylanase using regional agro-wastes. Int. J. Pharm. Biol. Sci. 2017,
8, 796–804. [CrossRef]

11. Chadha, B.S.; Kaur, B.; Basotra, N.; Tsang, A.; Pandey, A. Thermostable xylanases from thermophilic fungi and bacteria: Current
perspective. Bioresour. Technol. 2019, 277, 195–203. [CrossRef] [PubMed]

12. Kumar, P.; Yaashikaa, P.R.; Saravanan, A. Isolation, characterization, and purification of xylanase producing bacteria from sea
sediment. Biocatal. Agric. Biotechnol. 2018, 13, 299–303. [CrossRef]

13. Ergun, B.G.; Çalık, P. Lignocellulose degrading extremozymes produced by Pichia pastoris: Current status and future prospects.
Bioprocess Biosyst. Eng. 2016, 39, 1–36. [CrossRef] [PubMed]

14. Yardimci, G.D.; Cekmecelioglu, D. Assessment and optimization of xylanase production using co-cultures of Bacillus subtilis and
Kluyveromyces marxianus. 3 Biotech 2018, 8, 290. [CrossRef]

15. van den Brink, J.; de Vries, R.P. Fungal enzyme sets for plant polysaccharide degradation. Appl. Microb. Biol. -Technol. 2011, 91,
1477–1492. [CrossRef]

16. Long, C.; Liu, J.; Gan, L.; Zeng, B.; Long, M. Optimization of xylanase production by Trichoderma orientalis using corn cobs and
wheat bran via statistical strategy. Waste Biomass Valorization 2019, 10, 1277–1284. [CrossRef]

17. Atalla, M.M.S.; Ahmed, N.E.; Awad, H.M.; El Gamal, N.G.; El Shamy, A.R. Statistical optimization of xylanase production, using
different agricultural wastes by Aspergillus oryzaeMN894021, as a biological control of faba bean root diseases. Egypt J. Biol. Pest
Control. 2020, 30, 125. [CrossRef]

18. Sanjay, K.; Mandal, A.P.; das Mohapatra, K.; Mondal, K.C.; Pati, B.R. Production of cellulase-free xylanase by Trichoderma reesei
saf3. Braz. J. Microbiol. 2006, 37, 462–464.

19. Silva, L.A.O.; Terrasan, C.R.F.; Carmona, E.C. Purification and characterization of xylanases from Trichoderma inhamatum. Electron.
J. Biotechnol. 2015, 18, 307–313. [CrossRef]

20. Singh, J. Toxic molds and indoor air quality. Indoor Built Environ. 2005, 14, 229–234. [CrossRef]
21. Wong, K.K.Y.; Tan, L.U.L.; Saddler, J.N. Multiplicity of b-1,4- xylanases in microorganisms: Functions and applications. Microbiol.

Rev. 2005, 52, 305–317. [CrossRef] [PubMed]
22. Kim, T.B.; Oh, D.K. Xylitol production by Candida tropicalis in a chemically defined medium. Biotechnol. Lett. 2003, 25, 2085–2088.

[CrossRef]
23. Mishra, R.K.; Monika, M.; Naimuddin, K.V. Trichoderma asperellum: A potential biocontrol agents against wilt of pigeonpea caused

by Fusarium udum Butler. J. Food Legumes 2018, 31, 50–53.
24. Harman, G.E.; Howell, C.R.; Viterbo, A.; Chet, I.; Lorito, M. Trichoderma species—Opportunistic, avirulent plant symbionts. Nat.

Rev. Microbiol. 2004, 2, 43–56. [CrossRef] [PubMed]
25. Sikora RA, Schaefer K, Dababat AA Modes of action associated with microbially induced in planta suppression of plant-parasitic

nematodes. Australas Plant Pathol. 2007, 36, 124–134. [CrossRef]
26. Monte, E.; Bettiol, W.; Hermosa, R. Trichodermae Seus mecanismos de ação para o controle de doenças de plantas. In Trichoderma—

Usona Agricultura; Meyer, M.C., Mazaro, S.M., Silva, J.C., Eds.; Embrapa: Brasília, Brazil, 2019; 538p.
27. Ximenes, E.A.; Dien, B.S.; Ladisch, M.R.; Mosier, N.; Cotta, M.A.; Li, X.L. Enzyme production by industrially relevant fungi

cultured on coproduct from corn dry-grind ethanol plants. Appl. Biochem. Biotechnol. 2007, 137, 171–183. [CrossRef] [PubMed]
28. Pandey, A. Recent process developments in solid-state fermentation. Process Biochem. 1992, 27, 12–17. [CrossRef]
29. Álvarez-Cervantes, J.; Domínguez-Hernández, E.M.; Mercado-Flores, Y.; O’Donovan, A.; Díaz-Godínez, G. Mycosphere Essay 10:

Properties and characteristics of microbial xylanases. Mycosphere 2016, 7, 1600–1619. [CrossRef]
30. Rosmine, E.; Sainjan, N.C.; Silvester, R. Statistical optimization of xylanase production by estuarine Streptomyces sp. and its

application in clarification of fruit juice. J. Genet. Eng. Biotechnol. 2017, 15, 393–401. [CrossRef]
31. Sindhu, R.; Binod, P.; Mathew, A.K. Development of a novel ultrasound-assisted alkali pretreatment strategy for the production

of bioethanol and xylanases from chili post-harvest residue. Biol. -Resour. Technol. 2017, 242, 146–151. [CrossRef]
32. Yong Syuan, K.; Ong Gaik Ai, L.; Kim Suan, T. Evaluation of cellulase and xylanase production from Trichoderma harzianum using

acid-treated rice straw as solid substrate. Mater. Today Proc. 2018, 5, 22109–22117. [CrossRef]
33. Karthick Raja Namasivayam, S.; Babu, M.; Arvind Bharani, R.S. Evaluation of lignocellulosic agro wastes for the enhanced

production of extracellular cellulase and xylanase by Trichoderma harzianum. Nat. Environ. Pollut. Technol. 2015, 14, 47–52.
34. Zafar, A.; Aftab, M.N.; Din, Z.U. Cloning, Expression, and Purification of Xylanase Gene from Bacillus licheniformis for Use in

Saccharification of Plant Biomass. Appl. Biol. -Chembiol. -Technol. 2016, 178, 294–311. [CrossRef] [PubMed]
35. Ahmed, S.; Riaz, S.; Jamil, A. Molecular cloning of fungal xylanases: An overview. Appl. Microbiol. Biol. -Technol. 2009, 84, 19–35.

[CrossRef] [PubMed]
36. Ko, C.H.; Lin, Z.P.; Tu, J. Xylanase production by Paenibacillus campinasensis BL11 and its pretreatment of hardwood kraft pulp

bleaching. Int. Biodeterior. Biodegrad. 2010, 64, 13–19. [CrossRef]

http://doi.org/10.1016/j.molcatb.2009.02.003
http://doi.org/10.1016/j.jcs.2005.08.007
http://doi.org/10.22376/ijpbs.2017.8.3.b796-804
http://doi.org/10.1016/j.biortech.2019.01.044
http://www.ncbi.nlm.nih.gov/pubmed/30679061
http://doi.org/10.1016/j.bcab.2018.01.007
http://doi.org/10.1007/s00449-015-1476-6
http://www.ncbi.nlm.nih.gov/pubmed/26497303
http://doi.org/10.1007/s13205-018-1315-y
http://doi.org/10.1007/s00253-011-3473-2
http://doi.org/10.1007/s12649-017-0149-x
http://doi.org/10.1186/s41938-020-00323-z
http://doi.org/10.1016/j.ejbt.2015.06.001
http://doi.org/10.1177/1420326X05054015
http://doi.org/10.1128/mr.52.3.305-317.1988
http://www.ncbi.nlm.nih.gov/pubmed/3141761
http://doi.org/10.1023/B:BILE.0000007069.74876.0c
http://doi.org/10.1038/nrmicro797
http://www.ncbi.nlm.nih.gov/pubmed/15035008
http://doi.org/10.1071/AP07008
http://doi.org/10.1007/s12010-007-9049-z
http://www.ncbi.nlm.nih.gov/pubmed/18478386
http://doi.org/10.1016/0032-9592(92)80017-W
http://doi.org/10.5943/mycosphere/si/3b/12
http://doi.org/10.1016/j.jgeb.2017.06.001
http://doi.org/10.1016/j.biortech.2017.03.001
http://doi.org/10.1016/j.matpr.2018.07.077
http://doi.org/10.1007/s12010-015-1872-z
http://www.ncbi.nlm.nih.gov/pubmed/26438315
http://doi.org/10.1007/s00253-009-2079-4
http://www.ncbi.nlm.nih.gov/pubmed/19568746
http://doi.org/10.1016/j.ibiod.2009.10.001


J. Fungi 2022, 8, 447 22 of 24

37. Lee, C.K.; Jang, M.Y.; Park, H.R.; Choo, G.C.; Cho, H.S.; Park, S.B.; Oh, K.C.; An, J.B.; Ki, B.G. Cloning and characterization of
xylanase in cellulolytic Bacillus sp. strain JMY1 isolated from forest soil. Appl. Biol. Chem. 2016, 59, 415–423. [CrossRef]

38. Samson, R.A.; Visagie, C.M.; Houbraken, J.; Hong, S.-B.; Hubka, V.; Klaassen, C.H.W.; Perrone, G.; Seifert, K.A.; Susca, A.; Tanney,
J.B.; et al. Phylogeny, identification, and nomenclature of the genus Aspergillus. Stud. Mycol. 2014, 78, 141–173. [CrossRef]

39. Doyle, J.J.; Doyle, J.L. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phyto-Chem. Bull. 1987, 19, 11–15.
40. White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In

PCR Protocols: A Guide to Methods and Applications; Innis, M.A., Gelfand, D.H., Sninsky, J.J., White, T.J., Eds.; Academic Press: New
York, NY, USA, 1990; pp. 315–322.

41. Nayaka, C.S.; Niranjan Raj, S.; Venkataramana, M.; Gupta, V.K.; Gurunathan, S.; Shobith, R.; Shetty, H.S.; Srivastava, R.K.
Elicitation of resistance and associated defense responses in Trichoderma hamatum induced protection against pearl millet downy
mildew pathogen. Sci. Rep. 2017, 7, 43991.

42. Paul, S.P.; Shin, Y.C.; Park, C.S.; Chung, Y.R. Biological control of fusarium wilt of cucumber by chitinolytic bacteria. Phytopathology
1999, 89, 92–99. [CrossRef]

43. Mandels, M.; Andreotti, R.; Roche, R. Measurement of saccharifying cellulase. Biotechnol. Bioeng. Symp. 1976, 6, 17–37.
44. Haltrich, D.; Nidetzky, B.; Kulbe, K.D.; Steiner, W.; Zupaneie, S. Production of fungal xylanases. Bioresour. Technol. 1996, 58,

137–161. [CrossRef]
45. Tangnu, S.K.; Blanch, H.W.; Wilke, C.R. Enhanced production of cellulase, hemicellulase, and β-glucosidase by Trichoderma reesei

Rut C-30. Biotechnol. Bioeng. 1981, 23, 1837–1849. [CrossRef]
46. Panda, T.; Gruber, H.; Kubicek, C.P. Stimulation of protein secretion in Trichoderma reesei by Tween surfactants is not correlated

with changes in enzyme localization or membrane fatty acid composition. FEMS Microbiol. Lett. 1987, 41, 85–90. [CrossRef]
47. Bagewadi, Z.K.; Mulla, S.I.; Ninnekar, H.Z. Purification and characterization of endo b-1,4-D-glucanase from Trichoderma

harzianum strain HZN11 and its application in the production of bioethanol from sweet sorghum bagasse. 3 Biotech 2016, 6, 101.
[CrossRef]

48. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef]

49. Würleitner, E.; Pera, L.; Wacenovsky, C.; Mach, R. Transcriptional Regulation of xyn2 in Hypocreajecorina. Eukaryot. Cell 2003, 2,
150–158. [CrossRef] [PubMed]

50. Stanley, C.; Annie, N.; Chang, C.Y.; Hsu, L. Non-chromosomal Antibiotic Resistance in Bacteria: Genetic Transformation of
Escherichia coli by R-factor DNA. Proc. Natl. Acad. Sci. USA 1972, 69, 2110–2114.

51. Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual, 2nd ed.; Sanger, F., Nicklen, S., Coulson, A.R., Eds.;
Cold Spring Harbor Laboratory; Cold Spring Harbor: New York, NY, USA, 1989.

52. Sambrook, J.; Russell, D.W. Molecular Cloning: A Laboratory Manual, 3rd ed.; Cold Spring Harbor (NY), Cold Spring Harbor
Laboratory Press: New York, NY, USA, 2001; pp. 132–150.

53. Birnboim, H.C.; Doly, J.A. Rapid alkaline extraction procedure for screening recombinant plasmid DNA. Nucleic Acids Res. 1979,
7, 1513–1523. [CrossRef]

54. Miller, G.L. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar. Anal. Chem. 1959, 31, 426–428. [CrossRef]
55. Roberts, W.K.; Selitrennikoff, C.P. Isolation and partial characterization of two antifungal proteins from barley. Biochim. Biol.

-Phys. Acta 1986, 880, 161–170. [CrossRef]
56. Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, I.M.; Wilm, A.;

Lopez, R.; et al. Clustal W and Clustal X Version 2.0. Bioinformatics 2007, 23, 2947–2948. [CrossRef] [PubMed]
57. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetic analysis across computing platform.

Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]
58. Seeta Laxman, R.; Sonawane, A.P.; More, S.V.; Seetarama Rao, B.; Rele, M.V.; Jogdand, V.V.; Deshpande, V.V.; Rao, M.B.

Optimization and scale-up of production of alkaline protease from Conidiobolus coronatus. Process Biochem. 2005, 40, 3152–3158.
[CrossRef]

59. de Queiroz-Fernandes, M.; Martins, B.L.; Geisiany, C.B.R. Reuse of wastewater from pulp industry for the optimization of fungal
xylanase production. Acta Sci. Biol. Sci. 2017, 39, 21–26. [CrossRef]

60. Gupta, S.; Bhushan, B.; Hoondal, G.S. Isolation, purification, and characterization of xylanase from Staphylococcus sp. SG-13 and
its application in bio-bleaching of kraft pulp. J Appl. Microbiol. 2000, 88, 325–334. [CrossRef]

61. Al-Sa’ady Ali, J.R. Determination of optimum conditions for xylanase production by Aspergillus niger using solid-state fermenta-
tion. Iraqi J. Sci. 2016, 57, 2220–2227.

62. Parichart, K.; laothanachareon, T.; Rattanaphan n Tinnasulanon, P.; Apawasin, S.; Paemanee, A.; Ruanglek, V.; Tanapongpipat, S.;
Champreda, V.; Eurwilaichitr, L. Optimization of Xylanase Production from aspergillus niger for Bio-bleaching of EucalyptusPulp.
Biosci. Biotechnol. Biochem. 2011, 75, 1129–1134. [CrossRef]

63. Sonika, P.; Srivastava, M.; Sharma, A.; Singh, A.; Kumar, V.; Srivastava, Y. Isolation and Optimized Production of Xylanase under
Solid-State Fermentation Condition from Trichoderma sp. Int. J. Adv. Res. 2014, 2, 263–273.

64. Shah, A.R.; Madamwar, D. Xylanase production by newly isolated Aspergillus foresides strain and its characterization. Process
Biochem. 2005, 40, 1763–1771. [CrossRef]

http://doi.org/10.1007/s13765-016-0179-2
http://doi.org/10.1016/j.simyco.2014.07.004
http://doi.org/10.1094/PHYTO.1999.89.1.92
http://doi.org/10.1016/S0960-8524(96)00094-6
http://doi.org/10.1002/bit.260230811
http://doi.org/10.1111/j.1574-6968.1987.tb02146.x
http://doi.org/10.1007/s13205-016-0421-y
http://doi.org/10.1038/227680a0
http://doi.org/10.1128/EC.2.1.150-158.2003
http://www.ncbi.nlm.nih.gov/pubmed/12582132
http://doi.org/10.1093/nar/7.6.1513
http://doi.org/10.1021/ac60147a030
http://doi.org/10.1016/0304-4165(86)90076-0
http://doi.org/10.1093/bioinformatics/btm404
http://www.ncbi.nlm.nih.gov/pubmed/17846036
http://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://doi.org/10.1016/j.procbio.2005.04.005
http://doi.org/10.4025/actascibiolsci.v39i1.34459
http://doi.org/10.1046/j.1365-2672.2000.00974.x
http://doi.org/10.1271/bbb.110032
http://doi.org/10.1016/j.procbio.2004.06.041


J. Fungi 2022, 8, 447 23 of 24

65. Sridevi, B.; Charya, M.A.S. Isolation, identification, and screening of potential cellulase-free xylanase-producing fungi. Afr. J.
Biotechnol. 2011, 10, 4624–4630.

66. Pang, P.K.; Darah, I.; Poppe, L.; Szakacs, G.; Ibrahim, C.O. Xylanase production by a local isolate, Trichoderma spp. FETL c3-2 via
solid-state fermentation using agricultural wastes as substrates. Malays. J. Microbiol. 2006, 2, 7–14.

67. Ghoshal, G.; Kamble, A.; Shivhare, U.S.; Banerjee, U.C. Optimization of culture conditions for the production of xylanase in
submerges fermentation by Penicillium citrinum using response surface methodology. IRAS 2011, 6, 132–137.

68. Richhariya, J.; Sharma, T.K.; Dassani, S. Production and optimization of enzyme xylanase by Aspergillus flavus using agricultural
waste residues. J. Appl. Biol. Biotech. 2020, 8, 82–89.

69. Azzouz, Z.; Bettache, A.; Boucherba, N.; Prieto, A.; Martinez, M.J.; Benallaoua, S.; de Eugenio, L.I. Optimization of β-1,4-
Endoxylanase Production by an Aspergillus niger Strain Growing on Wheat Straw and Application in Xylooligosaccharides
Production. Molecules 2021, 26, 2527. [CrossRef] [PubMed]

70. Li, X.L.; Ljungdahl, L.G. Cloning, sequencing and regulation of a xylanase gene from the fungus Aureobasidium pullulans Y-2311-1.
Appl. Environ. Microbiol. 1994, 60, 3160–3166. [CrossRef]

71. Nagar, S.; Gupta, V.K.; Kumar, D.; Kumar, L.; Kuhad, R.C. Production and optimization of cellulase-free, alkali-stable xylanase by
Bacillus pumilus SV-85S in submerged fermentation. J. Ind. Microbiol. Biotechnol. 2010, 37, 71–83. [CrossRef] [PubMed]

72. Arnesen, S.; Eriksen, S.H.; Olsen, J.O.; Jensen, B. Increased production of α- amylase from Thermomyces lanuginosus by addition of
Tween 80. Enzyme Microbe. Technol. 1998, 23, 249–252. [CrossRef]

73. Eriksson, T.; Börjesson, J.; Tjerneld, F. Mechanism of surfactant effect in enzymatic hydrolysis of lignocelluloses. Enzyme Microb.
Technol. 2002, 31, 12. [CrossRef]

74. Kruszewska, J.; Palamarczyk, G.; Kubicek, C.P. Stimulation of exoprotein secretion by choline and Tween 80 in Trichoderma reesei
QM 9414 correlates with increased activities of dolichol phosphate mannose synthase. J. Gen. Microbiol. 1990, 136, 1293–1298.
[CrossRef]

75. Kheng, P.P.; Omar, I.C. Xylanase production by a local fungal isolate, Aspergillus niger USM AI 1 via solid-state fermentation using
palm kernel cake (PKC) as substrate Songklanakarin. J. Sci. Technol. 2005, 27, 325–336.

76. Okafor, U.A.; Okochi, V.I.; Onyegeme-okerenta, B.M.; Nwodo Chinedu, S. Xylanase production by Aspergillus niger ANL 301
using agro-wastes. Afr. J. Biotechnol. 2007, 6, 1710–1714.

77. Bakri, Y.; Jawhar, M.; Arabi, M.I.E. Improvement of xylanase production by Cochliobolus sativus in submerged culture. Food Technol.
Biotechnol. 2008, 46, 116–118.

78. Pal, A.; Ramana, K.V. Purification and characterization of bacteriocin from Weissella paramesenteroides DFR-8, an isolate from
cucumber (Cucumis sativus). J. Food Biochem. 2010, 34, 932–948. [CrossRef]

79. da Silva, R.; Lago, E.S.; Merheb, C.W.; Merheb, M.M.; Macchione, Y.; Park, K.; Gomes, E. Production of xylanase and CMCase on
solid-state fermentation in different residues by Thermoascus aurantiacus Miehe. Braz. J. Microbiol. 2005, 36, 235–241. [CrossRef]

80. Muthezhilan, R.; Ashok, R.; Jayalakshmi, S. Production and optimization of thermostable alkaline xylanase by Penicillium oxalicum
in solid-state fermentation. Afr. J. Microbiol. Res. 2007, 20–28.

81. Terrasan, C.R.; Temer, B.; Duarte, M.C.; Carmona, E.C. Production of xylanolytic enzymes by Penicillium janczewskii. Bioresour
Technol. 2010, 101, 4139–4143. [CrossRef]

82. Howard, R.L.; Abotsi, E.; Jansen van Rensburg, E.L.; Howard, S. Lignocellulose biotechnology: Issues of bioconversion and
enzyme production. Afr. J. Biotechnol. 2003, 2, 602–619. [CrossRef]

83. Jhamb, K.; Sahoo, D.K. Production of soluble recombinant proteins in Escherichia coli: Effects of process conditions and chaperone
co-expression on cell growth and production of xylanase. Bioresour. Technol. 2012, 123, 135–143. [CrossRef]

84. Juturu, V.; Wu, J.C. Microbial xylanases: Engineering, production, and industrial applications. Biotechnol. Adv. 2012, 30, 1219–1227.
[CrossRef] [PubMed]

85. Motta, F.L.; Andrade, C.C.P.; Santana, M.H.A. A review of xylanase production by the fermentation of xylan: Classification,
characterization and applications. In Sustainable Degradation of Lignocellulosic Biomass Techniques, Applications, and Commercialization;
InTechOpen: New York, NY, USA, 2013; pp. 251–275. [CrossRef]

86. Kumar, K.; Thakur, P.; Rathore, U.S.; Kumar, S.; Mishra, R.K.; Amaresan, N.; Pandey, S.; Mishra, M. Plant beneficial effects of
Trichoderma spp. Suppressing Fusarium wilt and enhancing growth in Tomato. Vegetos 2022, 35, 188–195. [CrossRef]

87. López-Mondéjar, R.; Ros, M.; Pascual, J. Added-value of Trichoderma amended compost as biopesticide organic substrates:
Alternative to traditional organic substrates. Acta Horticulturae 2011, 898, 189–196. [CrossRef]

88. Mishra, R.K.; Bohra, A.; Kamaal, N.; Kumar, K.; Sujayanand, G.K.; Saabale, P.R.; Naik, S.J.; Sarma, B.K.; Kumar, D.; Mishra,
M.; et al. Utilization of biopesticides as sustainable solutions for management of pests in legume crops: Achievements and
prospects. Egypt. J. Biol. Pest Control 2018, 28, 3. [CrossRef]

89. Gomes, E.V.; Ulhoa, C.J.; Cardoza, R.E.; Silva, R.N.; Gutiérrez, S. Involvement of Trichoderma harzianum Epl-1 protein in the
regulation of botrytis virulenceand tomato defense-related genes. Front. Plant Sci. 2017, 8, 880. [CrossRef] [PubMed]

90. Jayalakshmi, S.K.; Raju, S.; Usha Rani, S.; Benagi, V.I.; Sreeramulu, K. Trichoderma harzianum L1 as a potential source for lytic
enzymes and elicitor of defense responses in chickpea (Cicer arietinum L.) against wilt disease caused by Fusarium oxysporum f. sp.
ciceri. Aust. J. Crop Sci. 2009, 3, 44–52.

http://doi.org/10.3390/molecules26092527
http://www.ncbi.nlm.nih.gov/pubmed/33926080
http://doi.org/10.1128/aem.60.9.3160-3166.1994
http://doi.org/10.1007/s10295-009-0650-8
http://www.ncbi.nlm.nih.gov/pubmed/19859753
http://doi.org/10.1016/S0141-0229(98)00040-4
http://doi.org/10.1016/S0141-0229(02)00134-5
http://doi.org/10.1099/00221287-136-7-1293
http://doi.org/10.1111/j.1745-4514.2010.00340.x
http://doi.org/10.1590/S1517-83822005000300006
http://doi.org/10.1016/j.biortech.2010.01.011
http://doi.org/10.5897/AJB2003.000-1115
http://doi.org/10.1016/j.biortech.2012.07.011
http://doi.org/10.1016/j.biotechadv.2011.11.006
http://www.ncbi.nlm.nih.gov/pubmed/22138412
http://doi.org/10.5772/53544
http://doi.org/10.1007/s42535-021-00277-z
http://doi.org/10.17660/ActaHortic.2011.898.23
http://doi.org/10.1186/s41938-017-0004-1
http://doi.org/10.3389/fpls.2017.00880
http://www.ncbi.nlm.nih.gov/pubmed/28611802


J. Fungi 2022, 8, 447 24 of 24

91. Ujiie, M.; Roy, C.; Yaguchi, M. Low-Molecular-Weight Xylanase from Trichoderma viride. Appl. Environ. Microbiol. 1991, 57,
1860–1862. [CrossRef]

92. Tan, L.U.L.; Wong, E.K.C.; Saddler, J.N. Purification and characterization of two D-xylanases from Trichoderma harzianum. Enzyme
Microb. Technol. 1985, 7, 425–430. [CrossRef]

http://doi.org/10.1128/aem.57.6.1860-1862.1991
http://doi.org/10.1016/0141-0229(85)90041-9

	Introduction 
	Materials and Methods 
	Chemicals 
	Isolation of Xylanase Producing Strain from the Sugar Beet Plant 
	Identification of the Fungal Isolate 
	Morphological Identification 
	Molecular Identification 

	Bacterial Strain and Culture Circumstances 
	Plasmids 
	Fungal Growth and Optimization of Xylanase Productivity 
	Selection of the Best Medium Supporting Highest Enzyme Activity 
	Effect of Different pH Values 
	Effect of Incubation Conditions (Shaking and Static Manner) 
	Effect of Different Incubation Temperature 
	Effect of Carbon Sources 
	Effect of Nitrogen Sources 
	Effect of Different Inducers 
	Effect of Tween 80 as an Additive 
	Effect of Agricultural Wastes 

	Purification of Crude Xylanase 
	Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
	Characterization of Purified Xylanase 

	Bioreactor Cultivation Conditions 
	DNA Manipulation 
	Isolation of Xylanase Gene from T. harzianum 
	Screening of the Transformed Cells and Confirmation of Clones 
	PCR Confirmation of Recombinant PUC19 Plasmid 
	Screening of Xylanase Production 
	Extraction of Xylanase Gene and Assay of Enzyme 
	Antifungal Activity Assay 

	Statistical Analysis 

	Results 
	Phylogenetic Relationships 
	Optimization of Xylanase Productivity 
	Purification of Xylanase Enzyme 
	Characterization of Purified Xylanase 
	Substrate Specificity 
	Temperature and pH Stability 
	Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

	Cultivation Conditions for Large-Scale Production of Xylanase Enzyme in a Bioreactor 
	Isolation and Transformation of Xylanase Gene 
	Screening of the Transformed Cells 
	Confirmation Using Restriction Analysis 
	Estimation of Xylanase Activity 
	In Vitro Antifungal Activity of Crude Xylanase 


	Discussion 
	Conclusions 
	References

