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Abstract

Amylases represent a versatile group of catalysts that are used for the saccharification of starch because they can hydrolyze the
glycosidic bonds of starch molecules to release glucose, maltose, and short-chain oligosaccharides. The amylolytic complex of
the thermophilic filamentous fungus Humicola brevis var. thermoidea (AmyHb) was produced, biochemically characterized,
and compared with the commercial amylase Termamyl. In addition, the biotechnological application of AmyHb in starch
saccharification was investigated. The highest production was achieved using a wheat bran medium at 50 °C for 5-6 days
in solid-state fermentation (849.6 + 18.2 U-g~!) without the addition of inducers. Optimum amylolytic activity occurred at
pH 5.0 at 60 °C, and stability was maintained between pH 5.0 and 6.0, with thermal stability at 50-60 °C, especially in the
presence of Ca>*. These results were superior to those found with Termamyl. Both enzymes were strongly inhibited by Hg>*,
Cu?*, and Ag*; however, AmyHb displayed increased activity in the presence of Mn** and Na*. In addition, AmyHb showed
greater tolerance to a wide range of ethanol concentrations. AmyHb appears to be a complex consisting of glucoamylase and
a-amylase, based on its substrate specificity and TLC. The hydrolysis tests on cornstarch flour showed that the cocktail of
AmyHb50% + Termamyl50% significantly increased the release of glucose and total reducing sugars (36.6%) when compared
to the enzymes alone. AmyHb exhibited promising physicochemical properties and good performance with commercial
amylase; therefore, this complex is a biotechnological alternative candidate for the bioprocessing of starch sources.
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Introduction

Amylases (E.C 3.2.1.-) are widely used industrial enzymes
with a history dating back to the early nineteenth century.
They currently constitute 30% of the global enzyme mar-
ket and are used to cleave the glycosidic bonds present in
starch, thereby releasing glucose, maltose, and short-chain
oligosaccharides (Paul et al. 2021; Far et al. 2020). Starch is
a polysaccharide that is widely utilized in various industries
(Tuga and Mironeasa 2020; Seung 2020) and is composed
of D-glucose units connected by glycosidic bonds to form
amylose and amylopectin. Amylose consists of up to 6000
D-glucose residues that are linearly polymerized with a-1,4
glycosidic bonds, whereas amylopectin is a branched poly-
mer consisting of short chains containing 10-60 D-glucose
residues that are interconnected with the same bonds. In
addition, amylopectin has side chains of 15—-45 D-glucose
residues attached to the principal chain by a-1,6 bonds
(Macneill et al. 2017; Oh et al. 2020). Using amylases as
starch biocatalysts has several advantages, including high
specificity, bioeconomic support, environmental damage
reduction, and decreased chemical catalyst dependence
(Laufer 2017; Troiano et al. 2020; Paul et al. 2021; Mesbah
2022; Mondal et al. 2022).

According to the CAZy database of active carbohydrate
enzymes (http://www.cazy.org/), most amylases belong to
the glycoside hydrolase (GH) family 13, which is known as
the a-amylase family. However, the activity of this enzyme
has been observed in other families, including GH14, GH15,
GH 57, GH 119, and GH 126. This classification system
mainly considers the amino acid sequence and three-dimen-
sional structure of the protein (Mgller et al. 2016; Gangad-
haran 2020; Cripwell et al 2021).

Amylases can be divided into four main groups accord-
ing to their mode of action: endoamylases, exoamylases,
debranching enzymes, and transferases (Castro et al. 2011;
Gangadharan et al. 2020). The substrate-specific nature of
some amylases causes the positioning of the starch-binding
site (SBD) to often determine the family to which the amyl-
ase belongs. In the CAZy classification, the starch-binding
site (SBD) is characterized next to the carbohydrate-bind-
ing module (CBM). The CBM corresponds to noncatalytic
auxiliary domains and is associated with the affinity of the
enzyme for insoluble crude starch (Cripwell et al 2021; Gan-
gadharan 2020). Currently, SBDs in 15 CBM families are
located in the C- or N-terminal region of the protein. Of
particular note are the CBM20 microbial amylases, which
exhibit a high affinity for raw starch from two SBD sites in
the C-terminal region (Ngo et al. 2019; Paul et al. 2021).

Although several organisms have the ability to produce
amylases, fungi offer greater industrial potential than bacte-
ria and yeasts because of their superior production systems.
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Fungi thrive in media consisting of low-cost agricultural
byproducts, employ a simple enzyme extraction process,
and exhibit greater pH and temperature stabilities than the
other organisms (Meyer et al., 2020; Balakrishnan et al.
2021). Furthermore, the enzyme complexes produced by
these fungi exhibit beneficial traits for industrial purposes,
including thermotolerance and stability at various pH levels
(Pandey et al. 2000; Sauer et al. 2000; Norouzian et al. 2006;
Mesbah 2022).

The genus Humicola belongs to the family Chaetomi-
aceae and the first species described were H. fuscoatra and
H. grisea (Traaen 1914). Currently, the genus officially
consists of 24 species found in habitats such as compost,
decomposition material, and soil (Ibrahim et al. 2021). Many
produce extracellular enzymes of industrial importance,
such as cellulases, xylanases, and amylases. In particular,
thermophilic fungi of this genus, which produce thermoen-
zymes, are promising sources for meeting biotechnological
demands (Ibrahim et al. 2021), including species such as H.
insolens, which has an excellent production of alkaline and
thermo-resistant cellulases, and the fungus Humicola brevis
var. thermoidea, which contains an alkali-halo-tolerant and
thermostable endo-xylanase (Masui et al. 2012; Fan et al.
2021; Almeida et al. 2022).

Previous research has demonstrated that H. brevis var.
thermoidea is proficient in producing hydrolases like xyla-
nase and f-glucosidase during solid-state fermentation
(SSF) using wheat bran as carbon source to cultivation
(Masui et al. 2012; Almeida et al. 2022). SSF offers sev-
eral advantages including cost-effectiveness, simple equip-
ment requirements, utilization of inexpensive agricultural
residues, minimal water consumption, and reduced catabolic
repression. The furan production during agricultural waste
treatment with steam and high pressure for sterilization
do not appear to affect the enzyme production in H. bre-
vis (Balkan and Ertan 2010; Saxena and Singh 2011; Jilani
and Olson 2023). Additionally, wheat bran is an abundant
and cost-effective agricultural residue that contains starch,
proteins, lipids, cellulose, and hemicellulose, as essential
micronutrients for microbial growth and enzyme production
(Onipe et al. 2015; Chen et al. 2023).

This study aimed to produce and characterize the amylo-
lytic complex produced by the fungus H. brevis var. ther-
moidea (AmyHb) and compare it to the commercial enzyme
Termamyl. In addition, the possible potential of this enzyme
in the biofuel industry was investigated through its ability to
produce fermentable sugars and oligomers by the sacchari-
fication of cornstarch.
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Materials and methods
Microorganisms and maintenance of fungi

The H. brevis var. thermoidea were obtained from the
American Type Culture Collection (ATCC 28402). The
strain was maintained using slant tubes with potato dextrose
agar medium (Oxoid, GBR) at 40 °C with 70% humidity for
15 days (Masui et al. 2012).

Production of AmyHb by solid-state fermentation
(SSF)

The surface of the culture medium was gently scraped with
10 mL of autoclaved distilled water to obtain a solution con-
taining the strain. The fungus was inoculated into the sub-
strate by transferring 2 mL of the suspension into a carbon
source.

Optimization of AmyHb production using SSF

Amylase production was optimized using the one-factor-at-
time (OFAT) method. The best carbon source (5 g carbon
source and 10 mL distilled water), which consisted of wheat
bran, corn grits, corn meal, corn straw, corn cobs, barley,
and soluble starch, was placed in a 250 mL Erlenmeyer flask.
Additional carbon inducers (corn grits, corn meal, barley,
and soluble starch) and nitrogen inducers (casein, peptone,
yeast extract, and urea) were added to the flask (1%, w/w).

The optimal temperature and duration of growth of the
fungus to express AmyHb were subsequently assessed. The
best culture growth temperature for enzyme production was
analyzed using samples at 40, 50, 55, 60, and 70 °C. The
daily enzymatic activity of the samples was measured for
10 days to verify the time required for optimal amylolytic
production. Initially, all media were cultured using SSF, and
amylolytic activity was measured periodically to obtain the
best enzyme production profile.

Production of the crude extract rich in amylase

Under optimal conditions for amylase production, the culture
medium was suspended in 30 mL of ice-cold distilled water
and filtered through a synthetic sieve. The filtered solution
was then centrifuged at 10,000 X g for 10 min (min) at 4 °C.
The pellet was discarded and the supernatant was used as the
crude extract for enzyme activity assays.

Enzyme and protein assays

The amylolytic activities of AmyHb and the commercial
enzyme Termamyl were measured by releasing reducing
sugars using 3,5-dinitrosalicylic acid (DNS) according to
Miller (1959), with glucose as the standard. A 96-well plate
was prepared as follows: 10 pL of enzyme solution, 40 uL
of distilled water, and 50 pL of 50 mmol-L™! sodium ace-
tate buffer at pH 5.0 with 0.5% (w/v) commercial starch, at
60 °C. After 10 min of incubation, the reaction was stopped
by adding DNS at a 1:1 ratio, followed by heating in boil-
ing water. An aliquot of 100 pL was taken for reading on a
microplate at 540 nm using a Spectramax 384 Plus spectro-
photometer (Molecular Devices, USA).

Control points were created by replacing the active
enzymes with heat-denatured enzymes to estimate the
spontaneous hydrolysis of the substrate. One unit of enzyme
activity (U) was defined as the amount of enzyme capable of
releasing 1.0 pmol of reducing sugar per minute. One unit of
specific activity (U-mg~!) was determined as the number of
units of activity per mass of protein. A unit of enzyme pro-
duction in SSF (U-g_l) was defined as the ratio of the num-
ber of units of enzyme activity per gram of carbon source.

The protein concentration was determined using bovine
serum albumin as the standard (Read and Northcote 1981).

Effect of pH on AmyHb activity and stability

The influence of pH on amylolytic activity was determined
by individual incubation of 0.12 ug AmyHb and Termamyl®
(Novozymes, DNK) in 50 pL of a solution containing 1%
(w/v) commercial starch diluted in distilled water and
40 pL of 100 mmol-L~! glycine-citrate—phosphate buffer
with pH values between 3.0 and 10.0, for 10 min at 60 °C
(Ruller et al. 2014). Enzyme pH stability was determined
by incubating 1.2 pg of AmyHb and Termamyl in 900 uL
of 100 mmol-L~! glycine-citrate—phosphate buffer with pH
values between 3.0 and 10.0, for 24 h (h) at 25 °C (Masui
et al. 2012). A 10 pL aliquot of each solution (0.12 pg) was
used to determine enzymatic activity as described above.

Effect of temperature on AmyHb activity
and stability

The effect of temperature on enzymatic activity was deter-
mined in a medium reaction containing 0.12 pg of AmyHb
and Termamyl at temperatures between 25 and 80 °C.
Thermostability was evaluated by pre-incubating 1.2 ug of
AmyHb and Termamyl in 900 pL of distilled water at 50, 60,
and 70 °C. To improve the thermostability of the enzyme,
different aliquots containing MnCl, or CaCl, were prepared
at a concentration of 10 mmol-L~!. For each temperature,
aliquots of 100 pL were taken at time intervals between 1
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and 24 h and cooled in an ice bath for 1 min. A 10 pL ali-
quot containing 0.12 pg of enzyme was used to determine
enzymatic activity as described above.

Effect of salts and EDTA on enzyme activity

The effect of various salts (KCl, LiCl, NaCl, SrCl,, MnCl,,
CaCl,, CoCl,, HgCl,, ZnCl,, FeCl;, AgNO;, CuSO,,
NiSO,, and MgSO,) and EDTA were evaluated by adding
5.0-10 mmol-L ™! of these substances to the enzymatic reac-
tion. The enzymatic activities were then evaluated using the
optimal conditions determined from the previous tests (at
60 °C and pH 5.0).

Effect of ethanol on enzyme activity and stability

The effect of increased ethanol concentration on enzymatic
activity was determined using a reaction containing 0.12 g
of AmyHb and Termamyl in the presence of an ethanol con-
centration gradient of 0-50% (v/v). The reactions were then
performed under the optimal conditions obtained from the
previous tests. Stability tests using increasing concentrations
of ethanol were conducted individually by pre-incubating
1.2 pg of AmyHb and Termamyl in a solution containing
water and 0 to 50% ethanol (v/v) for 24 h at 25 °C. An ali-
quot of each solution (0.12 pg) was used to determine the
enzymatic activity.

Effect of different starch substrates on enzyme
activity

Enzymatic hydrolysis was conducted using various starch
sources, including rice, wheat flour, cornstarch, potato
amylopectin, corn amylopectin, and potato amylose, along
with disaccharides containing glucose, maltose, and sucrose
(Sigma-Aldrich, USA). The substrates were prepared at 1%
concentration, and the starch sources were boiled to facilitate
gelatinization. The reactions were prepared under the previ-
ously determined optimal conditions.

Thin-layer chromatography (TLC)

The hydrolysis products of commercial starch produced
by AmyHb were determined by thin-layer chromatography
(TLC) using silica plates (Merck, DEU). Enzymatic hydroly-
sis was performed by incubating 0.12 ug of AmyHb, 40 pL
of distilled water, and 50 uL. of 50 mmol-L~! sodium acetate
buffer at pH 5.0 containing 0.5% (w/v) commercial starch, at
60 °C. The amylolytic activity of the samples was stopped
using trichloroacetic acid (TCA) from Sigma-Aldrich after
0.5, 1.0, 2.0, and 24 h of reaction.

Ten microliters each of the hydrolyzed sample and glu-
cose and maltose (1% w/v) standard were applied to the
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plate. The plate was then placed in a glass container contain-
ing a running solution of ethyl acetate, acetic acid, formic
acid, and distilled water at a ratio of 9:3:1:4 (v/v). After
each run, the chromatograms were dried at 25 °C for 24 h.
The plates were then sprayed with a solution of 0.2% (w/v)
orcinol diluted in a 9:1 ethanol and sulfuric acid mixture.
Finally, the plates were heated in an oven at 100 °C until the
bands became visible.

Enzymatic saccharification of cornstarch

The amylolytic complex AmyHb was enzymatically used to
hydrolyze cornstarch based on findings from various stud-
ies (Jain and Katyal 2018; Li et al. 2014; Pervez et al. 2014).
The enzymatic hydrolysis assay was conducted in micro-
tubes containing 5% (w/v) commercial corn flour (Yoki™,
BRA) and 1 mL distilled water. This solution was boiled
for 10 min to gelatinize the starch and then cooled in an
ice bath. Enzymes, including AmyHb (6.0 mg/g of sub-
strate), Termamyl (6.0 mg/g of substrate), and a cocktail of
AmyHb50% + Termamyl50% (3.0 + 3.0 mg/g of substrate),
were added to a final volume of 2 mL. The pH was adjusted
to 5.0 with 50 mmol-L~! sodium acetate buffer. Controls
were similarly prepared without the enzymes. The reactions
occurred in a thermomixer bath (Thermo Scientific, USA)
at 60°C and 300 rpm for 24 h.

Determination of amylolytic activity
of the hydrolyzed cornstarch

To test the hydrolysis of cornstarch, the amylolytic activities
of AmyHb, Termamyl, and the cocktail (AmyHb50% + Ter-
mamyl50%) were determined by the enzymatic method
using peroxidase/glucose-oxidase (Bergmeyer and Gawehn
1974), and reducing sugars were determined using DNS.
The results were expressed as the concentration of glucose
(g-L™1), and the percentage of saccharification was calcu-
lated using the equations below:

Glucose(g.L™") = dilution factor x Absorbance 505nm

X standard curve factor

Glucose(g.L™")

Saccharification(%) = —— -
%) Initial concentration of carbohydrates

The results were expressed as total reducing sugars (TRS)
using the equation below:

TRS(g.L™") =dilution factor x Absorbance 540nm

X standard curve factor
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Table 1 Effect of different carbon sources on the production of
AmyHb

Carbon source U. g_1 U.mL™! Total U

Wheat bran 849.6+18.2 141.6+44  4.248+120.1
Corncob 276.6+21.17 46.1+42°  1.383.0+95.0°
Barley 229.8+17.1° 383+3.0°  1.149.1+102.5"
Cornmeal 211.9+22.1 353+22"  1.059.8+97.5"
Corn kernel 208.3+10.2" 347+4.0°  1.041.5+107.2°
Corn straw - - -

Starch - - -

Carbon source: 5 g/10 mL distilled water. The values represent the
mean=+SD (n=5) of enzymatic activity of different crude extracts of
H. brevis in SSF

“Significant difference by Dunnett’s test (p < 0.05)

Analysis of data

All experiments were performed in quintuplicate (n=15)
and results were expressed as mean =+ standard deviation.
The data were analyzed using One-way Analysis of Vari-
ance (ANOVA) followed by the comparison of means using
the Dunnett test (non-parametric: one-way ANOVA, mixed
model) for biochemical of characterization and the Tukey
test (non-parametric: one-way ANOVA, mixed model) for
hydrolysis through Graphpad Prism 9 software (Graphpad
Software, USA). The significance level was set at p <0.05.

Results and discussion

Optimization of AmyHb production by solid-state
fermentation

Wheat bran was considered the optimal carbon source for
producing AmyHb (Table 1). This results from the rich nutri-
tional composition of non-starch carbohydrates (55-60%),
starch (14-25%), protein (13—-18%), minerals (3—8%), and fat
(3—4%) (Katileviciute et al. 2019). This source has facilitated
the efficient secretion of amylase from the fungi Penicillium
chrysogenum (687 U-mg-1), P. griseofulvum (652 U-mg-1)
(Ertan et al. 2014), Thermomyces lanuginosus (535 U-g-1)
(Kunamneni et al. 2005), Lichtheimia ramosa (320.7 U-g-
1), Gongronella butleri (63.25 U-g-1) (Cavalheiro et al.
2017), Thermoascus aurantiacus (44.2 U-g-1) (Oliveira
et al. 2016), and P. purpurogenum (23.5 U-g-1) (El-Naggar
and El-Hersh 2011).

In addition, other types of lignocellulosic biomasses have
been used for amylase production in SSF. For example, A.
oryzae has been applied to soy husks and beer grains (Mel-
nichuk et al. 2020; Francis et al. 2002), Monasus sanguineus
to beetroot (Tallapragada et al. 2017), Trichoderma pseu-
dokoningii to orange peel (Abdulaal 2018), Monasus anka
and A. kawachii to barley and rice (Yoshizaki et al. 2010),
T. virens to watermelon peel (Abdel-Mageed et al. 2022),
Rhizopus delemar to apple bagasse (Pathania et al. 2018),
A. glaums, A. oryzae and P. purpurogenum to rice and maize
cobs (El-Naggar and El-Hersh 2011); Phanerochaete chrys-
osporium to fruit skins (Olorunnisola et al. 2018), and Rhiz-
opus stolonifer, A. niger, and Phanerochaete chrysosporium
to cassava skins (Pothiraj and Eyini, 2007).

Supplementation of 5 g of wheat bran (5 g per 10 mL
distilled water) with other carbon sources (1% w/w) did not

Table 2 Addition of

Supplementary carbon source (1%; w/w) Ug! U.mL™! Total U
supplementary carbon or
nitrogen sources to wheat bran Control (WB) 868.6+21.2 144.1+5.7 4340.2+133.9
for AmyHb production WB + Barley 853.8+12.5 1423272 4269241232
WB + Corn kernel 529.2+13.4% 88.2+7.2% 2.646.9 + 145.6*
WB + Starch 261.6+17.2% 43.8+1.9* 1.308.7+119.7*
WB + Cornmeal 168.8+9.1* 28.3+7.2% 849.0+121.8*
Supplementary nitrogen source (1%; w/w) Ug™! U.mL™! Total U
Control (WB) 816.7+£22.7 136.1£2.6 4.080.2+£243.3
WB + Yeast extract 631.8+18.1* 105.3+3.2* 3.159.6 +210.7*
WB + Casein 487.8 +£20.30* 81.3+7.0% 2.439.8+109.9*
WB + Urea 482.4+8.2% 80.4+6.2% 2.412.0+123.2%
WB + Peptone 435.7+19.1%* 72.5+5.3*% 2.175.6 +£214.0*

Control: 5 g/10 mL of wheat bran (WB). The values represent the means +SD (n=5) of the enzymatic
activity of different extracts of H. brevis in SSF

*Significant difference by Dunnett’s test (p <0.05)
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Fig.1 Effect of temperature and time cultivation on the production
of AmyHb. Temperature A and time cultivation B of AmyHb. The
values represent mean+SD (n=5) of the enzyme production in SSF
using different crude extracts of H. brevis. (ns) Not significant by
Dunnet’s test (p <0,05)

improve AmyHb production (Table 2). However, the addi-
tion of 1% (w/w) carbon sources increased amylase produc-
tion in 7. lanuginosus when supplemented with wheat bran
(Kunamneni et al. 2005). Similarly, the addition of nitrogen
sources (1%, w/w) to 5 g of wheat bran (5 g per 10 mL dis-
tilled water) did not enhance AmyHb production (Table 2),
consistent with findings in A. ferreus for amylase produc-
tion (Sethi et al. 2016). Moreover, P. citrinum exhibited
decreased amylase production in nitrogen-supplemented
conditions, particularly with the addition of yeast extract,
which was also observed in H. brevis (Shruthi et al. 2020).

When testing the effect of temperature and cultivation
time, the highest expression of amylase occurred at 50 °C
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Fig.2 Effect pH and temperature on AmyHb and Termamyl. Effect
of optimal pH (A). pH stability (B) and Optimal temperature (C). (@)
AmyHb; (A) Termamyl. The enzyme activity considered 100% were
24.2+0.5 Umg™' and 484.8+31.9 U.mg™, respectively. The values
represent the mean +SD (n=5) of enzyme activities

(861.4+19.3 U-g~!) with maximum production at 5 days
(864.8+13.8 U-g'l) (Fig. 1). Similar results were obtained
for amylase production by 7. lanuginosus in wheat bran
at 50 °C after 5 d (261 U-g~!') (Kunamneni et al. 2005),
T. aurantiacus (44.2 U-g™"), and the mesophilic fungus L.
ramosa (320.4 U-g~") in wheat bran for 5 days (Oliveira
et al. 2016). As for fungi of the same genus, a report indi-
cated the production of a glucoamylase by a Humicola sp.
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(10.44 U-mg™1), at 37 °C for 3 days in submerged fermen-
tation composed of Vogel medium, in which glucose was
replaced by wheat bran (Riaz et al. 2007).

The results show that wheat bran adequately supports
microbial growth for producing enzymes by providing suffi-
cient carbon and nitrogen (3.3%) for different enzymes pro-
duction (Chick et al. 1947; Javed et al. 2012). Additionally,
H. brevis growth at temperatures close to 50 °C validates its
thermophilic nature, suggesting the probable expression of
amylases with thermo-stable properties. The pH impact on
enzyme expression wasn’t assessed due to the simplicity of
the wheat bran and water culture, which makes pH obser-
vation difficult. Consequently, the final pH (6.45) reflects
interactions among enzymatic complexes, metabolites, and
the fungal medium.

Effect of pH on enzyme activity and stability

An analysis of the effect of pH on the enzymatic activity of
AmyHb and Termamyl revealed that 100% activity occurred at
pH values of 5.0 and 5.5 for the two compounds, respectively
(Fig. 2A). The optimum pH obtained using AmyHb was simi-
lar to that found for the amylases of other Humicola species,
such as the glucoamylase of H. grisea var. thermoidea (Tosi
et al. 1993). Similar results were reported for amylases from
the fungi G. butleri (Cavalheiro et al 2017) and M. sanguineus
when grown by SSF (Tallapragada et al. 2017). In addition,
optimal activity levels at pH 5.0 have been described for fun-
gal species such as Thamnidium elegans, Cordyceps farinosa,
Rhizomucor pusillus (Roth et al. 2019), A. wentii (Lago et al.
2021), and T. pinophilus when using SSF (Xian et al. 2015).

AmyHb maintained a relative activity of over 80% at
pH values between 4.5 and 6.0. This is consistent with the
acidic nature of most fungal amylases, which have pH val-
ues ranging from 4.0 to 7.0. These results are promising
for starch saccharification techniques, as they have a pH
range of 3.0-5.0. These amylases do not require the neu-
tralization of starch paste, as is required when fuel ethanol
is produced from corn (Cripwell et al. 2021; Mesbah 2022).
Additionally, for probiotic supplementation, the amylases
must remain active at neutral or acidic pH levels typically
encountered in animal digestion (El-Saadony et al. 2021).
The presence of a microenvironment acid can enhance the
hydrolysis of starch in lower pH values and it can promote a
better access of amylases into starch, increasing the hydroly-
sis of substrate (Wang and Copeland 2015).

In contrast, Termamyl showed relative activity of over
80% at pH levels of 5.5 and 7.5; therefore, it had greater
activity levels at a basic pH than an acidic pH when com-
pared to AmyHb. Termamyl is an a-amylase produced by
Bacillus licheniformis and one of the most widely used com-
mercial amylases.

Table 3 Effect of salts and EDTA on amylolytic activity of AmyHb
and Termamyl®

Substance Relative activity (%)

AmyHb Termamyl®

5 mmol. 10 mmol. 5mmol. L™ 10 mmol. L™

L L!
Control 100.0+1.0 100.0+1.0 100.0+6.8 100.0+6.8
MnCl, 132.3+6.1% 147.1+6.0%* 81.0+£9.0% 67.7+4.9*%
NaCl 130.5+6.9*% 109.4+49*% 99.7+7.6% 93.2+6.7*
CoCl, 96.6+0.8% 100.1 +8.8*% 87.7+2.6% 63.8+2.9%*
MgSO, 93.5+2.2*% 98.5+0.7*% 107.8+£9.8% 96.2+6.0*
KCl1 89.0+5.1% 99.6+1.0% 118.0+0.5% 94.9+5.0*
SrCl, 89.8+2.6% 90.2+6.0*% 113.0+0.8% 85.8+4.9*
CaCl, 85.3+4.1% 82.0+1.3* 67.6+4.3*% 65.0+6.6*
NiSO, 93.5+£2.3*% 81.2+0.6* 584+3.7% 64.0+£5.7*
ZnCl, 90.9+2.2*% 88.1+0.3* 74.6+6.2% 38.6+5.5%
FeCl, 60.2+0.8% 42.9+1.4* 66.1+6.7% 18.2+2.5%
CuSO, 16.0+4.6* 10.7+1.6* 5.5+£3.4% 3.2+0.6%
HgCl, 26.5+2.1*% 57+04 54+1.2% 6.7+4.4%
AgNO; 0* 0* 0* 0*
EDTA 86.1+3.4% 92.6+1.5% 16.2+3.6* 11.8+0.5%

Activity of 22.5+0.2 U. mg~! and 472.4+29.9 U.mg~! was consid-
ered 100%, respectively. The values represent the means +SD (n=15)
of the enzymatic activity

*Significant difference by Dunnett’s test (p <0.05)

The pH stability test revealed that AmyHb remained sta-
ble when incubated at pH values between 5.0 and 6.0 over a
24 h period at 25 °C (Fig. 2B). Under the same conditions,
AmyHb had relative activities of approximately 70% at pH
4.0, 6.5, 7.0, and 7.5 and 60% at pH 4.0, 8.0, and 9.0. For
amylases produced with wheat bran by SSF, the amylase
activity of A. fumigatus decreased at high pH levels when
incubated at 40 °C for 30 min (Singh et al. 2014). However,
the three amylolytic isoforms of the fungus A. awamori
KT-11 remained active over wide pH ranges (Amyll 4.5-8.5,
Amylll 3.5-7.5, and AmylIII 4.0-7.0) for 15 h at 4 °C
(Anindyawati et al. 1998). Similarly, the purified glucoam-
ylase from a Humicola sp. had an optimum pH of 4.7 and
was stable over a pH range of 3.5 to 5.9 (Riaz et al. 2007).

The stability of Termamyl was maintained at pH 5.5 when
incubated for 24 h at 25 °C, but activity levels declined by
approximately 10% at a pH of 5.0 and 30% at pHs of 6.0 to
7.0. Amylases on the market are often unstable under cer-
tain acidic/basic conditions and this limits their application.
Therefore, mutant strains of microorganisms that express
amylase are produced, such as that derived from Termamyl,
which has greater stability at pH 4.5 (Gangadharan et al.
2020).
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Effect of salts and EDTA on AmyHb and Termamyl
activities

The effects of various salts and EDTA on the AmyHb and
Termamyl enzymes are shown in Table 3. The relative
activity of AmyHb was stimulated by NaCl and MnCl, by
approximately 30% at a concentration of 5 mmol-L~". In
addition, MnCl, increased the enzyme activity by 47.1% at
a concentration of 10 mmol-L~!, whereas NaCl stimulated
it by 9.4% at the same concentration. Similar results were
obtained for Mn?* and Ca** with fungal amylases from 7.
lanuginosus (Petrova et al. 2000; Nguyen et al. 2002) and
Aureobasidium pullulans (Li et al. 2007).

Termamyl showed only a slight increase in its amylolytic
activity in the presence of 5 mmol-L™! of KCI (18.0%), SrCl,
(13.0%), or MgSO, (7.8%). Some Bacillus species appear to
be capable of replacing Ca** with Sr** (Gupta et al. 2003).
In contrast, the activities of AmyHb and the commercial
amylase were strongly inhibited by CuSO, and HgCl, and
completely inhibited by AgNO;. These results corroborate
those reported by Tosi et al. (1993) with the amylase from
Humicola grisea var. thermoidea. Furthermore, the glucoa-
mylase activity of N. crassa exo-1 was shown to increase by
50-60% in the presence of Mn?* and decrease by 50-65%
in the presence of Cu** (Spinelli et al. 1996).

Moreover, the addition of EDTA more strongly inhibited
Termamyl than AmyHb. This level of inhibition generated
by EDTA has also been reported for amylases from A. niger
(Wang et al. 2018), Rhizomucor miehei (Wang et al. 2020),
and Penicillium citrinum (Carvalho et al. 2014). However,
EDTA had no reported influence on amylase activity in A.
brasiliensis, R. oryzae (Almeida et al. 2017), A. terreus
(Sethi et al. 2016), and Humicola grisea var. thermoidea
(Tosi et al. 1993). Hence, Termamy] exhibits notable inhibi-
tion when exposed to EDTA, while its activity increases in
the presence of ions like KCl, SrCI2, and MgSO4, indicating
a greater reliance on ions at its catalytic site. Conversely,
EDTA has minimal inhibitory effects on AmyHb, implying a
lower dependence on ions for its catalytic function. Nonethe-
less, certain ions such as Mn** and Na* positively modulate
AmyHb, improving its performance, which holds potential
benefits for industrial applications (Raza and Rehman 2016).

Effect of temperature and thermal stability
on enzyme activity

AmyHb showed optimum activity at 60 °C, 90% activity at
55 and 50 °C, and 70% at 45, 65, and 70 °C (Fig. 2C). These
values were similar to those of other amylases expressed by
thermophilic fungi, which ranged from 50 to 80 °C (Mesbah
2022; Tomasik and Horton 2012). In contrast, Termamyl
had optimum activity levels at 70-75 °C. Although Bacillus
licheniformis is a mesophilic microorganism, it can produce
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a-amylases with optimum activity levels at 50-100 °C
(Muras et al. 2021). The glucoamylase expressed by H.
grisea var. thermoidea with SSF displayed peak activity at
temperatures of 60-55 °C (Tosi et al. 1993; Campos and
Felix 1995). Similarly, Paecilomyces variotti (Michelin et al.
2010) and A. terreus (Sethi et al. 2016) have been shown to
produce an amylase at an optimum temperature of 60 °C.

In terms of thermostability, AmyHb retained 100% of
its activity for up to 8 h. After 24 h, the enzyme activity
decreased by approximately 75% at 50 °C. This result was
superior to that of the commercial enzyme, which main-
tained 90% activity over 2 h and had a half-life of approxi-
mately 8 h at the same temperature (Fig. 3A and B). At
60 °C, AmyHb was stable for up to 1 h, showed a decrease
in stability at 2 h, and had a t;;, value of close to 8 h, while
Termamyl reached the t;, value in the first hour of incuba-
tion. In addition, AmyHb maintained approximately 25%
of its stability for 4 h, while the commercial enzyme only
retained 15% of its activity for 8 h, at 70 °C.

Almeida et al. (2017) reported that the amylase produced
by A. brasiliensis remained stable for 120 min at 50 °C and
100 min at 60 °C, but showed a t;,, of 32 min at 70 °C.
In addition, the same authors reported that the amylase of
R. oryzae only retained residual activity at 50 °C, with a
half-life of 12 min. In addition, among the nine recombi-
nant a-amylases from A. niger, four (AmyA, AmyD, AmyF,
and AmyM) were completely stable at temperatures below
40 °C, two (AmyC and AmyE) maintained more than 60%
residual activity between 40 °C and 50 °C for 1 h, and two
(AmyG and AmyH) maintained residual activity above 40%
at 70 °C (Wang et al. 2018). The findings from AmyHb dem-
onstrate superior thermal stability compared to Termamyl
and enhanced starch hydrolysis capabilities compared to
other amylase in literature.

Enzymes from the Bacillus and Aspergillus genera are
commonly used for production because of their stability at
high temperatures. Although this thermostability is largely
due to ion supplementation (Sindhu et al. 2017; Parashar and
Satyanarayana 2018), the literature states that most amylases
produced by microorganisms are ion-dependent or more sta-
ble when these ions are present (Paul et al. 2021). Termamyl
is only able to maintain its enzymatic activity at tempera-
tures close to 100 °C when incubated in the presence of Ca**
(Lim et al. 2020; Muras et al. 2021).

The AmyHb and Termamyl amylolytic enzymes were
incubated in the presence of Mn”>* and Ca" to enhance their
thermal tolerance. Results showed that although Mn** did
not improve the thermostability of AmyHb at 50-60 °C, a
10% enhancement in residual activity was observed at 70 °C,
maintained for up to 24 h (Fig. 3C and D). Mn?* also showed
limited efficacy in stabilizing Termamyl at 50-70 °C, with
slight improvement at 60 °C. Termamyl was inactivated
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Fig.3 Thermostability of AmyHb and Termamyl in absence and
presence of ions. Thermostability of AmyHb and Termamyl in
absence of ions (A) and (B), in the presence of Mn 2+ (C) and (D),
and the presence of Ca®* (E) and (F). Temperatures of 50 °C (@);60

with or without Mn?* presence, regardless of temperature
(Fig. 3B and C).

In contrast, Ca’" improved the stability for both AmyHb
and Termamyl at all temperatures tested (Fig. 3E and F).
Both enzymes remained stable for 24 h at 50 °C and 2 h at
60 °C and retained approximately 60% residual activity over
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°C (H);70 °C (A). The enzyme activity considered 100% were
25.7+1.8 Umg™' and 481.3 +28.9 Umg~!, to Amy H and termamyl,
respectively. The values represent the mean+SD (n=5) of enzyme
activities

24 h at the same temperature. At 70 °C, AmyHb maintained
65% of its residual activity for 24 h, while Termamyl stabil-
ity lasted only 1 h, continuously decreasing until it reached
30% residual activity at 24 h.

The findings indicate that Mn>* has minimal thermal sta-
bilizing effect on both enzymes examined. In contrast, Ca>*
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Fig.4 Effect of ethanol on the activity and stability from AmyHb
and Termamyl. Effect of ethanol (A) and ethanol stability (B). (@)
AmyHb; (M) Termamyl®. The enzyme activity considered 100% were
23.7+0.9 Umg™! and 481.1+27.2 U.mg™}, respectively. The values
represent the mean + SD (n=35) of enzyme activities

emerged as the most effective stabilizer for both amylases,
consistent with the literature (Paul et al. 2021). Moreover,
the thermal stability of AmyHb, with or without ions, was
consistently higher than that of Termamyl across the tested
temperatures and time.
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Table 4 AmyHb and Termamyl® substrate specificity

Substrate Relative activity (%)

AmyHb Termamyl®
Control 100.0+6.3* 100.0+7.9
Potato amylose 99.8+3.8* 86.9+5.5%
Potato amylopectin 84.1+6.5% 74.1+4.2%
Corn starch 82.3+4.4* 89.1+0.3%
Wheat starch 78.6 +£5.0% 81.2+3.2%
Maltose 59.7+2.1% 6.0+2.6%
Rice starch 47.1+2.6% 62.9+8.2%
Corn amylopectin 41.2+6.4* 56.0+4.4%
Sucrose 0* 0*

Amylolytic activity of AmyHb 23.5+1.2 U. mg™' and Termamyl
453.3+19.2 U.mg™!, respectively, was considered 100%. The values
represent the means+SD (n=5) of the enzymatic activity. Control:
soluble starch

“Significant difference by Dunnett’s test (p < 0.05)

Effect of ethanol on amylolytic activity and stability

AmyHb activity was stimulated by the presence of up
to 10% ethanol (Fig. 4A) and remained stable until the
40-50% ethanol level, at which it was inhibited by close
to 20%. In contrast, Termamyl was inhibited at all the
ethanol concentrations tested. For the stability tests, both
enzymes remained stable when incubated in 1 to 50%
ethanol for 24 h (Fig. 4B).

Research on the impact of organic solvents on fungal
amylase activity is limited, but some suggest that enzyme
tolerance to these compounds may be related to stabil-
ity in salts such as NaCl. In high-salinity environments,
organic solvents decrease activity by displacing water
(Amoonzegar et al. 2019; Mesbah 2022). Additionally,
organic compounds can stimulate enzymatic hydrolysis by
binding to active sites and increasing hydrophobic inter-
actions among non-polar amino acids, enhancing resist-
ance to unfolding and thermal denaturation, resulting in
improved stability (Hasan et al. 2024). Conversely, Silva
et al. (2009) propose that the glycosylation of eukaryotic
enzymes protects their catalytic sites from conformational
changes induced by organic solvents.

These results are promising for future studies of
recombinant microorganisms in the ethanol industry. In
recent decades, consolidated bioprocessing (CBP) has
become an efficient and economical approach for pro-
ducing fuels derived from lignocellulosic and starchy
biomasses. This technology is advantageous because it
uses a single organism for enzyme production, substrate
hydrolysis, glucose fermentation, and ethanol production
(Cripwell et al. 2021; Haan et al. 2021).
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Effect of hydrolysis potential on different substrates

The substrate specificity of AmyHb and Termamyl
was determined by hydrolyzing various starch sources
(Table 4). AmyHb hydrolyzed the starches at the follow-
ing levels: potato amylose (99.8%), potato amylopectin
(84.1%), cornstarch (82.3%), wheat starch (78.6%), malt-
ose (59.7%), rice starch (47.1%), and corn amylopectin
(41.2%). The percentages for Termamyl were as follows:
cornstarch (89.1%), potato amylose (86.9%), wheat starch
(81.7%), potato amylopectin (74.1%), rice starch (62.9%),
corn amylopectin (56.0%), and finally maltose (6.0%).

The results found for AmyHb corroborate those of the
a-amylase from Thermomyces lanuginosus, which effec-
tively hydrolyzed potato starch (Petrova et al. 2000). Simi-
larly, Xian et al. (2015) found that the a-amylase from
Talaromyces pinophilus had a high preference for amylose
(105.9%), followed by potato starch (97.5%), wheat starch
(94.4%), cornstarch (93.2%), rice starch (94.0%), and amy-
lopectin (68.29).

Similarly, it was observed that the A. tritici glucoam-
ylase had a lower specific activity (30.14+0.51 U-mg™})
for soluble potato starch than the other sources tested
(Xian and Feng 2017), while P. oxalicum glucoa-
mylase had a greater preference for soluble starch
(81.2+0.6 U-mg™!), raw rice starch (24.3+0.5 U-mg™}),
raw corn starch (24.3 +0.4 U-mg™'), raw cassava starch
(11.5+0.2 U-mg™"), raw potato starch (10.8 +0.3 U-mg™"),

Glucose [—» .
Maltose

— -9 6 & ¢

| 0 050 1h 2h 24n |

Fig.5 Thin-layer chromatography (TLC) of the products of soluble
starch hydrolysis by AmyHb. The markers used were 10 pL glucose
and maltose (1%, w/v). 10 pL of the reaction containing starch and
amylolytic solution was incubated for 0, 0.5, 1, 2 and 24 h at 60 °C

raw buckwheat starch (6.9 +0.3 U-mg_l) and raw sweet
potato starch (2.9 +0.2 U-mg_l) (Xu et al. 2016). The
a-amylase from A. oryzae showed the highest percent-
ages with hydrolyzed rice starch (67%), followed by wheat
starch (60%), potato starch (60%), cornstarch (60%), and
amylopectin (56%) (Dey and Banerjee 2015).

The hydrolysis of maltose was greater with AmyHb than
with Termamyl because a-amylases find it difficult to hydro-
lyze short glucose chains. Glucoamylases have a greater
affinity for these chains, which suggests that the amylolytic
complex of H. brevis contains a glucoamylase (Castro et al.
2011; Paul et al. 2021). However, the specificity of certain
substrates depends on both the amylase class and the produc-
ing microorganism.

Thin-layer chromatography (TLC)

The TLC analysis showed that the hydrolysis of commercial
starch by AmyHb produced mainly glucose and maltose,
although short-chain oligosaccharides were also released
during the tested time intervals (Fig. 5). Previous studies
conducted with TLC revealed that glucoamylases predomi-
nantly release glucose, whereas a-amylases release malto-
triose and maltopentaose (Lago et al. 2021; Michelin et al.
2010). In many of these studies, the exclusive release of
glucose was considered conclusive evidence that the enzyme
was a glucoamylase, similar to what was reported for the
amylolytic enzyme from A. niveus (Silva et al. 2009).

The TLC tests showed that the crude extracts containing
amylolytic enzymes from G. butleri and A. brasiliensis in
different starch sources were found in hydrolyzed starch and
released glucose and small amounts of oligosaccharides at
higher concentrations, indicating greater secretion of glu-
coamylase (Cavalheiro et al. 2017). Similar results were
found with R. oryzae, whereby the crude extract secreted
glucoamylase and also minimum quantities of a-amylase
(Almeida et al. 2017).

The TLC analysis and the results obtained previously sug-
gest that the enzyme extract of H. brevis has predominantly
saccharifying activity (exoamylases), because it releases
glucose and maltose, and reduces the dextrinizing potential
(endoamylases) as smaller oligosaccharide chains appear.
Their results allied with the Ca** suggest the presence of
a-amylase working together with glucoamylase on the
amylolytic complex of H. brevis. However, further experi-
ments are required to confirm whether AmyHb corresponds
to two different classes of amylases.

Cornstarch saccharification tests
For the cornstarch hydrolysis tests, commercial corn flour

was used as the substrate due to its processing similarity to
corn used in the bioethanol industry. In both cases, the entire
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Fig.6 Hydrolysis of corn starch by AmyHb, Termamyl® and Cock-
tail AmyHb50% + Termamyl®50%). Reducing sugars (A), Glucose
(B) and Saccharification (C). The amount of carbohydrate equiva-
lent to 100% was 41 g.L.‘l. (@) AmyHb; (H) Termamyl®; (A)
Cocktail (AmyHb50% + Termamyl®50%). The values represent the
means+ SD (n=15) of the enzymatic activities. Significant difference
by Tukey’s test (p <0.05)

clean corn kernel is dry-milled, thereby allowing it to retain
all or part of the original corn germ and fiber and reduce the
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particle size of the kernel (Gwirtz and Garcia-Casal 2013;
Serna-Saldivar and Carrillo 2019).

The hydrolysis tests of corn flour with AmyHb at pH 5.0
at 60 °C showed the release of 9.4 g-L~! of glucose and
15.0 g-L7! of total reducing sugars (TRS) in 24 h, with a
saccharification rate of 36.6% (Fig. 6A, B and C, circles).
Under the same conditions, Termamyl released 10.0 g-L ™!
of glucose and 16.1 g-L ™! of TRS over 24 h and had a sac-
charification rate of 37.4% (Figs. 6A, B and C, squares).
These values were slightly better than those presented by
AmyHb, and, together with the results of the previous sub-
strate specificity tests, suggest a greater affinity of the com-
mercial enzyme for corn amylopectin, since corn flour has a
composition of 23-25% amylose and 75-77% amylopectin
(Kumar and Singh 2019).

Starch saccharification experiments using different micro-
bial amylases vary greatly in terms of the amount of enzyme
and substrate used, as well as the starch source, time, pH,
and hydrolysis temperature. Jain and Katyal (2018) found
that the hydrolysis of cornstarch by the crude extract of A.
niger (1.5 mL) containing glucoamylase released 13.9 g-L ™!
of TRS in 2 h with a saccharification efficiency of 52.6%
at a temperature of 60 °C and pH 5.5. Pervez et al. (2014)
reported a saccharification percentage of 60.0%, with
40.0 g-L~! of glucose after 90 min of hydrolysis of cassava
starch by 30 mL of a-amylase and amyloglucosidase purified
from A. fumigatus at 60 °C.

Interestingly, the cocktail (AmyHb50% + Termamyl50%;
Figs. 6A, B and C, triangles) showed the best hydrolysis
results from the first hour onwards, with an increasing
release of glucose up to 17.2 g-L =" and 20.9 g-.L~! of TRS in
24 h, with a saccharification percentage of 51.9% (Figs. 6A,
B and C, triangles). These results indicate a good syner-
gism between AmyHb and Termamyl, which suggests that
the AmyHb amylolytic complex in the crude extract is a
promising enzyme for industrial use, especially in bioethanol
production.

Conclusion

The present study showed that H. brevis var. thermoidea pre-
sented a high production of the amylolytic complex by SSF
in a wheat bran medium at 50 °C for 5-6 days without the
need for inducers. Furthermore, AmyHb presented optimal
activity at pH 5.0 and 60 °C, with stability at a pH of 5.0
to 6.0 and high thermotolerance at 50 °C for 24 h. At 60 °C
and 70 °C, the thermostability was greater in the presence of
Ca®*; however, the results were superior to those observed
with Termamyl.

AmyHb had increased activity in the presence of Na*™ and
Mn*2, and the addition of EDTA inhibited Termamyl to a



3 Biotech (2024) 14:198

Page 130f 16 198

greater extent than it inhibited AmyHb. Both the H. brevis
amylolytic complex and Termamyl were stable in different
concentrations of ethanol for 24 h.

The cornstarch saccharification tests showed that the
cocktail (AmyHb50% + Termamyl®50%) had the best
hydrolysis results, with a saccharification percentage of
51.9% in 24 h, indicating good synergism between AmyHb
complex and Termamyl. These results suggest that the
AmyHb amylolytic complex found in crude extracts is a
promising enzyme for bioprocessing starch sources. In
addition, the high stability of the enzyme in ethanol and its
strong hydrolysis performance indicate that AmyHb has a
possible potential for use in studies involving recombinant
microorganisms in the ethanol fuel industry. Additionally,
the formation of glucose, maltose, and smaller oligosaccha-
ride chains was verified by TLC through the hydrolysis of
commercial starch by AmyHb and ions, which suggested
greater saccharifying and reduced dextrinizing activities of
the enzyme suggesting the presence of glucoamylases with
a-amylases on amylolytic complex of H. brevis.
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