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HIGHLIGHTS
¢ One of the first works on the amylase production by Ganoderma applanatum;
¢ Production of a-amylase in the wheat milling by-product without supplementation;
e This strain showed potential to produce amylase in several wheat milling by-products;

e Amylase production costs 42-fold less with by-product than synthetic medium;

Abstract: The goal of this study was to evaluate the a-amylases production by basidiomycetes in submerged
cultivation (SmC), using wheat milling by-products as substrate. Enzymatic activity was evaluated to select
the best strain, the ideal concentration, the by-product and the influence of supplementation in the culture
medium. The best producer was chosen among three strains, Ganoderma applanatum (MR-56),
Schizophyllum commune (MR-01), and Ganoderma stipitatum (MR-72). All of them were cultivated under the
same conditions. MR-56 was selected for an initial screening activity of 5.10+0.31 U/mL in 192h. The
Ganoderma applanatum strain was cultured in a medium with various starch concentrations to determine
which concentration resulted in the highest a-amylase activity. After 120h of cultivation, activity in the medium
containing 4.5% (w/v) had increased from 0.40+0.03 U/mL to 20.70+0.9 U/mL. Subsequently, the wheat
milling by-products [Glue Flour (GF), Clean-Out Flour (CF4) Flour, and Low-grade Flour (LGF)] were
evaluated in aqueous suspension with and without nutritional supplementation. It was shown that GF and
LGF are potential starch sources which do not require nutritional supplementation, exhibiting increases in a-
amylase activity of 31.79 U/mL and 30.98 U/mL, respectively. This is the first report involving the application
of Ganoderma applanatum in SmC for a-amylase production using synthetic and wheat milling by-products.
The results also demonstrated that wheat milling by-products may also be used without supplementation for
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cell growth and enzyme production, contributing to the development of more sustainable forms of enzyme
production through the innovative use of edible organisms with medicinal properties.

Keywords: a-amylases; Submerged cultivation; Grain by-products; Flour; Basidiomycetes.
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INTRODUCTION

The term “fungi” refers to a diverse group of microscopic and macroscopic organisms that are valuable
sources of natural products and bioactive compounds. These include enzymes, pigments, alkaloids, flavors,
and aromas, and components that brings benefits to human health, such as potassium, vitamin D, riboflavin,
selenium, proteins, and niacin. These compounds are also applied in the treatment of diseases and as
biofertilizers [1]. Mushrooms (basidiomycetes), which belong to the Fungi Kingdom, are consumed today for
their pleasant taste and the health benefits they provide due to their bioactive compounds [2]. Mushrooms
are also considered a valuable resource for extracellular enzymatic biosynthesis [3,4]. Despite these benefits,
their potential application has not been widely studied, especially regarding the broad range of possibilities
for their use as new enzyme sources [3,5]. Few studies have been published regarding the use of
basidiomycetes for amylase production, but none have been published involving amylase production by
Ganoderma applanatum in SmC using synthetic and wheat mill by-products as substrate.

According to the Food and Agriculture Organization of the United Nations (FAO), wheat is the second
most consumed food product in the world [6]; in the 2022/2023 harvest, total global wheat production and
consumption was approximately 775 million tons [7]. According to the Brazilian Wheat Industry Association
(ABITRIGO), flour was the most consumed wheat grain product in 2021, with an estimated national
consumption of 9.9 million tons [8], as a result of the various uses of this product in the production of breads,
cakes, biscuits, pasta and other foods, as well as its use in glue production and in the pharmaceutical industry
[6,8,9]. The wheat milling process generates several by-products, including GF, CF4, and LGF. These by-
products are underutilized in industrial processes and have a low cost per ton, making them viable for use in
enzyme production.

The global enzymes market is expected to grow by 9.2% from 2017 to 2026, achieving revenues of $
5.28 billion by 2026, an increase of $ 2.89 billion when compared to $ 2.39 billion in 2017. The consumer
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profile has been changing over the last several years in conjunction with increasing interest in industrialized
and functional foods having better nutritional values. This is a trend that has stimulated market growth [10].
Amylases are among the most representative enzymes in the global enzymes market, which are used in
brewing and baking, as well as in textile, paper, chemical, pharmaceutical, and biofuel production [11-15].

The importance of this enzyme group, specially the a-amylase, largely used in baking and brewery
industries, represent a market which may reach US$ 320.1 million by 2024 [16]. The synthesis of this enzyme
is influenced by various physical-chemical and environmental parameters. These include the nature and
specificity of the substrate, culture medium pH, initial starch concentration in batch experiments, cofactors,
and activating compounds. These parameters must be controlled in order to achieve high concentrations of
enzyme. Another important factor is the type of culture (solid or liquid). Therefore, evaluating bioprocess
conditions and parameters is a crucial step in order to improve enzyme synthesis [17]. The preferred method,
due to easier control and handling, is SmC (submerged cultivation) is the most frequently process used by
enzyme industries [18,19].

The goal of this work was to evaluate a-amylase production by different strains of basidiomycetes in
order to select the best a-amylase producer, as well as to evaluate the use of a synthetic medium containing
soluble corn starch P.A. in SmC for amylase production, as compared to the use another culture medium
(composed of solid by-products from wheat milling). Thus, this study also aimed to evaluate a-amylase
production by various strains of basidiomycetes using wheat milling by-products as substrate.

MATERIAL AND METHODS

Strains

Three basidiomycete strains, obtained from the Bioprocesses Engineering and Biotechnology
Department Culture Collection of the Federal University of Parana (UFPR, Curitiba, Brazil), were evaluated
for a-amylase production: Ganoderma applanatum (MR-56), Schizophyllum commune (MR-01), and
Ganoderma stipitatum (MR-72). These species are found mostly in the Atlantic Forest of Brazil. The strains
were kept at 4 °C in Potato Dextrose Agar (PDA). Periodic cultivations (PDA medium, incubation at 30 °C for
5 days) were performed on the strains every 3 months in order to maintain laboratory viability.

Qualitative selection of the strains

The growth medium was inoculated with 5 pieces of fungus mycelium diameter of 5 mm. The starch agar
medium had the following composition (mg/mL): 10 soluble corn starch P.A., 2.0 KH2POg4, 1.4 (NH4)2S04, 0.3
CaCl,, 0.3 MgS0,4.7H20, 0.3 Urea, and 20 agar, previously sterilized at 121 °C for 15 min. This was a modified
medium described by Aguiar and coauthors [20]. The cultures were then incubated at 30 °C for 5 days, and
their growth evaluated by monitoring and measuring their starch degradation halo every 24h. The iodine-
iodide reagent (composed of KI 30 mg/mL and I> 3 mg/mL) was used to confirm starch degradation on the
inoculated plates.

Quantitative selection of strains

The SmC was carried out using the starch medium described above. Three mycelial blocks (5x5 mm)
from the periodic cultivations in the PDA medium were used as inoculum in 50 mL of the starch medium. The
cultures were then incubated for 5 days at 30 °C under agitation at 120 rpm. Samples were collected at Oh,
and subsequently every 24h in order to determine enzyme activity. Samples were centrifuged (8.300 g for 30
min), and the supernatant containing the crude enzyme extract was analyzed.

Enzymatic assays

The a-amylase activity was evaluated using a modified form of the method described by Anto and
coauthors [19], based on the Fuwa method [21]. First, 0.5 mL of 1% (w/v) soluble corn starch P.A. solution,
prepared in 0.1 M sodium phosphate buffer (pH 6.5), was incubated for 5 min at 55 °C. The enzyme was
then diluted in 0.1 M sodium phosphate buffer (pH 6.5), and 0.5 mL was added to each test tube. The tubes
were then incubated at 55 °C for 20 min, and the enzymatic reaction was stopped by adding 1 mL of 3.5-
dinitrosalicylic (DNS). The reducing sugar produced was evaluated using the DNS method [22, 23, 24], and
absorbance was measured at 540 nm. The a-amylase activity was expressed as the amount of enzyme
needed to release 1 micromole of reducing sugar, the standard curve was performed with glucose, per minute
per mL.
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Influence of starch concentration on a-amylase production

After the qualitative and quantitative selection of the basidiomycetes, a-amylase production was carried
out by evaluating different concentrations of starch. Culture media containing different concentrations of
starch (0.5; 1.0; 1.5; 2.0; 2.5; 3.0; 3.5; 4.0; 4.5; 5.0; 5.5; 6.0 and 6.5%) were also composed of 2.0 mg/mL
KH2PO4, 1.4 mg/mL (NH4)2S04, 0.3 mg/mL CaClz, 0.3 mg/mL MgS0O.4.7H20, and 0.3 mg/mL urea [20]. The
cultures were incubated at 30 °C for 5 days under agitation at 120 rpm. Samples were collected at Oh, and
subsequently every 24 h for analysis of enzymatic activity.

Preparation of culture medium and inoculum

The best starch concentration in the medium was selected, after which three wheat milling by-products
(which are not feasible for bread, pasta, and biscuit production) provided by a wheat mill (Curitiba-Parana,
Brazil) were used as substrate, as described in Table 1.

A solid-liquid medium was prepared using 4.5% (w/v) soluble corn starch for each respective by-product
in water, always equivalent to the amount necessary for achieving the desired concentration, 5.6 mg/mL by-
product (GF), 5.5 mg/mL CF4 and 10.23 mg/mL LGF. The by-products were autoclaved, and the liquid
fraction was used to allow for the fluidity and dissolution of oxygen in the medium. These media were used
for the SmC, together with a control experiment (a medium with 4.5% (w/v) soluble starch). The culture
medium was prepared in the first test without salt supplementation. A new test was then performed, both with
and without salt supplementation.

The salts used for supplementation were as follows (mg/mL): KH2PO4 (2.0), (NH4)2SO4 (1.4), CaCl: (0.3),
MgS0,4.7H,0 (0.3), and urea (0.3). All culture mediums are described in Table 1.

Table 1. Description of the culture media used in the experiments evaluating by-products of the wheat milling.
Wheat milling

Tests b Description Characteristics of the medium
y-products
1 Sol.uble starch 4.5% (w/v) starch Soluble corn starch P.A.
medium (control)
The flour used in the 13.24% moisture, 0.85% ashes, 15.18% proteins, 78.98%
> GE adhesive starch, 35.14 mg/100g Ca?*, 149.14 mg/100g P, 43.33
manufacturing mg/100g Mg?*, 182.24 mg/100g K* and 27.42 mg/100 g Na*
industry [23]
“Clean-out” Flour (a 13.48% moisture, 0.92% ashes, 14.57% proteins, 81.07%
3 CF4 residual flour of silos,  starch, 50.75 mg/100g Ca?*, 156.79 mg/100g P, 46.83 mg/100
pipes, and floor) g Mg?*, 219.28 mg/100g K* and 252.84 mg/100 g Na* [23]
12.98% moisture, 5.02% ashes, 15.80% proteins, 43.95%
4 LGE The by-product of starch, 122.00 mg/100g Ca?*, 379.50 mg/100g P, 153.60
ground wheat flour mg/100g Mg?*, 727.39 mg/100g K* and 31.88 k mg/100g Na*
[23]
The flour used in the
5 GE + salts adhesive GF + (KH2PO4 (2.0) mg/mL, (NH4)2SO4 (1.4) mg/mL, CaClz
manufacturing (0.3) g/L, MgS04.7H20 (0.3) mg/mL and urea (0.3) mg/mL)
industry
Clean-out’ Flour (@ - ory 4 (1,P0,4 (2.0) mg/mL, (NH)2SOs (1.4) mg/mL, CaClz
6 CF4 + salts residual flour of silos, (0.3) g/L, MgS04.7H20 (0.3) mg/mL and urea (0.3) mg/mL)
pipes, and floor) ) ! ) ) )
7 LGE+ salts The by-product of LGF + (KH2PO4 (2.0) mg/mL, (NH4)2S0O4 (1.4) mg/mL, CaCl2

ground wheat milling

(0.3) g/L, MgS04.7H20 (0.3) mg/mL and urea (0.3) mg/mL)

Three mycelial blocks (5x5mm) from the periodic cultures of Ganoderma applanatum MR-56 in the PDA
medium were used as inoculum in 50 mL of the medium. Cultures were incubated for 5 days at 30°C under
agitation at 120 rpm. Samples were collected at 0, 72, 120, and 168 h for further analysis of the enzymatic
assays, as described above. Enzyme productivity was calculated according to Equation 1.

Pr—P;
Yptotar = ftt 1)

Where Ypwoa is total a-amylase productivity (U/mL/h), P; and Pr are initial and final product concentrations
(mg/mL), and t; is total cultivation time (h).
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Statistical analysis

The data were analyzed using analysis of variance (ANOVA), followed by a multiple comparison test.
The quality of fit was determined based on the regression coefficient (R?) and the adjusted R?. It was also
used a nonlinear surface fit in the data acquired by means of the OriginPro 8.5 software. The direct search
method in the Engineering Equation Solver® software was used for multivariate optimization.

RESULTS

Qualitative selection of mushroom strains

The strains Ganoderma applanatum (MR-56), Schizophyllum commune (MR-01), and Ganoderma
stipitatum (MR-72) were evaluated for growth capacity in a medium containing a single source of carbon.
Radial growth was observed, expressed in terms of the difference between the colonies diameter (cm) of the
colony at different incubation times in the starch agar medium. Schizophyllum commune MR-01 exhibited
lower growth, with a variation in diameter (AQ) of 3.3 cm after 5 days of incubation at 30°C on plates (Table
2). Among the 3 strains tested, Ganoderma stipitatum (MR-72) exhibited intermediate growth, with a Ad of
4.3 cm. Ganoderma applanatum MR-56 showed the highest radial growth, with a A@ of 6.0 cm.

Table 2. The colonies diameter of mushrooms Schizophyllum commune MR-01, Ganoderma stipitatum MR-72, and
Ganoderma applanatum MR-56 at 1, 4, and 5 days of radial growth on the surface of 1% starch agar medium at 30 °C.

. Growth Relative
Basidiomycete Diameter & (cm) increased Growth™ growth***
Oday 1stday 4'"day 5" day AQD %
MR-01 0.5 0.7 2.8 4.2 3.7 + 56.9
MR-72 0.5 0.7 3.0 5.2 4.7 ++ 72.3
MR-56 0.5 0.8 4.6 7.0 6.5 +++ 100.0

@ = diameter; * AD = change in the diameter of the colonies (calculated by the difference between the diameters at the
final time (5 day of incubation minus the diameter at the initial time (0 days); ** Growth sign (+, ++, +++), the + sign
represents the lowest growth of the colonies; the ++ signal represents intermediate growth; +++ represents the highest
growth. *** Relative growth (%) is the diameter of the growth of a specific fungus to growth of the highest growing fungus
(MR-56).

Growth increase was calculated according to the difference between the diameters measured on the 1%
and 5" days of growth. Relative growth of 100% was obtained for the highest observed growth value,
achieved by the G. applanatum MR-56 strain. The second highest relative growth (72.6%) was observed for
G. stipitatum MR-72, followed by the S. commune MR-01 strain (56.5%).

Quantitative selection of mushroom strains

Enzymatic quantification was carried out in SmC for Ganoderma applanatum (MR-56), Schizophyllum
commune (MR-01), and Ganoderma stipitatum (MR-72). Table 3 shows a-amylase production for each
strains.

Table 3. Results of enzymatic activity (EA) (U/mL) and productivity (P) (U/mL.h) of the quantitative assay under SmC
during 72, 144, 168, and 192h aiming for basidiomycete strains selection with the highest production capacity of a-
amylases.

Strain 72h 144 h 168 h 192 h

A P A P A P A P
MR-56 0.72+0.18° 0.010 1.67+0.282 0.012 3.30+0.342 0.020 5.10+0.31*  0.027
MR-01 0.94+0.112 0.013 1.60+0.342 0.011 2.00+0.41° 0.012 2.80+0.42° 0.015
MR-72 0.60+0.09¢ 0.008 0.7940.1° 0.005 0.94+0.21° 0.005 1.10+0.13¢  0.006

A= Amylase activity (U/mL); P= productivity (U/mL.h); Different letters on the same column means significant
difference (p<0.05).

Among the evaluated strains, MR-56 exhibited the best enzyme production for both quantitative (Table
3) and qualitative (Table 2) tests. The highest a-amylase enzyme activity was 5.10+0.31 U/mL, with
productivity of 0.027 U/mL/h, achieved on the 192 h (Table 3). The MR-01 strain exhibited the second-best
result, 2.80+£0.42 U/mL with 0.015 U/mL/h of productivity, also on the 192 h. The lowest enzymatic activity
was observed for MR-72 (1.10+0.13 U/mL), which achieved a yield of 0.006 U/mL/h on the 192 h (8" day) of
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fermentation. The enzymatic activity observed for MR-01 was 45% higher than that observed for MR-56 and
78% higher than that observed for MR-72. A reduction in enzyme production (data not shown) was observed
after 192h of cultivation.

Analysis of the influence of starch concentration on a-amylase production

Ganoderma applanatum (MR-56) was evaluated for enzyme production in different starch corn medium
P.A. concentrations. It was possible to evaluate enzyme productivity as a function of starch concentration
over cultivation (Figure 1). The highest amylase productivity was achieved in 4.5% (w/v) starch concentration.
Most of the concentrations evaluated exhibited peak enzymatic activity at 120 h of fermentation. So, it is
recommended that the process may be stopped in this time for minimizing costs. The maximum productivity
achieved using this starch concentration (4.5% w/v) was 0.162 U/mL/h at 120 h of cultivation.

Productivity of amylase
U/mL.h

192
1.525

1.425
1.325
1.225
1.125
1.025
0.9250
0.8250
0.7250
0.6250
0.5250
0.4250
0.3250
0.2250
0.1250
0.02500

—_
(o))
(o 0]

144

—_
N
o

Submerged cultivation time (h)
((o]
(o))

72 —
1.00% 2.00% 3.00% 4.00% 5.00% 6.00%

Soluble Starch (%)

Figure 1. a-amylase production by MR-56 strains during SmC using soluble starch medium as the sole carbon source,
under constant stirring conditions at 120 rpm, 30 °C for 8 days (192h).

In general, the a-amylase activity increased over the 8 days of cultivation as the starch concentrations
increased. However, a limit concentration of 5.5% was observed for the increase in enzymatic activity (Figure
2). However, the results less pronounced with lower starch concentrations (0.5 to 2.0%), whose activities
were between 0.08 U/mL and 2.34 U/mL.

The kinetics with starch concentrations between 2.5% (w/v) and 4.0% (w/v) exhibited enzymatic activities
with values between 2.34 U/mL to 5.75 U/mL after 120 h of cultivation. Ganoderma applanatum (MR-56)
exhibited the best a-amylase activity at a starch concentration of 4.5% (w/v), with an increase from 0.39 U/mL
(Oh) to 20.70 U/mL (192 h) and productivity of 0.11 U/mL/h. At this concentration, maximum productivity was
0.16 U/mL/h (Figure 2) with an activity of 19.44 U/mL after 120h of cultivation.
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Figure 2. Enzymatic activity (U/mL) under submerged cultivation (SmC) using liquid media containing soluble starch
as the sole carbon source in different concentrations. The best strain previously selected Ganoderma applanatum MR-
56 cultivation was carried out at 120 rpm, 30 °C for 8 days.

The enzyme productivity tended to decrease when 6% (w/v) starch was used, an observation that may
also affect the feasibility of the process. Higher starch concentrations may repress or inhibit enzymes
synthesis, or also affect mass and heat transfer, also may affected the oxygen dissolved during aeration
process, and contributed to an increase in fermentation cost.

Concentrations higher than 6% (w/v) were not tested, since no statistically significant increase in enzyme
activity was detected after 168h as compared to that of the 4.5% (w/v) starch concentration (p < 0.05). On
the other hand, enzyme activity before 168 h for kinetics with 4.5% (w/v) starch was higher than those with
5.0, 5.5, and 6.0% (w/v) starch.

Using the Ganoderma applanatum strain, the current work applied a surface fit to the data acquired and
obtained the following equation:

P:C+A]_S+A2t+A3SZ+A4St+A5t2+AGS2t+A7St2+A8t3+AQS2t2+A108t3+A11t4+A1282t3+A13 St4+A14t5

Where the Residual Sum of Squares is 0.015, the Reduced ChiSq is 0.008, Pearson's r is 0.998, R2 is
99.55%, and Adjusted R2is 0.964. The constants of the equation obtained from the surface fit are: A1=21.73;
A2=-813.68; A3=-0.55; A4=7888.85; A5=18.77; A6=0.004; A7=-172.10; A8=-0.11; A9=-0.18E*; A10=0.88;
A11=0.0003; A12=0.45E"; A13=-0.001; A14=-0.26E"; and A15=-0.49E°. The Figure 3 shows the adjusted
surface for a-amylase production during SmC at 30 °C using a liquid medium containing soluble starch as
the sole carbon source, using the MR-56 strain under constant agitation at 120 rpm for 8 days (192h).

Brazilian Archives of Biology and Technology. Vol.66: e23210514, 2023 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Paludo, L.C.; et al.

Awe 10 AARDNPOid
o = e - ;
& o B X \

(ywin) SSe
<
5

Figure 3. Surface fit for a-amylase production during submerged culture (SmC) using liquid medium containing soluble

starch as the sole carbon source, using strain MR-56, under constant stirring conditions at 120 rpm, 30 °C for 8 days
(216h).

A multivariable optimization was performed based on a Direct Search Method in the Engineering

Equation Solver® software. The optimum soluble starch fraction was obtained (4.6% wi/v) for the Ganoderma
applanatum strain, with an optimal SmC time of 109.4 h.

Analysis of the use of various wheat wheat milling by-products for a-amylase production

G. applanatum (MR-56) was evaluated for a-amylase production in four different culture media, three of
which were composed of different wheat milling by-products (GF, CF4, and LGF), and a control medium
(4.5% (w/v) of soluble starch P.A.) as described in Table 1. The a-amylase activity (U/mL), Table 4, was used
to determine which by-products are best for enzymatic synthesis. The increase in enzyme activity was
observed on the 120 h of cultivation using GF with a 32% increase in a-amylase activity (Figure 4).
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Figure 4. Evolution of SmC for a-amylases production by G. applanatum MR-56 strain over 8 days (192 h) at 30 °C and
120 rpm using industrial by-products GF, CF4, and LGF and Control (4.5% starch medium).

All three wheat milling by-products (evaluated individually) were capable of inducing a-amylase
production. Enzyme production increases significantly (approximately 6-fold) from the 3™ (72 h) to the 5%
(120 h) day of cultivation (Table 4).

Table 4. a-amylase activity and productivity achieved by Ganoderma applanatum MR-56 in SmC during 192 h of
cultivation at 120 rpm and 30°C, comparing synthetic medium (4.5% wi/v soluble corn starch P.A.) with different by-
products (GF, CF4, and LGF).

Cultivation Starch 4.5% GF CF4 LGF

time (h) A P A P A P A P
0 2.27+0.32° 0.00 2.22+0.02° 0.00 1.79+0.23° 0.00 2.38+0.15* 0.00
24 2.25+0.18° 0.09 2.39+0.22°® 0.10 2.03+0.17° 0.08 2.85+0.02% 0.12
72 5.18+0.23p 0.07 3.9940.35¢ 0.05 4.43+0.33° 0.06 5.49+0.11* 0.07
120 18.72+0.14°> 0.16 24.89+0.072 0.21 6.28+0.01¢ 0.05 17.98+0.38° 0.15
168 24.83+0.10° 0.15 25.61+0.43% 0.15 13.09+0.03¢ 0.08 17.98+0.43° 0.11
192 24.93+0.08% 0.13 24.17+0.28°> 0.12 12.96+0.21Y 0.07 16.68+0.36° 0.08

A= Amylase activity (U/mL); P= productivity (U/mL/h); Different letters on the same line means significant difference
(p<0.05).

GF medium exhibited the highest activity values (25.61 U/mL) at the end of the 7" day (168 h), with a
productivity of 0.15 U/mL/h. However, the highest yield value (0.21 U/mL/h) was obtained on the 5" day (120
h) of fermentation (24.89 U/mL). The Tukey test showed a statistical difference (p<0.05) for the two highest
activities.

The analysis of the by-products enriched with nutrients (KH2POa, (NH4).SO4, CaCl,, MgSO4, and Urea)
was also evaluated (Table 5) at 120 h of cultivation (the time was maintained the same as previous studies).
This time was determined after taking into consideration the previous analyses.

Both GF and LGF flours demonstrated potential for a-amylase production. The increase in a-amylase
activity for GF (disregarding activity at 0 h), was 31.79 U/mL, and activity for LGF was 30.98 U/mL. These
values exhibited no significant differences (p<0.05). Both results were obtained with wheat milling by-
products diluted to 4.5% (w/v) without supplementation with other nutrients (nitrogen and salt sources).
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Table 5. a-amylase activity using wheat by-products GF, CF4, and LGF at 4.5% (w/v), with and without nutrient
supplementation KH2POa, (NH4)2SO4, CaClz, MgS04.7H20, and Urea. In the control experiment, 4.5% (w/v) soluble
starch medium containing the salts KH2POas, (NH4)2S04, CaClz, MgS04.7H20, and Urea. The cultivation was carried out
at 30 °C and 120 rpm of agitation in a rotatory shaker. Samples were collected at 0 h and 120 h.

a-amylase Activity (U/mL)

Conditions Control GF CF4 LGF
(Starch 4.5%)
Oh 120h _0h 120 h Oh  120h _ 0h__ 120h
Without Supp|ementation 1.11F 32.90+0.31°> 2.79* 8.46+0.059 2.32% 33.3+0.132
F f
With supplementation 089" 958" 1380 27.66+0.21° 1.94C 22.83+0.18¢ 1.90C 17.97+0.45¢

A Tukey test with p<0.05 was carried out, comparing the cultivation times of each treatment. The uppercase letters refer
to the time Oh and the lowercase letters to the time 120 h.

The culture medium containing CF4 showed higher enzyme activity (20.89 U/mL) with supplemented
than the control experiment (8.69 U/mL). The use of by-product alone did not induce enzyme production
compared to the by-product supplemented with salts.

GF may be considered one of the best by-product alternatives for amylase synthesis since it is currently
used only to manufacture glues and adhesives. It is therefore a low-cost raw material and consequently
contributes to a decrease in industrial production costs. The second-best enzyme activity result was observed
for LGF, whose activity was only 2.5% less than that of GF. In contrast, CF4 exhibited 34.28% less enzyme
activity than GF.

DISCUSSION

The qualitative selection was an essential step for the evaluation of the studied strains. Souza and
coauthors [25] reported a-amylase production by Ganoderma sp. obtained by means of the qualitative test.
The degradation halos exhibited a diameter of 7.0 mm after 120 h of incubation. These results were less
pronounced than those obtained in the present study for Ganoderma applanatum (MR-56), 6.5 cm in 96 h
(Table 1). Goud and coauthors [26] qualitatively studied 50 strains of basidiomycetes. The authors also
analyzed MR-56 and MR-01 strains but did not observe a-amylase production, perhaps due to the different
composition of the culture medium used. The composition of the medium used by Goud and coauthors [26]
did not contain CacCl,, a source of calcium and Urea. Ca?" ions are essential, because this enzyme may
interact with charged amino acids [27]. This ion is also reported in the literature as being an important a-
amylase stabilizer [28]. According to the study by Krupodorova and coauthors [29], Ganoderma applanatum
exhibited amylase activity, when characterized qualitatively, as did Schizophyllum commune. However, the
authors of the study did not include the values of the halos formed by the strains, making the comparison
with the present work difficult. Although all strains have the potential for a-amylase production, MR-56
exhibited the best halo formation.

The fact that few studies have been published involving a-amylase production by basidiomycetes in SmC
highlights the importance of the current work. The guantitative test demonstrated that the MR-56 strain
exhibits a high potential for a-amylase production, a fact confirmed by the high levels of enzyme activity (5.10
U/mL in 192 h), which are higher than those of other studies available in the literature. Paludo et al. [4]
observed a maximum activity of 2.314 U/mL for Coprinus comatus after 48 h. Tatsumi et al. [30], in their
analysis of Lentinus edodes, observed an activity of 1.79, and Jonathan and Adeyo [31] observed an activity
of 0.6 U/mL for Agaricus blazei.

Moreover, Frantz and coauthors [23], who studied C. comatus, obtained an activity of 62.95 U/mL. These
works demonstrate the potential for a-amylase production and the need for new studies whose aim is to
increase the enzyme production. The differences in reported activity may be explained by differences in the
nutritional and physical requirements of the strains, although they belong to the same fungal species. Among
the strains evaluated in the present study, MR-56 exhibited the greatest a-amylase production and therefore
was chosen for further experiments.

An analysis of the concentrations of starch used as a substrate revealed that excess starch might
negatively influence enzyme production. Paludo et al. [4] also observed negative effects of high starch
concentrations, values greater than 2.7%, although the strain they studied requires lower starch
concentrations than those used in the present study (approximately 13 mg/mL). High concentrations resulted
in the suppression of a-amylase production. Glucose, which is released when the macromycete degrades
the starch, is an inhibitor of the various a-amylases produced by fungi strains, resulting in a decrease in
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enzymatic activity [23]. This may explain why higher starch concentrations (Figure 2) result in decreased a-
amylase activity. In contrast, the study by Frantz and coauthors [23] reported that the ideal concentration
observed was approximately 6.7% starch using wheat milling by-products.

The Ganoderma applanatum strain is one of those reported as having the highest enzymatic activity
(31.79 U/mL), as compared to Coprinus comatus (5.84 U/mL) in a synthetic medium [4]. This characteristic
makes Ganoderma applanatum a promising source for industrial-scale production. G. applanatum is still little
explored in the literature regarding a-amylase production, and could be grown in wheat milling by-products
by SmC.

The use of wheat milling by-products was proven effective in increasing a-amylase activity. It should also
be noted that these substrates may be purchased at lower prices than synthetic ones. In the current study,
Ganoderma applanatum exhibited a higher enzymatic activity (31.79 U/mL) with the by-product used without
supplementation. The activity was less than that reported by Frantz and coauthors [23] (approximately 62
U/mL), who used the same type of culture medium with C. comatus. Further studies need to be conducted
to determine whether supplementation with nitrogen sources could be a viable alternative for reducing this
difference observed between the strains.

In contrast, the strain studied exhibited higher activity (0.16 U/mL/h) after 120h when grown in a synthetic
medium, 18.72 U/mL, as compared to C. comatus grown in a synthetic medium, which exhibited a peak
activity of 5.84 U/mL after 48 h (0.12 U/mL/h). Few reports exist in the literature regarding a-amylase
production using this strain. Moreover, the possibility of strain cultivating in wheat milling by-products and by
SmC demonstrates its potential for industrial exploitation.

The kinetics of the by-products GF and LGF exhibiting higher enzymatic activities did not require
supplementation. The characteristic was also observed by Frantz and coauthors [23], who observed that a
nitrogen source was sufficient to increase activity and that calcium and magnesium sources were
unnecessary. The results of this study demonstrated that wheat milling by-products could be used as an
excellent alternative to replace synthetic media.

This, in turn, is related to its centesimal composition and the average cost of the synthetic medium.
Wheat milling by-products have a protein concentration of approximately 14%, composed of amino acids that
are essential for the maintenance and regulation of the strain metabolism. Although the percentage of
vitamins and other mineral salts in the by-products has not been quantified, it has been reported in the
literature that such components are present in these by-products. Peron-Schlosser and coauthors [32] state
that the lipid concentration in GF is approximately 1.63% + 0.43. This compound, even in small amounts, is
vital for fungal metabolism and enzymatic synthesis, since it participates in processes such as fatty acid
biosynthesis.

Phosphate and magnesium components, present in greater amounts in the by-products than in the
synthetic medium, are essential for growth and biomolecule production since these compounds participate
in the cellular transport chain [33]. The growth of the organism is likewise influenced by ions such as Ca?*,
Na?*, Cl, SO4* and Mg?* [34], and enzymatic synthesis is influenced by macronutrients such as K!*, S%, P*,
and Mg, as well as by the micronutrients Mn?*, Fe*, Zn?*, Mo®" and Cu'* [35]. All these factors, in addition to
the fact that the average cost of producing 1 L of the substrate using by-products is currently R$0.10, whereas
the cost of producing the same amount using synthetic substrate is R$ 4.20, contribute to make this substrate
a promising material for this application. Furthermore, its use resulted in a 1.5-fold increase in enzymatic
activity as compared to that observed for the synthetic medium. An increase that was also observed by Frantz
and coauthors [23], who observed increases of up to 11-fold in the production of enzymes with the use of a
by-product as a medium, as compared to the use of a synthetic medium.

When compared to Table 4, the increase in a-amylase production shown in Table 5, despite the same
medium and strain being used, appears to be related to adaptations of the strain. It is common for microbial
strains to undergo genetic changes after several replication procedures. This may occur as a result of its
adaptation to the culture medium in which it is inoculated. Differences in biomolecule production, whether
increased production or even inhibition of production, may have been a result of the above factors.

CONCLUSION

The current study evaluated the potential of basidiomycete strains for a-amylase production, presenting
to the scientific and industrial community the alternative of using agro-industrial by-products as an important
strategy for increasing enzyme production. It should be noted that GF is a potential source for use in microbial
a-amylase production, mainly by mushrooms of the genus Ganoderma spp. The work also demonstrated that
CF4 and LGF wheat milling by-products might also be used as potential substrates for a-amylase production
under SmC conditions. These by-products cost, on average, US$ 96.96 per ton, a lower cost compared to
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other starch sources currently used in industrial enzyme production. The current work opens possibilities for
process optimization and scale-up. Also, the use of different microbial strains and reuse of starch from wheat
milling by-products which have commercial applications.
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