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ABSTRACT. Studying new microbial sources and evaluating the growth kinetics behavior to predict large-
scale production become essential. Besides, research with low-cost culture media has gained interest due
to the need to decrease enzyme production costs. The literature concerning the use of macromycetes as a
source of amylases, and applying mathematical models to predict their behavior is scarce. In this study,
four growth kinetics in different compositions of culture media were carried out: two of them using different
concentrations of Low-Grade Flour (LGF), one wheat mill by-product and two synthetic ones. In the kinetics
mathematical models were used to evaluate the bioprocesses and their scaling feasibility. Mathematical
models, such as modified Logistic, modified Gompertz, Baranyi, and Roberts, and modified Luedeking-
Piret, were applied to predict mycelial growth, enzyme production, and substrate consumption. The results
showed the model’s capability to predict mycelial growth (biomass) and substrate consumption (starch
concentration). On the other hand, the mathematical models efficiently describe only the maximum
enzymatic activity (a-amylase), not the process's other parameters, because of the complexity and diversity
of biomolecules synthesized by Coprinus comatus. The wheat mill by-product was efficient as an ingredient
in the culture media composition. Furthermore, it was concluded that B2 formulation (culture medium with
48.5 g/L of LGF) is the batch with the highest potential for the a-amylase production from C. comatus and
the expansion of this process on an industrial scale. This study is important and valid for the scientific
community since modeling studies for macromycetes are scarce in the literature.
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Introduction

The a-amylases are significant given that they present several uses, mainly in the food industry, such as
in the production of glucose syrup, fermentation, baking, and sweeteners (Iram et al., 2021). Likewise, a-
amylases are used in biorefinery, medicine, paper production, and in the chemical industry - such as in alcohol
production and starch hydrolysis (Aghaei, Mohammadbagheri, Hemasi, & Taghizadeh, 2022; Fasim, More, &
More, 2021; Paris, Scheufele, Janior, Guerreiro, & Hasan, 2012). These enzymes promote the hydrolysis of
starch at random locations in the chain, originating compounds such as maltose, maltotriose, and limited
dextrins (Paul, Lall, Jadhav, & Tiwari, 2017). Due to its variety of uses and compounds produced, this enzyme
stands out in the enzymatic market.

Currently, this enzyme has been used as a substitute for emulsifiers in the food industry, mainly in bakery
products, increasing the shelf life and freshness of bread, for instance (Ruan, Zhang, & Xu, 2022). There is an
increasing interest of the world population in foods with fewer chemical products, such as food additives
(Farias, Kawaguti, & Koblitz, 2021). The COVID-19 pandemic has progressively led to greater concern for
immunity and health, causing consumers to seek organic and natural foods. This upsurge in demand is
reflected in the enzyme market, with an estimated value of US$ 17.2 billion for the year 2027 (Ibrahim, Eid,
& Amin, 2021). For the a-amylase market, this value should exceed US$ 2.7 billion by 2030.
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Most industrial amylases are produced from microbial sources. Among microbial enzymes, fungi stand out
due to their capacity to hydrolyze a variety of organic sources (Kumari, Sushil, Rani, Malik, & Avtar, 2019;
Lim, Hazwani-Oslan, & Oslan, 2020). Although the high potential of macromycetes to bioconvert organic
matter into other compounds, studies aiming at the production of amylases by macromycetes are limited
(Frantz, Paludo, Stutz, & Spier, 2019; Uddin, Ferdous, Rahman, Roy, & Khan, 2013).

Coprinus comatus has a high potential to produce different biomolecules with high-added value and
extracellular enzymes. This strain was quantitatively evaluated for amylase production only by Paludo et al.
(2018) and Frantz et al. (2019). Although, there are no studies regarding the use of Coprinus comatus for
enzymatic production in industrial scale, and no patents registered on “a-amylases produced by C. comatus”
in the patent databases Espacenet Patent Search and Google Patent.

The cost of producing enzymes in industrial scale is high, and the culture medium used as a substrate is
one of the main costs. Therefore, substitution by low-cost carbon sources is increasingly important in this
market (Balakrishnan, Silva, Hwa, & Cremer, 2021, Porfirif, Milatich, Farruggia, & Romanini, 2016). The price
of biomolecules can be more competitive by using low-cost substrates (Balakrishnan et al., 2021; Jujjavarapu
& Dhagat, 2019). Taking it into consideration, Frantz et al. (2019) evaluated the centesimal and mineral
composition of wheat mill by-products. The results showed that these by-products are a source of starch,
protein, and minerals (calcium, potassium, and magnesium). One of these by-products is Low-Grade flour
(LGF), usually used in wheat flour formulations and for animal feed production, and it has a low cost compared
to commercialized flour. Frantz et al. (2019) also showed that LGF has the potential for amylase production
by Coprinus comatus.

In this scenario, this work evaluated batches by applying mathematical modeling of biochemical processes
to predict growth behavior, enzyme production, and substrate consumption in the medium and enable the
scaling of the process. Considering that, mathematical modeling is defined as the attempt to express the
operation of a reaction through mathematical equations. The application of this method is essential to
understand the interactions in the bioprocess, as they relate the response variables to environmental
conditions (such as temperature, pH, and substrate (Gomes, Fontana, Zielinski, Nogueira, & Spier, 2021;
Coban & Demirci, 2016).

Material and methods

Microorganism

Coprinus comatus strain (A54ED3, Sisgen) was provided by the Mushroom Bioprocess Laboratory (LBC) of
the Midwestern State University (UNICENTRO, Brazil). Reactivation, inoculation, and maintenance were
performed as described by Frantz et al. (2019).

Inoculum

Three fragments (5x5 mm) of C. comatus strain were inoculated in 250 mL Erlenmeyer flasks containing
100 mL of 1% (m/v) aqueous suspension of Low-Grade Flour (LGF) (Frantz et al., 2019; Paludo et al., 2018)
during 4 days, for mycelial growth. Subsequently, half percent of pellets (0.5 % m/v, wet weight) was
inoculated in a 250 mL Erlenmeyer flask containing 100 mL of medium for 10 days. All processes were
performed in a medium with pH 6.0, previously autoclaved at 121°C for 15min. and incubated in a shaker
(TECNAL, TE-424, BR) under orbital agitation at 120 rpm at 28 * 2°C.

Culture medium

The LGF was characterized by Frantz et al. (2019). This by-product has 13.24% of moisture, 2.68% of ash,
18.02% of proteins, and 63.91% of starch, with the presence of Ca%', P, Mg%, K*, and Na*. Culture samples were
collected during the 240 h cultivation to evaluate the enzymatic activity, starch concentration, and biomass
production. The carbon/nitrogen ratio of the batch of B1 by-product was 15.09/1, and for B2 it was 7.58/1.
Table 1 presents the composition of the culture medium used in the experiments. The B2 medium was
evaluated to test a concentration of C/N lower than B1, with the purpose to decrease the required amount of
by-product used as substrate, as well as decrease residual starch at the end of the process. The culture medium
was also evaluated for presenting a-amylase activity similar to those found in the optimal medium in the
CCRD, in the tests performed by Frantz et al. (2019). The control culture media were prepared based on the
composition of their respective media with by-products, CB1 with B1 and CB2 with B2.
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Table 1. Compositions of the culture medium.

Batch Culture medium composition
B1 (Batch 1) 105 gL' LGF*, 3.76 g L' urea, and 7.52 g L' KH,POs4
CB1 (Control Batch 1)  67.5 gL P.A. pure starch, 3.76 g L' urea, 8.82 g L' K;HPO4, 0.12 g L' CaClz, 0.06 g L' NaCl, and 0.9 g "' MgSO..
B2 (Batch 2) 48.5 g L' LGF*, 4.0 g L' urea, and 8.0 g L'! K;HPOs.

CB2 (Control Batch 2) 31 gL P.A. pure starch, 4.0 g L™ urea, 9.3 g L' KyHPO4, 0.06 g L™ CaCly, 0.075 g L' NaCl, and 0.4 g L' MgSOa,.

*LGF — Low-Grade Flour; B1: medium with by-product; CB1: medium with concentrations of starch and minerals similar to B1, considering the
composition described by Frantz et al. (2019); B2: medium with by-product; CB2: medium with concentrations similar to B2.

Analytical methods

Biomass concentration was measured as dry cell mass, and starch concentration was quantified using the
AOAC methodology (996.11, 1995). Enzyme assay (a-amylase) was determined by the colorimetric method
proposed by Fuwa (1954) and adapted by Paludo et al. (2018).

Determination of kinetics parameters and conversion factors

Calculations of doubling time (D,), conversion factors (Y /s, Y» /s, and Y x), biomass productivity (Yy), enzyme
productivity (Yp), and specific maximum microbial growth rate (u,,,,) were performed for all the tested batches
considering the data obtained during cultivation. Some parameters were calculated using the method proposed by
Le Duy and Zajic (Schmidell, Lima, Aquarone, & Borzani, 2021). The equations are shown in Table 2.

Table 2. Equations to calculate the parameters of evaluated kinetics.

Kinetic Parameters and Conversion Factors

In2
Doubling time D, =
Hmax
y X = Xo y P —P, )
. X = — P=— P =
Conversion Factors X S, =5, 4 Sy =5, PTX_X,
X —X P —P,
Productivity Yy =120 Y, =0
ty te
Specific maximum mycelial - InX — InX,
ax
growth rate te—to

Xj - initial biomass (g L); X, - final biomass (g L"); t, — Total cultivation time (h); S, - initial substrate (g L'"); Sy - final substrate (g L™'); P, - initial
product (U L"); Py - final product (U L"); D: - Doubling time (h); Yxs - Substrate to biomass conversion factor (gx g™); Yess - Substrate to product
conversion factor (U gs!); Yex - Biomass to product conversion factor (U gc!); Y« - Biomass productivity (g L' h!); Y, - Enzyme productivity (U L' h'); umax
- Specific maximum mycelial growth rate (1 h').

Mathematical modeling in bioprocess kinetics

Different mathematical models (Table 3) were tested to evaluate the experimental data obtained in
the growth kinetics as previously done by Gomes et al. (2021) and Spier, Letti, Woiciechowski, and Soccol
(2009). All models were calculated using OriginPro 8.5 (OriginLab, Massachusetts, USA, 2018) and
Microfit® (Siqueira, Carvalho, Mendes, & Shiosaki, 2014). The coefficient of determination (R2?) and the
Root mean square error (RMSE) were used to determine the proper fit. The changes made to the models
are detailed in the respective references. The present authors only converted the positive sign from 1 to
negative in the Gompertz model (Cheng, Demirci, Catchmark, & Puri, 2010), which was applied to predict
biomass growth. During our analysis, we realized that the original model was not able to predict biomass
growth. The biomass growth predicted by the original model always occurred in an accelerated way, not
predicting the experimental data. After the change, the model was able to predict the behavior of this
type of microorganism.

Results and discussion

Kinetics for mycelial growth, enzymatic production, and substrate consumption

The first assay set was carried out to evaluate the enzymatic kinetics in two different cultures media and
their respective control media (CB1 and CB2). Figure 1 presents the kinetics performed for the evaluation of
mycelial growth (biomass), enzyme production (a-amylase activity), and substrate consumption (starch
concentration).
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Table 3. Mathematical models used to evaluate mycelial growth, enzyme production, and substrate consumption.

Models Equation Calculated Reference
parameters
Mycelial growth (biomass production)

ip Cheng et al. (2010)
Modified X(t) = Xrexp {—exp Hmax® A-t-1 X, Hmax with changes by the
Gompertz Xy

authors
_ Xoexp(Umaxt)
Modified Logistic X = Hmax, Xf Ramprakash and

X
1- (X—?) (1 = exP(mart)) Muthukumar (2015)

Baranyi and 1+ exp(_Xf<t‘7\))

1
X(t) =X+ tmax| x+ (—) log Xf, tmax, 1ag (A) Siqueira (2014)

Roberts X; 1+ exp*A
Enzyme production (a-amylase activity)
P(t) = Py + aA(t) + BB(t)
t
Modified A(t) = P, 5 exP (tmaxt) Tarafdar et al.
Luedeking and 1- Pm(;x (1 — exp(Umaxt)) Prax, PImax, @, 8 (2021); Gomes et al.
Piret (2021)
Iz max P 0
B = 2 i (1= 27 (1 - exp(imat)) )
Hmax max
Modified Ype Mahdinia et al.
P(O) = Praxexp {—exp |72 (0 -0 + 1} sy (A
Gompertz (6) = Praxexpi=exp|p —(A —0) + Pras, (4) (2019)
Substrate consumption (Starch concentration)
Modified Logistic S = So T Mahdinia et al.
8 T+ exp et = 6) s (2019)

P - product (enzyme); t — cultivation time; @ — empirical constant dependent on microbial growth; g — empirical constant non-dependent on microbial
growth; P, — product initial; (t); P4, — maximum activity enzyme; Y, — productivity enzyme; A - lag phase; adaptation phase for enzyme production (A);
X, - initial biomass; X; - final biomass; S, - initial substrate; e — Euler constant; 2.71; u,,q, — the specific maximum rate of substrate degradation; t -
time of maximum substrate degradation.
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Figure 1. Cultures for a-amylase synthesis by Coprinus comatus, with fixed inoculation rate conditions (0.5 % m/v), initial pH (6.83),
incubation temperature (28 * 2°C) at 120 rpm in an orbital shaker.

The batches B1 and B2 with LGF as substrate showed the highest biomass production, above 12 g L'}, and
the control batches (CB1 and CB2) showed concentrations below 9 g L-!. This difference may be linked to the
biomolecule’s availability in the medium due to the complexity of LGF composition compared to the synthetic
medium. According to Frantz et al. (2019), the wheat mill by-product is rich in proteins, lipids, fiber, calcium,
magnesium, and phosphorus, among other complex compounds essential for mycelial growth. Studies report
the importance of highly complex culture media to increase macromycetes growth (Frantz et al., 2019;
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Adebayo-Tayo & Ugwu, 2011). The starch and proteins presented in LGF are sources of power, carbon,
nitrogen, amino acids, and essential compounds for the metabolism of living creatures. From these facts, it is
possible to understand the difference between batches with by-products and those with a synthetic medium.

Furthermore, by analyzing the behavior of the strain in the batches, it is possible to assert that enzyme
production is associated with mycelial growth. This behavior was also observed in studies by Frantz et al. (2019).

The starch hydrolysis at the maximum enzyme activity (144h, 99.51 # 1.11 U mL!) was 72 % in batch B1,
while batch CB1 hydrolyzed 59.24 % of the starch at peak enzymatic activity (120h, 29.77 + 1.23 U mL™). In
batch B2, a-amylase hydrolyzed 42.03 % of the starch in 144h at the maximum activity (95.51 = 2.70 U mL}),
while at CB2, the starch hydrolysis was only 36.05 % in 120h at the peak (46.20 * 1.27 U mL™!). Batch B2 and
CB2 showed lower starch hydrolysis over time. On the other hand, they presented lower residual starch
concentration than B1 and CB1. This is important for the feasibility of the industrial process, as there is less
waste for disposal and treatment.

Batch B2 and CB2 showed lower starch hydrolysis over time, on the other hand, showed lower residual
starch concentration compared to B1 and CB1. This is important for the viability of the industrial process, as
there is less waste for disposal and treatment.

The control batches showed an enzymatic activity peak in a shorter time than their respective batches with
by-products, at 120h for CB1 and CB2, compared to 144h for B1 and B2. On the other hand, control batches
had a lower enzymatic activity, with CB1 3.34-fold lower than B1 and CB2 2.06-fold lower than the activity
obtained in B2. The maximum activity of B1 and B2 occurred at 144h of cultivation; in addition, the B1 batch
showed enzymatic activity 9% higher than B2, but no statistical difference by Tukey's test (p > 0.05) between
the samples.

From this fact, it is possible to infer that batch B2 is the most interesting for future processes. Also, since
the LGF amount required for batch B2 production is 53.81% lower than for B1, the cost of production will be
reduced. Therefore, B2 can be considered a low-cost batch for a-amylase production from C. comatus.

From the results obtained in B1, CB1, B2, and CB2, the kinetic parameters of the bioprocess were calculated
for the a-amylase production, {4y, D¢, enzyme production rate, biomass, and conversion factors (Yy/s, Yp/s,
and Yp,x), which are shown in Table 4.

Table 4. Kinetic parameters of the bioprocess obtained in cultivation performed in batches B1, CB1, B2, and CB2.

Parameters B1 CB1 B2 CB2 Paludo et al. (2018) Frantz et al. (2019)
Biomass (g L) 15.35 8.41 12.12 5.37 0.77 3.78

Umax (1Y) 0.0146 0.0134 0.0159 0.0122 0.03 0.02
Pmax(UmL?) 99.51 = 1.11 (144h) 29.77 + 1.23 (120h) 95.51 = 2.70 (144h) 46.20 + 1.27 (120h) 5.84 (48h) 62.70 (136h)

D, (h)* 47.42 51.88 43.73 57.00 22.13 38.61

Y, (UL'h?) 339.16 64.51 153.60 46.61 - -

Yy (gLth?) 0.062 0.033 0.049 0.021 0.01 0.01

Yp/s (U gds™y 1448.5 364.69 1175.5 391.58 323.00 814.28

Yx/s (g gds™) 0.265 0.19 0.3781 0.1777 0.06 0.06
Yp,x (U gdb™)” 5465.1 1919.3 3109.4 2203.1 5260.02 12542.34

'gds — g of a substrate; "gdb — g of biomass; *D, — doubling time; y,,,, — specific maximum mycelial growth rate; ¥, — hourly enzyme productivity; Yy —
hourly biomass productivity; Y, s —productivity of the substrate; Yy s — biomass productivity with the substrate; Y, x — product (enzyme) productivity to
biomass; P, — maximum activity enzyme.

The batches with LGF medium, B1 and B2, showed a shorter doubling time than their control batches,
4.46h (CB1) and 13.27h (CB2), respectively. However, for this strain, these values were higher than the other
studies reported in the literature as presented in Table 2. The specific growth rate showed the same behavior,
but the values of the current study were lower than those reported in the literature. Therefore, the difference
could be related to biomass production or nutrient concentration in the medium. These can increase or inhibit
the specific maximum growth rate. Batch B1 and B2 showed a higher specific growth rate due to the significant
nutrient concentration in the medium. Vaz et al. (2011) also observed that the culture medium with the
highest nutrient concentration increased ,,,, and other parameters.

In terms of productivity (Y, and Yy) the growth kinetics with by-products (B1 and B2) were proper for a-
amylase and biomass production. The enzyme production rate (Table 1) for the evaluated batches was 339.165
UL'h!forB1and 153.6 UL 'h'! for B2. On the other hand, lower values were observed for synthetic medium
batches (CB1 and CB2): 64.51 UL 'h'! for CB1, and 46.61 U L'h! for CB2, being 5.26 and 3.29-fold lower than
B1 and B2, respectively. It is worth mentioning that when evaluating the productivity (Y,) at the peak of
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enzymatic activity, it was observed that B1 and B2 presented productivity of 413.82 U L-*h'! and 396.80 U L!
h'!, respectively, not differing statistically from each other by the Tukey test (p > 0.05). By-product media also
showed better Yy than synthetic media. This difference in batch productivity can be explained by the
composition of by-product media concerning synthetic media. As previously mentioned, the LGF has in its
composition, compounds that may have induced a better production of biomass and enzyme, which resulted
in more expressive production factors.

The substrate to biomass conversion factor (Yy,s) obtained values of 1.87 and 2.33-fold higher when
comparing B1 with BC1 and B2 with BC2, respectively. The biomass to product conversion factor (Y/x) also
showed this characteristic, with B1 2.84-fold higher than CB1, and B2 1.41-fold bigger than CB2. It also can
be seen when the substrate to product conversion factor was analyzed. The substrate to product conversion
factor (Yp,s) was 1448.5 U gds™ (B1) and 1175.5 U gds™* (B2), while CB1 was 364.69 U gds! and CB1 was 391.58
U gds’'. These results mean that for each gram of substrate consumed, there is a production of more than
1,000 U for batches with LGF compared to a range lower than 400 U for the synthetic medium.

The differences between by-product and synthetic media batches reinforce the idea that
macromycetes adapt and develop better in complex and rich medium. This type of macro-organism is
usually present in nature and is considered decomposers, symbionts, and even parasites (Niego et al.,
2023). This may be one of the reasons that this by-product has more satisfactorily induced mycelial
growth and a-amylase production.

Conversion factors and yield parameters are important when choosing the strain used, operating
parameters, and cultivation medium in order to reduce production costs (Frantz et al., 2019). It is estimated
that about 30 to 40% of the cost involved in enzyme production is related to the culture medium (Joo & Chang,
2005; Kumar & Takagi, 1999). Therefore, there is an increasing search for agro-industrial by-products that
can be substrates for enzyme production to reduce the total production cost (Paul et al., 2017). The LGF proved
to be suitable for a-amylases production by C. comatus compared to the synthetic medium. Besides, the use
of LGF in culture media is favorable because of the low cost.

Mycelial growth modeling (Biomass)

The Logistic model modified by Um, Wang, and Yu (2005) was used to predict the maximum specific growth
rate (Uyqy)- In this study, the modified Gompertz model (Cheng et al., 2010) was modified by the authors for
the mycelial growth of macromycetes to predict Xrand Y. The mathematical model proposed by Baranyi and
Roberts (1994) allowed the determination of ,,,, and A (lag phase of growth) parameters. All models related
mycelial growth with the cultivation time and maximum biomass production (X;). Data obtained are shown
in Table 5.

The ;4. predicted by the modified Logistic model varied from 0.023 to 0.040 1 h'!. The values were similar
to those found by Paludo et al. (2018) (i;,qx = 0.032 1 h!) and by Frantz et al. (2019) (iq, = 0.02 1 h'!). The
Umax Obtained by the Logistic model and the Baranyi and Roberts mathematical model was higher than the
experimental ones. The same also happened with the modified Gompertz model, probably because they did
not consider substrate consumption.

Table 5. Predicted and calculated parameters for the modified Logistic model, modified Gompertz model, and Baranyi and Roberts
model to assess mycelial growth.

Model Batches Umax (1 HY) X (gL A(h) R? RMSE

B1 0.040 14.88 - 0.988 0.641

o . CB1 0.025 7.98 . 0.919 1.535
Modified Logistic B2 0.029 11.07 . 0.966 0.759
CB2 0.023 5.32 . 0.946 0.407

B1 0.340 15.33 - 0.991 0.545

. CB1 0.092 8.58 - 0.951 0.547
Modified Gompertz B2 0.155 11.58 . 0.985 0.451
CB2 0.064 5.33 . 0.970 0.287

B1 0.072 16.85 28.00 0.930 1.735

Baranyi and CB1 0.037 9.08 12.28 0.950 0.887
Roberts B2 0.054 11.99 57.98 0.987 0.452

CB2 0.021 5.34 19.01 0.975 0.261
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The modified Logistic model predicted an X for B1 with a variation of 3.05% concerning experimental
data, and the predicted value of CB1 had a variation of 6.08% compared to the observed results. For batch B2,
which uses 48.5 g ™! of by-product, the predicted and experimental values of X, differed by 8.68%, and CB2
showed a deviation of 0.68%. Although the modified Logistic model did not consider the substrate
consumption in the kinetics bioprocess, this model did not vary by more than 10% compared to the
experimental results; besides, all R? and RMSE were higher than 0.9 and lower than 0.2, respectively.
Therefore, the modified Logistic model is mainly suitable for predicting the C. comatus mycelial growth.

The X; values predicted by the modified Gompertz model had a lower variation than experimental data
(Figure 2). It was 0.09% for B1, 2.04% for CB1, 4.44% for B2, and 0.53% for CB2.
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Figure 2. Observed biomass production (mycelial growth) and fitted models (modified Logistic, modified Gompertz and Baranyi and
Roberts).

Baranyi and Roberts model predicted final biomass with a difference lower than 10% when compared to
the experimental data. Batch B1 had an X; of 16.85 g L', which was 9.77% higher than the experimental value
(15.35 g L'Y). The CB1 control batch also obtained a similar difference on the B1 batch, with 9.69% more
biomass obtained by the mathematical model compared to the kinetic. The batch B2, with by-products,
showed an experimentally higher biomass production than the predicted value by the model (1.09%), and the
CB2 control batch achieved 0.37% more biomass than predicted by the model.

The lag phase (1) obtained by the Baranyi and Roberts model for batch B1 was approximately 28h, while
for CB1 it was 12.28h. Batch B2 had a A of 57.98h, and CB2 had a lag phase of 19.01h. These values were very
similar to those found experimentally. The A of the control kinetics was lower than the batches with by-
products, probably due to the use of a less complex synthetic medium than the LGF, which reduced the
required time to adapt the strain to the environment.

The modified Logistic model could predict mycelial growth with an R? > 0.9 and RMSE < 2 for all batches.
The modified Gompertz model was also significantly correlated to the experimental data (R% >0.951 and RMSE
< 1). The R? and RMSE obtained for Baranyi and Roberts showed that the mathematical model can also
satisfactorily predict biomass production by C. comatus. However, the most appropriate model to predict
biomass growth was the modified Gompertz model.

Mathematical modeling for enzyme production (a-amylase activity)

The modified Luedeking-Piret model estimates the a and B values, indicating whether production
formation depends or not on mycelial growth. When a # 0 and g = 0, enzyme formation is associated with
mycelial growth. On the other hand, if « = 0 and g # 0, product formation is not associated with mycelial
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growth (Germec et al., 2019; Mohammad, Badr-Eldin, EI-Tayeb, & El-Rahman, 1995). The parameters («, S,
and y,,4,) calculated by the model are presented in Table 6.

The second mathematical model assessed for product formation was the modified Gompertz (Mu et al.,
2005; van Ginkel, Sung, & Lay, 2001; Lin & Lay, 2004) which relates the enzymatic activity to cultivation
time, and predicts the adaptation phase for enzyme production () for enzyme production in each batch as
well. The results, R? and RMSE for each mathematical model application, are shown in Table 6.

Table 6. Model parameters for the kinetics of product formation (a-amylase activity).

Model Batch Prae (UmLY) A (h) a 8 tomax (17D R2 RMSE
Modified B1 92.99 - 6045.65 0 0.076 0.973 5.71
Luedeking- CB1 29.14 - 3458.00 0.0012 0.08 0.748 5.91
Piret B2 95.49 - 7856.00 0 0.062 0.707 25.72
CB2 42.58 - 7896.00 0 0.063 0.522 18.16
Bl 96.67 40.32 - - - 0.985 7.28
Modified CB1 27.00 24.82 - - - 0.740 7.34
Gompertz B2 91.93 69.17 - - - 0.735 28.57
CB2 44.70 36.67 - - - 0.524 17.60

The P,,,, experimental value and the data obtained by the modified Luedeking-Piret model presented a
difference; it was 6.54% for B1, 2.12% for CB1, 0.02% for B2, and 7.83% for CB2. The B,,,, obtained in the
experiments, B1 was 99.50 U mL!, while the modified Gompertz Model predicted a maximum of 96.67 U mL-
1 (2.85% deviation). Meanwhile, the predicted productivity in BC1 and the experimental value showed a
deviation of 9.32%. Batch B2 showed a deviation of 3.20%, and CB2 presented a value of 3.75%. However, all
predicted values had a deviation of less than 10% of the experimentally achieved.

The adaptation phase for enzyme production (a) values obtained by the modified Gompertz model differed
from the experimental data. Also, considering the D;obtained experimentally, a parameter directly linked to
the 4, it is possible to prove that this model cannot satisfactorily predict the behavior of macromycetes. On
the other hand, the values obtained for Pn.x were comparable to the experimental ones.

The association between biomass formation and biomolecule synthesis was reported by Osadolor, Nair,
Lennartsson, and Taherzadeh (2017), where « was 3.189 and g was 0.077 1 h'l. The authors observed that pellet
formation was associated with ethanol production when the Neurospora intermedia fungi strain was used. This
behavior was also observed in the present study, where o was higher than g (8 value was approximately 0 for all
batches). The significance of @ compared to 8 presented that for these batches, the production of the enzyme is
associated with the growth of C. comatus, - a behavior experimentally verified (Figure 3).
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Figure 3. Observed a-amylase activity and fitted models (modified Luedeking-Piret and modified Gompertz).
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The maximum specific growth rate (u,,,,) predicted by the modified Luedeking-Piret model for the batches
indicated higher values than those found experimentally. This may be related to the model not considering
the other biomolecules synthesized together with the biomass.

The R? and RMSE values showed that the mathematical models used to predict the product formation
could not efficiently describe all batches. It can be related to the mathematical model's inability to predict the
enzyme activity decrease over time. In this process the models did not consider substrate degradation and the
fundamental enzyme/substrate ratio. However, in industrial-scale enzyme production, the process is stopped
when the enzyme reaches its maximum activity; thus, the mathematical models would be efficient in
predicting the process as both can predict the maximum activity of a-amylase (Figure 3).

Mathematical Modeling for substrate consumption (starch concentration)

The Logistic model was originally developed to assess mycelial growth (Zwietering, Jongenburger,
Rombouts, Van, & Riet, 1990). However, it was modified by Kargi (2009) for substrate consumption (Mahdinia,
Mamouri, Puri, Demirci, & Berenjian, 2019). These modifications allowed to calculate the maximum specific
rate of substrate consumption (1) and the time of maximum substrate consumption (z). The results for the
model’s parameters are shown in Table 7.

Table 7. Parameters were obtained by the modified Logistic model for substrate consumption (starch concentration).

Model Batch [ 7 (h) R2 RMSE

B1 0.022 109.54 0.932 0.545

o . CB1 0.011 143.48 0.821 6.318
Modified Logistic B2 0.025 98.31 0.938 3.110
CB2 0.022 120.29 0.982 1.334

The specific rate of substrate consumption (u) for the evaluated batches ranged from 0.011 1 h'! (CB1) to
0.025 1 h'! (B2). The maximum consumption time (r) of the substrate ranged from 98.31h (B2) to 143.48h
(CB1). B1 and B2 showed a shorter consumption time than their control batches, CB1 and CB2, respectively.
This fact suggests that the higher the enzymatic activity in the batch process, B1 and B2, the shorter the
substrate consumption time. The consumption time can be observed in Figure 4, and it is possible to notice
that there is no significant difference between the experimental data and the one predicted by the
mathematical model. The R? and RMSE values obtained from the modified Logistic model also demonstrated
that the model could be used to describe the process of all batches.

80
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Figure 4. Observed starch concentration (substrate consumption) and fitted model (modified Logistic).
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Some models presented in the literature to evaluate kinetic parameters were developed to analyze
different living beings, such as the Logistic and Gompertz models that initially evaluated human population
growth and their mortality rate. Other models, such as the Luederking-Piret and Baranyi and Roberts models,
evaluated kinetics with bacteria. These mathematical models, over time, were adapted and tested to be used
in different microorganisms, most of which have duplication time and growth behavior different from
macromycetes. While there have been mathematical models for bacteria and yeast since 1949, for instance, the
model proposed by Monod (Dette, Melas, Pepelyshev, & Strigul, 2003), the interest in modeling filamentous
fungi, has only increased in recent decades (Dantigny & Panagou, 2013). Macromycetes studies are even more
recent and limited.

The facts presented may explain the problems found in applying the mathematical models in
macromycetes Kinetics since the delay in the doubling time and the hydrolysis of the components are directly
related to mycelial growth, substrate consumption, and biomolecule synthesis. On the other hand, that does
not make these mathematical models unsuitable, as it can satisfactorily predict the parameters required to
scale up the bioprocess, as showed in the present work. In this way the work was important for enabling and
evaluating different models in bioprocesses with C. comatus in the production of a-amylase. In addition,
enzyme production was improved using wheat mill by-products compared to synthetic medium, which
demonstrates the requirement to evaluate other by-products as substrate. More studies need to be done to
develop or improve mathematical models to effectively describe the kinetics with macromycetes.

Conclusion

This study used mathematical models to predict mycelial growth, a-amylase synthesis by Coprinus
comatus, and substrate hydrolysis in 4 different media compositions. The three models applied to mycelial
growth could predict the X values with a difference of less than 10% compared to the experimental data.
Evaluating a-amylase synthesis, the modified Gompertz model and the Luederking-Piret model also predicted
Pnax with a difference of less than 10% from the experimental value. The modified Logistic mathematical
model was important for evaluating the substrate hydrolysis kinetics because it could predict the range of
highest substrate consumption.
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