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Abstract
Cellulases are a complex of enzymes necessary for the complete solubilization of cellulose in sugars, thus playing a key role in
the natural carbon cycle through the hydrolysis of lignocellulosic structures. The aim of this study was to evaluate the increase
in the capacity of Talaromyces amestolkiae CMIAT 055 to produce cellulases by optimizing the components of the culture
medium containing banana pseudostem as an inducer, as well as in different agitation configurations in a bioreactor.
Optimization was performed through statistical experimental design (Plackett-Burman and DCCR), a study of pH control in
bioreactors, and a study of the agitation system by comparing impellers with different flow profiles in the liquid medium. For
this purpose, a wild strain of Talaromyces amestolkiae CMIAT 055 was used. In the Plackett-Burman and DCCR statistical
design, four components of the culture medium were significant and optimized for greater synthesis of FPase: banana
pseudostem, CaCl2, KH2PO4, and urea. In bioreactors tests, these parameters were beneficial for greater enzyme activities:
maintenance of pH at 5.0, use of Pitched blade impeller, and rotation speed at 300 rpm. Comparing the first test using banana
pseudostem in an Erlenmeyer flask to the last fermentation process in bioreactors, it was observed that the total cellulase
activity increased from 424.7 FPU/L to 2172.8 FPU/L. This fact showed that the strategies adopted in this study are a pertinent
way to reduce the cost of enzyme production through the use of lignocellulosic materials.

Statement Of Novelty
The use of lignocellulosic materials in fermentation process is an emerging study. The applicability of banana pseudostem as
carbon source to produce biomolecules with high added value such as cellulases, was assessed in this study. This is the first
report using banana pseudostem as carbon source to produce biomolecules with high added value such as cellulases, by
Talaromyces amestolkiae CMIAT055. The high cellulase activities were obtained after the optimization step and the results
presented may be useful to researchers because the production of enzymes in an environment containing pseudostem of
banana and Talaromyces has scarcely been reported in the literature.

Introduction
Plant materials have significant amounts of cellulose that may be used as alternative sources of carbon for a number of
processes. Despite the wide availability in the environment or as agro-industrial residue, cellulose acts as a difficult polymer to
be broken. Therefore, an enzymatic conversion of this material, using cellulases, stands out as a process with less
environmental impact, in addition to milder operating conditions, and no formation of undesirable subproducts, compared to
chemical hydrolysis [1].

In addition to the use of cellulases in fuel production processes, these enzymes also help to generate a variety of high value-
added products from the breakdown of biomass, such as organic acids, amino acids, and vitamins. Just as polysaccharide
fractions that can be generated from microbial biomass developed with the aid of sugars generated from the breakdown of
biomass, a process in which cellulolytic enzymes play an important role [2].

The most studied and used strains in the industry for the production of cellulolytic enzymes are those of the genera Aspergillus
and Trichoderma [3]. However, some studies demonstrate limitations of enzymatic activity in the enzyme complex produced by
these genera, such as efficiency in narrow pH and temperature ranges [4], which reinforces the interest in cellulase synthesis
research by other fungal genera.

In biotechnological processes, fungi of the genus Talaromyces are reported as capable of efficiently producing thermostable
cellulases, presenting the advantage of carrying out the hydrolysis step at high temperatures [5]. There are cases reported in the
literature in which the enzymes secreted by this genus have greater lignocellulosic saccharification abilities compared to the
best-known strains, such as Trichoderma reesei [6, 7]. This reinforces the importance of more intense research on cellulase
synthesis by Talaromyces, a genus in which it contains a variety of species capable of degrading cellulose through the fungus's
enzymatic machinery, such as T. amestolkiae, T. piceus and T. stolli [5, 8].
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Despite all the benefits derived from the use of cellulases, they still have high commercial cost and a significant reduction in
price becomes fundamental in order to reduce costs in a wide variety of processes. Therefore, it is necessary to synthesize the
enzymes at the lowest possible cost, since this step is primordial for the enzymatic conversion of the biomass [9]. Thus, among
the strategies that can be implemented to reduce the cost of cellulolytic enzymes, are intensive selection of new microbial
sources producing more stable cellulases and with higher productivity; replacement of growth medium components by
lignocellulosic materials available in nature or as agro-industrial waste; accurate studies on the reactor configuration and
fermentation conditions.

The compositions of the culture medium most commonly used for the production of cellulases in the submerged state were
those initially suggested by Mandels, Reese and Weber [10, 11], in which pure crystalline cellulose is the main inducing
component for enzyme synthesis. However, several studies suggest substitute components for pure cellulose, since a large part
of the costs associated with the synthesis of cellulases fall back on the value of the raw carbohydrate material used as an
inducer [12, 13]. Most studies on cellulase synthesis using alternative carbon sources and Talaromyces fungi report the use of
glycerol, wheat bran, sorbitol, corn husk, and sorghum [5, 6, 14–16], but none with the use of banana pseudostem as a
component of the culture medium.

The production of cellulases through submerged fermentation is also highly influenced by several parameters, such as nature
of the cellulosic material used as an inducer, nutrient availability, pH and configuration of reactors [17]. Regarding the
configuration of the bioreactors used in the production of the enzyme on larger scales, the impeller is the main part of the stirred
tank reactor that determines the effects of the mixture and the energy consumed. Most of these types of equipment need
maximum control of the mixing process to obtain greater productivity, which significantly affects the performance and
economic efficiency of the mixing system. Consequently, studies of the types of impellers used in bioreactors become extremely
relevant for increasing productivity in submerged fermentation processes [18].

Thus, the study aimed to evaluate the increase in the capacity of T. amestolkiae CMIAT 055 to produce cellulases by optimizing
the components of the liquid culture medium containing banana pseudostem as an inducer, as well as in different agitation
configurations of the stirred tank bioreactor fermentation process.

Materials And Methods
Preparation of lignocellulosic material

Banana pseudostem (BP) was kindly provided by Embrapa Agroindústria Tropical, Ceará, Brazil. The material was washed with
distilled water, filtered and dried in an air circulation oven at 60 °C. Afterwards, the washed and dried biomass was ground in a
Willye type mill (Fortinox, Star FT 80 model), with a 10-mesh screen attached to the equipment.

In previous studies, BP was subjected to acid-alkaline treatment in order to verify its use in cellulase synthesis. However, it
presented lower enzymatic production results when compared to the untreated material. Therefore, we have chosen to use BP
without any previous treatment. The cellulose, hemicellulose, lignin, and ash contents of the BP were analyzed [19] to be 83.9,
8.0, 1.8, 1.6% (w/w), respectively. The material was kept in hermetically sealed plastic bags and kept at room temperature
(around 30°C). 

Microorganisms

Talaromyces amestolkiae CMIAT 055, belonging to the Collection of Microorganisms of Agroindustrial Interest, of the Brazilian
Agricultural Research Corporation (EMBRAPA, Ceará, Brazil) was selected in a previous step among 17 fungal strains, as the
best producer of total cellulases (FPase) in submerged fermentation containing 100 mL of medium described by Mandel and
Weber [11]

The microorganism was preserved in the basal medium carboxymethylcellulose agar (CMC), containing (g/L): 2.0 KH2PO4, 0.4
CaCl2.2H2O, 0.3 MgSO4.7H2O, 0.005 FeSO4.7H2O, 0.0037 CoCl2.6H2O, 0.0016 MnSO4.H2O, 0.0014 ZnSO4.7H2O, 1.4 (NH4)2SO4,
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12.0 agar, 10.0 sucrose and 10.0 CMC (pH 5.0). The inoculum was prepared by propagating the fungal spores in a medium
containing wheat bran, incubated at 30°C for 7 days. After the growth period, the microorganism was extracted from the solid
material with the aid of a 0.3% Tween solution (w/v). This suspension was used as an inoculum in the fermentation processes
of propagation of fungus spores in the wheat bran medium. 

Strain identification

We used two molecular markers (Intergenic spaces-ITS1-ITS2 region- and β-tubulin) as recommend barcoding for
Penicillium/Talaromyces to place this strain into a species or to reach to new one [20–22]. PCR primers and conditions of
amplification for ITS1-ITS2 and β-tubulin were performed [23], and the sequencing was done with the forward primers. The
sequencing edition, alignment and phylogenetic analyses were performed with MEGA software version 6.0, being the software
default parameters considered. The generated sequences were deposited in DNA DataBank of Japan (DDBJ) and access
numbers were included in the phylogenetic trees. 

Selection of culture medium variables by Plackett Burman Design (PBD)

Plackett Burman Design was performed to evaluate the main linear effects of BP, sucrose, urea, peptone, yeast extract,
(NH4)2SO4, KH2PO4, MgSO4.7H2O and CaCl2.2H2O on FPase production through 15 experimental runs (Table 1). The most
relevant variables that significantly influence the synthesis of cellulase enzymes were selected using the Statistica software (10
Statsoft, Tulsa, OK, USA). The PBD design was based on the first-order polynomial model (Equation 1):

Where Y is the answer (enzymatic activity), β0 is the intercept model, βi represents the linear coefficient and Xi is the independent
variable.

The amounts attributed to carbon, BP and sucrose sources were determined through experiments in which enzymatic activities
were observed at different concentrations of the solid material. The other variables were adopted according to what is reported
in the literature [24, 25].

A regression analysis was performed to determine the factors influencing enzyme production. Those that were significant at
levels above or below 95% (p < 0.5) were selected and optimized in the next step, by Central Composite Rotational Design
(DCCR).

 

Table 1 - Plackett-Burman design generated for nine variables
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Run BP Sucrose Urea Peptone Yeast
Extract

(NH4)2SO4 KH2PO4 MgSO4.7H2O CaCl2.2H2O FPase

1 +1
(50)

-1 (5) +1
(0.9)

-1
(0.75)

-1
(0.25)

-1 (1.4) +1 (6) +1 (0.9) +1 (1.2) 793.8

2 +1
(50)

+1 (50) -1 (0.3) +1
(2.25)

-1
(0.25)

-1 (1.4) -1 (2) +1 (0.9) +1 (1.2) 39.2

3 -1 (5) +1 (50) +1
(0.9)

-1
(0.75)

+1
(0.75)

-1 (1.4) -1 (2) -1 (0.3) +1 (1.2) 114.5

4 +1
(50)

-1 (5) +1
(0.9)

+1
(2.25)

-1
(0.25)

+1 (3.4) -1 (2) -1(0.3) -1 (0.4) 322.8

5 +1
(50)

+1 (50) -1 (0.3) +1
(2.25)

+1
(0.75)

-1 (1.4) +1 (6) -1 (0.3) -1 (0.4) 41.0

6 +1
(50)

+1 (50) +1
(0.9)

-1
(0.75)

+1
(0.75)

+1 (3.4) -1 (2) +1 (0.9) -1 (0.4) 102.0

7 -1 (5) +1 (50) +1(0.9) +1
(2.25)

-1
(0.25)

+1 (3.4) +1 (6) -1 (0.3) +1 (1.2) 104,9

8 -1 (5) -1 (5) +1
(0.9)

+1
(2.25)

+1
(0.75)

-1 (1.4) +1 (6) +1 (0.9) -1 (0.4) 76.8

9 -1 (5) -1 (5) -1 (0.3) +1
(2.25)

+1
(0.75)

+1 (3.4) -1 (2) +1 (0.9) +1 (1.2) 120.1

10 +1
(50)

-1 (5) -1 (0.3) -1
(0.75)

+1
(0.75)

+1 (3.4) +1 (6) -1 (0.3) +1 (1.2) 684.1

11 -1 (5) +1 (50) -1 (0.3) -1
(0.75)

-1
(0.25)

+1 (3.4) +1 (6) +1 (0.9) -1 (0.4) 127.4

12 -1 (5) -1 (5) -1 (0.3) -1
(0.75)

-1
(0.25)

-1 (1.4) -1 (2) -1 (0.3) -1 (0.4) 61.3

13* 0
(27.5)

0 (27.5) 0 (0.6) 0 (1.5) 0 (0.5) 0 (2.4) 0 (4) 0 (0.6) 0 (0.8) 110.8

14* 0
(27.5)

0 (27.5) 0 (0.6) 0 (1.5) 0 (0.5) 0 (2.4) 0 (4) 0 (0.6) 0 (0.8) 127.4

15* 0
(2.5)

0 (27.5) 0 (0.6) 0 (1.5) 0 (0.5) 0 (2.4) 0 (4) 0 (0.6) 0 (0.8) 140.4

BP = banana pseudostem. * Central points. FPase: FPU/L

 

Optimization of culture media by response surface methodology

A 24 full factorial design was used, in five coded levels, including 8 axial points and 3 central points, totaling 27 experiments
(Table 2). Data were generated using the Statistica 10.0 software (Statsoft, Tulsa, OK, USA).

Table 2 - CCRD matrix with coded and real values for independent variables and FPase responses.
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Teste BP* CaCl2.2H2O KH2PO4 Urea FPase

1 -1 (20) -1 (1.2) -1 (3) -1 (1.2) 442.5

2 -1 (20) -1 (1.2) -1 (3) +1 (3.6) 303.9

3 -1 (20) -1 (1.2) +1 (9) -1 (1.2) 590.1

4 -1 (20) -1 (1.2) +1 (9) +1 (3.6) 379.5

5 -1 (20) +1 (3.6) -1 (3) -1 (1.2) 706.1

6 -1 (20) +1 (3.6) -1 (3) +1 (3.6) 410

7 -1 (20) +1 (3.6) +1 (9) -1 (1.2) 689.5

8 -1 (20) +1 (3.6) +1 (9) +1 (3.6) 277

9 +1 (60) -1 (1.2) -1 (3) -1 (1.2) 90

10 +1(60) -1 (1.2) -1 (3) +1 (3.6) 389.7

11 +1 (60) -1 (1,2) +1 (9) -1 (1.2) 156.3

12 +1 (60) -1 (1.2) +1 (9) +1 (3.6) 399.5

13 +1 (60) +1 (3.6) -1 (3) -1 (1.2) 278.5

14 +1 (60) +1 (3,6) -1 (3) +1 (3.6) 459.7

15 +1 (60) +1 (3.6) +1 (9) -1 (1.2) 256.3

16 +1 (60) +1 (3.6) +1 (9) +1 (3.6) 424.4

17 -α (0) 0 (2.4) 0 (6) 0 (2.4) 2.7

18 +α (80) 0 (2.4) 0 (6) 0 (2.4) 57

19 0 (40) -α (0) 0 (6) 0 (2.4) 742.2

20 0 (40) +α (4.8) 0 (6) 0 (2.4) 1032.4

21 0(40) 0 (2.4) -α (0) 0 (2.4) 331.5

22 0 (40) 0 (2.4) +α (12) 0 (2.4) 350.9

23 0 (40) 0 (2.4) 0 (6) -α (0) 204.9

24 0 (40) 0 (2.4) 0 (6) +α (4.8) 148.9

25** 0 (40) 0 (2.4) 0 (6) 0 (2.4) 162.6

26** 0 (40) 0 (2.4) 0 (6) 0 (2.4) 193.6

27** 0 (40) 0 (2.4) 0 (6) 0 (2.4) 194.3

* PB = banana pseudostem; ** Central points; aPB: g/L; bCaCl2: g/L; cKH2PO4: g/L; dUrea: g/L; eFPAse: FPU/L

The range of levels of all variables was increased, if compared to the levels adopted in PBD-type planning, to study the
induction of enzyme synthesis in higher amounts of components. The experimental data were fitted according to the following
second order quadratic equation, according to equation 2:
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Where Y represents enzyme activity; β0 is the intercept term, constant in the model; βi, βii and βij are, respectively, the linear,
quadratic and interaction coefficients; xi and xj are the independent variables.

The results of the experiments were analyzed, regarding the goodness of fit of the generated models, by Analysis of Variance
(ANOVA). The statistical significance of each equation obtained was evaluated using the R2 regression coefficient and
validation using the Fisher distribution test (F).

Fermentation in bioreactors

Fermentations were carried out in stirred tank reactors BioFlo 310 (New Brunswick, USA) with a working volume of 4 L, equipped
with control and monitoring of pH, agitation, aeration, and temperature, as well as the use of baffles. In all fermentation
processes, during seven days of incubation, the composition of the optimized culture medium was used in the statistical
planning studies carried out in Erlenmeyer flasks, at a temperature of 30 °C.

From each experimental point, collected every 24 hours, 40 mL of fermented broth were removed. Samples were centrifuged at
9600 g for 20 min at 10°C. The precipitate was used for the analysis of fungus biomass and cellulose content with the
supernatant were used for the enzymatic analysis.

Cellulase synthesis was tested through fermentation with the following configurations: without pH control, with Rushton type
impeller and 150 rpm agitation; maintenance of pH at 5.0, with Rushton type impeller and 150 rpm agitation; maintenance of
pH at 5.0, with Pitched Blade impeller and 150 rpm agitation; maintenance of pH at 5.0, with Pitched Blade impeller and 300
rpm agitation.       

Cellulase activity determination

For the determination of cellulases activity in paper filter (FPase), we used Whatman n° 1 analytical paper as substrate in the
reaction with crude enzymatic extract [26]. The supernatant obtained from the cultures (crude enzyme extract) was used as a
cellulase enzyme source and mixed with a strip (50 mg, 1 x 6 cm) of Whatman no 1 paper absorbed in 1 mL of citrate buffer of
sodium (0.05 M), pH 4.8. After the incubation period, 1 hour at 50 ° C, aliquots were collected for analysis of total reducing
sugars generated in the reaction.

The enzymatic activities were determined by quantifying the reducing sugars released in the reaction, using the DNS method
[27], being glucose the standard. The spectrophotometer was read at 540 nm. Activities were reported as FPU/L (FPase). In all
experiments, three replicates of each experiment were adopted and the results were compared through Tukey's statistical
method, at 5% significance level.

Characterization of lignocellulosic material

BP was characterized in terms of the percentage of lignocellulosic in mass of fractions (cellulose, ash, extractives,
hemicellulose, lignin and moisture) [28, 29].

Determination of the cellulose content and dry biomass of the fungus

The residual cellulose and dry biomass content of the cultures was measured according to the procedure described by Ahamed
& Vermette [30].

Results
Screening of cellulase producers

The strain CMIAT 055 strain stood out among the others, with an enzymatic activity of 424.7 FPU/L, and 42.9% lower than the
profile observed by T. reseei RUT C30 (743.9 FPU/L).
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Morphological and molecular identification of CMIAT 055

The strain CMIAT 055 was identified by Embrapa Agrobiologia as Talaromyces amestolkiae and was included in the collection
at the DNA Data Bank of Japan (DDBJ) Center (National Institute of Genetics Research Organization of Information and
Systems, Mishima, Shizuoka, Japan). The ITS and BenA sequences of the fungus were deposited with the respective access
codes KX827631 and KX827632.

Both, ITS and β-tubulin phylogeny placed CMIAT 055 strain together with others Talaromyces species and the closest species
for both genes was T. amestolkiae. We also have analyzed the ITS and β-tubulin concatenated and again CMIAT 055 was
placed within the species T. amestolkiae with high boostrap values (Figure 1). Therefore, based on molecular analyses we
concluded that CMIAT 055 belongs to T. amestolkiae [31]. The ITS and BenA sequences of the fungus were deposited in DNA
DataBank of Japan (DDBJ) with the respective access codes KX827631 and KX827632. 

Optimization of the culture medium

Determination of important variables for FPase production by Plackett–Burman design

The most significant components of the culture medium in the enzymatic synthesis were selected by Plackett-Burman Design.
As indicated in Table 1, total cellulase activity (FPase) ranged from 39.2 FPU/L to 793.8 FPU/L.

Relevant variables in enzyme synthesis were based on p value < 0.05 at the 95% confidence level and on Student's T-test (Table
3). The components BP (p = 0.00), CaCl2.2H2O (p = 0.00), KH2PO4 (p = 0.00), urea (p = 0.01) and (NH4)2SO4 (p = 0.02) had a
positive effect on increasing the enzymatic activity of FPase, while sucrose, peptone and yeast extract had a negative effect.
Despite MgSO4.7H2O, having a negative effect, it was not significant in the response. As pointed out by Gunny et al. [32],
parameters with negative effects suggest that, even in minimal amounts, such components could have a deleterious effect on
cellulase synthesis.

                               Table 3 - Estimate of PBD effects for FPase activity

  Effects Standard error t (5) p-value

Mean 197.767 3.830753 51.6261 0.000375*

BP (x1) 229.65 8.565824 26.8100 0.001388*

Sucrose (x2) -254.983 8.565824 -29.7675 0.001127*

Urea (x3) 73.617 8.565824 8.5942 0.013270*

Peptone (x4) -196.383 8.565824 -22.9264 0.001897*

Yeast Extract (x5) -51.817 8.565824 -6.0492 0.026256*

(NH4)2SO4 (x6) 55.783 8.565824 6.5123 0.022777*

KH2PO4 (x7) 178.017 8.565824 20.7822 0.002307*

MgSO4.7H2O (x8) -11.550 8.565824 -1.3484   0.309939

CaCl2.2H2O (x9) 187.550 8.565824 21.8952 0.002079*

* significant p<0.05; R2 = 0.948 e R2
ajust = 0.855. BP = banana pseudostem.
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Test 1 showed the highest FPAse determinations (793.8 FPU/L). In that experimental condition, the concentrations of the
variables BP, urea, KH2PO4, MgSO4.7H2O, and CaCl2.2H2O were kept in the upper level (+1), while the variables sucrose, peptone,
yeast extract, and (NH4)2SO4 were kept in the lower level (-1). It is relevant to point out that FPase production dropped by 95.0%
in test 2 (39.2 FPU/L) when sucrose and peptone concentrations were used at higher levels and urea and KH2PO4 at lower
levels. However, test 5 showed similar results (FPase 41.0 FPU/L) to test 2, performed at the highest level of KH2PO4.

Although researchers report that higher levels of this salt improve cellulase synthesis [33], it was not possible to observe a direct
relationship between greater total cellulase synthesis and conditions in which KH2PO4 was present in greater amounts in the
culture medium. This fact emphasizes the importance of verifying the interaction between carbon and nitrogen sources, in
addition to micronutrients that contribute to the construction of the enzyme complex.

PBD demonstrated the need to maintain some components of the culture medium at higher levels, in order to enhance FPase
synthesis. In contrast, the test also showed that certain components of the medium should be omitted or kept at lower levels to
ensure performance of enzyme production. Thus, for the conduction of DCCR, sucrose was fixed at the lower level (5.0 g/L) and
the negative factors, peptone, yeast extract, and MgSO4.7H2O were suppressed in the composition of the medium. The
MgSO4.7H2O factor was not significant in the production of FPase. The model's robustness for FPase production was

preserved, as the R2 and R2
ajust still remained high (0.947 and 0.878, respectively), even after MgSO4.7H2O was promptly

omitted from the statistical routine.

It should be noted that, although the effect of (NH4)2SO4 was positive in the production of FPase, it was decided to conduct the
DCCR with only one nitrogen source (urea). The decision to remove this variable was based on a few points: the removal of
(NH4)2SO4 did not compromise the accuracy of the model, as the values of R2 and R2

ajust remained equally high, with R2 =

0.935 and R2
ajust = 0.850 for FPase; the impact of the urea variable was greater in the production of enzymes and the use of

urea was economically more advantageous for the enzyme production process.

Some works report similarities with the results obtained in the present study regarding the maintenance of these components in
the synthesis of cellulases by submerged fermentation. Matkar et al. [25] identified the need for maintenance of CaCl2 after the
element is selected by Plackett-Burman. In DCCR analysis, the effect also showed that high concentrations of calcium chloride
favored the production of FPase and endoglucanases by Aspergillus. Jung et al. [24], in studies with the fungus of the genus
Penicillium concluded that only urea and ammonium sulfate were considered significant variables in the analysis by BPD, with
endoglucanase activity 860 U/L. Fungi of this genus have genetic similarities with the genus Talaromyces, since this is
considered a sexual metamorphosis of the genus Penicillium [34].

Therefore, the variables BP, CaCl2.2H2O, KH2PO4, and urea were selected for the DCCR, and their respective experimental ranges
adjusted and expanded. Thus, the following concentrations of the variables for DCCR were established: BP from 0 to 80 g/L,
CaCl2.2H2O from 0 to 4.8 g/L, KH2PO4 from 0 to 12 g/L, and urea from 0 to 4.8 g/L. 

Central Composite Rotational Design

The previous results established the experimental conditions for the optimization step, so the DCCR included as independent
variables: BP, CaCl2.2H2O, KH2PO4, and urea. The DCCR was composed of three replicas at the central point and eight axial

points (24 plus the star-type configuration, totaling 27 experiments).

The purpose of conducting the DCCR was to obtain a second-order model for the production of total cellulases (response or
dependent variables) as a function of the investigated variables (independent variables) (Table 2).

FPase determinations ranged from 2.7 to 1032.4 FPU/L. The little variation of the enzyme determinations at the central points
used to estimate the statistical design error suggest the reproducibility of the experimental data. Test 20 showed the most
suitable composition for FPase production (1032.4 FPU/L), within the experimental ranges previously established in the PBD.
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There was an increase in the FPase analysis of 71.6 and 63.83%, respectively, in tests performed with 10.0 and 40.0 g/L of BP.
Therefore, the need for lignocellulosic material as an inducer for cellulase synthesis was observed. At higher concentrations
(test 18, 60 g/L of BP), it was harmful to FPase production, possibly due to the increase in the viscosity of the medium and
compromised mass transfer during the fermentation process, as observed in a study with wheat bran by Han et al. [35]. These
authors observed, in a study of cellulase production under submerged fermentation with T. reesei, that lignocellulosic material
at higher concentrations had a negative effect on cellulase production.

It is important to highlight that test 17, whose composition of the culture medium did not contain lignocellulosic material (lower
axial point), showed negligible enzymatic activity. The activity of 2.7 FPU/L for FPase was possibly related to the enzyme
fractions present in the fungal spore suspension that was used as an inoculum.

Using regression analysis, second-order equations were proposed for the production of total cellulases. Only the significant
independent variables (p<0.05) were considered in the equations:

 

Where x1, x2, x3 and x4 are the coded values for the concentrations of BP, CaCl2.2H2O, KH2PO4 and urea, respectively. The
experimental data were also submitted to Analysis of Variance (ANOVA) and the validity of the models was attested by the F
Test (Table 4), comparing the F values of the models with the tabulated F values.

                           Table 4 - Analysis of variance (ANOVA) for FPase response

  Sum of square Degrees of freedom Mean square Fcalc

Regression 1354824.0 8 169353.0 40.25a

Residue 75739.0 18 4207.72  

Lack of fit 75084,0 16 4692.75 14.33b

Pure error 655.0 2 327.5  

Total 1430563.0 26    

R2: 0.95306; R2
ajust: 0.89829; F0.05, 8.18: 2.51; F0.05,16.2: 19.43. aFcalc (regression/residue). bFcalc (lack of fit/pure error).

 

In the analysis of variance, only significant parameters were taken into account, in which the p value was below 0.05, and the
non-significant factors were added to the lack of adjustment. The model for the production of FPase presented a highly
significant correlation coefficient (R2), managing to explain around 95.0% of the total variation around the mean. The F test for
regression (40.25) showed good performance (higher than the F tabulated) and the lack of fit (14.33) was not significant. The
equation 2 was used to generate the response surface graphs, to better understand the optimization of the four constituents of
the culture medium (Figures 2a, 2b, and 2c).

By analyzing Figure 2a, which shows the interaction between lignocellulosic material and urea, it is evident that higher FPase
values (dark red color of the graph) occurred when BP concentrations ranged from 0 to 30 g/L and urea from 0 to 1 g/L. It was
also observed that FPase activity was inhibited when higher concentrations of urea were used. On the other hand, by analyzing
the response surface graph of the interaction between the two salts (CaCl2.2H2O and KH2PO4) (Figure 2b), it was evident that
larger amounts of these components are important for cellulase expression in the culture medium. The same can be seen in
Figure 2c, which showed the interaction between urea and CaCl2.2H2O.
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Given the above, the concentrations of the components of the culture medium, for the next step, were defined by calculating the
critical values of each independent variable. The procedure indicates which are the ideal concentrations of each component in
the medium to obtain the best yield in FPase synthesis. Furthermore, this procedure was essential, since saturation of the
culture medium may occur through an increase in the concentration of solid material. This trend can be seen in test 18, where
the FPase activity was only 57.0 FPU/L. In this experimental condition, the concentration of BP was 80 g/L, while the
concentrations of CaCl2, KH2PO4 and urea were maintained, respectively, at 2.4, 6.0 and 2.4 g/L. Therefore, the culture medium
for the bioreactor tests was defined as follows: 41.9 g/L of BP; 2.26 g/L of CaCl2; 5.96 g/L of KH2PO4 and 2.98 g/L of urea. 

However, it has not yet been possible to confirm whether there is a unique relationship between biomass concentration and
enzyme expression, reinforcing the need to evaluate other process parameters, in order to study more accurately the relationship
between cell growth and activity enzymatic. Zheng et al. [36], in a work on the effects of agitation in submerged fermentation
for enzyme production by Aspergillus oryzae, concluded that the reduction in enzyme synthesis did not occur due to a decrease
in the growth rate of the fungus. This conclusion was reached out after studies with other parameters, such as microorganism
fragmentation and alteration of its morphology due to the configuration of the agitation system.

One of the parameters that possibly altered the synthesis of total cellulases was the acidification of the broth fermented by T.
amestolkiae CMIAT 055, one of the causes for lower cellulase production without maintaining the pH. In 72 hours of the
fermentation process, there was a sharp decrease in pH, from 4.2 to 2.6, which coincides with the lower synthesis of total
cellulases, a significant decrease in the amount of biomass from 72 hours onwards, denoting a lower capacity of the
microorganism to develop in crops with lower pH. Consequently, there was also a lower consumption of the substrate, since it
was also evidenced by the lower fungal cell growth. The final pH of the process was 1.6 at 168 h.

In the second experiment (Figure 4), the entire fermentation process was maintained at pH 5, Rushton impeller, with no decline
in the activity of both enzymes after 168 hours, in contrast to what occurred in the first test. It was also observed that the pH
control provided greater consumption of cellulose, as a result of greater maintenance of microbial biomass. The degradation of
cellulosic material started in the first 24 hours when there was a decrease in the amount of material by 8.24 g.

With constant pH values throughout the fermentation process, an increase in production was observed in both enzymatic
analyses, with production growth until the end of the process. At 168 hours it was considered the maximum production of both
enzymes with an activity of 702.9 ± 1.98 FPU/L. Li et al. [37] presented, in research on the effect of pH on the production of
cellulases and morphology of the fungus Trichoderma reesei, results similar to those of the present work. Although the FPase
activity remained increasing after 72 hours, as it is a genetically modified fungus and therefore more stable to extreme acidity
conditions, the production of total cellulases was higher in the batch with pH control.

A third fermentation was carried out, with pH maintained at 5.0 throughout the process, but with a Pitched blade impeller (Figure
5), in order to verify the behavior of the microorganism's growth and cellulase synthesis using this type of stirrer. The first test
was performed with 150 rpm orbital agitation. With the use of a Pitched blade impeller, greater enzyme synthesis was observed
in the first 24 hours of the fermentation process, with the production of 172.1 FPU/L in the fermentation with this stirrer and
140.6 FPU/L in a stirred system with type Rushton. 

In stirred tank reactors, the impellers are the main part of the reactor that determines the effects of the mixture. Therefore, the
proper selection of impellers in submerged fermentation processes is extremely important to ensure higher productivity, since
the impeller geometry used influences the hydrodynamics of the fermented juice, oxygen transfer, and the morphology of
microorganisms [38]. The most conventional turbine used in bioreactors is the Rushton type, which has the characteristic of
transmitting a radial flow to the liquid medium. However, its major disadvantage is the high degree of shear caused by the tips
of the blades, accumulation of air behind the blades, as well as the flow that pushes the cultured medium to the walls of the
reactor vessel [39].

The less accentuated decrease in biomass production of T. amestolkiae CMIAT 055 observed in fermentation conducted with
Pitched blade, even if subtle in comparison to the use of Rushton impeller, may denote that this profile of greater oxygen
dispersion has favored greater growth of the microorganism. While in the process with Rushton agitator the biomass remained
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in decline until the end of the process, on the other hand, with the use of Pitched blade, the number of microorganisms remained
close between 120 h and 168 h, which may have favored higher FPase activities (845.0 FPU/L) after the fermentation with this
type of impeller is finished.

 Therefore, it should be considered that all fermentation processes studied in this work remained standardized in the following
configurations: a) the same culture broth volume, obeying a height standard of the reaction volume; b) obviously, the same vats
configurations were used in all experiments; c) the turbines, used in pairs in all tests in bioreactors, were equidistantly fixed on
the central axis, following the manufacturer's suggestion and taking into account the volume of culture medium adopted; d) the
amount of insoluble solid material also remained standard in all tests.

The particularities of the culture medium used in the experiments, with insoluble particles of banana pseudostem suspended in
the liquid medium, must also be considered. In general, and depending on the characteristics of the material to be mixed, the
radial flow pattern can result in reduced pumpability as well as increased shear rate. Such radial flow configurations were
possibly not favorable for maintaining the banana pseudostem particles in suspension homogeneously in the culture medium.
Flow patterns through axial impellers are more suitable for the suspension of solids in fermentation broth [40].

Given the above, in the following experiment (Figure 6) the Pitched blade impeller was used, maintaining pH 5.0 throughout the
fermentation process and the rotation speed at 300 rpm. 

If the distribution of a substrate in a non-homogeneous way is observed in a fermentation process, especially in the use of
materials that do not dissolve in the liquid medium, one of the main strategies to be adopted is to adjust the intensity of
agitation. Some authors claim that cellulolytic enzymes tend to lose enzymatic activity as there is an increase in the agitation
speed in the liquid medium in stirred tank bioreactors, mainly due to higher shear forces [41].

The morphology of fungus cultures is dependent on the number of shear forces applied to the culture medium. Therefore, if
high rates are applied, the microbial morphology can be impaired in the formation and maintenance of hyphae, as well as
causing fewer cell clusters [42]. On the other hand, this statement is dependent on the type of filamentous fungus being
investigated, considering that the formation of hyphae increases the viscosity of the fermented broth and makes oxygen
transfer difficult, for example, in cultures with Trichoderma reesei [43].

This possibly explains the fact that increasing the rotational speed from 150 rpm to 300 rpm was beneficial for obtaining higher
FPase activities (2172.8 FPU/L) on 168 hours, where there were the highest enzymatic activities in the third and fourth
experiments, with a 3.15-fold increase in FPase activity and 1.8-fold increase in endoglucanases production.

Conclusion
In this study, the potential of cellulase production by T. amestolkiae CMIAT055 was investigated, in different compositions of
the culture medium and configurations of the agitation system in a bioreactor. The results showed that T. amestolkiae was able
to produce enzymes from the cellulolytic complex using banana pseudostem, an unconventional, low-cost, and abundant
source, as an untreated inducer. The analysis by DCCR showed that the optimized medium for the production of cellulases
presented the following composition: 41.9 g/L of BP; 2.26 g/L of CaCl2; 5.96 g/L of KH2PO4; and 2.98 g/L of urea. Based on the
results, it is possible to conclude that the banana pseudostem presented itself as a potential source of inducing cellulose for the
synthesis of cellulases by T. amestolkiae CMIAT 055, since it favored an enzyme production around 2.4 times higher if
compared to the fermentation process using microcrystalline cellulose. In bioreactors tests, the maintenance of pH 5.0
throughout the fermentation process, as well as the use of the Pitched Blade impeller and rotation at 300 rpm, favored the
synthesis of cellulolytic enzymes, whose maximum activities presented were 2642.5 FPU/L (FPase), on 168 hours of
conducting the fermentation process.
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Figures

Figure 1

Neighbour-joining phylogenies of concatenated genes ITS+β-tubulin showing phylogenetic placement of CMIAT 055 (in bold).
The branch numbers represent bootstrap test values (1000 replicates), where only values > 50% have been reported. T = ex type.
Model selected Tamura 2-parameter.
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Figure 2

Response surface plot representing (a) FPase production as a function of BP and urea concentrations, with fixed CaCl2.2H2O
(2.4 g/L) and KH2PO4 (6 g/L); (b) FPase production as a function of the concentrations of CaCl2.2H2O and KH2PO4, CP (40
g/L) and urea (2.4 g/L) fixed; (c) FPase production as a function of the concentrations of CaCl2.2H2O and urea, BP (40 g/L)
and KH2PO4 (6g/L) fixed.
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Figure 3

Cellulase production profile without pH control, with Rushton impeller

Figure 4

Cellulase production profile with maintenance of pH 5.0, with Rushton impeller
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Figure 5

FPase activity profile, biomass production, and cellulose consumption in fermentation using a Pitched blade impeller, 150 rpm.

Figure 6

FPase activity profile, biomass production, and cellulose consumption in fermentation using a Pitched blade impeller, 300 rpm.
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