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Abstract

The present study aimed to study the batch production of CGTase (cyclo-
maltodextrin-glucanotransferase) with Bacillus firmus strain 37 free and im-
mobilized in bovine bone charcoal in batch mode and in a fluidized bed batch
reactor, respectively. The bovine bone charcoal is an innovative support ma-
terial for the immobilization of microorganisms’ producers of enzymes and
the use of this microbial support allows its reuse to a significant cost reduc-
tion of the process. The batch fermentation with free cells was investigated for
96 h and reached a CGTase activity equal to 0.77 U/mL. When the microor-
ganism was immobilized on bovine bone charcoal (7 g) and cultivated in
fluidized bed batch reactor with air supplementation (1 volume of air/volume
of medium * minute), the same activity could be achieved in 24 h. The results
of enzymatic activity achieved show the potential of CGTase production in a
short time with Bacillus firmus strain 37 immobilized in bovine bone char-
coal matrix and using air supplementation in the production medium.
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1. Introduction

CGTase (a-1,4-glucan-4-glycosyltransferase) is a bacterial enzyme which has a
molecular mass of around 70 - 78 kD and whose amino acid sequence shows
structural similarity to a-amylase enzyme. CGTase consists of a single chain po-
lypeptide of approximately 650 amino acids and depends on calcium to maintain
its catalytic activity [1] [2] [3].
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The CGTase is considered a multifunctional enzyme, which catalyzes four
reactions, among which cyclization is considered the most important. This reac-
tion produces cyclodextrins (CDs) from starch chains, which must have more
than five glucopyranosyl residues and a helical shape [4] [5] [6]. In addition,
CGTase industrial importance is also related to the production of other carbo-
hydrates such as amylose, amylopectin and maltose oligosaccharides [7]. The
three most common types of CGTases identified are a, f- and y-CGTase as the
predominance of the type of CD produced, i.e. CGTases produce mainly a-CD,
while S- and p-CGTase producing S- and p-CDs, respectively. However, the
predominance of each CD depends on pH, temperature, its microbial origin, Ze.
the microorganism producing the enzyme and also the reaction time. In all cas-
es, however, prolonged reaction times result in the formation of a mixture of all
three types of CDs with S-CD representing the predominant reaction product
(8] [9] [10].

CDs are capable of forming inclusion complexes with various organic and in-
organic molecules [11], frequently increasing their stability. This stability can be
manifested as volatility reduction, sublimation, heat resistance increase, hydro-
lysis resistance, oxidation resistance and increased solubility [1] [12] [13] [14].

CGTase is produced mainly by members of the genus Bacillus, especially by
those aerobic and alkalophilic. Alkalophilic Bacillus, such as B. firmus strain 37,
has attracted great interest due to its significant activity on high pH (above 9)
and relatively high temperatures (often above 37°C) [15] [16].

Starch is usually the substrate used in the production of CGTase. In the me-
tabolism of CGTase microorganism producers, starch is converted to CD, pro-
ducing energy. Starch can be produced from CDs under unfavorable conditions
[17].

Besides that, most conventional industrial fermentation processes are carried
using free cells in suspension, the use of immobilized microorganisms has been
considered as an alternative to increase the overall yield of fermentations [18].

There are many materials that work as a support for microbial cells in CGTase
production processes, such as stones, coal, polymers, alginates, membranes,
among others. The choice of a suitable matrix is fundamental to obtain the de-
sired product. The matrix must have a large surface area with interstitial space
for cell growth; be easily regenerated and reusable; propitiate cell viability and
catalytic activity for long periods; provide uniform porosity to allow mass trans-
fer; have good mechanical, chemical, thermal and biological stability [19] [20]. In
this search for the best support for immobilization of microorganisms in the pro-
duction of enzymes, bovine bone charcoal characteristics and potential were eva-
luated in this work. This product has aroused great interest in immobilization of
cells, due to its high porosity, which enables microorganisms’ colonies and
grows not only on the support surface, but inside it, increasing productivity due
to higher cell concentration [21] [22].

In immobilized fermentations, fluidized bed reactors are an interesting op-
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tion. The main feature of this reactor is that the liquid velocity is greater than the
sedimentation velocity of support particles, keeping them in suspension. This
allows the support to retain high concentration of biomass, improving bio-
mass-substrate contact and allowing operation at low residence times [23].

In this paper, the batch production of CGTase with Bacillus firmus strain 37
free and immobilized in bone charcoal was evaluated in batch and in a fluidized
bed batch reactor, respectively. The effects of immobilization and aeration rate

were also assessed and discussed.

2. Materials and Methods

2.1. Microorganism and Culture Conditions

Bacillus firmus strain 37 was isolated from the soil of manioc plantation and
identified by Matioli [24]. For the reactivation, it was first grown at 37°C for 48
h on solid medium with the composition according to Nakamura, Horikoshi
[25] and Matioli [24]. Single colonies were then transferred to a liquid medium
with the same composition, except for agar, dye and starch (which was used in
2% (w/v) concentration). The liquid culture was maintained in an incubator at
130 rpm and 37°C for 24 h.

2.2. Preparation of Matrix and Immobilization

Bovine bone charcoal samples were provided by the company “Bonechar Acti-
vated Charcoal from Brazil”. Charcoal was sieved in particles of 0.83 and 0.58
mm. This selection was carried out with the objective of standardizing the par-
ticles to ensure reproducibility and repeatability of the experiments with Bacillus
firmus fixed in this support. For biomass immobilization the reactivated culture
was added to a column containing sterile charcoal. After 24 h the immobilization
medium was removed. To the column containing immobilized cell in charcoal it
was added cell-free medium. The characterization of bovine bone charcoal, such
as the physicochemical properties, was carried out by isotherms adsorption of
N2 to estimate specific area through B.E.T. (Brunauer-Emmett-Teller) model

and the results can be consulted in our published paper in 2018 [26].

2.3. Fermentations

For the fermentations with immobilized cells it was used 7 g of bone charcoal
and aeration rate of 1 v/v/m (volume of air/volume of medium * minute). Im-
mobilized fermentations were carried in a single batch (168 h) and in five se-

quential batch of 48 h each. Free cells fermentations were performed during 96
h.

2.4. Analytical Methods

2.4.1. Protein Determination
Protein concentration was measured by the method of Lowry [27] using bovine

serum albumin as standard.
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2.4.2. Determination of $-CD
p-cyclodextrin (f-CD) was quantified by the phenolphthalein (PHE) colorime-
tric method [28] [29].

The S-CD concentration was determined by Equation (1). ABS is the sample
absorbance; ABSo is the absorbance of PHE in distilled water (auto-zero), 5-CD
is the concentration of f-CD expressed in mM; and k is the equilibrium constant
of complex formation S-CD/PHE. k value was determined by nonlinear regres-
sion, using a standard concentration of 5-CD ((0 — 1) x 10> M) made up in dis-
tilled water; while a is the total concentration of the assay phenolphthalein (5 x
10> M) (Equation (2)).

ABS ABS
Cscep=2a|1- 1+ 2 1
rep { ABSJ { a-k-ABs} W

ABS

C,ep =031 2
peo { ABS @)

-11+1.07215 ABS,
ABS

0

The equilibrium constant (%) was calculated using the Quasi-Newton method
(18655.7 M™). Equation (1) was obtained by replacing the value of & and the a
value in the Equation (2) and multiplying this equation by a factor equal 6000,
which is related to the dilution procedure (converts M in mM, the unit of con-
centration of 5-CD).

2.4.3. CGTase Activity

The enzyme activity is determined by the Initial Velocity Method according to
Hamon and Moraes [30], under the following conditions: 50°C (activation of the
enzyme), pH 8.0 (greater enzyme stability) and low enzyme concentrations (0.4
mM), so that the f-CD concentrations produced in time function have a linear
relationship.

The substrate stock solution was made using 1% dextrin, dissolved in 50 mL
of stock solution of CaCl, (5 mM) and 100 mL of Tris-HCI buffer (0.05 M, pH
8.0).

Data (umoles S-CD produced/culture mL/min) were plotted as a function of
reaction time. The slope of the straight line (K) was used to calculate the volu-

metric activity (Equation (3)).
A=(K-Vq-D)Ve 3

where: A = volumetric activity in umoles -CD/(min x mL of enzyme solution),
K = slope of the concentration of CDs produced as a function of reaction time
((umoles S-CD/(mL x min)), D = actual dilution of enzymatic means, V%= reac-
tion volume in mL, or the diluted enzyme volume present in a test tube, Vi =
total reaction volume in mL. One unit (U) of activity is considered as the en-
zyme amount that catalyzes the conversion of one umol of substrate (or pro-
ducing one umol of product) per minute, in the reaction conditions (pH 8 and
50°C).
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3. Results and Discussion

3.1. Free Cell Fermentation

Enzyme production in free cells batch without air supplementation were carried
to determine the growth profile and to compare the CGTase activities to those
achieved in fermentations carried with immobilized cells with air supplemented.

Figure 1 presents the results of CGTase activity (U/mL), biomass concentra-
tion (g/L) in batch mode fermentation without air supplementation during 96 h.

CGTase activity and biomass concentration reached 0.77 U/mL and 1.28 g/L,
respectively. These results were compared with the literature and are presented
in Table 1.
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Figure 1. CGTase activity (circle) and cell concentration (square) versus time for enzyme
production with free cells of Bacillus firmus strain 37 in the medium in shaker. Fermenta-
tion was carried in duplicate.

Table 1. Studies on CGTase production using free microorganism in the culture medium.

Production Time

CGTase activity

Microorganisms () (U/mL) References
B. pseudalcaliphilus 24 0.06 [15]
B. lehensis 72 134 [16]
Bacillus G1 144 77 [31]
B. sphaericus 144 0.048 [6]

Bacillus sp. 20RF 0.22

Bacillus sp. 8SB 48 0.12 [32]
B. licheniformis 12 0.162 [33]
PaeniBacillus campinasensis 48 134 [34]
B. circulans 30 0.12 [35]
B. alcalophilic CGIT 18 88.6 [36]
B. firmus strain 37 120 0.55 [37]

U = umoles S-CD/(mL x min).
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According to Table 1, Alves and colleagues [37] reported a CGTase activity
very close to the one achieved in this work (0.55 U/mL) using the same micro-
organism (B. firmus strain 37), however in our work this same value was reached
after 36 hours of fermentation, while they took 120 hours. Moreover, Alves [37]
used hydrolyzed starch as substrate and also higher amounts (four times higher)
of yeast extract and peptone.

It was also noticed a direct relationship between the CGTase activity and bio-
mass concentration of B. firmus strain 37. It means that the same culture condi-
tions that promotes biomass growth, also favored enzyme production. It was
reported by Gawande [38] and Pinto [39], where maximal CGTase activity was
achieved at the end of the exponential phase. Vassileva and coauthors [40]
worked with different aeration conditions and found a similar profile using Ba-
cillus circulans. By contrast, other authors such as Rosso [41] and Moriwaki [6]
documented that high concentrations of biomass contribute to a more viscous
reaction medium, resulting in reduced dissolved oxygen and consequently lower
enzyme activity. In this work cell concentration in the medium (Figure 1) did
not result in loss of oxygen transfer, which can be explained by the mechanical
agitation of the medium.

It was also noticed in Figure 1 that the duration of the exponential growth
phase was 72 h, in which the cell division and reproduction is extremely active
and with higher metabolic activity. Another is the stationary phase between 72 h
and 96 h, this period decreases cell growth and the microbial population is sta-
ble, since the number of cell death is equivalent to the number of new cells, also
occurring accumulation of metabolites such as enzymes [42]. It was not possible
to identify the phase lag (phase microbial adaptation) and cell death or decline
because the lag phase may have occurred in the first hours, or before 12 h, the
cell concentration was not measured, and phase of cell death occurred after 96 h.
It was important to identify the phases of cell growth, since the results will be
considered in the immobilization of the microorganism in bone coal, that is, cell
immobilization should be made in the period in which B. firmus strain 37 is in
its best phase reproduction. This phase is log phase or microbial growth (be-

tween 12 and 72 h) as there are more viable cells in the production medium.

3.2. Immobilized Cell Single Batch Fermentation

The interaction between the charcoal and immobilized microorganisms was stu-
died in our article published in 2018 [26], in which it was possible to observe by
SEM microscopy (Scanning electron microscopy) the adhered rod-shaped mi-
croorganisms, probably Bacillus firmus, in the activated bone charcoal, proving
the success of cell immobilization. Immobilized cell fermentation was carried in
order to determine the enzyme activity profile during time. A single batch fer-
mentation was then carried with total duration of 168 h using air supplementa-
tion of 1 v/v/m. The results of CGTase activities are shown in Figure 2.

In Figure 2, it was observed that CGTase enzyme activity rapidly increased
with time until 48 h, maintaining relatively constant to 84 h. The higher CGTase
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Figure 2. CGTase activity (circle) and specific activity of CGTase (diamond) against time
enzyme production with Bacillus firmus strain 37 immobilized on bone charcoal.

activity was observed at 84 h (2.8 U/mL) but was very close to the one at 48 h
(2.7 U/mL). After 84 h a rapid decrease in enzyme activity was observed, which
has undergone partial recovery after 120 h. At the end of the fermentation (168
h) of the CGTase activity was 0.6 U/mL. Vassileva and co-authors [43] worked
with Bacillus circulans immobilized in agar in non-aerated batch mode and
achieved a CGTase activity of approximately 0.15 U/mL after 72 h of fermenta-
tion, much lower when compared to the results achieved in this study (3 U/mL).
This indicates that aeration is a very important parameter in CGTase produc-
tion.

The concentration of total reducing sugars and the pH values were deter-
mined and monitored during the fermentation and are shown in Figure 3.

In respect to the reducing sugar concentration, it can be observed a decrease
over time, especially during the first 12 h (reaching 9 g/L). Total reducing sugars
was reduced close to zero after 168 h. In relation to the pH, it ranged from 11
(initial pH) to 9.3 (168 h), which is ideal pH for B. firmus growth and CGTase
production [44]. The observed low decrease in pH is also interesting because
since enzymes are proteins, the jonic characters of the amino and carboxylic
groups are affected by changes in pH. According to Matioli [24], enzyme break-
down at very high (>11) or low (<8) pH compromises the efficient production of

the CGTase, resulting in lower enzyme activity values.

3.3. Immobilized Cell Sequential Batch Fermentations

In order to decrease fermentation time and improve CGTase activity immobi-
lized cell sequential fermentations were performed. The objective was to under-
stand and identify those parameters that influence positively or negatively en-
zyme activity, such as agitation, aeration, minimum flow, pH, etc.

First the bone charcoal was characterized and its specific surface area was

DOI: 10.4236/aces.2021.111007

97 Advances in Chemical Engineering and Science


https://doi.org/10.4236/aces.2021.111007

L. A. Silva et al.

11 ﬁ‘“‘A 25
10 4 AL A--A-AeA A
1 “A--A A DA A 50
1: L 15

pH

S = N W A 0N O
A
sugars (g/L)

CCTase Activity (U/mL)

| %%% ) L 10
@éé{%%ql | 5

1 @ V5. g-a—fB-g

Concentration of total reducing

0
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168

d o

Production Time (h)

Figure 3. CGTase activity (circle), pH (triangle) and total reducing sugars concentration
(square) versus time for enzyme production with immobilized Bacillus firmus strain 37
on bone charcoal.

found to be 123.5 m?/g, while the total pore volume was equal to 0.277 cm?®/g and
the average pore diameter was 89.85 A, defined as micropores. These data were
estimated using the B.E.T. (Brunauer-Emmett-Teller) model [45].

Figure 4 shows the results of CGTase activity and specific CGTase activity. It
was noticed a progressive increase in enzyme activity, especially after the second
batch, reaching a maximum of 3 U/mL. Letsididi [46] studied the high pH tole-
rant Bacillus licheniformis for f-CGTase production in batch free cells fermen-
tations with and without air supplementation and found that the maximum ac-
tivity achieved was 0.14 U/mL in 48 h. When compared with the results obtained
in this study (Figure 4), the activities of CGTase we achieved were always high-
er, since the first batch.

Abdel-Naby [7] [47], Vassileva [43] and Atanasova [48] concluded, in their
studies, that even if the microorganism requires cell adaptation to the environ-
ment it was possible to increase CGTase production in sequential batches, a re-
sult that is in accord with the results of this work.

Comparing the values of enzyme activity with free and immobilized cells, it
was found that with the process carried with immobilized B. firmus strain 37 in
repeated batches (Figure 4) (Ist and 2nd = 1.10 U/mL; 3rd = 1.56 U/mL; 4th =
2.8 U/mL and 5th = 3.0 U/mL) are much higher than the activity obtained in the
assay with free B. firmus strain 37 without air supplementation (0.6 U/mL in 48
h and 0.77 U/mL for 96 h) (Figure 1). These results demonstrate that aeration (1
v/v/m), cell immobilization and stirring are indicated in CGTase production
processes.

Very different CGTase activities are described in the literature. Kuo and
co-authors [49] achieved 13 U/mL in 15 h batch fermentation using Bacillus sp.
in medium without air supplementation. Moriwaki [6] used Bacillus sphaericus

strain 41 in non-immobilized batch and achieved a maximum activity of only
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Figure 4. CGTase activity (circle) and specific activity (diamond) plotted against time in
48 h five sequential batches of Bacillus firmus strain 37 immobilized on bone charcoal.
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Figure 5. CGTase activity (circle), pH (triangle) and concentration of total reducing su-
gars (square) versus time for enzyme production with Bacillus firmus strain 37 immobi-
lized on bone charcoal in five repeated batches of 48 h intervals.

0.048 U/mL in 120 h. These indicate that there are several factors besides the
microorganism that can interfere with enzyme production, such as the source of
starch (hydrolyzed or not), immobilization techniques, the support for microbial
immobilization and aeration of the medium.

During sequential batch fermentations pH variation and the total reducing
sugars during fermentation were also evaluated. They were correlated with the
CGTase activity (Figure 5).

The pH variation was clearly dependent on the degradation of the carbon
source (sodium carbonate). Final pH of the batches was never below 8.8, which

is very close to the ideal pH for B. firmus strain 37 (29). It was also noticed from
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Figure 5 that the concentration of total reducing sugars decreases with time, as
sugars, starches used in the medium are consumed by microorganisms through
their metabolism. Enzyme production was not linked to carbon consumption,
since the increase in CGTase activity was noticed after a rapid carbon uptake.
This indicates that CGTase production is not directly associated to biomass
production, in repeated batches with B. firmus strain 37 immobilized on bone

charcoal.

4. Conclusions

In this work, it was possible to determine conditions leading to a high produc-
tion of CGTase in batch with free and immobilized Bacillus firmus strain 37 in
bovine bone charcoal. Enzyme production in free cells batch without air sup-
plementation was 0.77 U/mL in 96 h. In addition, it was noticed a direct rela-
tionship between the CGTase activity and biomass concentration of Bacillus
firmus strain 37.

When Bacillus firmus strain 37 was immobilized on bovine bone charcoal
particles, the enzyme production in a single batch of 84 h reached the same
CGTase activity (3 U/mL) than the use of four sequential batches of 48 h (tota-
lizing 192 h). In addition, we observed that the CGTase production is not di-
rectly associated with biomass production in repeated batches with Bacillus
firmus strain 37 immobilized on bone charcoal. These results demonstrate that
aeration, cell immobilization, proper choice of immobilization matrix and the
type of reactor used are important features in the CGTase production processes.
Moreover, our results showed that a proper combination of that features allows
to obtain high concentrations of the enzyme, and this, along with the reuse of

the microbial support, conducts to a significant cost reduction of the process.
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