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Abstract In this work, we investigated the production of

transglutaminase (TGase) by an Amazonian isolated strain

of Bacillus circulans by solid-state cultivation (SSC).

Several agro-industrial residues, such as untreated corn

grits, milled brewers rice, industrial fibrous soy residue,

soy hull, and malt bagasse, were used as substrates for

microbial growth and enzyme production. Growth on

industrial fibrous soy residue, which is rich in protein and

hemicellulose, produced the highest TGase activity

(0.74 U g-1 of dried substrate after 48 h of incubation). A

23 central composite design was applied to determine the

optimal conditions of aeration, cultivation temperature and

inoculum cell concentration to TGase production. The best

culture conditions were determined as being 0.6 L air

min-1, 33 �C and 10 log 10 CFU g-1 of dried substrate,

respectively. Under the proposed optimized conditions, the

model predicted an enzyme production of 1.16 U g-1 of

dried substrate, closely matching the experimental activity

of 1.25 U g-1. Results presented in this work point to the

use of this newly isolated B. circulans strain as a potential

alternative of microbial source for TGase production by

SSC, using inexpensive culture media.
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Introduction

Transglutaminases (TGase; protein-glutamine c-glutamyl-

transferase; EC 2.3.2.13) are a family of enzymes that

catalyzes acyl transfer reactions using peptide-bond gluta-

mine residues as acyl donors and several primary amines as

acceptors. These reactions introduce covalent cross-links

between proteins, as well as peptides and various primary

amines [18]. TGase has been found in animal and plant

tissues and microorganisms [31]. The microbial enzyme

has widespread and growing applications in the food pro-

cessing industry. Recent research has shown that TGase

can be employed in many others attractive applications

such as, pharmaceuticals [3], textiles [6], tissue engineering

[19], and in the formation of immunoconjugates to be

applied in ELISA and biosensors [11]. To date, only one

microbial TGase, that from the actinomycete Streptover-

ticilium mobarense, has met commercial applications [31].

However, the potential commercial uses of this enzyme

have not been achieved because of lack of mass production

and also because some of its properties, such as specificity

of pH and temperature, are not consistent with a variety of

substrates and processes [3].

Commercial TGase production depends largely on culture

conditions [13, 14], medium composition [29, 32] and

downstream processing [7, 28]. Therefore, the development

of low-cost processes for the production of transglutamin-

ases would allow for more extensive industrial applications.

Presently, submerged cultivation (SmC) is the only tech-

nology used for the commercial production of TGase.
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However, solid-state cultivation (SSC) systems offer many

advantages over commonly used SmC, and it has gained

renewed interest in recent years, often being employed for

the production of many metabolites due to several econom-

ical and engineering advantages [20] including higher

productivity, simplified operation, low investments, low

energy requirements, less water output, better product

recovery, and lack of foam build-up [10, 22, 30]. The latter is

a problem when TGase is obtained in SmC [27]. Further-

more, agro-industrial residues are generally considered to be

the best substrates for the enzyme production by SSC. Thus,

these processes are of special economic interest for countries

with abundant biomass and agro-industrial residues, as they

can be used as cheap raw materials [5].

In SSC-based industrial bioprocesses, the determination

of optimal culture conditions is of critical importance

because it affects product concentration, yield and volu-

metric productivity. The studies of culture conditions by

SSC that use conventional single factor optimization does

not allow for the interaction of these variables with each

other. This method is also time consuming and requires

large numbers of experiments to be carried out in order to

determine the optimal level of each factor [4]. The

response surface methodology (RSM) is a time saving

method, which reveals the interactions that occur among

the different culture conditions, building models and

evaluating the effects of several factors in order to obtain

high productivity [16]. So far, there have been no reports in

the literature on the optimization of culture conditions

using statistical design concerning the production of TGase

by SSC.

In a previous study, we compared the TGase production

of Bacillus circulans BL32 on SmC and SSC, in which

productivity by SSC was higher than in SmC [27]. How-

ever, in that early work, conditions for both forms of

cultures were not optimized. It is important to optimize the

process parameters in order to obtain high TGase produc-

tion by this microorganism by SSC. Therefore, the purpose

of this study was to evaluate the effects of different solid

substrates and culture conditions such as aeration, culti-

vation temperature, and inoculum cell concentration on this

enzyme production in order to determine its viability as a

production system.

Material and methods

Microorganism and inoculum preparation

A strain of Bacillus circulans, coded BL32, which was

isolated from the aquatic environment of the Amazon rain

forest, was used in this study. Its isolation and character-

ization were described elsewhere [28, 29]. Previous to

culture, cells were recovered from frozen stocks in glycerol

and were kept at 4 �C on Mueller-Hinton agar plates

(Merck, Germany). The inocula for all experiments by SSC

were prepared in 1,000-mL Erlenmeyer flasks containing

160 mL of Luria–Bertani (LB) medium. Flasks were

inoculated from a single colony from agar plates and

incubated for 24 h, 37 �C and 150 rpm.

Bioreactors cultivations

Bioreactor experiments were carried out in 500-mL cylin-

drical bioreactors (60-mm diameter; 170-mm height)

designed and constructed in our laboratory [9]. Bioreactors

were loaded with the solid substrates soaked with basic salt

solution with the following composition (g L-1): 0.2

MgSO4; 1.0 KH2PO4; 1.0 K2HPO4; 1.0 NH4NO3; 0.02

CaCl2; 0.05 FeCl2. Bioreactors were inoculated with

20 mL of inoculum.

Screening of solid substrates

Preliminary studies were carried out in order to evaluate

the effect of the different solid substrates, such as corn grits

(CG), milled brewers rice (MBR), industrial fibrous soy

residue (IFSR, which is a by-product of isolated soybean

protein production, rich in sugars and proteins), soy hull

(SH) and malt bagasse (MB) on the TGase production by

B. circulans BL32. These substrates were obtained locally.

Soy hull was milled and sieved to obtain particles smaller

than 1 mm in size and the malt bagasse was oven dried at

60 �C for 12 h, in order to prevent decomposition during

storage. The substrates were used without any other pre-

treatments. Twenty grams of the dried substrates were

soaked with basic salt solution until they were saturated

and then sterilized at 121 �C for 15 min. The inoculum cell

concentration was adjusted to 106 CFU g-1 of dried sub-

strate (DS). The initial pH of cultures was that of the

respective substrate without adjustment, while the moisture

of cultures was that attained by the maximum water

absorption capacity of each substrate. Cultures were run at

30 �C for up to 168 h. During cultivation, water-saturated

sterile air was supplied at a constant flow of 0.25 L air

min-1. The substrate in which the highest enzyme pro-

duction was achieved in this step was selected and used in

the subsequent experiments.

Optimization of process parameters

The influence of the process parameters on TGase pro-

duction by B. circulans BL32 by SSC was tested

performing a statistical experimental design. A 23 full

factorial central composite design for three independent

variables, each one at five levels with six star points and
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four replicates at the central point, was employed to fit a

second-order polynomial model in which 18 experiments

were required for this procedure. The test variables chosen

in this study were: aeration, cultivation temperature and

inoculum cell concentration. Five levels of each variable

were chosen, the upper and lower limits of them were set to

be in the range described in the literature and also based on

our previous experience. In the statistical model, Y denotes

units of TGase activity (U g-1 of dried substrate).

Table 1 shows the actual levels corresponding to the

coded settings, the treatment combinations and responses.

The enzyme activity values were determined from inocula-

tion time (0 h) to 96 h of incubation, but the regression

equation was constructed with the values obtained after 48 h,

when maximal values of the TGase activity were achieved.

The experimental design is represented by a second-

order polynomial regression model, Eq. (1), to generate

contour plots:

Y ¼ b0 þ
X

bixi þ
X

biix
2
i þ

X
bijxix j

ð1Þ

where, Y = response variable, b0 = constant, bi = coeffi-

cient for the linear effect, bii = coefficient for the quadratic

effect, bij = coefficient for the interaction effect, and xi and

xj = the coded level of variable Xi and Xj. The above qua-

dratic equation was used to plot surfaces for the variables.

The test factors were coded according to the following

equation:

xi ¼
Xi � X0

DXi

� �
ð2Þ

where, xi is the coded value and Xi is the actual value of the

ith independent variable, X0 is the actual value at the center

point, and DXi is the step change value [4].

All statistical experimental designs and results analyses

were carried out using Statistica 7.0 software (Statsoft,

USA). The statistical analysis of the model was performed

in the form of analysis of variance (ANOVA). The sig-

nificance of the regression coefficients and the associated

probabilities p(t) were determined by Student’s t test. The

variance explained by the model is given by the multiple

determination coefficient, R2. For each variable, the qua-

dratic models were represented as contour plots (2D).

Enzyme extraction

Enzyme recovery from cultivated medium was performed

by the addition of 140 mL of distilled water to the total

content of the bioreactors and extracted under agitation at

150 rpm during 30 min. The enzymatic extract was then

centrifuged at 17,000g for 15 min. The extract was filtered

Table 1 Process variables used in the CCD, showing the treatment combinations and the mean of experimental responses

Treatment Coded setting levels Actual levels TGase activity (U g-1 of dried substrate)

x1 x2 x3 X1 X2 X3 24 h 48 h 72 h 96 h

1 -1 -1 -1 0.2 30 6 0.72 ± 0.05 0.77 ± 0.06 0.55 ± 0.04 0.55 ± 0.04

2 -1 -1 +1 0.2 30 9 0.76 ± 0.05 1.06 ± 0.09 0.91 ± 0.09 0.83 ± 0.07

3 -1 +1 -1 0.2 44 6 0.22 ± 0.01 0.29 ± 0.02 0.29 ± 0.01 0.27 ± 0.01

4 -1 +1 +1 0.2 44 9 0.35 ± 0.02 0.42 ± 0.03 0.31 ± 0.02 0.30 ± 0.02

5 +1 -1 -1 0.8 30 6 0.82 ± 0.07 0.89 ± 0.08 0.49 ± 0.04 0.44 ± 0.01

6 +1 -1 +1 0.8 30 9 0.81 ± 0.05 0.95 ± 0.06 0.83 ± 0.03 0.52 ± 0.02

7 +1 +1 -1 0.8 44 6 0.42 ± 0.01 0.51 ± 0.03 0.46 ± 0.02 0.43 ± 0.02

8 +1 +1 +1 0.8 44 9 0.47 ± 0.03 0.77 ± 0.07 0.64 ± 0.06 0.59 ± 0.04

9 -1.68 0 0 0 37 7.5 0.09 ± 0.01 0.12 ± 0.01 0.29 ± 0.01 0.27 ± 0.01

10 +1.68 0 0 1 37 7.5 0.77 ± 0.05 0.82 ± 0.04 0.61 ± 0.05 0.57 ± 0.04

11 0 -1.68 0 0.5 25 7.5 0.21 ± 0.02 0.57 ± 0.03 0.53 ± 0.04 0.51 ± 0.04

12 0 +1.68 0 0.5 49 7.5 0.03 ± 0.00 0.18 ± 0.01 0.18 ± 0.01 0.15 ± 0.01

13 0 0 -1.68 0.5 37 5 0.78 ± 0.05 0.84 ± 0.07 0.50 ± 0.04 0.39 ± 0.04

14 0 0 +1.68 0.5 37 10 0.77 ± 0.08 0.96 ± 0.08 0.64 ± 0.06 0.59 ± 0.06

15 0 0 0 0.5 37 7.5 0.86 ± 0.07 0.91 ± 0.07 0.75 ± 0.05 0.65 ± 0.03

16 0 0 0 0.5 37 7.5 0.81 ± 0.06 0.88 ± 0.06 0.73 ± 0.03 0.51 ± 0.01

17 0 0 0 0.5 37 7.5 0.78 ± 0.07 0.82 ± 0.07 0.72 ± 0.05 0.54 ± 0.04

18 0 0 0 0.5 37 7.5 0.79 ± 0.05 0.81 ± 0.06 0.77 ± 0.04 0.60 ± 0.03

The results are the mean of three replications. x1, x2 and x3 are coded values. X1, X2 and X3 are the actual values. X1 = aeration (L min-1);

X2 = temperature (�C); X3 = inoculum cell concentration (log 10 CFU g-1 of DS). x1 ¼ X1�0:5
0:3 ; x2 ¼ X2�37

7
; x3 ¼ X3�7:5

1:5
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through a Whatman No. 1 filter paper to obtain a clear

extract and assayed for TGase activity.

Assay techniques

The chemical composition of the substrates was deter-

mined as described by AOAC [2]. The pH value of the

sample of cultures was assayed following dilution of 5 g in

50 ml of distilled water, and by using a pHmeter DM 20

(Digimed, Brazil). Reducing sugars were measured

according to Miller [15]. Proteolytic activity was measured

by the azocasein method, according to Sarath et al. [26], in

which one enzymatic unit (U) is defined as the amount of

enzyme needed to produce the change in one unit of

absorbance under the conditions of the method (40 �C,

40 min). TGase activity was determined by the hydroxa-

mate procedure [8], in which a calibration curve is

prepared with L-glutamic acid c-monohydroxamate and one

enzymatic unit (U) causes the formation of 1 lmol

hydroxamic acid per minute at 37 �C. Enzyme was

expressed as activity per gram of dried substrate (U g-1 of

dried substrate).

Results and discussion

Selection of substrate

Substrates provide the required energy and nutrients for the

microorganism to grow and produce the desired metabo-

lites [21]. The selection of a suitable solid substrate for the

production of enzyme is a primary-key factor, which

involves the choice of agro-industrial residues for micro-

bial growth and product formation. In the present study, we

tested five different substrates, which are abundant world-

wide: corn grits (CG), milled brewers rice (MBR),

industrial fibrous soy residue (IFSR), soy hull (SH), and

malt bagasse (MB). Their complete chemical composition,

as dry matter, is shown in Table 2 and results for enzyme

production by B. circulans BL32 on them are shown in

Fig. 1. The highest TGase production (0.74 U g-1 of dried

substrate) was achieved with IFSR after an incubation time

of 48 h. Maximal TGase activities for MB and SH were

0.33 and 0.21 U g-1 of dried substrate after 48 and 120 h,

respectively, while for CG and MBR there were no

detectable activities. The results suggest that the carbohy-

drate:protein ratio is an important factor for TGase

production. The carbohydrate:protein ratio of enzyme-

producing substrates are: IFSR (2.7), MB (3.4) and SH

(6.9), whereas for the non-producing ones the ratios are CG

(11.5) and MBR (12.5). In a previous work, we observed

that C:N initial ratio of the culture medium influence in the

TGase production by B. circulans BL32 [29]. The activity

increases exponentially from 1 to 5 C:N ratio, suggesting

Table 2 Chemical composition of solid substrates tested for TGase production by B. circulans BL32

Components (%) Substrates

CG MBR IFSR SH MB

Moisture 11.5 ± 0.6 10.3 ± 0.3 9.1 ± 0.2 9.9 ± 0.3 6.6 ± 0.1

Ash 0.3 ± 0.0 0.2 ± 0.0 3.3 ± 0.2 4.0 ± 0.3 3.9 ± 0.2

Proteins 7.0 ± 0.5 6.6 ± 0.3 23.3 ± 0.9 10.8 ± 0.4 19.1 ± 0.6

Lipids 0.6 ± 0.0 0.6 ± 0.0 0.2 ± 0.0 1.1 ± 0.1 6.2 ± 0.3

Total carbohydrates 80.6 ± 1.2 82.3 ± 0.7 64.1 ± 1.4 74.2 ± 1.2 64.2 ± 1.3

Fibers 0.2 ± 0.0 0.2 ± 0.0 14.1 ± 0.5 34.8 ± 0.9 14.3 ± 0.6

Reducing sugars n.d. n.d. n.d. n.d. 2.2 ± 0.1

Non-reducing sugars n.d. n.d. 2.7 ± 0.2 2.3 ± 0.1 2.5 ± 0.1

The results are the mean of three replications

n.d. not detected, CG corn grits, MBR milled brewers rice, IFSR industrial fibrous soy residue, SH soy hull, MB malt bagasse

Fig. 1 SSC TGase production by B. circulans BL32 on different

substrates. IFSR, industrial fibrous soy residue (filled square); MB
malt bagasse (filled circle), SH soy hull (filled triangle), CG corn grits

(open circle), MBR milled brewers rice (open diamond)
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that nitrogen limitation is important for enzyme produc-

tion, probably by stimulating the sporulation process of

cells. Based on these results, IFSR was used as the sub-

strate for the production of transglutaminase in subsequent

experiments.

Optimization of solid-state cultivation conditions

Cultivation factors that strongly influence microbial growth

and enzyme activities by SSC are reported to be the tem-

perature, aeration, and inoculum cell concentration [1, 9,

17, 21, 23]. Therefore, in this work, Central Composite

Design (CCD) was used to investigate the best conditions

of these three variables for TGase production by B. cir-

culans BL32 and determined as growth kinetics.

The experimental design matrix and results obtained for

enzyme activities are shown in Table 1. TGase activities

values were determined in a time span of 96 h of incuba-

tion, being the highest values of TGase activity observed in

48 h. Therefore, the regression equations were constructed

considering this incubation time.

TGase activity varied from 0.12 to 1.06 U g-1 accord-

ing to different levels of process parameters. The lowest

values of TGase activity were obtained without aeration

and at the highest incubation temperature (49 �C). The

upper temperature level tested probably impaired cell

metabolism, while cultivation without aeration might be

indicating either the need of air for cell metabolism and

enzyme production, or the increased difficulty of heat

dissipation; therefore, negatively affecting the results.

Heat dissipation in SSC bioreactors have been reported as

major scale-up problems and must be adequately addressed

[20, 22]. Treatment 2 (Table 1) showed the highest TGase

activity (1.06 U g-1 of dried substrate), which was

obtained at a moderate incubation temperature (30 �C). In

SmC, the best temperatures for maximum transglutaminase

activities by B. circulans BL32 were within the range of 28

and 36 �C (our results, not published yet). Meiying et al.

[13] studying the TGase production by S. mobaraense in

SmC, using a one-factor-at-a-time experimental procedure,

testing temperatures in between 25 to 35 �C, have found

highest enzyme production at 30 �C. For this same sub-

strate, IFSR, Heck et al. [9] have shown that temperature

significantly affects xylanase activities of B. circulans, the

enzyme that is involved in the hydrolysis of xylans to xylo-

oligosaccharides.

The significance of each regression coefficient was

determined by t values and P values, listed in Table 3.

Although the P values for the negative coefficient for the

linear effect of temperature (Px2 = 0.0009), and the positive

coefficient for the linear effect of aeration (Px1 = 0.0022),

were highly significant, the model also shows the significant

interaction between them (Px1x2 = 0.0258). Therefore,

treating them separately may not reflect their real influence

on the TGase production (e.g., optimum aeration changes

along with incubation temperature). This interaction is

essential and it would be of difficult solution using the one-

variable-at-a-time approach and possibly explains the dif-

ferences of results found in this work with those obtained by

Soares et al. [27] in relation to the effect of aeration on TGase

production by B. circulans BL32 by SSC.

The inoculum cell concentration was also an important

factor for the production of TGase. The positive coefficient

for the linear effect of inoculum cell concentration (x3),

with a value \0.0130, is highly significant. This result

indicates that TGase production by B. circulans increases

with elevated initial inoculum cell concentration. The

physiological role of microbial transglutaminase has

Table 3 Effect and coefficient estimates by the regression model for optimization of TGase production by SSC by B. circulans BL32

Independent variables (parameter) Effect Coefficient (b) Standard error (b) t value P value

Intercept (b0) 0.8481 0.8481 0.0239 35.42 \0.0001

x1
* 0.2573 0.1287 0.0260 9.92 0.0022

x1x1
* -0.2106 -0.1053 0.0270 -7.81 0.0044

x2
* -0.3421 -0.1710 0.0260 -13.18 0.0009

x2x2
* -0.2777 -0.1389 0.0270 -10.30 0.0020

x3
** 0.1379 0.0690 0.0260 5.31 0.0130

x3x3
** 0.0935 0.0467 0.0270 3.47 0.0404

x1x2
** 0.1400 0.0700 0.0339 4.13 0.0258

x1x3 -0.0250 -0.0125 0.0339 -0.74 0.5144

x2x3 0.0100 0.0050 0.0339 0.29 0.7873

x1, x2 and x3 are the coded values of variables aeration (L min-1), temperature (�C) and inoculum cell concentration (log 10 CFU g-1 of DS),

respectively

* Statistically significant at 99% of confidence level

** Statistically significant at 95% of confidence level
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recently been linked to the sporulation process in which it

has a role in the cross-linking of proteins such as GerQ to

generate high-molecular-mass proteins involved in the

assembly of the spore coating [24, 34]. According to

Kobayashi et al. [12], this enzyme is expressed during

sporulation and plays a role in the assembly of the spore

coat proteins of the genus Bacillus sp. Zhu et al. [33]

reported that biomass accumulation is essential for enzyme

production, due to the fact that TGase is produced before

the sporulation phase. One possible explanation for the

positive influence of inoculum size on TGase activity

might be that more biomass is formed, triggering a faster

sporulation process. TGase production contrasts with

findings for other bio-products for which higher concen-

trations of inocula are reported to be inhibitory when done

by SSC. According to Adinarayana et al. [1], high inocu-

lum cell concentrations are inhibitory for the production of

cephalosporin C by Acremonium chrysogenum by SSC.

The same was observed by Murthy et al. [17] for cyclo-

sporine-A produced by Tolypocladium inflatum, and by

Ramachandrana et al. [25] for phytase produced by

Rhizopus spp. On the other hand, a 10% (v/w) inoculum of

3.6 9 106 cells mL-1 was found to be optimum for

xylanase production by Bacillus pumilus when using SSC

with wheat bran as substrate [23].

The second-order effect of aeration, temperature, and

inoculum cell concentration were highly significant

(Px1x1 = 0.0044, Px2x2 = 0.0020 and Px3x3 = 0.0404,

respectively). The high significance of second-order vari-

ables in the model indicates that they can act as limiting

factors. Therefore, even small variations in their values,

will alter TGase production to a considerable extent.

Whenever possible, the model was simplified by the

elimination of statistically insignificant terms. Then, the

quadratic model should be reduced to:

Y ¼ 0:8481þ 0:1287x1 � 0:1053x1x1 � 0:1710x2

� 0:1389x2x2 þ 0:0690x3 þ 0:0467x3x3 þ 0:0700x1x2

ð3Þ

Where, Y is the predicted response to the TGase activity

(U g-1 of dried substrate), x1 the aeration (L min-1), x2 the

temperature (�C) and x3 is the inoculum cell concentration

(log 10 CFU g-1 of dried substrate) as coded settings.

Analysis of variance (ANOVA) was employed to deter-

mine the significance of the second-order polynomial model.

The model was highly significant (P \ 0.01), with an

R2 = 0.86, explaining 86% of the total variation. This shows

that Eq. 3 provides a suitable model to describe the response

of the experiment relative to TGase production by SSC.

The contour shapes (Fig. 2) were plotted on the basis of

the model equation in order to investigate the interaction

among the variables and to determine the optimum con-

centration of each factor for maximum TGase production

Fig. 2 Contour plot for the effect of a aeration 9 temperature,

b aeration 9 inoculum cell concentration and c inoculum cell

concentration 9 temperature on transglutaminase production by B.
circulans BL32 under SSC. The variable that is not plotted is fixed at

zero level in all of the three graphs
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by B. circulans BL32. In the Fig. 2a is depicted the shapes

contour of aeration versus temperature of incubation,

showing that there is a significant mutual interaction

between these two variables. The TGase production tends

to increase with both moderate aeration and cultivation

temperature. When incubation temperatures were set at the

extremes of the studied interval, low TGase activities were

obtained. Low temperature may lead to slow bacterium

metabolism, whilst high temperatures might induce

enzyme inactivation. Figure 2b shows contour plot of

aeration against inoculum cell concentration. The produc-

tion of TGase is increased for high inoculum cell

concentration under moderate aeration. Figure 2c shows

contour of temperature against inoculum cell concentration

with results suggesting an optimum TGase production at

temperatures between 27 and 35 �C and again at high

inoculum cell concentration. The non-elliptical nature of

contour plots (Fig. 2b, c) depicts that there is no mutual

interaction between inoculum cell concentration and each

of the other two variables. Thus, the contour plots revealed

that the optimal range of process values for TGase pro-

duction by B. circulans on IFSR is: aeration, 0.55 – 0.65 L

air min-1; temperature, 30–37 �C; and inoculum cell

concentration, 9.5–10 log 10 CFU g-1 DS. The polyno-

mial model gives the optimal levels for the three process

variables to be: aeration of 0.6 L air min-1, temperature of

33 �C, and inoculum cell concentration of 10 log 10

CFU g-1 DS, with a predicted highest TGase production

of 1.16 U g-1 of activity. The experimental validation of

the model, at the optimized process parameters, produced

TGase activity of 1.25 U g-1 of dried substrate (mean of

three experiments). The activity of transglutaminase

achieved under optimized culture conditions was 1.7-fold

higher than the non-optimized conditions (0.74 U g-1 of

dried substrate; Fig. 1).

Production of TGase under the optimized conditions

Figure 3 shows the kinetics of B. circulans BL32 on IFSR.

It shows that the enzyme production increased progres-

sively with incubation time to a maximum of 1.28 U g-1

dried substrate at 48 h of cultivation. TGase activity

declined during further incubation, which could have been

due to either increased proteolytic activity during cultiva-

tion or the complete cell sporulation towards the end of the

run. Variations in reducing sugars concentration and pH

followed expected patterns of hydrolysis and liberation of

basic aminoacids by proteolytic enzymes. However, the

most important observation is the fact that, in submerged

cultivations of B. circulans BL32 on starch [27] and on

glycerol [29], it takes 6–8 days for a maximum enzyme

activity. In contrast, for the solid-state substrate bioprocess,

this time is reduced to only 2 days, which is advantageous

in terms of cost for enzyme production on a large scale.

This effect might be explained by faster sporulation by

SSC versus SmC. Moreover, in the SmC, the maximum

TGase activity was 27.6 U g-1 reducing sugars (for starch

[27]), whereas in SSC we obtained 47.4 U g-1 reducing

sugars, which represents an increase of 42% in

productivity.

Conclusions

The search for alternative sources and the improvement of

enzyme production and productivity are major goals of

Fig. 3 Kinetics of TGase

production by B. circulans
BL32 under the optimal

conditions suggested by

the model.

Aeration = 0.6 L min-1;

temperature = 33 �C; and

inoculum cell concentration

= 10 log 10 CFU g-1 of dried

substrate. pH (open square);

TGase activity (open inverted
triangle); proteolytic activity

(filled square); reducing sugars

(filled circle)
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bioprocess engineering. These are essential features for

cost reductions and cleaner production that ultimately leads

to wider industrial uses of a specific enzyme. Microbial

TGase is a case in particular, since it is entirely marketed

by one single company from one single microorganism.

Bacillus circulans BL32, recently isolated from the Ama-

zonian environment, is a promising source for this highly

valued enzyme. Furthermore, if SSC with agro-industrial

residues used as substrates can be employed for enzyme

production, then inexpensive and efficient bioprocess

alternatives are possible. In the present work, several cul-

tivation parameters were studied through the use of CCD,

in order to improve TGase production by Bacillus circu-

lans BL32 by SSC. The highest productivity of TGase

(1.28 U g-1 of dried substrate) was achieved in only 48 h

of cultivation, under optimized process parameters. This

activity is 70% higher than with non-optimized SSC con-

ditions and 42% higher than activities obtained in long time

SmC. Presented results show the potential of SSC using an

abundant and inexpensive agro-residue (IFSR) as substrate,

and also points to the use of B. circulans BL32 as an

alternative biological source for the efficient production of

TGase on a large scale, commercially viable process.
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