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Transglutaminase is an enzyme that catalyses an acyl transfer reaction between y-car-
boxamide groups of glutaminyl residues and lysine residues in proteins. Due to this prop-
erty, this enzyme is used for enhancing textural properties of protein-rich food. The trans-
glutaminase used as food additive is obtained by microorganisms, mainly by Streptoverti-
cillium ladakanum. On the other hand, sugar cane molasses is a viscous liquid rich in
noncrystallized carbohydrates (saccharose, glucose and fructose). In this work, the feasibil-
ity of using sugar cane molasses as a carbon source for the production of microbial trans-
glutaminase by Streptoverticillium ladakanum NRRL 3191 has been studied. Carbon sources
including sugar cane molasses (60 g of total sugars per L), glycerol (60 g/L) and their mix-
ture in a ratio of 1:1 (30 g/L of each) were evaluated. Time course of microbial growth,
transglutaminase activity and carbon source consumption were determined every 24 h dur-
ing 120 h of fermentations at three agitation speeds (200, 300 or 400 rpm). The results show-
ed that with the increase in agitation speed, the biomass concentration increased up to 8.39
g/L in the medium containing sugar cane molasses alone or the mixture of molasses and
glycerol. The highest transglutaminase activity was obtained at 400 rpm in the medium
containing a mixture of molasses and glycerol, reaching 0.460 U/mL, while in the medium
containing sugar cane molasses alone, the activity was 0.240 U/mL, and using glycerol
alone it was 0.250 U/mL. These results show that sugar cane molasses is a suitable me-
dium for transglutaminase production when it is combined with glycerol.
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Introduction

Transglutaminase (R-glutaminyl-peptide:amine y-glu-
tamyltransferase, EC 2.3.2.13) is an enzyme that catalyses
an acyl transfer reaction between y-carboxamide groups
of glutamine residues and g-amino groups of lysine resi-
dues (1).

*Corresponding author; E-mail: manuel.vazquez@usc.es

The endogenous transglutaminase enzyme is used
in fish muscle proteins to form a translucent and highly
deformable gel after being solubilized with salt when in-
cubated below 40 °C. This phenomenon is called setting.
Some microorganisms also produce the enzyme trans-
glutaminase. Both endogenous and microbial transglu-
taminase show similar optimal temperature for inducing
setting in tropical fish species (40 °C) because this tem-
perature is optimal for myosin denaturation (2).
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This enzyme is used in food technology to restruc-
ture protein-rich food such as meat and fish products.
Furthermore, stability, water binding, mechanical and
textural properties can be enhanced (3,4). The increasing
demand for vegetarian food, the utilisation of novel pro-
teins as functional ingredients from soy, peas, sesame
and sunflower open new horizons for transglutaminase
applications (5).

Microbial transglutaminase is considered an effi-
cient but expensive additive for binding muscle proteins
to produce restructured products. Streptoverticillium lada-
kanum NRRL 3191 is the main source of microbial trans-
glutaminase. The main characteristic of the microbial
transglutaminase is that it is extracellular and Ca**-inde-
pendent (6). These properties increase the interest in this
type of enzymes for the food industry.

Fermentation media can represent almost 30 % of
the cost of a microbial production (7). General media
employed for the growth of Streptoverticillium are not eco-
nomically attractive and some economical media for the
production of transglutaminase based on wastes from
the agroindustry have been studied. For example, Téllez-
-Luis et al. (8) studied the transglutaminase production
on hydrolysates of sorghum straw, obtaning up to 0.348
U/mL. A high transglutaminase activity (0.725 U/mL)
was obtained using glycerol (1,2,3-propanetriol or glyc-
erine) as carbon source by Téllez-Luis et al. (9), corrobo-
rating previous results about the beneficial effect of glyc-
erol and casein on the production of transglutaminase
by S. ladakanum (10). However, glycerol is a chemical with
a high cost (approx. 20 $ per L) and it is of interest to
find alternative raw materials of low cost for preparing
fermentation media. One of these materials can be sugar
cane molasses with a cost lower than 0.5 $ per L.

Sugar cane industry in countries like Mexico is fac-
ing a high pressure to improve their profitability. Differ-
ent studies are being conducted to give added value to
the by-products and to increase profitability of this in-
dustry (11,12). Sugar cane molasses is a by-product of
the sugar cane industry. It contains monosaccharides
(glucose and fructose) and a disaccharide (saccharose) in
high concentrations that in the process of commercial
sugar production do not crystallize, which makes their
recovery difficult. Nowadays this by-product is mainly
used for the animal feed, fermentation to ethanol and
production of yeast (13). Biotechnological applications
for sugar cane molasses have been studied for the pro-
duction of a lot of additives and enzymes such as p-D-
-galactosidase by Kluyveromyces marxianus (14), glucosyl-
transferase by Erwinia sp. (15), ethanol by Zymomonas
mobilis (16), lactic acid by Enterococcus faecalis (17), citric
acid by Aspergillus niger (18) and sorbitol by Zymomonas
mobilis (19). Until now, molasses has not been reported
as a carbon source for the production of microbial trans-
glutaminase.

The aim of this work is to elucidate if the biotechno-
logical production of transglutaminase by S. ladakanum
NRRL 3191 grown in the medium made from sugar cane
molasses is attainable. Additionally, the effect of agita-
tion speed and the mixture of sugar cane molasses with
glycerol have been studied.

Materials and Methods

Raw material

Sugar cane molasses was obtained from a local fac-
tory (Ciudad Mante, Tamaulipas, Mexico). Glycerol was
obtained from Sigma (USA).

Freeze-dried broths of wild S. ladakanum NRRL 3191
strain were obtained from the Agricultural Research Ser-
vice Culture Collection (Peoria, IL, USA). Microorganisms
were maintained on agar plates at 4 °C, and transferred
monthly.

Culture media were prepared using diluted sugar
cane molasses (60 g/L of total sugars), glycerol (60 g/L)
or their mixture (sugar cane molasses with 30 g/L of to-
tal sugars and 30 g/L of glycerol) supplemented with
(in g/L): sodium casein 38.4, peptone 10.5, yeast extract
2.5, Na,HPO, 5, KH,PO, 2, and MgSO, 0.5.

Experiments were carried out in duplicate during
120 h at 26 °C in orbital shakers (agitation speed: 200,
300 or 400 rpm) using 250-mL Erlenmeyer flasks with
100 mL of culture medium.

Previous studies showed that the heat sterilization
of the whole medium produces reactions that affect the
fermentation, decreasing the production of transglutami-
nase (8,9). Therefore, media were sterilized in an auto-
clave, except sugar cane molasses, which was sterilized
by filtration through a membrane (0.2 um) before mix-
ing with the rest of the media.

Analytical methods

Samples were withdrawn from the fermentation me-
dia at 24, 48, 72, 96 and 120 h and centrifuged (4500xg,
10 min). Supernatants were analyzed for glucose, fruc-
tose, saccharose and glycerol by HPLC and for transglu-
taminase activity by a colorimetric procedure.

HPLC analysis was carried out using a Transgeno-
mic ION-300 column (oven temperature=45 °C) with iso-
cratic elution (flow rate=0.4 mL/min; mobile phase: H,SO,
0.0025 M) and a refraction index detector. Pellets were
washed twice with a solution of 9 g of sodium chloride
per L in deionized water, centrifuged again and then
dried at 102 °C for 48 h, in order to allow the calculation
of biomass concentration on dry mass basis.

Transglutaminase activity was measured by a color-
imetric procedure based on the formation of hydro-
xamate from N-carbobenzoxy-L-glutaminylglycine (20).
One unit of activity (U) was defined as the amount that
causes the formation of 1 umol of hydroxamate in 1 min
at 37 °C.

Statistical analysis

All experimental data were carried out in duplicate,
and mean values and standard deviations were calcu-
lated. Fitting of models by nonlinear regression analysis
using least squares regression was performed applying
Microsoft Excel 2003 (Microsoft Corporation, Redmond,
WA, USA) software. Microsoft PowerPoint 2003 (Micro-
soft Corporation, Redmond, WA, USA) was used to plot
the experimental data and models.
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Results and Discussion

Fermentations on sugar cane molasses

The composition of the original sugar cane molasses
was (in g/L): saccharose 609.8, glucose 116.5, and fruc-
tose 158.3. Total sugar concentration (sum of saccharose,
glucose and fructose) was 884.6 g/L. This concentration
is too high to be fermented. In order to assess the possi-
bility of using sugar cane molasses for culturing S. lada-
kanum NRRL-3191, the experiments were carried out ex-
pecting a concentration of around 60 g of total sugars
per L as adequate on the basis of previous works (8,9).
Therefore, the molasses was diluted with distilled water
to obtain a fermentation medium with a total sugar con-
centration close to 60 g/L.

Several authors applied low agitation speed (around
140-200 rpm), but they did not justify it (10,21). Téllez-
-Luis et al. (9) found that 250 rpm allowed higher trans-
glutaminase activity than lower speeds using glycerol as
a carbon source.

A set of experiments was conducted at 200, 300 or
400 rpm using the culture medium nutrients described
above, which were proposed by Junqua et al. (10), and
using the diluted sugar cane molasses as a carbon source.
The aim was to determine the effect of agitation speed
in flask fermentations. Biomass, glucose, fructose and sac-
charose concentrations and transglutaminase activity were
determined at given times.

The highest biomass concentration of (8.39£0.61) g/L
(Fig. 1) was obtained after 72 h at 400 rpm. The increase
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Fig. 1. Dependence of biomass concentration, total sugar con-
centration and microbial transglutaminase activity on the fer-
mentation time of Streptoverticillium ladakanum NRRL 3191
grown on molasses at different agitation speeds

of agitation speed enhanced the biomass production.
This can be due to the fact that an increase in agitation
speed increases the oxygenation of the culture media.
Dissolved oxygen is one of the main factors that affect
microbial growth and the formation of transglutaminase
by S. ladakanum (22).

Glucose, fructose and saccharose concentrations were
given as total sugar concentration, as shown in Fig. 1.
The initial total sugar concentrations were 57.62, 56.15
and 48.13 g/L for fermentations at 200, 300 and 400 rpm,
respectively. The initial concentration of glucose was 8.91
g/L at 200 rpm, which increased to 11.68 g/L in 24 h
and then decreased to 0.4 g/L in 72 h. This behaviour
showed that the decomposition of saccharose generated
glucose, which was then consumed. The rate of glucose
consumption increased with the agitation speed, thus the
increase of glucose in 24 h was not detected in the fer-
mentations at 300 or 400 rpm. All sugars were con-
sumed in 48 h at 200 rpm and in 24 h at 300 and 400
rpm, with residual values remaining (2-3 g/L).

The agitation speed showed a beneficial effect on
transglutaminase activity. At 200 rpm, the activity was
not detected until 120 h and when it was detected, it
was very low (0.040 U/mL). The initial transglutami-
nase activity was detected at 72 h and 300 rpm (0.170
U/mL), and at 48 h and 400 rpm (0.190 U/mL). The
highest transglutaminase activity (0.240 U/mL) was ob-
tained at 96 h and 400 rpm.

The use of kinetic models allows predicting the re-
sults that can be obtained under operational conditions
that were not experimentally studied. The obtained pa-
rameters also help to understand the overall process.

To determine the biomass concentration of S. lada-
kanum, Téllez-Luis et al. (9) used a mathematical model
adopted from a study to describe the fermentation of
lactic acid based on the logistic equation:

XoXmeRid

= 20%m- * 1
Xm—X0+(X0€th) /1/

where t is time, X is biomass concentration, X is initial
concentration of the biomass, X, is maximum concen-
tration of the biomass, and R, is the rate of biomass for-
mation.

The logistic equation is not adequate for fitting fer-
mentations when a decrease in the biomass concentration
is observed at the end of the fermentation. Therefore, in
this study a new model was developed, including a rate
of biomass death (Ry):

e XoX e Ret-Rat*)
X=X+ (Xoe (tRet*))
The new parameter (R,) depends on the time squared.
Thus, its effect increased with time and caused a decrease

in the biomass concentration at the end of the fermenta-
tion.

/2/

Table 1 shows the results of fitting the experimental
data to the model and the statistical parameters r* and
F-test probability. The model predicts that the biomass
concentration increases with the agitation speed, from
4.83 g/L at 200 rpm to 7.80 g/L at 400 rpm, confirming
that the dissolved oxygen is one of the main factors of
the biomass production. The values of the rate of bio-
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Table 1. Results of initial biomass concentration (Xp), maximum
biomass concentration (Xm), rate of biomass formation (Rx) and
rate of biomass death (Rq) obtained by regression analysis of
biomass concentration of Streptoverticillium ladakanum NRRL
3191 grown on molasses using different agitation speeds. Stati-
stical parameters of the models are also shown

Agitation X0 = Xm Rx Rq >
1 1 4 F-test
speed/rpm ¢/ g/L h h
200 2.07 483 0.134 0.00002 0.9967 0.9960
300 237 646 0.061 0.00022 0.9677 0.9507
400 206 7.80 0.139 0.00102 0.9131 0.9060

mass formation were 3-4 orders of magnitude higher
than the values of the rate of biomass death. The rate of
biomass death showed an exponential evolution with
the agitation speed of 0.00002 h™" at 200 rpm, 0.00022 h™
at 300 rpm and 0.00102 h™" at 400 rpm.

The coefficient r* showed a good agreement be-
tween experimental and predicted data for all regres-
sions in the range of 0.91-0.99. The values of F-test
probability showed that the model for 400 rpm is the
least accurate.

With the obtained models, it is possible to predict
any biomass concentration in the range of time of the
study (0-120 h). The maximum biomass concentration
(7.71 g/L) was predicted at 68.3 h and 400 rpm.

To determine the total sugar concentration, a model
based on the prediction of a global substrate uptake rate
was fitted:

 S5ySme-SURt
Sm—So+(Sge-SURT) /3/

where t is time, S is total sugar concentration (sum of
saccharose, glucose and fructose), S is initial concentra-
tion of sugars, S, is maximum concentration of sugars
and SUR is the substrate uptake rate.

Table 2 shows the values obtained by fitting the ex-
perimental data. The substrate uptake rate increased
with the agitation speed from 0.096 h™' at 200 rpm to
0.791 h™* at 400 rpm. This high rate at 400 rpm is consis-
tent with the low concentration of sugars obtained at 24
h (2.34 g/L). Both coefficients #* and F-test probability
showed a good fitting for all agitation speeds.

Table 2. Results of initial total sugar concentration (Sp), maxi-
mum total sugar concentration (Sm) and substrate uptake rate
(SUR) obtained by regression analysis of total sugar consump-
tion by Streptoverticillium ladakanum NRRL 3191 grown on mo-
lasses using different agitation speeds. Statistical parameters of
the models are also shown

Agitation So Sm SUR 5

speed/rpm g/L g/L = r F-test
200 57.63 68.39 0.096 09971  0.9413
300 56.14 56.49 0.295 09978  0.9254
400 48.13 46.74 0.791 0.9997  0.9102

An empirical model analogue to the biomass model
was developed to express the transglutaminase activity:

. PP, e RetRunt*)
PPyt (Poe(Ret‘Rdntz ))

where ¢ is time, P is transglutaminase activity, P is ini-
tial transglutaminase activity, P, is maximum transglu-
taminase activity, R, is the rate of enzyme formation,
and Ry, is the rate of enzyme denaturation.

Table 3 shows the values obtained by fitting this
model for each agitation speed. Both r? coefficient and
F-test probability showed a good fitting for all agitation
speeds except 200 rpm, where F-test probability showed
a value of 0.8883, indicating that the model is not accu-
rate. This can be due to the fact that the activity was de-
tected only at 120 h.

/4/

Table 3. Results of initial transglutaminase activity (Pp), maxi-
mum transglutaminase activity (Pm), rate of enzyme formation
(Re) and rate of enzyme denaturation (Rdn) obtained by regres-
sion analysis of transglutaminase activity generated by Strepto-
verticillium ladakanum NRRL 3191 grown on molasses using dif-
ferent agitation speeds. Statistical parameters of the models are
also shown

Agitation _Po Pm Re Rdn_ 2

speed/rpm U/mL U/mL h™ h! ' Frest
200 0.000 0.100 0.088 0.0000 0.9686 0.8883
300 0.000 0.196 0.193 0.0000 0.9973 0.9680
400 0.000 0.216  0.400 0.0022 0.9790 0.9640

The values obtained for the regression coefficients
showed that the highest transglutaminase activity pre-
dicted was 0.216 U/mL at 400 rpm. However, the values
of the enzyme denaturation rate (0 h™' at 200 and 300
rpm, but 0.0022 h'at 400 rpm) suggest that the exces-
sive increase in the agitation speed can cause stress that
leads to denaturation. The enzyme activity also grew
when the sugars were depleted. The same was observed
by Junqua et al. (10). This could be because transgluta-
minase can be produced in the medium like zymogene
during the time that the microorganism consumes the
sugars. The zymogene is hydrolyzed by proteases to give
the transglutaminase. This can also happen when the
sugars have been depleted (23,24).

The results show that sugar cane molasses is a suit-
able carbon source for the production of transglutami-
nase, but the maximum transglutaminase activity ob-
tained was low compared to the activity obtained by S.
mobaraense CBS 20778 mutant using a medium based on
starch, which reached up to 3.32 U/mL in 6 days (22).

Fermentations on glycerol

New fermentations were conducted using glycerol
as a carbon source to compare the results to those ob-
tained with sugar cane molasses. Fig. 2 shows the kinet-
ics of the fermentations performed on glycerol. The
highest biomass concentration ((10.03£0.20) g/L) was
obtained at 120 h and 400 rpm. The increase of the agi-
tation speed clearly increased the biomass production.

The values of the regression parameters for biomass
equation are shown in Table 4. The model gave a maxi-
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Fig. 2. Dependence of biomass concentration, glycerol concen-

tration and microbial transglutaminase activity on the fermen-

tation time of Streptoverticillium ladakanum NRRL 3191 grown

on glycerol at different agitation speeds

Table 4. Results of initial biomass concentration (Xo), maximum
biomass concentration (Xm), rate of biomass formation (Rx) and
rate of biomass death (R4) obtained by regression analysis of
biomass concentration of Streptoverticillium ladakanum NRRL
3191 grown on glycerol using different agitation speeds. Statis-
tical parameters of the models are also shown

Agitation X0 = Xm Ry R4 >

speed/tpm g/ g/L hl hl r F-test
200 0.53 255 0.045 0.00000 0.8170 0.7890
300 086 631 0.050 0.00015 0.9296 0.8864
400 0.73 12.47 0.045 0.00008 0.9901 0.9812

mum biomass concentration of 12.47 g/L, but at 120 h
the predicted maximum was 10.16 g/L. The values of
biomass formation rate were in the range of 0.045-0.050
h™". Thus no effect of agitation speed on the rate of bio-
mass formation was observed. These values are lower
than those obtained for sugar cane molasses (0.061-0.139
h™). The values of the rate of biomass death are also
lower, because the final biomass concentrations obtained
are higher when using glycerol than when using sugar
cane molasses.

Glycerol was not consumed totally. Residual con-
centrations of 42.2, 23.8 and 14.4 g/L were obtained in
120 h at 200, 300 or 400 rpm, respectively. Eq. 3 was
used to fit the glycerol concentration, but in this case, S
is glycerol concentration, S, is initial glycerol concentra-
tion and S,, is maximum glycerol concentration. Table 5

Table 5. Results of initial glycerol concentration (So), maximum
glycerol concentration (Sm) and substrate uptake rate (SUR) ob-
tained by regression analysis of glycerol consumption by Strep-
toverticillium ladakanum NRRL 3191 grown on glycerol using
different agitation speeds. Statistical parameters of the models
are also shown

e
200 55.65 65.39 0.010 0.9776 0.9916
300 54.76 63.34 0.021 0.9882 0.9494
400 55.76 61.03 0.030 0.9941 0.9724

shows the results of the regression. All r* coefficients
and F-test probability showed a good fitting. The sub-
strate uptake rate increased with the agitation speed,
like in the case of sugar cane molasses, but the values
were much lower (from 0.010 to 0.030 h™). This confirms
the obtained high residual concentrations.

The pattern for transglutaminase activity at 200 and
300 rpm was similar to the maximum values (around
0.240 U/mL), as it can be seen in Fig. 2. Using 400 rpm,
the transglutaminase activity was lower. The results of
fitting the Eq. 4 for the fermentations on glycerol shown
in Table 6 can help to understand this behaviour. The
rate of enzyme formation increases with the agitation
speed. This rate is lower than that obtained using sugar
cane molasses at 200 and 300 rpm, and similar to that at
400 rpm. The main difference is in the rate of enzyme
denaturation, which is much higher in the fermentation
on glycerol (0.00102 h™) than in the fermentation on sug-
ar cane molasses (0.0022 h™). Thus, the transglutaminase
activity obtained was only 0.170 U/mL in glycerol in
96 h at 400 rpm, while in molasses it was 0.240 U/mL.
The low value obtained in glycerol can be explained by
the higher viscosity of the medium containing glycerol
and by the increase of the stress due to the effect of the
transglutaminase on sodium caseinate, generating bonds
into adjacent molecules of caseinate (25). The maximum
transglutaminase activity obtained was 0.250 U/mL in
120 h at 200 rpm. The maximum productivity was 0.0025
U/(mL-h) obtained in 96 h at 300 rpm. These results com-
pare very well with those obtained in a synthetic me-
dium containing glycerol by Bacillus circulans, where trans-
glutaminase activity of 0.194 U/mL was obtained in 8
days (26).

Table 6. Results of initial transglutaminase activity (Pp), maxi-
mum transglutaminase activity (Pm), rate of enzyme formation
(Re) and rate of enzyme denaturation (Rdn) obtained by regres-
sion analysis of transglutaminase activity generated by Strepto-
verticillium ladakanum NRRL 3191 grown on glycerol using dif-
ferent agitation speeds. Statistical parameters of the models are
also shown

Agitation Py Pm Re Rdn 2
1 1 7 F-test
speed/rpm U/mL U/mL h h
200 0.016 0.249 0.050 0.00000 0.9645 0.9644
300 0.011  1.812 0.065 0.00033 0.9923 0.9929
400 0.000 0.143 0.453 0.00102 0.9116 0.9980
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Fermentations on mixtures of sugar cane molasses
and glycerol

A medium was prepared mixing diluted sugar cane
molasses (around 30 g/L of total sugars) and glycerol
(30 g/L) to obtain a final concentration of around 60 g/L
to compare it with the previous fermentations. Fig. 3
shows the kinetics of the fermentations performed in the
mixture of sugar cane molasses and glycerol. The high-
est biomass concentration ((10.98£0.32) g/L) was obtained
in 96 h using the highest agitation speed (400 rpm). Lower
agitation speeds were not adequate for the biomass pro-
duction, the biomass concentration remained in values
close to 3—4 g/L.

¢200rpm m300rpm A 400 rpm

Y(biomass)/(g/L)

Ytotal sugars)/(g/L)

Aalycerol)/(g/L)

Transglutaminase
activity/(U/mL)

0 20 40 60 80 100 120
t/h

Fig. 3. Dependence of biomass concentration, total sugar con-
centration, glycerol concentration and microbial transglutami-
nase activity on the fermentation time of Streptoverticillium lada-
kanum NRRL 3191 grown on the mixture of molasses and
glycerol at different agitation speeds

The models obtained for biomass were significant with
values of r* and F-test probability over 0.90 for 300 and
400 rpm. The values of the regression parameters are
shown in Table 7. The maximum predicted biomass con-
centration was 11.90 g/L for the fermentation at 400 rpm.
Using this agitation speed, the values of the rate of bio-
mass formation and biomass death were in the middle
of those of the fermentation on glycerol (lower) and on
sugar cane molasses (higher).

Table 7. Results of initial biomass concentration (Xp), maximum
biomass concentration (Xm), rate of biomass formation (Rx) and
rate of biomass death (Rq) obtained by regression analysis of
biomass concentration of Streptoverticillium ladakanum NRRL
3191 grown on the mixture of molasses and glycerol using dif-
ferent agitation speeds. Statistical parameters of the models are
also shown

Agitation Xo. Xm Rx Ra 2
I ] r F-test
speed/rpm ¢/ g/L h h
200 0.88 278 0.633 0.00000 0.8495 0.9134
300 1.05 398 0.714 0.00581 0.9032 0.9151
400 1.65 1190 0.064 0.00032 0.9144 0.8762

The consumption of carbon sources was different
for sugars and glycerol. All the sugars were consumed
in 24 h, less than 4 g/L remaining in the media at the
end of the fermentations. Glycerol began to be con-
sumed after 24 h, when sugars were depleted. Tables 8
and 9 show the values of coefficients of the models for
sugars and glycerol, respectively.

Table 8. Results of initial total sugar concentration (Sp), maxi-
mum sugar concentration (Sm) and substrate uptake rate (SUR)
obtained by regression analysis of total sugar consumption by
Streptoverticillium ladakanum NRRL 3191 grown on the mixture
of molasses and glycerol using different agitation speeds. Stati-
stical parameters of the models are also shown

Agitation So Sm SUR 5

speed/rpm  g/L g/L ht! ’ Frtest
200 28.61 29.61 0.217 0.9947  0.8846
300 24.92 26.04 0.222 0.9931 0.8771
400 24.97 2531 0.271 0.9967  0.9121

Table 9. Results of initial glycerol concentration (Sp), maximum
glycerol concentration (Sm) and substrate uptake rate (SUR) ob-
tained by regression analysis of glycerol consumption by Strep-
toverticillium ladakanum NRRL 3191 grown on the mixture of
molasses and glycerol using different agitation speeds. Statisti-
cal parameters of the models are also shown

e A
200 27.34 31.58 0.009 0.9266  0.9407
300 27.92 30.07 0.026 0.9685  0.9695
400 27.79 29.33 0.049 0.9920  0.9492

The values of SUR for total sugars were in the range
of 0.217-0.271 h™', i.e. similar to those of the fermenta-
tion of sugar cane molasses at 300 rpm. The values of
SUR for glycerol were a little higher than the values of
the fermentation of glycerol alone.

The transglutaminase activity obtained at 200 rpm
(0.200 U/mL at 120 h) and 400 rpm (0.240 U/mL at 96
h) was similar to that obtained using sugar cane molas-
ses or glycerol separately. However, the production at
300 rpm was 0.460 U/mL in 72 h, decreasing to 0.260



O.M. PORTILLA-RIVERA et al.: Production of Microbial Transglutaminase, Food Technol. Biotechnol. 47 (1) 19-26 (2009) 25

U/mL in 120 h. Table 10 shows the results of fitting the
models for enzyme activity. At 300 rpm, the rate of en-
zyme formation was 0.168 h™!, a value close to that of
the fermentation of sugar cane molasses alone (0.193 h™).
The rate of enzyme denaturation was 0.00100 h™! at 300
rpm, similar to the value of the fermentation of glycerol
alone (0.00102 h™). The maximum activity obtained in
the fermentation at 300 rpm could be explained by a high
denaturation rate at 400 rpm and by diffusional prob-
lems at 200 rpm, which disappear at 300 rpm.

Table 10. Results of initial transglutaminase activity (Po), maxi-
mum transglutaminase activity (Pm), rate of enzyme formation
(Re) and rate of enzyme denaturation (Rdn) obtained by regres-
sion analysis of transglutaminase activity generated by Strepto-
verticillium ladakanum NRRL 3191 grown on the mixture of mo-
lasses and glycerol using different agitation speed. Statistical
parameters of the models are also shown

Agitation _ Po Pm Re  Ran 2
= =) r F-test
speed/rpm U/mL U/mL h h
200 0.000 0.213 0.104 0.00000 0.9999 0.9934
300 0.001 0.598 0.168 0.00100 0.9739 0.9721
400 0.010 1.040 0.069 0.00035 0.9922 0.9978

The model predicts a maximum transglutaminase
activity of 0.433 U/mL at 83.75 h and 300 rpm. The pro-
ductivity at 72 h and 300 rpm was 0.0064 h™" and the
product yield was 100 U/g.

The comparison of the transglutaminase production
by S. ladakanum in the mixture of sugar cane molasses
and glycerol with other substrates is favourable. For ex-
ample, the production of transglutaminase in hydroly-
sates of sorghum straw (8) gave an activity of 0.348
U/mL at 72 h. Moreover, the use of sugar cane molasses
does not require additional treatments like in the case of
using any kind of hydrolysates.

Conclusion

The mixture of sugar cane molasses and glycerol is
an adequate culture medium for the production of trans-
glutaminase by Streptoverticillium ladakanum. The results
obtained suggest a synergistic effect of both carbon
sources, duplicating the production of that obtained
when they were used separately.

The glucose, fructose and saccharose of the sugar
cane molasses were consumed in 2448 h, but glycerol
was not consumed totally in 120 h. The highest trans-
glutaminase activity (0.460 U/mL) was obtained in the
mixture of sugar cane molasses and glycerol after 72 h
at 300 rpm.

Acknowledgements

A grant from FOMIX CONACYT - Gobierno de Ta-
maulipas (Ref. 2004/1055) to author Portilla-Rivera is
gratefully acknowledged. The authors are grateful to
Ministerio de Educacién y Ciencia (Spain) for the finan-
cial support of this work (Project: AGL2006-08250/ALI).

References

1. G.AH. De Jong, S.J. Koppelman, Transglutaminase cata-
lyzed reactions: Impact in food applications, J. Food Sci. 67
(2002) 2798-2806.

2. FA. Coelho, H.S. Dalla Santa, O.R. Dalla Santa, J.R.S. Frei-
tas, N.N. Terra, Characteristics of fermented salami produ-
ced without starter culture, Cienc. Tecnol. Aliment. 5 (2006)
231-236 (in Spanish).

3. Y. Zhu, A. Rinzema, J. Tramper, J. Bol, Microbial transgluta-
minase — A review of its production and application in food
processing, Appl. Microbiol. Biotechnol. 44 (1995) 277-282.

4. P. Bonato, F. Perlo, G. Teira, R. Fabre, S. Kueider, Nuggets
with washed mechanically deboned chicken meat: Frozen
storage stability, Cienc. Tecnol. Aliment. 5 (2006) 112-117 (in
Spanish).

5. M. Dube, C. Schifer, S. Neidhart, R. Carle, Texturisation
and modification of vegetable proteins for food applica-
tions using microbial transglutaminase, Eur. Food Res. Tech-
nol. 225 (2007) 287-299.

6. M. Nonaka, H. Tanaka, A. Okiyama, M. Motoki, H. Ando,
K. Umeda, A. Matsuura, Polymerization of several prote-
ins by Ca®"-independent transglutaminase derived from
microorganisms, Agric. Biol. Chem. 53 (1989) 2619-2623.

7. T.L. Miller, B.W. Churchill: Substrates for Large-Scale Fer-
mentations. In: Manual of Industrial Microbiology and Biotech-
nology, A.L. Demain, L.A. Solomon (Eds.), American So-
ciety for Microbiology, Washington DC, USA (1986).

8. S.J. Téllez-Luis, J.J. Gonzdlez-Cabriales, ]J.A. Ramirez, M.
Vézquez, Production of transglutaminase by Streptoverticil-
lium ladakanum NRRL-3191 grown on media made from
hydrolysates of sorghum straw, Food Technol. Biotechnol. 42
(2004) 1-4.

9. S.J. Téllez-Luis, J.A. Ramirez, M. Vazquez, Production of
transglutaminase by Streptoverticillium ladakanum NRRL-
-3191 using glycerol as carbon source, Food Technol. Biotech-
nol. 42 (2004) 75-81.

10. M. Junqua, R. Duran, C. Gancet, P. Goulas, Optimization
of microbial transglutaminase production using experimen-
tal designs, Appl. Microbiol. Biotechnol. 48 (1997) 730-734.

11. AL Napoles Solenzal, Y. Ortiz Aroche, M. Vinals Verde, E.
Manganelly Santana, E. Acosta Martinez, Purification of su-
garcane bagasse hydrolysates using activated charcoal and
ion-exchange resins, Cienc. Tecnol. Aliment. 5 (2006) 124-128
(in Spanish).

12. M. Vinals Verde, I. Maciel de Mancilha, J. Batista de Alme-
ida e Silva, A.I. Ndpoles Solenzar, Purification methods of
sugarcane bagasse hydrolysates for xylitol obtaining, Cienc.
Tecnol. Aliment. 5 (2006) 129-134 (in Spanish).

13. S. Al Arni, M. Zilli, A. Converti, Solubilization of lignin
components of food concern from sugarcane bagasse by
alkaline hydrolysis, Cienc. Tecnol. Aliment. 5 (2007) 271-277
(in Spanish).

14. S.A. Furlan, A.LS. Schneider, R. Merkle, M. De Fatima Carval-
ho-Jonas, R. Jonas, Formulation of a lactose-free, low-cost
culture medium for the production of B-D-galactosidase by
Kluyveromyces marxianus, Biotechnol. Let. 22 (2000) 589-593.

15. H.Y. Kawaguti, M.F. Buzzato, H.H. Sato, Isomaltulose pro-
duction using free cells: Optimisation of a culture medium
containing agricultural wastes and conversion in repeated-
-batch processes, J. Ind. Microbiol. Biotechnol. 34 (2007) 261—
269.

16. M.L. Cazetta, M.A.P.C. Celligoi, J.B. Buzato, 1.S. Scarmino,
Fermentation of molasses by Zymomonas mobilis: Effects of
temperature and sugar concentration on ethanol produc-
tion, Bioresour. Technol. 98 (2007) 2824-2828.

17. Y]. Wee, J.N. Kim, J.S. Yun, H.-W. Ryu, Utilization of sugar
molasses for economical L(+)-lactic acid production by



26

O.M. PORTILLA-RIVERA et al.: Production of Microbial Transglutaminase, Food Technol. Biotechnol. 47 (1) 19-26 (2009)

18.

19.

20.

21.

22.

batch fermentation of Enterococcus faecalis, Enzyme Microb.
Technol. 35 (2004) 568-573.

S. Parvez, M.I. Rajoka, M.N. Ahmed, F. Latif, R. Shahid,
K.A. Malik, Citric acid production from sugar cane molas-
ses by 2-deoxyglucose-resistant mutant strain of Aspergil-
lus niger, Folia Microbiol. 43 (1998) 59-62.

M.L. Cazetta, M.A.P.C. Celligoi, J.B. Buzato, I.S. Scarmino,
R.S.R. da Silva, Optimization study for sorbitol production
by Zymomonas mobilis in sugar cane molasses, Process Bio-
chem. 40 (2005) 747-751.

N. Grossowicz, E. Wainfan, E. Borek, H. Waelsch, The en-
zymatic formation of hydroxamic acids from glutamine and
asparagine, J. Biol. Chem. 187 (1950) 111-125.

M. Zheng, G. Du, J. Chen, pH control strategy of batch mi-
crobial transglutaminase production with Streptoverticillium
mobaraense, Enzyme Microb. Technol. 31 (2002) 477-481.

G. Yan, G. Du, Y. Lj, J. Chen, J. Zhong, Enhancement of
microbial transglutaminase production by Streptoverticillium

23.

24.

25.

26.

mobaraense: Application of a two-stage agitation speed con-
trol strategy, Process Biochem. 40 (2005) 963-968.

J. Zotzel, P. Keller, H.L. Fuchsbauer, Transglutaminase from
Streptomyces mobaraensis activated by an endogenous me-
talloprotease, Eur. ]. Biochem. 270 (2003) 3214-3222.

R. Pasternack, S. Dorsch, J.T. Otterbach, I.R. Robenek, S.
Wolf, H.L. Fuchsbauer, Bacterial pro-transglutaminase from
Streptoverticillium mobaraense: Purification, characterisation
and sequence of the zymogen, Eur. . Biochem. 257 (1998)
570-576.

Y. Zhu, A. Rinzema, ]. Tramper, E. de Bruin, J. Bol, Fed-
-batch fermentation dealing with nitrogen limitation in mi-
crobial transglutaminase production by Streptoverticillium
mobaraense, Appl. Microbiol. Biotechnol. 49 (1998) 251-257.
C.EV. Souza, S.H. Flores, M.A.Z. Ayub, Optimization of me-
dium composition for the production of transglutaminase
by Bacillus circulans BL32 using statistical experimental
methods, Process Biochem. 41 (2006) 1186-1192.





