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Abstract The enzyme glucosyltransferase is an
industrially important enzyme since it produces non-
cariogenic isomaltulose (6-0-o-D-glucopyronosyl-1-6-p-
fructofuranose) from sucrose by intramolecular
transglucosylation. The experimental designs and
response surface methodology (RSM) were applied for
the optimisation of the nutrient concentrations in the
culture medium for the production of glucosyltrans-
ferase by Erwinia sp. D12 in shaken flasks at 200 rpm
and 30°C. A statistical analysis of the results showed
that, in the range studied, the factors had a significant
effect (P < 0.05) on glucosyltransferase production and
the highest enzyme activity (10.84 U/ml) was observed
in culture medium containing sugar cane molasses
(150 g I'Y), corn steep liquor (20 g 17'), yeast extract
Prodex Lac SD® (15gl1') and K,HPO, (0.5¢g1™")
after 8 h at 30°C. The production of cell biomass by the
strain of Erwinia sp. D12 was carried out in a 6.6-1
fermenter with a mixing rate of 200 rpm and an aera-
tion rate of 1 vvm. Fermentation time, cellular growth,
medium pH and glucosyltransferase production were
observed. The greatest glucosyltransferase activity was
22.49 U/ml, obtained after 8 h of fermentation. The
isomaltulose production from sucrose was performed
using free Erwinia sp. D12 cells in a batch process
using an orbital shaker. The influence of the parame-
ters sucrose concentration, temperature, pH, and cell
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concentration on the conversion of sucrose into iso-
maltulose was studied. The free cells showed a high
conversion rate of sucrose into isomaltulose using
batch fermentation, obtaining an isomaltulose yield of
72.11% from sucrose solution 35% at 35°C.
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Introduction

Isomaltulose is a sucrose isomer obtained commer-
cially by the enzymatic conversion of sucrose catalysed
by microbial glucosyltransferase and can be found
naturally in honey and sugar cane extracts in very small
quantities. It has been suggested as a non-cariogenic
alternative to sucrose, and as such is currently in wide
use as a sugar substitute in foods. It can also be con-
verted into a sugar—-alcohol mixture known as Iso-
malt®, that has low caloric value and non-cariogenic
properties. In experimental studies with rats [15, 17]
and in human studies [24], the production of insoluble
glucan and acids from isomaltulose by strains of
Streptococcus mutans was very low when compared to
sucrose. Isomaltulose is perceived to be about 50% as
sweet as sucrose [3, 4, 6, 15, 17, 20, 22, 23, 24] and
shows very similar physical and organoleptic properties
[2, 6]. In the organism, isomaltulose is hydrolysed by
isomaltase and absorbed as glucose and fructose [23].
Unlike sucrose, the ingestion of isomaltulose has only a
minor effect on glycemia, indicating its potential as a
parenteral nutrient acceptable to both diabetics and
non-diabetics [7, 8]. Teratogenic or mutagenic effects
and toxicity are not associated with the consumption of
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isomaltulose by rats, it thus being safe for use in foods
[11].

The conversion of sucrose into isomaltulose can be
carried out using free cells [5, 19] or immobilized cells
[1, 2, 4, 10, 18, 20, 25]. Response surface methodology
was used to evaluate the effect of the culture medium
components on glucosyltransferase activity, with the
purpose of producing a low cost culture media. A two
level fractional factorial design (2°'-FFD) was used to
select the significant factors, and a two level rotatory
central composite design (2>-RCCD) used to optimise
the culture medium. This paper reports the production
of isomaltulose from sucrose using free Erwinia sp.
D12 cells in repeated-batch processes.

Materials and methods
Microorganism and maintenance

Erwinia sp. D12, a producer of glucosyltransferase, was
obtained from the Laboratory of Biochemistry (Fac-
ulty of Food Engineering/UNICAMP). The microor-
ganism was maintained in a culture medium containing
the following ingredients per litre of sterile water: 6 g
sucrose, 4 g peptone, 0.4 g beef extract and 2 g agar.
The cultures were kept at 5°C.

Optimisation of a culture medium containing agri-
cultural wastes, using response surface methodology.

The in vitro study for the optimisation of the culture
medium (in shaken flasks) was carried out using an
experimental design and response surface methodol-
ogy (RSM). All data were treated with the aid of
STATISTICA® 5.0 from Statsoft Inc. (2325 East 13th
Street, Tulsa, OK, 74104, USA).

Cultivation and enzyme production

The seed medium had the same composition as the
production medium as shown in Tables 1, 2, 3 and 4. A
loop full of cells was inoculated into 50 ml of seed
medium contained in 250 ml Erlenmeyer flasks and
incubated in an orbital shaker (New Brunswick Scien-
tific, Edison, NJ, USA) at 30°C and 200 rpm for 15 h.
This seed culture was inoculated into the production
medium at a rate of 10% (v/v). After 8 h of fermenta-
tion, the culture was centrifuged at 10,070xg for 15 min
and the glucosyltranferase activity determined.

Glucosyltransferase assay

The glucosyltransferase activity was determined from
the increase in reducing power of a solution containing
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Table 1 Two level fractional factorial design (2°~'-FFD) and the
response for glucosyltransferase activity from Erwinia sp. D12

Assay Variable levels® Response
SCM® CSL° YEP! K,HPO, pH Enzyme
activity (U/ml)
1 -1 -1 -1 -1 1 227
2 1 -1 -1 -1 -1 1.11
3 -1 1 -1 -1 -1 411
4 1 1 -1 -1 1 1244
5 -1 -1 1 -1 -1 3.59
6 1 -1 1 -1 1 14.68
7 -1 1 1 -1 1 5.56
8 1 1 1 -1 -1 0.20
9 -1 -1 -1 1 -1 2.40
10 1 -1 -1 1 1 5.89
11 -1 1 -1 1 1 5.77
12 1 1 -1 1 -1 0.20
13 -1 -1 1 1 1 5.12
14 1 -1 1 1 -1 0.68
15 -1 1 1 1 -1 4.82
16 1 1 1 1 1 1192
17 0 0 0 0 0 11.29
18 0 0 0 0 0 1228
19 0 0 0 0 0 11.30

? Coded variables "Sugar cane molasses “Corn steep liquor-
Milhocina® “Yeast extract Prodex®

Table 2 The variables and their levels for the two level frac-
tional factorial design (2°~'-FFD)

Variable Coded variable levels

-1 0 +1
Sugar cane molasses (g 17! 20.0 100.0 180.0
Corn steep liquor (g 171 5.0 20.0 35.0
Yeast extract Prodex® (g I™") 5.0 10.0 15.0
K,HPO, (g 1) 0.5 1.0 1.5
pH 5.0 7.0 9.0

sucrose as described by Park et al. [16], with modifi-
cations. For the extraction of the intracellular enzyme,
the cell mass was washed twice with distilled water and
then suspended in 50 ml 0.05 M citrate—phosphate
buffer, pH 6.0. The cell suspension was cooled to 5°C
and disrupted by ultrasonic vibration (180 W for 20 s).
After cell wall disruption, the samples were centrifuged
at 12,300xg for 15 min at 5°C.

The enzyme activity of the supernatant was then
determined. A mixture of 450 pl of a 4.0% (w/v) su-
crose solution in 0.05 M citrate—phosphate buffer pH
6.0, and 50 pl of enzyme solution, were incubated for
20 min at 35°C. Reducing sugars were measured by
Somogyi’s method [21] using glucose as the standard.
One unit of glucosyltransferase activity (U) was de-
fined as the amount of enzyme that liberates 1 umol of
reducing sugar (isomaltulose)/minute from the sucrose
solution, under standard assay conditions.
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Table 3 Two level rotatory central composite design (2°-
RCCD) and response for Erwinia sp. D12 glucosyltransferase

Assay Levels of the variables® Response
SCM® YEP® pH Enzyme
activity (U/ml)
1 -1 -1 -1 7.88
2 +1 -1 -1 7.53
3 -1 +1 -1 10.21
4 +1 +1 -1 7.71
5 -1 -1 +1 5.56
6 +1 -1 +1 7.37
7 -1 +1 +1 7.83
8 +1 +1 +1 7.71
9 -1.68 0 0 4.96
10 +1.68 0 0 6.35
11 0 -1.68 0 6.71
12 0 +1.68 0 8.23
13 0 0 -1.68 0.70
14 0 0 +1.68 8.26
15 0 0 0 10.84
16 0 0 0 10.64
17 0 0 0 10.72

Corn steep liquor-Milhocina® fixed at 20 g 17!, K,HPO, fixed at
05gl1!
? Coded variables

® Sugar cane molasses “Yeast extract Prodex®

Table 4 Variables and their levels for the two level rotatory
central composite design (2°>-RCCD)

Variable Coded variable levels

-168 -1 0 +1 +1.68

Sugar cane molasses (g17') 300 786 150.0 2214 270.0
Yeast extract Prodex® (g1) 2.0 73 150 227 280
pH 6.0 7.6 8.5 94 10.0

Evaluation of the effect of the variables
on glucosyltransferase activity

A two level fractional factorial design (2°'-FFD) was
employed to evaluate the variables that significantly
affected glucosyltransferase activity. Table 1 shows the
251 FFD matrix covering the five variables, to evaluate
their effect on glucosyltranferase activity. The vari-
ables considered for the design were sugar cane
molasses (x1/SCM), corn steep liquor (x,/CSL), yeast
extract Prodex Lac SD® (x3/YEP), K,HPO, (x4) and
pH (xs5). These factors and their levels are listed in
Table 2. The sugar cane molasses, corn steep liquor
(Milhocina®) and yeast extract Prodex Lac SD® were
obtained from the Companhia Energética Santa Elisa;
Corn Products Brazil and Prodesa Produtos Especiais
para Alimentos Ltda, respectively.

Each independent variable was investigated at a
high (+1) and a low (-1) level. Centre point runs (three
points) were included in the matrix and a statistical
analysis was used to identify the effect of each variable
on the response. The significance was determined by
applying the Student’s ¢ test, P value and significance
levels.

Optimisation using rotatory central composite
design and response surface methodology

Response surface methodology was used to optimise
the levels of the significant variables as identified by
the two level fractional factorial design. A two level
rotatory central composite design (2>-RCCD) with six
axial points (o) and three replicates at the central
point, giving a total of 17 assays per experiment as per
Table 3, was used to optimise the components for
glucosyltransferase production by the strain Erwinia
sp. D12, to obtain maximum enzymatic activity and
reduce costs in the fermentation process.

Growth determination and glucosyltransferase
production in the optimal culture medium
in a 6.6-1 fermenter

Bacterial growth and glucosyltransferase activity were
determined in the following optimal culture medium:
sugar cane molasses (150 g 17!), yeast extract Prodex®
(15 g 1Y), corn steep liquor-Milhocina® (20 g I"') and
pH 7.5 in a New Brunswick Bioflo Ilc bioreactor 6.6-1
fermenter (New Brunswick Scientific, Edison, NJ,
USA). A loop full of culture were inoculated into each
of six 250 ml Erlenmeyer flasks containing 50 ml of
optimised culture medium and incubated in an orbital
shaker at 200 rpm and 30°C for 15 h. A 300 ml aliquot
of inoculum was transferred into 2,700 ml of optimised
culture medium contained in a 6.6-1 fermenter, and
incubated under the following conditions: temperature
27°C, initial pH 7.5, aeration rate 1 vvm and agitation
speed of 200 rpm. Samples were collected at time-de-
fined intervals and submitted to analysis.

Growth of the microorganism, glucosyltransferase
activity and variation of the culture medium pH

Aliquots (20 ml) of the culture broth were centrifuged
at 12,300xg for 15 min at 5°C. The cell mass was wa-
shed twice with 20 ml of distilled water and re-sus-
pended into 20 ml of distilled water. A Beckman DU
70 spectrophotometer (Beckman-Coulter, Inc., Fuller-
ton, CA, USA) was used to monitor cell growth by
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measuring the optical density at 660 nm (ODsggp).
Glucosyltransferase activity was estimated as described
previously. The pH of the culture medium was mea-
sured with an Orion model 710A potentiometer (Orion
Research Inc, Boston, MA, USA).

Influence of temperature, pH and substrate
and cell concentrations on the conversion
of sucrose into isomaltulose

The experiments were conducted in a batch mode
using an orbital shaker at 200 rpm. The assays to
evaluate the influence of temperature (30, 35 and
38°C), pH (5.0, 5.5, 6.0, 6.5 and 7.0), sucrose concen-
tration (35, 37, 40, 42 and 45% w/v) and cell mass
concentration (10, 15 and 20% w/v) on the conversion
of sucrose into isomaltulose, were carried out in
Erlenmeyer flasks containing the reaction medium.
Aliquots of the reaction medium were collected after
different incubation times (5, 15, 25, 35, 45 and
60 min). The carbohydrate analyses were carried out
using a Dionex DX-600 High Performance Liquid
Chromatograph.

HPLC-PAD analysis

The sugar analyses were performed using an HPLC
system consisting of a DIONEX DX-600 (Dionex
Corporation, 1228 Titan Way, Sunnyvale, CA, USA)
chromatograph equipped with an Electrochemical
Detector EDS50, a CalrboPacjM PA 1 column
(4 x 270 mm) and a CarboPac’ PA 1 guard column
(4 x 500 mm), with a mobile phase of 200 mM NaOH
at a flow rate of 1 ml min™' and a temperature of 20°C.
The carbohydrates were identified from their retention
times as compared to those of the fructose, glucose,
sucrose and isomaltulose standards (Sigma Chemical
Co., St Louis, MO, USA).

Performance of the repeated batch operations using
free cells

After studying the influence of temperature, pH and
substrate and cell concentrations on the conversion of
sucrose into isomaltulose, repeated-batch conversion
runs were carried out in 250 ml Erlenmeyer flaks
containing 50 ml of 35% (w/v) sucrose solution and
10% free cells of Erwinia sp. D12 (w of wet cell/v) at
pH 6.5. The flasks were maintained in an orbital
shaker at 150 rpm and 35°C for 15 min. At the end
of each batch, samples were collected and submitted
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to analysis. The reaction medium was then centri-
fuged at 10,070xg for 20 min at 25°C and the free
cells used for the next batch conversion of sucrose
into isomaltulose with fresh substrate. This process
was repeated several times. The carbohydrate analy-
ses were carried out using the Dionex DX-600 High
Performance Liquid Chromatograph as described
previously.

Results and discussion

Evaluation of the effect of the significant variables
on glucosyltransferase activity

The experimental design with 19 experiments and 5
factors or independent variables and their corre-
sponding glucosyltransferase activity are indicated in
Table 1. The variables listed contained different con-
centrations of medium components, as shown in
Table 2:x;, sugar cane molasses (SCM) at a low con-
centration of 20 g1™' and a high concentration of
180 g I'!; x,, corn steep liquor (Milhocina®-CSL) at a
low concentration of 5 g 1™! and a high concentration
of 35 g I™'; x5, yeast extract Prodex® at a low con-
centration of 5 gl and a high concentration of
15¢ I x4, KoHPO, at a low concentration of 0.5 g I
and a high concentration of 1.5 g I"'; and x5, pH at a
low value of 5.0 and a high value of 9.0. The responses
obtained were evaluated statistically and those vari-
ables with a confidence level of 95% were regarded as
having a significant effect on glucosyltransferase
activity. The estimates of the main effects are shown
in Table 5.

It is possible to observe that variations in SCM,
YEP and pH significantly (P < 0.05) affected gluco-
syltransferase activity and that the main effects were
positive, suggesting that the increase in their values or
ranges in the medium resulted in the promotion of
enzyme production. The estimated effect of CSL was
positive, suggesting that an increase in its concentra-
tion could improve the enzyme activity, however the
effect was not significant (P > 0.05) so its concentra-
tion was fixed at 20 g I"!. The main effect of K,HPO,
was negative, however the variations in concentration
of this medium component did not significantly
(P > 0.05) affect glucosyltransferase activity, suggest-
ing that its lower (-1) concentration was plentiful.
Thus, using the two level fractional factorial designs
the variables that could significantly affect glucosyl-
transferase activity were identified.



J Ind Microbiol Biotechnol (2007) 34:261-269

265

Table 5 Main effects and an analysis of the interactions for
glucosyltransferase activity from the two level fractional factorial
design (25!-FFD)

Factor Effect SE T value P value
SCM* 1.6844 0.2843 5.246 0.273*
CSL? 1.1621 0.2843 4.874 0.550
YEP¢ 1.5451 0.2843 5.344 0.03227%
K,HPO, -0.8963 0.843 -3.526 0.0876
pH 5.8192 0.843 20.675 0.0024*

? Sugar cane molasses

® Corn steep liquor-Milhocina®
© Yeast extract Prodex®
*Significant factors (P < 0.05)

Optimisation using a rotatory central composite
design and response surface methodology

The variables sugar cane molasses (SCM), yeast extract
Prodex® (YEP) and pH were the most effective factors
promoting glucosyltransferase activity, and their values
were further optimised using a two level rotatory
central composite design (2>-RCCD). The experimen-
tal results for glucosyltransferase activity using the
complete 2>-RCCD with four replicates of the central
points, six assays corresponding to the axial points and
eight assays corresponding to the factorial points, are
shown in Table 3. The levels studied with the decoded
values are shown in Table 4.

The correlation measurements used in the estima-
tion of the regression equation were the multiple cor-
relation coefficients (R) and the determination
coefficient (R?). The closer the value of R was to 1, the
better the correlation between the observed and pre-
dicted values. Table 6 shows the analysis of variance
(ANOVA/F test) for this experiment and the coeffi-
cient of determination (R?). The goodness of fit of the
model was checked using the coefficient of determi-
nation, which was shown to be 0.97, indicating that
only 3% of the total variation was not explained by the
model. This indicated that the accuracy and general
ability of the quadratic model was good, and the
analysis of the response trends using the model was
considered to be reasonable. The value for R was 0.98,
showing excellent correlation between the predicted
and experimental values. The F value of 38.33 for
glucosyltransferase activity implied that the model was
statistically significant (Fpoqe1 €Xceeded the tabulated
value of Fyos79 by 11.7 times). The lack of fit test
compares the residual error to the pure error from
replicates central points. The lack of fit F value of 22.31
implied that the lack of this factor was significant.
There is only a 0.05% chance that a lack of fit F value

this large could occur due to noise. Thus the estimated
model adequately fitted the experimental data.

The regression coefficients and the corresponding P
values for the model of glucosyltransferase activity are
presented in Table 7. The P values were used as a tool
to check the significance of each coefficient, and also
indicated the strength of the interaction between each
independent variable. The larger the magnitude of the
T value and the smaller the value of P, the more sig-
nificant is the corresponding coefficient. It can be seen
that almost the whole regression was significant except
for one linear coefficient (SCM) and one interaction
coefficient (YEP and pH). These results were good
enough indicators for a model representing the real
relationship between glucosyltransferase activity and
the independent variables. Using the 2°>-RCCD, the
polynomial model (Eq.1) for glucosyltransferase
activity was regressed by only considering the signifi-
cant terms, as shown below:

y = 10.76 — 1.74 x3 + 0.57 x3 — 1.10 x3
—0.70 x5 — 033 x2 — 0.50 x;x3 + 0.56 x3 pH
(1)

where y was the predicted response for glucosyltrans-
ferase activity and x, x3 and x5 were the coded values
for SCM, YEP and pH, respectively. The response
surfaces and contour curves (Figs. 1, 2) representing
the predicted model indicated the levels of the vari-
ables necessary for an optimal process. The compo-
nents SCM, YEP and pH affected the production of
glucosyltransferase by Erwinia sp. D12.

The experimental design and response surface
methodology indicated that the following amounts of
SCM (150 g1I™"), YEP (15 g1™), CSL (20 g1™") and
K,HPO, (0.5g1") and a pH of 7.5, increased the
glucosyltransferase activity, obtaining a maximum
glucosyltransferase activity of 10.84 U/ml. The gluco-
syltransferase activity obtained using agricultural
wastes (corn steep liquor and sugar cane molasses)
was 3.7 times higher than that produced by the strain
Klebsiella sp., when 2.95 U/ml was obtained using
cells incubated in a culture medium composed of beef
extract and sucrose [16]. The glucosyltransferase
purified from Pseudomonas mesoacidophila MX-45,
isolated by Nagai et al. [14], presented 13.89 U/mg
protein. However, the authors used a media com-
posed of beef extract, peptone, NaCl and Na,HPO, to
obtain the cells. Huang et al. [6] obtained glucosyl-
transferase activity of 5.2-11.08 U/ml from the
strain Klebsiella planticola CCRC 19112 in the early
stationary phase, using a variety of carbon sources
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Table 6 ANOVA for the two-level rotatory central composite
design (2°- RCCD)

Source Sum Degrees Mean  F ratio (model
of variation of squares of freedom square significance)
Regression  53.66 07 7.67 38.33%
Residual 1.80 09 0.20

Lack of fit 1.76 06 0.29 22.31°

Pure error 0.04 03 0.013

Total 55.46 16

Coefficient of determination R? = 0.97, Foos579 = 3.29,

Foo563 =890
? F ratio (regression/residual)
® F ratio (lack of fit/pure error)

(sucrose and fructose were the most effective), inor-
ganic salts (NaCl, KH,PO, and NaH,PO,) and sup-
plemental nitrogen sources (bacto-tryptone was the
most effective). The strain Klebsiella planticola MX-
10 showed maximum glucosyltransferase activity of
4.3 U/ml [25]. Using a fermentation medium com-
posed of peptone (4%) and yeast extract (0.4%); and
the strain Klebsiella sp. LX3, 15.12 U/ml of enzyme
activity was obtained [12]. In this study, sugar cane
molasses, corn steep liquor Milhocina® (agricultural
wastes) and commercial yeast extract (Prodex Lac
SD®) were used with the purpose of producing a low
cost culture medium. The results were satisfactory
and the components sugar cane molasses and corn
steep liquor were, respectively, very useful carbon and
nitrogen sources for enzyme production.

Table 7 Regression coefficients and significant factors for the
two-level rotatory central composite design (2>- RCCD) used to
obtain a polynomial model for predicting glucosyltransferase
activity

Regression  Standard ¢ value P value

coefficient ~ deviation
Mean* 10.7563 0.0584 184.2307  3.5265E-07
SCM? (L) 0.0895 0.0316 2.8284  6.6277E-02
SCM (Q)*  -1.7367 0.0337 -51.5419  1.6084E-05
YEP® (L)* 0.5667 0.0316 17.9065  3.7982E-04
YEP (Q)*  -1.0954 0.0337 -32.5098  6.3966E-05
pH® (L)* -0.6972 0.0391 -17.8304  3.8467E-04
pH (Q)* -0.3292 0.0419 -7.8659  4.2808E-03
11 x 21* -0.5025 0.0413 -12.1575  1.1980E-03
11 x 31* 0.5611 0.0413 13.5749  8.6465E-04
21 x 31 0.0041 0.0413 0.0988  9.2750E-01

? sugar cane molasses

® yeast extract Prodex®
c pH
L linear factor, Q quadratic factor,*Significant factors (P < 0.05)

@ Springer

Growth determination and glucosyltransferase
production using the optimised culture medium
in a 6.6-1 fermenter

Glucosyltransferase production and the growth char-
acteristics of Erwinia sp. D12 using the optimised cul-
ture medium are illustrated in Fig. 3. The highest
enzyme activity was obtained after 8 h of fermentation
(22.49 U/ml), then decreasing to 16.75 U/ml after 10 h
and remaining constant, between 14 and 17.5 U/ml, up
to 26 h of fermentation time. The pH of the culture
medium was between 5.9 and 6.1 during fermentation,
suggesting little production of acid as a by-product.
Moraes et al. [13] obtained 15.6 U/ml of glucosyltran-
ferase activity from Erwinia sp. cells incubated in a 3.0-
1 fermenter containing culture medium composed of
sugar cane molasses, bacteriological peptone and beef
extract, at 30°C, 200 rpm and 1 vvm. The cell mass
obtained from the bioreactor fermentation at 27°C was
used in further studies to verify the conversion of su-
crose to isomaltulose from free cells in repeated-batch
processes.

Influence of temperature, pH and substrate
and cell concentrations on the conversion
of sucrose to isomaltulose

The influences of temperature, pH and substrate and
cell concentrations on the conversion of sucrose into
isomaltulose were evaluated using an orbital shaker,
and the time courses for isomaltulose formation by free
cells are shown in Figs. 4 and 5. Figure 4a, b and c
illustrates the conversion of sucrose into isomaltulose
at 30, 35 and 38°C, respectively. The maximum iso-
maltulose yield (63.33%) at 38°C was obtained at pH
5.0 after 35 min reaction. At 30°C the highest conver-
sion (63.83%) was obtained at pH 6.5 after 60 min
reaction. However, at 35° the highest isomaltulose
yields were obtained: 64.16 and 64.94% after 35 and
45 min, respectively.

Figure 5a, b and c illustrate the effect of wet cell
mass and sucrose concentration on sucrose conversion
into isomaltulose. The highest isomaltulose yields were
verified using 10% wet cell mass with a 35% sucrose
solution (Fig. 5d) and 15% wet cell mass with a 37%
sucrose solution (Fig. Se), obtaining, respectively,
69.45% of isomaltulose after 15 min, and 69.53% after
25 min. The productivity using the 10% wet cell mass
and 35% sucrose solution (0.0463 g isomaltulose/g su-
crose/min) was higher than with the 15% wet cell mass
and 37% sucrose solution (0.0278 g isomaltulose/g su-
crose/min).
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Fig. 1 Response surface and
contour curve for the
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Fig. 3 Study of the growth of the microorganism and production
of glucosyltransferase at 27°C. Filled square cell mass, filled
diamond activity, filled triangle pH

Performance of repeated batch operations using
free cells

The stability of the glucosyltransferase from Erwinia
sp. D12 during the conversion of sucrose into iso-
maltulose was evaluated by using the free cells
repeatedly during 16 batch operations (Fig. 6). The
conversion of sucrose into isomaltulose after eight
batches was higher than 60% and the highest conver-
sion of sucrose into isomaltulose (72.11%) was verified
in batch number one. In the first batch, traces of

sucrose, glucose and fructose were detected and the
conversion rate was 97%. After eight batches, the cells
were centrifuged at 10.070xg for 20 min and washed
once with distilled water. The cell mass was incubated
with a fresh culture medium overnight to observe the
effect on the viability of the microorganism. However,
it was verified that the cells had no effect on the iso-
maltulose yield after the treatment with fresh culture
medium, and the conversion rate decreased to 34.78%
of isomaltulose in batch number 16. The conversion of
sucrose into isomaltulose using whole cells of Klebsi-
ella planticola CCRC 10112 was 76% [6] and using the
purified enzyme from the strain Klebsiella planticola
MX-10, it was 63.9%(18). Véronese and Perlot [26]
obtained 72.6% isomaltulose using a purified gluco-
syltransferase from Serratia plymuthica ATCC 15928.
The isomaltulose yields obtained from Erwinia sp. [13]
and Klebsiella sp. LX3 [12] cells immobilized in cal-
cium alginate were 50 and 87%, respectively. The
isomaltulose yield wusing Serratia plymuthica cells
immobilized in chitosan was 80% [9].

Conclusions
Using response surface methodology (RSM), statisti-

cally optimal values for the independent variables are
acquired from the central points of the contour along
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Fig. 4 Time course for isomaltulose production from sucrose by
Erwinia sp. D12 free cells varying temperature and pH: a
30°C x pH; b 35°C x pH; ¢ 38°C x pH. Filled diamond pH 5.0,
filled square pH 5.5, asterisk pH 6.0, cross pH 6.5, filled triangle
pH 7.0

the major and minor axes. Using RSM, the optimal
concentrations for the sugar cane molasses (SCM),
corn steep liquor (Milhocina®-CSL), yeast extract
(Prodex Lac SD®-YEP) and K,HPO, in the produc-
tion of glucosyltransferase by Erwinia sp. D12 were
found to be 150, 20, 15 and 0.5 g I"', respectively, and
the optimal pH was 7.5. After 8 h of fermentation in
this media at 30°C, 10.84 U/ml of glucosyltransferase
were obtained. When Erwinia sp. D12 was grown
aerobically in a 6.6-1 fermenter, the greatest production
of glucosyltransferase (22.49 U/ml) was obtained after
8 h of fermentation. The free cells of Erwinia sp. D12
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Fig. 5 Time course for isomaltulose production from sucrose by
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crose; ¢ 20% wet cell x sucrose. Filled diamond 35%sucrose,
filled square 37% sucrose, asterisk 40% sucrose, cross 42%
sucrose, filled triangle 45% sucrose

converted a 35% sucrose solution into isomaltulose in
a batch process, obtaining 72.11% isomaltulose after
15 min at 35°C. High reaction speeds and yields were
obtained using Erwinia sp D12 cells in a batch process.
New investigations are necessary to optimise the con-
version of sucrose into isomaltulose.
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