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ABSTRACT

Glucosyltransferase produced by strain Erwinia sp. isan intracellular enzyme that catalyzes the formation of
isomaltulose from sucrose. Isomaltulose is a non-cariogenic reducing dissacharide commercially used in
foods. Response surface methodology and 23-factorial central composite design were employed to optimize
afermentation medium for the production of glucosyltransferase by Erwinia sp. in shaken flasks at 200 rpm
and 30°C. Thethreevariablesinvolved in thisstudy were sugar cane molasses (SCM), corn steep liquor (CSL)
and yeast extract Prodex Lac SD (YEP). The statistical analysis of the results showed that, in the range
studied, al the factors had a significant effect on glucosyltransferase production and the optimum medium
composition for enzyme production was (in g I'Y) SCM-100, CSL-60 and YEP-8, which lead to a

glucosyltransferase activity of 6.65U mL .
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INTRODUCTION

| somaltul ose[O-oi-D-glucopiranosyl-(1—6)-B-D-frutofuranose]
is a reducing disaccharide commercially obtained by the
enzymatic conversion from sucrose catalyzed by a microbial
glucosyltransferase asshownin Fig. 1. Several microorganisms
including Protaminobacter rubrum (2), Erwiniarhapontici (1),
Klebsiella planticola (4), can convert sucroseinto isomaltul ose.
The interest on isomaltulose is due to the non-cariogenic
property, low hydrolysis speed and formation of
monossacharidesin the organism. Moreover, another important
characteristic of thisdisaccharideisthe possibility of converting
thissugar to asugar-al cohol mixturewith low caloric valueand
non-cariogenic property known as Isomalt® or Palatinit®.
Isomaltulose is naturally present in small quantities in honey
and sugar cane extract (4,14,17). Thelow cariogenicity and the
inhibitory action of insoluble polyglucan synthesis from
isomaltulose were demonstrated in experimental studies with

rats (12,13) and in human studies (18). Isomaltulose presents
about 50% the sweetness of sucrose (2,4,14,17) and similar
physical and organoleptics properties (1,4,16). When used as
sucrose substitute in candies and chocolates differences in the
sweetness have not been noticed (16). In the organism,
isomaltulose is hidrolysed by isomaltase and absorbed as
glucose and frutose (17). However, the hydrolysis velocity and
the absorption are lower when isomaltulose is used instead of
sucrose. Isomaltulose has been recommended as potential
parenteral nutrient for diabetics and non-diabetics (5,6,16). In
experimental studies with rats, isomaltulose did not show
teratogenic and mutagenic effects or any type of toxicity, being
safety for theuseinfoods(7,16). The application of experimental
design and response surface methodology in fermentations
process can result in improved product yields, reduced process
variability and development time and over al costs (12). Inthis
work, the effect of both nitrogen source (corn steep liquor and
yeast extract) and carbon source concentrations (sugar cane
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Figure 1. Conversion of sucrose into isomaltulose by glucosyltransferase.

molasses) on glucosyltransferase production by Erwinia sp.
was studied at 30°C and the optimal conditions for enzyme
production were determined.

MATERIALSAND METHODS

Micr oor ganism and culturemaintenance

Thestrain Erwinia sp. D12 producer of glucosyltransferase
is able to convert sucrose into isomaltulose and it has been
isolated inthe Laboratory of Food Biochemistry, of the College
Food Engineering/lUNICAMP. The strain Erwinia sp. D12 was
maintained on agar slants composed of 6 % (w/v) sucrose, 4%
(w/v) peptone, 0.4% (w/v) beef extract and 2% (w/v) agar and it
was stored at 5°C.

Culturemedium optimization using Experimental Design and
Response Surface M ethodol ogy

The in vitro study for culture medium optimization (in
shaken flasks) was carried out using experimental design and
response surface methodology (RSM). Three 23-factorial central
composite design (23-FCCD) was used with a combination of
the concentration levels of the independent variables. All data
were treated with the aid of STATISTICA® 5.0 from Statsoft
Inc. (2325 East 13th Street, Tulsa, OK, 74104, USA). The FCCD
for k factors, codified as x, ..., X, was composed of three parts:
factorial (or cubical), containing a total of nw« points of
coordinates x, = -1 or x; = +1, for all i = 1,..., k; axial (or in
star), formed by n.x = 2k pointswith all the null coordinates
except one, wich isequal to acertain value o (ou -¢), where
o = Nie¥; and atotal of neenwr assays carried out at the central
point, where x; =...x = 0. Central points provide additional
degrees of freedom for error estimation, which increases power
when testing the significance of effects and the o value isthe
distance of the axial points. The dependent variables X; were
codified according to the following equation:
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where X, corresponds to the value of the central point; x isthe
non-dimensional value of the independent variable; X
correspondsto the real value of the independent variable; X, is
the real value of the independent variable at the central point;
and Ax; is the variation of the real value of the variable i,
corresponding to the variation of aunit for the non-dimensional
value of the variablei. The complete quadratic model for the k
factorsis given by the following equation:

y=_B, +ZBixi +ZBiixi2 +ZZ Bi,-xl-xj +e ©

i<j

where the values for 8 are estimated from the polynomial
coefficients and the X; values represent the codified values.
The three 25-FCCD included 8 factorial points, with six axia
points (o) and three replicates at the central point resultingina
total of 17 assays per experiment. Thethree FCCD areshownin
Tables 1, 2 and 3 and they were used to study the effect of the
following components: sugar cane molasses (Companhia
EnergéticaSantaElise), corn steep liquor (Corn ProductsBrasil)
and yeast extract Prodex Lac SD® (Prodesa produtos especiais
para alimentos S.A.) in the production of glucosyltransferase
by strain Erwinia sp. D12 so that both the maximum enzymatic
activity and reduced costs for the fermentation process could
be aimed.

Inoculum and fer mentation conditions

Thestrainwasgrownin 250 mL Erlenmeyer flaskscontaining
50 ml of aseed culture medium according to 2°-FCCD (Tables 1,
2 and 3), for 15 h at 30°C in arotary shaker (New Brunswick
Scientific, Edison, N.J., U.S.A). An aliquot of 5mL of the seed
culturewastransferred to 250 mL Erlenmeyer flasks containing
45 mL of the former medium and incubated at 30°C for 8 h,



Table 1. Coded levels and real values (in parentheses) for the
first factorial design (17 trials) and glucosyltransferase activity
umLh.

Production of glucosyltransferase by Erwinia sp.

Table 3. Coded levels and real values (in parentheses) for the
third factorial design (17 trials) and glucosyltransferase activity
(Umi,

Enzyme Enzyme

Assay Variable(gL™?) activity Assay Varigble(gL™) activity

(UmL? (UmL?)

SCM CsL YEP SCM (6CH YEP

1 -1(70.24) -1(42.14) -1(7.23) 350 1 -1(70.24) -1(36.19) -1(4.43) 426
2 +1(129.76)  -1(42.14) -1(7.23) 446 2 +1(129.76)  -1(36.19) -1(443) 542
3 -1(70.24) +1(77.86) -1(7.23) 367 3 -1(70.24) +1(83.81) -1(4.43 412
4 +1(129.76)  +1(77.86) -1(7.23) 528 4 +1(129.76)  +1(83.81) -1(443) 535
5 -1(70.24) -1(4214)  +1(16.77) 349 5 -1(70.24) -1(3619)  +1(1157) 452
6 +1(129.76) -1(4214)  +1(16.77) 532 6 +1(129.76) -1(36.19)  +1(11.57) 589
7 -1(70.24) +1(77.86)  +1(16.77) 378 7 -1(70.24) +1(8381)  +1(1157) 563
8 +1(129.76) +1(7786) +1(16.77) 053 8 +1(129.76) +1(8381)  +1(11.57) 720
9 -1.68(50) 0(60) 0(12 327 9 -1.68(50) 0(60) 0(8) 485
10 +1.68(150) 0(60) 0(12) 143 10 +1.68(150) 0(60) 0(8) 642
u 0(200) -1.68(30) 0(12 492 n 0(100) -1.68(20) 0(8) 5.77
12 0(200) +1.68(90) 0(12) 319 2 0(100)0  +1.68(1000) 0(8) 6.27
13 0(200) 0(60) -1.68(4) 573 13 0(200) 0(60) -1.68(2) 653
14 0(200) 0(60) +1.68(20) 573 14 0(200) 0(60) +1.68(14) 6.04
15 0(200) 0(60) 0(12 497 15 0(200) 0(60) 0(8) 6.30
16 0(200) 0(60) 0(12 5.10 16 0(200) 0(60) 0(8) 6.69
17 0(200) 0(60) 0(12 540 17 0(200) 0(60) 0(8) 6.95

Table 2. Coded levels and real vaues (in parentheses) for the
second factorial design (17 trials) and glucosyltransferase
activity (U mL™%).

Enzyme

Assay Variable(gL?) activity

(UmL?)

SCM CsL YEP

1 -1(97.74) -1(72.14) -1(2.02) 29
2 +1(32.26)  -1(7214) -1(2.02) 525
3 -1(97.74)  +1(107.86) -1(2.02) 29
4 +1(3226) +1(107.86) -1(2.02) 331
5 -1(97.74) -1(72.14) +1(7.98) 333
6 +1(32.26)  -1(7214) +1(7.98) 6.37
7 -1(97.74)  +1(107.86)  +1(7.98) 421
8 +1(3226) +1(107.86) +1(7.98) 445
9 -1.68(10) 0(90) 0(5) 264
10 +1.68(120) 0(90) 0(5) 489
n 0(65) -1.68(60) 0(5) 471
12 0(65) +1.68(120) 0(5) 390
13 0(65) 0(90) -1.68(0) 493
14 0(65) 0(90) +1.68(10) 419
15 0(65) 0(90) 0(5) 433
16 0(65) 0(90) 0(5) 421

shaken at 200 rpm. The culture broth was centrifuged at 10,070
x gfor 15 min at 5°C, and the precipitated cell masswas used for
the determination of glucosyltransferase activity. For the
extraction of intracellular enzyme, the cell mass was washed
twice with distilled water and then suspended in 50 mL citrate-
phosphate buffer 0.05 M, pH 6.0. The cell suspension was
cooled to 5°C and disrupted by ultrasonic vibration Labline
Ultra-Tip (Labline Instruments, Inc., lllinois, USA). After cell
wall disruption, the samples were centrifuged at 12,300 x g for
15 min at 5°C. The enzyme activity of the supernatant was
determined.

Glucosyltransferaseactivity

The glucosyltransferase activity was performed by the
increase of the reducing power from a solution containing
sucrose, described by Park (11) with modifications. A mixture of
450 puL of a 4.0% (w/v) sucrose solution in 0.05 M citrate-
phosphate buffer, pH 6.0 and 50 pL of enzyme solution was
incubated for 20 min. at 35°C. Reducing sugars were measured
by the Somogyi method (15) using glucose as standard. One
activity unit (U) of glucosyltransferaseis defined asthe amount
of enzyme that liberates one mmol of reducing sugars
(isomaltulose) minute* mL of the enzyme from sucrose under
standard assay conditions.
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RESULTSAND DISCUSSIONS

First Experimental Design

The experimental conditions and the results for
glucosyltransferase activity to the first 2°-FCCD are shown in
Table 1. The effect estimates for the first 23-FCCD for each
variable, sugar cane molasses (SCM), corn steep liquor (CSL)
and yeast extract Prodex Lac SD® (Y EP) were determinated and
reported in Table 4. An estimation of amain effect isobtained by
evaluating in the difference in process performance caused by a
change from the low (-1) to the high (+1) level of the
corresponding factor. In this case, the process performance was
measured by the glucosyltransferase activity response. In
addition, both the t-test and p-value statistical parameters were
used to confirm the significance of factors studied. The t-value
that measure how largethe coefficientisin relation toits standard
error was obtained by dividing each coefficient by its standard
error. The p-value is the chance of getting a larger t-value (in
absolute value) by chance by itself. A small p-value suggested
that the coefficient wasalarge signal in comparison to the noise

1. The independent and the dependent variables were fitted to
the second-order model equation. They were examined interms
of the goodness of fit. Furthermore, the analysis of variance
(ANOVA) was used to eval uate the adequacy of thefitted model.
The R-sguare (correl ation coefficient) value providesameasure
of how much of the variahility in the observed response values
could be explained by the experimental factors and their
interactions. A good model explains most of the variations in
theresponse. Thecloser the R-squarevalueisto 1.0, the stronger
the model and the better are the response predictions. On the
basisof theANOVA, asshownin Table 5, asecond order model
(Equation 3) was estabilished, describing the enzyme activity
asafunction of SCM, CSL and Y EP concentrations. The pure
error was very low, indicating a good reproducibility of the
experimental data. Based on the F test, the model is predictive,
since its calculated F value is higher than the critical F value
and theregression coefficient iscloseto unity. The coded model
was used to generate response surfaces and contour curves
(Figs. 2 and 3) for the analysis of the variable effects on
glucosyltransferase activity:

Table 4. Main effects and interactions analysis for glucosyltransferase activity from the first and second factorial design.

First factorial design

Second factoria design

Factor Effect Sd.Err.  t-value p-value Factor Effect Sd.Err.  t-value  p-vaue
(DSCM (L) -0.29 012 -239 0130 (HSCM (L) 1418 0045 31195 0.0204
SCM (Q) 209 013 -1580 0.0040° SCM (Q) -0409 0055 -7.3%5 0.0856
(QCL (L) -0 012 -7.84 0.0159 (QCSL (L) -0.647 0045  -14223 00447
CsL(Q -0.88 0.13 -6.66 0.0218 CSL(Q) -0024 0055 -0437 0.7379
(AYEP(L) -056 012 -4.65 0.0432 (QYEP(L) 0401 0.045 8817 00719
YEP(Q) 031 013 231 0.1466 YEP(Q) 0.160 0055 28% 0.2118
Dx@ -1 0.16 -7.06 0.0195 DOx2 -1172 0059  -19.743 00322
DxA -100 0.16 -6.37 0.0238 D% 0141 0059 2374 0.2533
@x3 -1.37 0.16 -8.77 0.0128 @x3 0.209 0059 3523 0.1761

(L): linear factor; (Q): quadratic factor; * Significant factors (p<05).

because it was too large to have arisen by chance by itself. In . . .

this case, p<0.05 suggested significance at the 0.05 level. This 1 201€5-ANOVATor thefirst factorial design.

aso corresponded to a 95% of confidence level for test of the Source Sumof  Degrees F-ratio

hypothesisthat the effects (or coefficients) inthissituationwere  of variation  square  of freedom Mesan square (mode!

equal to zero. Small p-valueswere associated with larger t-value significance)

seeing that they i mply that the effects (or coefficients) were too Regression 2978 6 49 0.78°

much grester thanitsstandard error. It can be seenthat al variables Residual 507 10 051

and the interactions be_tvyeen the thr_ee_factors_ concerning the L ack of fit 498 8 062 12409

glucosyltransferase activity were statistically significant. Pureerror 010 2 005
The variable SCM (Q) showed the highest effect in Total 85 16

glucosyltransferase activity. Anincreasein SCM concentration
resulted in a negative influence. A fitting model was
accomplished for thefirst experimental design asshownin Table
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Figure 2. Contour curve and response surface for the
glucosyltransferase activity as a function of CSL and SCM
concentrations, according to the first experimental design.

y= 5.17-1.04x,2 —0.47%—0.44x,2 —0.28% @
—0.55%3.% — 0.50x%1.%3 — 0.68%2.%3

wherey isthe predicted response and x,, X, and x; are the coded
values of sugar cane molasses, corn steep liquor and yeast
extract Prodex Lac SD®, respectively. Ascan be seenin Figs. 2
and 3, the best SCM concentration isbetween 70and 130g L.
Not only an increase in CSL but also a decrease in YEP
concentrationsled to anincrease in glucosyltransferase activity.
In a subsequent experimental design, higher concentrations of
CSL and lower concentrations of SCM and Y EP were chosen to
produce maximum enzyme activity.

Second Experimental Design

The assays and the results for the second 23-FCCD are
shown in Table 2. The effect estimates were determined being
reported in Table 3. The analysis of the effects shows that the
SCM (L) isthemost important variable, sinceanincreasein the
concentration of this variable from 10 to 120 g L led to an
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activity (U/mL)

-0.149
0.522
1.192
1.862
2.533
3.203
3.873
4544
5214
5.884

Hl above

INECCEEN

Figure 3. Contour curve and response surface for the
glucosyltransferase activity as a function of YEP and CSL
concentrations, according to the first experimental design.

increase in glucosyltransferase activity. However, the variable
CSL had a negative influence in the enzyme activity. In other
words, theincrease of thisvariablefrom60to 120gL*ledtoa
decreased in the enzyme activity. The increase in YEP
concentration from 0 to 10 g L* did not show significant
influence in glucosyltransferase activity (p<0.05), while its
interaction with CSL was statistically significant for theenzyme
activity. In the third experimental design, the SCM and YEP
concentration ranges were increased and, in the case of CSL, it
decreased. On the basis of the ANOVA, shown in Table 6, a
second order coded model (Equation 4) was established,
describing the glucosyltransferase activity asafunction of SCM,
CSL and Y EP concentrations:

y=4.28-0.71x;— 0.32% — 0.59%1.%, 4
where y is the predicted response and x;, X, and x; are the

coded values of sugar cane molasses, corn steep liquor and
yeast extract Prodex Lac SD®, respectively. Based on the F
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Table 6. ANOVA for the second factorial design.

Sou_rcg Sumof  Degrees Mean square F-ratio

of variation  square of freedom (model
significance)

Regression 1104 2 552 21.8%
Residua 328 13 025
Lack of fit 328 12 027 27.00
Pureerror 000 1 001
Total 1431 15

COI’I’e|aIi0n Coefficient: R2=077, Fo_95'2,13=3.81; F0_95111,1:242.98;
aF-ratio (regression/residual); °F-ratio (lack of fit/pure error).

test, themodel ispredictive, sincethe F valuecalculated is5.75
times higher than the critical F value. After the ANOVA, the
response surfaces and contour curves (Figs. 4 and 5) were
obtained using Equation 4. It can be seen that an increase in
SCM and adecrease in CSL concentrations led to an increase

in enzyme activity. The increase or increase in YEP
concentrations did not show significant influence on
glucosyltransferase activity. Based on these results, in a
subsequent experimental design, higher concentrations of SCM
and Y EPand lower concentration of CSL were chosento obtain
maximum enzymeactivity.

Third Experimental Design

The experimental conditions and the results are shown in
Table3 and Figs. 6 and 7. Table 3 presentsthe 23-FCCD used to
evaluate the effect of the independent variables sugar cane
molasses (SCM), corn steep liquor (CSL) and yeast extract
Prodex Lac SD® (YEP) and the dependent variable in
glucosyltransferase activity. Table 7 presents the ANOVA,
demonstrating that the model was significant in a confidence
level of 85% whichis evident in the F-test (Froe €XCeeds 5.64
timesthetabulated value of F). All thecomponentsof the culture
medium were the most important effects in the
glucosyltransferase production. After the ANOVA analysisand
from the validation of the studied parameters, the
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Figure 4. Contour curve and response surface for the
glucosyltransferase activity as a function of CSL and SCM
concentrations, according to the second experimental design.
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Figure 5. Contour curve and response surface for the
glucosyltransferase activity as a function of YEP and SCM
concentrations, according to the second experimenta design.
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Figure 6. Contour curve and response surface for the
glucosyltransferase activity as a function of CSL and SCM
concentrations, according to the third experimental design.

glucosyltransferase activity model (equation 5) was used to
obtain the response surfaces and contour curves:

y=5.65-0.47x,— 1.38X 2 — 0.73%— 0.77x 2—058xZ (5

Table7. ANOVA for thethird factorial design.

Source Sumof  Degrees Mean square F-ratio

of variation ~ square of freedom (model
significance)

Regression 1145 5 229 11.50°
Residual 219 1 020
Lack of fit 197 9 021 191°
Pureerror 022 2 011
Total 1365 16

Correlation coefficient: R2:072, F0_35,5,11:2.04; F0_85,9,2:6.04; aF-ratio
(regression/residual); PF-ratio (lack of fit/pure error).
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Figure 7. Contour curve and response surface for the
glucosyltransferase activity as a function of YED and SCM
concentrations, according to the third experimental design.

wherey isthe predicted response and X, X, and X; are the coded
values of sugar cane molasses, corn steep liquor and yeast
extract Prodex Lac SD®, respectively. The contour curves and
response surfaces showing the effect of SCM, CSL, and YEP
are shown in Figs. 6 and 7. The statistical optimal values of
variables are obtained when moving along the major and the
minor axis of the contour. The response at the central point
yields to a maximum glucosyltransferase production. In the
study of the culture medium optimization by Erwinia sp. D12
for the production of glucosyltransferase using RSM, the
optimal value for concentrations of x;, X, and xs (sugar cane
molasses, corn steep liquor and yeast extract Prodex Lac SD®)
werefoundtobe100gL %, 60gLtand 8 gL, respectively. It was
obtained 6.65 U mL* (mean of the centra points) after 8 h
fermentation at 30°C. Thisvaueisapproximately 9.5timeshigher
than the one produced by Park et al. (11) using strain Klebsiella
sp. in a culture medium composed by beef extract and sucrose.
Moraes et al. (8) obtained 12.8 U mL* of glucosyltranferase
activity from Erwinia sp. cells. Inthis case, the culture medium
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was composed by sugar cane molasses, bacteriological peptone
and beef extract. The glucosyltransferase purified from
Pseudomonas mesoacidophila M X-45, isolated by Nagai et al.
(9), presented 13.89 U mg proteint. These authors used a
synthetic media composed by beef extract, peptone, NaCl and
NaHPO,. Using Klebsiella planticola CCRC 19112, Huang et
al. (4) obtained amaximum glucosyltransferase activity of 5.2 U
mL ! using a culture medium composed by sucrose, tryptic soy
brith and frutose. Overal, in thiswork, corn steep liquor (agro-
industrial residue) and commercial yeast extract were used with
the purpose of resulting in alow cost culture media. Theresults
were satisfatory and the components sugar cane molasses and
corn steep liquor are very useful carbon and nitrogen soucers,
respectively to enzyme production.
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RESUMO

Producéo deglicosiltransferase por Erwinia sp.
utilizando planejamento experimental e metodologia
desuperficiederesposta

A glicosiltransferase obtidapelalinhagem Erwinia sp. €uma
enzima intracelular que catalisa a conversdo de sacarose em
isomaltulose. A isomaltulose é um dissacarideo redutor, ndo
cariogénico e comercialmente utilizado em alimentos como
substituto da sacarose. A metodol ogia de superficie de resposta
eplang amento fatorial composto central-2% foram utilizados para
otimizar o meio de cultivo paraaproducéo deglicosiltransferase
de Erwinia sp. em frascos sob agitacéo a200 rpm e 30°C. Astrés
varidveis independentes envolvidas no estudo foram o melago
de cana de aglcar, a dgua de maceracdo de milho e o extrato de
levedura Prodex Lac SD. As andlises estatisticas dos resultados
mostraram que, dentro da faixa estudada das concentrages dos
componentes de melo de cultivo, todas as variavei s apresentaram
efeito significativo na producdo de glicosiltransferase. O meio
decultivo otimizado foi composto de 100 gL ** demelago de cana
de aclcar, 60 gL* de agua de maceracdo de milho e 8 gL* de
extrato de levedura Prodex Lac SD, apresentando atividade de
glicosiltransferasede 6.65U mL .

Palavr as-chaves: glicosiItransferase, isomaltul ose, otimizag&o,
superficie de resposta
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