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Abstract Xanthan gum production was studied using sugarcane broth as the raw material
and batch fermentation by Xanthomonas campestris pv. campestris NRRL B-1459. The
purpose of this study was to optimize the variables of sucrose, yeast extract, and ammonium
nitrate concentrations and to determine the kinetic parameters of this bioreaction under
optimized conditions. The effects of yeast extract and ammonium nitrate concentrations for a
given sucrose concentration (12.1-37.8 g L") were evaluated by central composite design to
maximize the conversion efficiency. In a bioreactor, the maximum conversion efficiency was
achieved using 27.0 g L™" sucrose, 2.7 g L™ yeast extract, and 0.9 g L' NH4NO5. This point
was assayed in a shaker and in a bioreactor to compare bioreaction parameters. These
parameters were estimated by the unstructured kinetic model of Weiss and Ollis (Biotechnol
Bioeng 22:859-873, 1980) to determinate the yields (¥p/s), the maximum growth specific rate
(Htmax), and the saturation cellular concentration (X*). The parameters of the model (ttmax, X,
m, A, o, and () were obtained by nonlinear regression. For production of xanthan gum in a
shaker, the values of i, and Yp5 obtained were 0.119 h! and 0.34 g gfl, respectively,
while in a bioreactor, they were 0.411 h™' and 0.63 g g ', respectively.
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Introduction

The most recent gums introduced to the market have been produced by microorganisms.
These polysaccharide-based gums are of great industrial interest and possess properties that
in some cases are superior to vegetable-, algae-, and synthetic-based gums. Xanthan gum is
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a natural polysaccharide and an important industrial biopolymer, is classified as a ramified,
anionic hetero-exopolysaccharide, and is produced by fermentation using the bacterium
Xanthomonas. Among the biogums, xanthan has been extensively studied due to its
uncommon rheological properties, such as high pseudoplasticity, high viscosity even at low
concentrations, compatibility and stability with most metallic salts, excellent solubility and
stability in both acidic and basic solutions, and resistance to degradation at high temperatures
and pH oscillations. This gum exhibits several advantages as a thickener, stabilizer of
emulsions and suspensions, and dispersing agent. It is used in pharmaceutical formulations,
cosmetics, textile printing pastes, ceramic glazes, slurry explosive formulations, rust
removers, and agricultural products [1-3]. High viscosity of solutions and water solubility
of the polymer have created important applications for xanthan in the petroleum industry,
where it is commonly used in drilling fluids and in enhanced oil recovery processes [3].

The main producers of xanthan are Merck, Kelco, and Pfizer in the USA; Rhone
Poulenc, Mero-Rousselot-Santia, and Sanofi-Elf in France; Saidy Chemical in China; and
Jungbunzlauer in Austria [3, 4]. World production of xanthan gum is 30,000 tons/year
[4, 5], while its consumption in the USA has an annual growth rate between 5% and 10%
[6]. Xanthan has an actual market of approximately US $270 million and is expected to
reach US $400 million with a production of 80,000 tons/year in 2015 [4].

Xanthan production is usually modeled by unstructured models as described by Moraine
and Rogovin [7], De Vuyst et al. [8], and Pons et al. [9]. These authors do not consider in
their equations all the essential nutrients of the system. For example, nitrogen and oxygen
have been omitted. Garcia-Ochoa et al. [10] and Letisse et al. [11] have proposed and
applied unstructured kinetic models describing biomass, carbon source, nitrogen source,
and dissolved oxygen evolution. The unstructured kinetic models of Cadmus et al. [12],
De Vuyst et al. [8], Margaritis and Zajic [13], Moraine and Rogovin [7], Pinches and
Pallent [14], and Souw and Demain [15], which have been proposed for the modeling of
xanthan gum production, can be classified into two groups: (1) models that consider growth
and production to be dependent upon medium nutrients and (2) models that express growth
and production only as a function of temporal changes in biomass.

As reported by Garcia-Ochoa et al. [10], xanthan production is influenced by several
factors, such as the type of reactor used, the mode of operation employed—batch and
continuous—the medium composition, and the operational conditions. Although most
authors have used a stirred-tank reactor with batch fermentation operation, there is no
uniformity with regard to the operational conditions employed. Therefore, in our study, the
xanthan production was optimized by means of central composite design aiming at
reduction of the process costs. Industrially, the xanthan gum production using starch-maize
hydrolysis to glucose has been reported by the literature but many studies with respect to
replace this raw material has been carried out.

Sugarcane broth constitutes an interesting alternative to the conventional process and has
the potential to emerge as a raw material to xanthan biosynthesis once that Brazil is a major
producer worldwide of sugarcane, it is advantageous for researchers there to create new
biotechnological processes. The high sucrose content and the presence of several mineral
salts in the cane broth classify it as a promising production medium because it requires low
supplementation. These aspects have been evaluated and it has been determined that the
inexpensive cost of this raw material, compared to the raw materials commonly used, was
decisive in the selection of the carbon source adopted in this study.

The purpose of this study was to optimize the process variables of sucrose, yeast extract,
and ammonium nitrate concentrations. Response surface methodology was used for
optimization, and the kinetic parameters (fmax, X*, m, A, «, and () regarding the
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bioprocess, using either a shaker or a bioreactor, were obtained by applying the
unstructured kinetic model.

Materials and Methods
Organism and Maintenance

Xanthomonas campestris pv. campestris NRRL B-1459 was supplied by the Tropical
Collection Culture of the Fundagdo André Tosello, Brazil and was grown and maintained in
yeast extract malt agar [16] with the following composition: 10.0 g L™" glucose, 3.0 g L™
yeast extract, 3.0 g L™ malt extract, 5.0 g L' peptone, and 18.0 g L' agar. The pH of the
medium was adjusted to 6.0 and the culture media was sterilized at 110 °C for 20 min. After
48 h of growth at 30+1 °C, the culture was maintained under sterile conditions at 5+1 °C.

Raw Material

The experiments were carried out using cane broth as the sucrose source. The cane was
collected, milled, and the broth filtrate was stored at —5 °C during the experimental phase
under aseptic conditions.

Optimization of Selected Variables Using Response Surface Methodology

Table 1 displays the levels and the variables selected for the optimization process. A central
composite design, with 16 experiments, defined for the experimental matrix of the codified
values of the variables under investigation was generated by Software Statistica 7.0. The
response of interest that was monitored during the process was the relative yield to product
formation Yp/s (g gfl).

The established range of values for the variables X7, X5, and X3 in the experimental
design were attributed intervals of —« the +« as described in the literature [3, 11, 17-20].
The levels —a (—1.287 codified) corresponding to the yeast extract and ammonium nitrate
concentrations were set at zero. These values were adopted to verify if such conditions
would influence or not the system behavior.

Experiments: Comparison of Xanthan Gum Production in a Shaker and a Bioreactor
The inoculum contained 10% (v/v) cultivation medium and was agitated (150 rpm) in a
shaker at 28+1 °C for 24 h. The medium used for preparation of the inoculum consisted of

20.0 g L' sucrose, 3.0 g L™ yeast extract, 0.86 g L' NH,NO;, 2.5 g L' Na,HPO,, and

Table 1 Studied variables and their levels in the central composite design.

Variables Variable levels
-« (1.287) -1.0 0 +1.0 +a (1.287)
X1 12.1 15.0 25.0 35.0 37.8
X 0.0 0.67 3.0 5.33 6.0
X; 0.0 0.19 0.86 1.52 1.71

X; [sucrose (g L™")]; X, [yeast extract (g L™)]; X3 [NH4NO; (g L™")]
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25¢g L ! KH,PO, [17, 20, 21]. The average cellular concentration of the inoculum was
0.29+0.05 g L'

For optimization of the process variables, fermentations were carried out in a Biostat-B
fermentor with a 5.0-L capacity, containing 4.0 L of production medium. The production
medium corresponding to the central composite design consisted of sucrose (12.1, 15.0,
25.0,35.0,0r37.8 g Lfl), yeast extract (0, 0.67, 3.0, 5.33, 0r 6.0 g Lfl), NH4NO; (0, 0.19,
0.86, 1.52, or 1.71 g L"), Na,HPO4 (2.2 g L"), KH,PO, (2.2 g L"), and antifoam
(0.5 mL LY. During the process, the agitation speed was 800 rpm, the aeration was
0.5 vvm [20, 22], the temperature was 28+1 °C, and the process time was 24 h as
preliminary tests. All experiments were confirmed in duplicate and pH was controlled by
the addition of 1 N NaOH. The pH set point was maintained constant and equal to 7.2. To
ensure that foreign microorganisms were not introduced into the fermentation mixture, the
production medium (without the carbon source) was sterilized while in the fermentation
vessel. The carbon source was sterilized separately and then aseptically introduced into the
vessel. During the process, the concentrations of cells, sucrose, and xanthan gum were
measured in the culture medium and microscopic observations using the Gram method were
done in order to determine if contaminants might be present.

The fermentations carried out in a rotatory shaker were done in 500 mL Erlenmeyer
flasks without pH control at 150 rpm and a process time of 60 h. A volume of 75.0 mL of
culture medium was used in all tests with the following composition: sucrose (25.0 or
27.0 g L"), yeast extract (2.7 g L"), NH,NO5 (0.9 g L"), Na,HPO, (2.2 g L"), and
KH,PO, (22 g LY. The temperature was maintained at 28+1 °C. The sterilization
procedure was similar to that described using the bioreactor.

Analytical Determinations

Sucrose consumption, after acidic hydrolysis, was assayed using a glucose-oxidase (GPO-
PAP) kit [23]. For biomass determination, the fermented broth samples were diluted 1:1
with NaCl solution (0.85% w/v) [18], and the cells were separated by centrifugation at
18,900xg for 40 min. The cells were then washed in a 0.85% saline solution to remove any
remaining medium and metabolites. Cellular biomass was quantified by drying the washed
cell mass at 90+1 °C until constant weight was achieved.

Recovery of Xanthan Gum

The fermented broth was diluted 1:1 with deionized water and centrifuged in a Beckman Coulter
Avanti J-25 centrifuge at 18,900xg for 40 min to remove cells. The supernatant was filtered
and treated with a saturated solution of KCl, and the polymer was recovered by precipitation
with ethanol [24]. Finally, the product was dried under vacuum system at 30+1 °C.

Rheologic Behavior Evaluation of Xanthan Gum Solution

The polymeric rheology of a 1% (w/v) gum solution was determined by a Brookfield
RVDVIII rheometer using shear stress data. This was measured from the shear rate,
following the Ostwald Waele model or power law [25]. Then, the apparent viscosity for a
fluid using the power law was determined by Eq. 2.1.

po=—=K)"" (2.1)

T
|4
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Modeling of Xanthan Gum Production: Identification of Parameters and Constants

The experimental values of the various treatment parameters (f4max> Xmax> 7> 4, @, and )
were identified through the assays using different initial sucrose levels. Results were
generated by nonlinear regression, using a multiresponse algorithm [26]. The integration of
the set of differential equations forming the model was completed using a fourth-order
Runge—Kutta algorithm [27]. The residues among the experimental and calculated model
values were obtained by the minimization of the sum of squares of residues (SRS), as
defined by Eq. 2.2.

N

SRS =Y (Vexp — Vtheor) - (2.2)
i=1

Kinetic Model

The unstructured kinetic model used in this investigation [28] expresses the growth rate
only as a function of the biomass, by utilization of the Verhulst-Pearl equation (Eq. 2.3)
and the Luedeking—Piret equations (Egs. 2.4 and 2.5) [29].

dX X
— = X|1-— 2.3
=t (1) 23)
&P _ . dx
(2.4)
where m = 5
X/P
-8 a4 px
(2.5)
where o = Y#
X/s

The parameters (fmax> Xmax> M 4, @, and [3) of this model were determined using a
nonlinear regression, multiresponse technique applied to Egs. 2.3, 2.4, and 2.5.

Results and Discussion
Experimental Design and Optimization by Response Surface Methodology

The yields of xanthan gum produced using variable sucrose, yeast extract, and ammonium
nitrate concentrations (X}, X>, and Xj, respectively) are presented in Table 2. Analysis of all
16 experiments reveals that experiment 3 gave the smallest substrate to product conversion,
while experiment 16 provided the highest conversion. Comparing these two experiments
shows that when X; passed the level of —1.0 (15.0 g L") t0 0.0 (25.0 g L"), a marked gain
in the conversion was produced. However, this increase was not solely due to cellular
concentration as cellular growth was 2.44 g L' in experiment 3 and 2.66 g L' in
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Table 2 Effect of the independent variables X, X,, and X3 in the Yp/s conversion.

Experiment X X X3 Biomass concentration Xanthan concentration Yos (g g ")
L™ L™
1 15.0 0.67 0.19 1.77 3.10 0.218
2 150  0.67 1.52 1.84 3.30 0.223
3 150 533  0.19 2.44 2.70 0.180
4 150 533 1.52 2.24 3.00 0.200
5 350 067 0.19 2.18 13.0 0.403
6 350  0.67 1.52 2.35 13.4 0.414
7 350 533 0.19 2.24 12.4 0.374
8 350 533 1.52 2.30 12.7 0.397
9 12.1 3.0 0.86 1.45 3.00 0.247
10 378 3.0 0.86 2.31 14.1 0.409
11 250 0.0 0.86 2.13 13.5 0.540
12 25.0 6.0 0.86 2.63 11.9 0.476
13 25.0 3.0 0.0 2.37 10.5 0.420
14 250 3.0 1.71 2.79 13.9 0.556
15 250 3.0 0.86 2.57 15.2 0.608
16 250 3.0 0.86 2.66 15.8 0.632

X, [sucrose (g L )]; X5 [yeast extract (g L )]; X3 [NH4NOs (g L]

experiment 16. This indicates that the initial concentration of the carbon source may have
an upper limit. Experiment 10 supported this hypothesis because increasing the sucrose
concentration from 25.0 to 37.8 g L™" did not generate a higher yield.

Determining the ideal concentration of yeast extract and nitrogen source was also
important. One of the largest cost in the industrial production of xanthan gum is due to the
yeast extract. In addition, yeast extract can become unviable. Therefore, the use of yeast
extract is only justified if an economical gain in the product recovery is obtained, or it
preserves some fundamental characteristic of high value to the product [30]. The
concentration of nitrogen in the cane broth can oscillate and frequently nitrogen salts are
added to the culture medium. Fermentation processes that use sugarcane broth as the raw
material, in general, are less onerous and require low medium supplementation.

Experiments 11 and 13 showed the effects of omitting the yeast extract or ammonium
nitrate, respectively. Moderate Yp,5 values were obtained in both cases. However, when
compared to experiments 15 and 16 (central point), it was verified that changing the yeast
extract and ammonium nitrate concentrations from the codified level (—1.287 to 0.0) caused
the yields to increase significantly.

Alves [17] reported that an optimum carbon/nitrogen relationship does not exist for all
cases. However, for each initial substrate concentration used, there is a carbon/nitrogen
relationship that is a consequence of an optimum nitrogen concentration contributing to the
formation of biomolecules.

Experiments 15 and 16 were done with the values of the variables set at the central point
(Table 2). The central point represents the best conditions obtained for the responses,
xanthan gum concentration (15.8 g L"), Yps (0.632 g gfl), and viscosity of the gum
solution at 1% concentration (22,800.0 cP). Statistical analysis using the response surface
technique confirmed that the maximum point was close to the central point. All 16
experiments were carried out in duplicate. For statistical analysis of the responses, the
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parameters with significance levels larger than 10%, using a ¢ Student hypothesis test, were
not considered relevant.

Figure 1 illustrates the responses surfaces for X and X, and X; and X3. Equation 3.1
refers to the effects of the isolated variables Xj, X5, and X3 and the quadratic interactions
effects that compose the adjusted statistical model.

Yo/s = 0.618 + 0.0862X; — 0.174(X;)*—0.0167X, — 0.0656(X2)>+0.0207X;

—0.0777(X3) (3.1)

The maximum point (27.0 g L' sucrose, 2.70 g L' yeast extract, and 0.90 g L'
NH4NO;) was found after canonical analysis of surface response (Software Maple V
Release 4). The optimized conversion Yp/s calculated from Eq. 3.1 was 0.62 g g ' when the
maximum point was substituted. The conversion Yp;5 was confirmed experimentally, where
xanthan production reached 0.59 g g ' and the viscosity was 22,500.0 cP for the 1%
xanthan gum solution.

The fit model was checked by the correlation coefficient (R?), which was evaluated to be
0.975. This suggested that the model was very adequate in approximating the response
surface of the experimental design.

The results of the second-order response surface model in the form of analysis of
variance (ANOVA) are given in Table 3. The Fisher F test [F(9, 6)=26.3] with a very low
probability value demonstrate a high significance for the regression model. The goodness of
fit of the model was checked by the determination coefficient (R?). In this case, the value of
the determination coefficient (R*=0.975) indicates that only 2.50% of the total variations
are not explained by the model. The value of the adjusted determination coefficient
(adjusted R*=0.938) is also high to advocate for a high significance of the model. A higher

Fig. 1 3D plots of response surface optimization experiment results: a the effect of supplementary yeast
extract concentration, sucrose concentration, and their mutual interaction on xanthan production and b the
effect of supplementary NH4;NO; concentration, sucrose concentration, and their mutual interaction on
xanthan production
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Table 3 ANOVA for the quadratic model

Source of variations Sum of Degrees of Mean square F value Probability (p)
squares freedom (calculation)

Regressions 0.315766 9 0.035085 26.3 0.000379

Residual 0.008004 6 0.001334

Total 0.323770 15

R?=0.975; R=0.987; adjusted R*> =0.938

value of the correlation coefficient (R=0.987) justifies an excellent correlation between the
independent variables.

Determination of Parameters (tmax> Xmax> > 4, @, and ()

The kinetic study was accomplished for the central point of the design and the maximum
point found experimentally. A fourth order Runge—Kutta algorithm was coupled to the
nonlinear regression method to derive the solutions for the differential Eqs. 2.3, 2.4, and
2.5. The parameters (f4max, Xmax> 7, 4, @, and (3) were obtained for the optimized conditions
(Table 4).

The calculated sum of squares of the residues for each of the model calculations was
relatively low (Table 4), suggesting a good model fit. Indeed, when the experimental data
are compared to the quantitative responses predicted by the Weiss and Ollis model [28],
there is a high degree of correspondence, regardless of the initial sucrose concentrations
(Figs. 2 and 3). The experimental results and the model predictions of the concentrations of
cells, sucrose, and xanthan gum at initial sucrose concentrations (27.0 g L' shaker and
bioreactor) show that the Weiss and Ollis model [28] represents the changes in
concentrations during the fermentations.

The kinetic parameters presented in Table 4, mainly those associated with growth terms
(m and «), were largely affected by the xanthan production rate and substrate consumption.
Using a bioreactor, the terms (m and «) were less than using a shaker. The operational
conditions defined in the reactor differed substantially from those adopted in the shaker,
promoting larger cellular growth in the exponential phase due to the accentuated substrate
consumption in the same period. The nonassociated growth terms (4 and (3) were also
compared using either a bioreactor or a shaker that their values were less than the associated
growth terms.

El-Salam et al. [31] found that xanthan gum production by X. campestris E-NRC-3 from
cane broth syrup using 3.0% of total sugar in the fermented medium reached 15.5 g L' of
xanthan and a substrate conversion to product ratio of 0.58 g g '. These results are similar
to those obtained in this work.

It is always advisable to check the coherence between the experiment and the model,
within this application area, before the model can be considered to be “valid”. The established
model was validated by simulating a culture carried out under different initial conditions and
by comparing the results of this simulation with those obtained experimentally.

The conditions chosen used a medium in which the initial sucrose concentration in
sugarcane broth was the central point conditions (e.g., 25.0 g L™ reactor and shaker). The
simulation results indicate that for this concentration of sucrose, a good correlation between
the experimental values and the values given by the model was observed (Figs. 4 and 5)
validating the model.
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Fig. 2 Change in the concentration of microbial biomass (closed square), sucrose (open circle), and xanthan
gum (closed star) when the initial sucrose concentration was 27.0 g L' (shaker). Symbols represent the
experimental results; /ines represent the Verhulst—Pearl and Luedeking—Piret kinetic model data

Bibliographical and Experimental Comparison

The kinetic parameters of the optimized conditions of this study using the bioreactor were
compared to those obtained using the shaker and to values reported in the literature. As
shown in Table 4, a wide range of variability was observed for the parameter values in this
study compared to other reports. This may be due to differences in the microorganism
cultivation conditions and xanthan gum production. Weiss and Ollis [28] modeled the
Moraine and Rogovin [7] experimental data, using the strain X. campestris pv. campestris
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Fig. 3 Change in the concentration of microbial biomass (closed square), sucrose (open circle), and xanthan
gum (closed star) when the initial sucrose concentration was 27.0 g L' (bioreactor). Symbols represent the
experimental results; /ines represent the Verhulst—Pearl and Luedeking—Piret kinetic model data
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gum (closed star) when the initial sucrose concentration was 25.0 g L' (shaker). Symbols represent the
experimental results; /ines represent the Verhulst-Pearl and Luedeking—Piret kinetic model data using the
parameters values obtained in the optimized conditions in the shaker (27.0 g L™")

NRRL B-1459 in production medium consisting of 5% glucose and 0.06% nitrogen, at
pH 7.1£0.1, a temperature of 28+1 °C, and aeration of 1 vvm. Pinches and Pallent [14]
used the same Moraine and Rogovin [7] strain and production medium broth composed of
22.5 g kg ! glucose and nitrogen (sodium L-glutamate or peptone) at pH 7.0+£0.5, a
temperature of 30+0.5 °C, and aeration of 0.4 vvm. Serrano-Carreoén et al. [21] also used X.
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Fig. 5 Change in the concentration of microbial biomass (closed square), sucrose (open circle), and xanthan
gum (closed star) when the initial sucrose concentration was 25.0 g L' (reactor). Symbols represent the
experimental results; /ines represent the Verhulst-Pearl and Luedeking—Piret kinetic model data using the
parameters values obtained in the optimized conditions in the reactor (27.0 g L™")
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campestris pv. campestris NRRL B-1459, but sucrose (40.0 g L") was the substrate
employed and the nitrogen source was NH4Cl (2.0 g L ') at pH 7.0+0.1, a temperature of
29 °C, and aeration of 0.5 vvm. Garcia-Ochoa et al. [32] and Letisse et al. [11] used sucrose
as the carbon source and the pH was not controlled. Letisse et al. [11] worked with
X. campestris ATCC 13951, using sucrose (42 g L"), and NH,NO5 (1.125 g L™") at pH 7.0
and 28 °C. The substrate, the source of nitrogen, and the conditions in this work were
different from those reported in the cited literature.

The kinetic parameter values determined in this study were within the ranges reported in
the literature, as shown in Table 4. Using the bioreactor, the parameters were closest to
those cited by Letisse et al. [11]. The variability between the studies can be explained
hypothetically by differences in correlated factors, including the strain selected, C/N
relationship, nitrogen source, agitation speed, pH control in the medium, and the use of
complex mediums, such as sugarcane broth [30]. In addition, it is difficult to characterize
complex fermentation processes.

Conclusion

The employed optimization process for the biosynthesis of xanthan gum using cane broth
as the raw material determined Yp,5 values from the variable concentrations of sucrose (X7),
yeast extract (X3), and ammonium nitrate (X3) between the values of —« and +a, as defined
by the response surface methodology. The kinetic model of Weiss and Ollis described the
cellular growth, xanthan production, and carbon source consumption satisfactorily, as
shown in Figs. 2 and 3. Therefore, this model accurately predicts production performance
and describes the kinetic behavior of such fermentations carried out in either a shaker or a
bioreactor, under the specific conditions of these experiments (Figs. 4 and 5).

Nomenclature

SRS  sum of squares of residues

t time (h)

Ypis  yield of xanthan per amount of sucrose (gP gS )

Yxp  yield of biomass per amount of xanthan (gX gP )

Yx/s  yield of biomass per amount of sucrose (gX gS_l)

Yexp ~ €xperimental values to xanthan, carbon source and biomass concentration (g LY
Yimeor  calculated values to xanthan, carbon source and biomass concentration (g L")

m Weiss and Ollis [28] model parameter of xanthan production due to growth (gP gX ')

P xanthan concentration (g L")
S carbon source concentration (g L")
X biomass concentration (g L")

Greek Symbols

1] Weiss and Ollis [28] model parameter of carbon source consumption due to biomass
(gSeX'hh

«@ Weiss and Ollis [28] model parameter of carbon source consumption due to growth
(g8 eX )
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max Maximum specific growth rate (h™")

A Weiss and Ollis [28] model parameter of xanthan production due to biomass
(gPeX'h)
Subscripts

max maximum value
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