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Abstract In this paper, the production of rhamsan gum from Sphingomonas sp. CGMCC
6833 at different pH values was investigated. Based on kinetic analysis, a two-stage strategy
for pH control was proposed. During the first 10 h, pH was controlled at 7.5 to maintain high
specific cell growth rate and specific glucose consumption rate. After 10 h, pH decreased
naturally to 7.0; this value was retained to maintain high specific rhamsan gum formation
rate. Using this method, the maximum concentration and productivity of rhamsan gum
reached 18.56±1.68 g/L and 0.290±0.026 g/L/h, which are 12.83 and 12.84 % higher than
the optimum results obtained at natural pH, respectively.
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Introduction

The gellan family is composed of water-soluble exopolysaccharides (EPS) produced by
Sphingomonas species; examples of these EPS include gellan gum, welan gum, rhamsan
gum, S-657, and S-88 [1]. In general, the backbone structure of these EPS is a repeating
linear tetrasaccharide of D-glucose, D-glucuronic acid, and L-rhamnose at a ratio of 2:1:1.
Members of the gellan family are widely used as thickening, stabilizing, and suspending
agents in various industries, including food [2, 3], pharmaceutical [4], oil field [5, 6], and
concrete [7, 8], because of their high viscosity and high stability.
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Rhamsan gum has the same backbone structure, and each D-glucosyl residue next to
the L-rhamnosyl residue is substituted at O-6 by α-D-glucosyl-(1→6)-β-D-glucosyl
disaccharide side chains. Although rhamsan gum is non-gel forming, it gives a ther-
mostable, highly viscous solution even at temperatures greater than 100 °C. Compared
with other gellan family members, rhamsan gum has broader applications in the food
industry because it can tolerate high concentrations of phosphate and sodium chloride
[9]. Its use as a food additive was approved by the Japanese Ministry of Health and
Welfare in 1996 [10]. As a good anionic water-soluble EPS, rhamsan gum is also safe
to use in plastic surgeries [11]. Rhamsan gum is now produced commercially by CP-
Kelco Company.

Fermentation can be significantly influenced by various physical and chemical parame-
ters; among which pH is one of the most important because it can affect the duration and rate
of fermentation as well as the production of fermentation metabolites [12, 13]. Previous
reports revealed that gellan gum should be produced at a neutral pH [1, 14]. Our previous
research and pilot scale fermentation showed that broth pH decreases below 6.0 as fermen-
tation time is prolonged, causing a reduction in the synthetic rate of rhamsan gum. Acidic
conditions might not be beneficial for cell growth, substrate consumption, and polysaccha-
ride formation, hence, influencing rhamsan gum production. pH is a possible limiting
environmental factor in rhamsan gum production.

To achieve maximum rhamsan gum production with efficient substrate conversion and
increased rhamsan gum formation, the optimization of rhamsan gum production under
various pH conditions needs to be studied. In this work, the effect of pH on the production
of rhamsan gum from Sphingomonas sp. CGMCC 6833 was systematically studied. A pH
control strategy was proposed to enhance the production of rhamsan gum in a 7.5 L
fermenter. A two-stage pH control strategy was established and successfully applied to
improve rhamsan gum production.

Materials and Methods

Microorganism

Sphingomonas sp. RH-1 (CGMCC 6833), a rhamsan gum-producing strain, was originally
isolated from a soil sample collected from Laoshan National Forest Park of Nanjing
(Nanjing, China) [15].

Media and Culture Methods

The seed medium contained 20 g/L glucose, 1 g/L yeast extract, 3 g/L peptone, 2 g/L
K2HPO4, and 0.1 g/L MgSO4 at pH 7.2 to 7.4. The batch fermentation medium contained
40 g/L glucose, 5.38 g/L yeast extract, 5.71 g/L K2HPO4, and 0.32 g/L MnSO4.

Sphingomonas sp. CGMCC 6833 was inoculated into 100 mL of fresh seed medium in
500 mL flasks and then aerobically incubated for 16 h with shaking at 200 r/min and 30 °C.
The seed culture (5 %, v/v) was inoculated into the fermentation medium. Batch fermenta-
tion was carried out in a 7.5-L stirred fermenter (Rushton impeller, BioFlo110, New
Brunswick Scientific, USA) with the following features: diameter, 6 cm; bioreactor internal
diameter, 17.8 cm; height, 32.1 cm; and working volume, 4.5 L. All cultivations were carried
out at 30 °C. The aeration rate and agitation speed were controlled at 1.0 L/L/min and
600 rpm in the batch fermentation, respectively.
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Effect of pH on Rhamsan Gum Production in Batch Fermentation

To investigate the effect of pH on rhamsan gum production, Sphingomonas sp. CGMCC
6833 was cultivated in the fermentation medium in a 7.5-L stirred fermenter at different pH
values (natural, 6.5; 7.0; 7.5; and 8.0). Except for the natural pH fermentation, the other
fermentation processes were maintained at their respective pH by adding 6 mol/L NaOH or
6 mol/L HCl to the culture broth until the end of cultivation.

Two-Stage pH Control Strategy for Rhamsan Gum Production in Batch Fermentation

Based on the specific cell growth rate and specific rhamsan gum formation rate, a two-stage
pH control strategy was proposed as follows. The initial pH was maintained at 7.5 for 10 h of
cultivation. Subsequently, pH was decreased to 7.0; this value was maintained to promote
further rhamsan gum synthesis in later cultivation.

Analytical Methods

The biomass was determined for at least three 10 mL cell suspensions that were
harvested by centrifugation, washed with distilled water, and then dried at 60 °C for
24 h to a constant weight. Glucose concentration was analyzed using a biosensor
equipped with glucose oxidase electrode (SBA-40C, Shandong Academy of Sciences,
China) [16]. The viscosity of fermentation broth was measured by a rotational viscom-
eter (NDJ-1, Shanghai Hengping Scientific Instrument Co. Ltd., China) using rotor no.
3 at 60 r/min. pH was measured using a precision pH meter (Shanghai Leici Instrument
Co., Ltd.). The concentration of rhamsan gum was measured as follows. A certain
volume of fermentation broth was heated in a water bath at 70 to 80 °C for 15 min.
After cooling, twice volumes of anhydrous ethanol were added with stirring until a
flocculent precipitate appeared. The solution was placed in a refrigerator at 4 °C for
12 h. After centrifugation, the supernatant solution was removed. The process was then
repeated with anhydrous ethanol. The precipitate was dried in a 60-°C oven to constant
weight.

Calculation of Kinetic Parameters

The specific cell growth rate (μ, h−1), specific glucose consumption rate (qs, h
−1), and

specific rhamsan gum formation rate (qp, h
−1) were estimated from the experimental or fitted

data of cell growth (Cx, g/L), residual glucose concentration (Cs, g/L), and rhamsan gum
production (Cp, g/L) using Eqs. 1 to 3, respectively. The fitted data were obtained by
interposing the experimental data of cell growth, residual glucose concentration, or rhamsan
gum production at a definite time (dt=0.1 h) with the approximation method of cubic spline
interpolation in Grapher software (Version 4, Golden Software, Inc., USA)
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CX
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Fig. 1 Time profiles of batch fermentation for rhamsan gum production. Glucose (black square), rhamsan
gum (black circle), biomass (white circle), pH (white square), viscosity (white diamond)

Fig. 2 Time course of rhamsan gum production at different pH values: a 6.5, b 7.0, c 7.5, and d 8.0. Glucose
(black square), rhamsan gum (black circle), biomass (white circle), viscosity (white diamond)
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Fig. 3 Comparison of specific
growth rate (μ) (a), specific
substrate consumption rate (qs)
(b), and specific rhamsan gum
formation rate (qp) (c)
between pH 7.0 and 7.5
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Results and Discussion

Time Profiles of Rhamsan Gum Fermentation Without pH Control

The typical fermentation of Sphingomonas sp. CGMCC 6833 without pH control is shown in
Fig. 1. The pH of the fermentation broth decreased from its initial value of 7.45±0.10 to 6.13±0.27
within 72 h of fermentation. Before the pH decreased to 6.67±0.28, the cell growth was rapid.
Subsequently, the cell growth reached the platform phase. After 56 h, the biomass decreased. This
result may be attributed to the low pH. The rhamsan gum accumulation started at the beginning of
the fermentation and reached the maximum of 16.45±1.23 g/L at 64 h. However,
rhamsan gum accumulation stopped afterward, indicating that no rhamsan gum pro-
duction occurred after prolonged cultivation. The concentration of glucose decreased
from its initial concentration of 40±0.50 to 21.75±1.50 g/L within 56 h and was
consumed slowly afterward. The residual glucose concentration remained at 20.75±1.25 g/L
after 72 h of cultivation. The above results suggest that high pH can increase rhamsan gum
production and that the pH in the culture broth is critical in cell growth and rhamsan gum
production. Thus, the cell growth may be prolonged and the rhamsan gum production may be
enhanced by properly controlling the pH in the culture broth.

Effects of pH on Rhamsan Gum Production in Batch Fermentation

Figure 2 shows the effects of pH on the fermentation of rhamsan gum from Sphingomonas sp.
CGMCC 6833. During the cultivation, pH was maintained at pH 6.5, 7.0, 7.5, and 8.0. At
pH 6.5 (Fig. 2a), rhamsan gum and the viscosity of the fermentation were both low. The glucose
concentration at 72 h was the highest among the four pH values, indicating that cell growth and
product accumulation did not consume too much glucose. As shown in Fig. 2b, cell growth
increased when pH was increased from 6.5 to 7.0. At pH 7.5, biomass (7.02±0.65 g/L) reached
its maximum values at 56 h, rhamsan gum production (17.43±1.78 g/L), and fermen-
tation batch viscosity (3.56±0.30 g/L) all reached their maximum values at 64 h
(Fig. 2c). Glucose concentration (17.50±1.25 g/L) was the lowest at 72 h. Biomass,
rhamsan gum production, and fermentation batch viscosity at pH 8.0 decreased compared with
those at pH 7.5. Glucose concentration at 72 h was increased than that at pH 7.5.
This result suggested that the production of rhamsan gum from Sphingomonas sp. CGMCC
6833 was affected by pH and that either low or high pH was not beneficial for rhamsan gum
production. Consistent with the increase in cell growth, the consumption of glucose increased
from pH 6.5 to 7.5. In addition, the increase in cell growth increased rhamsan gum production at
higher pH. However, pH values higher than 8.0 were not beneficial for rhamsan gum
production.

Kinetic Analysis of Rhamsan Gum Fermentation at Different pH Values

To analyze the kinetic characteristics of the effect of pH on cell growth and rhamsan gum
production, μ, qs, and qp were calculated based on the data of pH 7.0 and 7.5 in Fig. 2. As
shown in Fig. 3, the profiles of μ, qs, and qp exhibited similar tendencies and the maximum
values appeared at approximately 6 h. The result showed that μ and qs were higher at pH 7.5
than at pH 7.0 at the beginning of rhamsan gum fermentation (approximately 10 h). Thus,
pH 7.5 was better for cell growth and glucose consumption at the beginning of rhamsan gum
fermentation. After 10 h, however, pH 7.0 was beneficial for rhamsan gum formation with a
high value of qp.
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Based on the analysis of μ, qs, and qp, a two-stage pH control strategy was proposed as
follows. pH was controlled at 7.5 in the first 10 h to maintain high μ and qs. After 10 h, pH
decreased naturally to 7.0; this pH value was retained to maintain high qp with
Sphingomonas sp. CGMCC 6833.

Rhamsan Gum Production with Two-Stage pH Control Strategy

The time course of the proposed strategy for rhamsan gum fermentation is shown in Fig. 4.
Table 1 lists the results of constant and two-stage pH control strategy for controlling
experiments. The two-stage pH control strategy not only considerably improved rhamsan
gum production but also increased rhamsan gum productivity. The maximum concentration
and productivity of rhamsan gum reached 18.56±1.68 g/L and 0.290±0.026 g/L/h, which are
12.83 and 12.84 % higher than the optimum results obtained at natural pH, respectively. The
results showed that the two-stage pH control strategy remarkably improved the productivity

Fig. 4 Rhamsan gum fermentation with two-stage pH control strategy. Glucose (black square), rhamsan gum
(black circle), biomass (white circle), viscosity (white diamond)

Table 1 Analysis of parameters at different pH control strategies

Parameters Natural pH pH 6.5 pH 7.0 pH 7.5 pH 8.0 pH 7.5
(0–10 h),
pH 7.0
(after 10 h)

Biomass (g/L) 6.46±0.42 6.09±0.54 6.68±0.50 7.02±0.65 6.34±0.57 7.23±0.65

Rhamsan gum (g/L) 16.45±1.23 15.97±1.00 16.88±1.45 17.43±1.78 16.40±1.56 18.56±1.68

Rhamsan gum
productivity
(g/L/h)

0.257±0.019 0.250±0.016 0.264±0.023 0.272±0.028 0.256±0.024 0.290±0.026

Residual glucose
(g/L)

20.75±1.25 21.25±1.33 19.75±1.50 17.50±1.25 20.75±1.00 15.25±1.25

Fermentation broth
viscosity (Pa s)

3.21±0.22 3.02±0.22 3.23±0.29 3.56±0.30 3.11±0.30 3.42±0.31

Values are mean±standard deviation (n=3)
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of rhamsan gum from Sphingomonas sp. CGMCC 6833. Moreover, the two-stage pH
control strategy was beneficial for cell growth. Up to 7.23±0.65 g/L of biomass was obtained
after fermentation with the two-stage pH control strategy, whereas only 6.46±0.42 g/L was
obtained after fermentation at natural pH.

Conclusion

This paper developed a novel two-stage pH control strategy based on the kinetic analysis of
efficient rhamsan gum fermentation using Sphingomonas sp. CGMCC 6833. This method was
proven effective for the enhancement of rhamsan gum concentration and productivity. By
applying this pH control strategy, rhamsan gum concentration and productivity were increased
by 12.83 and 12.84 %, respectively, compared with the optimum results of natural pH process.
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