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Abstract Batch fermentative production of welan gum
by Alcaligenes sp. CGMCC2428 was investigated under
various oxygen supply conditions using regulating agita-
tion speed. Based on a three kinetic parameters analysis
that includes specific cell growth rate (u), specific glucose
consumption rate (gs), and specific welan formation rate
(gp), a two-stage agitation speed control strategy was pro-
posed to achieve high concentration, high yield, and high
viscosity of welan. During the first 22 h, the agitation
speed in 7.5 L fermenter was controlled at 800 rpm to
maintain high p for cell growth. The agitation was then
reduced step-wise to 600 rpm to maintain a changing
profile with stable dissolved oxygen levels and obtain high
gp for high welan accumulation. Finally, the maximum
concentration of welan was reached at 26.3 & 0.89 g L™!
with a yield of 0.53 + 0.003 g g~! and the welan gum
viscosity of 3.05 £ 0.10 Pa s, which increased by an
average of 15.4, 15.2, and 20.1% over the best results
controlled by constant agitation speeds.
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Introduction

Welan gum is an exopolysaccharide produced by the
Alcaligenes species [1]. It is composed of tetrasaccharide
repeating units of p-glucose, b-glucuronic acid, p-glucose,
and L-rhamnose, with L-rhamnopyranosyl or L-mannopyr-
anosyl side chains [2]. At least 85% of the repeat units also
have an acetyl substituent at O(2) of the 3-linked glucose.
Welan gum biosynthesis represents a multi-step process
and essentially follows essentially the mechanisms estab-
lished for other acidic heteropolysaccharides of Gram-
negative bacteria [3]. The pathway can be divided into
three different components: (1) the intracellular synthesis
of sugar-activated precursors, (2) the assembly of the
tetrasaccharide attached to a membrane-anchored C55-
isoprenyl pyrophosphate carrier, and (3) the polymerization
of the repeat units and export of the polysaccharide.
Because of the interesting rheological properties of welan
gum, it is used in a wide variety of applications, including
as a suspending, stabilizing, emulsifying, and thickening
agent in several areas such as food, coating materials,
medicine, concrete additives, and enhanced oil recovery
[4]. The Alcaligenes species is an aerobic microorganism,
and oxygen supply is an essential factor in aerobic fer-
mentation processes, particularly in polysaccharide pro-
duction because the broth becomes highly viscous and
limits mass and oxygen transfer that influence cellular
activities and metabolite production [5].

A previous study found that oxygen supply was a critical
factor for high-level production of microbial polysaccha-
rides, such as xanthan gum, gellan gum, and hyaluronic
acid. Garcia-Ochoa found that an increase in oxygen sup-
ply enhanced the xanthan gum production [6]. Interest-
ingly, Giavasis offers another opinion on the effect of
oxygen supply, stating that high aeration rates and vigorous
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agitation enhanced the growth of Sphingomonas paucim-
obilis, a gellan gum producer. However, the increase in
cells did not always lead to high gellan production. At very
high agitation rates (1,000 rpm), growth was stimulated at
the expense of biopolymer synthesis [7]. A similar phe-
nomenon was observed in the study of hyaluronic acid
fermentation [8, 9]. In addition, an increase in agitation
means that more energy is consumed for the process,
thereby increasing production cost. Moreover, very high
agitation has also been shown to cause mechanical damage
to polysaccharides [10]. On the other hand, growth under
low oxygen supply condition is unable to satisfy the oxy-
gen demand of the cells, and often leads to lower gellan
production [5]. In addition, as with other microbial poly-
saccharides, the viscosity of welan gum is likely to be
influenced by oxygen supply [11]. Therefore, it is neces-
sary to set up a proper oxygen supply strategy to ensure
efficient polysaccharide production with high concentra-
tion, high yield, and high viscosity.

In this article, a simple oxygen supply method based on
agitation speed control was established and successfully
used for the enhanced production of welan gum. The
processes of welan gum fermentation using Alcaligenes
sp. CGMCC2428 were compared at different oxygen
supply conditions by changing agitation speed. Subse-
quently, based on the kinetic analysis of batch processes
controlled by single-agitation speed, a two-stage agitation
speed control strategy was designed and confirmed
experimentally.

Materials and methods
Microorganism and media

Alcaligenes sp. CGMCC2428 used in this study was
deposited at the General Microbiological Culture Collection
Center in China. The seed medium contained 20 g L'
glucose, 1 g L™" yeast extract, 3 g L™" peptone, 2 g L'
K,HPO,-3H,0, 0.1 g L™' MgSO, at pH 7.2-7.4. The fer-
mentation medium comprised 50 g L' glucose, 8 g L'
(NH,4)>S0,,3 g L™ K,HPO,4-3H,0, and 0.4 g L™ MgSO,.
The initial pH was adjusted to 7.2-7.4.

Culture methods

Alcaligenes sp. CGMCC2428 was first inoculated into
135 mL of fresh seed medium in 1 L flasks and aerobically
incubated for 16 h with shaking at 200 rpm. Seed culture
(3%, v/v) was then inoculated into the fermentation med-
ium. Batch fermentation was carried out in a 7.5-L stirred
fermenter (Rushton-style impeller, d. 6 cm; bioreactor i.d.
17.8 cm, height 32.1 cm, 4.5 L working volume, BioFlo
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110, New Brunswick Scientific, USA). All cultivations
were carried out at 30 °C, and pH was controlled at 7.0
automatically by adding 3 M NaOH.

The aeration rate was controlled at 1.0 vvm for all the
experiments. The agitation speed was controlled at 400,
600, 800, and 1,000 rpm in the batch fermentation. The
dissolved oxygen (DO) concentrations under different
operation conditions were expressed in DO concentration
(%), whereas 100% DO saturation level corresponded to an
actual DO concentration of approximately 6.8 mg L™" at
30 °C, 1.0 atm. These operation conditions were adopted
in different batch fermentation experiments to investigate
the effects of agitation speed on cell growth, welan gum
production, and glucose consumption. The oxygen uptake
rate (OUR) was determined using the dynamic method [6].

Analytical methods

Dry cell weight (DCW) was determined from at least three
10 mL cell suspensions that were harvested by centrifu-
gation, washed with distilled water, and dried at 80 °C for
24 h to a constant weight. The concentration of glucose
was analyzed using a biosensor equipped with glucose
oxidase electrode (SBA-40C, Shandong Academy of Sci-
ences, China). The DO concentration and pH were mea-
sured using indicators of the bioreactor. The concentration
of welan gum was measured following a previously
reported method [12].

The weight-average welan gum molecular weight pro-
duced by fermentation at the end of the process was
measured using the Laurent method [13], in which single-
point measurements were performed on diluted samples
containing 20-50 mg mL~" in 0.15 M NaCl at pH 7.0.
The Mark-Houwink constants were k = 3.6 x 10™* and
a = 0.78. The viscosity of the polymer (1% in water,
25 °C) was measured by rotational viscometer (NDJ-1,
Shanghai Hengping Scientific Instrument Company, China)
using rotor No. 4 at 60 rpm. Each experiment was repeated
three times, and the experimental errors were less than 4%.

Assay of welan gum chemical composition

Welan gum was hydrolyzed in H,SO,4 (2 M) at 100 °C for
8 h, and then neutralized using BaCO3. One part of the
supernatant was carried on the derivative process as indi-
cated in literature [14], while the reaction product was
analyzed using the gas chromatography (Agilent 6890N,
USA) with a flame ionization detector and fitted with a
quartz capillary column (25 m x 0.32 mm i.d., 0.25 pm).
Nitrogen was used as carrier gas. The injector was main-
tained at 260 °C, with an injection volume of 0.8 pL. The
column was raised from 80 to 210 °C at 20 °C min_l, and

then increased to 280 at 10 °C min~'. The chemical
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composition of the hydrolyzed welan gum (p-glucose,
L-thamnose, and L-mannose) was identified through com-
parisons with internal standards (Sigma, USA).

Another part of the supernatant was analyzed using the
ion chromatography (Dionex 2010i, USA) with a carbo-
hydrate analysis column (150 mm x 3 mm i.d., CarboPac
PA20, Dionex) using a pulsed amperometric detector.
A total of 250 mM NaOH and NaAc were used as eluent
with a flow rate of 0.9 mL min~' at 30 °C. The chemical
composition of the hydrolyzed welan gum (p-glucuronic
acid) was determined based on this method.

Calculation of kinetic parameters

The specific cell growth rate (u, h™'), specific glucose
consumption rate (¢, h™"), and specific welan gum forma-
tion rate (gp, h™") were estimated from the experimental or
fitted data of cell growth (y, g L"), residual glucose con-
centration (s, g L"), and welan gum production (p, g L™ ")
using Eqgs. (1)-(3), respectively [15]. The fitted data were
obtained by interposing the experimental data of cell
growth, residual glucose concentration, or welan gum pro-
duction at definite time (d# = 0.1 h) with the approximation
method of cubic spline interpolation in Origin software
(Version 7.5, OriginLab Corp., Northampton, MA, USA).
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Results and discussion

Effects of agitation speed on microbial welan gum
production

The effects of agitation speed (400, 600, 800, and
1,000 rpm) on welan gum fermentation were investigated in
the 7.5 L stirred fermenter (Fig. 1a—c). Figure 1c shows that
the relatively higher maximum welan gum concentrations of
20.6 £ 0.65 and 22.8 4 0.61 g L' were obtained at the
agitation speeds of 600 and 800 rpm, respectively. The pro-
duction of welan gum using Alcaligenes sp. CGMCC2438
was affected by agitation speeds. This suggests that either
low (400 rpm) or high (1,000 rpm) agitation speed was not
beneficial for welan gum production. Higher DCW was
achieved at a higher agitation speed and the maximal DCWs
obtained were 5.98 £ 0.21, 6.54 £ 0.22, 7.02 £ 0.22,
and 7.50 £ 025 g L~ at 400, 600, 800, and 1,000 rpm,
respectively (Fig. la). Consistent with decreasing cell
growth, the consumption of glucose declined from 1,000 to
400 rpm (Fig. 1b). The results demonstrate that the increase

growth (a), glucose
concentration (b), welan gum
concentration (c¢) in the
cultivation of Alcaligenes sp.
CGMC(C2428 at different
agitation speeds. 400 rpm (filled
inverted triangle), 600 rpm
(filled square), 800 rpm (open
circle), 1,000 rpm (filled
triangle)
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in cells did not lead to high welan gum production at the
highest agitation speed.

The measurement of welan gum viscosity suggests that
the high or low agitation speed was not helpful for a high-
viscosity welan gum production (Fig. 2c). Although the
final welan gum concentration at the agitation speed of
800 rpm was higher compared with that in the agitation
speed of 600 rpm, the previous welan gum viscosity was
lower than the latter (2.10 & 0.08 Pa s at 800 rpm and
2.54 £ 0.07 Pa s at 600 rpm). The reason may be because
very high agitation causes mechanical damage to welan
gum. To verify this speculation, we investigated the effect
of different agitation speeds on welan gum molecular
weight (Table 1). The molecular weight was only

(8.65 + 0.09) x 10° Da at a speed of 400 rpm. The
welan molecular weight reached its maximum value of
(9.01 £ 0.12) x 10° Da at a speed of 600 rpm, and then
decreased as the agitation speed increased. The chemical
composition of welan gum produced by fermentation with
various agitation speeds was analyzed (Figs. 3, 4). The
D-glucose, L-rhamnose, and L-mannose of welan gum
chemical composition at speeds of 400 and 1,000 rpm
were detected by gas chromatography (Fig. 3b, c). In
addition, another composition of welan gum, p-glucuronic
acid was determined using ion chromatography (Fig. 4).
The results demonstrated that the welan gum chemical
composition had no significant variation at different agi-
tation speeds.

Table 1 The analysis of parameters at different agitation speed control strategies

Parameters Agitation speed (rpm)

400 600 800 1,000 800 (0-22 h),

600 (after 22 h)

DCW (g L™ 5.98 + 0.21 6.54 + 0.22 7.02 +£0.22 7.50 &+ 0.25 6.81 & 0.26
Welan gum (g L") 17.5 + 0.56 20.6 £+ 0.65 22.8 + 0.61 18.5 + 0.74 26.3 + 0.89
Welan gum productivity (g L™ h™) 0.27 £+ 0.005 0.31 £ 0.006 0.35 + 0.004 0.28 4 0.003 0.40 4 0.003
Welan gum yield (g g~") 0.35 £+ 0.004 0.41 £+ 0.003 0.46 % 0.005 0.37 &+ 0.002 0.53 &+ 0.003
Viscosity (Pa s) 1.51 + 0.06 2.54 £ 0.07 2.10 £ 0.08 1.85 £+ 0.06 3.05 £ 0.10
Welan gum molecular weight (x 10° Da) 8.65 + 0.09 9.01 £0.12 8.81 £ 0.10 8.73 £ 0.07 932 £0.13

Welan gum yield was expressed as g welan gum/g glucose utilized

Values are mean = standard deviation (n = 3)
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Fig. 3 Detection of p-glucose,
L-rhamnose, and L-mannose of
welan gum chemical
composition produced by
fermentation at different
agitation speeds (400,

1,000 rpm) using gas
chromatography. a Mixture
reference substances and
internal standard, b sample and
internal standard (400 rpm),

¢ sample and internal standard
(1,000 rpm). 1, L-rhamnose;

2, L-mannose; 3, p-glucose;

4, inositol, internal standard
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The kinetic courses of OUR and DO concentration
during cultivations at various agitation speeds are dis-
played in Fig. 2a and b. The change trends of OUR during
welan gum fermentation were similar to those of DO
concentration. They increased with the increase in agitation
speeds. The DO concentration reached its lowest values of
0.4, 1.1, 12.2, and 26% air saturation at the agitation speeds
of 400, 600, 800, and 1,000 rpm, respectively. The corre-
sponding maximal OUR values were 0.356, 0.461, 0.532,
and 0.650 mmolO, L™ h™'. The change in DO concen-
trations at different agitation speeds was similar to that
described by Li [16]. There was a rapid decrease in the first
20 h and stabilization at a constant level at the mid-
growing period of cultivation. The results suggest that the
OUR of cells was higher than the oxygen transfer rate in
the first 20 h under various agitation speeds; subsequently,
these two rates reached an equilibrium. Therefore, the
mechanisms of controlling agitation speeds should be

investigated further for agitation speeds to be beneficial not
only for oxygen transfer but also for the production of high
viscosity polysaccharide at the late phase of fermentation.

Kinetic analysis of welan gum fermentation at different
agitation speeds

To analyze the kinetic characteristics of the two processes
at the agitation speeds of 600 and 800 rpm, three kinetic
parameters, 4, gs, and g, were calculated based on the data
in Fig. 1. Figure 5 shows that u, g, and ¢, had similar
tendencies and the maximum values appeared at approxi-
mately 10 h. Compared with the agitation speed of
600 rpm, u and g were higher at the agitation speed of
800 rpm at the beginning of welan gum fermentation
(approximately 22 h). These results indicate the agitation
speed of 800 rpm was better for cell growth and glucose
consumption at the beginning of the welan gum
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Fig. 4 Detection of a N b
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chemical composition produced 750 -
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Fig. 5 Comparison of kinetic parameters in welan gum fermentation
using Alcaligenes sp. CGMCC2428 at the agitation speeds of
600 rpm (dashed line) and 800 rpm (solid line): specific cell growth
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fermentation. After 22 h, however, the agitation speed of
600 rpm was beneficial for welan gum formation with a
high value of g,. A relatively lower agitation speed was
also beneficial for high welan gum viscosity, which could
help avoid damage to the polysaccharide in the late fer-
mentation stage.

Based on the analysis of u, ¢g,, and g, a two-stage
agitation speed control strategy was proposed as follows.
The agitation speed was controlled at 800 rpm in the first
22 h to maintain high u and g, for fast cell growth and
glucose consumption, and then switched to 600 rpm after
22 h to maintain high g, for the fermentation of welan gum
with Alcaligenes sp. CGMCC2428.

Welan gum production with two-stage agitation speed
control strategy

The time course of the proposed strategy for welan gum
fermentation is shown in Fig. 6a. Table 1 lists the results of
constant and two-stage agitation speed control strategy
controlling experiments. Compared with the best results
obtained in the cultivations at constant agitation speed, the
maximal concentration of welan gum reached 26.3 £
0.89 g L™ with welan gum productivity of 0.40 +
0.003 g L™' h™'. The welan gum viscosity and molecular
weight were also highest [3.05 £ 0.10 Pas (9.32 &+
0.13) x 10° Da]. Furthermore, using this two-stage agita-
tion speed control strategy, the final welan gum yield
achieved from glucose was up t0 0.53 & 0.003 g g~ ', which
increased by an average of 15.2% higher than the best result
controlled by single-agitation speed. The results were at a
relatively high level compared with previously reported
values [12, 17].

The changing patterns of DO concentration under dif-
ferent oxygen supply strategies are also described in
Fig. 6b. A sharp decrease and rebound in DO concentration
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Fig. 6 Time course of welan gum fermentation by Alcaligenes sp.
CGMCC2428 using two-stage agitation speed control strategy (a).
Glucose (filled circle), DCW (filled triangle), welan gum (filled

at the 600 rpm speed during the first 1-26 h was observed.
In particular, the DO concentration dropping to 1.1% at
approximately 24 h was harmful to the fermentation per-
formance. The changing pattern of DO concentration under
the proposed two-stage agitation speed control strategy was
much stable or smooth compared with that of 600 rpm
speed. DO concentration was maintained at approximately
10% saturation level from 34 h until the end of the fer-
mentation. We can conclude that this proposed strategy not
only can considerably improve welan gum concentration in
the broth and welan gum yield from glucose but also
increase welan gum productivity. The proposed strategy
was proved successful in improving welan gum production.

Welan gum viscosity was improved after applying the
proposed strategy. In the application of microbial poly-
saccharide, the viscosity of a product must meet industry
standards [18, 19]. Thus, enhancing the viscosity of welan
gum could be very important. In the late stage of welan
gum fermentation, the broth became more viscous. At this
period, a low agitation speed was unable to satisfy the
oxygen demand of the cells, whereas a high agitation speed
brought high shear stress that could shatter the biopoly-
mers, which might lead to a decrease in molecular weight
(Table 1). Therefore, the agitation speed of 600 rpm at the
late phase of the process was relatively smooth and bene-
ficial for high viscosity of welan gum in the proposed
strategy.

Conclusions

This paper described a simple oxygen supply method,
which comprised a two-stage agitation speed control
strategy based on the kinetic analysis for efficient welan
gum fermentation using Alcaligenes sp. CGMCC2428.
This method was proved to be the better strategy for the

Time(h)

diamond). b DO concentration /, 600 rpm; 2, 800 rpm; 3, the two-
stage agitation speed control strategy
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enhancement of welan gum concentration, yield, produc-
tivity, and viscosity. This potential strategy might be useful
to improve productivity of viscous biopolymers for
industrial applications.
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