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Abstract
A two-stage culture (with controlled sucrose concentrations and temperatures) of Sphingomonas paucimobilis for gellan 
gum production has been previously investigated. Herein, the mechanism of a two-stage culture favoring gellan gum over-
production was revealed by analysing the cell-membrane permeability and the proteomics for gellan gum biosynthesis. The 
two-stage culture, resulted in 79.8% increased content of unsaturated fatty acids, and 3.95% increased ratio of unsaturated 
to saturated fatty acids in the cell membrane. Moreover, cell membrane permeability increased and thus further enhanced 
gellan gum biosynthesis. Proteomic analysis results indicated that 13 identified protein spots were involved in energy genera-
tion, glycogen biosynthesis, and glycolysis. These findings revealed that two-stage culture impellel carbon flux flow toward 
gellan gum biosynthesis.
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Introduction

Gellan gum, a linear polysaccharide, is composed of tetra-
saccharide repeating units including d-glucose, l-rhamnose, 
and d-glucuronic acid at the ratio of 2:1:1 (Fialho et al. 
2008). Due to its unique structure and excellent physical 
properties, gellan gum has been widely used as emulsifier, 
stabilizer, gelling agent, film former and thickening agent in 
the food industry (Alizadeh-Sani et al. 2019; Morris et al. 
2012; Prajapati et al. 2013; Zia et al. 2018). In recent years, 
the demand for this unique biopolymer has been increasing.

Many microorganisms, such as Sphingomonas pseudo-
sanguinis, Sphingomonas yabuuchiae and Sphingomonas 
paucimobilis NK 2000 produce gellan gum (Raghunandan 
et al. 2018; Jin et al. 2003). Among these microorganisms, 
S. paucimobilis is a typical strain producing gellan gum that 
is non-toxic and non-pathogenic (Dolan et al. 2016). Moreo-
ver, the yield of gellan gum could be improved by screen-
ing the strains with high performance and optimizing the 

fermentation conditions (Jin et al. 2003; West 2002; Zhang 
et al. 2015; Zhu et al. 2019). The concentration of carbon 
source and temperature are critical factors for high level pro-
duction of gellan gum. Low sucrose concentration and high 
temperature are favorable for cell growth, but inhibits gel-
lan gum biosynthesis. Therefore, two-stage culture strategy 
was developed to tackle the problem. The initial sucrose 
concentration was 10 g/L, to which 10 g/L of sucrose was 
added at 12 h and 24 h. The temperatures for the first-stage 
culture and the second-stage culture were 33 °C, and 28 °C, 
respectively. Gellan gum production was 35.71% higher than 
that of conventional batch culture. High gellan gum yield 
is related to high UDPG-pyrophosphorylase and glucosyl-
transferase activities (Zhu et al. 2013). However, the detailed 
mechanisms of improving the production by two-stage cul-
ture strategy remain still unclear.

In the present study, the permeability of cell membrane 
was determined by analyzing the fatty acid composition of 
S. paucimobilis cells. To discover proteins associated with 
different culture strategies, we performed proteomics to 
identify the proteins that were significantly up-regulated or 
down-regulated in the two-stage and conventional batch cul-
tures. Our results could reveal the mechanism of two-stage 
culture strategy and supply a new perspective to understand 
the physiological response of gellan gum over-producing 
strains in the field of industrial fermentation.
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Materials and methods

Microorganism and media

Sphingomonas paucimobilis ATCC 31461 was used in this 
study. The strain was maintained by monthly subculture 
on agar slants containing 3 g/L beef extract, 10 g/L pep-
tone, 5 g/L NaCl, and 2 g/L agar at pH 7.4. The same 
medium without agar was used for seed cultivation. The 
seed was prepared in 250 mL flasks containing 50 mL of 
seed medium, and incubated in a rotary shaker at 200 rpm 
with a temperature of 30 °C for 24 h. The medium for 
shake flask culture contained 30 g/L sucrose, 1 g/L yeast 
extract, 2 g/L peptone, 3 g/L  KH2PO4, 1 g/L  K2SO4, 1 g/L 
 K2HPO4, and 1 g/L  MgSO4·7H2O at pH 7.0.

Shake flask culture conditions

Flask culture experiments were performed in 250 mL 
flasks each containing 50 mL medium after inoculating 
with 10% (v/v) of seed culture. The culture conditions of 
agitation rate, and growth period were fixed at 200 rpm 
and 72 h, respectively.

In the two-stage culture strategy experiment, a pulse 
type fed-batch culture was used to 10 g/L sucrose added 
for 12 and 24 h. The batch culture had an initial sucrose 
concentration of 10 g/L. The first-stage control strategy 
was performed to realize fast cell growth within 24 h. The 
batch culture of S. paucimobilis ATCC 31,461 was initi-
ated in the second stage. The temperature for the first-
stage and second-stage culture was 33 °C, and 28 °C, 
respectively.

Lipid analysis

Fatty acids methyl esters were analyzed by gas chromatog-
raphy as reported by Ahn et al. (2012).

Protein sample preparation for 2‑D PAGE

Harvested cells were centrifuged at 15,000g for 20 min at 
4 °C. The cell pellets were washed with ultrapure water 
three times and stored at − 80 °C.

Cells were suspended in acetone including 0.07% (w/v) 
dithiothreitol and10% (w/v) trichloroacetic acid and incu-
bated at − 20 °C overnight. Proteins were extracted for 1 h 
at room temperature by vortex mixing. After centrifuga-
tion at 15,000g for 1 h at 4 °C, insoluble material was dis-
carded, and soluble fraction was used for two-dimensional 

gel electrophoresis. The concentration of protein was 
determined using the Bradford method (Bradford 1976).

2D PAGE

For 2-DE, 24 cm IPG strip (immobiline drystrip) with 
linear gradient pH range (pH 3–11) was selected. The 
protein extracts (250 μg/gel) were loaded. 2D PAGE was 
performed as described by Sheng et al. (2014).

Image analysis

Protein spots were performed using the PDQuest (version 
7.0, BioRad) software according to the manufacturers’ 
protocols. The quantity of each spot was normalized based 
on total valid spot intensity. Protein spots were identified 
as a significant expression variation if their expression 
level deviated over two folds compared with control or 
normal sample. Silver-stained gels were scanned using 
an Image Scanner (Amersham Biosciences). Data analy-
sis was carried using the Image Master 2D Platinum 5.0 
software (Amersham Biosciences). For each treatment, 
three gels from three independent treatments were stud-
ied. Gel spots were automatically tested, manually edited 
and deleted when necessary. Evidently spots were marked 
by calibrating and matching the gel. Next, the three repli-
cate gels were compared to one another and merged into 
a master gel, containing the spots distributed on the three 
gels for every independent experiment. To quantify and 
contradistinguish the protein spots, we standardized the 
volume ratio. Significantly changed spots were chosen 
with at least a 0.2-fold decrease and 5.0-fold increase in 
the normalized volume ratio.

In‑gel digestion

The differentially expressed protein spots were excised 
for digestion. The gel spot was washed, and the destain-
ing solution was removed. Exactly 50% acetonitrile (ACN) 
and 100% CAN were successively added for 5 min. The 
samples were rehydrated in 2 − 4 μL of mass spectroscopy 
grade gold trypsin solution (Promega, Madison, WI, USA, 
20 μg/mL in 25 mM  NH4HCO3) for 30 min. Then, 20 μL of 
cover solution (25 mM  NH4HCO3, 10% ACN) was added 
for digestion for 16 h at 37 °C. The supernatant was shifted 
to another tube, and the gel was extracted with 50 μL of 
extraction buffer containing 67% ACN and 5% trifluoro-
acetic acid (TFA). The supernatant of the gel spot and the 
peptide extracts was combined and freeze-dried for mass 
spectrometry.
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Mass spectrometry analysis

The freeze-dried powder was redissolved in 5 μL of 
0.1%TFA, and mixed with a saturated solution of α-cyano-
4-hydroxycinnamic acid containing 50% ACN and 1% TFA 
at a ratio of 1:1. Exactly 1 μL of the sample was obtained for 
mass spectrometry point-of-target identification the positive 
ion mode in which data were automatically acquired. Mass 
spectrometry data were analyzed using GPS Explorer V3.6 
(Applied Biosystems) and Mascot 2.3 (Matrix Science), 
and protein was identified using primary and secondary 
mass spectral data integration. The search parameters are as 
follows: the database was NCBInr-Funji, the enzyme was 
trypsin, the maximum missing cleavage site was 1, the fixed 
modification was carbamidomethyl (C), the variable modifi-
cation was acetyl (ProteinN-term), deamidated (NQ), dioxi-
dation (W) and oxidation (M), MS tolerance was 100 ppm 
and MS/MS tolerance was 0.5 Da. A protein score of C.I. % 
greater than 95% was successfully identified.

Results and discussion

Permeability of cell membrane

During gellan gum biosynthesis by S. paucimobilis, sugar-
activated precursors are fistly synthesized in the cell, and 
then a tetrasaccharide repeat units is assembled, polymer-
ized and transported out of the cell (Sá-Correia et al. 2002; 
Vartak et al. 1995). The permeability of the cell membrane 
affects the rate of gellan gum transport. The higher the per-
meability, the faster the transport rate is, and the higher the 
gellan gum production is (Santhiagu and Rathindra 2008). 
The permeability of the cell membrane is related to its 
lipid composition. The fatty acids in the cell membrane are 
mainly composed of palmitic acid (C16:0), palmitoleic acid 
(C16:1), stearic acid (C18:0), oleic acid (C18:1) and linoleic 
acid (C18:2) (Sheng et al. 2013). The permeability of cell 
membrane is highly dependent on the structure and relative 
content of unsaturated fatty acids. Plyunsaturated fatty acids 
play an important role in maintaining the structure and func-
tion and determining the fluidity of cell membranes (Yehuda 
et al. 2002; Mykytczuk et al. 2007).

Table 1 shows the fatty acid composition of the cells 
grown under two-stage culture during the late-logarithmic 
phase. The enhancement of gellan gum production was asso-
ciated with changes in fatty acid composition in the cells. 
The major fatty acids contained in the cells were palmitic 
acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), 
oleic acid (C18:1) and linoleic acid (C18:2). The content of 
saturated fatty acids was 20.2%, while that of unsaturated 
fatty acids was 79.8% under two-stage culture. The ratio of 

unsaturated/saturated fatty acids increased from 2.57 to 3.95 
under conventional batch and two-stage culture.

The fatty acid composition of the cell membrane is also 
affected by temperature. When the temperature is low, the 
composition of unsaturated fatty acids in the cell increases, 
which elevates the fluidity of the membrane to adapt to the 
external environment (Shimiziu et al. 1988). High content 
of unsaturated fatty acids in plasma membrane, especially 
polyunsaturated fatty acids, decreases membrane viscosity 
and increases fluidity. Moreover, the polysaccharide is more 
secreted to outside of the cell. In the mechanism of improv-
ing the gellan gum production by the two-stage culture mass 
transfer is possibly affected either by changing the surface 
film resistance or the hydrodynamics.

Comparative proteomics

To further explore the metabolisms of S. paucimobilis by 
different culture, we analyzed the changes of expressed 
proteins. Two-stage and conventional batch cultures were 
performed in fermentation the medium, and proteins were 
extracted in the late-logarithmic phase. The protein extracts 
from two culture conditions were resolved on 2D-PAGE to 
visualize a considerable protein separation pattern. The rep-
resentational gel maps of the proteins are shown in Fig. 1. As 
analyzed through Image Master, approximately 1000 visual-
ized spots were found on the gels.

In the MALDI-TOF/MASS analysis, the 21 most dif-
ferential protein spots were matched with the proteins of 
other organisms, and 13 proteins were successfully identi-
fied (Fig. 1), and more detailed information about identified 
proteins is shown in Table 2.

Ten proteins were down-regulated, whereas three were 
up-regulated under two-stage culture (Table 2) among the 
protein sequences obtained. Down-regulated proteins con-
tained enolase, malate dehydrogenase, X-Pro aminopepti-
dase, ATP-dependent protease, glyceraldehyde-3-phosphate 
dehydrogenase, d-aminopeptidase, serine hydroxymethyl 
ransferase, RNA methyltransferase, and acyl-CoA dehy-
drogenase pseudouridine synthase. These proteins might be 

Table 1  Fatty acid composition of S. paucimobilis cells grown under 
different cultures

Fatty acids % Total fatty acids

Control Two-stage culture

C16:0 21.9 ± 1.2 17.6 ± 0.8
C16:1 1.1 ± 0.9 5.2 ± 1.3
C18:0 6.1 ± 0.7 2.6 ± 0.6
C18:1 38.5 ± 0.4 45.4 ± 1.2
C18:2 32.4 ± 1.1 29.2 ± 0.9
Unsaturated/saturated 2.57 3.95
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associated with basic metabolic enzymes. By comparison, 
ATPase AAA, hypothetical protein, and xylose isomerase 
were up-regulatied.

Glyceraldehyde 3-phosphate dehydrogenase catalyzes 
the sixth step of glycolysis (Tarze et al. 2007). Enolase is 
an enzyme responsible for the catalysis of the conversion 
of 2-phosphoglycerate to phosphoenolpyruvate, the ninth 
and penultimate step of glycolysis (Zhang et  al. 1997). 

Thus glyceraldehyde 3-phosphate dehydrogenase and eno-
lase break down glucose for energy and carbon molecules. 
Our results indicated that the conventional batch culture up-
regulated glyceraldehyde 3-phosphate dehydrogenase and 
enolase protein, leading to the carbon flux toward glycolytic 
pathway for the growth of cell.

By contrast, ATPase AAA, hypothetical protein, and 
xylose isomerase were up-regulated. Xylose isomerase 

Fig. 1  Comparative 2-DE gel analyses of cellular proteins of S. 
paucimobilis ATCC 31461cultivated in the conventional batch culture 
(a) and two-stage culture (b). Protein spots marked on the maps with 

arrows and numbers represent the 13 identified proteins analyzed 
with MALDI-TOF/TOF

Table 2  Identification of differentially expressed protein spots from S. paucimobilis cultivated in the conventional batch culture (a) and two-
stage culture (b) by proteomic analysis with 2D-GE and MALDI-TOF/TOF MS

Spot
no

Accession no Protein name Organism Mascot
score

Coverage
(%)

Theor Mw Theor
pI

1 gil460259 Enolase Bacillus subtilis subsp. subtilis str. 
168

293 24 46,609 4.7

2 gil385150300 Malate dehydrogenase Bacillus sp. 5B6 675 30 34,756 5.52
3 gil4982302257 X-Pro aminopeptidase Sphingomonas elodea 869 26 63,869 5.1
4 gil518199993 ATP-dependent protease Sphingomonas sp. ATCC 31,555 450 18 47,271 5.19
5 gil489312559 Glyceraldehyde-3-phosphate dehy-

drogenase
Bacillales 255 32 35,924 5.2

6 gil489246620 d-aminopeptidase Bacillus amyloliquefaciens 175 12 30,467 5.21
7 gil489314523 Serine hydroxymethyltransferase Bacillus subtilis 485 23 45,490 5.49
8 gil657921822 RNA methyltransferase Sphingomonas elodea 529 27 42,254 6.05
9 gil498230410 Acyl-CoA dehydrogenase Sphingomonas elodea 531 23 47,278 6.32
10 gil657921661 Pseudouridine synthase Sphingomonas elodea 122 13 24,374 8.74
11 gil736961193 ATPase AAA Erythrobacter longus 334 19 32,867 5.24
12 gil498230141 Hypothetical protein Sphingomonas elodea 490 22 58,346 6.96
13 gil498230041 Xylose isomerase Sphingomonas elodea 761 46 30,924 9.17



3 Biotech (2020) 10:70 

1 3

Page 5 of 6 70

catalyzes the interconversion of d-xylose and d-xylulose 
(Katz et al. 2006), which could provide raw materials for 
the synthesis of gellan gum. Hence, these enzymes were 
involved in gellan gum biosynthesis. The results showed that 
the metabolic flux from the glycolytic pathway was con-
verted to the gellan gum biosynthesis pathway.

Conclusion

On basis of the lipid composition of the cell membrane, 
and the changes of expressed protein analysis by compara-
tive proteomics, the mechanism of improving gellan gum 
production by two-stage culture was revealed. Proteins that 
were significantly up-regulated or down-regulated in dif-
ferent cultures were identified. Results indicated that two-
stage culture increased permeability of cell membrane and 
impelled carbon flux flow toward gellan gum biosynthesis. 
The approaches presented in this study were helpful to 
understanding the mechanism of other polysaccharide over-
production by culture optimization and regulation.
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