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Abstract
The polysaccharide WL gum is produced by the marine microorganism Sphingomonas sp. WG and presents great com-
mercial utility potential in many industries especially in oil industries. However, the high fermentation cost limits its wide 
application. Therefore, an efficient production system at a lower cost was established using beet molasses to partially replace 
the commonly used carbon sources. Four different molasses were screened and their composition was investigated. One-
factor design and RSM statistical analysis were employed to optimize the WL gum fermentation medium. The effects of 
molasses on the rheological properties and gene expression of WL gum were also investigated. The results showed that the 
pretreated beet molasses generated both high broth viscosity and WL gum production (12.94 Pa·s and 11.16 g/L). Heavy 
metal ions and ash were found to be the key factors in unpretreated and pretreated molasses affecting WL production. The 
cost-efficient production medium contained (g/L): sucrose 61.79, molasses 9.95, yeast extract 1.23, K2HPO4 1, MgSO4 0.1, 
ZnSO4 0.1 and the WL gum production reached 40.25 ± 1.15 g/L. The WL gum product WL-molasses showed the higher 
apparent viscosity, and viscous modulus and elastic modulus than WL-sucrose and WL-mix, which might be related to its 
highest molecular mass. The higher expressional level of genes such as pgm, ugp, ugd, rmlA, welS, and welG in WL gum 
synthesis in the mixed carbon source medium caused the high production and broth viscosity. This work provided a cost-
efficient method for WL gum production.

Keywords  Sphingomonas sp. WG · WL gum · Cost-efficient production system · Molasses composition · Rheological 
properties · Gene expressional level

Introduction

Microbial exopolysaccharides (EPS), such as xanthan, 
gellan, welan, and alginate, have good physical and 
chemical properties (Gansbiller et al. 2020; Freitas et al. 
2017; Barcelos et al. 2020). They are important indus-
trial biopolymers with important commercial values, 
especially as thickener, tackifier, stabilizer, and emulsi-
fier agents in food, oil, agriculture, and pharmaceutical 
industries (Rana and Upadhyay 2020). The sphingan is 

a group of EPS produced by the genus of Sphingomonas 
with similar linear backbone structures as glucose-glucu-
ronic acid-glucose-rhamnose/mannose, and most of them 
can be used as the thickening, chelating, emulsifying, and 
stabilizing agents in many fields (Huang et al. 2022). For 
example, welan gum is a typical sphingan with rhamnose 
or mannose as the side chain and presents good rheological 
properties and high thermostability. Therefore, it has many 
industrial applications, such as concrete additives and 
enhanced oil recovery (Kaur et al. 2014). The structural 
variations of sphingans affect the interactions between the 
interchains and therefore show an obvious influence on 
their physiochemical properties (Fialho et al. 2008; Xu 
et al. 2019). New isolates of Sphingomonas might produce 
useful sphingans with novel structures and good rheologi-
cal characteristics (Huang et al. 2022). Marine microor-
ganisms are important resources to produce polysaccha-
rides with unique functions and good resistance to adverse 
conditions (Finore et al. 2014) because they survive in 

Jianlin Liu and Hui Li have contributed equally to this work and 
share the first authorship.

 *	 Hu Zhu 
	 zhuhu@fjnu.edu.cn

 *	 Jiqian Wang 
	 jqwang@upc.edu.cn

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10126-022-10193-1&domain=pdf


193Marine Biotechnology (2023) 25:192–203	

1 3

complex environments with low temperatures, high pres-
sure, and high salinity. In our previous work, the bacterium 
Sphingomonas sp. WG was screened from the sea mud 
in Jiaozhou Bay at a depth of 40 m due to its capacity to 
produce the sphingan WL gum (Li et al. 2016a). WL gum 
is composed of neutral sugars L-mannose, D-glucose, and 
L-rhamnose at a molar ratio of 1:2.28:2.12, 13% glucu-
ronic acid, and 6.52% O-acyl group (Li et al. 2016a). It 
possesses higher apparent viscosity, viscoelasticity, and 
better resistance to high salinity than welan gum at the 
same concentration (Ji et al. 2020). Due to its pseudo-
plasticity, WL gum can be used in many industries, such 
as food, ink, concrete, and oil industries (Li et al. 2016a). 
For example, it can be used in enhanced oil recovery field 
as the flooding agent because its enhanced displacement 
efficiency was comparable to hydrolyzed polyacrylamide 
(HPAM) and its diluted fermentation broth presented even 
higher displacement efficiency than HPAM (Ji et al. 2020).

However, high production costs limit the application of 
most EPS (Rehm 2010). Normally, the fermentation materi-
als, especially carbon sources, occupy a large proportion of 
the total production cost. Thus, using cheap carbon sources, 
especially renewable ones, is a feasible way to reduce pro-
duction costs (Jiang et al. 2009). As the main by-product 
of the sugar industry, more than 40,000 tons of molasses 
are produced in China every year. However, most molasses 
was discarded directly and aggravated environmental water 
pollution (Yin et al. 2019). Interestingly, molasses is rich 
in nutrients, including sugars (mainly sucrose, glucose, and 
fructose) and a small amount of nitrogen sources, vitamins, 
and trace metals (Wu et al. 2009). Therefore, molasses is a 
typical low-cost carbon source and has been used in the fer-
mentation process of several metabolites, such as gluconic 
acid, citric acid, butyric acid, welan gum, levan, and xanthan 
(Sharma et al. 2008; Ren et al. 2006; Jiang et al. 2009; Li 
et al. 2020; Gojgic-Cvijovic et al. 2018; Kalogiannis et al. 
2003). Thus, molasses may be a kind of good cheap carbon 
sources for WL gum production.

To explore the feasibility of molasses as the carbon source 
in WL gum fermentation process, the effects of four different 
molasses were investigated, and the key components in molas-
ses that influence the WL gum production and the fermenta-
tion broth viscosity were analyzed through the composition 
assay of different molasses. Based on these results, a high-
efficiency and low-cost production system was established by 
combining the cheap carbon source molasses and the efficient 
carbon source sucrose. Besides, the rheological behavior and 
molecular mass of WL gum samples were investigated to con-
firm the influence of molasses on WL gum properties. Finally, 
the expressional levels of genes in the WL gum biosynthesis 
pathway were analyzed to reveal the possible mechanism of 
the enhanced production using the cost-efficient system.

Materials and Methods

Bacterial Strains, Culture Medium, and Conditions

Sphingomonas sp. WG (CCTCC No M2013161) was used 
to produce WL gum. The solid LB medium in per liter 
contained (g): tryptone 5.0, yeast extract (YE) 10.0, NaCl 
10.0, agar 20.0. The seed medium in per liter contained (g): 
glucose 10.0, YE 1.0, tryptone 5.0, K2HPO4 2.0, MgSO4 
0.1. The initial fermentation medium was the same as our 
previous work and contained glucose 67.0 g/L, YE 3.4 g/L, 
K2HPO4 3.0 g/L, and MgSO4 0.1 g/L (Li et al. 2018). The 
strain maintained in LB medium was inoculated in the seed 
culture medium and cultured at 28 °C for about 24 h. Then 
the activated cells were transferred into 50 mL seed culture 
medium to obtain the seeds for fermentation. The fermenta-
tion of WL gum was conducted as follows: 2.5 mL of the 
activated strain was added to a 250-mL Erlenmeyer flask 
containing 50 mL of fermentation medium and cultured at 
32.5 °C, 175 rpm for 72 h.

Molasses Pretreatment

Cane molasses was purchased from Guangxi Liuzhou 
Molasses Factory. Beet molasses was purchased from Har-
bin Ying ma Biotechnology Co., Ltd. Soy molasses and cot-
tonseed molasses were purchased from Tianjin Li fa long 
Chemical Technology Co., Ltd. The method of phosphoric 
acid and polyacrylamide was used to treat the molasses 
(Li et al. 2020). In brief, 1 L of diluted molasses (with a 
carbohydrate concentration at 50–60°Bx) was heated and 
boiled for 10 min, and centrifuged at 8000 rpm for 10 min to 
remove the insoluble impurities and protein. The metal ions 
and colloids were precipitated for about 12 h by adjusting 
the pH of the supernatant to 3.0 using phosphoric acid, and 
centrifuged at 8000 rpm for 10 min to remove the precipita-
tion. Then the pH of the supernatant was adjusted to 7.0 by 
calcium hydroxide and polyacrylamide. The solution was 
heated in a 70 °C water bath for 30 min and centrifuged 
at 8000 rpm for 10 min. The supernatant was used as the 
pretreated molasses in the next experiment.

Determination of the Content of Various Substances 
in Molasses

The metal ions in molasses were determined using an induc-
tively coupled plasma optical emission spectrometer using 
the multielement standard mixture at 1 mg/mL (Cu, Fe, K, 
Mg, Ni, Zn, Al, As, Cd, Co, Cr, Mn, Pb, and Sr) to evaluate 
the metal ion content in molasses (Wada et al. 2017). The 
sugar composition was determined by HPLC with a differ-
ential detector and ZORBAX NH2 column (4.6 × 250 mm, 
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5 µm). The mixed sugar standard solutions (glucose, sucrose, 
and fructose) at the concentration of 5 mg/mL, 10 mg/mL, 
20 mg/mL, and 40 mg/mL were used to evaluate the sugar 
content in molasses (Norman et al. 1981). The colloid con-
tent was determined according to the method of isoelectric 
point precipitation by 0.1 mol/L of hydrochloric acid. Then 
the precipitation was dried to a constant weight to calculate 
the colloid content (Li et al. 2020). The ash content was 
determined after the molasses was completely carbonized 
and burned in a muffle oven (Mortensen et al. 1989).

Optimization of the Fermentation Medium 
by the Single‑Factor Method and Response 
Methodology

The influence of inorganic salts was investigated at the 
concentrations: K2HPO4 at 0–5 g/L, and both MgSO4 and 
ZnSO4 at 0–0.5 g/L (Li et al. 2018). The effects of different 
carbon sources, including cheap carbon sources (soy molas-
ses, beet molasses, cottonseed molasses, and cane molasses) 
and high-efficiency carbon sources (glucose and sucrose), 
were studied at a concentration of 67 g/L. The molasses-
sucrose ratios were set at 0:7, 1:6, 2:5, 3:4, 4:3, 5:2, 6:1, and 
7:0 with a total sugar concentration of 70 g/L. The concen-
tration of the YE was optimized from 1 to 10 g/L.

The Box-Behnken design (BBD) was performed with 
Design-Expert version 11.0 to optimize the concentration 
of sucrose, molasses, and YE. The analysis of variance 
(ANOVA) was carried out with Design-Expert version 11.0 
software to predict the regression coefficients of each linear, 
quadratic, and interaction effect and validate the model (Li 
et al. 2018).

Analytical Methods in the Fermentation Process

The biomass was evaluated by the absorbance at 600 nm. 
The viscosity of the fermentation broth was determined at 
1 rpm with the rotor of LV 3 on an ULTRA rheometer (Kim 
et al. 2012). WL gum production was determined by ethanol 
precipitation and centrifugation after the fermentation broth 
was heated at 80 °C for 10 min and calculated as g/L (Xu 
et al. 2017).

Rheological Properties of WL Gum

The WL gum samples with sucrose, molasses, and the mixed 
sucrose and molasses as the carbon source were prepared as 
described in the previous work (Li et al. 2020, 2022). At first, 
the EPS sample was precipitated by adding 4 times of etha-
nol to the fermentation broth. The precipitated sample was 
swollen in pure water and was supplemented with twice the 
volume of isopropanol containing 5% NaCl. The mixture was 
stirred for 2 h, and the EPS was precipitated again to remove 

water-soluble protein. The resulting polysaccharide precipi-
tate was washed with isopropanol:ultrapure water solutions at 
ratios of 7:3, 8:2, and 9:1, respectively. Finally, the polysac-
charide was dissolved and dialyzed in the dialysis bag with the 
cut-off Mw of 8000–14,000 Da for 2 days and freeze-dried.

The Haake MASII Rheometer (Germany) was used to ana-
lyze their rheological properties at a concentration of 0.1% 
(w/w). The shear rate was set in the range of 0.1 to 1000 s−1 
for the steady-state rheological experiment. A strain sweep 
ranging from 0.01 to 100% was performed at the frequency 
of 1.0 Hz to find the linear viscoelastic region of WL gum 
samples. Storage modulus (G′) and loss modulus (G″) in the 
range of 0.1–100 Hz (25 °C) were determined using the oscil-
latory frequency sweep and analyzed by HAAKE Rheowin 
Job Manager software (Ji et al. 2020).

Determination of Molecular Mass

The molecular mass of WL gum was determined by gel 
permeation chromatography (GPC) analysis on an HLC-
8320GPC EcoSEC (Tosoh Corporation, Japan) equipped with 
a TSKgel GMPWXL column (13 μm, 7.8 mml.D. × 30 cm) 
and a differential detector. The injection volume was 30 µL, 
and the column temperature was 35 °C. The mobile phase 
was 0.1 mol/L NaNO3, and the flow rate was set at 0.55 mL/
min. Dextrans with different molecular masses were used as 
standards to obtain the standard curve.

Quantitative Real‑Time PCR (qRT‑PCR) Assays

qRT-PCR was performed to detect the expressional level of 13 
genes (ugp, rmlA, pgm, ugd, welB, welC, welD, welE, welG, 
welK, welL, welQ, welS) according to our previous work (Li 
et al. 2018). The 16S rRNA gene was chosen as the reference, 
and the relative changes in gene expression were calculated 
using the 2−ΔΔCt method. At least three replicates were per-
formed for each sample.

Data Analysis

All experiments were carried out in triplicate, and the data are 
represented as the average of three replicates with standard 
error. A t-test was applied for statistical analysis, and the p 
value < 0.05 was considered statistically significant.

Results

The Effects of Molasses as the Carbon Source in WL 
Gum Fermentation

Four commonly used molasses including soy molasses, 
beet molasses, cottonseed molasses, and cane molasses 
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were screened to find the suitable molasses for WL gum 
fermentation (Fig. 1A). The highest WL gum production 
was 7.75 g/L when beet molasses was used while the lowest 
production was 5.00 g/L with cane molasses. The fermen-
tation broth viscosity obtained using beet and cottonseed 
molasses was higher than that of soy and cane molasses 
(only 0.12 Pa·s). On the whole, the WL gum production and 
broth viscosity using molasses as the cheap carbon source 
were relatively low. It was found that some components in 
molasses, such as ash, colloids, and heavy metals, showed 
negative effects on bacterial growth and the fermentation 
process. Therefore, pretreatment of molasses was neces-
sary for WL gum fermentation. As shown in Fig. 1B, the 
broth viscosity and WL gum production using the molas-
ses medium increased significantly after pretreatment. The 
viscosity and WL gum production using cane molasses was 
7.12 Pa·s and 10.25 g/L, which was about 59.33-fold and 
1.86-fold of the unpretreated cane molasses. After pretreat-
ment, the WL gum production of all molasses showed no 
significant difference and was higher than 10 g/L. The high-
est WL gum production reached 11.17 g/L using cotton-
seed molasses. Interestingly, the broth viscosity of different 
molasses exhibited significant difference. The highest broth 
viscosity was obtained with beet molasses (12.94 Pa·s), fol-
lowed by the cottonseed molasses and cane molasses (8.36 
and 7.12 Pa·s, respectively) and the lowest was obtained with 

soy molasses (3.66 Pa·s). Beet molasses gave both high broth 
viscosity and WL gum production; therefore, beet molasses 
was chosen in next experiments. Considering the effects of 
molasses composition on WL gum production process, the 
main components of molasses were analyzed to find the key 
factors that affect the fermentation result.

Fermentable sugar is the most important nutrient in 
molasses. Normally, glucose, fructose, and sucrose are the 
main sugars of molasses (Ai et al. 2015) and their contents 
in different molasses are shown in Table 1. Beet molasses 
and soy molasses mainly contained sucrose (74.03% and 
69.27%, respectively), while cane molasses did not contain 
sucrose whose sugar composition was fructose and glucose 
(52.40% and 47.60%, respectively). Cane molasses did not 
contain glucose and it was composed of 65.09% fructose 
and 34.91% sucrose.

Besides sugars, colloids, ash, and heavy metal ions took 
a certain proportion of unpretreated molasses (Table 2). It 
was observed that the unpretreated molasses contained high 
colloid contents in the range of 4.89–6.38%. After pretreat-
ment, the collides were effectively removed through heat 
and isoelectric point precipitation method and the colloid 
content ranged from 0.62 to 1.23% in different molasses. 
Considering the little colloid content, it may not be the main 
factor in pretreated molasses for WL gum fermentation. The 
ash content in raw soy molasses was the highest while in 

Fig. 1   Optimization of carbon sources. A Effects of different raw 
molasses on WL gum production. B Effects of different molasses 
after pretreatment on WL gum production. C Effects of different con-
centrations of K2HPO4 on WL gum production. D Effects of different 

concentrations of MgSO4 on WL gum production. E Effects of differ-
ent concentrations of ZnSO4 on WL gum production (“*” indicated 
p < 0.05, “**” indicated p < 0.01)
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beet molasses was the lowest. After pretreatment, the ash 
removal rates of different molasses were very similar (about 
44–57%) and therefore, the ash content of soy molasses was 
still the highest and that of beet molasses was the lowest. 
The heavy metal content of molasses differed among molas-
ses. The heavy metal ion content of cane molasses was 0.6%, 
about 47.4% higher than that of beet molasses and cotton-
seed molasses and 55.7% higher than that of soy molasses. 
Some heavy metals such as Cr, Cu, and Ni were sneaked 
into the molasses production process from processing equip-
ment, raw materials, or contaminants during the sugar pro-
duction process (Table S1), and they showed a toxic effect 
on microorganism’s enzymatic activity even at low concen-
tration (Ciosek et al. 2020). After pretreatment, the total 
heavy metal ions in cottonseed, beet, cane, and soy molasses 
were reduced by 34%, 78%, 81%, and 41%, respectively. 
The pretreatment removed most heavy metal ions in beet 
molasses and cane molasses. However, the removal effect of 
cottonseed molasses and soy molasses was poor. According 
to the contents of ash and colloid, it was speculated that the 
presence of ash and colloid inhibited the precipitation of 
metal ions.

Considering the fact that the molasses had salts itself, 
the supplementation concentration of inorganic salts might 
be different from using glucose as the sole carbon source 
(Li et al. 2018). Therefore, the effects of three important 
inorganic salts such as K2HPO4, MgSO4, and ZnSO4 that 
have been proved to promote the fermentation of sphingan 
WL gum at certain concentration (Li et al. 2018) were 
investigated (Fig. 1C–E). Similar to our previous work, 
the maximal WL gum production and fermentation broth 
viscosity were obtained when the concentration of MgSO4 
and ZnSO4 was at 0.1 g/L. However, the optimal addition 
concentration of K2HPO4 was reduced from 3 to 1 g/L, 

which may be related to the higher K+ content in molas-
ses (Table S1).

Establishment of the Cost‑Efficient Production 
System of WL Gum

Although molasses could be applied in WL gum produc-
tion with low cost, the WL production and viscosity were 
relatively low compared with the reported production (33 to 
39.95 g/L). Therefore, it was necessary to establish a cost-
efficient production system. Our previous work indicated 
that glucose could be used as an efficient carbon source 
for WL gum fermentation (Li et al. 2018). However, it was 
found that sucrose was an optimal carbon source for pullulan 
and welan gum production (Li et al. 2020; Yoon et al. 2012). 
Therefore, to find the efficient carbon source for Sphingo-
monas sp. WG, the effects of glucose and sucrose as the 
sole carbon source on WL gum production were analyzed. 
As shown in Fig. 2A, the biomass, viscosity of fermenta-
tion broth, and the WL gum production obtained on sucrose 
were higher than glucose. At the same time, the price of 
sucrose was slightly lower than that of glucose. Therefore, 
sucrose was chosen as an efficient carbon source conducive 
to the fermentation of Sphingomonas sp. WG. Sequentially, 
different molasses:sucrose ratios were employed to find the 
optimal ratio (Fig. 2B). Compared with sucrose as the sole 
carbon source, the supplementation of a small amount of 
beet molasses resulted in enhanced biomass, broth viscosity, 
and WL gum production. The ratio of beet molasses:sucrose 
at 1:6 yielded the highest WL gum production and the 
broth viscosity (39.25 g/L and 45.92 Pa·s). However, as the 
ratio of molasses increased, the harmful materials such as 
ash and salt ions, accumulated and inhibited the bacteria 
growth and the synthesis of EPS. When the ratio of beet 
molasses:sucrose reached 4:3, the broth viscosity and WL 
gum yield were significantly decreased. Therefore, the con-
centration of beet molasses and sucrose was about 10 g/L 
and 60 g/L, respectively.

Besides carbon sources, nitrogen sources are another 
essential nutrient for microbial fermentation. Our previous 
work proved that YE was the optimal nitrogen source among 
nine different nitrogen sources (Li et al. 2018) and its effects 

Table 1   Sugar composition of different molasses

Molasses Cottonseed Beet Cane Soy

Fructose (%) 52.40 11.16 65.09 30.73
Glucose (%) 47.60 14.81 0 0
Sucrose (%) 0 74.03 34.91 69.27

Table 2   Colloid, heavy metal, and ash content of molasses before and after pretreatment

Molasses Cotton-
seed molasses

Pretreated  
cotton-
seed molasses

Beet  
molasses

Pretreated Beet  
molasses

Cane  
molasses

Pretreated  
cane molasses 

Soy  
molasses 

Pretreated soy  
molasses

Colloid (%) 6.38 0.62 4.89 0.81 5.03 0.83 6.34 1.23
Ash (%) 14.38 6.13 9.23 4.81 11.23 6.22 18.92 8.23

Heavy metal (%) 0.409 0.268 0.407 0.086 0.6 0.116 0.266 0.157
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were also investigated in this work. The highest WL gum 
production was obtained at 3 g/L (Fig. 2C). When the pro-
portion of nitrogen source was higher, more metabolic flux 
was used for bacterial growth and thereby may affect the 
accumulation of metabolites (Xu et al. 2020), in contrast, 
when the nitrogen source was insufficient, it was not con-
ducive to the growth of the bacteria and the biosynthesis of 
the target products.

Finally, to further optimize the medium composition, 
BBD center combination experiment and RSM analysis 
were carried out based on the statistical analysis of the 
PB design in our previous work. The p values for glucose 
and YE for WL gum production was < 0.01, indicating 
that carbon and nitrogen sources were highly significant 
(Li et al. 2018). Therefore, molasses, sucrose, and YE 
were selected in the BBD experiment, and their con-
centration range was chosen based on the results of the 
single-factor design (Table 3). The regression simulation 
analysis of variance using the WL gum production as the 
response value was performed (Table 4). The model’s p 
value (< 0.0001) was extremely significant. The regres-
sion equation was Y = 38.29 − 0.63A + 1.76B + 2.64C 
+ 0.82AB + 1.74AC + 1.1BC − 9.26A2 − 5.6B2 − 6.16C2. 
The correlation coefficient R2 = 0.9933 indicated that 
the model could explain up to 99.93% of the variability; 
the modified coefficient of determination R2

adj = 0.9848, 
suggesting that the model fit well with the actual situa-
tion. The values of the second-order of the model were 
less than 0.0001, demonstrating that the effects were 
extremely significant. The p value for AB was higher 
than 0.05, suggesting the absence of a significant inter-
action between the two carbon sources. In contrast, the 
p value for AC and BC was significant, indicating that 
the interaction between carbon and nitrogen sources was 
significant. The three-dimensional response surface plots 
of molasses and sucrose, molasses and YE, and sucrose 
and YE against WL production are shown in Fig. 2D–F. 
The model’s optimal concentrations of sucrose, molas-
ses, and YE were 61.79 g/L, 9.95 g/L, and 1.23 g/L, and 
the predicted maximum yield of WL gum was 38.75 g/L. 
Thus, the final optimized medium composition composed 
of sucrose 61.79 g/L, molasses 9.95 g/L, YE 1.23 g/L, 
K2HPO4 1 g/L, MgSO4 0.1 g/L, and ZnSO4 0.1 g/L.

The exper imental ver if ication of the simula-
tion was carried out, and the yield of WL gum was 
40.25 ± 1.15  g/L. The relative error with the pre-
dicted value was about 3.9%, validating the model’s 
adequacy. The WL gum productivity and yield were 
0.559 ± 0.016 g/L/h and 0.561 ± 0.016 g/g, respectively. 
The obtained WL gum production, WL gum productivity, 
and WL gum conversion yield were equal to that in our 
previous work (Li et al. 2018).

Effects of the Molasses on the Rheological Behavior 
and Molecular Mass of WL Gum

The WL gum obtained with sucrose, molasses, and mixed 
carbon sources were designated as WL-sucrose, WL-
molasses, and WL-mix, and their rheological behaviors 
were tested. As shown in Fig. 3A, the apparent viscosity of 
three WL gum samples under the shear rate at 7.34 s−1 was 
relatively stable over time. As the shear rate increased in 
the range of 0.001 to 1000 s−1 (Fig. 3B), the viscosity of the 
three WL gum samples continued to decrease, which was in 
consistence with WL gum produced with glucose (Ji et al. 
2020). More interestingly, differently from the trend of broth 
viscosity, WL-molasses had the highest viscosity, followed 
by WL-sucrose, and WL-mix was the lowest at the same 
shear rate. The difference between the WL gum solution 
viscosity and the broth viscosity was probably attributed 
to the significant changes in EPS concentration. The mixed 
medium had the highest WL gum production, followed by 
the sucrose medium, and the lowest molasses medium. Thus, 
although WL-molasses had the highest viscosity, the viscos-
ity of its fermentation broth was the lowest.

To further investigate the rheological properties of differ-
ent WL gum samples, a frequency scanning was performed. 
The linearity domain of each sample was measured before 
measuring the viscoelastic modulus of the samples and the 
selected strain was 1%. Following our previous observation 
(Ji et al. 2020), the storage modulus (G′) of all WL gum 
samples was higher than their loss modulus (G″) within the 
frequency region of 0.1–100 Hz (Fig. 3C). Notably, similarly 
to the apparent viscosity, the WL-molasses showed the high-
est G′ and G″ and WL-mix with the lowest G′ and G″.

As a macromolecule, molecular mass plays a crucial 
role in the rheological properties of EPS. It was affected 
by many factors such as culture medium, dissolved oxy-
gen, and additives (Ai et al. 2015; Norman et al. 1981). As 
shown in Fig. 3D, the molecular mass of WL-sucrose, WL-
molasses, and WL-mix was 2.77 × 107 Da, 3.64 × 107 Da, 
and 1.86 × 107 Da, respectively, suggesting that the molecu-
lar mass of WL-molasses was the highest while that of the 
WL-mix was the lowest.

The Effects of Molasses on the Expressional Levels 
of Genes Involved in WL Gum Biosynthesis

To find the influence of different carbon sources on WL 
gum biosynthesis, the expression level of 13 genes related 
to nucleotide-sugar precursor synthesis, assembly of tet-
rasaccharide repeating unit, polymerization, and export 
of the polysaccharide, was investigated (Li et al. 2018). 
As shown in Fig. 4, compared with sucrose (the control 
group), the relative expressional levels of four genes 
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(pgm, ugp, ugd, and rmlA) obtained using the mixed car-
bon sources (the experimental group) were increased. 
At the same time, the expressional levels of two genes, 
welS and welG, in the polymerizing process were also 
increased with a relative expressional level higher than 
20-fold. The expressional level changes of the four gly-
cosyltransferases encoding genes increased at different 
degrees. The changes of the relative expressional levels 
of the glycosyltransferases WelB and WelK, correspond-
ing to the transfer of the first glucose, and glucuronic 
acid, were higher than that of the glycosyltransferases 
WelL and WelQ corresponding to the transfer of the sec-
ond glucose and rhamnose. Furthermore, the transcrip-
tional levels of welC and welE that may involve in chain 
length regulation in the mixed medium were increased. 
The higher expressional levels of those genes in WL gum 
biosynthesis might be related to the enhanced WL gum 
production in the mixed medium.

Discussion

As the by-product of sugar manufacture, molasses always 
contain a verity of nutrient substances such as fermentable 
sugars, trace elements, and inorganic salts (Castañeda-
Ayarza and Cortez 2017), which is beneficial for many 

EPS fermentation such as xanthan (Kalogiannis et  al. 
2003), gellan gum (Banik et al. 2007), and welan gum 
(Ai et al. 2015; Li et al. 2020). Besides, the molasses 
composition is affected by both the raw materials and 

Fig. 2   Optimization of the cost-efficient WL gum production medium 
through single-factor design. A Effects of efficient carbon sources on 
WL gum production. B Effects of beet molasses:sucrose ratio on WL 
gum production. C Effects of different concentrations of YE on WL 

gum production. D Response surface plot of molasses and sucrose; 
E Response surface plot of YE and sucrose; F Response surface plot 
of YE and molasses (“*” indicated p < 0.05, “**” indicated p < 0.01)

Table 3   Response surface method experimental results

Number A (molasses) B (sucrose) C (YE) Yield (g/L)

1 10 60 1 38.43
2 10 70 0 24.07
3 10 60 1 37.86
4 0 60 2 23.32
5 10 50 0 22.93
6 20 60 2 26.89
7 10 70 2 32.34
8 0 60 0 22.32
9 10 60 1 38.78
10 10 50 2 26.8
11 20 60 0 18.95
12 10 60 1 38.40
13 0 50 1 23.71
14 20 70 1 24.79
15 0 70 1 25.76
16 20 50 1 19.47
17 10 60 1 38
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the manufacture process (Stoppok and Buchholz 2008). 
Therefore, four kinds of molasses were screened and their 
composition was investigated to find the key factors that 
affected the WL production. Sugars in molasses are the 
first concerned factor because they are not only the major 
constituent for the building of cellular materials but also 
an energy source for polysaccharide synthesis (Xu et al. 
2015). According to previous research, glucose was better 
for WL gum production than fructose (Li et al. 2018), and 
sucrose was proved to be better than glucose. Therefore, 
the preference of Sphingomonas sp. WG was supposed 
to be sucrose > glucose > fructose. So, we inferred that 
the more sucrose in molasses, the higher efficiency for 
Sphingomonas sp. WG to produce WL gum. However, 
cottonseed molasses yielded a higher broth viscosity and 
WL gum production than soy molasses, although it did not 
contain sucrose. The possible reason was that the influ-
ence of other harmful substances, such as colloids, met-
als, and ash in molasses exceeded that of sugar composi-
tion. The colloid and ash contents in cottonseed and beet 
molasses were different, but their heavy metal ion content 
was very similar and the WL gum production and broth 
viscosity using these two molasses were similar. In the 
other respect, cane and beet molasses contained similar 
colloid, but the heavy metal ion content of cane molasses 
was about 47.4% higher than that of beet molasses. Com-
pared with beet molasses medium, both broth viscosity 
and WL gum production decreased dramatically on cane 
molasses. Heavy metals may decrease the enzyme activ-
ity, and it was observed that some heavy metal ions such 
as Cu2+, Pb2+, and Hg2+ showed high toxicity on micro-
organisms even at low concentrations (Wang et al. 2007; 
Malamis et al. 2012; Soares and Soares 2012). Therefore, 
it indicated that the heavy metal ions were the key factor 

in molasses before pretreatment, affecting the results of 
WL gum fermentation.

To improve the WL gum production, it was necessary 
to remove the harmful components, especially the heavy 
metals, in the molasses through the pretreatment process of 
molasses. Li et al. (2020) compared six different pretreat-
ment methods and found that the molasses pretreated with 
phosphoric acid and polyacrylamide method generated the 
highest welan gum production. Therefore, the phosphoric 
acid and polyacrylamide method was chosen in this work. 
The contents of colloid, ash, and heavy metals notably 
decreased after pretreatment, and the WL gum production 
and fermentation broth viscosity increased significantly, as 
expected. Comparing the effects of different molasses, the 
WL gum production and broth viscosity with cottonseed 
molasses were slightly higher than those of cane molasses. 
The colloid and ash contents in cottonseed molasses and 
cane molasses were similar, while the heavy metal ion con-
tent in cottonseed molasses was much higher than that in 
cane molasses. Therefore, the heavy metal ions were not 
the main factor in molasses after pretreatment. For the other 
two molasses, beet and soy molasses, the contents of colloid 
and heavy metal ions were similar, but the ash content was 
4.81% and 8.23%, respectively. With the higher ash content, 
the soy molasses broth viscosity was only 28.27% of the beet 
molasses. Overall, it suggested that the ash content was the 
key factor in pretreated molasses for WL gum production. In 
the next experiment, the novel methods with higher ash con-
tent removal rate may be explored in molasses pretreatment. 
Based on the screening results, the beet molasses was chosen 
as the cheap carbon source combining with sucrose as the 
efficient carbon source to establish a cost-efficient produc-
tion system using a stepwise strategy. The WL gum produc-
tion reached 40.25 ± 1.15 g/L, which was very close to our 

Table 4   Analysis of response 
surface experiment results

*indicated p <0.05, **indicated p<0.01

Source SS DF MS F value p value Significant

Model 827.31 9 827.31 116.17 < 0.0001 **
A 3.14 1 3.14 31.19 0.0867
B 24.68 1 24.68 31.19 0.0008 **
C 55.55 1 55.55 70.2 < 0.0001 **
AB 2.67 1 2.67 3.38 0.1087
AC 12.04 1 12.04 15.22 0.0059 **
BC 4.48 1 4.48 6.12 0.0426 *
A2 361.3 1 361.3 456.61 < 0.0001 **
B2 131.96 1 131.0.96 166.77 < 0.0001 **
C2 159.81 1 159.81 201.97 < 0.0001 **
Residual 5.54 7 0.79
Lack of fit 5.00 3 1.67 12.32 0.0173 *
Pure error 0.54 4 0.14
Cor total 832.85 16 R2 = 0.9933 R2

Adj = 0.9848
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previous work (Li et al. 2018). However, the raw material 
cost for every ton of WL gum will save 709 dollars accord-
ing to the current market price. Therefore, it may promote 
the industrial production of WL gum.

Normally, polysaccharides with different rheological 
behaviors can be used in different fields. For example, high-
viscosity polysaccharides were used as oil-displacing agents 
in the petroleum industry and additives in the concrete indus-
try (Isik and Ozkul 2014). The rheological properties were 
influenced by the cultural medium and conditions. Li et al. 
(2020) found that welan gum produced from cane molasses 
had similar rheological properties to sucrose. Interestingly, 
in this work, we observed that both the apparent viscosity 
and the viscoelasticity of WL-molasses were higher than 
that of WL-sucrose, which might broaden the application 
of WL gum. Molecular mass was one important factor that 
may influence the rheological properties. Two low acyl gel-
lan gum fragments with molecular mass at 1.2 × 105 Da 
and 2.5 × 104 Da were prepared using β-glucosidase and 
presented less gel-like behaviors than undigested low acyl 
gellan gum (Baawad et al. 2021). Similarly, low-molecular-
weight welan gum (about 68 kDa) synthesized by Sphingo-
monas sp. mutant ΔsrtW showed lower viscosity, storage 
modulus (G′), and loss modulus (G″) than that of the native 
welan gum (Zhao et al. 2021). Different WL gum samples 

with a gradient molecular mass change (from 4.70 × 106 to 
1.45 × 106 Da) digested by the specific lyase WelR were pre-
pared and the apparent and intrinsic viscosity, the viscous 
modulus (G″), and elastic modulus (G′) decreased as the 
molecular mass decreased (Li et al. 2022). In this work, the 
higher molecular mass of WL-molasses than WL-sucrose 
may lead to its higher rheological properties. The effects 
of molasses on the molecular mass of welan gum were also 
detected, and the molecular mass of welan gum from cane 
molasses was higher than that of glucose (Ai et al. 2015). 
Differently, it was found that the molecular mass of xanthan 
gum was decreased with increasing molasses concentration 
(Kalogiannis et al. 2003).

Therefore, the influence of molasses on the expressional 
level of genes in WL gum biosynthesis was investigated by 
qRT-PCR to find the possible reason for the enhancement 
of WL gum production and the molecular mass changes. 
Like other sphingans, the biosynthetic pathway of the WL 
gum included three sequential steps: nucleotide sugar pre-
cursor synthesis, assembly of tetrasaccharide repeating 
units by specific glycosyltransferases, and polymerization 
and export of the polysaccharide (Schmid et al. 2014). The 
genes such as pgm, ugp, and ugd for synthesizing nucleotide 
sugar precursor UDP-glucose and UDP-glucuronic acid are 
dispersed on the genome of Sphingomonas sp. WG. Four 

Fig. 3   Rheological behaviors 
and molecular mass of WL 
gum. A Steady shear flow 
curves of WL-sucrose, WL-
molasses, and WL-Mix. B Rhe-
ological properties of WL gum 
samples obtained with different 
carbon sources. C Viscosity as 
a function of scan frequency. D 
The effect of different carbon 
sources on molecular mass
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genes rmlABCD for dTDP-rhamnose may be clustered as an 
operon (Li et al. 2016b). Therefore, the expressional level 
of rmlA was detected as the representative of the operon. 
The notably increased expression levels of these genes in 
the mixed carbon source medium suggested that more cor-
responding nucleotide-sugars were synthesized. Besides the 
genes for nucleotide sugar precursor, other genes involved in 
the assembly of the repeating unit and polymerization and 
secretion process were clustered in different orientations on 
the genome (Li et al. 2016b). Therefore, the expressional 
levels of most genes increased at different degrees. welS 
and welG encoding the flippase and polysaccharide poly-
merase played important roles in the polymerizing process 
(Tocilj et al. 2008). Therefore, their higher expression indi-
cated the enhancement of the polymerization and export of 
polysaccharides. welC and welE properly encode proteins 
belonging to the protein-polysaccharide co-polymerases 
and regulate the polysaccharide chain length (Moreira et al. 
2004). It was found that their homologous gene gelC and 
gelE were critical for synthesizing high molecular mass 
gellan gum (Moreira et al. 2004). However, beyond expec-
tation, the transcriptional levels of welC and welE in the 
mixed medium were not decreased compared with that in 
the sucrose medium, which showed an opposite trend to the 
molecular mass changes. The molecular mass regulation 
was speculated to be very complicated and related to many 
enzymes such as WelC, WelE, WelS, WelG, and the special 
lyase WelR (Moreira et al. 2004; Zhao et al. 2022). The 

mechanism of chain length regulation needs further investi-
gation in the next work. The higher gene expressional levels 
in WL gum biosynthesis may lead to increased WL gum 
production in the mixed medium.

Conclusion

The cost-efficient WL gum production with molasses and 
sucrose as the cheap and efficient carbon source was investi-
gated. Beet molasses was proved to be the optimal carbon source 
among four molasses. The ash content was the main factor in 
the pretreated molasses. The optimized medium contained 
(g/L): sucrose 61.79, molasses 9.95 g, YE 1.23, K2HPO4 1, 
MgSO4 0.1, ZnSO4 0.1, and the WL gum production reached 
40.25 ± 1.15 g/L. The rheological behavior and molecular mass 
of WL-molasses were the highest. The higher gene expression 
in WL gum synthesis caused the high production. This work 
provides a cost-efficient WL gum production method.
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