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Abstract The optimal temperature for the microbial
polysaccharide fermentation is no higher than 30 °C, which
is economically undesirable due to additional cooling cost.
To solve this problem in the case of welan gum production,
we obtained the high-temperature-tolerant-producing
strain, Sphingomonas sp. HT-1 by atmospheric and room-
temperature plasma-induced mutation. Using HT-1, we
obtained a concentration and 1 % aqueous viscosity of
26.8 £ 0.34 g/L and 3.50 £ 0.05 Pa s at a comparatively
higher optimal temperature (37 °C). HT-1 was further
characterized to understand the mechanism by which these
properties are improved. Results indicated that high yield
could be attributed to the following: (1) enhanced intra-
cellular synthesis, demonstrated by an increase in the
activities of key enzymes, and (2) accelerated cross-
membrane substrate uptake and product secretion, indi-
cated by improved membrane fluidity and permeability.
Temperature tolerance could be attributed to the overex-
pression of the investigated heat shock proteins and oxi-
dative stress proteins.
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Introduction

Welan gum is a microbial polysaccharide with many
attractive properties [1]. Given its high and stable viscosity
in aqueous solutions at a broad range of temperatures (up to
150 °C) and pH values (2-12), welan gum has great
commercial potential in food, medicine, concrete additives,
oil recovery, and some other fields [2-4]. However, its
application is greatly limited by production costs [5, 6]. In
particular, the normal temperature for existing industrial
manufacturing system of welan gum is 30 °C; as such, a
large amount of cooling water has to be consumed in the
fermentation, thereby causing high energy consumption
problem. In summer in China, ambient temperature often
exceeds the limit favourable for the survival of a producing
strain; as a result, welan gum production is subjected to
seasonal shutdown. However, to our knowledge, few
studies have been conducted to improve fermentation
temperature for welan gum biosynthesis. Therefore, an
efficient strain exhibiting tolerance to high temperatures
should be identified and cultured for large-scale biosyn-
thesis of welan gum.

The atmospheric and room-temperature plasma (ARTP)
mutagenesis is a technique newly applied to microbial
breeding and other biotechnological fields. For instance,
ARTP has been successfully applied to improve the prop-
erties of several strains, such as Streptomyces avermitilis,
Enterobacter aerogenes, and Clostridium beijerinckii [7—
9]. In contrast to traditional breeding methods with low
efficiency, low stability, and reduced safety, ARTP
requires low gas temperature, high concentration of active
species, and flexible operation [10, 11]. Hence, this tech-
nique could be performed to screen-effective strains.

Welan gum synthesis is considered as a membranous
mechanism because substrates should be transported into
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cytosol and products should be secreted out of cells [12].
As a natural barrier for microbes, cell membrane regulates
the transport of extracellular and intracellular substances.
Therefore, increased membrane fluidity and permeability
could increase both the uptake of extracellular substrates
and product secretion [13]; as a result, an efficient welan
gum production is developed. Indeed, improved produc-
tivity of other strains has been correlated with enhanced
membrane fluidity and permeability [12].

Furthermore, under elevated temperature conditions,
strains are exposed to deleterious threats affecting their
physiological characteristics [14]. To prevent such adverse
conditions, cells have developed defence or adaptive
mechanisms involving the molecular chaperones—heat
shock proteins exemplified by Hsp20 and Hsp40, and
detoxifying enzymes such as superoxide dismutase (SOD),
catalase (CAT), as well as peroxidase (POD). The specific
expression of these chaperones and antioxidant proteins
can enhance the tolerance of cells against high temperature
[15]. Therefore, cell-rescue and antioxidant proteins in HT-
1 should be overexpressed to confer the observed high-
temperature tolerance on the mutant.

With these expectations, we aimed to generate the
mutant of Sphingomonas sp. by ARTP and improve welan
gum biosynthesis at high temperatures. After the desired
mutant was obtained, changes in key enzyme activity,
membrane fluidity, permeability, heat shock protein
expression, and antioxidant protein activity were investi-
gated to obtain insights into welan gum biosynthesis and
cellular defence against high temperatures. To the best of
our knowledge, this study is the first to demonstrate the
physiological mechanism of strain improvement for welan
gum biosynthesis. This study also provided information
that described the development and improvement of the
production processes of other biopolymers.

Materials and methods
Microorganisms

The Sphingomonas sp. CGMCC1737 used as the parent
strain was deposited in the China General Microbiological
Culture Collection Center.

Medium and cultivation conditions

The seed medium (pH 7.2-7.4) was prepared with the
following contents (per litre): glucose, 20 g; yeast extract,
1 g; peptone, 3 g; K,HPO,4-3H,0, 2 g; and MgSO,, 0.1 g.
The agar medium (pH 7.2-7.4) contained the following
contents (per litre): glucose, 10 g; beef extract, 3 g; pep-
tone, 10 g; NaCl, 5 g; and agar, 20 g. The selection agar
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plates contain the same composition as the agar medium
except that the concentration of glucose was 60 g/L. The
fermentation medium (pH 7.2-7.4) contained the following
contents (per litre): glucose, 50 g; yeast extract, 8 g; K,
HPO,4-3H,0, 3 g; and MgSQ,, 0.4 g.

The mutant of Sphingomonas sp. CGMCC1737 was
inoculated into 135 mL of seed medium in a 1-L flask and
incubated at 37 °C for 16 h with shaking at 200 rpm. The
seed culture was transferred to a 7.5-L bioreactor (BioFlo
110, New Brunswick Scientific, USA) with 4.5 L of fer-
mentation medium. The pH was adjusted to 7.4 with 3 M
NaOH. The fermentation culture was incubated at 37 °C
with an agitation speed of 600 rpm for 66 h.

Analytical methods

The dry cell weight (DCW) was determined from 10 mL of
cell sample suspensions harvested by centrifugation,
washed with distilled water, and dried at 105 °C. The
glucose content was measured using a biosensor equipped
with a glucose oxidase electrode (SBA-40C, Shandong
Academy of Sciences, China). The concentration of welan
gum was precipitated by two volumes of alcohol, recovered
by centrifugation, and then dried at 60 °C to a constant
weight. The viscosities of welan gum (1 % aqueous and
1 % KCl, 0.5 % aqueous at pH 2 and pH 10, 25 °C) were
measured using a rotational viscometer (NDJ-1, Shanghai
Hengping Scientific Instrument Company, China) with
rotor no. 4 at 60 rpm. Each experiment was repeated thrice,
and the experimental errors were <4 %.

Mutant screening

The implantation sources were produced by ARTP instru-
ment (ARTP-II, Tsinghua University, China). For the
mutation of Sphingomonas sp., 20 pL of the culture
(ODgpo = 1.0) was dipped into a sterilized stainless steel
plate (5.0 mm in diameter) and dried in sterile air for a few
minutes. The metal plate with the bacterial cells was then
treated with a helium plasma jet. The apparatus was
operated at a helium gas flow rate Qy. = 15.0 standard
litres per minute and RF power input of 100 W. Under
these operating conditions, the plasma temperature on the
surface of the metal plate was 25-30 °C. The time for the
treatment of Sphingomonas sp. by ARTP was 2 min [8].
After the treatment, the metal plate was washed with
sterilised saline solution, and the suspension was spread on
selected agar plates. In the first step of mutation, the plates
were incubated at 37 °C. After inoculation, cultures were
incubated for 66 h in a shaker at a predetermined temper-
ature with a shaking speed of 200 rpm. Enriched cultures
were then streaked on the same selection agar plates at
37 °C. Colonies showing large shapes and fast growth were
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selected. For the second step of implantation, the plates
were incubated at 37 °C. Afterwards, cultures were incu-
bated in a 500-mL flask containing 100 mL of fermentation
medium and shaken at 200 rpm for 66 h at 37 °C. Strains
were selected based on their welan gum production.

Assay of enzyme activity

Cells were collected at the exponential phase (16 h) of fer-
mentation at different temperatures and washed twice with
0.85 % NaCl solution. Harvested cells were suspended in
100 mM Tris—HCI (pH 8.0) and disrupted by sonication at
4 °C. The cell debris was removed by centrifugation at
10,000xg for 10 min at 4 °C. The cell-free extracts were
used for enzyme activity measurement. The activities of
phosphoglucomutase (PGM), UDP-glucose pyrophosphory-
lase (UGP), UDP-glucose dehydrogenase (UGD), and dTDP-
glucose pyrophosphorylase (TGP) in the cell extracts were
measured according to a previously described method [16—
19]. Enzyme activities were determined by the appearance or
disappearance of NADH or NADPH at 340 nm. In all of the
cases, one unit of activity was defined as the amount of
enzyme catalysing one micromole of NADH or NADPH per
minute. Total protein concentration was determined by the
Bradford method [20]. Each experiment was repeated three
times, and the experimental errors were all <4 %.

Analysis of physiological parameters of cell membrane
Transmission electron microscopy

The morphological changes of the wild-type and mutant
strains were examined by TEM following a previous method
[21]. The samples were prepared by adding 2.5 % (v/v)
glutaraldehyde for 30 min. Cell pellets were harvested by
centrifugation at 6,000xg for 10 min and mixed with
1.25 % water agar. Then, the agar was cut into 1 mm pieces
and fixed in phosphate-buffered 2.5 % glutaraldehyde for
20 min. Then, the pieces were rinsed with phosphate buffer
(0.01 M, pH 6.8) four times, post-fixed in phosphate-buf-
fered saline (1 % osmium tetroxide) for 2 h, rinsed with
water, and fixed for 2 hin 1 % aqueous uranyl acetate. After
dehydration once in ethyl alcohol and thrice in propylene
oxide, the agar pieces were embedded in Epon 812 (Spi
Supplies, New Chester, PA, USA). The thin sections stained
with uranyl acetate and lead citrate were examined under an
electron microscope (H7650, Hitachi, Japan).

Fatty acid extraction and analysis

Phospholipid extraction and analysis were conducted
according to a previous study [22]. After incubating the cells

for 16 h, fatty acids in the phospholipids were prepared and
analysed as previously described [23]. Fatty acids were
identified with a Shimadzu GC-2012 chromatograph coupled
with an Agilent 7890AGC mass spectrometer compared with
the standards (analytical grade; Sinopharm Chemical Reagent,
China), and their mass spectra were compared with a spectrum
database. The relative amounts were calculated from the peak
areas. All experiments were performed in triplicate.

Assay of outer and inner membrane permeability

The permeability of the outer membrane was measured by an
NPN access assay according to a previously described method
[24]. Samples of wild-type and mutant Sphingomonas sp.
CGMCCI1737 strains were collected at different growth tem-
peratures, rinsed twice by centrifugation at 5,000 x g, and then
resuspended in 10 mM phosphate buffer (pH 7.2) to ODgqq of
0.5. NPN was added to a final concentration of 10 mM into a
quartz cuvette containing 2 mL of cell suspension. The sample
was mixed by the inversion of the cuvette immediately prior to
fluorescence monitoring. Fluorescence was measured using a
spectrofluorometer (Cary Eclipse, Varian, USA) with slit
widths set to 1 mm as well as excitation and emission
wavelengths set to 340 and 460 nm, respectively.

The inner membrane permeability was estimated by
measuring the access of ONPG to the cytoplasm as previ-
ously described [25]. ONPG was added to a final concen-
tration of 100 pg/mL into a quartz cuvette containing 2 mL
of cell suspension. The substrate cleavage by B-galactosidase
was monitored by light absorption measurements at 420 nm
in a spectrophotometer (UV-2450, Shimadzu, Japan).

Indices of oxidative stress

Cells were collected at the exponential phase (16 h) of
fermentation at different temperatures and washed twice
with 0.85 % NaCl solution. Harvested cells were sus-
pended in 100 mM Tris—HCI (pH 8.0) and disrupted by
sonication at 4 °C. The cell debris was removed by cen-
trifugation at 10 000x g for 10 min at 4 °C. The cell-free
extracts were used for oxidative stress protein measure-
ment. The levels of malondialdehyde (MDA) and the
activities of SOD, CAT, and POD were measured
according to a previously described method [26]. Total
protein concentration was determined by the Bradford
method [20]. Each experiment was repeated three times,
and the experimental errors were all <4 %.

Transcriptional analysis of selected heat shock proteins
by RT-PCR

Hsp20 and Hsp40 were investigated as representatives of
heat shock proteins by RT-PCR. Cells were harvested by
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centrifugation. Total RNA was isolated using RNAiso Plus a 28
(TaKaRa Biotechnology Company, China) and was

employed in the synthesis of cDNA using PrimeScript™ 24r
RT Master Mix (TaKaRa Biotechnology Company, China).

Real-time PCR (StepOnePlus’™ Real-Time PCR System, ~ 20r
Applied Biosystems, USA) was carried out with 2 pL én
cDNA in a 20-uL PCR reaction system (containing E 161
2 x SYBR® Premix Ex Taq Tli RNaseH Plus 10 pL, each Yy
primer (25 pmol/uL) 0.4 pL, 50 x ROX Reference Dye s T
0.4, 2 pLL. cDNA, and sterile distilled water 6.8 puL). The g sl
information collected on these genes was analysed, and

their primers were listed as follows: Hsp40-F: CACTGG i
AAGTGCTGGAACTG and Hsp40-R: GCATCGTTCGG

ACGTACA; Hsp20-F: GGCAGACGAAATCGACATTA

and Hsp20-R: ATTGCCCTGGTTGTTCTCAT; 16S rRNA-
F: ATCTCACGACACGAGCTGAC and 16S rRNA-R:
TTACCAGCGTTTGACATGGT. 16S rRNA was used as
an endogenous control gene. After an initial denaturation b
period at 95 °C for 30 s, the reaction mixture was cycled
40 times. The PCR conditions used were as follows: 95 °C
for 5s, and 60 °C for 30 s. After 40 cycles, a final
extension step was run for 1 min at 60 °C. Melting curves
were performed using the dissociation curves software
(StepOne™ Software, USA) to ensure that only a single
product was amplified. All of the reactions were repeated
three times.

DCW (g/L)

Results and discussion

Mutation and selection of strains for high welan gum
production at high temperature

Among the various techniques, ARTP mutagenesis was
selected and applied in Sphingomonas sp. CGMCC1737.
The cells exhibited sensitivity towards ARTP, and survival
rate decreased as the treatment time was prolonged.
Mutants with altered physiological characteristics are
obtained at a survival rate of 10 % [27]. After 2 min of
exposure to ARTP, the lethality rate reached 90 %. At this
point, the positive and negative mutation rates reached 30.5
and 19.3 %, respectively (data not shown), which could be
considered as an effective mutagenesis [7]. HT-1 strain
exhibited the most efficient performance; as such, this
strain was selected for further characterisation.

After HT-1 was subjected to fermentation for 66 h at
37 °C, the concentration of welan gum increased to
23.5 £ 0.22 g/L. The viscosity and DCW of welan gum 00 ]'0 2'0 3'0 4'0 5'0 6I0 70
reached 2.87 £ 0.06 Pas and 8.16 £ 0.11 g/L, respec- Time (h)
tively. Both biomass and productivity of the mutant

(o)

Glucose (g/L)
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«Fig. 1 Time profiles of welan gum concentration (a), cell growth (b),
glucose concentration (c), in the cultivation of Sphingomonas sp.
wild-type strain and mutant at different temperatures in 7.5-L
bioreactor. Wild-type strain at 30 °C (filled triangle), wild-type strain
at 37 °C (unfilled triangle); mutant at 30 °C (filled circle), mutant at
37 °C (unfilled circle)

increased at the elevated temperature. This result indicated
that the objective of our direct screening strategy was
obtained. To further evaluate the stability of mutant, HT-1
was subjected to flask fermentation. The stability of welan
gum production of HT-1 was maintained (data not shown)
in the 10 subcultures, suggesting a high genetic stability.

Effect of temperature on welan gum fermentation
by the mutant and the wild-type strains

A temperature of 30 °C was used for industrial biosyn-
thesis of welan gum by wild-type strain. However, the
mutant obtained in this study has an optimal temperature of
37 °C. Therefore, welan gum fermentation by the wild-
type strain and Sphingomonas sp. HT-1 should be com-
pared at these two temperatures. Results of fermentation in
a 7.5-L bioreactor fermentation with either of the strains
are shown in Fig 1. The maximum concentration of welan
gum was higher in the mutant (26.8 + 0.34 g/L at 37 °C)
than in the wild type (21.4 £ 0.35 g/L at 30 °C). Besides,
the welan gum viscosities of 1 % aqueous and 1 % KCl in
the mutant increased by 41.7 % (3.50 & 0.05 vs.
247 £005Pas) and 11.6 % (3.74 £0.04 vs.
3.35 £ 0.05 Pa s), respectively, compared with original
strain. However, the welan gum viscosities of 0.5 %
aqueous at pH 2 and pH 10 in the mutant (1.73 + 0.03 and
1.64 £ 0.04 Pa s) were nearly constant with those in ori-
ginal strain (1.72 £ 0.04 and 1.62 &+ 0.03 Pa s). This
result indicated an improved production and viscosity (1 %
aqueous and 1 % KCI) of welan gum. Apparently, bio-
synthesis of welan gum of the wild-type strain was sup-
pressed at 37 °C (Fig 1a). In addition, the mutant cells at
37 °C grew much better than the wild-type strains at 37 °C
(Fig 1b). The wild-type strain exhibited an increase in the
lag time of cell growth. The maximum DCW of the mutant
at 37 °C reached 8.30 & 0.12 g/L. Indeed, the DCW of the
mutant at 37 °C was higher than that of the wild-type strain
at 30 °C. The maximal consumption of glucose was
achieved by the mutant at 37 °C (Fig 1c). This result is
consistent with the enhanced welan gum biosynthesis and
cell growth. Furthermore, welan gum biosynthesis and cell
growth were enhanced in the mutant at 37 °C. In addition
to the improved temperature tolerance, the mechanism by
which welan gum productivity is increased should be
elucidated.

Assay of key enzyme activities of the wild-type
and mutant strains

According to the previous study, PGM, UGP, UGD, and
TGP were the key enzymes involved in the biosynthesis
pathway of sugar nucleotides, which are essential for welan
gum production, and the activities of key enzymes might
affect the conversion of glucose to welan gum [28]. Con-
sidering the ability of mutants to produce welan gum at
increased temperature was significantly improved, and the
consumption of glucose remarkably increased; we inves-
tigated the activities of key enzymes in the wild-type strain
and HT-1 strains at 37 °C (Fig. 2). Indeed, the activities of
four key enzymes were all significantly increased in the
mutant, particularly for PGM (0.18 £ 0.0036 U/mg) and
TGP (0.17 £ 0.0051 U/mg). In addition, the activities of
four key enzymes in HT-1 at 37 °C were even higher than
those in the wild-type strain at 30 °C. This might be the
main reason for the increase in the flux from G6P to G1P
which leads to the accumulation of intracellular welan gum
[28]. Zhang et al. [29] report similar results in which the
increased activities of the phosphoglucosamine mutase
catalyse a high conversion rate of glucose to curdlan. Thus,
key enzymes may exhibit enhanced activities in the mutant
at 37 °C for the improved biosynthesis of welan gum.

Assay of membrane fluidity of the wild-type and mutant
strains

Cell membrane fluidity is closely related to the membrane
fatty acid composition to determine the transport of extra-
cellular substrates and the secretion of products [30, 31].
Considering the enhanced biosynthesis of welan gum in the
mutant, we assumed that the cell membrane fluidity could be

0.2
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Fig. 2 Specific activities of the key enzymes of the wild-type strain
and mutant at 37 °C. Wild-type strain (unfilled bars), mutant (filled

bars)
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Fig. 3 Comparisons of the distributions of saturated (a) and unsat-
urated (b) fatty acids in the membrane of Sphingomonas sp. wild-type
strain and mutant at 37 °C. Wild-type strain (unfilled bars), mutant
(filled bars)

influenced to regulate the transport of substrates and pro-
ducts. Hence, we investigated the effects of the membrane
fatty acid composition of wild-type and mutant strains at
37 °C. Figure 3 shows the changes in the profiles of mem-
brane SFAs and UFAs in the two strains. The content of
14:0 was slightly higher in the mutant than in the wild-type
strain. In particular, the contents of 16:0 and 17:0 of the
mutant were higher than those of the wild-type strain
(Fig. 3a). The increasing proportion of SFAs commonly
results in the enhanced membrane fluidity [30-32]. In our
study, the enhanced fluidity of the cell membrane in the
mutant was observed. Moreover, sharper decrement in 17:1
of the mutant strain was observed (Fig 3b). Furthermore, the
contents of 16:1 and 18:1 were similar in the wild-type and
mutant strains. The positive effect of cell membrane fluidity
is induced by decreased UFAs [30-32]. Therefore, the
enhanced membrane fluidity of the mutant may be attributed
to the altered SFAs and UFAs of the membrane. Previous
studies also proved that Saccharomyces cerevisiae can
increase tolerance to environmental stress by regulating the
fatty acid composition of the cell membrane [31]. In our
study, changes in the fatty acid composition of the mem-
brane were observed in the mutant strain. Therefore,
enhanced membrane fluidity contributed to the mutant strain
with enhanced tolerance to temperature for the consumption
of substrate and the secretion of welan gum at 37 °C.

Assay of membrane permeability of the wild-type
and mutant strains

Membrane permeability is another key factor contributing
to the maintenance of cell viability and metabolic function.
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Fig. 4 Comparisons of the permeabilities of the outer (a) and inner
(b) membranes of Sphingomonas sp. wild-type strain and mutant at
37 °C. Wild-type strain (unfilled circle) and mutant (filled circle). a:
NPN was a probe of the outer membrane permeability. b: ONPG was
a probe of the inner membrane permeability

Cell permeability of the mutant and wild-type strains at
37 °C was evaluated on the basis of the permeabilities of
outer and inner membranes by using hydrophobic fluores-
cent NPN and B-galactosidase substrate ONPG probes,
respectively. NPN exhibited low fluorescence in aqueous
solutions but strong fluorescence quantum yield in the
hydrophobic environment of a biological membrane. In this
study, NPN entered at specific points where membrane
integrity was compromised. The value and increased rate of
fluorescence indicate the outer membrane permeability of
strains [33]. After ONPG passed through the inner mem-
brane, ONPG combined with B-galactosidase localized in
the cytoplasm, resulting in the appearance of a yellow
colour. The absorbance at 420 nm and the increased rate of
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ONPG correspond to the permeability of the inner mem-
brane [25]. In Fig. 4a and b, the value of the fluorescence
in the outer membrane of the wild strain was lower than
that of the mutant. Similar results were observed in the
inner membrane, and the absorbance of the mutant was
higher than that of the wild strain (Fig. 4b). The mutant
strain exhibited higher permeability of the outer membrane
and the inner membrane. This result is consistent with the
ethanol tolerance strains exhibiting higher membrane per-
meability [34]. High membrane permeability induces an
enhanced uptake of extracellular substrates and secretion of
products [35]. As a consequence, a large amount of
extracellular substrates were provided to synthesize welan
gum by mutant strains. The efficient secretion of this
polymer decreased the accumulation stress of the intra-
cellular substrate and caused an advantageous circle of
welan gum biosynthesis.

To further investigate the membrane integrity, we
compared the surface morphologies of wild-type and
mutant strains at 37 °C by TEM (Fig. 5). The cell mem-
brane of wild-type strain appeared smooth and flat. By
contrast, the cell membrane of the mutant strain appeared
rough and uneven. The high specific surface area in Pro-
pionibacterium acidipropionici induces an efficient trans-
port of substrates and metabolites across the cell membrane
[36]. The result indicated that the rough cell membrane of
the mutant strain with a larger specific surface area could
facilitate the transport of extracellular substrates and the
secretion of polysaccharides from the intracellular matrix.
Therefore, the efficient transport of substrates and poly-
saccharides resulted in the enhanced welan gum production
of the mutant strain at 37 °C. Hence, the increased mem-
brane fluidity and permeability may contribute to the high
welan gum yield of the mutant strain at high temperatures.

Assay of heat shock protein and oxidative stress protein
of the wild-type and mutant strains

Synthesis of heat shock proteins and oxidative stress pro-
teins is considered as a significant response of heat-tolerant
strains against high temperatures [14]. To investigate the
function of such proteins in welan gum production, we
selected Hsp20 and Hsp40 proteins as examples of heat
shock proteins. SOD, CAT, and POD were selected to
represent oxidative stress proteins. The results showed that
the expression levels of both Hsp20 and Hsp40 genes were
remarkably increased in HT-1 compared with the wild-type
strain (Fig 6). Heat shock proteins are molecular chaper-
ones, which regulate membrane ATPase activity to enable
the cells to cope with rapid transitions in energy require-
ments [15]. The overexpression of such proteins in the cell
can possibly help conserve intracellular ATP at elevated
temperatures; as a result, cells exhibit tolerance to high

temperatures [14]. Heat shock proteins were upregulated in
the mutant strain that could tolerate high temperatures. The
overexpressed proteins help the mutant strain to maintain
intracellular ATP for improved cell growth and welan gum
biosynthesis. This phenomenon is also associated with
ethanol tolerance in different strains [34]. Taken together,
the overexpression of heat shock proteins may contribute to
temperature tolerance of the mutant strain for better cell
growth and welan gum biosynthesis.

In addition, heat shock proteins function as redox reg-
ulators controlling the levels of intracellular reactive oxy-
gen species (ROSs) [14]. Oxidative stress, which induces
the generation of ROSs via a variety of extra-environ-
mental conditions including high temperature, is one of the
major stress factors influencing cells during aerobic
growth. These ROSs can induce protein or enzyme

500 nm

500 nm

Fig. 5 TEM examinations of the morphological changes of Sphingo-
monas sp. wild-type strain (a) and mutant (b) at 37 °C. Scale bars of
500 nm are shown on the bottom-left corner of each photograph
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Relative Quantity
N

Hsp40 Hsp20

Fig. 6 The RT-PCR analyses of Hsp40 and Hsp20 genes transcrip-
tion level in the wild-type strain (unfilled bars) and mutant (filled
bars) at 37 °C. The level of transcription was calculated relative to
the transcription in culture of wild-type strain. The error bars indicate
the standard deviation of three samples taken from the same RNA
sample

Table 1 Levels of malondialdehyde (MDA), superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD) of the wild-type and
mutant strains at 37 °C

Strain Wild-type Mutant
strain

Malondialdehyde (MDA) (nmol/mg 895+ 0.09 5.84 £ 0.05
protein)*

Superoxide dismutase (SOD) (U/mg  20.08 + 0.22 48.32 + 0.43
protein)®

Catalase (CAT) (U/mg protein/min)* 14.1 £ 0.10 32.5 + 0.08

Peroxidase (POD) (U/mg protein/ 10.25 £ 0.09 18.38 £ 0.11

min)?®

4 Mean £+ SD (n = 3)

inactivation and alter membrane fluidity and permeability
via lipid peroxidation [15]. Under such circumstances,
various antioxidant enzymes, including SOD, CAT, and
POD, are often secreted to provide protection. In Table 1,
the mutant strain exhibited a significantly lower MDA
value of 35 % at 37 °C than the wild-type strain. The
mutant strain also exhibited lower lipid peroxidation levels,
suggesting a decreased ROS production in the mutant
strain compared with the wild-type strain. The remarkable
increase in the activities of SOD, CAT, and POD (Table 1)
in the mutant strain corresponded to an altered antioxidant
protective mechanism. Previous studies indicated that
strains with low activities of antioxidant enzymes are more
sensitive to the lethal effects of the increased temperatures
[37]. Therefore, the antioxidant protection enhanced the
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growth of the mutant strain that could synthesis welan gum
at high temperatures. Cao et al. [38] demonstrated small
Hsps that can effectively induce cell protection. Hence,
several defence mechanisms and regulatory networks,
including the activation of heat shock protein genes,
enhancement of antioxidant enzyme activities, induction of
Hsps, and resistance to oxidative stress, showed high
responses towards elevated temperature. These mecha-
nisms may also provide increased tolerance to high tem-
peratures for the mutant strains. As such, welan gum
biosynthesis could be improved.

Conclusion

Atmospheric and room-temperature plasma was applied to
generate stable Sphingomonas sp. mutants. An effective
mutant HT-1 was identified and characterized for welan
gum biosynthesis at a comparatively high temperature.
This mutant strain exhibited high activities of key
enzymes. Furthermore, the mutant strain was characterized
by the improved membrane fluidity and permeability
favourable for welan gum production and cell growth.
Therefore, high productivity may be induced by enhancing
synthesis capacity and facilitating substrate accumulation
along with product secretion. Levels of heat shock proteins
and antioxidant enzymes proved to be enhanced as well.
This result could be accounted for the obtained tolerance
against relatively high temperatures. In summary, HT-1
strain generated by ARTP exhibited a higher optimal
temperature than the normal temperature used for welan
gum fermentation. This enhanced result is important in
industrial applications because production costs could be
reduced. The study also described the mechanisms by
which productivity and temperature tolerance are
improved. The results could provide reference for future
studies on property modification not only of the welan
gum-producing strains but also of other economically
important microbes.
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