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Abstract
The effect of sodium chloride (NaCl) on pullulan production by batch culture of Aureobasidium pullulans CCTCC M 2012259
was investigated. NaCl at 3 g/L improved the pullulan titer by 26.7% but reduced the molecular weight of pullulan to only 46.8%
of that obtained in the control without NaCl. In order to elucidate the physiological mechanism underlying the effect of NaCl on
pullulan production, assays of key enzyme activity, gene expression, energy metabolism, and intracellular uridine diphosphate
glucose (UDP-glucose) content were performed. Results indicated that NaCl increased the activities ofα-phosphoglucose mutase
and glucosyltransferase involved in pullulan biosynthesis, increased the activities of α-amylase being responsible for pullulan
degradation, upregulated the transcriptional levels of pgm1, fks, and amy2 genes, enhanced the driving force for ATP supply, and
helped to maintain intracellular UDP-glucose at a high level in A. pullulans CCTCCM 2012259. All these results illuminate the
reason by which NaCl increases pullulan titer but reduces the molecular weight of pullulan.
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Introduction

Pul lu lan , an impor tan t water- so luble microbia l
exopolysaccharide, is commercially produced by yeast-like
fungus Aureobasidium pullulans (Cheng et al. 2011; Li et al.
2015). The structure of pullulan consists of a unique linkage
pattern with two α-(1→ 4) and one α-(1→ 6) glycosidic
bonds in maltotriose repeating units (Prajapati et al. 2013).
Owing to its non-toxic, non-mutagenic, non-carcinogenic,
and non-immunogenic properties, pullulan is extensively used
in food, cosmetic, and pharmaceutical industries (Farris et al.
2014; Mishra et al. 2011) and has enormous potential for
biomedical applications such as drug delivery, gene targeting,
tissue engineering, and medical imaging (Bulman et al. 2015;
Singh et al. 2015; Singh et al. 2017).

Pullulan is now approved to be produced by A. pullulans
from the precursor of uridine diphosphate glucose (UDP-glu-
cose), and α-phosphoglucose mutase (PGM), UDP-glucose
pyrophosphorylase (UGP), and glucosyltransferase (FKS)
are confirmed as the key enzymes involved in the metabolic
pathway for pullulan biosynthesis (Chen et al. 2017; Duan et
al. 2008; Sheng et al. 2014). The supply of intracellular UDP-
glucose and adenosine triphosphate (ATP) are the vital factors
determining the titer, yield, and rate of pullulan biosynthesis
(Li et al. 2015). During batch fermentation, efficient pullulan
production usually depends on optimal environmental and
nutritional conditions (Cheng et al. 2011), among which min-
eral salts in the fermentation medium are important factors
that cannot be ignored (Reeslev and Jensen 1995; Singh et
al. 2008). Badr-Eldin et al. (1994) found that a low concen-
tration of inorganic phosphate in the medium was disadvanta-
geous to cell growth, while incorporation of a high concentra-
tion of inorganic phosphate suppressed pullulan formation.
Reeslev et al. (1990) reported that Fe3+ and Zn2+ ions affected
the growth yield, the morphology, and the elaboration of
exopolysaccharide, while no effects were observed for
Mn2+, Ca2+, or Cu2+ during pullulan fermentation. Gao et al.
(2010) optimized mineral salts in the fermentation medium
using an orthogonal array method, which enhanced pullulan
production by A. pullulans HP-2001. In addition, they also

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00253-018-9292-y) contains supplementary
material, which is available to authorized users.

* Gong-Yuan Wei
weigy@suda.edu.cn

1 School of Biology and Basic Medical Sciences, SoochowUniversity,
199# Ren’ai Road, Suzhou 215123, People’s Republic of China

Applied Microbiology and Biotechnology (2018) 102:8921–8930
https://doi.org/10.1007/s00253-018-9292-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-018-9292-y&domain=pdf
http://orcid.org/0000-0002-7621-8407
https://doi.org/10.1007/s00253-018-9292-y
mailto:weigy@suda.edu.cn


found that potassium phosphate was the most important factor
for cell growth, while NaCl was important for pullulan pro-
duction (Gao et al. 2011).

Increasing attention is being paid to the molecular weight
(Mw) of pullulan, which can exert considerable influence on
its commercial applications (Lazaridou et al. 2003). The aver-
age Mw of pullulan depends on the strain, culture conditions,
and culture duration (Lin et al. 2007). Pollock et al. (1992)
found that the Mw of pullulan decreased in the late stationary
growth phase, and speculated that this may be due to the
presence of α-amylase secreted into the medium.
Prasongsuk et al. (2007) confirmed this by adding the α-am-
ylase inhibitor acarbose to the medium, showing that pullulan
of slightly higher Mw was obtained from late cultures.
Manitchotpisit et al. (2011) then cloned the α-amylase gene
from A. pullulans NRRLY-12974 and speculated that α-am-
ylase attacked the minor maltotriose subunits of pullulan and
caused the reduction in Mw. Although α-amylase seems to be
responsible for the decrease in theMw of pullulan, few reports
have focused on changes in the expression and activity of this
enzyme during batch pullulan fermentation.

Mineral salts (and metal ions) can improve the activity of
enzymes involved in the biosynthesis of polysaccharides, and
influence the titer and Mw of target products (Miletić et al.
2012; Zhao et al. 2014). In our previous study, the medium for
pullulan production was optimized in flask cultures, and NaCl
was found to have a significant influence on the titer and Mw
of pullulan (Yu et al. 2012). In the present work, we investi-
gated the effect of NaCl on pullulan biosynthesis during batch
culture of A. pullulans CCTCC M 2012259. We analyzed the
transcriptional levels and activities of key enzymes involved
in pullulan biosynthesis and degradation, and evaluated the
energy supply and regeneration during batch processes in an
attempt to elucidate the physiological mechanism underlying
the improved pullulan production and the reduction in Mw of
pullulan in the presence of NaCl.

Materials and methods

Microorganism and culture

A. pullulans CCTCC M 2012259, an efficient pullulan-
producing strain, was stored at − 70 °C with 20% (v/v) glyc-
erol and used as the starting strain in this study. Seed cultures
were prepared in 500-mL Erlenmeyer flasks containing 50mL
of seed medium (20% [w/v] potato juice and 20 g/L glucose,
natural pH) by inoculating 1 mL of frozen glycerol stock.
Seeds were incubated on a rotary shaker at 200 rpm and
30 °C for 24 h, then inoculated into fermentation medium
(50 g/L glucose, 3.0 g/L yeast extract, 0.6 g/L (NH4)2SO4,
2.0 g/L K2HPO4, 1.0 g/L NaCl, 0.2 g/L MgSO4·7H2O) at an
inoculating ratio of 10% (v/v).

Batch pullulan production was carried out in a 5-L stirred
fermentor (Minifors, Infors HT, Basel, Switzerland) with a
working volume of 3 L. The culture was initiated by inoculat-
ing 300 mL of fresh seeds into the fermentation medium. The
bioreactor was operated at 30 °C and 350 rpmwith an aeration
rate of 1 vvm. The concentration of NaCl in the fermentation
medium varied according to the experimental scheme. The
level of dissolved oxygen (DO) was real-time monitored by
a DO probe (Mettler-Toledo International, Inc., Swiss). The
pH value of the fermentation broth was automatically main-
tained at 3.8 by feeding with either 3 mol/L H2SO4 or NaOH
(Wang et al. 2013).

Glucose was separately autoclaved at 121 °C for 15 min
and mixed with other nutrients at room temperature before
inoculation. Reagents used were purchased from Sangon
Biotech Co. (Shanghai, China). All chemicals were of analyt-
ical reagent grade, and the yeast extract was of biological
reagent grade.

Cell-free extract preparation

A 5-mL sample of fermentation broth was quickly frozen over
10 min using liquid nitrogen to stop intracellular reactions
before harvesting wet cells by centrifugation at 8000×g and
4 °C for 20 min. Cells were resuspended in 5 mL of 0.2 mol/L
ice-cold phosphate buffer (pH 7.0) and lysed in an ice bath
using a VCX 750 ultrasonic processor (Sonics & Materials
Inc., Newton, CT, USA) at 20 kHz. Ultrasonication was con-
ducted for 10 min with 10-s active and passive intervals.
Debris was removed by centrifugation at 10,000×g and 4 °C
for 20 min. The supernatant served as the cell-free extract and
was used for the determination of UDP-glucose, co-factors,
and enzyme activities. The protein in the cell-free extract was
measured with bovine serum albumin as the standard
(Bradford 1976).

Enzyme activity assays

Wet cells collected by centrifugation were resuspended in 50mL
of autoclaved sugar solution containing 50 g/L glucose and
0.2 g/L MgSO4·7H2O at an initial pH value of 6.8. The biocon-
version of glucose to pullulan was conducted at 30 °C and
200 rpm on a rotary shaker. The cell capability for pullulan
biosynthesis was defined as the amount of pullulan generated
by 1 g of cells per hour at 30 °C (Ju et al. 2015). The pullulan-
degrading activity was assayed using pure pullulan standard as
the substrate according to the method described by Prasongsuk
et al. (2007). One unit of pullulan-degrading activity was defined
as 1 μmol glucose equivalents liberated per minute at 50 °C.

The FKS activity was assayed using a spectrophotometric
method based on the rate of increase in the absence at 410 nm
(Wang et al. 2015). A 0.2-mL sample of p-nitrophenyl-α-D-
glucopyranoside (10 mmol/L) in sodium acetate buffer
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(0.1 mol/L, pH 4.0) was mixed with 0.2 mL of cell-free extract
and incubated at 40 °C for 5 min. The reaction was terminated
by adding 3 mL of glycine-NaOH buffer (0.4 mol/L, pH 10.5).
One unit of FKS activity was defined as the release of 1 μmol p-
nitrophenol per minute at 40 °C. The activities of PGM and
UGP were assayed using commercial ELISA kits (ShhcBio,
Shanghai, China) according to the manufacturer’s instructions.

The activity of α-amylase in the fermentation broth was mea-
sured using commercial kits (JianchengBioengineering Institute,
Nanjing, China) according to themanufacturer’s instructions. All
values determined using enzymatic assays are expressed as the
means of at least three independent measurements.

Gene expression assays

The transcription levels of pgm1, pgm2, ugp, fks, amy1, amy2,
and amy3 genes (which encode the enzymes PGM, UGP,
FKS, and α-amylase, respectively) at 36 h were measured
by quantitative real-time PCR (qRT-PCR). The sequences of
primers used for the amplification of these genes are listed in
Table S1. The qRT-PCR experiments were carried out accord-
ing to the procedure described in the previous study (Ju et al.
2015). The expression levels of target genes were all normal-
ized against the act1 gene as the reference gene.

Analytical methods

The determination of dry cell biomass, pullulan, glucose, the
MWof pullulan, and the calculation of kinetic parameters were
performed according to the methods described in our previous
study (Yu et al. 2012). Co-factors associated with energy me-
tabolism such as ATP, ADP, NADH, and NAD+ in the cell-
free extract were detected using high-performance liquid chro-
matography (HPLC) with a 4.6 × 250 mm SunFire ODS C18
column (Waters Corp., Milford, MA, USA) and a UV detector
at 254 nm (Wang et al. 2013).

Intracellular UDP-glucose was determined at 22 °C using
HPLC with a 4.6 × 250 mm Supelcosil LC-18-DB column
(Sigma-Aldrich, Bellefonte, PA, USA) following the method
described by Ramm et al. (2004). The detection was carried
out at 254 nm. The buffer consisting of 40 mmol/L
triethylamine-acetic acid (pH 6.0) was used as the mobile
phase, and the flow rate was 1 mL/min. Samples were
microfiltered using a Sartorious membrane (Sartorius Stedim
Biotech S.A., Aubagne, France) with a pore size of 0.20 μm
before detection.

Statistical analysis

All experiments were performed in triplicate, and data were
expressed as means ± standard deviation (SD). The Student’s t
test was employed to evaluate statistical differences, and sam-
ples with p ≤ 0.05 were considered to be statistically different.

Results

Batch pullulan production under different
concentrations of NaCl

Batch culture of A. pullulans CCTCC M 2012259 for
pullulan production with different concentrations of NaCl
in the fermentation medium was carried out in a 5-L stirred
fermentor. The cell growth and pullulan production during
batch fermentation clearly varied with NaCl concentration
(from 0 to 5 g/L). As shown in Fig. 1a, cells grew well
within the given NaCl concentration range. A biomass of
10.80 g/L was obtained without NaCl (control), which was
higher than that obtained in the presence of NaCl, showing
that NaCl was not conducive to increasing the biomass of
A. pullulans CCTCC M 2012259. By contrast, NaCl mark-
edly increased pullulan production, and resulted in a higher
titer of pullulan than that achieved in the control. The max-
imum pullulan titer of 28.88 g/L was obtained at 3 g/L
NaCl, representing an increase of 26.7% relative to the
control (Fig. 1b). Regarding the Mw of pullulan produced
by the strain, the maximum Mw of pullulan appeared at
12 h with NaCl but at 18 h in the control (Fig. 1c).
Additionally, it should be noted that the presence of NaCl
reduced the Mw during pullulan biosynthesis, and the final
Mw of pullulan at 72 h with NaCl was much lower than
that of the control. The final Mw of 0.73 × 106 Da was
obtained at 3 g/L NaCl, which was only 46.8% of that
obtained in the control.

The kinetic parameters involved in batch pullulan fermen-
tationwere calculated and are listed in Table 1. NaCl increased
the average specific glucose consumption rate and average
specific pullulan production rate, resulting in higher yield
and productivity of pullulan in the presence of NaCl.
Specifically, the highest yield of pullulan on biomass was
obtained at 3 g/L NaCl, which was 59.5% higher than that
of the control. In addition, biomass and pullulan could not
be enhanced simultaneously at a certain NaCl concentration,
and in other words, higher pullulan production was always
accompanied by a lower biomass, and vice versa. These re-
sults are in accord with the findings presented in our previous
study (Wang et al. 2013).

DO levels during batch pullulan fermentation under dif-
ferent NaCl concentrations were real-time monitored. As
shown in Fig. 1d, no significant differences in the DO level
(pO2) were found among batch processes under diverse
concentrations of NaCl in the medium. Thus, changes in
the titer and Mw of pullulan cannot be attributed to the
response of cells to differences in DO levels. The key
enzymes and energy supply were then assayed during
pullulan production to investigate the physiological mecha-
nism underlying improved pullulan production but reduced
Mw of pullulan in the presence of NaCl.
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Cell capability for pullulan biosynthesis
and pullulan-degrading activity

To clarify the effect of NaCl on changes in pullulan production
and Mw of pullulan during batch fermentation, the cell capa-
bility for pullulan biosynthesis and pullulan-degrading

activity were determined. As shown in Fig. 2a, the cell capa-
bility for pullulan biosynthesis increased from 12 to 24 h, and
then decreased from 24 to 48 h. The highest cell capability at
different culture stages (12, 24, 36, and 48 h) was achieved at
3 g/L NaCl and was increased on average by 42.6% compared
with that of the control. These results indicated that 3 g/L was
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Fig. 1 Time-course of cell growth (a), pullulan titer (b), molecular weight of pullulan (c), and dissolved oxygen level (d) during batch culture of A.
pullulans CCTCC M 2012259 in a 5-L stirred fermentor for pullulan production under different concentrations of NaCl

Table 1 Comparison of kinetic
parameters involved in batch
pullulan production under
different concentrations of NaCl

Parameters NaCl (g/L)

0 1 3 5

Initial glucose (g/L) 45.9 ± 0.2 45.0 ± 0.3 45.7 ± 0.3 45.6 ± 0.1

Maximum biomass (g/L) 10.80 ± 0.05 10.27 ± 0.13 8.58 ± 0.25 9.50 ± 0.27

Maximum pullulan (g/L) 22.79 ± 0.14 24.06 ± 0.23 28.88 ± 0.24 25.46 ± 0.19

Maximum Mw (×106 Da) 7.37 ± 0.72 7.29 ± 0.43 4.82 ± 0.16 6.60 ± 0.59

Final Mw at 72 h (×106 Da) 1.56 ± 0.34 1.26 ± 0.21 0.73 ± 0.15 1.13 ± 0.29

Average μ (h−1) 0.055 ± 0.002 0.057 ± 0.002 0.049 ± 0.001 0.055 ± 0.001

Average qP (h
−1) 0.061 ± 0.002 0.106 ± 0.003 0.117 ± 0.003 0.111 ± 0.003

Average qS (h
−1) 0.186 ± 0.004 0.206 ± 0.005 0.213 ± 0.004 0.220 ± 0.005

Biomass yield on glucose (g/g) 0.235 ± 0.002 0.228 ± 0.005 0.188 ± 0.011 0.208 ± 0.012

Pullulan yield on glucose (g/g) 0.496 ± 0.005 0.534 ± 0.010 0.632 ± 0.012 0.558 ± 0.009

Pullulan yield on biomass (g/g) 2.110 ± 0.001 2.343 ± 0.002 3.366 ± 0.003 2.680 ± 0.002

Biomass productivity (g/(L h)) 0.225 ± 0.001 0.214 ± 0.002 0.179 ± 0.005 0.226 ± 0.005

Pullulan productivity (g/(L h)) 0.438 ± 0.003 0.573 ± 0.005 0.641 ± 0.006 0.606 ± 0.004
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the optimum NaCl concentration to obtain cells with high
capability, resulting in a much higher titer of pullulan pro-
duced by A. pullulans CCTCC M 2012259.

As theMw of pullulan was reduced in the presence of NaCl
(Fig. 1c), the pullulan-degrading activities during the middle
and late culture stages (from 24 to 60 h) were determined. As
shown in Fig. 2b, the pullulan-degrading activities at 24 h
were maintained at relatively low levels of ~ 2 mU/mL under
different NaCl concentrations. However, the activities in-
creased dramatically along with batch processes until the late
culture stage (48 and 60 h). The maximal pullulan-degrading
activities were obtained at 3 g/L NaCl, while much lower
activities were found in the absence of NaCl in the medium.
NaCl increased pullulan-degrading activities and reduced the
Mw of pullulan, indicating that NaCl also favored the degra-
dation of pullulan during batch fermentation.

Activities of key enzymes involved in pullulan
biosynthesis and degradation

The activities of PGM, UGP, FKS, and α-amylase at different
culture stages (from 12 to 60 h) under diverse NaCl

concentrations were assayed. As shown in Fig. 3, the activities
of PGM, FKS, and α-amylase were all maintained at relative-
ly low levels in the control without NaCl, while the presence
of NaCl in the medium increased the activities of these en-
zymes, and the highest activities were obtained at 3 g/L NaCl.
However, no obvious differences in UGP activities were
found at the same culture stage in the presence or absence of
NaCl. Moreover, higher activities of PGM, UGP, and FKS
were achieved at the stage of pullulan biosynthesis (24 and
36 h), while lower activities were obtained at the cell growth
stage (12 h) and the late culture stage (48 h). Unlike the above
three key enzymes involved in pullulan biosynthesis, α-amy-
lase activity was not detected during the cell growth stage
(data not shown), but was significantly increased to relatively
high levels during the late culture stage (48 and 60 h).
According to the results illustrated in Fig. 3d, 3 g/L was the
optimal NaCl concentration to achieve the highest α-amylase
activity, especially at 60 h.

Transcriptional levels of key enzymes involved
in pullulan biosynthesis and degradation

In order to investigate whether the increases in activities of
key enzymes in the presence of NaCl were associated with
gene expression, the transcriptional levels of genes encoding
key enzymes involved in pullulan biosynthesis and degrada-
tion were determined at 36 h. As shown in Fig. 4, the tran-
scriptional levels of pgm1, fks, and amy2 at NaCl concentra-
tions that varied from 1 to 5 g/L were all significantly upreg-
ulated compared with those obtained in the control (0 g/L
NaCl). However, no significant differences in the expression
of pgm2, ugp, amy1, or amy3 genes were observed with dif-
ferent NaCl concentrations. The highest transcriptional levels
of pgm1 and fks were obtained at 3 g/L NaCl, which were
upregulated by 1.67- and 1.72-fold, respectively, compared
with those of the control. The expression of amy2 was upreg-
ulated by NaCl, but results were generally similar for all NaCl
concentrations (from 1 to 5 g/L). In addition, changes in tran-
scriptional levels of pgm1, fks, and amy2 consisted with the
activities of PGM, FKS, and α-amylase, respectively, which
are key enzymes involved in pullulan biosynthesis and degra-
dation (Fig. 3).

Energy supply and regeneration

To investigate the effect of NaCl on energy supply and con-
sumption during pullulan biosynthesis, intracellular levels of
co-factors associated with energy metabolism such as NADH,
NAD+, ATP, and ADP were determined, and the ratios of
NADH/NAD+ and ATP/ADP were also calculated. As shown
in Fig. 5, intracellular NADH and ATP were maintained at
high levels at 12 h, which would provide sufficient energy
for rapid cell growth at this culture stage. The levels of
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NADH and ATP then decreased along with rapid pullulan
biosynthesis, and no significant differences were found
among batch processes with or without NaCl in the late cul-
ture stage (36 and 48 h). In addition, much higher NADH/
NAD+ ratios were obtained with NaCl than those in the con-
trol, while no significant differences in ATP/ADP ratios were
found at the same culture stage. These results indicated that
NaCl improved the transformation from NADH to NAD+ to
generate ATP, which would provide more energy for the

overproduction of pullulan. Because no significant differences
in intracellular ATP levels or ATP/ADP ratios were found at
the late stage of batch culture, the effect of NaCl on energy
metabolism appeared to be mainly restricted to intracellular
NADH levels and the ratio of NADH/NAD+. Thus, the above
results indicated that the presence of NaCl increased the driv-
ing force for energy supply and regeneration, which undoubt-
edly contributed to the increase in pullulan production relative
to the control.

Fig. 3 The activity of key enzymes of PGM (a), UGP (b), FKS (c)
involved in pullulan biosynthesis, and α-amylase (d) responsible for
pullulan degradation during batch culture of A. pullulans CCTCC M

2012259 under different concentrations of NaCl. Asterisks indicate the
level of statistical significance (*p < 0.05) in comparison to the control
(0 g/L NaCl) by Student’s t test
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Intracellular UDP-glucose levels

UDP-glucose is the direct precursor in pullulan biosynthesis
(Duan et al. 2008). In order to investigate whether the intra-
cellular level of this precursor was affected by NaCl, UDP-
glucose content was determined at different culture stages of
batch fermentation. As shown in Fig. 6, UDP-glucose

remained at relatively high levels at the cell growth stage (12
and 24 h) but gradually decreased during pullulan formation,
indicating that the consumption of UDP-glucose was closely
related to pullulan biosynthesis. In addition, the presence of
NaCl in the medium increased intracellular UDP-glucose
levels at the early culture stage compared with the control
without NaCl, and the maximal UDP-glucose levels were ob-
tained at 3 g/L NaCl. However, no significant differences in
UDP-glucose level were found at the late culture stage (48 h),
when the rate of cell respiration was decreased and pO2 levels
were greatly increased (Fig. 1d). These results indicated that
NaCl helped to maintain UDP-glucose at high levels during
vigorous metabolism, which in turn supplied sufficient UDP-
glucose for increased pullulan production.

Discussion

Mineral salts are indispensable nutrients for most microorgan-
isms, and usually act as cellular components together with co-
factors for certain enzymes. NaCl is one of the most common-
ly used and affordable salts for influencing cell growth and
product formation. Addition of high concentration of NaCl in
the fermentation medium was reported to induce lipid accu-
mulation in the freshwater microalgae Desmodesmus
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abundans (Xia et al. 2014), improve polyhydroxyalkanoate
production by Cupriavidus necator (Passanha et al. 2014),
and even increase the activity of a recombinant halophilic
esterase produced by Escherichia coli BL21 (Rao et al.
2009). These benefits achieved by NaCl addition mainly re-
sulted from the osmotic stress caused by NaCl. However,
NaCl at lower concentrations was found to increase pullulan
production but decrease the Mw of pullulan in shaking flasks
(Yu et al. 2012) and 5-L fermentor in the present study. The
physiological mechanisms underlying the differences in
pullulan biosynthesis by A. pullulans CCTCC M 2012259
under diverse NaCl concentrations should be explored.

PGM and UGP are the key enzymes catalyzing the sequen-
tial reactions from glucose-6-phosphate to glucose-1-
phosphate and UDP-glucose, and FKS then reacts to UDP-
glucose with lipids to form pullulan (Cheng et al. 2011). Thus,
the observed increase in the activities of PGM and UGP was
consistent with UDP-glucose biosynthesis and accumulation
in cells, while higher FKS activity favored an increase in
UDP-glucose consumption for pullulan biosynthesis (Chen
et al. 2017; Duan et al. 2008). In the present study, although
A. pullulans CCTCC M 2012259 could grow and produce
pullulan in the absence of NaCl, addition of NaCl in the me-
dium promoted pullulan biosynthesis. Results indicated that
NaCl upregulated the transcriptional levels of pgm1 and fks
genes (Fig. 4) and increased the enzyme activities of PGM and
FKS (Fig. 3) that resulted in higher intracellular UDP-glucose
supply (Fig. 6) for improved pullulan production (Fig. 1).
However, no significant differences in the transcription of
ugp or the activity of UGP were observed at different NaCl
concentrations, indicating that UGP was insensitive to NaCl.
Based on the above analysis, it can be concluded that PGM
and FKS played more important roles in improving pullulan
production than UGP. Furthermore, 3 g/L NaCl was found to
be optimal for achieving maximal levels of kinetic parameters
involved in pullulan production (Table 1). This can also be
certified by the cell capability for pullulan biosynthesis shown
in Fig. 2a.

In addition to the pullulan titer, the Mw of pullulan is an-
other important factor to be considered during batch pullulan
fermentation. The Mw of pullulan depends on the activities of
enzymes involved in both its biosynthesis and degradation.
Among the enzymes being responsible for the degradation
of pullulan in A. pullulans, α-amylase was reported to be the
major enzyme (Linardi and Machado 1990; Prasongsuk et al.
2007). In the present study, NaCl was found to upregulate the
transcriptional level of the amy2 gene (Fig. 4) and significant-
ly increased the activity ofα-amylase in late cultures (Fig. 3d),
which contributed to the decrease in the Mw of pullulan (Fig.
1c). According to the literature, A. pullulans strains can also
produce other pullulan-degrading enzymes such as
glucoamylase and pullulanase when grown on medium con-
taining starch or sucrose (Chi et al. 2009; Moubasher et al.

2013). However, glucose was used as the carbon source in this
study, and no activity of glucoamylase or pullulanase was
detected. These results presented sufficient evidence for the
mechanism underlying the reduced Mw of pullulan by NaCl
addition, and can also help us understand the reason why
much higher final Mw of pullulan could be obtained in the
absence of NaCl.

ATP is indispensable for pullulan biosynthesis, and
pullulan was not synthesized in vitro without ATP supply
using cell-free enzymes isolated from A. pullulans (Taguchi
et al. 1973). The metabolic pathway of pullulan biosynthesis
indicated that the supply of ATP could act as a bottleneck for
pullulan overproduction (Ma et al. 2014). Our previous stud-
ies demonstrated that increasing both intracellular ATP levels
and ATP/ADP ratios favored efficient pullulan production
(Wang et al. 2013, 2016). Herein, although no significant
changes in intracellular ATP levels and ATP/ADP ratios were
observed at the same culture stage under different NaCl con-
centrations, NaCl increased intracellular NADH levels and
ratios of NADH/NAD+ (Fig. 5c), which would provide greater
driving force for energy regeneration, resulting inmore energy
supply for increased pullulan biosynthesis than in the control
without NaCl (Fig. 5d). Therefore, the increase in energy sup-
ply in the presence of NaCl undoubtedly promoted pullulan
production.

To the best of our knowledge, this is the first report to
elucidate the physiological mechanism underlying the effect
of NaCl on pullulan production based on the determination of
key enzymes and energy metabolism. The results revealed the
importance of choosing the appropriate NaCl concentration
during pullulan production for achieving the target Mw.
However, only a limited number of genes encoding key en-
zymes were tested in this study, and we still do not know
whether the transcriptional levels of other genes involved in
the metabolic pathway of pullulan biosynthesis and degrada-
tion were regulated by NaCl. To obtain more molecular evi-
dence that illuminates the reason why NaCl improves the titer
of pullulan while reducing the Mw of pullulan, the omics
technologies as well as metabolic flux analysis should be ap-
plied in future studies.

In conclusion, the presence of NaCl in the medium im-
proved batch pullulan production by A. pullulans CCTCC M
2012259 but decreased the Mw of pullulan. Based on
assaying the activities of key enzymes involved in pullulan
biosynthesis and degradation, measuring the transcriptional
levels of genes encoding the key enzymes, evaluating the
energy supply and regeneration, and determining intracellular
levels of UDP-glucose under different NaCl concentrations,
the physiological mechanism underlying the increased titer
but reduced Mw of pullulan by NaCl was revealed. Because
NaCl is a cheap and readily available reagent, this study also
provided an economical approach for efficient production of
other polysaccharides.
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