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Abstract The effect of Tween 80 on the fermentative

production of polymalic acid (PMA) and pullulan using

Aureobasidium pullulans CCTCC M2012223 was investi-

gated. Tween 80 is beneficial for the biosynthesis of PMA

and pullulan, and can regulate the ratio of PMA to pullulan

in a dose-dependent manner. After adding 0.05 % Tween

80 to the media, the maximal PMA and pullulan production

was 46.45 and 28.8 g/L at 60 h in a 5 L fermenter, with an

increase of 75.08 and 27.21 % when compared to the

control. Tween 80 could regulate and enhance oxygen

uptake rate and carbon dioxide evolution rate in the early

phase of fermentation, and change the cell morphology.

The transcription levels of mitochondrial dicarboxylate

transporter and transmembrane transporter were also dra-

matically upregulated. The present work will be helpful in

deeply understanding the mechanism of Tween 80 on the

effect of PMA and pullulan production.

Keywords Aureobasidium pullulans � Gene

transcription � Polymalic acid � Pullulan � Tween 80

Introduction

Polymalic acid (PMA) is a water-soluble polyester with

many attractive properties, including biocompatibility,

degradability, and water solubility. Its monomer, L-malic

acid, is widely used in the food industry and is also a

potential C4 platform chemical. PMA has been increas-

ingly used as a drug carrier in the past few years, which can

be applied to make various compression-molded pellets,

films, microparticles, and nanoparticles for drug delivery

(Ding et al. 2011; Lanz-Landazuri et al. 2011, 2012).

Pullulan is a linear water-soluble extracellular glucose

homopolysaccharide. Owing to its unique linkage pattern

with a-1,6-linked maltotriose(Chi et al. 2009), pullulan

exhibits distinct physical properties, such as adhesive

ability, thin biodegradable films, and the capacity to form

fibers. To date, pullulan has long been widely used in

various fields such as food, adhesives, and cosmetic addi-

tives as well as in flocculants (Cheng et al. 2011; Dionisio

et al. 2013; Thomsen et al. 2011).

Recently, the production of PMA and pullulan has

attracted wide attention because of their expanding appli-

cation in the pharmaceutical and food industry (Prajapati

et al. 2013; Zou et al. 2013). Aureobasidium pullulans, a

cosmopolitan yeast-like fungus, is the mainly used micro-

organism for PMA and pullulan production. Most existing

literatures on the production of PMA and pullulan have

focused exclusively on only one of the products (Mani-

tchotpisit et al. 2012; Yu et al. 2012; Zan and Zou 2013).

However, PMA and pullulan can be produced simulta-

neously by A.pullulans fermentation due to their tightly
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interrelated metabolic pathway (Chi et al. 2009; Zhang

et al. 2011). In our previous work, a high PMA yield strain,

A.pullulans CCTCC 2012223, was isolated and employed

to produce PMA, which was also accompanied by the

accumulation of pullulan (Zan and Zou 2013).

Tween 80 is a non-ionic surfactant and is known as

polyethylene glycol sorbitan monooleate. It has been

shown to be an effective stimulatory agent in the produc-

tion of useful metabolites, including polysaccharides and

enzymes, in some bacteria, fungi, and medicinal mush-

rooms (Liu and Wu 2012; Silva et al. 2007; Zhang and

Cheung 2011). It was reported that Tween 80 could

enhance pullulan production in A. pullulans (Sheng et al.

2013), however, the effect of Tween 80 on the biosynthesis

of PMA was unclear, and the regulation of Tween 80 on the

metabolic flux between PMA and pullulan was also no

known. In this study, we performed detailed research on

the role of Tween 80 in the co-production of PMA and

pullulan with A. pullulans CCTCC M2012223. The

underlying mechanism of action of Tween 80 on PMA and

pullulan production was discussed with regard to the cell

physiological response and gene transcription level

analyses.

Materials and methods

Microorganism and culture conditions

The strain A. pullulans CCTCC M2012223 was isolated by

our laboratory and can be obtained from the China Center

for Type Culture Collection (Wuhan, China). PDA agar

slants were inoculated with cells and incubated at 25 �C for

2 days, and then used for seed culture inoculation. For seed

culture, the medium composition included (g/L): glucose

60, NH4NO3 2, KH2PO4 0.1, MgSO4 0.1, ZnSO4 0.1, KCl

0.5, CaCO3 20 and corn steep liquor 1. The seed culture

was grown in 500 mL shake flask containing 50 mL of

liquid medium and incubated at 25 �C on a rotary shaker

(220 rpm) for 2 days. The fermentation medium compo-

sition included (g/L): glucose 90, NH4NO3 2, KH2PO4 0.1,

MgSO4 0.1, ZnSO4 0.1, KCl 0.5, citric acid 5, and CaCO3

30. The fermentation cultivation was inoculated with 10 %

(v/v) of the above seed culture medium and kept at 25 �C

and 220 rpm for 4 days.

Shake-flask fermentation

To evaluate the effect of Tween 80 on the PMA and

pullulan production, the different concentration of Tween

80 from 0.05 to 2 % (v/v) was fed into 500 ml shake flask

containing 50 mL of fermentation media, respectively. The

above seed culture (10 %, v/v) was inoculated, and the

fermentation cultivation was then operated at 25 �C and

220 rpm for 4 days.

Batch fermentation in 5 L stirred-tank fermenter

Batch fermentation kinetics was studied in a 5 L stirred

tank fermenter (Shanghai Baoxing Co. Ltd, China) con-

taining 3 L of the medium with addition of 0.05 % and 2 %

Tween 80, respectively. Unless otherwise noted, the fer-

mentation was inoculated with 300 mL of seed culture

grown in a shake flask for 48 h, and operated at 25 �C with

agitation at 400–800 rpm and aeration at 1.3 vvm. The

exhaust gas was tested by Hartman PS6000 gas analyzer

(PS 6000, Hartman, China) for the calculation of carbon

dioxide evolution rate (CER), oxygen uptake rate (OUR)

and respiration quotient (RQ) (Zou et al. 2009). At the end

of fermentation, the cells were taken out and washed with

phosphate buffer saline (PBS) liquor (pH 7.0) for cell

morphology assay.

Analytical methods

Cell biomass and residual sugar

The cell density was determined by cell dry weight (DCW)

method. Before the measurement, excess CaCO3 in the

broth was eliminated with the addition of 1 M HCl. The

cell suspension was centrifuged at 4,0009g and then

overnight drying at 105 �C. The fermentation broth was

centrifuged for residual sugar analyse by the dinitrosali-

cylic acid assay method (Miller 1959).

Assay of PMA and pullulan production

For analysis of PMA, the fermentation broth was centri-

fuged and then 1 mL of resulted supernatant was mixed

with 1 mL 2 M H2SO4 and incubated at 85 �C for 8 h.

After neutralization of the solution, the hydrolyzed sample

was analyzed by HPLC (Hitachi L-2000, Japan) for its

content of malic acid, using a Spursil C18-EP organic acid

column eluted with 5 mM H2SO4 at 40 �C and the flow

rate of 0.6 mL/min (Zan and Zou 2013). For analysis of

pullulan, pullulan was precipitated from the supernatant by

adding one volumes of ethanol and maintaining the

supernatant at 4 �C for 12 h. The precipitate was centri-

fuged at 8,0009g for 20 min and dried at 80 �C overnight

and then weighed (Sheng et al. 2013).

Intracellular ATP/ADP and NADH/NAD? ratio

Intracellular ATP/ADP was measured by ATP/ADP ratio

assay kit (ELDT-100, Bioassay Systems, USA), based

on ATP reaction with D-luciferin to product light
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(Kimmich et al. 1975). Intracellular NADH/NAD? was

measured by NADH/NAD? assay kit (E2ND-100, Bioas-

say Systems, USA), based on lactate dehydrogenase

cycling reaction(Zhao et al. 1987).

Real time PCR

To explore the gene transcription levels, several genes that

have been sequenced in our previous work were studied by

real time PCR. Annotation and sequence of these genes

were listed in supplement file Table S1. Total RNA from

A.pullulan was extracted using Trizol Reagent (Ambion,

USA), and got cDNA using reverse transcriptase (Vazyme,

USA). Primers of five genes are show in Table 1. The qRT-

RCR was performed according to Sybr Green method

(qPCR Master Mix, TaKaRa, Japan) using fluorescence

quantitative PCR (Roche, USA).

Results

Effects of Tween 80 on PMA and pullulan production

in shake flask

We investigated the effects of different Tween 80 con-

centrations on PMA and pullulan production in shake

flasks, as shown in Table 2. Compared to the control, the

ratio of PMA to pullulan was clearly affected by adding

different concentrations of Tween 80. Tween 80 at low

concentrations was beneifical for PMA biosynthesis, but at

high concentrations, pullulan biosynthesis was favored.

After adding 0.05 % Tween 80 in the media, PMA pro-

duction was 25.69 ± 0.89 g/L, which was an increase of

17.03 % compared to the control (21.95 ± 1.75 g/L).

Pullulan production, on the other hand, was

13.99 ± 1.89 g/L, which a decrease of 39.28 % compared

to the control (23.04 ± 1.54 g/L). Moreover, after adding

2 % Tween 80 in the media, pullulan production was

28.32 ± 1.61 g/L, which was 22.94 % higher than that of

the control, and the PMA production reached

19.83 ± 0.69 g/L, and was slightly reduced compared to

the control. These results indicated that Tween 80 was not

only acted as a surfactant, but also might play an important

role as a chemical stimulatory agent that regulated PMA

and pullulan biosynthesis.

Effects of Tween 80 on PMA and pullulan production

in 5 L fermenter

Based on the results from the shake flask, the effect of 0.05

and 2 % Tween 80 on the PMA and pullulan production

was further investigated in a 5 L stirred-tank fermenter as

shown in Fig. 1. After inoculation, cell growth and the rate

of sugar consumption with the addition of Tween 80 was

demonstrably faster than that in case of the control. Cor-

respondingly, the rate of biosynthesis of PMA and pullulan

was much higher than that of the control. The maximal

PMA and pullulan production at 0.05 % Tween 80 was

46.45 and 28.8 g/L at 60 h, respectively, which was an

increase of 75.08 and 27.21 % when compared to the

control (26.53 and 22.64 g/L at 60 h, respectively).

Moreover, at 2 % Tween 80, the highest PMA and pullulan

production was 42.58 and 29.8 g/L at 60 h, respectively,

which was an increase of 60.5 and 31.63 % when com-

pared to the control. These results are different from those

obtained from the shake flask, which may be explained by

the better oxygen supplying conditions present in the fer-

menter. Therefore, these results indicated that Tween 80

was an effective enhancer of PMA and pullulan the

biosynthesis.

Table 1 Primers for the gene

transcription level analysis
Genes Primer names Primer sequence Size (bp)

CL294 CL294-F CATCTCCCGCCTCTACGCT 149

CL294-R CGAACTCGGCAGTCTGGTC

CL989 CL989-F TGCACAAGCAAAGAAACA 180

CL989-R CGTCTAAACAAGGCGAAA

Unigene9513 Unigene9513-F GGTCTTATTGCTGTGAGGT 126

Unigene9513-R GGTGAAGTAGTAGCCGATT

Unigene38684 Unigene38684-F GCTTCGTTGGTGGTTTCG 147

Unigene38684-R AGCCGTTTCTGGTAGTGG

Unigene39091 Unigene39091-F GTAATGAGGCGAGGAAGTG 174

Unigene39091-R CAAAGGAGGAGGGTCTATC

18S rRNA 18S-F GTTGAACTTTGGGCTTGG 147

18S-R GCCTGCTTTGAACACTCT
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To further investigate, we looked at on-line physiologi-

cal parameters, such as OUR, CER and respiratory quotient

(RQ). As shown in Fig. 2, adding Tween 80 enhanced the

level of OUR and CER, especially in the early phase of

fermentation (before 40 h). On the other hand, although the

agitation speed under different Tween 80 concentration was

gradually enhanced at the later phase of fermentation, the

dissolved oxygen (DO) concentration was clearly lower

than that of the control because of an increase in the

apparent viscosity of the fermentation broth (data no

shown). The effect of Tween 80 on cell morphology is

shown in Fig. 3. Compared to the control, the cells appeared

Table 2 Effects of Tween 80

concentration on PMA and

pullulan production in shake-

flask

Initial Tween 80

(%, v/v)

Residual glucose

(g/L)

Cell biomass

(g/L)

PMA (g/L) Pullulan

(g/L)

PMA:pullulan

0.05 1.03 ± 0.12 20.25 ± 1.00 25.69 ± 0.89 13.99 ± 1.89 1.84:1

0.1 1.43 ± 0.38 18.88 ± 2.80 25.84 ± 1.91 13.69 ± 0.54 1.89:1

0.3 1.17 ± 0.08 19.50 ± 0.06 25.39 ± 1.05 15.53 ± 3.08 1.63:1

0.5 1.55 ± 0.20 17.88 ± 1.38 25.69 ± 0.89 21.87 ± 2.75 1.17:1

1 1.76 ± 0.03 21.12 ± 2.60 22.90 ± 0.33 34.47 ± 2.15 0.66:1

2 2.22 ± 0.02 21.62 ± 0.88 19.83 ± 0.70 28.32 ± 1.61 0.70:1

Control 1.44 ± 0.33 19.12 ± 0.38 21.95 ± 1.75 23.04 ± 1.54 0.95:1

Fig. 1 Time course of cell biomass (a), PMA production (b), pullulan production (c) and residual sugar (d) with addition of different Tween 80

concentration in 5 L stirred-tank fermenter
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to be looser and were bigger after adding Tween 80, which

might contribute to cell surface increases in substrate-

uptake efficiency and metabolite excretion rates.

Figure 4 shows the variation in the ratios of ATP/ADP

and NADH/NAD? under 0.05 and 2 % Tween 80 con-

centrations. It was clear that the ratio of NADH/NAD? at

Fig. 2 Time profiles of cell physiological parameters by RQ (a), DO (b), OUR (c) and CER (d) with addition of different Tween 80

concentration in 5 L stirred-tank fermenter

Fig. 3 The changes of cells

morphology with addition of

Tween 80. a Cell in the control

(9100), b cell in the Tween 80

addition (9100)
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0.05 % Tween 80 remained at relatively high levels com-

pared to the control, which should generate more ATP

necessary for cell metabolism through oxidative phos-

phorylation. However, the ratio of NADH/NAD? at 2 %

Tween 80 concentration was lower than that of the control.

The ratio of ATP/ADP was also lower, which might be

attributed to the insufficient oxidative phosphorylation

because of the low oxygen transfer coefficient.

Tween 80 induced transcription of the PMA

and pullulan biosynthetic genes

Based on our previous transcriptome analysis of A. pullu-

lans CCMCC 2012223 (unpublished data), five genes:

CL294, CL989, Unigene9513, Unigene38684, and Uni-

gene39091 were analyzed by bioinformatics and identified

as citrate synthase, UDP-glucose pyrophosphorylase,

transmembrane transporter, fatty acid synthase and dicar-

boxylate transporter, respectively. These gene sequences

and annotations are shown in supplemental file Table S1.

Transcription levels of CL294, CL989, Unigene 9513,

Unigene 38684, and Unigene 39091 were examined in the

control and Tween 80-induced cell cultures at 36 and 48 h

as shown in Fig. 5. Citrate synthase is one of the rate-

limiting enzymes of the TCA cycle, and catalyzes the first

committed step that is the fusion of a carboncarbon bond

between oxaloacetate and acetyl CoA, which is regulated

by NADH and ATP level. It was shown that CL294

expression level at 2 % Tween 80 increased from 36 to

48 h, but the expression level of CL294 at 0.05 % Tween

80 decreased from 36 to 48 h. In this stage, the DO con-

centration at 0.05 % Tween 80 was lower than that at 2 %

Tween 80. It was indicated that the activity of citrate

synthase was regulated by insufficient respiratory metab-

olism due to the low DO concentration.

As shown in Fig. 5, CL989 (UDP-glucose pyrophosphor-

ylase) expression levels at 0.05 and 2 % Tween 80 increased

by 6- and 3.04-fold compared to the control at 36 h, respec-

tively, and increased by 2.72-fold at 0.05 % Tween 80 at 48 h.

This results indicated that the flux of pullulan biosynthesis was

enhanced. The Unigene 38684 expression level at the 0.05 and

2 % Tween 80 concentration decreased by 0.3- and 0.81-fold

at 36 h, and increased by 2.55-fold with 2 % Tween 80 at

48 h. These results showed that Tween 80 had a different

effect on cell membrane structure.

The expression level of mitochondrial dicarboxylate

transporter (Unigene 39091) and transmembrane transporter

(Unigene 9513) were studied as shown in Fig. 5. The

expression level of Unigene 39091 at 0.05 % Tween 80 was

much higher than that of 2 % Tween 80 at 36 and 48 h,

which was 13.96- and 14.07-fold increase compared to the

control at 36 and 48 h, respectively. These results showed

that malic acid might accumulate easily in the cytoplasm

due to transporter gene upregulation, which would contrib-

ute to PMA biosynthesis. Similarly, the expression level of

Unigene 9513 at 0.05 and 2 % Tween 80 increased signif-

icantly at 36 and 48 h compared to the control. These results

suggested that the transmembrane transporter, Unigene

9513, might be favorable for the extraction of PMA and

pullulan intracellularly to the culture broth.

Discussion

Although A. pullulans produces and secretes PMA and

pullulan, these two metabolites have different molecular

Fig. 4 The ratios of ATP/ADP and NADH/NAD? under different Tween 80 concentration. a ATP/ADP, b NADH/NAD?
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weight distributions (Cheng et al. 2011; Leathers and

Manitchotpisit 2013). Tween 80 can affect fungal metab-

olism that is associated with cell structure integrity and

transport activity across the mycelia membrane (Zhang and

Cheung 2011). In this study, we showed that Tween 80

acted as an effective stimulatory agent for PMA and

pullulan biosynthesis. In a 5 L fermenter, the maximal

PMA and pullulan production at 0.05 % Tween 80 was

46.45 and 28.8 g/L at 60 h, respectively, which was an

increase of 75.08 and 27.21 % when compared to the

control (26.53 and 22.64 g/L at 60 h, respectively).

As shown in Fig. 2, OUR and CER characterized the

activity of the microbial metabolism, which was enhanced

by Tween 80 in the early phase of fermentation (before

40 h). Moreover, Compared to the control, the cells

appeared to be looser and were bigger after adding Tween

80, which might contribute to single cell surface increases

in substrate-uptake efficiency and metabolite excretion

rates. It was reported that larger cells increased cell-surface

contact with substrate, thus enhancing nutrition ingestion,

which would lead to pullulan production (Li et al. 2009). In

the cultivation of medicinal fungus Cordyceps sinensis Cs-

HK1, the effects of Tween 80 on mycelia morphology

might be attributed in part to its surface-active properties,

lowering the mycelium-liquid interfacial tension and thus

the potential or tendency of mycelia to form aggregates

(Liu and Wu 2012).

It is known that the PMA, which is biosynthesized

from malic acid through the TCA cycle, and that pullulan,

which originates from glucose units, need the presence

of three enzymes: a-phosphoglucose mutase, UDPG-

pyrophosphorylase, and glucosyltransferase (Cheng et al.

2011; Ruodong et al. 2012). CL989 (UDP-glucose

pyrophosphorylase), reported to be the key enzyme in

pullulan biosynthesis, could catalyze glucose-1-phosphate

from the glycolysis pathway to form UDP-glucose (Duan

et al. 2008). CL989 expression levels at 0.05 and 2 % Tween

80 increased by 6- and 3.04-fold compared to the control at

36 h, respectively, and increased by 2.72-fold at 0.05 %

Tween 80 at 48 h. The results indicated that the flux of

pullulan biosynthesis pathway was strengthened by Tween

80 induction.

Tween 80 is a non-ionic surfactant which can upset the

cytomembrane, and it was reported that the fatty acid syn-

thase subunit alpha protein could be upregulated in P. tuber-

regium by Tween 80 to promote the synthesis of long-chain

fatty acids and their incorporation into the mycelial cell

membranes, increasing the membrane permeability (Zhang

et al. 2012). Zhang and Cheung (2011) also reported that

Tween 80 could affect fungal metabolism, which is asso-

ciated with the cell structure stability and transport activity

across the mycelia membrane. The expression level of

Unigene 9513 (transmembrane transporter) at 0.05 and 2 %

Tween 80 increased significantly at 36 and 48 h compared

to the control. These results suggested that Unigene 9513

might be favorable for the extraction of PMA and pullulan

intracellularly to the culture broth.

Malic acid in mitochondria can be transported to cyto-

plasm (Huypens et al. 2011; Sousa et al. 1992; Valentini

et al. 2011). Transcription levels of Unigene 39091

(mitochondrial dicarboxylate transporter) was upregulated

dramatically by Tween 80 induction. These results showed

that malic acid might accumulate easily in the cytoplasm

due to transporter gene upregulation, which would con-

tribute to PMA biosynthesis. The stimulating effect of

Tween 80 on PMA and pullulan was based on its putative

Fig. 5 Transcription levels of CL294, CL989, Unigene9513, Unigene38684 and Unigene39091 genes with addition of different Tween 80

concentration in 5 L stirred-tank fermenter
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function as a chemical stimulatory agent, which could

affect the cell growth, cell membrane structure and cell

morphology, and further induced the level of energy sup-

ply. Moreover, Tween 80 could interact with the biosyn-

thesis pathway and transmembrane transport at the gene

transcription level, thereby facilitating the release of PMA

and pullulan into the extracellular medium. The presented

work will be helpful for further understanding of the

mechanism by which Tween 80 enhances PMA and

pullulan production.
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