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Abstract
Polymalic acid (PMA) is a water-soluble polyester produced by Aureobasidium pullulans. In this study, the physiological 
response of A. pullulans after the addition of vegetable oils was investigated. Soybean oil (SBO) is pivotal for shortening 
fermentation time and achieving high PMA titer. With the addition of 1% (w/v) SBO, the titer and productivity of PMA 
was, respectively, increased by 34.2% and 80%. SBO acted as a chemical stimulatory agent rather than a carbon source, the 
enhancement on PMA production was attributed to the component of fatty acid. SBO induced the dimorphism (yeast-like 
cells and mycelia) of A. pullulans, in vitro enzyme activities indicated that the TCA oxidative branch for malic acid synthesis 
might be strengthened, which could generate more ATP for PMA synthesis, and the assay of intracellular energy supply 
validated this deduction. This study provided a new sight for recognizing the regulatory behavior of SBO in A. pullulans.
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Abbreviations
PMA	� Polymalic acid
SBO	� Soybean oil
TCA​	� Tricarboxylic acid
PYC	� Pyruvate carboxylase
ICL	� Isocitrate lyase
MLS	� Malate synthase
IDH	� Isocitrate dehydrogenase
FUM	� Fumarase

Introduction

Polymalic acid (PMA) is a water-soluble polyester consist-
ing of L-malic acid monomers. As PMA has many side-
chain carboxyl groups, this polyester is allowed to bind 
drugs, antibodies and targeting moieties by chemical modi-
fication [1]. Besides, PMA is biocompatible, biodegradable 
and non-immunogenic, and these excellent features enable it 

to be widely used in pharmaceutical industries. For example, 
Polycefins™, a new drug delivery system with tumor target-
ing ability, has been employed in preclinical studies and is 
considered as a candidate for anticancer therapy [2]. Moreo-
ver, PMA can be easily hydrolyzed to malic acid, which is 
an acidulant in the food and beverage industry. Compared 
with citric acid, malic acid is built up slower and persisted 
longer, making it suited to cover up the aftertaste of artificial 
sweeteners [3]. Malic acid can be mass produced by Asper-
gillus flavus, but the intrinsic pathogenicity of this strain 
prevents its commercial production, and the co-production 
of other organic acids makes the downstream recovery of 
malic acid relatively expensive [4]. Malic acid can also be 
produced by engineered Escherichia coli or Saccharomyces 
cerevisiae, but this bioprocess is limited by the end-product 
inhibition due to the strong acidity of malic acid [5]. By 
contrast, the aforementioned disadvantages do not exist in 
PMA-producing process; thus, microbial fermentation of 
PMA followed by acid hydrolysis provides an alternative 
method for malic acid production.

Currently, the Aureobasidium pullulans species are pri-
marily employed to produce PMA by submerged fermenta-
tion, and many efforts have been made to improve PMA 
production to satisfy the growing market demand. A high 
concentration of sugar in the medium can be efficiently 
utilized to enhance PMA yield, and decrease the cost for 
the downstream recovery of PMA. However, excess sugar 
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also brings high osmotic pressure, which would inhibit cell 
growth and PMA biosynthesis [6, 7]. To overcome this prob-
lem, the supplement of other carbon sources was thereby 
carried out. Lipids, primarily oils, have antifoaming property 
as well as nutritional particularity; thus, oils are regarded as 
an additional carbon source by some microorganisms capa-
ble of producing lipase, such as Candida cylindracea, Asper-
gillus ibericus and Penicillium, etc. [8, 9]. A. pullulans is a 
cosmopolitan fungus with the ability of producing several 
valuable products, including pullulan, PMA, liamocins and 
some degradative enzymes [10]. Previous studies indicated 
that A. pullulans can secrete lipase, which can hydrolyze oil 
into glycerol and fatty acids [11]; thus, oil has been utilized 
as an additional carbon source by A. pullulans. For exam-
ple, Youssef et al. [12] found that the addition of oil could 
eliminate the inhibitory effect of excess sucrose on pullu-
lan production, and the simultaneous utilization of oil and 
sucrose obviously improved pullulan yield. The authors also 
found when oil was used alone, poor cell growth and pul-
lulan production was observed, indicating that oil should be 
used together with sugar by A. pullulans. However, Shabtai 
et al. [13] found that when oil was used as a sole carbon 
source, a higher cell growth rate and biomass amount was 
yielded than that of sucrose. Moreover, the A. pullulans 
cells were restricted to yeast morphology and the forma-
tion of pigment was inhibited under this condition, which 
was beneficial for pullulan production. Hence, oil was used 
in the first stage and sucrose was used subsequently, and a 
shortened fermentation period as well as a higher pullulan 
titer was achieved. The above studies showed contradictory 
effects of oil on cell growth and product synthesis by A. 
pullulans. So far, the effect of oil on PMA production is not 
clear, and it is of great interest to conduct some research on 
PMA production from oil.

In addition to being a carbon source, oil might also work 
similar to a surfactant. Oil is structurally similar to sur-
factant owing to its abundant content of fatty acids, which 
are hydrophobic moieties acting as “tails” of surfactant. 
Surfactants are amphiphilic molecules which consist of 
hydrophilic and hydrophobic moieties, and this structure 
confers some unique properties such as lowering surface and 
interfacial tension of liquids and forming micelles between 
two different phases [14]. Polyethylene glycol sorbitan 
monooleate, known as Tween 80, is a non-ionic surfactant 
containing a mono-unsaturated fatty acid. In previous stud-
ies, Tween 80 has been proved to be an effective surfactant 
for PMA production. Tu et al. [15] found that Tween 80 was 
beneficial for the co-production of PMA and pullulans, the 
cell morphology was changed, and the transcription levels 
of key genes involved in PMA and pullulan biosynthesis 
were upregulated after the addition of Tween 80. Further 
studies showed that Tween 80 increased the cell membrane 
permeability, and the key pathway of PMA synthesis along 

with energy metabolism was enhanced [16]. Considering the 
structurally similarity of oil and Tween 80, do they have the 
same action mechanism on PMA production?

In this study, vegetable oil was introduced into PMA fer-
mentation process, and the effect of oil addition manner on 
PMA production was investigated. Then one question arises: 
which role dose vegetable oil play in PMA production? a 
carbon source or a chemical stimulatory agent? The underly-
ing mechanism was studied with regard to the cell morphol-
ogy, intracellular energy supply and key enzyme activities 
involved in vital pathways of PMA production.

Materials and methods

Microorganisms and culture methods

A. pullulans HA-4D (CGMCC No.7.208) was maintained 
on potato dextrose agar (PDA) slants at 4 °C. For seed cul-
ture, a loop of A. pullulans HA-4D cells was inoculated 
into a 250 mL flask containing 50 mL of the seed medium, 
which was composed of (g/L): glucose 80, Yeast extract 1, 
NaNO3 1, KH2PO4 0.1, MgSO4 0.1, KCl 0.5 and CaCO3 
20. The seed culture was aerobically conducted at 25 °C, 
200 rpm for 48 h. The fermentation medium included (g/L): 
glucose 100, NaNO3 2, KH2PO4 0.1, MgSO4 0.1, KCl 0.5 
and CaCO3 30 [6]. All reagents were of analytical grade and 
were purchased from Macklin Reagent (China). All vegeta-
ble oils were provided by Professor Liu Xiaoyan, Huaiyin 
Normal University. The fatty acid composition of these oils 
was determined in a previous study [17].

Fermentation in shake‑flask and stirred‑tank 
fermentor

For shake-flask fermentation, the above seed culture (10%, 
v/v) was inoculated into a 250 mL shake-flask containing 
50 mL of fermentation medium, and the shake-flask fermen-
tation was operated at 25 °C, 200 rpm for 8 days [6]. The 
one-stage and two-stage fermentation were, respectively, 
conducted in shake-flasks. For one-stage fermentation, both 
glucose and vegetable oils were simultaneously added into 
the medium at the beginning of fermentation. Then, the dos-
age of oil was varied from 5 to 30 g/L, and the effect of oil 
component (glycerol and fatty acid) on PMA production was 
investigated. For two-stage fermentation, oil was used as a 
sole carbon source in the first stage and glucose was used 
subsequently.

Batch fermentation was carried out in a 5-L stirred-tank 
fermentor (FS-02 series, Winpact, USA). 300 mL of the 
seed culture was inoculated into 2.7 L of the fermentation 
medium-containing 10 g/L soybean oil, the fermentation 
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was performed at 25 °C, 400 rpm, and the aeration rate was 
1 vvm [6].

Analytical methods

The analysis of PMA production was carried out accord-
ing to our previous study [6]. Briefly, the culture broth was 
centrifuged and the supernatant was mixed with an equal 
volume of 2 mol/L H2SO4, the mixture was heated at 90 °C 
for 9 h and the hydrolyzed PMA was determined by HPLC 
(Agilent 1260, USA) equipped with a Spursil C18-EP col-
umn. The mobile phase was 25 mmol/L KH2PO4 (pH 2.5)/
methanol (9:1, v/v) with a flow rate of 0.5 mL min−1 at 
30 °C. The residual glucose in the supernatant was deter-
mined enzymatically by a biosensor (SBA-40C, Shangdong 
Science Academy, China). For the measurement of dry cell 
weight (DCW), excess CaCO3 in the culture broth was elimi-
nated by adding 1 mol/L HCl, the broth was centrifuged, 
and the precipitate was collected, washed, and dried to a 
constant weight. The residual soybean oil in the medium 
was determined by a solvent-extraction method [18], 2 mL 
culture broth was mixed with 5 mL n-hexane, the mixture 
was vigorously shaken for 2 min and then centrifuged at 
4000 rpm for 10 min, and the upper layer was removed and 
dried at 80 °C for 3 h to determine the extracted oil weight. 
The cell morphology was observed under optical microscope 
(Olympus CX31, Japan) with crystal violet staining.

Intracellular NADH/NAD+ ratio and ATP level

The intracellular NADH/NAD+ ratio was determined as 
described previously, which was based on alcohol dehydro-
genase cycling reaction [19]. For the analysis of intracellular 
ATP, an ATP Assay Kit (Beyotime, China) was used on the 
basis of luciferase–luciferin reaction.

Enzyme activities

A. pullulans HA-4D cells were harvested by centrifugation 
and washed twice by physiological saline, and then, the 
cells were suspended in Tris–HCl buffer (100 mM, pH7.0) 
and sonicated at 400 W for 15 min by 2-s working pulses 
and 3-s cooling intervals. The cell debris was removed and 
the crude extract was used for enzyme activity assay. The 
pyruvate carboxylase (PYC) activity was assayed accord-
ing to our previous study [6], and the isocitrate lyase (ICL), 
malate synthase (MLS), isocitrate dehydrogenase (IDH), and 
fumarase (FUM) activities were determined as described 
previously [20]. The protein content of the crude extract was 
measured by Bradford method with bovine serum albumin 
as a standard.

Results and discussion

Effect of soybean oil on PMA fermentation 
in shake‑flasks

Our previous study indicated that the optimum initial glu-
cose concentration for PMA production by A. pullulans 
HA-4D is 100 g/L [6]; thus, 100 g/L glucose plus different 
oily substrates were used to verify if the addition of oil 
is beneficial for PMA production (Fig. 1a). Compared to 
the control, soybean, olive and corn oil showed positive 
effects, whereas rapeseed and sunflower oil did not result 
in any obvious effects on PMA production. Waste cooking 
oil is an organic waste slurry produced from cooking, it 
is a low-cost oily substrate consisting of edible vegetable 
matter. Unfortunately, PMA concentration was decreased 
with the supplement of waste cooking oil, which was prob-
ably due to the inhibitors generated during the thermolytic, 
oxidative and hydrolytic reactions from frying. The high-
est PMA concentration of 41.5 g/L was obtained when 
soybean oil (SBO) was employed, and the biomass of A. 
pullulans HA-4D was also increased by 38.0%. The next 
step was to determine the optimum concentration of SBO 
for PMA biosynthesis. As shown in Fig. 1b, SBOs vary-
ing from 5 to 10 g/L stimulated PMA production and cell 
growth, and the addition of 10 g/L SBO gave the highest 
PMA titer of 42.3 g/L, along with the highest DCW of 
23.6 g/L. When the concentration of SBO was more than 
10 g/L, negative effects occurred to PMA production. It is 
worthy to note that when SBO was added without glucose, 
both cell growth and PMA synthesis were quite poor, indi-
cating that SBO was an inferior carbon source. When SBO 
and glucose were used simultaneously, the time profiles 
of their consumption are shown in Fig. 1c, glucose was 
first utilized and a lagged SBO utilization was observed, 
and SBO utilization rate was increased when glucose 
was nearly exhausted. At the end of the fermentation, the 
residual glucose and SBO concentration is 4.2 g/L and 
3.1 g/L, respectively. The presence of glucose inhibited 
the utilization of SBO in the early stage of fermentation, 
but SBO was partially hydrolyzed by A. pullulans HA-4D 
in the later stage of fermentation. It is well known that 
the main component of SBO is triglyceride, which con-
sists of glycerol and fatty acid. Previous study showed that 
the main fatty acid composition of SBO is linoleic acid 
(C18:2, 51.2%), oleic acid (C18:1, 22.3%), stearic acid 
(C18:0, 5.7%) and palmitic acid (C16:0, 12.4%) [17]. To 
elucidate which component is responsible for the enhanced 
PMA production, the aforementioned fatty acids and glyc-
erol were supplemented into the medium. It turned out 
that the addition of fatty acids, rather than glycerol, led to 
the enhancement of PMA production. The final PMA titer 
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was almost the same no matter if glycerol was added. Of 
the tested fatty acids, oleic acid (C18:1) led to the highest 
PMA concentration of 42.9 g/L.

In addition to being used with sugar simultaneously, oil 
was also used as a sole carbon source in a previous study, 
and the authors claimed that the A. pullulans cells were 
restricted to yeast forms under this condition, which is 
regarded to be a productive status for pullulan or PMA syn-
thesis [13]. To validate the feasibility of this method, a two-
stage fermentation strategy in which SBO and glucose were 
separately used was employed in this study. As shown in 
Fig. 2, SBOs varying from 10 to 30 g/L were utilized in the 
first stage, then glucose was supplemented into the medium, 
and the total carbon source concentration was 100 g/L. How-
ever, the two-stage fermentation strategy did not bring the 
hoped-for improvement on PMA production. As the dosage 
of SBO increased, both PMA and DCW titer were decreased. 
The highest PMA concentration was only 30.8 g/L (oil/glu-
cose = 10/90), which was decreased by 27.7% than that of 

oil/glucose mixture. Therefore, the two-stage fermentation 
strategy is not feasible for PMA production by A. pullulans 
HA-4D.

The use of vegetable oil as a carbon source is usually 
studied in the light of lipase production. Oil can be used as 
a sole carbon source instead of sugar by some fungi, includ-
ing Yarrowia lipolytica, Aspergillus, etc. [9, 21]. In the case 
of the fungus A. pullulans, vegetable oil has been employed 
for pullulan production, and oil acted as either a sole car-
bon source or an additional carbon source to sugar [12, 13]. 
Our study showed that vegetable oil was an inferior carbon 
source for cell growth and PMA synthesis; thus, the simul-
taneous utilization of oil and sugar was indispensable. In the 
original plan of this study, oil was regarded as an additional 
carbon source, the purpose of adding oil was to eliminate the 
inhibitory effect of excess sugar on PMA production. How-
ever, our further study proved that when oil was hydrolyzed 
into glycerol and fatty acids by A. pullulans, the enhance-
ment of PMA production was attributed to the fatty acids, 

Fig. 1   Effect of glucose/oil mixture on PMA production. a PMA pro-
duction with the addition of different oils. b PMA production with 
the addition of 5–30 g/L soybean oil. c Time course of glucose and 
soybean oil consumption. d Effect of soybean oil component on PMA 
production. C18:2, linoleic acid; C18:1, oleic acid; C18:0, stearic 
acid; C16:0, palmitic acid. The fermentation conditions: 10% (v/v) A. 

pullulans HA-4D seed culture was inoculated into a 250 mL shake-
flask containing 50  mL of fermentation medium, oils were initially 
added together with 100 g/L glucose, and the shake-flask fermenta-
tion was conducted at 25 °C, 200  rpm for 8 days. The fermentation 
with 100 g/L glucose served as control. Each column in the figures 
was calculated with three parallel experiments. **P < 0.01; *P < 0.05
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and SBO was acting as a chemical stimulatory agent rather 
than a carbon source. In fact, previous studies also showed 
that when glycerol was used for PMA production, both cell 
growth and PMA synthesis were quite poor, indicating that 
glycerol does not contribute to the enhanced PMA synthesis 
[22, 23]. We also tested the feasibility of PMA production 
using fatty acids as a sole carbon source, and it turned out 
that no PMA production was observed (data not shown). 
In conclusion, SBO was acting as a chemical stimulatory 
agent for PMA production, and the underling mechanism 
of SBO acting on PMA biosynthesis was investigated in the 
subsequent sections.

Effect of soybean oil on PMA fermentation in a 5‑L 
fermentor

Based on the results of the shake-flasks, the addition of 
10 g/L SBO was carried out in a 5-L stirred-tank fermentor. 
As shown in Fig. 3, the supplement of SBO was pivotal for 
enhancing cell growth and sugar consumption, and PMA 
production was also significantly improved. Compared to 
the control, the fermentation period was shorten from 96 
to 72 h; as a result, the consumption rate of glucose was 
increased from 1.04 to 1.39 g/L h. On the other hand, the 
final titer of PMA and DCW was 45.5 g/L and 25.9 g/L, 
which was increased by 34.2 and 13.6%, respectively. The 
maximal concentration of PMA and DCW in 5-L fermentor 
was comparable to those of shake-flasks, but the fermenta-
tion period of 5-L fermentor was obviously shortened, which 
was probably attributed to the better transfer of oxygen and 
mass in the fermentor. The aforementioned results indicated 
that the increased uptake of carbon source was distributed to 

both cell growth and PMA biosynthesis; thus, the addition 
of SBO was a feasible approach to produce high amount 
of PMA. Furthermore, SBO significantly promoted cell 
growth and PMA production, and similar phenomenon was 
also observed with the addition of Tween 80 [15]. Consider-
ing that both SBO and Tween 80 contain abundant content 
of fatty acids, do they have the same acting mechanism on 
PMA production? Thus the underling mechanism of SBO 
acting on PMA biosynthesis was investigated in the subse-
quent experiments.

The underling mechanism of SBO acting on PMA 
biosynthesis

SBO induced variations of cell morphology

To further elucidate the mechanism of SBO acting on PMA 
production, the variations of cell morphology in shake-flask 
fermentation were first observed (Fig. 4). When glucose was 
used as a sole carbon source, the cells presented yeast-like 
form at the beginning of fermentation. Then, the size of cells 
became larger and the swollen cells were dominant in the 
culture at 48 h; this morphological feature was maintained 
to the end of fermentation. By contrast, the addition the SBO 
led to obvious influence on cell morphology. The cell mor-
phology between 0 and 48 h was similar to that of control, 
but both swollen cells and mycelia were appeared at 96 h, 
the mycelia were gradually broken, and unicells were formed 
at 168 h. In conclusion, the addition of SBO resulted in the 
enhancement of PMA biosynthesis; in response to that, the 
stimulation of mycelial growth by A. pullulans HA-4D cells 
was simultaneously observed.

Fig. 2   a The schematic diagram of a two-stage fermentation strategy. 
b PMA production with a two-stage fermentation strategy. SBO soy-
bean oil, Glc glucose. The fermentation was divided into two stages: 
in stage I, 10, 20, and 30 g/L soybean oil was used as a sole carbon 
source, the culture was maintained for 24, 36 and 48 h, respectively; 

in stage II, 90, 80 and 70  g/L glucose was supplemented into the 
medium, and the shake-flask fermentation was conducted at 25  °C, 
200 rpm for 8 days. The fermentation with 100 g/L glucose served as 
control. **P < 0.01; *P < 0.05
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The morphological parameters, such as cell size, cell 
shape and accumulation of pigments, etc., can indicate the 
state of the cell. Linkage between cell morphology and 
metabolic activity is of great importance, since it can help 
us to quickly assess the performance of the culture. The A. 
pullulans has a complex polymorphic life cycle, and the 
variations of cell morphology follow the subsequent path: 
yeast-like form, young blastospore, swollen blastospore and 
mycelium [24]. The morphological feature of A. pullulans 
is influenced by process variables, such as pH, nitrogen 
source and metal ions. For example, the addition of zinc ion 
caused the transformation of yeast-like cells into mycelial 
form by A. pullulans QM3092, and the mycelial accounted 
for 90% of the total biomass when 7.6 μmol/L zinc ion was 
added [25]. In this study, the cell morphology of the control 
group was sole yeast-like cells, whereas SBO induced the 
dimorphism (yeast-like cells and mycelia) of A. pullulans. It 
seemed that the supplement of SBO accelerated the metab-
olism and promoted differentiation of A. pullulans cells. 
Currently, the linkage between PMA biosynthesis and A. 
pullulans cell morphology is not clear yet, but considerable 
efforts have been made to elucidate the relationship between 
pullulan production and A. pullulans cell morphology. Gen-
erally, the researchers agreed that the yeast-like or swollen 
cells are the main producer of pullulan, but they argued on 
the pullulan-producing ability of mycelia of A. pullulans. 
Simon et al. [26] and Campbell et al. [27] believed that the 
swollen cells are responsible for producing pullulan, and 
the mycelia do not play a role in exopolysaccharide biosyn-
thesis. However, Catley [28] founded that the blastospores 
are the major producer of pullulan, the mycelia are equally 
capable of producing pullulan with a lower efficiency, and 
McNeil et al. [29] observed that pullulan production was 
optimal when both swollen cells and mycelia were present 
in the culture. Our study is in good agreement with the latter 
viewpoint, compared with the morphology of sole yeast-like 
cells, and the dimorphism (yeast-like cells and mycelia) of 
A. pullulans was more beneficial for PMA biosynthesis.

SBO induced variations of key enzymes and energy supply

Because malic acid is the only monomer of PMA, the 
biosynthesis of malic acid is closely related to PMA 
production. So far, three metabolic pathways for malic 
acid biosynthesis have been identified, including TCA 
oxidative branch, TCA reductive branch and glyoxylate 
shunt (Fig. 5a). The changes of key enzyme activities 
might result in metabolic flux redistribution; thus, the 
key enzymes involved in biosynthetic pathway of malic 
acid were assayed. Compared to the control, the activities 
of IDH and FUM were increased by 34.3% and 16.8% at 
48 h, respectively, whereas no significantly changes on 
the activities of PYC, ICL and MLS were observed. When 

Fig. 3   Time course of PMA production a, cell growth b and residual 
sugar c with the addition of soybean oil in 5-L stirred-tank fermen-
tor. SBO, soybean oil. The batch fermentation conditions: 300 mL of 
A. pullulans seed culture was inoculated into a 5-L stirred-tank fer-
mentor (FS-02 series, Winpact, USA) containing 2.7 L of fermenta-
tion medium, 10  g/L soybean oil were initially added together with 
100 g/L glucose, the fermentation was performed at 25 °C, 400 rpm, 
and the aeration rate was 1 vvm
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the time of the fermentation reached 72 h, the activities 
of IDH and FUM were still higher than those of control, 
whereas the ICL activity was slightly lower, and PYC and 
MLS activities were comparable to control group. These 
results indicated that SBO might induce a strengthened 
TCA oxidative branch for malic acid synthesis.

In vitro enzyme activities suggested that the TCA oxida-
tive branch for malic acid synthesis might be strengthened. 
If so, the intracellular energy supply should be enhanced, 
since the TCA oxidative branch generates NADH, FADH2 
and GTP. To validate this speculation, the effect of SBO on 
the intracellular nucleotides associated with energy metabo-
lism was investigated. As shown in Fig. 6, the NADH/NAD+ 
level was maintained at a relative high level at 0–36 h, which 
could provide sufficient energy for cell growth at this stage, 
and then, the ratio of NADH/NAD+ was decreased along 
with rapid PMA biosynthesis. Compared to the control, a 
higher NADH/NAD+ ratio was achieved after the addition 
of SBO, suggesting that the intracellular NADH level is 
high, whereas NAD+ level was low; thus, SBO promoted the 
transformation from NADH to NAD+ to generate ATP. The 
intracellular ATP level was also determined, and the ATP 
level was indeed higher than control group. Previous study 
showed that in the bio-polymerization process of PMA, the 
malic acid monomer is activated by the adenylation domain 
of PMA synthetase, malic acid was transformed to malyl-
AMP, and ATP is required for this activation process [30]. 
Hence, the biosynthesis of PMA is regulated by intracellular 
ATP level, and a high ATP level is beneficial for PMA syn-
thesis. The above results indicated that the addition of SBO 
increased the driving force for energy supply, which would 
certainly contribute to the enhanced PMA production.

The synthesis of malic acid in A. pullulans involves three 
pathways: (1) the TCA oxidative pathway in the mitochon-
dria; (2) the TCA reductive branch in the cytoplasm, in 
which PYC converts pyruvate to oxaloacetate, and malate 
dehydrogenase converts oxaloacetate to malate; (3) the gly-
oxylate shunt, in which ICL converts isocitrate to glyoxylate, 
and MLS converts glyoxylate to malate [31]. Previous stud-
ies showed that the culture stress could change the carbon 
metabolic fluxes in the above three pathways. For exam-
ple, the addition of ethanol brought about enhanced PMA 
yield but inhibited cell growth, and the expression levels 
and enzyme activities of ICL and MLS were significantly 
improved, indicating that glyoxylate shunt strengthened car-
bon flux for PMA synthesis [32]. Similar result was reported 
by Zeng et al. [19], the addition of sodium malonate resulted 
in the increased enzyme activities of ICL and MLS, whereas 
the activities of IDH and FUM were inhibited, and thus, the 
glyoxylate shunt was more active than the TCA oxidative 
pathway when sodium malonate was supplemented. Differ-
ent from the above studies, strengthening the TCA reductive 
branch also led to improved PMA synthesis. For instance, 
Feng et al. [33] reported that when sucrose was used as a 
sole carbon source by A. pullulans CCTCC M2012223, the 
TCA reductive branch was identified as a main pathway for 
malic acid synthesis; thus, an engineered strain was con-
structed by overexpressing PYC gene, and PMA titer was 
increased by 15% consequently. It should be noted that the 
theoretical yield of malic acid in the TCA oxidative branch, 
TCA reductive branch and glyoxylate shunt is 1.0, 2.0 and 
1.3 mol/mol glucose, respectively. The latter two pathways 
can generate malic acid with a higher yield; thus, these two 
pathways have been selected as the targets for construct-
ing engineered strains [32, 33]. However, Wang et al. [30] 

Fig. 4   The changes of cell morphology with the addition of soybean oil. SBO soybean oil. The cell morphology was observed under optical 
microscope with crystal violet staining (1000×)
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reported that malic acid for PMA biosynthesis came mainly 
from the TCA oxidative branch in Aureobasidium melanoge-
num, and the present study indicated that strengthening the 

TCA oxidative branch was also helpful for enhanced PMA 
synthesis, which was probably due to that the TCA reduc-
tive branch and glyoxylate shunt is ATP neutral, whereas the 
TCA oxidative branch is ATP positive.

Furthermore, it should be noted that SBO is structurally 
similar to Tween 80, since they both contain lots of fatty 
acids. Tween 80 is a non-ionic surfactant which is widely 
used in biotechnology processes to improve product syn-
thesis. The proposed mechanisms of Tween 80 improving 
product formation include increasing cell membrane per-
meability, changing key enzyme activities and stimulating 
the secretion of product [34]. Previous studies showed that 
Tween 80 can stimulate PMA production, the common 
aspects of SBO and Tween 80 acting on PMA production 
can be summarized as follows: (i) the consumption rate 
of sugar was increased; as a result, both cell growth and 
PMA synthesis were improved; (ii) the intracellular energy 
supply was improved, including a higher NADH/NAD+ 
ratio and a higher intracellular ATP level [15]. Although 
both SBO and Tween 80 acted as a chemical stimulatory 
agent for PMA production, there were some differences 
as well: (i) the effects on cell morphology are different, 
and A. pullulans cells became looser and bigger after add-
ing Tween 80, but the unicells were predominate and no 
mycelia were observed. By contrast, the addition of SBO 
led to the transformation of swollen cells into mycelia; 
(ii) the glyoxylate shunt pathway was strengthened after 
adding Tween 80, whereas the TCA oxidative branch was 
strengthened with the addition of SBO. The molecular 
mechanism underlying the linkage between SBO and the 
TCA oxidative branch remains to be elucidated.

Conclusions

SBO is pivotal for shortening the duration of fermentation 
and achieving high PMA titer, and the addition of 10 g/L 
SBO brought about 45.5 g/L of PMA with a productiv-
ity of 0.63 g/L h in batch fermentation. SBO acted as a 
chemical stimulatory agent rather than a carbon source, 
and the enhancement on PMA production was attributed 
to the component of fatty acid in SBO. The supplement 
of SBO had significant effects on cell morphology, key 
enzyme activities and intracellular energy supply. After 
the addition of SBO, the dimorphism (yeast-like cells 
and mycelia) of A. pullulans was observed, which was a 
more productive status for PMA synthesis than the sole 
yeast-like cells. In vitro enzyme activities indicated that 
the TCA oxidative branch for malic acid synthesis might 
be strengthened, which could generate more ATP for PMA 
synthesis, and the assay of intracellular energy supply vali-
dated the deduction.

Fig. 5   The key enzymes involved in PMA biosynthesis a and the 
changes of key enzyme activities at 48  h b and 72  h c during the 
batch fermentation. PYC pyruvate carboxylase, ICL isocitrate lyase, 
MLS malate synthase, IDH isocitrate dehydrogenase, FUM fumarase, 
SBO soybean oil. **P < 0.01; *P < 0.05
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