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Aureobasidium pullulans is a  species of  yeast-
like fungus, which has  both yeast-like and my-
celium forms (Schoch et  al. 2006; Slepecky & 
Starmer 2009; Gostinčar et al. 2011). A. pullulans 
has attracted interest due to its abilities to be used 
to produce considerable biotechnological applica-
tions (Prasongsuk et al. 2018). A. pullulans can be 

used to produce many fermentation products, such 
as pullulan, aureobasidin A, siderophores, melanin, 
and heavy oils, etc. that have applications in medi-
cine, agriculture and the  food industry (Leathers 
2003; Manitchotpisit et al. 2014; Sugumaran & Pon-
nusami 2017). Moreover, A. pullulans is an  avail-
able biocontrol species that is effective against both 
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bacterial and fungal plant pathogens (Johnson & 
Temple 2013; Janisiewicz et  al. 2014; Spadaro & 
Droby  2016). Aureobasidin A  (AbA) produced 
by  A. pullulans BP-1983 shows strong fungicidal 
activity against Cryptococcus neoformans, Candida 
species, and some Aspergillus species (Takesako 
et al. 1991, 1993). Zhang et al. (2010) demonstrated 
that the application of A. pullulans PL5 could sup-
press the post-harvest grey mould, brown rot, and 
blue mould on fruits by secreting lytic enzymes and 
including competition for  nutrients to  the patho-
gen in  the fruits. It was  reported that  the A. pul-
lulans L1 and L8 strains, isolated from peach fruit, 
showed a high efficacy against Penicillium expan-
sum, Botrytis cinerea, and the Colletotrichum acu-
tatum responsible for  the rot and mould of  apple 
fruits (Mari et al. 2002).

The antibiotic aureobasidin A is a cyclic nonadep-
sipeptide produced by A. pullulans (Takesako et al. 
1991) that shows strong fungicidal activity against 
Candida species, Cryptococcus neoformans, and 
some Aspergillus species (Takesako et  al. 1993). 
Recent research has  focused on the  characterisa-
tion of the biosynthesis, inhibitory mechanism and 
properties of aureobasidin A (Slightom et al. 2009). 
However, studies on its production are still limited.

Previously, our group has reported on the spore 
production and inhibitory activity by A. Pullulans 
PA-2 (Yang et al. 2019; Guo et al. 2020). In the pre-
sent study, an  indigenous strain of  A. pullulans 
PA-2 was  examined for  its antimicrobial activ-
ity against four different targets strains. Acid hy-
drolysis, high-performance liquid chromatography 
(HPLC), and nuclear magnetic resonance (NMR) 
were performed to verify the structure of the anti-
microbial agent. Moreover, the minimal inhibitory 
concentration (MIC) of the AbA was evaluated us-
ing the well diffusion assays. Finally, the optimum 
conditions suitable for  the formation of  the AbA 
production was determined.

MATERIAL AND METHODS

Microorganisms. Test strain: Aureobasidium 
pullulans PA-2 was  provided by  the Key labora-
tory of  agricultural integrated pest management 
of Qinghai Province at Academy of Agriculture and 
Forestry Science, Qinghai University. This yeast 
strain was  maintained in  a  solid potato dextrose 
agar (PDA) medium containing glucose 20.0  g/L, 

potato extract 20.0 g/L, dextrose 20.0 g/L, and agar 
18.0  g/L at  4 °C. The  rDNA internal transcribed 
spacer sequence and the 28S rDNA sequence of the 
PA-2 strain were deposited in the GenBank under 
accession numbers MH304262 and MT965771, re-
spectively. Target strains: Staphylococcus aureus 
ATCC6538, Saccharomyces cerevisiae ATCC9098, 
Escherichia coli ATCC8739, and Candida albicans 
ATCC10231 were maintained on a  Luria-Bertani 
(LB) solid medium containing tryptone 10.0  g/L, 
yeast extract 5.0 g/L, and NaCl 5.0 g/L at 4 °C. My-
cosphaerella cerasella LD-2 and Pyrenophora teres 
HZ-2 were maintained in a PDA medium at 4 °C.

Culture conditions. A. pullulans PA-2 was 
grown on a PDA medium and incubated at 25 °C 
for seven days. One mycelial agar plug with a di-
ameter of Ф = 0.5 cm was picked then inoculated 
into the  fermentation medium [glucose 20  g/L, 
(NH4)2SO4 5  g/L, K2HPO4 1.5  g/L, MgSO4·7H2O 
0.5 g/L, CaCl2 0.1 g/L, NaCl 0.1 g/L, FeCl3 0.5 g/L, 
ZnSO4 0.5  mg/L] and incubated at  25  °C for 
five  days with shaking at  180  rpm. The  resulting 
fermentation broth was centrifuged at 10 000 rpm 
at  4 °C for  10  min, the  supernatant was  filtered 
through a 0.22 μm filter membrane and the filtrate 
was stored at 4 °C for the subsequent experiments.

Purification and identification of  the anti-
microbial lipopeptide. The  crude lipopeptide 
was  extracted according to  the protocols of  Yan 
et  al. (2020). Briefly, the  supernatants were pre-
cipitated by  adding 6  M of  HCl to  obtain a  final 
pH of 2.0, and then the entire sample was allowed 
to stand overnight at 4 °C. The samples were centri-
fuged at 10 000 rpm for 10 min at 4 °C. The precipi-
tates were collected and then extracted with 20 mL 
of methanol for 2 h using an ultrasonic oscillator. 
The extracts were filtered through Whatman No. 1 
filter paper, and then the  solvents were removed 
by an evaporator to obtain the crude lipopeptide. 
The  crude lipopeptide was  weighed and the  yield 
(m/v) was 610 mg/L. The crude lipopeptide was dis-
solved in 1 mL of methanol and analysed by HPLC. 
The solution was analysed by chromatography on 
an  analytical ODS-BP gel column (SinoChrom 
C18, 4.6  mm × 250  mm, 5 µm), and the  column 
was eluted with 75% methanol containing 0.1% tri-
fluoroacetic acid (TFA) to  separate component 1 
and 2. Component 1 was purified by a preparative 
C18 column (20 mm × 250 mm, 10 µm) with 70% 
methanol containing 0.1% TFA to obtain the peak 3 
component. 
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Antimicrobial activity of  AbA on the  test 
strains. The  antimicrobial activity of  AbA against 
the  test strains was  measured using the  agar well 
diffusion method (Nanjundan et al. 2019). The ster-
ilised medium was poured into Petri plates and al-
lowed to solidify. The concentration of the bacterial 
inoculum was  104 CFU/mL, and that  of the  fungi 
was  105 CFU/mL. A  0.5  mL inoculum of  the test 
strains was pipetted into a Petri dish and was then 
spread on the surface of LB (for the bacteria) or PDA 
(for the fungi) by a glass spreading rod and air-dried, 
after which wells with an 8 mm diameter were made 
in the plate using a sterile cork borer. For each test 
organism, 100 μL of AbA was  loaded in each well 
in triplicate, with the methanol alone as control 1. 
The test samples were prepared at a concentration 
of 1 mg/mL. Distilled water was used as control 2. 
Three replications were maintained for each treat-
ment. All the  Petri dishes were incubated either 
at  28 ± 2 °C for  24  h (for the  bacteria) or at  25 ± 
2 °C for 96 h (for the fungi), followed by measuring 
the size of the inhibition zone. The evaluation of the 
antimicrobial activity was carried out in triplicate. 
The  minimum inhibitory concentration (MIC) 
of AbA against the  test strains refers to  the above 
method. The MIC was recorded as the lowest con-
centration of AbA that completely inhibited the vis-
ible growth of the test strains. 

Optimisation of  the fermentation conditions 
of A. pullulans PA-2. A single factor-screening test 
was used to ascertain the optimal culture conditions 
for  the highest production of  AbA. First, the  pro-
duction of AbA was considered as the optimisation 
factors to select the optimal environmental condi-
tions, including the  inoculum size, rotation speed, 
temperature, liquid volume, and initial pH value. 

Response surface methodology (RSM) is a statis-
tical experimental design for optimising biological 

processes, which is used to  establish continuous 
variable surface models to evaluate the factors af-
fecting the  biological processes and their interac-
tions, given the range of optimal levels and the rel-
atively small number of  test groups required, this 
approach has  been successfully applied to  a  wide 
range of  biological process optimisations (Oktay 
et al. 2023). RSM was employed to study the inter-
action among independent variables and their con-
tribution towards the  AbA production. The  pro-
cess variables and the responses were determined 
by  single-factor experiments. The  effects of  the 
variables, inoculum size (χ1), rotation speed (χ2), 
and temperature (χ3), liquid volume (χ4) and initial 
pH value (χ5) on the production of AbA were im-
plemented. Each variable was coded at five levels: 
–2.378, –1, 0, 1, 2.378 (Table 1).

The variables were coded according to the follow-
ing equation:

χi = (Χi – X-l)/ΔX-l 	  (1)

where: χi – dimensionless value of an independent vari-
able; Χi – real value of an independent variable; X-l – 
real value of an independent variable at the centre point; 
ΔX-l – step change. 

The investigated response function was Y-l = mg 
AbA/L of  fermented media. A  central composite 
experimental design (CCD) was arranged to allow 
the second-order model to be fitted (Shi et al. 2011) 
(Table  2). The  CCD combined the  vertices of  the 
hybercube whose coordinates were given by  the 
2n factorial design with the  star points. The  star 
points were added to the factorial design to provide 
the curvature estimation of  the model. Five repli-
cates at  the centre point of  the design were used 
to  estimate of  the pure-error sum of  squares. All 

Table 1. Values of the independent variables of the processes and their corresponding levels and the passage from 
the coded variables level to the natural variable level*

Independent variable
Symbol Coded variables levels

uncodified codified –2.378 –1 0 +1 +2.378

Inoculum size (%) Χ1 χ1 2.24 5 7 9 11.76
Rotation speed (rpm) Χ2 χ2 118.66 160 190 220 261.34
Temperature (°C) Χ3 χ3 20.24 23 25 27 29.80
Liquid volume (mL) X4 χ4 31.10 100 150 200 268.90
Initial pH value X5 χ5 4.62 6 7 8 9.38

*Given by the following equations: χ1 = (Χ1 – 7)/2; χ2 = (Χ2 – 190)/30; χ3 = (Χ3 – 25)/2; χ4 = (Χ4 – 150)/50; χ5 = (Χ5 – 7)/1
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Table 2. Composite experimental design arrangement, responses, and predicted values for the aureobasidin A (AbA) yield

Run
Coded variables Uncoded variables AbA yield (Y) (mg/L)

Χ1 Χ2 Χ3 X4 X5 χ1 χ2 χ3 χ4 χ5
experimental 

(Y0)
predicted  

(Yi)
Y0–Yi

1 0 –2.4 0 0 0 7 118 25 150 7 320 310 10
2 0 2.4 0 0 0 7 261 25 150 7 820 830 –10
3 1 –1 1 1 –1 9 160 27 200 6 260 250 10
4 1 –1 1 1 1 9 160 27 200 8 250 260 –10
5 0 0 0 0 0 7 190 25 150 7 830 860 –30
6 0 0 0 2.4 0 7 190 29.8 268.9 7 250 240 10
7 0 0 0 0 0 7 190 25 150 7 890 860 30
8 0 0 0 0 0 7 190 25 150 7 820 860 –40
9 –1 –1 1 –1 1 5 160 27 100 8 450 480 –30
10 1 –1 –1 1 –1 9 160 23 200 6 460 450 10
11 –1 1 1 –1 –1 5 220 27 100 6 770 760 10
12 –1 –1 –1 1 1 5 160 23 200 8 450 440 10
13 –1 –1 –1 –1 1 5 160 23 100 8 280 270 10
14 1 1 1 1 1 9 220 27 200 8 480 450 30
15 1 1 –1 –1 1 9 220 23 100 8 520 530 –10
16 –1 1 –1 1 –1 5 220 23 200 6 560 510 50
17 1 1 –1 1 –1 9 220 23 200 6 590 580 10
18 0 0 0 0 2.4 7 190 25 150 9.3 360 340 20
19 –1 1 1 1 –1 5 220 27 200 6 500 520 –20
20 1 1 1 –1 –1 9 220 27 100 6 780 750 30
21 –2.4 0 0 0 0 2.2 190 25 150 7 450 420 30
22 –1 –1 1 1 –1 5 160 27 200 6 340 280 60
23 –1 1 –1 1 1 5 220 23 200 8 340 550 –10
24 –1 –1 1 1 1 5 160 27 200 8 330 340 –10
25 –1 1 –1 –1 1 5 220 23 100 8 450 470 –20
26 0 0 0 –2.4 0 7 190 25 31.1 7 360 360 0
27 –1 –1 1 –1 –1 5 160 27 100 6 390 430 –40
28 1 –1 –1 –1 1 9 160 23 100 7 330 330 0
29 –1 1 1 –1 1 5 220 27 100 7 810 770 40
30 –1 1 –1 –1 –1 5 220 23 100 6 430 450 –20
31 –1 1 1 1 1 5 220 27 200 8 490 540 –50
32 0 0 –2.4 0 0 7 190 20.2 150 7 380 390 –10
33 1 –1 1 –1 –1 9 160 27 100 6 420 430 –10
34 1 1 1 1 –1 9 220 27 200 6 450 480 –30
35 1 –1 –1 –1 –1 9 160 23 100 6 340 310 30
36 0 0 2.4 0 0 7 190 29.8 268.9 7 520 510 10
37 2.38 0 0 0 0 11.8 190 25 150 7 420 450 –30
38 0 0 0 0 –2.4 7 190 25 150 4.6 280 300 –20
39 1 –1 1 –1 1 9 160 27 100 8 440 430 10
40 0 0 0 0 0 7 190 25 150 7 840 860 –20
41 1 –1 –1 1 1 9 160 23 200 8 460 470 –10
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the experiments were carried out in a randomised 
order to minimise the extraneous factors on the ob-
served responses.

The model proposed for the response (Yi) was:

Yi = b0 + b1χ1 + b2χ2 + b3χ3 + b4χ4 + b5χ5 + 	 (2)
       + b11χ1

2 + b22χ2
2 + b33χ3

2 + b44χ4
2 + b55χ5

2 +
       + b12χ1χ2 + b13χ1χ3 + b14χ1χ4 + b15χ1χ5 + 
       +b23χ2χ3 + b24χ2χ4 + b25χ2χ5 + b34χ3χ4 + 
       +b35χ3χ5 + b45χ4χ5 

where: Yi – predicted response; b0 – offset term; b1, b2, 
b3, b4, and b5 – liner effect terms; b11, b22, b33, b44, and 
b55 – squared effects; b12, b13, b14, b15, b23, b24, b25, b34, b35, 
and b45 – interaction effects. 

Surface plots were generated by  assigning con-
stant (zero) values to two of the three variables and 
solving the fitted equations as a quadratic equation 
in the remaining variable.

The statistical significance of the model equation 
was examined using the F-test and the proportion 
of variance explained by the model which was  in-
dicated by the R2-value (Song et al. 2011). For each 
variable, the quadratic model was expressed by the 
response surface graph generated using Design-Ex-
pert (version 10.0.3). The  generated three-dimen-
sional response surface plots facilitate the  under-
standing of  the effect of  the variables individually 
and in  combination. To  verify the  predicted op-
timal cultivation conditions, the  flasks were used 
in triplicate.

Statistical analysis. The data were processed us-
ing Microsoft Excel 2019. The data were expressed 

as the mean ± standard deviation (SD) with at least 
three independent experiments. The  statistical 
significance was  analysed by  a  one-way analysis 
of  variance (ANOVA) using SPSS (version 17.0). 
The  differences were considered statistically sig-
nificant at P < 0.05.

RESULTS

Purification and identification of  the antimi-
crobial lipopeptides. Fifty-nine grams of  crude 
extract was  obtained from 50 L of  the fermenta-
tion broth. The  results of  the antimicrobial activ-
ity of the crude extracts are summarised in Table 3. 
In all of the tested species, the crude extract strong-
ly inhibited Staphylococcus aureus, with a  34.5 ± 
0.03  mm inhibition zone, while Saccharomyces 

Run
Coded variables Uncoded variables AbA yield (Y) (mg/L)

Χ1 Χ2 Χ3 X4 X5 χ1 χ2 χ3 χ4 χ5
experimental 

(Y0)
predicted  

(Yi)
Y0–Yi

42 –1 –1 –1 –1 –1 5 160 23 100 6 230 210 20
43 0 0 0 0 0 7 190 25 150 7 850 860 –10
44 –1 –1 –1 1 –1 5 160 23 200 6 300 370 –70
45 1 1 1 –1 1 9 220 27 100 8 710 720 –10
46 1 1 –1 1 1 9 220 23 200 8 600 580 20
47 0 0 0 0 0 7 190 25 150 7 860 860 0
48 0 0 0 0 0 7 190 25 150 7 900 860 40
49 0 0 0 0 0 7 190 25 150 7 910 860 50
50 1 1 –1 –1 –1 9 220 23 100 6 550 550 0

X1 – inoculum size; X2 – rotation speed; X3 – temperature; X4 – liquid volume; X5 – initial pH value

Table 2 to be continued

Table 3. Inhibition effect of the crude lipopeptide on 
the different test microorganisms

Test strains Average inhibitory zone  
diameter (mm)

Staphylococcus aureus 34.5 ± 0.03a

Saccharomyces cerevisiae 18.5 ± 0.05b

Escherichia coli 23.5 ± 0.06b

Candida albicans 0.00 ± 0.00d

Mycosphaerella cerasella 12.5 ± 0.03bc

Pyrenophora teres 20.5 ± 0.04b

a–dDifferent letters in the same column indicate a difference 
at a 0.05 level
Experiments were performed in triplicate and the results 
are presented as the mean ± SD
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cerevisiae showed far lower activity. The crude ex-
tract had no effect on Candida albicans. The crude 
extracts that  showed antimicrobial activity were 
subjected to  HPLC. Two components were col-
lected and assayed for  their antimicrobial activ-
ity. Component 1 had an  obvious inhibition zone 
against S. aureus (32.0 ± 0.08 mm) and E. coli (28.0 
± 0.05 mm) (Table  4), whereas  component 2 had 
no inhibition zone (Figure 1). Component 1, which 
showed significant antimicrobial activity, was  fur-
ther purified by the preparative HPLC. The HPLC 
profile exhibited three major peaks (peak 3, 4, 5), 
which were later assayed for  antimicrobial activ-
ity (Figure 2). Peak 3 exhibited the most inhibitory 
effect against S. aureus and E. coli. The  inhibition 
zone diameter was  27.0 ± 0.06  mm and 25.0 ± 
0.03 mm, respectively, followed by the peak 5 com-
ponent, with an inhibition zone diameter of 25.0 ± 
0.08 mm and 22.0 ± 0.02 mm (Table 4), respectively. 

In contrast, the peak 4 component showed the least 
antimicrobial activity against S. aureus and E. coli 
(Figure 3). Ultimately, the profiles suggest that the 
peak 3 was identified as a single compound by the 
analytical HPLC (Figure 4).

The peak 3 component (pure compound) was 
characterised by  using spectroscopic [mass spec-
trometry (MS) and NMR] methods as  aureobasi-
din A. It has  the molecular formula C60H92N8O11, 
and was  obtained as  white needle crystals with 
the  following spectral characteristics: MS m/z 
1 100.694 (M + H), 1 123.696 (M + Na)+, 1 099.694 
(M-H)–.  1H-NMR (CDCI3) δ 8.90~7.59 (total 3H, 
NH), 7.32~7.10 (m, 9H, MePhe, Phe), 6.52 (d, 1H, 
j = 7.5 Hz, MePhe), 5.80 (s) and 5.77 (s) (total 1H, 
α-CH Hmp), 4.20 (s, 1H, HO HOMeVal), 3.41 (s, 
1H, α-CH HOMeVal), 3.31 (s), 3.18 (s), 3.16 (s), 
3.07 (s), 2.67 (s) and 2.50 (s) (total 12H, N-CH3), 
1.39 (s, 3H, γ-CH3 HOMeVal), 1.19 (s, 3H, γ-CH3 
HOMeVal). The  same compound was  also char-
acterised by Ikai et al. (1991) and Yoshikawa et al. 
(1993) from A. pullulans R106.

Determination of  the antimicrobial activity 
of AbA. The inhibitory zone diameter of AbA from 
PA-2 against S. aureus, S. cerevisiae, E. coli, M. cera-
sella, and P. teres were 36.5 ± 0.09  mm, 19.5 ± 
0.04 mm, 21.5 ± 0.08 mm, 13.5 ± 0.03 mm, and 21.8 

Table 4. Inhibition effect of the component on the different test microorganisms

Test strains Component 1 Component 2 Peak 3 Peak 4 Peak 5
Staphylococcus aureus 32.0 ± 0.08a 0.00 ± 0.00 27.5 ± 0.06 20.0 ± 0.04 25.0 ± 0.08
Escherichia coli 28.0 ± 0.05 0.00 ± 0.00 25.0 ± 0.03 16.0 ± 0.03 22.0 ± 0.02

Data are given as the average inhibitory zone diameter (mm). Experiments were performed in triplicate and the results 
are presented as the mean ± SD

Figure  1. Inhibitory effects of  the component from 
the crude extract against Escherichia coli and Staphylococ-
cus aureus on LB agar (28 °C, 3 days) 
Inhibitory effects of component 1: (A1) E. coli; (B1) S. aureus
Inhibitory effects of component 2: (A2) E. coli; (B2) S. aureus

Figure 2. High-performance liquid chromatography chro-
matogram obtained from peak 3, 4, and 5 produced 
by Aureobasidium pullulans PA-2
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± 0.02  mm, respectively (Table  5). However, AbA 
had no inhibitory activity on C. albicans (Figure 5). 
As the S. aureus and E. coli are the main pathogens 
that affect food globally, these two strains were se-
lected as the test strains for further study.

In this study, we reported the MIC value of  the 
AbA isolated from PA-2 tested against S. aureus and 
E. coli (Figure 6). Different concentrations (2.0, 1.5, 
1.0, 0.5, and 0.25 mg/mL) of AbA were applied to test 
for the antimicrobial activity. As shown in Figure 6, 
the antimicrobial activity of AbA against S. aureus 
was better than that against E.  coli. Among them, 
at  the concentrations of  2.0, 1.5, and 1.0  mg/mL, 
obvious inhibition zones could be observed in the 
culture media for  culturing E.  coli, whereas  there 
was  no obvious inhibition zone at  the concentra-

tions of 0.5 and 0.25 mg/mL. This indicates that the 
MIC value of AbA against E. coli was 1.0 mg/mL. 
No inhibition zone appeared on the media for cul-
turing S. aureus at a concentration of 0.25 mg/mL, 
so the MIC value of AbA was 0.5 mg/mL.

Optimisation conditions for  the production 
of  AbA from A. pullulans PA-2. Figure  7A in-
dicates that  7% (ratio of  the volume) was  the op-
timum inoculum size for  the production of  AbA, 
with a  maximum production of  530  mg/L. More 
inoculum size did not show any positive effect 
on the  AbA production. As  shown in  Figure  7B, 
the AbA production at a rotation speed of 190 rpm 
exhibited a  relatively higher yield than that  at  the 
other four rotation speeds, indicating that 190 rpm 

Figure  3. Inhibitory effects of 
peak 3, 4 and 5 from compo-
nent  1 against Escherichia coli 
and Staphylococcus aureus on LB 
agar (28 °C, 3 days)
Inhibitory effects of peak 3: (A1) 
E. coli; (B1) S. aureus
Inhibitory effects of peak 4: (A2) 
E. coli; (B2) S. aureus
Inhibitory effects of peak 5: (A3) 
E. coli; (B3) S. aureus
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Figure 4. High-performance liquid chromatography chro-
matogram obtained from the aureobasidin A compound 
produced by Aureobasidium pullulans PA-2

Table 5. Inhibition effect of aureobasidin A on the differ-
ent test microorganisms

Test strains Average inhibitory zone  
diameter (mm)

Staphylococcus aureus 36.5 ± 0.09a

Saccharomyces cerevisiae 19.5 ± 0.04b

Escherichia coli 21.5 ± 0.08b

Candida albicans 0.00 ± 0.00d

Mycosphaerella cerasella 13.5 ± 0.03bc

Pyrenophora teres 21.8 ± 0.02b

Methanol (control 1) 0.00 ± 0.00d

Distilled water (control 2) 0.00 ± 0.00d

a–dDifferent letters in the same column indicate a difference 
at a 0.05 level 
Experiments were performed in triplicate and the results 
are presented as the mean ± SD

(      )

(      ) (      ) (      )

(      ) (      )
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than that at the other temperature groups. For the 
production of  AbA, 150  mL of  the liquid volume 
was the optimum and the maximum AbA yield was 
500 mg/L by A. pullulans PA-2 (Figure 7D). Further 
increasing the  liquid volume has  no obvious ef-
fect on increasing the AbA yield. As shown in Fig-
ure  7E, the  highest production of  AbA reached 
650  mg/L when the  pH value of  the fermentation 
medium was 7.0 and was higher than the other sam-
ples in the pH group. Considering all the above re-
sults, the optimal culture conditions of A. pullulans 
was  determined at  a  7% inoculum size, a  rotation 
speed of 190 rpm, a temperature of 25 °C, a liquid 
volume of 150 mL, and an initial pH value of 7. 

The results of the CCD experiment with the dif-
ferent environmental conditions are presented 
in Table 2. The application of RSM yields the  fol-
lowing regression equation, which is an  empiri-
cal relationship between the AbA production and 
the test variable in coded units, as given in the fol-
lowing equation.

Y = 0.862 4 + 0.005 7χ1 + 0.108 2χ2 + 	  (3)
       + 0.025 7χ3 – 0.025 4χ4 + 0.009 5χ5 – 
       – 0.001 9χ1χ2 – 0.028 1χ1χ3 – 0.007 5χ1χ4 – 
       – 0.010 6χ1χ5 + 0.022 5χ2χ3 – 0.024 4χ2χ4 – 
       – 0.008 8χ2χ5 – 0.078 1χ3χ4 – 0.003 8χ3χ5 + 
       + 0.001 9χ4χ5 – 0.075 6χ1

2 – 0.051 7χ2
2 – 

       – 0.072 9χ3
2 – 0.098 5χ4

2 – 0.095 9χ5
2  

The statistical testing of  the model was  under-
taken by the Fisher’s statistical test for the analysis 
of variance (ANOVA) and the result is listed in Ta-
ble 6. The analysis of variance indicated the model 
terms of  χ2, χ3, χ4, χ1χ3, χ2χ3, χ2χ4, and χ3χ4 for  the 
desired response, i.e., the AbA production was sig-
nificant (“Prob > F” less than 0.05). The interaction 
between χ1 and χ5 was  not significant (higher P-

Figure 5. The inhibition effect of the aureobasidin A solu-
tion on the different test microorganisms
Staphylococcus aureus (A), Saccharomyces cerevisiae (B), 
Escherichia coli (C), Candida albicans (D), Mycosphaerella 
cerasella (E) and Pyrenophora teres (F)
Control 1 – methanol; Control 2 – sterile distilled water

Figure 6. Determination of the minimum inhibitory con-
centration of aureobasidin A against Escherichia coli (A) 
and Staphylococcus aureus (B) on LB agar (28 °C, 3 days)

AbA solutionControl 1Control 2

(A)

(A) (B)

(B)

(C)

(D)

(E)

(F)

was  a  good choice for  the rotation speed. There 
are obvious differences in  the production of  AbA 
between 21 and 29 °C. A. pullulans PA-2 cultured 
at 25 °C exhibited the highest production at about 
730 mg/L (Figure 7C), and was significantly higher 
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value). The model F-value is 89.28 which suggests 
that the model is significant and there is only 0.01% 
chance that a model F-value this large could occur 
due to noise. The “lack of fit” of 1.02 implies the lack 
of fit is not significant relative to the pure-error due 
to  noise. In  addition, the  coefficient of  variation 
was  calculated as  0.001, indicating that  the per-
formed experiments are more reliable.

The quality of the model can be tested by the de-
termining coefficient (R2). In our case, the regres-
sion equation demonstrated that  the correlation 
coefficient of R2 is 0.984 0 and the adjusted R2 and 
predicted R2 values for the model were 0.973 0 and 
0.952 4, respectively (Table 6). Thus, the model is 
expected to  predict the  response more accurately 
in the current case.

The response surface plots were obtained 
as shown in Figure 6, which illustrates the interac-
tive effects of the independent variables on the de-
pendent one. These graphs were drawn by keeping 
two variables at  coded zero levels while varying 
the remaining two variables and predicting the AbA 

production. Figure  8A represents the  interaction 
between the  inoculum size (χ1) and temperature 
(χ3) by keeping the other variables at their zero lev-
els for  the AbA production. This figure indicated 
that at a lower level of the inoculum size and tem-
perature, the AbA production was lower and it in-
creased gradually when the  level of  the inoculum 
size and temperature was increased in the medium. 
In Figure 8B, the response for the interactive factors 
of  the rotation speed (χ2) and temperature (χ3) is 
shown when the other variables were kept at a fixed 
level. It should be noted that  at  a  lower rotation 
speed, the AbA production was lower, but increased 
with an  increase in  the rotation speed. However, 
the effect of the rotation speed on the AbA produc-
tion is more significant as  compared to  the tem-
perature. Similarly, it can be seen from Figure  8C 
that the influence of the rotation speed on the AbA 
production is more significant than that of the liq-
uid volume (χ4). Figure 8D displays the interaction 
between the liquid volume (χ4) and the temperature 
(χ3) when the other variables were kept constant. 
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Considering all the available results, an  initial pH 
value of  7.17, a  temperature of  25.80 °C, a  rotation 
speed of 216.24 rpm, an inoculum size of 6.85%, and 
a liquid volume of 124.87 mL were found to be optimal 
for the AbA production from A. pullulans. The pre-
dicted maximum yield of AbA was 940 mg/L under 
the optimum conditions. Correspondingly, the actual 
values were an  initial pH value of  7, a  temperature 
of 26 °C, a  rotation speed of 216 rpm, an  inoculum 
size of 6.8%, and a liquid volume of 125 mL. The ob-
served yield of AbA was 920 mg/L, which was 51% 
more than that before optimisation (610 mg/L). 

DISCUSSION

Some yeasts show antimicrobial activity on food 
and plant pathogens that may be used as biological 

control agents, with the  main antimicrobial sub-
stances being lipopeptides (Takesako et  al. 1991; 
Slightom et  al. 2009). PA-2 previously identified 
as  A. pullulans (Li et  al. 2014; Guo et  al. 2020), 
was  assayed for  its activity against four bacterial 
and two fungal pathogens: S. aureus, S. cerevi-
siae, E. coli, M. cerasella, P. teres, and C. albicans. 
The results herein correspond well to the previous 
report of  antimicrobial activity against S. aureus, 
S. cerevisiae, and E. coli in terms of the inhibition 
of  growth (Takesako et  al. 1993). The  antimicro-
bial component used in this study was also identi-
fied as  lipopeptides (AbA) by the HPLC, MS, and 
NMR analyses. Lipopeptides, such as AbA, can be 
efficiently used as  biocontrol agents towards oth-
er species (Prasongsuk et  al. 2013). AbA is capa-
ble of  inhibiting fungal pathogens and providing 
the  effective control of  bacterial diseases. Major 

Table 6. Analysis of variance (ANOVA) for the regression equation

SV SS DF MS F-value Probe > F Significance
Model 2.06 20 0.10 89.28 < 0.000 1 **
χ1 1.426 × 10–3 1 1.426 × 10–3 1.23 0.275 6
χ2 0.51 1 0.51 439.53 < 0.000 1 **
χ3 0.029 1 0.029 24.76 < 0.000 1 **
χ4 0.028 1 0.028 24.26 < 0.000 1 **
χ5 3.887 × 10–3 1 3.887 × 10–3 3.37 0.076 9
χ1χ2 1.125 × 10–4 1 1.125 × 10–3 0.097 0.757 2
χ1χ3 0.025 1 0.025 21.92 < 0.000 1 **
χ1χ4 1.800 × 10–3 1 1.800 × 10–3 1.56 0.221 9
χ1χ5 3.613 × 10–3 1 3.613 × 10–3 3.13 0.087 5
χ2χ3 0.016 1 0.016 14.03 0.000 8 **
χ2χ4 0.019 1 0.019 16.46 0.000 3 **
χ2χ5 2.450 × 10–3 1 2.450 × 10–3 2.12 0.156 0
χ3χ4 0.20 1 0.20 169.10 < 0.000 1 **
χ3χ5 4.500 × 10–4 1 4.500 × 10–4 0.39 0.537 4
χ4χ5 1.125 × 10–4 1 1.125 × 10–4 0.097 0.757 2
χ1

2 0.32 1 0.32 275.38 < 0.000 1 **
χ2

2 0.15 1 0.15 129.08 < 0.000 1 **
χ3

2 0.30 1 0.30 256.42 < 0.000 1 **
χ4

2 0.54 1 0.54 468.04 < 0.000 1 **
χ5

2 0.51 1 0.51 443.22 < 0.000 1 **
Residual 0.033 29 1.155 × 10–3

Lack of fit 0.026 22 1.161 × 10–3 1.02 0.528 6
Pure error 7.950 × 10–3 7 1.136 × 10–3

Total 2.10 49

DF – degrees of freedom; MS – mean squares; SS – sum of squares; SV – source of variations
*P < 0.05; **P < 0.01
R2(Adjust) = 0.973 0; R2(predict) = 0.952 4
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Figure 8. Response surface plots showing 
the effect of the inoculum size (χ1), rotation 
speed (χ2), temperature (χ3), liquid volume 
(χ4) on the yield of aureobasidin A (AbA)
(A) Interaction between the temperature 
and the  inoculum size; (B) interaction 
between the temperature and the rotation 
speed; (C) interaction between the rota-
tion speed and the  inoculum size; (D) 
interaction between the liquid volume and 
the temperature

(A)

(D)

(B) (C)

reports of  aureobasidin appeared to  have come 
from the A. pullulans strain R106 (Takesako et al. 
1991, 1993; Kurome et al. 1996). This finding cor-
responded with earlier reports by  Slightom et  al. 
(2009), showing that the major antimicrobial agent 
produced by A. pullulans R106 was AbA. 

Among the  six pathogens examined, S. aureus 
was the most sensitive to AbA, whereas C. albicans 
exhibited the  least sensitivity. However, in  com-
parison with previous reports (Takesako et  al. 
1993; Endo et  al. 1997), the  sensitivities of  these 
investigated pathogens to  AbA are quite different 
in the sensitivity levels and species. It was reported 
that  the low sensitivity of  some Aspergillus spp. 

and C. albicans to AbA was associated with the in-
creased the  resistance efflux caused by  the ATP-
binding cassette (ABC) transporters, and that  the 
co-treatment of  AbA and the  mammalian multi-
drug resistance (MDR) modulator dramatically 
increased the  sensitivity of  A. fumigatus to  AbA 
(Ogawa et  al. 1998; Zhong et  al. 2000). Whether 
the  low sensitivity of C. albicans is due to  the in-
creased efflux of  AbA by  some ABC transport-
ers remains to  elucidated upon in  future studies. 
Such studies should include (1) the  measurement 
of the radio-labelled aureobasidin A accumulation 
in  the presence and absence of  MDR modulators 
to confirm that the efflux is indeed involved and (2) 
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the  identification and deletion of  the ABC trans-
porter gene YOR1 (mediates pleiotropic drug re-
sistance) in C. albicans to confirm its involvement 
in the AbA resistance of this organism. 

The AbA yield, however, is low, to  the extent 
that it constitutes a strong obstacle against the de-
velopment of this compound into products for bio-
control agent use. Therefore, it is important to in-
crease the production of AbA in the fermentation 
process, which will make the  process economi-
cally feasible. The  yield of  the AbA product dur-
ing fermentation depends on several factors and 
one of them is the interaction among the cultures 
(Liu et  al. 2019). Classically, the  single point op-
timisation technique has  been used to  enhance 
the yield during fermentation (Chi & Zhao 2003; 
Choudhury et al. 2012). However, the classical sin-
gle variable or one-point optimisation methods are 
tedious and time-consuming and tend to overlook 
the  interaction among the  different factors and, 
therefore, may often lead to the misinterpretation 
of the results (Francis et al. 2003). RSM is an im-
portant statistical optimisation method, which 
can optimise many factors simultaneously, and 
can extract a  large amount of  quantitative infor-
mation with only a  few experimental tests, and 
has  been widely used in  the optimisation of  me-
dium and process conditions in different biological 
processes (Oskouei et  al. 2008; Song et  al. 2011). 
In this study, an initial pH value of 7.17, a tempera-
ture of  25.80  °C, a  rotation speed of  216.24 rpm, 
an  inoculum size of  6.85%, and a  liquid volume 
of 124.87 mL were found to be optimal for the AbA 
production from A. pullulans. Up to now, there is 
still a lack of knowledge concerning the conditions 
of  AbA production from A. Pullulans by  statisti-
cal optimisation techniques, but similar studies 
using other products with A. pullulans have been 
reported. Li et al. (2011) worked on polymalic acid 
from A. pullulans and found the temperature had 
a  significant effect and concluded that  the opti-
mum conditions were: temperature of  25 °C, in-
oculum size 8%, and an initial pH value of 7.17. Jin 
et al. (2012) reported that the optimal conditions 
for the polymalic acid production of A. pullulans 
were as  follows: temperature of  25  °C, shaking 
speed of  220 rpm, and an  initial pH of  5.5. Shen 
et al. (2019) stated that the significant effects of the 
pH, liquid volume, temperature, and rotation 
speed for  the polysaccharide production from A. 
pullulans RM1603 had been found and concluded 

that  the optimum fermentation conditions were: 
an initial pH of 7.0, a temperature of 28 °C, a ro-
tation speed of  160 rpm, a  liquid volume 50  mL 
in a 150 mL flask, and an inoculum size of 1%. 

In conclusion, research on the  biological activi-
ties of  the A. pullulans lipopeptide in  this study 
showed that the lipopeptide was found to be active 
against S. aureus, E. coli, S. cerevisiae, M. cerasella 
and P. teres. The structure of the lipopeptide was es-
tablished by NMR spectroscopic and MS data and 
determined to be aureobasidin A. The MIC of AbA 
was 0.5 mg/mL, indicating that the AbA of A. pul-
lulans exhibited obvious inhibition activity against 
S. aureus. An  initial pH value of  7.17, a  tempera-
ture of  25.80 °C, a  rotation speed of  216.24 rpm, 
an  inoculum size of  6.85%, and a  liquid volume 
of 124.87 mL were found to be optimal for the AbA 
production from A. pullulans PA-2 which could 
obtain a yield of 920 mg/L. To conclude, our results 
on the production of AbA with antimicrobial prop-
erties are encouraging for the elimination of bacte-
rial infections. 

Acknowledgement: We thank Ms. Yuqin Liu 
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crobial lipopeptides.

REFERENCES

Chi Z.M., Zhao S.Z. (2003): Optimization of medium and 
cultivation conditions for pullulan-production by a new 
Pullulan producing yeast strain. Enzyme Microbial Tech-
nology, 33: 206–211.

Choudhury A.R., Bhattacharyya M.S., Prasad G.S. (2012): Ap-
plication of response surface methodology to understand 
the interaction of media components during pullulan pro-
duction by Aureobasidium pullulans RBF-4A3. Biocatalysis 
and Agricultural Biotechnology, 1: 232–237.

Endo M., Takesako K., Yamaguchi H. (1997): Fungicidal ac-
tion of  aureobasidin A, a  cyclic depsipeptide antifungal 
antibiotic, against Saccharomyces cerevisiae. Antimicrobial 
Agents and Chemotherapy, 41: 672–676. 

Francis F., Sabua A., Nampoothiri K.M., Ramachandran S., 
Ghosh S., Szakacs G., Pandey A. (2003): Use of response 
surface methodology for  optimizing processparameters 
for  the production of  α-amylase by  Aspergillus oryzae. 
Biochemical Engineering Journal, 15: 107–115.

Gostinčar C., Grube M., Gunde-Cimerman N. (2011): Evolu-
tion of fungal pathogens in domestic environments? Fungal 
Biology, 115: 1008–1018. 



157

Original Paper	 Plant Protection Science, 59, 2023 (2): 145–158

https://doi.org/10.17221/173/2021-PPS

Guo Q.Y., Cheng L., Zhu H.X., Li W., Wei Y.H., Chen H.Y., 
Guo L.Z., Weng H., Wang J. (2020): Herbicidal activity 
of Aureobasidium pullulans PA-2 on weeds and optimi-
zation of its solid-state fermentation conditions. Journal 
of Integrative Agriculture, 19: 173–182.

Ikai K., Takesako K., Shiomi K., Moriguchi M., Umeda Y., 
Yamamoto J., Kato I., Naganawa H. (1991): Structure 
of aureobasidin A. Journal of Antibiotics, 44: 925–933. 

Janisiewicz W.J., Jurick W.M., Peter K.A., Kurtzman C.P., 
Buyer J.S. (2014): Yeasts associated with plums and their 
potential for  controlling brown rot after harvest. Yeast, 
31: 207–218. 

Jin T., Wu Y.X., Chen Z., Zhao L.Y. (2012): Research on fer-
mentation of Aureobasidium pullulans to produce poly-
malic acid. Journal of Chinese Institute of Food Science 
and Technology, 12: 125–130.

Johnson K.B., Temple T.N. (2013): Evaluation of strategies 
for fire blight control in organic pome fruit without anti-
biotics. Plant Disease, 97: 402–409. 

Kurome T., Inami K., Inoue T., Ikai K., Takesako K., Kato I., 
Shiba T. (1996): Total synthesis of an antifungal cyclic desip-
eptide aureobasidin A. Tetrahedron Letters, 52: 4327–4346. 

Leathers T.D. (2003): Biotechnological production and ap-
plications of pullulan. Applied Microbiology and Biotech-
nology, 62: 468–473. 

Li R.Y., Qiao C.S., Guo H., Xu Y.H. (2011): Ploymalic acid 
synthesis with Aureobasidium pullulans fermentation ex-
periments. Food and Fermentation Technology, 47: 68–71. 

Li Y.L., Cheng L., Zhu H.X., Guo Q.Y. (2014): Herbicidal 
activity of Aureobasidium pullulans PA-2 on weeds and 
its safety on crops. Chinese Journal of Biological Control, 
30: 232–238. 

Liu X.C., Li H.R., Kang T., Zhu Z.Y., Liu Y.L., Sun H.Q., 
Pan L.C. (2019): The effect of fermentation conditions on 
the structure and anti-tumor activity of polysaccharides 
from Cordyceps gunnii. RSC Advances, 9: 18205–18216. 

Manitchotpisit P., Watanapokasin R., Price N.P.J., Bischoff 
K.M., Tayeh M., Teeraworawit S., Kriwong S., Leathers T.D. 
(2014): Aureobasidium pullulans as a source of liamocins 
(heavy oils) with anticancer activity. World Journal of Mi-
crobiology and Biotechnology, 30: 2199–2204. 

Mari M., Martini C., Spadoni A., Rouissi W., Bertolini P. 
(2002): Biocontrol of apple postharvest decay by Aureoba-
sidium pullulans. Postharvest Biology and Technology, 
73: 56–62. 

Nanjundan J., Ramasamy R., Uthandi S., Ponnusamy M. 
(2019): Antimicrobial activity and spectroscopic characteri-
zation of surfactin class of lipopeptides from Bacillus am-
yloliquefaciens SR1. Microbial Pathogenesis, 128: 374–380. 

Ogawa A., Hashida-Okado T., Endo M., Yoshioka H., Tsu-
ruo T., Takesako K., Kato I. (1998): Role of ABC transport-

ers in aureobasidin A resistance. Antimicrobial Agents and 
Chemotherapy, 42: 755–761.

Oktay B.A., Bozdemir M.T., Ozbas Z.Y. (2023): Optimization 
of hazelnut husk medium for pullulan production by a do-
mestic A. pullulans strain. Preparative Biochemistry & 
Biotechnology, 53: 317–330.

Oskouei S.F.G., Tabandeh F., Yakhchali B., Eftekhar F. (2008): 
Response surface optimization of  medium composition 
for alkaline protease production by Bacillus clausii. Bio-
chemical Engineering Journal, 39: 37–42. 

Prasongsuk S., Ployngam S., Wacharasindhu S., Lotrakul P., 
Punnapayak H. (2013): Effects of  sugar and amino acid 
supplementation on Aureobasidium pullulans NRRL 58536 
antifungal activity against four Aspergillus species. Applied 
Microbiology and Biotechnology, 97: 7821–7830. 

Prasongsuk S., Lotrakul P., Ali I., Bankeeree W., Punna-
payak H. (2018): The current status of Aureobasidium pul-
lulans in biotechnology. Folia Microbiologica, 63: 129–140. 

Schoch C.L., Shoemaker R.A., Seifert K.A., Hambleton S., 
Spatafora J.W., Crous P.W. (2006): A multigene phylogeny 
of the Dothideomycetes using four nuclear loci. Mycologia, 
98: 1042–1053.

Shen Q., Zhang D.P., Hao Y.Q., Luo X.L., Yang J.Y., Wei B.Y., 
Li O., Zhao H.X. (2019): Optimum conditions and iden-
tification of  pullulan produced by  a  new finding strain 
Aureobasidium pullulans RM1603. Letters in Biotechnol-
ogy, 30: 385–390. 

Shi M., Yang Y.N., Li Y.T., Wang Y.P., Zhang Z.Y. (2011): Opti-
mum condition of ecologic feed fermentation by Pleurotus 
ostreatus using soybean curd residue as  raw materials. 
International Journal of Biology, 3: 2–12. 

Slepecky R.A., Starmer W.T. (2009): Phenotypic plasticity 
in  fungi: A  review with observations on Aureobasidium 
pullulans. Mycologia, 101: 823–832. 

Slightom J.L., Metzger B.P., Hang T.L., Elhammer A.P. (2009): 
Cloning and molecular characterization of the gene encod-
ing the Aureobasidin A biosynthesis complex in Aureoba-
sidium pullulans BP-1938. Gene, 431: 67–79. 

Song Y, Du B.J., Zhou T., Han B., Yu F., Yang R., Hu X.S., 
Ni Y.Y., Li Q.H. (2011): Optimization of extraction pro-
cess by response surface methodology and preliminary 
structural analysis of polysaccharides from defatted pea-
nut (Arachis hypogaea) cakes. Carbohydrate Research,  
346: 305–310. 

Spadaro D., Droby  S. (2016): Development of  biocontrol 
products for postharvest diseases of fruit: The importance 
of elucidating the mechanisms of action of yeast antago-
nists. Trends in Food Science & Technology, 47: 39–49. 

Sugumaran K.R., Ponnusami V. (2017): Review on produc-
tion, downstream processing and characterization of mi-
crobial pullulan. Carbohydrate Polymers, 173: 573–591. 



158

Original Paper	 Plant Protection Science, 59, 2023 (2): 145–158

https://doi.org/10.17221/173/2021-PPS

Takesako K., Ikai K., Haruna F., Endo M., Shimanaka K., 
Sono E., Nakamura T., Kato I., Yamaguchi H. (1991): 
Aureobasidins, new antifungal antibiotics taxonomy, fer-
mentation, isolation, and properties. Journal of Antibiotics, 
44: 919–924. 

Takesako K., Kuroda H., Inoue T., Haruna F., Yoshikawa Y., 
Kato I., Uchida K., Hiratani T., Yamaguchi H. (1993): Bio-
logical properties of aureobasidin A, a cyclic depsipeptide 
antifungal antibiotic. Journal of Antibiotics, 46: 1414–1420. 

Yan F., Li C.H., Ye X.L., Li Y.P., Wu Y.Y., Wang X. (2020): 
Antifungal activity of  lipopeptides from Bacillus am-
yloliquefaciens MG3 against Colletotrichum gloeospori-
oides in loquat fruits. Biological Control, 146: 104281. doi: 
10.1016/j.biocontrol.2020.104281

Yang Y., Zhuang X.Y., Cheng L., Guo Q.Y. (2019): Fermenta-
tion medium of Aureobasidium pullulans PA-2 andopti-

mization of fermentation conditions. Journal of Southern 
Agriculture, 50: 1998–2008.

Yoshikawa Y., Ikai K., Umeda Y., Ogawa A., Takesako K., 
Kato I., Naganawa H. (1993): Isolation, structures, and 
antifungal activities of  new aureobasidins. Journal of 
Antibiotics, 46: 1347–1354. 

Zhang D., Spadaro D., Garibaldi A., Gullino M.L. (2010): 
Efficacy of  the antagonist Aureobasidium pullulans PL5 
against postharvest pathogens of peach, apple and plum 
and its modes of action. Biological Control, 54: 172–180. 

Zhong W., Jeffries M.W., Georgopapadakou N.H. (2000): 
Inhibition of  inositol phosphorylceramide synthase 
by  aureobasidin A  in Candida and Aspergillus species. 
Antimicrobial Agents and Chemotherapy, 44: 651–653.

Received: December 15, 2021
Accepted: March 27, 2023

Published online: May 11, 2023


