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In this study, a new yeast-like fungal was obtained from leaf surfaces collected from Kheyroodkenar forest,
Mazandaran, Iran. The properties of this strain, such as morphology, DNA molecular, and product showed that
it is related to Aureobasidium pullulans family and named A. pullulansMG271838. The pullulan production condi-
tions by this strain were optimized using a Box-Behnken design. The results showed that the optimum produc-
tion yield (37.55 ± 0.45 g/l) was obtained in pH of 6.76, sucrose concentration of 6%w/v and yeast extract
concentration of 0.2%w/v. The pullulan had a concentration-dependent flow behavior, amorphous structure
based on XRD pattern and high thermal stability (decomposition temperature of 300 °C). Also, the chemical
structure of pullulan was confirmed by FTIR spectroscopy. In addition, there was a direct relationship between
pullulan yield and the gene expression of fks, pgm and ugp as the most important genes in pullulan production.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Aureobasidium pullulans is an important saprophytic yeast like fun-
gus that in recent classification, considered as a branch of Ascomycete
and Dothideaceae family [1,2]. This polymorphic fungus, with yellow,
pink or light brown colors which ultimately change to black (due to
production of melanin at chlamydospore production step), usually
found in various habitats, such as phyllosphere of plant especially fruits
and leaves [3–5], painted and plastic surfaces [6], bathroom surfaces [2]
and human skin [7]. This fungus able to produce different enzymes such
as amylases, xylanases, pectinases, β-glucuronidase, β-glucosidase,
laccase and also valuable polymers such as polymalic acid, and pullulan
[3,8–10].

Pullulan, as an exopolysaccharide (EPS), is synthesized in the cell
wall membrane and then exuded out to the cell surface to form slimy
layer. This polymer is a linear glucan with maltotriose (a trisaccharide
formed from three glucoses linked by (1 → 4) linkages) repeating
units connected by (1→ 6) linkages [11,12]. Therefore, it can be stated
that this polysaccharide is composed of Alpha-D-glucopyranosyl units
which are linked either (1→ 4) or (1→ 6) linkages. The regular alterna-
tion of (1 → 4) and (1→ 6) bonds led to creation of specific properties
such as adhesive ability, capability to form fibers and strong oxygen im-
permeable films [13,14], good water solubility, biocompatibility and
biosafety [15]. Because of the good features, pullulan and its derivatives
have various applications in food, chemical, pharmaceutical,

photographic, lithographic and electronic industries [16]. Also, genetic
studies have shown that α-phosphoglucose mutase (PGM, EC 5.4.2.2),
UDP-glucose pyrophosphorylase (UGP, EC 2.7.7.9) and
glucosyltransferase (FKS, EC 2.4.1.34) are three essential enzymes in-
volved in pullulan biosynthesis [17,18]. Although the genes encoding
these enzymes were identified, the complete mechanism of pullulan
biosynthesis has been remained unclear [19].

It is certain that the production yield and the properties (such as
flow behavior and emulsifying activity) of pullulan produced by differ-
ent strains of A. pullulans can be different. Therefore, the optimization
of production process conditions (pH, concentrations of carbon and ni-
trogen sources) and also, the properties investigation of the produced
pullulan fromdifferent strains are necessary. Response SurfaceMethod-
ology (RSM) is one of the statistical techniques used for modeling and
analysis of the effective factors, as independent variables, on the yield
of ultimate products as dependent variables [20–23].

So far, pullulan production from A. pullulans has been investigated in
several studies [24–30]. However, the production of this biopolymer
from new strains of A. pullulans is very attractive due to its importance
and wide application in various industries. Therefore, in this study, we
isolated a high yielding and non-melanin producing strain of
A. pullulans from the Khyroodkenar forest in Iran and optimized the
effect of the process variable on the yield of pullulan production using
Box-Behnken response surface design. Also, the relationship between
increasing production yield and the expression of the most important
genes (pgm: α-phosphoglucose mutase enzyme encoder, ugp: UDP-
glucose pyrophosphorylase enzyme encoder and fks:
glucosyltransferase enzyme encoder) involved in pullulan production
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was investigated. In final, some properties of produced pullulan by
mentioned strain in optimum conditions such as flow behavior, emulsi-
fying, structural and thermal properties were determined.

2. Materials and methods

2.1. Raw material and reagents

Ammonium hydrogen sulfide, sodium chloride, magnesium sulfate,
potassiumhydrogen phosphate, ferric sulfate, zinc sulfate, sucrose, fruc-
tose, glucose, galactose, xylose, mannose, yeast extract, malt extract,
urea, sodium nitrite, sodium hydroxide, hydrochloric acid, sodium
azide, agar and potato dextrose agar were bought fromMerck Chemical
Co. (Darmstadt, Germany). pepton was supplied by Sigma Chemical Co.
(St. Louis, MO, USA). Also, all other reagents and chemicals were of an-
alytical grade.

2.2. Isolation of A. pullulans

A large number of leaf samples were collected randomly from
Kheyroodkenar forest of Nowshahr in north of Iran. The leaves were
first divided into small pieces and then were soaked in 25 ml distilled
water for 3 days (~25 °C). 0.1 ml of mentionedmixture was transmitted
to 10 ml of the MSM (Minimal Salt Medium) that was containing; 1 g
(NH4)2HPO4; 0.5 g NaCl; 0.5 g MgSO4. 7H2O; 2 g K2HPO4; 0.01 g
FeSO4; 0.01 gMnSO4; 0.01 g ZnSO4; 10 g sucrose and 10 g chloramphen-
icol in 1 L of distilled water (pH 4.0; adjusted by HCl). After two days
shaking at ~ 25 °C, about 20 μl of the supernatant containing yeast
forms was spread on minimal salt agar medium. After 4 days, the inde-
pendent colonies (20 colonies) were purified by repeating on thewater
agar medium. The fungi were maintained on PDA slants at ~ 4 °C and
were subcultured every two weeks [1].

2.3. Pullulan production by A. pullulans isolates

Two loops of yeast colonies were transmitted from PDA medium to
250 ml Erlenmeyer flasks containing 100 ml of inoculum medium (3 g
of yeast extract; 5 g of peptone; 3 g of malt extract and 10 g sucrose
per liter of distilled water in pH of 5.5). Then, the culture was incubated
for 3 days (~ 25 °C, 200 rpm) in a shaking incubator (Stuart Orbital Incu-
bator S150, Staffordshire, UK). In thenext step, 5ml (5%v/v) of inoculum
mediumwas transferred to 250ml Erlenmeyer flasks containing 100ml
synthetic medium (50 g sucrose; 2.0 g yeast extract; 5.0 g K2HPO4; 0.2 g
MgSO4.7H2O; 1.0 g NaCl and 0.01 g FeSO4 per liter of deionizedwater in
pHof 6.5) and incubated (28 °C, 200 rpm). After sevendays, the biomass
was first separated by centrifuge (Sigma 8KS, Osterode am Harz,
Germany) at 15000 ×g for 20 min at 4 °C, and then for precipitation of
EPSs, the cold ethanol was added to the cell free culture broth in ratio
of 2:1 v/v and was placed in a refrigerator (4 °C, 12 h). In the next
step, the supernatant was separated from mixture by centrifugation
(15,000 ×g, 4 °C, 20 min) and then for purification, the obtained precip-
itate was dissolved in distilled water and precipitated by ethanol (ratio
of 2:1 v/v), low temperature (4 °C, 12 h) and centrifugation (15,000 ×g,
4 °C, 20min), respectively. This purification processwas repeated twice.
In final, the purified precipitate was dried at 50 °C until reach to con-
stant weight and the production yield of different isolates was reported
based on gram pullulan per liter initial solution (g/l) [26,31]. Among
these 20 strains, the isolate with the highest production yield was se-
lected for further experiments.

2.4. Morphological analysis

Morphological properties of selected strain were conducted by an
optical microscope (Olympus, BH2, Japan). For this purpose, the
A. pullulans isolate was inoculated on the PDA plate and placed in an

incubator (~ 25 °C) for 6 days. Afterward, the obtained plate was used
for morphological analysis.

2.5. Molecular characterization

Fresh cells of the selected strain were harvested from the PDA me-
dium by centrifugation (6000 ×g, 4 °C, 10 min). After adding cetyl
trimethylammonium bromid (CTAB) buffer and 5% sodium dodecyl sul-
fate (SDS), they were placed in incubator (65 °C, 2 h). Then, the phenol
and chloroform solutions were added in equal amounts and the sample
was washed with cold ethanol. In the next step, teris-EDTA (TE) buffer
(50 μl) was added and total genomic DNAwas extracted. To assessment
of phylogenetic relationships among the selected strain and the other
identified strains, amplification and sequencing of internal transcribed
spacer (ITS) were accomplished using the primers IT1 and IT4. Eventu-
ally, the gene sequences and the similarity of gene sequences were an-
alyzed by CLUSTAL X program and Gen-Bank BLASTN, respectively
[32,33].

2.6. Effect of different carbon and nitrogen sources on the production of
pullulan

After selection of the best strain, one factor at a time designwas used
to select the best source of carbon and nitrogen for reach to maximum
production yield [5,29,34]. For this purpose, the carbon (glucose, su-
crose, fructose, mannose, galactose and xylose) and nitrogen (peptone,
yeast extract, urea, ammonium sulfate and sodiumnitrite) sourceswere
variable, while other factors were constant (for carbon: 50 g carbon
source (variable); 2.0 g yeast extract; 5.0 g K2HPO4; 0.2 g MgSO4.7H2O;
1.0 g NaCl and 0.01 g FeSO4 per liter of deionized water in pH of 6.5 and
for nitrogen: 2.0 g nitrogen source (variable); 50 g sucrose; 5.0 g
K2HPO4; 0.2 gMgSO4·7H2O; 1.0 g NaCl and 0.01 g FeSO4 per liter of de-
ionized water in pH of 6.5). Eventually, the carbon and nitrogen sources
with maximum production yield were selected for pullulan production
optimization.

2.7. Optimization of pullulan production and statistical analysis

Box–Behnken design is a widely used design for optimization of var-
ious factors. Its main advantage is the simultaneous investigation of in-
dividual and interactive effects of process variables on the response by a
low number of experiments [35]. Therefore, after selection of the best
carbon (sucrose) and nitrogen (yeast extract) sources, this design
with three variables (pH, sucrose concentration and yeast extract con-
centration) in three levels was used to achieve maximum production
yield, when the independent variables were “in range”. (Table 1). It
should also be noted that the production process was carried out as
stated in Section 2.3. All statistical analysis and graphicswere conducted
by Design Expert (version 7.0.0, Stat-Ease Inc., Minneapolis, MN, USA)
and Excel (version 2010, Microsoft Corporation, Redmond, WA, USA)
softwares.

2.8. Gene expression evaluation by Real Time PCR

2.8.1. RNA extraction
In this part, the gene expression was evaluated according to the de-

scribed method by Ju et al. [36], with minor modifications. For this pur-
pose, the fresh cells of selected strain were first harvested from the PDA
medium in the exponential phase (7 days) by centrifugation (6000 × g,
4 °C, 10min) and then twicewashedwith deionizedwater. For RNA ex-
traction by Thermo Kit, CTAB buffer (100 μl), 5% SDS buffer (100 μl) and
beta-mercaptoethanol (20 μl) were added to the sample under a chem-
ical hood and incubated at 65 °C for 10 min. Then, phenol-chloroform-
isoamyl was added and the sample was centrifuged (12,000 × g, 4 °C,
10 min). The supernatant was transferred to a new tube and 300 μl of
chloroform solution was added and centrifuged at mentioned
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conditions. Afterward, the supernatantwas again added to thenew tube
and the cold isopropanol (1 ml) was poured inside it. The sample was
placed at about −20 °C for 1 h and then centrifuged (12,000 × g, 4 °C,
10 min). The cold ethanol (70%) was following added to supernatant
and the centrifuge step was repeated in the same conditions (12,000
× g, 4 °C, 10 min). The sample was dried in a plate underneath the
hood and 30 μl of Diethyl pyrocarbonate water (DEPC water) was
added to prevent degradation by RNases. Nanodrape (2000c, Thermo
Scientific) was used to measure the sample concentration.

In the next stage, to purify the extracted RNA, 1.5 μl DNase Ι enzyme
(Fermentase, USA) and 1.5 μl restriction enzyme buffer was added to
the 3 μg of RNA and then its volume was reached to 15 μl by DEPC
water and placed at ~ 37 °C for 30 min. Then, in order to disable the
DNase enzyme, 2 μl of EDTA (50 mM) buffer was added and placed at
70 °C for 15 min. Finally, after nanodrop quantification, the samples
were kept at about −80 °C until next experiment.

2.8.2. Synthesis of complementary DNA (cDNA)
For synthesis of cDNA by Termo Fast Kit, 0.5 μl of Oligo (dT) primer,

0.2 μl of RH (RandomHexamer)were added to the 2 μg of RNA and then
its volumewas reached to 10 μl by DEPC water and placed at ~ 60 °C for
10 min. After that, reverse transcriptase enzyme and RI (RNase inhibi-
tor) were added and placed at ~ 42 °C for 90 min.

2.8.3. Gene expression evaluation by real-time PCR
The real-time PCR (Step One, Applied Biosystem) was used to mea-

sure the transcription levels of pgm 1, ugp, and fks genes (PGM, UGP,
and FKS enzymes- encoding genes, respectively). The sequences of the
primers used for the amplification of the genes were designed by
OLIGO7 software and listed in Table 2.

The amplification of cDNAwas performed using 0.5 μl of SYBR green
master mix (2×) (Takara, Japan), 0.25 μl of forward primers, 0.25 μl of
reverse primers, 2 μg of cDNA and DEPC water (up to 10 μl). The ampli-
fication reaction was under the following conditions: initial denatur-
ation at 94 °C for 120 s followed by 40 cycles of denaturation at 94 °C
for 30 s, primer annealing at 60 °C for 30 s and elongation step at 72
°C for 20 s. The experiments were performed in three replications in a
96-well plate (Bio-Rad). The act1 gene was used (as the reference
gene) to normalize all samples. The relative expression level of the tar-
get genes was calculated using a relative standard curve.

2.9. Flow behavior of pullulan solution

The flow behavior of the aqueous solutions of commercial and pro-
duced pullulan in four concentrations of 2, 4, 6 and 8%w/v was investi-
gated by a rotational programmable viscometer (LVDV-II Pro,
Brookfield Engineering Inc., USA) with a LV spindle at 25 °C. For this in-
tention, the shear rate was programmed from 1 to 120 s−1 and the ob-
tained data was fitted to the Power law model according to (Eq. (1)):

τ ¼ k:γn ð1Þ

where τ is the shear stress (Pa), γ the shear rate (s−1), k the flow con-
sistency index (Pa sn), and n is the flow behavior index.

2.10. Emulsifying properties activity (EA) and emulsion stability (ES)

In this section, emulsifying activity (EA) and emulsion stability (ES)
of pullulan solution was measured by adding 5 ml of sunflower oil to
5ml pullulan solution (1.5%w/v) containing 0.02% bacteriocide (sodium
azide). Thereafter, the samples were mixed with ultra-turax at 10000 ×
g for 4min and centrifuged at 4000 × g for 5min. The EAwas computed
as follows [37,38]:

EA %ð Þ ¼ Volume of the emulsion phase
Total volume of system

� 100 ð2Þ

The emulsion stability of pullulan solutions was determined after 1
and 30 days at 4 and 25 °C. For this purpose, the produced emulsions
were centrifuged at 4000 × g for 4 min and then, the ES was computed
as follows [39]:

ES %ð Þ ¼ The remaining emulsified layer volume
The initial emulsified layervolume

� 100 ð3Þ

2.11. Fourier transform infrared spectroscopy (FTIR)

FT-IR spectrum of pullulan (in the range of 4000–450 cm−1) was
drawn by Perkin Elmer FTIR spectrometer (Perkin Elmer co., MA, USA)
with KBr pellet method and the result was compared with the obtained
spectrum from commercial pullulan (TCI chemicals, Tokyo).

2.12. X-ray diffraction (XRD) analysis

The XRD pattern of the pullulan sample was obtained by an X-ray
diffractometer (EQuniox 3000, Inel, France). For this purpose, the
pullulan powder was irradiated with Cu-Kα radiation, 2θ of 5°-100°
and scanning speed of 0.01°/s.

2.13. Thermo gravimetric analysis (TGA)

TGA was performed by a thermo gravimetric analyzer (Perkin–
Elmer, Pyris) with an alumina cell. In this section, the sample heating,

Table 1
Box-Behnken design matrix with independent variables (pH, sucrose concentration (SC)
and yeast extract concentration (YEC)) and their levels, experimental yield (EY) and pre-
dicted yield (PY, g/l) of pullulan.

Factors Unit Actual levels

-1 0 +1

(X1) pH – 4.0 6.5 9.0
(X2) SC %w/v 1.0 3.5 6.0
(X3) YEC %w/v 0.20 0.45 0.70

Run pH SC YEC EY PY

1 4.0 1.0 0.45 6.60 5.77
2 9.0 1.0 0.45 6.00 5.55
3 4.0 6.0 0.45 13.10 13.55
4 9.0 6.0 0.45 16.60 17.42
5 4.0 3.5 0.20 13.70 14.56
6 9.0 3.5 0.20 15.10 15.58
7 4.0 3.5 0.70 5.90 5.41
8 9.0 3.5 0.70 8.90 8.03
9 6.5 1.0 0.20 13.50 13.46
10 6.5 6.0 0.20 39.80 38.48
11 6.5 1.0 0.70 19.00 20.31
12 6.5 6.0 0.70 14.90 14.93
13 6.5 3.5 0.45 16.00 14.26
14 6.5 3.5 0.45 15.20 14.26
15 6.5 3.5 0.45 11.60 14.26

Table 2
Genes, primers, Tm, and the length of amplified PCR products for transcriptional analysis
by qRT-PCR.

Gene Primer Sequences, 5′ → 3’ Tm (°C) PCR product (bp)

act1 F(ACTIN1) GTTGTCCCCATCTACGAAGGTTTC 59.3 163
R(ACTIN1) GCTTCTCCTTGATGTCACGAACG 59.7

pgm1 F(PGM1) CCGCTTCTCATATCATCCGCATC 59.2 175
R(PGM1) GTGAGGGTCTTGGAGGTGTCG 59.6

ugp F(UGP) TCATCCCCAACGGCAAGTCG 59.8 172
R(UGP) AGCATCAAGTCGGAGCAGGTC 59.6

fks F(FKS) AGAAGACCGAGAAGGACACTGC 59.5 126
R(FKS) TCTGAGAACGGAGCGATGCC 59.7
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under nitrogen flow of 100 ml/min, was done in range of 30–600 °C
with ramping rate of 10 °C/min.

3. Results and discussion

3.1. Selection of the best pullulan producer

Twenty strains suspected to be A. pullulans were isolated from the
collected samples, according to the phenotypic properties and ability
of exopolysaccharide (EPS) production. Table 3 shows that the EPS pro-
duction of strainswas varied from4.9 to 29.1 g/l and the highest value of
EPSwas produced byM11 strain. The strain colony had a pale pink color
with slimy surface, which is probably due to hyaline blastospores [40].
Also, a number of specified forms were observed: Branched septate hy-
phae, endoconidium, conidium, arthroconidium and chlamydospore
(Fig. 1A). All these phenotypic properties of the isolate are identical to
those of A. pullulans.

For confirm of this subject, the molecular analysis was also done.
Phylogenetic tree created by internal transcribed spacer (ITS) in
Fig. 1B showed that strain M11 (with access number of MG271838),
as a new strain, is phylogenetically similar to other A. pullulans strains
and belongs to this family.

3.2. Selection of the best carbon and nitrogen sources

Carbon and nitrogen sources are the most important factors in the
cell metabolism and pullulan synthesis. For selection of the best carbon
source, sucrose, glucose, fructose, galactose, mannose and xylose were
used in concentration of 50 g/l, while other factors were constant. The
obtained results showed that although the pullulan production by
A. pulluans MG271838 was high for glucose, the maximum production
of the exopolysaccharide was due to sucrose (Fig. 2A), which is in line
with many studies [41–43].

For selection of the nitrogen source, ammonium sulfate, peptone,
yeast extract, urea and sodium nitrite in concentration of 2.0 g/l were
used as variable and other factors were considered constant. Fig. 2B
shows that the highest production yield of pullulan is relate to yeast ex-
tract. This result is in agreement with many reports [44–46].

3.3. Optimization and statistical analysis

After selection of sucrose and yeast extract as carbon and nitrogen
sources, Box-Behnken response surface experimental design with

three variables (pH, sucrose concentration and yeast extract concentra-
tion) in three levels and three replications at the center point was used
for optimization of pullulan production from A. pulluans MG271838.

The results related to production yield of runs were shown in
Table 1. Optimization with mentioned design indicated that the maxi-
mum production was 38.57 g/l in pH of 6.76, sucrose concentration of
6%w/v and yeast extract concentration of 0.2%w/v. For confirm, three
experiment were done in optimum conditions and production yield
was 37.55 ± 0.45 g/l, which was close to predicted value.

Analysis of variance results (ANOVA) were shown in Table 4. As can
be seen, p-value of model is lower than 0.05 and lack-of-fit is insignifi-
cant, which show themodel is highly significant and can predict the re-
sponse [47]. Also, the determination coefficient was 98.03%, which
shows only 1.97% of data is unexplained (98.03% of data are in agree-
ment with model [48]. The predicted quadratic model for pullulan pro-
duction yield is as follows:

Production yield %ð Þ ¼ 14:27þ 0:91X1 þ 4:91X2−4:71X3−7:30X2
1

þ 3:60X2
2 þ 3:93X2

3 þ 1:03X1X2
þ 0:40X1X3−7:60X2X3 ð4Þ

where Xi is a coded value (see to Table 1).

3.4. The effect of independent variables on the pullulan production yield

The pH factor has effect on the cellular morphology as well as the
cellular metabolic activity. Therefore, this factor has an important role
in the production of metabolic enzymes and thereby, pullulan produc-
tion [18]. Fig. 3 showed that with increase in pH, the production yield
of pullulanwasfirst increased and thendecreased. OptimumpH for pro-
duction of pullulan is probably due to the type of A. pullulans strain and
medium condition [13]. So, the various strains in different mediums
may have different production yield. For instance, Sugumaran et al.
[49] reported the optimum pH of 6.6 for pullulan production from the
Asian palm.

The nitrogen source is a key factor in pullulan production and the
many studies indicated that the best condition for production of this
exopolysaccharidewas created in its low concentration [50]. Our results
also showed that the yield production of pullulan was decreased with
increasing the yeast extract concentration (Fig. 3). Generally, increase
in nitrogen source concentration leads to increasing biomass and de-
creasing product concentration which is in line the results reported by
Singh et al. [25] and Sheng et al. [51].

Carbon source is another effective factor on the pullulan production
by A. pullulans, which its concentration usually had a direct relationship
with production yield [3]. Fig. 3 showed that by increasing sucrose con-
centration, production yield of pullulanwas increased. This resultwas in
line with reports of Göksungur et al. [45] and Chi et al. [52]. However, it
should also be noted that the excessive increase in carbon source can
lead to decreasing the production yield that is due to its osmotic pres-
sure and the negative effect on the fermentation rate and thereby, de-
crease in pullulan synthesis [53].

3.5. Evaluation of gene expression

As mentioned earlier, fks, pgm and ugp genes are the most impor-
tant in pullulan production,which their expression has a direct relation-
ship with production of the exopolysaccharide [54]. In this section, the
expression of mentioned genes in A. pulluans MG271838 separated
from basic medium (pH of 6.5, sucrose concentration of 5%w/v and
yeast extract concentration of 0.2%w/v), optimal medium (pH of 6.76,
sucrose concentration of 6%w/v and yeast extract concentration of
0.2%w/v) and the medium with the least production yield (pH of 4, su-
crose concentration of 3.5%w/v and yeast extract concentration of 0.7%
w/v) was compared. Fig. 4 showed that the expression of all three
genes for optimum medium was higher than the medium with the

Table 3
EPS production for each isolate. M1–20 is a codded value for isolates ob-
tained from leaves with ability of exopolysaccharide (EPS) production.

Isolate Pullulan production yield (g/l)

M1 12.0
M2 17.1
M3 12.3
M4 8.9
M5 12.1
M6 15.4
M7 21.0
M8 9.5
M9 12.8
M10 8.5
M11 29.1
M12 19.1
M13 4.9
M14 25.1
M15 11.2
M16 7.8
M17 28.0
M18 12.7
M19 7.2
M20 16.0
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least yield, which confirmed higher production yield in optimum me-
dium. In another study, Ju et al. [36] obtained a similar result for the
transcriptional levels of pgm and fks genes.

3.6. Viscosity measurement

In this study, the flow behavior of the obtained and commercial
pullulan solutions in different concentrations (2, 4, 6 and 8%w/v) was
analyzed at room temperature (Fig. 5). As shown in Fig. 5, the apparent
viscosity of pullulan solutions was increased by increasing concentra-
tion. However, pullulan solutions had the different flowbehavior in var-
ious concentrations. As can be seen, pullulan solutions in concentrations
of lower than 8%w/v had a Newtonian behavior (n≈ 1), while with in-
creasing concentration to 8%w/v, the flow behavior was changed to
pseudoplastic (n b 1). The pseudoplastic flow behavior of pullulan can
be due to the separation of exopolysaccharides from each other, align-
ment of them with the shear field and thereby decrease in viscosity
up to an approximately constant value [55]. The similar change in
flow behavior with increasing concentration was reported for pullulan
and other polysaccharides [53,56,57].

3.7. Emulsifying properties

In this part, emulsifying properties of pullulan produced from
A. pullulans MG271838 under optimum condition (pH of 6.76, sucrose

concentration of 6%w/v and yeast extract concentration of 0.2%w/v)
was evaluated. The emulsifying activity of pullulan was 58% at 25 °C.
Also, the stability of emulsions was 88.4 and 81% after 1 day and 88
and 79.5% after 30 days (in 4 and 25 °C, respectively). Therefore, it can
be said that the emulsions were more stable in low temperature.
These results were in agreement with obtained data from other studies
[58,59]. The previous studies indicated that the emulsifying properties
of pullulan is probably attributed to the presence of very low amounts
of peptide moieties of culture medium in the obtained pullulan and
also the viscosity of this polysaccharide solution that can disperse the
oil droplets [60].

3.8. Fourier transform infrared spectroscopy

The FTIR spectrumof pullulanproduced fromA. pullulansMG271838
in optimum conditions (pH of 6.76, sucrose concentration of 6%w/v and
yeast extract concentration of 0.2%w/v) was shown in Fig. 6A. Also, the
obtained pulluan spectrum was compared with commercial sample in
Table. 5. The absorption region between 3300 and 3500 cm−1 is related
to the hydroxyl groups of sugar units that are widely observed in the
polysaccharide structure. The peak between 2800 and 3000 cm−1 is
due to the symmetric and asymmetric bonds of C\\H in the target sam-
ple [24]. The absorption peaks of 1617.31, 1369.14, 1156.83, 1016.62
and 925.53 cm−1 are attributed to O-C-O, C-OH, C-O-C, C\\O and

Fig. 1. (A) The obtained morphology of A. pullulans strain M11 (MG271838) by an optical microscope (Olympus, BH2, Japan) with 40× magnification; (B) the neighbor-joining tree of
A. pullulans strain M11 (MG271838).
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glucopyranoside bonds, respectively [26,61]. Therefore, FTIR spectros-
copy confirmed the chemical structure of pullulan.

3.9. XRD analysis

The XRDpattern of obtained pullulan under optimal production con-
ditions (pH of 6.76, sucrose concentration of 6%w/v and yeast extract
concentration of 0.2%w/v) is present in Fig. 6B. As can be seen, a broad
peak is exist at 2θ = 20° and so, the pullulan has an amorphous

structure. This observation is similar to the reported results by Trovatti
et al. [62] and Sugumaran et al. [49].

3.10. Thermo gravimetric analysis

The thermal stability of pullulan is a key factor in its applications.
In this step, the thermal properties of the exopolysaccharide were
evaluated by TGA. Fig. 6C showed that the thermal decomposition
of pullulan extracted under optimal production conditions was
started at about 300 °C. This result was close to data reported by

Fig. 2. Effect of different carbon (glucose, sucrose, fructose, mannose, galactose and xylose) and nitrogen (peptone, yeast extract, urea, ammonium sulfate and sodium nitrite) sources on
pullulan production by A. pullulansMG271838: (A) for selection of the best carbon source: 50 g/L carbon source (variable) and 2.0 g/L yeast extract; (B) for selection of the best nitrogen
source: 2.0 g/L nitrogen source (variable) and 50g/L sucrose. Other componentswere constant: 5.0 g K2HPO4; 0.2 gMgSO4.7H2O; 1.0 g NaCl and 0.01 g FeSO4 per liter of deionizedwater in
pH of 6.5. a-eDifferent letters in each figure indicate significant differences (p b 0.05).

Fig. 3. 3-D response surface showing the effect of pH, sucrose concentration (SC: %w/v) and yeast extract concentration (YEC: %w/v) on the pullulan production yield: (A) effect of SC and
pH on the production yield with YEC of 0.45%w/v; (B) effect of YEC and pH on the production yield with SC of 3.5%w/v; (C) effect of YEC and SC on the production yield with pH of 6.5.
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Fig. 4. The expression of fks, pgm and ugp genes of A. pullulansMG271838 separated from themediumwithminimumproduction yield of pullulan (MM: pH of 4, sucrose concentration of
3.5%w/v and yeast extract concentration of 0.7%w/v), basicmedium(BM: pHof 6.5, sucrose concentration of 5%w/v and yeast extract concentration of 0.2%w/v) andoptimalmedium(OM:
pH of 6.76, sucrose concentration of 6%w/v and yeast extract concentration of 0.2%w/v).

Fig. 5. The flow behavior of the solutions of (A) obtained pullulan under optimum condition (pH of 6.76, sucrose concentration of 6%w/v and yeast extract concentration of 0.2%w/v) and
(B) commercial pullulan in concentrations of 2, 4, 6 and 8%w/v. n and k for various concentrations are flow consistency index and flow behavior index, respectively.
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Sugumaran et al. [49] and Oğuzhan and Yangılar [63]. These re-
searchers reported that the thermal decomposition of pullulan was
started at 250 °C and 250–280 °C, respectively.

4. Conclusion

In this study, 20 isolates with the ability to produce pullulan were
obtained from many leaf samples and strain with maximum produc-
tion yield was selected. The molecular analysis showed that the se-
lected isolate was a new strain of Aureobasidium pullulans

MG271838. In the next step, themedium conditions for pullulan pro-
duction by the selected strain were optimized by Box-Behnken re-
sponse surface experimental design with three variables in three
levels. The results indicated that the maximum production yield
(37.55 ± 0.45 g/l) was obtained in pH of 6.76, sucrose concentration
of 6%w/v and yeast extract concentration of 0.2%w/v. XRD pattern
and thermogravimetric analysis indicated that the obtained pullulan
had an amorphous structure and high thermal stability, respectively.
Also, FTIR spectroscopy confirmed the chemical structure of pullulan
in the obtained supernatant.

Fig. 6. (A) FTIR spectrum of obtained pullulan; (B) XRD pattern of obtained pullulan; (C) thermo gravimetric analysis of obtained pullulan. All the figures are related to the pullulan
obtained in optimal conditions: pH of 6.76, sucrose concentration of 6%w/v and yeast extract concentration of 0.2%w/v.
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Assignments of FTIR wavenumbers in the range 4000–500 cm−1 of pullulan obtained un-
der optimum production conditions (OCP) and commercial pullulan (CP).

FTIR wavenumber (cm−1) Assignments

OCP CP

3428.49 3422.33 O-H
2923.81 2920.98 C-H
1617.31 1625.87 O-C-O
1369.14 1465.13 C-O-H
1156.83 1166.68 C-O-C
1016.62 1111.66 C-O
925.53 993.98 glucopyranoside

Table 4
The results of analysis of variance (ANOVA) for regression model of pullulan production
yield.

Source Sum of squares DF Mean square F-value p-value

Model 901.67 9 100.19 27.58 0.001
Linear 339.17 3 113.07 31.12 0.001
Square 326.62 3 108.87 29.97 0.001
Interaction 235.88 3 78.63 21.64 0.003
Residual error 18.16 5 3.63
Lack-of-fit 7.18 3 2.39 0.44 0.752
Pure error 10.99 2 5.49
Total 919.83 14
R2 0.9803
Adj R2 0.9447
Pred R2 0.8483
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