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Abstract
The objective of this study was to optimize the fermentation parameters by using 
response surface methodology for increasing pullulan production of Aureobasidium 
pullulans AZ-6 in synthetic fermentation medium. The optimum conditions were 
determined as follows: the initial sucrose concentration (X1): 100  g/L; the initial 
peptone concentration (X2): 11.31 g/L; the initial pH (X3): 6.48; and the temperature 
(X4): 24.2  °C. In the optimum conditions, the maximum exopolysaccharide (EPS) 
concentration (Y1), the maximum pullulan concentration (Y2), the specific growth 
rate (Y3), the maximum specific pullulan formation rate (Y4), and the pullulan yield 
(Y5) were expected to be obtained as 37.078 and 35.372 g/L, 0.062 h−1, 0.021 [g pul-
lulan/(g mo.h)], and 53.681%, respectively. The observed values of Y1, Y2, Y3, Y4, 
and Y5 were 36.950 g/L, 35.470 g/L, 0.064  h−1, 0.036 [g pullulan/(g mo.sa)], and 
54.480%, respectively, as a result of validation experiments. EPS samples were char-
acterized by Fourier-transform infrared spectroscopy and scanning electron micro-
scope analyses. The optimization process caused more than a 50% increase in EPS 
and pullulan concentrations. This study showed that the color-variant A. pullulans 
AZ-6 strain could become a significant industrial strain if it is explored further in the 
future to produce pullulan on a larger scale.
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Introduction

Pullulan is an extracellular water-soluble homopolysaccharide produced by a yeast-like 
fungus A. pullulans [1]. It is usually defined as α-(1 → 6) linked linear polymer of mal-
totriose subunits [2]. Some distinctive properties of pullulan, such as structure flexibility, 
enhanced water-solubility, and excellent film- and fiber-forming properties, are attributed 
to regular alternation of α-(1 → 4) and α-(1 → 6) linkages in the ratio of 2:1 [3]. All these 
properties have made pullulan a potential candidate for many applications in the food, 
pharmaceutical, cosmetic and biomedical industries [4]. However, despite these benefits, 
the industrial production of pullulan has been limited due to the cost of medium constitu-
ents [5].

Many efforts have been devoted to optimizing the fermentation conditions to 
improve the pullulan yield and decrease the process cost [6]. In this regard, the RSM, 
which is used to identify the impacts of multiple factors influencing responses by modi-
fying them simultaneously and conducting a small number of tests, is highly effective 
[6–9]. RSM is a collection of mathematical and statistical techniques useful for mod-
eling and analysis of problems [10]. Central composite rotatable design (CCRD) is a 
widely used statistical technique for determining the key factors out of a large number 
of fermentation parameters by carrying out a small number of experiments. Fermenta-
tion parameters effecting pullulan production include carbon and nitrogen sources in 
the fermentation medium and their initial concentrations, dissolved oxygen levels, ini-
tial pH of the medium, temperature, fermentation time, and fungal strain.

The aim of this research was to determine the A. pullulans strain producing the high-
est concentration of pullulan and to optimize the various parameters effecting this strain’s 
pullulan production. First, the strain capable of producing the highest concentration of 
pullulan was selected among the seven different A. pullulans strains. Then, the effects of 
various carbon source and nitrogen source combinations on the pullulan production of 
this selected strain were investigated. Finally, the effects of four different fermentation 
parameters (initial sucrose and peptone concentrations, initial pH and temperature) on 
five different dependent variables (maximum EPS and pullulan concentrations, specific 
growth rate, maximum specific pullulan formation rate, and pullulan yield) were deter-
mined following CCRD and optimum fermentation conditions were determined by using 
RSM.

This study is a first in the literature in terms of optimization of pullulan production 
of domestic A. pullulans AZ-6 strain in synthetic fermentation medium. In addition, the 
color-variant characteristic of the A. pullulans AZ-6 strain is essential for the absence 
of melanin during pullulan formation and for potential commercial applications of this 
strain.

Materials and methods

Aureobasidium pullulans strains and selection

Aureobasidium pullulans strains used in this study and their isolation sources 
are listed in Table  1. These microorganisms were provided from various culture 
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collections in lyophilized form or as slant cultures. Among the strains, the domestic 
A. pullulans AZ-6 strain had been isolated from fresh Gemlik olives in our previous 
study [11]. Aureobasidium pullulans strains were kept at 4 °C on yeast extract malt 
extract (YM) slants consisting of (in g/L): yeast extract, 3; malt extract, 3; peptone, 
5; glucose, 10; and agar, 15. Cultures stored in YM agar were activated in YM broth 
by maintaining consecutive transfers. For long-term preservation, cultures were 
stored in yeast extract peptone dextrose (YEPD) liquid medium containing 20% 
glycerine in a freezer at − 70 °C.

To determine the A. pullulans strain that could produce the highest concentra-
tion of pullulan, preliminary tests were conducted in a fermentation media including 
(g/L) sucrose; 50, (NH4)2SO4; 2.0, yeast extract; 3.0, K2HPO4; 5.0, MgSO4.7H2O; 
0.2, and NaCl; 1.0. Domestic A. pullulans AZ-6 had the highest concentration of 
pullulan among the tested strains (data not shown). Aureobasidium pullulans AZ-6 
was also determined as a color-variant strain that generates pink colonies (Fig. 1) 
and does not produce melanin (a dark brown pigment) during pullulan synthesis. 
The lack of melanin production during pullulan synthesis is a desirable trait. Due 
to its higher pullulan production and being color-variant strain, further fermentation 
experiments were carried out using A. pullulans AZ-6.

Preparation of inoculum

For inoculum preparation, A. pullulans strains were cultured on the YM agar slants 
at 28 °C for 2 days, and the cultures were inoculated into 250 mL cotton-plugged 
Erlenmeyer flasks containing 50  mL of sterile growth media containing (g/L) 
sucrose; 30, (NH4)2SO4; 2.0, yeast extract; 3.0, K2HPO4; 5.0, MgSO4.7H2O; 0.2 and 
NaCl; 1.0. The culture was grown at 28 °C in water bath shakers with a shaking rate 
of 100 strokes/min for 48 h.

Table 1   A. pullulans cultures used in this study

Strain No Collection center Isolation source

A. pullulans BJ20p4 University of Warsaw, Department of Plant Pathogens, 
Poland

Apple

A. pullulans TreCisz2 University of Warsaw, Department of Plant Pathogens, 
Poland

Pear

A. pullulans G.Kaukaska B1 University of Warsaw, Department of Plant Pathogens, 
Poland

Pear

A. pullulans CCF 4532 Charles University, Botany Department, Fungus Collec-
tion, Czechia

Moldy walnut

A. pullulans MAFF 425047 NIAS Culture Collection, Japan Oshima cherry
A. pullulans NBRC 100716 NBRC Culture Collection, Japan Strawberry
A. pullulans AZ-6 Hacettepe University, Department of Food Engineering, 

Turkey
Raw olives
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Equipment and fermentation conditions

Fermentation experiments were conducted in batch systems in shaking water baths 
(Grant SS40-D (UK), Haake SWB-20 (Germany), and Nuve ST-402 (Turkey)) 
with manageable temperature and agitation speed, using 250- and 300-mL flasks 
with a working volume of 50–150 mL. Throughout the experiments, agitation rates 
were kept constant at 100 strokes/minute. In experiments, a sterile fermentation 
medium containing (g/L) sucrose; 50, (NH4)2SO4; 2.0, yeast extract; 3.0, K2HPO4; 
5.0, MgSO4.7H2O; 0.2 and NaCl; 1.0 was used after sterilization in an autoclave at 
121 °C for 15 min.

Determining the effects of different carbon sources and nitrogen source 
combinations on pullulan production of A. pullulans AZ‑6

To determine the effects of the different carbon sources on pullulan production of 
A. pullulans AZ-6, glucose, fructose, sucrose, galactose, or maltose were used as 
a substrate. For this purpose, sucrose in the basal fermentation medium has been 
replaced with the carbon source to be tested, keeping the initial concentration con-
stant at 50 g/L.

Experiments were carried out in 300-mL cotton-plugged Erlenmeyer flasks con-
taining basal fermentation medium in 150 mL working volumes. Inoculations of 5% 
(v/v) were made in the fermentation media from the pre-prepared inoculum culture 
with an initial inoculation concentration of approximately 1 × 107 cells/mL. The cul-
tural method was used to determine the initial inoculation concentration of A. pul-
lulans AZ-6 in fermentation media. Fermentations were performed in agitated water 
baths at 28 °C and at a constant agitation rate of 100 strokes/min.

To determine the effects of different nitrogen sources on pullulan production of 
A. pullulans AZ-6, the fermentation media consisting of (g/L) sucrose, 50; K2HPO4, 

Fig. 1   Colony morphology of 
A. pullulans AZ-6 on YM agar 
after 48-h incubation at 28 °C
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5.0; MgSO4.7H2O, 0.2; NaCl, 1.0, and combinations of various nitrogen sources 
with different concentrations were used. Experiments were carried out by adding a 
total of six different organic or inorganic nitrogen sources to fermentation media in 
various combinations. In these experiments, the total nitrogen concentrations in the 
compositions of the fermentation media to be tested were kept constant to be equal 
(0.739  g/L) to those in the basal fermentation medium. The initial nitrogen con-
centration of each fermentation medium containing two different nitrogen sources 
(organic and inorganic) was 0.739 g/L. The different nitrogen source combinations 
used in the experiments and their initial concentrations in fermentation media are 
given in Table 2.

In the experiments where the effects of different carbon sources and nitrogen 
source combinations on the pullulan production of A. pullulans AZ-6 strain were 
investigated, 10 mL of culture was collected from the fermentation media approxi-
mately every 24 h, and the EPS, pullulan, biomass, and substrate concentrations in 
the samples were determined. Then, graphs showing the changes of the obtained 
data against time were drawn, and maximum EPS and pullulan concentrations, spe-
cific growth rate, substrate consumption rate, and specific pullulan formation rate of 
the A. pullulans AZ-6 strain were calculated for each fermentation medium. After 
the experiments, the carbon and nitrogen combination of the fermentation medium 
in which the A. pullulans AZ-6 strain produced pullulan at the highest concentration 
was determined, and this carbon and nitrogen source combination was used in the 
fermentation mediums in the later stages of the study.

Analytic assays

Determination of biomass concentration

Biomass concentration was calculated as dry cell weight (DCW, g/L). During the 
experiments, 10 mL of culture sample was taken from the fermentation media approxi-
mately every 24 h. The sample was centrifuged (Nuve, NF 200, Turkey) at 5000 rpm 
for 20 min and then the supernatant was separated. The pellet was dried at 80 °C until 
the constant weight [12]. Biomass concentration was expressed as g/L.

Table 2   Different nitrogen source combinations used for pullulan production by A. pullulans AZ-6 and 
their initial concentrations in fermentation media

Nitrogen source mixtures 
in fermentation medium

Organic nitrogen source Initial concen-
tration (g/L)

Inorganic 
nitrogen 
source

Initial 
concentration 
(g/L)

1 Yeast extract 3.00 (NH4)2SO4 2.00
2 Peptone 2.63 (NH4)2SO4 2.00
3 Urea 0.68 (NH4)2SO4 2.00
4 Yeast extract 3.00 NaNO3 2.57
5 Yeast extract 3.00 NH4Cl 1.62
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Determination of exopolysaccharide and pullulan concentrations

The EPS concentration was determined by the precipitation method with cold ethyl 
alcohol [13]. For this purpose, 10 mL supernatant obtained after centrifuging the cul-
ture sample was mixed with 2 volumes of 95% (v/v) cold ethanol and held at 4 °C for 
24 h to precipitate the crude EPS. After vigorous stirring, crude pullulan was separated 
by centrifugation at 4100 rpm for 20 min. After removal of the residual ethanol, the 
precipitate was dried at 80 °C till constant weight. The recovered EPS was estimated as 
g/L.

Pullulan content in the EPS was determined by using an enzymatic method [13]. 
Pure pullulan, on complete hydrolysis with pullulanase, yields only maltotriose and 
maltotetraose and therefore the yield of these oligosaccharides from the exhaustive 
hydrolysis of the EPS can be used to estimate their pullulan content. Hence, pullulan-
containing ethanol precipitates were dissolved in distilled water (20 mg/L) and 0.5 ml 
aliquots were added in tubes containing 0.4 mL phosphate citric acid buffer (pH 5.0) 
and exhaustively hydrolyzed to maltotriose units with 0.1 mL pullulanase (Promozyme 
D2, Sigma, USA) at 40 °C for 2 h. The contents of glucose equivalent of maltotriose 
units were determined spectrophotometrically at 540 nm wavelength using the dinitro-
salicylic acid (DNS) method [14].

In the experiments, pure pullulan (Sigma, USA) sample was used as a standard, and 
all the procedures applied to the analyzed EPS sample were also applied to the pure 
pullulan. During the spectrophotometric measurements, two blanks (enzyme and sub-
strate) were used. Buffer and EPS containing enzyme-free solution were used as the 
enzyme blank, and the sample-free phosphate-citric acid buffer solution was used as 
the substrate blank. The equivalent glucose concentration calculated for the EPS sam-
ple was proportioned to the equivalent glucose concentration obtained for the pure pul-
lulan, and the obtained ratio was multiplied by the concentration of the EPS in the cul-
ture sample taken. The pullulan content in the fermentation broth is expressed as g/L.

Determination of substrate concentration

After removing the pullulan by ethanol precipitation from the cell-free broth, the 
obtained solution was used for the estimation of residual sugar content [12]. DNS 
method was used for the determination of glucose, fructose, galactose, and lactose con-
centrations in fermentation media, whereas the phenol–sulfuric acid method was used 
for the determination of sucrose [14, 15].

Calculation of fermentation parameters

In this study, the maximum biomass, EPS and pullulan concentrations, specific 
microbial growth rates (μ), maximum pullulan formation rates (qp), substrate con-
sumption rate (rs), and pullulan yield percentages were calculated in the fermen-
tation experiments. The specific microbial growth rate for the exponential growth 
phase was calculated from the semi-logarithmic plot of the dry mass data versus 
time. The maximum pullulan formation rate was calculated according to Eq. (1);
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where X is the dry biomass of A. pullulans AZ-6, Cp is the pullulan concentration, 
and t is time.

The substrate consumption rates (rs) were calculated by finding the slope val-
ues at different times from the curves in graphs showing substrate concentrations’ 
changes with time.

In experiments for optimization, pullulan yield (Y5, %) was calculated according 
to Eq. (2);

where Cpm is the highest pullulan concentration obtained during fermentation, SS0 is 
the initial amount of sucrose in the fermentation medium, and SS is the amount of 
sucrose at the time when the highest pullulan concentration is achieved.

All calculations were performed using Origin Pro 8.5 (Originlab Corporation, 
Northampton, USA) software.

Experimental design

In this study, RSM was used in order to determine the effects of various fermenta-
tion parameters on the pullulan production of A. pullulans AZ-6 and to optimize 
the pullulan production. Initial sucrose concentration (20–100 g/L), initial peptone 
concentration (0–12 g/L), initial pH (2.5–8.5), and temperature (24–32 °C) of the 
fermentation medium were selected as the fermentation parameters (independent 
variables) of pullulan production. For the optimization study, a trial version of the 
Design Expert® 10.0.2 (Inc. Minneapolis, USA) software was used and an experi-
mental design was created by using the CCRD method.

The experimental design was conducted at five levels coded as − 2, − 1, 0, + 1, + 2, 
and consisted of 30 experimental points with 24 different combinations, with 6 rep-
etitions at the center point. The coded values (xi) were calculated according to the 
following equation:

where x is the actual variable and xmax and xmin are the maximum and minimum val-
ues of the actual variable [16]. The independent variables and their levels are given 
in Table 3.

In this study, maximum EPS (Y1; g/L) and maximum pullulan concentrations (Y2; 
g/L), specific growth rates of the microorganism, µ (Y3; h−1), maximum specific pul-
lulan formation rates, qp [Y4; g pullulan/(g mo.h)] and pullulan yield (Y5; %) were 
chosen as dependent variables.

(1)qp =
1

X

dCp

dt

(2)Y5 =
Cpm

SS0 − SS
× 100

(3)xi =
x −

[

xmax + xmin

]

∕2
[

xmax − xmin

]

∕2



9146	 Polymer Bulletin (2024) 81:9139–9180

1 3

Statistical analysis

In this study, quadratic model equations that show the effects of independent vari-
ables on dependent variables were derived by using multiple regression analysis 
using the trial version of Design Expert®10.0.2 (Inc. Minneapolis, USA) software.

Model equations of all responses were compatible with the following quadratic 
model equation:

where y is a response, Xi and Xj are independent variables, β0 is a constant coef-
ficient, and βj, βjj and βij are linear, quadratic, and bivalent regression coefficients, 
respectively [17].

The significance of the derived quadratic model for each response was evaluated 
by analysis of variance (ANOVA) combined with the Fisher test by using the soft-
ware. For this purpose, it was examined whether the model was important (p < 0.05), 
the lack of fit of the model was insignificant (p > 0.05), and the value of R2 was 
greater than 0.75 at 95% confidence level. At this stage, the individual, quadratic and 
the binary effects of the variables were determined and the linear (βj), quadratic (βjj), 
and binary interaction (βij) coefficients with p values less than 0.05 were evaluated 
as important at the 95% confidence level. Then, 3-dimensional (3D) graphics show-
ing the binary effects of the independent variables on the dependent variables (the 
other two variables remained constant at the center point) were drawn by the soft-
ware and these plots were examined.

Optimization and validation of optimum conditions

The optimum levels of the variables were obtained by numerical analysis using the 
software. Numerical optimization finds a point that maximizes the desirability func-
tion. For this purpose, the function of “desirability” that ranges from zero to one 
was used after determining the targets for both dependent and independent varia-
bles. Since one of the most important objectives of this study was the production 
of high concentrations of pullulan, the targets for maximum EPS concentration (Y1) 
and the maximum pullulan concentration (Y2) were both set as “maximum”. In the 
optimization study, no target was specified for microorganism specific growth rate 

(4)y = 𝛽0 +

k
∑

j=1

𝛽jXj +

k
∑

j=1

𝛽jjX
2
j
+
∑

i<

k
∑

j=2

𝛽ijXiXj

Table 3   Independent variables 
used in central composite 
rotatable design and their levels

Independent variable Symbol Unit Limits

− 2 − 1 0 + 1 + 2

Sucrose concentration X1 g/L 20 40 60 80 100
Peptone concentration X2 g/L 0 3 6 9 12
pH X3 2.5 4 5.5 7 8.5
Temperature X4 °C 24 26 28 30 32
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(Y3) and pullulan yield (Y5), and the maximum specific pullulan formation rate (Y4) 
was allowed to be “in range”. The targets were set for all independent variables as 
“in range”.

As a result of numerical optimization, different solutions (conditions) proposed 
by the software were evaluated. The solution with the highest desirability value was 
selected as the optimum. A parallel experiment was conducted in these conditions. 
These experiments were performed in a shaking water bath at a constant shaking 
rate of 100 strokes/min in 300 mL flasks in 150 mL media. In the experiments, ana-
lytic assays were conducted according to Sect. “Analytic assays”. The suitability of 
the obtained responses in the optimum conditions was evaluated by determining 
whether these values were between the maximum and minimum predicted values at 
the 95% confidence level.

Characterizations of EPS samples

To characterize EPS samples including high concentration of pullulan produced 
under optimum conditions, a series of analyses were carried out. First, their molecu-
lar structure characterized with a FT-IR spectrophotometer (Shimadzu, FT-IR-8101, 
Japan) by using a method of Mishra and Vuppu [18] with slight modifications. For 
this analysis, the dried 2 mg EPS sample was homogenized in an agate mortar and 
mixed with 80 mg of KBr homogenously. This mixture was then pelleted using a 
hydraulic press (Shimadzu, Japan). The FT-IR absorbance spectra were obtained in 
the wavenumber region of 4000–400 cm−1 with 40 scans at a resolution of 4.0 cm−1. 
The molecular structures of EPS samples were also determined by using a SEM 
(Quanta FEG 450, FEI, Amsterdam, Netherlands). FT-IR spectroscopy and SEM 
analysis were also conducted for standard synthetic (Sigma Chemical Co., St. Louis, 
MO, USA) and commercial pullulan (Hayashibara Co., Ltd.) samples.

The molecular weights of EPS samples were determined by using the relation 
between molecular weight and intrinsic viscosity [19, 20]. For this purpose, dilu-
tions (1–5  g/100  mL) of pullulan samples were prepared in distilled water. The 
Brookfield DV-II Pro (Brookfield, Middleboro, MA) model viscometer with LV-II 
(62) type spindle was used to measure the viscosities (η) of these solutions at a mix-
ing speed of 100 rpm at 20 °C.

The relative viscosities (ηr) of EPS solutions were determined by using Eq. (5).

where η is the viscosity of the EPS solution at 20 °C and η0 is the viscosity of the 
water at the same temperature.

Specific viscosities (ηsp) of EPS solutions were calculated by using Eq. (6).

The specific viscosity varies depending on the concentration of the solution, and 
this change is expressed by the Huggins correlation (Eq. (7)):

(5)�r =
�

�0

(6)�sp = �r − 1
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where kʹ is a Huggins constant, [η] is an intrinsic viscosity, c is the concentration 
of the solution, and ηsp/c ratio is a viscosity number or reduced specific viscosity. 
Intrinsic viscosity [η] is the y-intercept for the linear best fit to ηsp/C as a function of 
C (g/dL).

Mark–Houwink equation refers to the changes in the intrinsic viscosities of poly-
mer solutions with the molecular weights of the polymers and is given in Eq. (8).

where K and αM are the Mark–Houwink constants and Mw is the molecular weight 
of the polymer. It is stated that the values of Mark–Houwink constants vary depend-
ing on the temperature, type of polymer, and solvent.

K and αM values for the pullulan solution in the water at 20 °C are 2.58 × 10−2 
and 0.646, respectively. In this study, molecular weights of EPS samples were calcu-
lated using Eq. (9).

Results and discussion

Effects of different carbon sources

Variations in EPS, pullulan, biomass, and substrate concentrations and substrate 
consumption rate with time in the fermentation media including different carbon 
sources are represented in Fig. 2. When fructose was used as a substrate, EPS and 
pullulan concentrations maxima were obtained as 12.10 g/L at 144 h of fermentation 
(Fig. 2a, b). When glucose or galactose was used as a substrate, maximum EPS con-
centrations were determined as 11.1 and 5.8 g/L, respectively, at 168 h. The maxi-
mum EPS and pullulan concentrations were 11.8 and 11.0 g/L, respectively, in the 
fermentation medium containing sucrose as the carbon source. When glucose, galac-
tose, or maltose was used as a substrate, maximum pullulan concentrations were 
10.8 g/L, 5.2 g/L, and 3.2 g/L at 218, 168, and 144 h of fermentation, respectively.

The biomass concentrations (X) increased until 168 h of fermentation in media 
containing glucose, sucrose, or fructose, and then, the concentrations remained rela-
tively constant (Fig. 2c). In fermentation media using fructose, glucose, and sucrose 
as substrates, the highest concentrations of biomass were 10.3, 9.4, and 9.3  g/L, 
respectively. In experiments using maltose or galactose as substrate, biomass con-
centration was found to increase rapidly during fermentation, and the highest bio-
mass concentrations in these experiments were determined as 27.1 and 25.8 g/L at 
218 h of fermentation, respectively.

In this study, specific growth rates (μ) of A. pullulans AZ-6 and maximum pul-
lulan formation rates (qp) were also calculated. While specific growth rates of A. 

(7)�sp∕c = [�] + k�[�]2c

(8)[�] = K.M
�M
W

(9)[�] = (0.000258).M0.646
w
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pullulans AZ-6 strain were 0.043, 0.047, 0.049, 0.023, and 0.017  h−1, specific 
product formation rates were 0.129, 0.122, 0.131, 0.048, and 0.060  g pullulan/(g 
mo.h) in fermentation media containing glucose, sucrose, fructose, maltose, and 
galactose, respectively. Figure 2d shows that glucose was consumed earlier (at the 
168 h of fermentation) than other sugars, whereas maltose and galactose took longer 
time to be totally utilized (at the 218 h of fermentation). Changes in substrate con-
sumption rates (rs) over time are presented in Fig. 2e. According to the results, the 

Fig. 2   Variations of a EPS, b pullulan, c biomass (X) and d substrate concentrations, and e substrate 
consumption rate (rs) with time in fermentation media containing glucose, sucrose, fructose, maltose or 
galactose
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highest substrate consumption rate [1.16  g substrate/(L.h)] for A. pullulans AZ-6 
was achieved when sucrose was used as the substrate in the fermentation medium.

In this study, among the tested substrates, sucrose, glucose, and fructose were 
found to support pullulan production comparatively superior to the others. In order 
to select the best substrate for pullulan production by A. pullulans AZ-6, these three 
substrates were tested again. In these experiments, the concentration maxima of EPS 
(15.8 g/L) and pullulan (15.7 g/L) were obtained in the fermentation medium con-
taining sucrose as substrate (Fig.  3a, b). The maximum concentration of biomass 
(14.4 g/L) was obtained in the fermentation medium containing fructose (Fig. 3c). In 
these experiments, the specific growth rates (μ) of A. pullulans AZ-6 were also cal-
culated as 0.032 h−1 for glucose and 0.037 h−1 for sucrose and fructose. Changes of 
substrate concentrations and substrate consumption rates (rs) with time for glucose, 
sucrose, or fructose are shown in Fig. 3d and e. In these runs, while glucose and 
fructose were consumed at 194 h of fermentation, sucrose was consumed at 216 h of 
fermentation. The sugar consumption rate (rs) maxima were calculated as 1.38, 0.60, 
and 0.75 g substrate/(L.h), respectively, for glucose, sucrose, and fructose.

The highest pullulan concentration in this study was obtained in the fermenta-
tion medium containing sucrose as a substrate. Therefore, sucrose was decided to 
be used as the carbon source in the next fermentation experiments. Similar to the 
results obtained from our study, it has been stated in the literature that the highest 
pullulan concentration is generally obtained when sucrose is used as a carbon source 
in the fermentation medium [21–23].

Effects of different nitrogen sources

The results of the experiments investigating the effects of different nitrogen source 
combinations used in the fermentation medium on the pullulan production of the A. 
pullulans AZ-6 strain are given in Fig. 4a–e.

When (NH4)2SO4 was a constant inorganic nitrogen source and peptone, urea, 
and yeast extract were tested as organic nitrogen sources, the highest EPS concen-
trations were 21.0, 16.4, and 16.3 g/L, respectively. The maximum EPS concentra-
tions were 16.3 g/L for (NH4)2SO4, 15.2 g/L for NH4Cl, and 14.1 g/L for NaNO3 in 
experiments that evaluated the effects of various inorganic nitrogen sources on EPS 
production while maintaining yeast extract in the composition of the fermentation 
medium constant (Fig. 4a).

In experiments where the concentration of the inorganic nitrogen source in the 
composition of the fermentation medium was kept constant at 2.00 g (NH4)2SO4/L, 
it was determined that the highest pullulan was obtained in the medium containing 
peptone, followed by urea and yeast extract, respectively. The maximum pullulan 
concentrations in the fermentation media in which peptone and (NH4)2SO4 or yeast 
extract and NH4Cl were used together were obtained at 192 h of fermentation as 
18.6 and 14.1 g/L, respectively (Fig. 4b). When yeast extract or urea was used as 
an organic nitrogen source, the highest pullulan concentrations were determined as 
14.8 and 15.5  g/L at 170  h of fermentation, respectively. When the yeast extract 
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and NaNO3 were used in combination, the concentration maxima of pullulan were 
obtained as 13.4 g/L at 240 h of fermentation.

Maximum dry biomass (X) was obtained as 13.0 g/L at the 240 h of fermentation 
in the experiment in which yeast extract and NaNO3 was used together, while the 
lowest biomass concentration (7.6 g/L) was obtained in the medium in which urea 

Fig. 3   Variations of a EPS, b pullulan, c biomass (X) and d substrate concentrations, and e substrate con-
sumption rate (rs) with time in fermentation media containing glucose, sucrose or fructose
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and (NH4)2SO4 was used as mixture. When (NH4)2SO4 or NH4Cl was used in the 
medium containing yeast extract as an organic nitrogen source, the highest biomass 
concentrations were determined as 12.1 and 11.2 g/L at the 240 h of fermentation, 
respectively (Fig. 4c).

Fig. 4   Variations of a EPS, b pullulan, c biomass (X) and d substrate concentrations, and e substrate 
consumption rate (rs) with time in fermentation media containing different nitrogen source combinations
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In media containing yeast extract and (NH4)2SO4, peptone and (NH4)2SO4, or 
yeast extract and NH4Cl as a nitrogen source mixture, the maximum specific growth 
rate (μ) was calculated to be 0.039 h−1. As seen in Fig. 4d, in fermentation media 
where yeast extract and (NH4)2SO4 or yeast extract and NH4Cl were used in combi-
nation as nitrogen sources, sucrose was consumed completely by A. pullulans AZ-6 
at the 192 h of fermentation, while urea and (NH4)2SO4, peptone and (NH4)2SO4 or 
yeast extract and NaNO3 were used as mixture, the substrate was completely con-
sumed by the strain at the 240 h of fermentation. The highest specific product for-
mation rates (qp) were 0.367 g pullulan/(g mo.h) in fermentation media containing 
yeast extract and (NH4)2SO4, peptone and (NH4)2SO4, or yeast extract and NH4Cl 
were used as nitrogen source mixtures. For fermentation media in which urea and 
(NH4)2SO4 or yeast extract and NaNO3 was used together, the highest specific prod-
uct formation rates (qp) were calculated as 0.365 and 0.351  g pullulan/(g mo.h), 
respectively (Fig.  4e). In this study, since the highest pullulan concentration was 
achieved with the combination of peptone and (NH4)2SO4, these nitrogen sources 
were used in fermentation media in the next experiments.

Yoon et al. [24] conducted a study using Ashbya gossypii extract, meat extract, 
corn maceration liquor and powder, malt extract, soytone peptone, and yeast extract 
as an organic nitrogen source in fermentation media with the aim of optimizing pul-
lulan production with A. pullulans IMS 822 strain. In this study, it was reported that 
the highest concentrations of pullulan and biomass were obtained in a fermentation 
medium containing A. gossypii extract. In another study, it was stated that ammo-
nium sulfate, ammonium chloride, peptone, yeast extract, and malt extract were 
tested as nitrogen sources in the fermentation environment and the highest pullulan 
concentration was obtained when yeast extract was used [25].

Modeling of dependent variables by response surface methodology

A total of 30 experiments were carried out according to the experimental design 
created using the CCRD method. The results of these experiments were fitted with 
a second-order polynomial equation showing the effects of the initial sucrose con-
centration (X1), the initial peptone concentration (X2), the initial pH (X3), and the 
temperature (X4) on the maximum EPS concentration (Y1), the maximum pullulan 
concentration (Y2), the specific growth rate (Y3), the maximum specific pullulan for-
mation rate of the A. pullulans AZ-6 (Y4), or the percentage of pullulan yield (Y5). 
All responses obtained from experiments in this context are given in Table 4.

When the data in Table  4 were analyzed, it was determined that the maxi-
mum EPS (Y1) and pullulan (Y2) concentrations ranged between 2.0 − 23.5 and 
1.9 − 23.1 g/L, respectively, while the specific growth rate values of the A. pullu-
lans AZ-6 (Y3), the maximum specific pullulan formation rates (Y4), and pullulan 
yields (Y5) ranged between 0.025–0.058 h−1, 0.021–0.059 [g pullulan/(g mo.h)], and 
6.9–47.3%, respectively.

The second-order polynomial model equation showing the effects of independent 
variables on the maximum EPS concentration (Y1) is given in Eq. (10). In general, 
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more than one-factor terms and higher-order terms in a model show interaction. The 
positive sign in front of the coefficients indicates the synergistic effect between the 
factor(s) and the dependent variable, and the negative sign indicates the antagonistic 

Table 4   Central composite rotatable design matrix and response values

*: X1: sucrose concentration (g/L), X2: peptone concentration (g/L), X3: initial pH of fermentation 
media, X4: temperature (°C)
**: Y1: maximum EPS concentration (g/L), Y2: maximum pullulan concentration (g/L), Y3: specific 
growth rates of the microorganism, μ (h−1), Y4: maximum specific pullulan formation rates, qp [g pul-
lulan/(g mo.h)], Y5: pullulan yield (%)

Experiment Actual variables* Actual responses**

X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5

(g/L) (g/L) (°C) (g/L) (g/L) (sa−1) [g pullulan/
(g mo.h)]

(%)

1 40 3 4.0 26 5.25 4.85 0.025 0.035 24.9
2 80 3 4.0 26 5.78 5.62 0.028 0.051 9.7
3 40 9 4.0 26 8.16 7.95 0.031 0.038 31.1
4 80 9 4.0 26 15.74 14.48 0.037 0.044 29.2
5 40 3 7.0 26 12.15 11.62 0.034 0.046 34.9
6 80 3 7.0 26 17.53 17.21 0.043 0.045 21.9
7 40 9 7.0 26 11.33 10.92 0.038 0.039 33.9
8 80 9 7.0 26 23.51 23.10 0.051 0.040 33.6
9 40 3 4.0 30 8.75 7.94 0.048 0.033 27.0
10 80 3 4.0 30 5.74 5.62 0.050 0.031 9.1
11 40 9 4.0 30 5.80 5.05 0.045 0.042 17.8
12 80 9 4.0 30 9.27 8.62 0.051 0.037 14.6
13 40 3 7.0 30 12.04 11.44 0.052 0.038 41.3
14 80 3 7.0 30 12.11 11.75 0.058 0.041 20.7
15 40 9 7.0 30 6.13 5.50 0.049 0.029 26.4
16 80 9 7.0 30 12.92 12.27 0.057 0.034 19.1
17 20 6 5.5 28 10.90 9.45 0.048 0.043 47.3
18 100 6 5.5 28 18.93 18.17 0.058 0.046 29.1
19 60 0 5.5 28 9.13 8.67 0.042 0.040 17.9
20 60 12 5.5 28 12.50 11.88 0.049 0.047 23.2
21 60 6 2.5 28 2.02 1.90 0.028 0.040 6.9
22 60 6 8.5 28 13.17 12.25 0.047 0.028 24.8
23 60 6 5.5 24 13.00 12.14 0.030 0.048 29.3
24 60 6 5.5 32 6.75 6.48 0.055 0.021 17.9
25 60 6 5.5 28 12.96 12.31 0.044 0.055 27.6
26 60 6 5.5 28 12.51 12.06 0.043 0.059 27.0
27 60 6 5.5 28 12.75 12.24 0.046 0.053 27.4
28 60 6 5.5 28 12.97 12.20 0.045 0.057 27.4
29 60 6 5.5 28 12.92 12.79 0.044 0.055 28.4
30 60 6 5.5 28 12.96 12.41 0.045 0.052 27.7
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effect between the factor(s) and the dependent variable. In this case, while initial 
sucrose and peptone concentrations and the initial pH positively effect the maximum 
EPS concentration, temperature negatively effects it. The determination coefficient 
(R2) of the model equation (Eq. (10)) is 0.998. In general, a regression model having 
an R2 value higher than 0.9 is considered to have a very high correlation [7]. In this 
case, too, the R2 value is high enough to show that the actual values and the pre-
dicted values were pretty close (Fig. 5a).

The ANOVA table for the quadratic model of Y1 is shown in Table  5. The 
ANOVA results showed that the model was significant with an F-value of 529.13 
and a lack of fit F-value of 2.97. The p-value of the model was 0.01. That meant the 
model was highly significant at a 95% confidence level. This means that the regres-
sion model provides an excellent explanation of the relationship between the inde-
pendent variables and the response (maximum EPS concentration). In addition, it 
was determined that the linear effects of all independent variables on the maximum 
EPS concentration, the interaction of these parameters with each other, and their 
quadratic effects (p < 0.01) were also very important. It was noted that the lack of fit 
for this model was insignificant (p > 0.05) as desired.

The relationship between the independent variables and maximum EPS concen-
tration (Y1) was further investigated using contour and 3D response surface plots 
(Fig. 6). Each graph represents the effects of two of the independent variables while 
the other two are held constant at the center value.

As can be seen from the values in Fig. 6a, the maximum EPS concentration in 
the fermentation medium decreased with increasing initial sucrose concentration in 
conditions where the initial peptone concentration was low. It is clear from Fig. 6a 
that the maximum EPS production (25.3 g/L) obtained when initial pH and tempera-
ture were their center value and initial sucrose and peptone concentrations were their 
highest level. In conditions where the initial pH and the peptone concentrations of 
the fermentation medium were 8.5 and 6 g/L, respectively, when the initial sucrose 
concentration increased, the maximum EPS concentration also increased consid-
erably and reached the value maxima (Fig.  6b). Figure  5c shows that an increase 
in initial sucrose concentration at 24 °C caused an increase in EPS concentration. 
When the contour plot in Fig. 6d was examined, it was determined the maximum 
EPS concentration was lower than 10 g/L in operating conditions where the initial 
pH varied in the range of 2.5–4.3, the temperature was 28 °C, and the initial sucrose 
and peptone concentrations were 60 and 6 g/L, respectively. Figure 6e shows that 
the EPS concentration increased from 0.8 to 18.4  g/L when the temperature was 
decreased from 32 to 24 °C at the center value of sucrose and peptone concentra-
tions. When the contour graphic in Fig. 6f was examined, it was determined that the 
maximum EPS concentrations obtained in operating conditions where the initial pH 
of the fermentation medium varies in the range of 7–8.5 and the temperature in the 
range of 24–27 °C are higher than 15 g/L.

(10)

Y1 = + 12.85 + 2.04X1 + 0.84X2 + 2.73X3 − 1.63X4 + 1.69X1X2 + 0.99X1X3 − 1.15X1X4

−0.84X2X3 − 1.41X2X4 − 1.00X3X4 + 0.51X2
1
− 0.51X2

2
− 1.32X2

3
− 0.75X2

4
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Fig. 5   Correlation of actual and predicted values of response for a maximum EPS concentration (Y1), b 
maximum pullulan concentration (Y2), c specific growth rate (Y3), d maximum specific pullulan forma-
tion rate (Y4) and e pullulan yield (Y5)



9157

1 3

Polymer Bulletin (2024) 81:9139–9180	

The quadratic multiple regression model equation showing the effects of the fac-
tors on the maximum pullulan concentration (Y2) is shown in Eq. (11).

The determination coefficient for the model equation was R2 = 0.995. Figure 5b 
compares experimental data with the predicted values obtained from the statistical 
model in Eq. (2). It is clear that most points are close to the line adjustment, which 
means that the values determined experimentally are quite similar to those deter-
mined by the model. The ANOVA results of this model are shown in Table 6. This 
model was found quite significant (p < 0.01) at a 95% confidence level according to 
the variance analysis results. Besides, it was determined that the linear effects of all 
independent variables on the maximum pullulan concentration, the quadratic effects 
of these parameters, and their interactions with each other were also very impor-
tant (p < 0.01). The lack of fit of the derived model was found to be insignificant 
(p > 0.05), which means a good indication of the model fit.

The contour and 3D response surface plots of the quadratic model are shown in 
Fig. 7. According to Fig. 7a, at 28 °C and initial pH 5.5, the concentration maxima 
of the pullulan were obtained when the concentrations of sucrose and peptone were 
high within the studied range. When the sucrose concentration in the fermentation 

(11)

Y2 = +12.34 + 2.12X1 + 0.76X2 + 2.68X3 − 1.62X4 + 1.54X1X2 + 1.02X1X3 − 1.05X1X4−

0.77X2X3 − 1.40X2X4 − 1.01X3X4 + 0.39X2
1
− 0.49X2

2
− 1.29X2

3
− 0.73X2

4

Table 5   ANOVA for quadratic model of maximum EPS concentration (Y1)

*s = significant; ns = not significant

Source df Mean squares F-value p-value (Prob > F) Remarks*

Model 14 41.31 529.13 < 0.0001 s
X1 1 100.25 1284.13 < 0.0001 s
X2 1 17.09 218.87 < 0.0001 s
X3 1 178.92 2291.99 < 0.0001 s
X4 1 63.99 819.75 < 0.0001 s
X1X2 1 45.73 585.81 < 0.0001 s
X1X3 1 15.70 201.13 < 0.0001 s
X1X4 1 21.05 269.59 < 0.0001 s
X2X3 1 11.21 143.54 < 0.0001 s
X2X4 1 31.78 407.11 < 0.0001 s
X3X4 1 15.90 203.68 < 0.0001 s
X1

2 1 7.17 91.87 < 0.0001 s
X2

2 1 7.24 92.70 < 0.0001 s
X3

2 1 47.69 610.95 < 0.0001 s
X4

2 1 15.37 196.92 < 0.0001 s
Lack of fit 10 0.10 2.97 0.1209 ns
Residual
Pure error 5 0.034
Cor total 29
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sucrose (X1) and peptone concentrations (X2), b initial sucrose concentration (X1) and initial pH (X3), c initial 
sucrose concentration (X1) and temperature (X4), d initial peptone concentration (X2) and initial pH (X3), e initial 
peptone concentration (X2) and temperature (X4) and f initial pH (X3) and temperature (X4)



9159

1 3

Polymer Bulletin (2024) 81:9139–9180	

X4 (°C)

Y1 (g/L)

Y1 (g/L)

Y1 (g/L)
X

4
(°
C
)

X3

X
4
(°
C
)

X2 (g/L)

Y
1
(g
/L
)

Y
1
(g
/L
)

X
3

X2 (g/L)
0 3 6 9 12

2.5

4

5.5

7

8.5

0
5

10

6

X2 (g/L)

0 3 6 9 12

24

26

28

30

32

5

5

10

15

6

X2 (g/L)
X4 (°C)

X3

Y
1
(g
/L
)

X3
X4 (°C)

(d)

(e)

(f)

Fig. 6   (continued)



9160	 Polymer Bulletin (2024) 81:9139–9180

1 3

medium was ranged from 20 to 100  g/L and peptone concentration was 6  g/L, it 
was observed that low pH negatively effected the pullulan concentration at 28 °C. 
According to Fig. 7b, the highest pullulan concentrations were obtained under con-
ditions in which the initial pH of the medium ranged between 7 and 8.5 and the ini-
tial sucrose concentration ranged from 90 to 100 g/L. As seen in Fig. 7c, the maxi-
mum pullulan concentrations decreased by increasing the temperature from 24 to 
32 °C when the initial sucrose concentration was 100 g/L. It was also determined 
that in conditions where the initial peptone concentration was between 0 and 10 g/L, 
the maximum pullulan concentration increased significantly with the increase in the 
initial pH value of the medium (Fig. 7d). The response surface and contour graphs 
showing the effects of initial peptone concentration of fermentation medium and the 
temperature on the maximum pullulan concentration are shown in Fig. 7e. As seen 
in Fig. 7e, pullulan concentration was quite low (under 5 g/L) at 32 °C when the ini-
tial peptone concentration of the media was between 7.5 and 12.0 g/L and the initial 
sucrose concentration and pH of the medium is 60 g/L and 5.5, respectively. It was 
also found that the maximum pullulan concentration was above 15 g/L when initial 
the pH was 8.5 and the temperature was between 24 and 26 °C (Fig. 6f).

The model equation showing the effects of the initial sucrose concentration (X1), 
the initial peptone concentration (X2) and the initial pH (X3) of the fermentation 
medium and the temperature (X4) on the specific growth rate (Y3) of the microorgan-
ism is presented in Eq. (12).

Table 6   ANOVA for quadratic model of maximum pullulan concentration (Y2)

*s = significant; ns = not significant

Source df Mean squares F-value p-value (Prob > F) Remarks*

Model 14 39.71 224.58** < 0.0001 s
X1 1 107.70 609.13** < 0.0001 s
X2 1 13.89 78.58** < 0.0001 s
X3 1 172.70 976.79** < 0.0001 s
X4 1 62.99 356.25** < 0.0001 s
X1X2 1 38.13 215.67** < 0.0001 s
X1X3 1 16.61 93.92** < 0.0001 s
X1X4 1 17.51 99.06** < 0.0001 s
X2X3 1 9.46 53.48** < 0.0001 s
X2X4 1 31.53 178.32** < 0.0001 s
X3X4 1 16.44 93.00** < 0.0001 s
X1

2 1 4.18 23.62** 0.0002 s
X2

2 1 6.68 37.79** < 0.0001 s
X3

2 1 45.89 259.58** < 0.0001 s
X4

2 1 14.81 83.76** < 0.0001 s
Lack of fit 10 0.23 3.69 0.0810 ns
Pure error 5 0.063
Cor total 29
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The R2 value for Eq. (12) that was obtained by using multiple regression methods 
was calculated as 0.987. The R2 value of the correlation equation very close to unity 
indicates that the experimental Y3 values and the predictive Y3 values calculated 
using this equation are very close to each other. Figure 5c demonstrates the good 
agreements between the predicted and actual the specific growth rate values. The 
variance analysis results of the derived model are given in Table 7. According to 
the variance analysis results, the model was found to be significant at the 95% confi-
dence level (p < 0.01), while the lack of fit of the model was found to be insignificant 
(p > 0.05). It was determined that the linear effects of all independent variables on 
specific growth rate were significant (p < 0.05). It was also found that the interactive 
effects of the initial sucrose concentration and temperature and the initial peptone 
concentration and the initial pH and the quadratic effect of the initial peptone con-
centration on Y3 were insignificant (p > 0.05).

3D response surface and contour graphs showing the effects of initial sucrose 
and peptone concentrations, and initial pH of the fermentation medium, and tem-
perature on the specific growth rate of the A. pullulans AZ-6 are presented in 
Fig. 8. The 3D surface and contour plots of the combined effect of initial sucrose 
and peptone concentrations of the medium on the specific growth rate at a con-
stant pH of 5.5 and temperature of 28 °C are shown in Fig. 8a. When the results 
in the graph were examined, it was found that the microorganism specific growth 
rate reached higher values at 28 °C when initial pH was 5.5 and initial sucrose and 
peptone concentrations of fermentation media were higher than 60 and 7.5 g/L, 
respectively. In fermentation medium with an initial sucrose concentration of 
100 g/L, the specific growth rate was higher than 0.06 h−1 when the initial pH of 
the fermentation medium varied within the range of 6–8.5 at 28 °C (Fig. 8b). It 
was observed that the specific growth rate of the microorganism increased with 
the increase in the temperature in the conditions where the initial pH and pep-
tone concentration values of the fermentation medium were at the center point 
and the sucrose concentration ranged between 20 and 100  g/L (Fig.  8c). When 
the contour and response surface graphs in Fig. 8d were examined, it was found 
that when the initial peptone concentration in the fermentation medium changed 
between 0 and 12 g/L, the microorganism specific growth rates were increased by 
increasing the initial pH value of the medium at 28 °C. In this study, it was also 
found that the specific growth rate of the microorganism increased by increasing 
the initial concentration of peptone in the fermentation medium with an initial pH 
of 5.5 and a sucrose concentration of 60 g/L at approximately 24–27 °C (Fig. 8e). 
When the effect of initial pH, temperature, and their interaction on the specific 

(12)

Y3 = + 0.045 + 3.042 × 10−3X1 + 1.458 × 10−3X2 + 4.375 × 10−3X3 + 7.208 × 10−3X4

+ 8.125 × 10−4X1X2 + 1.188 × 10−3X1X3 − 5.625 × 10−4X1X4 − 3.125 × 10−4X2X3

− 2.062 × 10−3X2X4 − 1.437 × 10−3X3X4 + 1.948 × 10−3X2
1 + 7.292 × 10−5X2

2

− 1.927 × 10−3X2
3 − 6.771 × 10−4X2

4
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growth rate of the microorganism at a fixed central level of initial sucrose and 
peptone concentrations was observed, it was found that the specific growth rate of 
the microorganism increased with the increase in the initial pH of the fermenta-
tion medium at 24 °C (Fig. 8f).

The nonlinear multivariate regression equation showing the effects of the inde-
pendent variables on the maximum specific pullulan production rate (Y4) is pre-
sented in Eq. (13).

The R2 value of this equation was calculated as 0.864 (Fig. 5d). The variance 
analysis results of the model equation are given in Table  8. According to the 
results of ANOVA, the model equation was found to be significant at a 95% con-
fidence level (p < 0.05). The lack of fit of this model was found to be insignificant 
at a 95% confidence level (p > 0.05).

3D response surface and contour graphics showing the effects of independ-
ent variables on the maximum specific pullulan formation rate (Y4) are given in 
Fig. 9. The convex response surfaces in these graphs well define the values of the 
variables in which the maximum Y4 value is obtained and it is seen that the high-
est Y4 values are obtained at the center point of the independent variables. The 
maximum specific pullulan formation rate was found to be 0.055 [g pullulan/(g 
mo.h)] at the center point conditions (initial sucrose concentration; 60 g/L, initial 
peptone concentration: 6 g/L, initial pH: 5.5 and temperature: 28 °C).

The second-order nonlinear model equation showing the effects of initial 
sucrose concentration (X1), the initial peptone concentration (X2), the initial pH 
value (X3), and the temperature (X4) of the fermentation medium on pullulan 
yield (Y5) is shown in Eq. (14).

The coefficient of determination for the derived model equation is calculated 
as R2 = 0.995. Since the R2 value is close to unity, it shows that the model can be 
considered as a good fit and there is a good agreement between the experimental 

(13)

Y4 = +0.055 + 1.208 × 10−3X1 − 1.250 × 10−4X2 − 9.583 × 10−4X3 − 4.458 × 10−3X4

− 5.625 × 10−4X1X2 − 4.375 × 10−4X1X3 − 1.312 × 10−3X1X4 − 2.437 × 10−3X2X3

+ 9.375 × 10−4X2X4 − 1.875 × 10−5X3X4 − 2.698 × 10−3X2
1 − 2.948 × 10−3X2

2

− 5.323 × 10−3X2
3 − 5.198 × 10−3X2

4

(14)

Y5 = + 27.58 − 4.83X1 + 1.12X2 + 4.34X3 − 2.75X4 + 3.38X1X2

−0.19X1X3 − 1.16X1X4 − 1.74X2X3 − 3.54X2X4 + 0.60X3X4

+2.68X2
1
− 1.73X2

2
− 2.91X2

3
− 0.97X2

4

Fig. 7   The contour and response surface plots of pullulan concentration (Y2) as the function of a initial 
sucrose (X1) and peptone concentrations (X2), b initial sucrose concentration (X1) and initial pH (X3), c 
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and predicted yield from this model (Fig. 5e). ANOVA results of the model are 
presented in Table 9. According to the results of variance analysis, the model was 
found to be very important at a 95% confidence level (p < 0.01). It was also deter-
mined that the linear and quadratic effects of all independent variables on pullu-
lan yield were very important (p < 0.01). When the effects of binary interactions 
of independent variables on pullulan yield were examined, it was found that only 
binary effect of the initial sucrose concentration and initial pH was found to be 
insignificant (p > 0.05). It was also determined that the lack of fit for this model 
was insignificant (p > 0.05).

3D response surface and contour graphs showing the effects of the independ-
ent variables examined in this study on pullulan yield are presented in Fig. 10. In 
this study, it was found that the pullulan yield increased in fermentation media 
containing high initial sucrose concentration with increasing initial concentra-
tion of peptone (Fig.  10a). When peptone concentration of the media is 6  g/L, 
pullulan yield increases and reaches high values by increasing the initial pH for 
low initial sucrose concentration at 28 °C (Fig. 10b). When surface and contour 
plots in Fig. 10c were examined, it was found that pullulan yield in the fermenta-
tion medium with an initial sucrose concentration of 20  g/L and a temperature 
of 24–32 °C was above 40%. Pullulan yield was found to be increased at 28 °C 

Table 7   ANOVA for quadratic model of specific growth rate (Y3)

*s = significant; ns = not significant

Source df Mean squares F-value p-value (Prob > F) Remarks*

Model 14 1.696 × 10−4 78.08** 0.0001 s
X1 1 2.220 × 10−4 102.22** < 0.0001 s
X2 1 5.104 × 10−5 23.50** 0.0002 s
X3 1 4.594 × 10−4 211.48** < 0.0001 s
X4 1 1.247 × 10−3 574.09** < 0.0001 s
X1X2 1 1.056 × 10−5 4.86* 0.0435 s
X1X3 1 2.256 × 10−5 10.39* 0.0057 s
X1X4 1 5.062 × 10−6 2.33 0.1477 ns
X2X3 1 1.562 × 10−6 0.72 0.4097 ns
X2X4 1 6.806 × 10−5 31.33** < 0.0001 s
X3X4 1 3.306 × 10−5 15.22** 0.0014 s
X1

2 1 1.041 × 10−4 47.91** < 0.0001 s
X2

2 1 1.458 × 10−7 0.067 0.7991 ns
X3

2 1 1.019 × 10−4 46.89** < 0.0001 s
X4

2 1 1.257 × 10−5 5.79* 0.0295 s
Lack of fit 10 2.708 × 10−6 2.46 0.1660 ns
Pure error 5 1.100 × 10−6

Cor total 29
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with an increase in the initial pH in peptone-free fermentation media with an ini-
tial sucrose concentration of 60 g/L (Fig. 10d). In the fermentation media where 
the initial concentration of sucrose and peptone concentration was 60 and 12 g/L, 
respectively, and the initial pH of the medium was 2.5, pullulan yield was found 
to less than 10% at 26.3–32 °C (Fig. 10e). In conditions where the initial sucrose 
and peptone values were at their center points and the pH was between 2.5 and 
8.5, it was found that the change in temperature did not significantly effect pul-
lulan yield (Fig. 10f).

Optimization of pullulan production by A. pullulans AZ‑6 strain

The optimum conditions were chosen among 100 solutions with desirabil-
ity function changed in the range of 0.398–0.977, considering the value of the 
desirability function as close to 1. The conditions where the value of desirability 
function was 0.977, the initial sucrose and peptone concentrations and the pH of 
the fermentation medium were 100 g/L, 11.305 g/L, and 6.481, respectively, and 
the temperature was 24.2 °C were determined as optimum among the solutions 
computed by the software. In the optimum conditions, the maximum EPS and 

Table 8   ANOVA for quadratic model of maximum specific pullulan formation rate (Y4)

*s = significant; ns = not significant

Source df Mean squares F-value p-value (Prob > F) Remarks*

Model 14 1.518 × 10−4 6.83** 0.0003 s
X1 1 3.504 × 10−5 1.58 0.2286 ns
X2 1 3.750 × 10−7 0.017 0.8984 ns
X3 1 2.204 × 10−5 0.99 0.3353 ns
X4 1 4.770 × 10−4 21.45** 0.0003 s
X1X2 1 5.063 × 10−6 0.23 0.6402 ns
X1X3 1 3.063 × 10−6 0.14 0.7158 ns
X1X4 1 2.756 × 10−5 1.24 0.2831 ns
X2X3 1 9.506 × 10−4 4.27 0.0564 ns
X2X4 1 1.406 × 10−5 0.63 0.4389 ns
X3X4 1 5.625 × 10−8 0.025 0.8758 ns
X1

2 1 1.996 × 10−4 8.98** 0.0090 s
X2

2 1 2.384 × 10−4 10.72** 0.0051 s
X3

2 1 7.771 × 10−4 34.95**  < 0.0001 s
X4

2 1 7.411 × 10−4 33.32**  < 0.0001 s
Lack of fit 10 3.007 × 10−5 4.58 0.0534 ns
Pure error 5 6.567 × 10−6

Cor total 29
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pullulan concentrations to be expected to obtain were 37.078 and 35.372  g/L, 
the specific growth rate was 0.062  h−1, the maximum specific pullulan forma-
tion rate and the pullulan yield were 0.021 [g pullulan/(g mo.h)] and 53.7%, 
respectively.

In a study by Choudhury et al. [26], optimization of the fermentation medium 
composition using the response surface method was performed to increase pul-
lulan production of the A. pullulans RBF 4A3 strain. It was stated that the opti-
mum experimental conditions determined in this study were 15.5%, 3.68%, and 
1.75% for glucose, yeast extract, and peptone concentrations, respectively, and 
the pullulan concentration obtained under these conditions was 70.43  g/L In 
another study, it was stated that the effects of the initial substrate concentration 
(X1), aeration rate (X2), and incubation time (X3) of the fermentation medium 
on pullulan production in an aerated reactor with A. pullulans DSM-2404 were 
investigated by the response surface methodology. Optimum conditions in the 
study were determined as initial substrate concentration: 95.2 g/L, aeration rate: 
1.93 vvm, and incubation time: 5.36 days. It has been reported that the pullulan 
concentration to be obtained under these conditions was predicted as 38.7 g/L. 
In this study, it was stated that the concentration of pullulan obtained in the 
experiment conducted to verify the optimum conditions was 39.2 g/L.

Validation of optimum conditions

In order to verify the optimized process parameters, fermentation experiments were 
conducted under the optimum conditions predicted by the software, and maximum 
EPS and pullulan concentrations, specific growth rate, maximum specific pullulan 
formation rate, and pullulan yield in these experiments were obtained as 36.95 and 
35.47 g/L, 0.064 h−1, 0.036 [g pullulan/(g mo.sa)] and 54.480%, respectively. These 
obtained experimental values of the dependent variables in optimum conditions 
and predicted values that were calculated using model equations are presented in 
Table 10, and these results were evaluated by using post-analysis menu in the soft-
ware. The minimum and maximum values of the dependent variables that should be 
obtained in optimum conditions at 95% confidence level are also given in Table 10. 
When the results in this table were examined, it was determined that the experimen-
tal values of the dependent variables were very close to their predicted values and 
these values are between the highest and lowest values calculated by the software. 
With these results, the optimum conditions were statistically verified at a 95% con-
fidence level.
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Characterizations of pullulan samples

The FT-IR spectra of various functional groups of EPS samples produced by A. 
pullulans AZ-6 strain, commercial and standard pullulan are given in Fig.  11. 
As can be seen in Fig. 11, the FT-IR patterns of samples were quite similar that 
confirmed the presence of the chemical structure of pullulan in the EPS sam-
ple produced by A. pullulans AZ-6. When the obtained results were examined, 
it was determined that wide peaks (3453.2–3397.1 cm−1) showing the presence 
of repeating units of the –OH groups in the sugars were obtained in all sam-
ples. It was observed that another strong absorption in the evaluated peaks was 
obtained in the C–H strain bonds in the wavenumber range 2928.3–2922.5 cm−1 
(Fig.  11). In all the samples studied, the peaks of O–C–O stretching, C–O–H 
bend, C–O–C, and C–O O stretching were measured at wavenumbers ranging 
from 1653.0–1618.5, 1456.4–1358.0, 1159.5–1111.1, and 1024.3–981.9  cm−1, 
respectively. In pure and commercial pullulan samples and in EPS samples 
produced by A. pullulans AZ-6 strains, peaks showing the α-configuration and 
varying in the wavelength range of 754.3–848  cm−1 could also be measured 
(Fig. 11).

The second test for the characterization of pullulan produced under optimum 
conditions was the investigation of the molecular structure by using the SEM. 
Figure 12a shows an SEM image of the reference synthetic pullulan and it shows 
that synthetic pullulan exhibited an amorphous (irregular) shape pattern 3-D net-
work structure and the presence of macro porosity. In the present study, the pullulan 
synthesized by A. pullulans AZ-6 displayed similar amorphous surface shape with 
tightly gathered pores (Fig. 12b). Pores of pullulan structure are shown with arrows 
in Fig. 12.

In this study, it was determined that the molecular weight of the EPS sample, 
which was obtained during the verification of the optimum conditions and contained 
more than 90% pullulan, was 1.05 × 107. It is stated in the literature that the molecu-
lar weight of pullulan can vary between 1.5 × 104 and 1.0 × 107 depending on the 
culture conditions.

Fig. 9   The contour and response surface plots of maximum specific pullulan formation rate (Y4) as the 
function of a initial sucrose (X1) and peptone concentrations (X2), b initial sucrose concentration (X1) and 
initial pH (X3), c initial sucrose concentration (X1) and temperature (X4), d initial peptone concentration 
(X2) and initial pH (X3), e initial peptone concentration (X2) and temperature (X4) and f initial pH (X3) 
and temperature (X4)
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Conclusion

Pullulan is a high-value-added polymer that has become increasingly common in 
industrial-scale production and has a wide range of uses. As is the situation with 
the other biotechnological products, pullulan’s cost is a significant factor despite 
the fact that it is used in multiple industries. Optimization is one of the cru-
cial procedures that can increase pullulan production and decrease production 

Table 9   ANOVA for quadratic model of maximum specific pullulan yield (Y5)

*s = significant; ns = not significant

Source df Mean squares F-value p-value (Prob > F) Remarks*

Model 14 162.89 225.50** < 0.0001 s
X1 1 558.73 773.51** < 0.0001 s
X2 1 29.93 41.43** < 0.0001 s
X3 1 452.40 626.31** < 0.0001 s
X4 1 181.50 251.27** < 0.0001 s
X1X2 1 182.25 252.31** < 0.0001 s
X1X3 1 0.56 0.78 0.3915 ns
X1X4 1 21.62 29.93** < 0.0001 s
X2X3 1 48.30 66.87** < 0.0001 s
X2X4 1 200.22 277.19** < 0.0001 s
X3X4 1 5.76 7.97* 0.0128 s
X1

2 1 196.88 272.56** < 0.0001 s
X2

2 1 82.41 114.09** < 0.0001 s
X3

2 1 232.00 321.18** < 0.0001 s
X4

2 1 25.85 35.79** < 0.0001 s
Lack of fit 10 0.97 4.48 0.0559 ns
Pure error 5 0.22
Cor total 29
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Fig. 10   The contour and response surface plots of maximum specific pullulan yield (Y5) as the function 
of a initial sucrose (X1) and peptone concentrations (X2), b initial sucrose concentration (X1) and initial 
pH (X3), c initial sucrose concentration (X1) and temperature (X4), d initial peptone concentration (X2) 
and initial pH (X3), e initial peptone concentration (X2) and temperature (X4) and f initial pH (X3) and 
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Fig. 11   a FT-IR spectra of EPS samples produced in optimum conditions by A. pullulans AZ-6, b FT-IR 
spectrum of pure pullulan (Sigma), c FT-IR spectrum of commercial pullulan (Hayashibara)
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costs. Another factor to be considered is pullulan’s contamination with melanin 
during the fermentation process. Removal of melanin from pullulan increases 
labor and expense. Utilizing a strain that does not synthesize melanin during the 
production of pullulan resolves this issue entirely. In this study, a color-variant 
strain (non-pigmented or melanin free) was used and the pullulan production 
conditions of this strain were optimized. Thus, a strain that may be important for 
industrial pullulan production and high concentration pullulan production condi-
tions are presented. However, pilot-scale trials are also required for industrial-
scale production.
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Fig. 12   Scanning electron micrograph of a synthetic pullulan b pullulan produced under optimum condi-
tions by A. pullulans AZ-6 at 1.0 K × and 5.0 K × magnifications
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