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The purpose of the work was to produce commercially important pullulan using industrial solid waste
namely cassava bagasse in solid state fermentation and minimize the solid waste disposal problem. First,
influence of initial pH on cell morphology and pullulan yield was studied. Effect of various factors like
fermentation time, moisture ratio, nitrogen sources and particle size on pullulan yield was investigated.
Various supplementary carbon sources (3%, w/w) namely glucose, sucrose, fructose, maltose, mannose
and xylose with cassava bagasse was also studied to improve the pullulan yield. After screening the
suitable supplement, effect of supplement concentration on pullulan production was investigated. The
pullulan from cassava bagasse was characterized by FTIR, 'H-NMR and >C-NMR. Molecular weight of
pullulan from cassava bagasse was determined by gel permeation chromatography. Thus, cassava bagasse
emerged to be a cheap and novel substrate for pullulan production.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Approximately about 600-650 tons per day of cassava bagasse
are disposed from sago industry in India (Srivas & Anatharaman,
2005). Owing to the balanced nutritional composition (50% by wt
starch), low ash content and high organic content, cassava bagasse
is used as a low cost substrate for several biochemical processes
(Carta, Soccol, Ramos, & Fontana, 1999). Cassava bagasse disposed
from sago industry causes high pollution owing to its organic con-
tent and more biodegradability (Singh, Saini, & Kennedy, 2008). As
aresult, biotransformation of these industrial solid wastes to value
added products is helpful to our society to minimize the environ-
mental pollution as well as cost of fermentation.

Extra cellular biodegradable polysaccharide, pullulan is pro-
duced by Aureobasidium pullulans. It has a linear mixed attachment
a-D-glucan, having repeating unit of matotriose attached by «-
(1 — 6) linkage. Pullulan can able to form oil resistant, transparent
and oxygen impermeable thin films. Pullulan can be used as a
starch replacement during low calorific food formulation in food
industry, packing material in pharma industry. Pullulan is com-
paratively costlier than other exo-polymers such as xanthan and
dextran (Pandey, Nigam, Soccol, et al., 2000). Therefore it is essen-
tial to use cost effective and high nutritional waste material for
microorganism growth as well as pullulan production due to cut
down the cost of fermentation (Wu, Jin, Tong, & Chen, 2009). Potato
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starch waste (Barnett, Smith, Scanlon, & Israilides, 1999), brewery
wastes (Roukas, 1999), jaggery (Vijayendra, Bansal, Prasad, & Nand,
2001), beet molasses (Lazaridou, Roukas, Biliaderis, & Vaikousi,
2002), sweet potato (Wu et al., 2009), coconut by-products
(Thirumavalavan, Manikkadan, & Dhanasekar, 2009), hydrolyzed
potato starch waste (Goksungur, Uzunogullari, & Dagbagli, 2011),
jack fruit seed (Sugumaran, Sindhu, et al., 2013) and Asian palmyra
palm kernel (Sugumaran, Gowthami, et al., 2013) had been used
as a cost-effective substrate for microbial pullulan production. In
order to reduce the cost of fermentation, solid state fermenta-
tion is preferred over submerged fermentation (Pandey, Soccol, &
Mitchell, 2000). Only few researchers had reported pullulan pro-
duction using cassava bagasse in solid state fermentation (Ray &
Moorthy, 2007).

Therefore, microbial pullulan production was investigated from
cassava bagasse as a solid substrate in order to reduce the cost
of fermentation. Various factors like initial pH, fermentation time,
moisture ratio, nitrogen source, particle size and supplementation
on pullulan production were studied. Then pullulan sample was
characterized by FTIR, 'TH-NMR, 13C-NMR and gel permeation chro-
matography.

2. Materials and methods
2.1. Microorganisms and culture conditions
A. pullulans MTCC 2670 was purchased from Microbial Type Cul-

ture Collection, Chandigarh, India. Stock culture was sustained on
potato dextrose agar (PDA) at 4°C and revived every 3 weeks.
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Fig. 1. (a) Morphology of cells at 5.5 pH; (b) morphology of cells at 2.5 pH; and (c) effect of initial pH on pullulan yield.

Seed medium containing the following composition in g/L:
sucrose - 30; (NH4),S04 - 0.6; yeast extract - 0.4; K;HPO4 - 5.0;
MgSO4-7H,0 - 0.2; NaCl - 1.0 and pH 5.5 (Goksungur, Ucan, &
Guvenc, 2004) was prepared, sterilized at 121°C for 15 min and
cooled. Two loops of A. pullulans were transferred to 100 ml of ster-
ilized medium and it was incubated in an orbital shaker at 200 rpm
for 3 days. Temperature was maintained at 30°C.

2.2. Preparation of solid substrate

Cassavabagasse disposed from sago industry, Salem, Tamilnadu,
India was grinded by ball mill and then sieved. Cassava bagasse
(4.76 mm size) was taken, de-watered, sun-dried for a week and
then dried in a hot air oven at 80°C for 24 h to prevent microbial
contamination. Then dried material was kept in a container at room
temperature.

2.3. Solid state fermentation

Production medium used in this study had the following com-
position (ing/L): (NH,4),SO4 - 0.6; yeast extract - 0.4; K;HPO4 - 5.0;
MgS04-7H,0 - 0.2 and Nacl - 1.0. pH of the medium was adjusted
to 7.5 using 1N NaOH or HCl as required. Cassava bagasse was
used as a carbon source in the production medium. Twenty gram
of cassava bagasse was taken in 250 ml Erlenmeyer flask in which
above medium was introduced with a moisture ratio of 1:2 (sub-
strate:moisture), sterilized and cooled. 5% (v/v) of 48 h-old culture
from seed medium was added to sterilized production medium.
Solid state fermentation was carried out at room temperature.

2.4. Extraction and purification of pullulan

Six volume of ice cool water was added to the heterogeneous fer-
mentation medium and was incubated in arotary shaker at 200 rpm
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Fig. 2. Effect of moisture ratio on pullulan yield.

for 2h (Ray & Moorthy, 2007). Then sample was centrifuged at
10,000 rpm for 15min to separate cells and solid particle from
supernatant. It was confirmed that no microorganism available in
the supernatant using light microscope (Sugumaran, Gowthami,
et al., 2013). Solid particles with cells were dried in a hot air oven
at 90 °C to constant weight. The supernatant was added with equal
volume of ethanol and was kept at 4°C for 1 day for precipita-
tion. After 1 day, the precipitated sample was again centrifuged
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at 10,000 rpm for 10 min to separate precipitate efficiently and
precipitate was dried to 90°C in a hot air oven to constant dry
weight (Sugumaran, Gowthami, et al., 2013; Sugumaran, Sindhu,
etal.,, 2013; Vijayendra et al., 2001). The yield of pullulan was esti-
mated by gravimetrically and expressed as mg of precipitate per
gram of dried fermented substrate. Experiments were carried out
in triplicates and data was reported as mean + SEM using minitab
statistical software, version 16. The level of significance was
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Fig. 3. Screening of nitrogen source on pullulan yield.
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Fig. 4. Effect of particle size on pullulan yield.

considered as 99% confidence level. Using light microscopy (Carl
Zeiss Inc., Germany), cell morphology in solid state fermentation
was observed

2.5. Determination of various factors on pullulan production in
solid state fermentation

Effect of initial pH ranging from 2.5 to 7.5 on cell morphol-
ogy and pullulan production was studied using phosphate citrate
buffer with the moisture ratio of 1:2. Influence of fermentation
time (1-8 days), moisture ratio (1:0.5-1:3) on pullulan production
was investigated. Then effects of nitrogen source (NaNO,, NaNOs,
NH4NOs3, (NH4);S04, NH4CI, peptone, malt extract, beef extract,
and yeast extract), particle size, supplement carbon source (glu-
cose, sucrose, fructose, maltose, mannose, and xylose) with solid
substrate on pullulan production were investigated to improve the
yield.

2.6. Characterization of pullulan

The polymer sample from cassava bagasse was first charac-
terized using FTIR spectroscopy (Perkin-Elmer 1600 spectropho-
tometer). For FTIR spectra, sample was blended with KBr pellet
(Thirumavalavan et al., 2009; Sugumaran, Gowthami, et al., 2013;
Sugumaran, Sindhu, et al., 2013). For 'H-NMR spectroscopy, 10 mg
of purified sample was dissolved in sufficient volume of DMSO-d6
solvent and tetramethylsilane was used an internal standard for
TH-NMR spectroscopy (Zhang et al., 2009).

Pullulan average molecular weight, polydispersity index were
estimated by gel permeation chromatography (Agilent 1200 series)
with a PL gel column and a RID detector. Polystyrene was a used as
a standard to construct a calibration curve. HPLC grade DMSO used
as a mobile phase was introduced to the chromatography at a rate
of 0.375 ml/min. The sample concentration and injection volume
were about 1.0 mg/ml and 20 p.L, respectively (Sugumaran, Sindhu,
etal, 2013).

3. Results and discussion

3.1. Effect of Initial pH on cell morphology and pululan
production

The pH of fermentation media highly influences the morphol-
ogy of A. pullulans, cultivation rate and production of pullulan
(Goksungur et al., 2004; Seviour, Kristiansen, & Harvey, 1984).
Therefore, effect of initial pH ranging from 2.5 to 7.5 (before ster-
ilization) in the production medium on cell morphology (Fig. 1(a)
and (b)) and pullulan production was studied in solid state fermen-
tation using cassava bagasse substrate with a moisture ratio of 1:2
(Fig. 1(c)). Tukey’s test confirmed that difference in yield of pullu-
lan with respect to initial pH was statistically significant (p <0.01).
Pullulan yield increased gradually with increase in initial pH from
2.5 to 5.5 and then decreased after pH 5.5. Yeast like morphology
was predominant in the production medium at 5.5 pH and yield of
pullulan achieved to be 20.5 mg/g ds at same pH. This result is con-
sistent with the previous reports (Campbell, Siddique, McDougall,
& Seviour, 2004; Catley, 1980; Heald & Kristiansen, 1985; Li et al.,
2009; Ronen, Guterman, & Shabtai, 2002; Simon, Bouchet, & Caye-
Vaugien, 1995). Maximum pullulan production was obtained by
Heald and Kristiansen (1985) when 60% yeast like cells were avail-
able in the production medium at pH 6.3 (Heald & Kristiansen,
1985).16.39 g/L of pullulan was obtained from Asian palmyra palm
kernel at an initial pH of 6.5 with predominant yeast like mor-
phology in the production medium (Sugumaran, Gowthami, et al.,
2013).

Catley (1971) found that the optimum pH for cell growth and
pullulan production was different (Catley, 1971). The favorable pH
for pullulan production was reported to be in the range of 5.5-7.5
(Cheng, Demirci, & Catchmark, 2009; Lee & Yoo, 1993; Shingel,
2004). Lacroix, LeDuy, Noel, and Choplin (1985) reported maxi-
mum polysaccharide production at pH 5.5, while no pullulan was
obtained at pH 2 while using sucrose synthetic medium (Lacroix
etal., 1985). The maximum pullulan concentration of 29.43 g/L was
achieved at pH of 5.5 using sweet potato (Wu et al., 2009). The
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Fig. 5. (a) Screening of supplement carbon source on pullulan yield and (b) effect of concentration of mannose on pullulan yield.

optimum initial pH for maximizing the pullulan production
(30.28 g/L) was found to be 5.5 using response surface method
(Jiang, 2010). Vijayendra et al. (2001) produced 2.313% (w/v) of
pullulan using jaggery at initial pH of 5.0 (Vijayendra et al., 2001).
This was consistent with our findings. However, Thirumavalavan
et al. (2009) obtained high concentration of pullulan (58 g/L) at 7.0
pH using coconut by products (Thirumavalavan et al., 2009). Maxi-
mum concentration of exopolymer (6.5 g/L) from carob pod extract
obtained at pH 6.5 (Israilides et al., 1998). Auer and Seviour (1990)
observed a high concentration of polysaccharide at initial pH of 7.5
(Auer & Seviour, 1990). Therefore, difference in value of optimum
pH reported from literature could be due to the types of A. Pullulans
strain, age of inoculum used, composition of fermentation medium
and nature of fermentation (Pandey, Nigam, Soccol, et al., 2000;
Pandey, Soccol, & Mitchell, 2000; Pandey, Soccol, Nigam, et al.,
2000).

3.2. Effect of fermentation time on pullulan production

Influence of fermentation time on yield of pullulan using cas-
sava bagasse at initial pH of 5.5 in the moisture ratio of 1:2.
Tukey’s test confirmed that difference in yield of pullulan with

respect to fermentation time was statistically significant (p <0.01).
Pullulan concentration increased till 4 days and then the yield
decreased (figure not shown). Yield of pullulan was maximum
(23.6 mg/gds) on fourth day. Similarly, Goksungur et al. (2011)
observed high concentration of pullulan (19.2g/l) after 111.8h
at pH 7.2 (Goksungur et al., 2011). Maximum pullulan produc-
tion (30.28 g/L) was achieved on fifth day with an initial pH of
5.5 at 28°C using sucrose as a carbon source (Jiang, 2010). Max-
imum concentration of pullulan (54 g/L) obtained using coconut by
products on sixth day (Thirumavalavan et al., 2009). Sugumaran,
Gowthami, et al. (2013), reported high concentration of pullu-
lan on seventh day using Asian palmyra palm kernel (Sugumaran,
Gowthami, et al., 2013; Sugumaran, Sindhu, et al., 2013). The yield
of pullulan decreased due to enzymatic hydrolysis of pullulan by
glucoamylase in later stages of fermentation (Thomas & Strohfus,
1996).

3.3. Effect of initial moisture content on pullulan production

Moisture content is an important factor in solid state
fermentation due to oxygen transfer, microorganism growth
and metabolic activity. High moisture content may cause the
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Fig. 6. (a) FTIR and (b) gel permeation chromotogram for pullulan from cassava bagasse.

reduction of oxygen transfer rate due to low substrate porosity,
whereas low moisture content may lead poor diffusion of nutrients
due to water-tightness of the solid substrate (Pandey, 2003). Fig. 2
explains the influence of moisture ratio on pullulan production
using cassavabagasse atinitial pH 5.5 on forth day. Tukey’s test con-
firmed that difference in yield of pullulan with respect to moisture
ratio was statistically significant (p <0.01). Pullulan yield gradually
increased with increase in moisture ratio until 1:2 and then pul-
lulan yield decreased. Pullulan yield was maximum (24.3 mg/g ds)
with 1:2 moisture ratio. Similarly, production of exo polysaccharide
(27.5g/kgds) was investigated with 1:2 moisture ratio using cas-
sava starchresidue. (Ray & Moorthy, 2007). Sugumaran, Gowthami,
et al. (2013), observed maximum pullulan concentration of 17 g/L
of basal medium in solid state fermentation with 50% moisture con-
tent (Sugumaran, Gowthami, etal., 2013; Sugumaran, Sindhu, et al.,
2013).

3.4. Screening of nitrogen source on pullulan production

Exo-polymer production from A. pullulans was strongly affected
by source of nitrogen in the production medium (Goksungur
et al., 2004). Screening of nitrogen source namely NaNO,, NaNOs,
NH4NO3, (NH4),S04, NH4Cl, peptone, malt extract, beef extract,
yeast extract on pullulan yield was carried out using cassava
bagasse at initial pH of 5.5 with 1:2 moisture ratio. The results are

depicted in Fig. 3. Tukey’s test confirmed that difference in yield of
pullulan with respect to nitrogen source was statistically significant
(p<0.01). The maximum concentration of pullulan was observed
in the production media containing NaNO, as a nitrogen source
(33.4mg/gds) followed by yeast extract (32.1 mg/gds). There was
no difference in significant between yeast extract and NaNO,. On
the other hand, low pullulan yield (10.5 mg/gds) was observed in
the medium containing ammonium nitrate. The yield in this case
was lower than that of control.

Lin, Zhang, and Thibault (2007 ) demonstrated influence of nitro-
gen source on the molecular weight of the pullulan (Lin et al.,
2007). Thirumavalavan et al. (2009) had observed high concen-
tration of pullulan (58.6 g/L) using yeast extract (Thirumavalavan
et al., 2009). Pullulan concentration was significantly affected by
different concentration of NaNO, (Campbell, McDougall, & Seviour,
2003; Orr, Zheng, Campbell, McDougall, & Seviour, 2009). Pul-
lulan production (22.46 g/L), activity of UDPG-pyrophosphorylase
(45.07mU/mg of protein) and yeast like cells (814+3.2%) were
highly improved by NaNO, in the production medium (Jiang, Wu,
& Kim, 2011).

Numerous researchers had also reported the influence of
nitrogen source on pullulan production (Auer & Seviour, 1990;
Lazaridou et al, 2002; Reed-Hamer & West, 1994; Schuster,
Wenzig, & Mersmann, 1993; Sugumaran, Gowthami, et al., 2013;
Thirumavalavan et al., 2009). Auer and Seviour (1990) observed
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Fig. 7. (a) "H-NMR for pullulan from cassava bagasse and (b) *C-NMR for pullulan from cassava bagasse.

ammonium nitrate and ammonium sulfate as favorable nitrogen
source for enhancing pullulan production (Auer & Seviour, 1990).

3.5. Effect of particle size on pullulan production

In solid-state fermentation, particle size is the crucial factor
to affect the microorganism attachment, diffusion of various sub-
strates and metabolites production (Pandey, 1991; Prakasham, Rao,
& Sarma, 2006; Zadrazil & Puniya, 1995). Effect of particle size of
cassava bagasse on pullulan production was investigated (Fig. 4).
Tukey’s test confirmed that difference in yield of pullulan with
respect to particle size was statistically significant (p <0.01). The
optimum particle size of cassava bagasse was found to be 2.38 mm
and corresponding pullulan yield was found to be 35.1 mg/gds.
Even though very small particle sizes (1.68 mm and 1.41 mm) pro-
vided very high surface area for the particle, low yield of pullulan
was obtained due to insufficient support for microbial growth.
Therefore maximum pullulan yield obtained at 2.38 mm particle
size.

Normally, smaller size particles offer a greater specific surface
area for microbial attachment. But, substrate agglomeration may
result due to very small size particle. Small particle size may inter-
fere with aeration owing to small void volume and result in lower
microbial attachment on surface. Larger size particles offer good
aeration due to large void volume but provide small specific sur-
face area for microbial attachment (Pandey, Nigam, Soccol, et al.,

2000; Pandey, Soccol, & Mitchell, 2000). Our results are consistent
with previous findings.

3.6. Effect of supplement carbon source on pullulan production

In our work, effect of different co-substrates (3%, w/w) namely
glucose, sucrose, fructose, maltose, mannose, xylose along with the
main carbon source on pullulan yield was studied at pH 5.5 in the
moisture ratio of 1:2 with NaNO, as a nitrogen source on forth
day. The results are shown in Fig. 5(a). Mannose and glucose had
resulted high yield of pullulan of 45.1and 40 mg/g ds, respectively.
In our study, low yield of pullulan obtained from fructose and xylose
containing production medium. This may due to longer biosynthe-
sis pathway starting from fructose and xylose to UDP-glucose. UDP
glucose is the precursor for pullulan synthesis. Eventhough UDP-
glucose present in xylose and fructose containing medium after
long metabolic pathway, it could not be fully utilized for pullu-
lan production due to low glucosyltransferase activity (Duan, Chi,
Wang, & Wang, 2008).Fig. 5(b) shows the effect of mannose concen-
tration on pullulan production in solid state fermentation. Pullulan
yield was increased with respect to mannose concentration up to
5% (w/v), and then yield of pullulan decreased. Pullulan yield was
improved to 49 mg/gds at 5% (w/w) mannose concentration. Our
findings are consistent with previous reports. Pullulan production
decreased due to excess carbon source more than 5% (w/w) in
the production medium. The reason may be owing to suppression
effect of sugars on enzymes namely UDPG-pyrophosphorylase and
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a-phosphoglucose mutase involved in pullulan biosynthesis (Kim,
Kim, Lee, Lee, & Kim, 2000; Shin, Kim, Lee, Cho, & Byun, 1987).

3.7. Characterization of pullulan

Fig.6(a) shows FTIR spectra for the pullulan sample from cassava
bagasse. Bands appeared at 3462.7 cm~! and 2930.1 cm~! were the
characteristics of O—H stretching and C—H stretching, respectively.
Remaining characteristic signals observed at 1647.6, 1399.5 and
1020.8cm~! were due to 0—C—O0 stretching, C—O—H bending and
C—O stretching respectively (Sugumaran, Gowthami, et al., 2013;
Sugumaran, Sindhu, et al., 2013; Thirumavalavan et al., 2009). A
small hump observed at 851 cm~! was due to a-configuration of
D-glucopyranose units (Barker, Bourne, Stacey, & Whiffen, 1954).

The number average molecular weight, weight average molec-
ular weight and polydispersity index which is the ratio of weight
average molecular weight and number average molecular weight of
pullulan sample was estimated by gel permeation chromatography.
GPC chromatogram s shown in Fig. 6(b). The weight average molec-
ular weight, number average molecular weight and poly-dispersity
index were found to be 9.8 x 106 g/mol, 2.5 x 106 g/mol and 3.8,
respectively. For pullulan, polydispersity index was ranging from
2.1 to 4.1 (Roukas & Mantzouridou, 2001; Wiley, Ball, Arcidiacono,
& Kaplan, 1993). Depending on the medium composition, cultur-
ing conditions, type of strain, and the average molecular weight of
pullulans varied (Pollock, 1992; Wiley et al., 1993). It has also been
reported that pullulan molecular weight is affected by initial pH
and nature of substrate used (Kim et al., 2000; Lee et al., 2001). The
molecular weights of exo-polymers from agro wastes were higher
than that obtained from glucose containing production medium
(Israilies, Scanlon, Smith, Harding, & Jumel, 1994).

Structural characterization of the purified pullulan from cassava
bagasse was carried out by 'H-NMR spectroscopy (Fig. 7(a)) and
it was compared with commercial pullulan (Ram, Gaganpreet, &
Kennedy, 2009; Sugumaran, Gowthami, et al., 2013; Zhang et al.,
2009). Four chemical signals were displayed in the anomeric region
at 5.003, 4.903, 4.766 and 4.663 ppm due to four sugar repeating
unit in the polysaccharide (Tako et al., 2013). Signal observed at 1.2
and 1.1 ppm was due to 6-deoxy-D-altrose present in the polysac-
charide (Takoetal.,2012). C-NMR for pullulan from cassava bagasse
is shown in Fig. 7(b). The signal at 18.48 ppm explained availabil-
ity of 6-deoxy sugar (Tako et al., 2012). Splitting of C-6 (60.41
and 61.18 ppm) and C-4 (71.89 and 73.13 ppm) were due to C-1 of
(1 — 4) linked glucose unit (Lazaridou et al., 2002). The absence of
signals between 82 and 88 ppm explained that all the sugar residue
available in pyranose form in biopolymer (Ye et al., 2008). Anomeric
a (1— 6) was appeared by peak at 99.82 ppm (Ram et al., 2009).

4. Conclusion

Pullulan production was investigated by low cost industrial
waste - cassava bagasse in solid state fermentation. Effect of initial
pH on morphology of cells and pullulan yield was studied. Then
effects of fermentation time, moisture ratio, nitrogen source, sup-
plement carbon source on pullulan yield were investigated. Finally
effect of supplement concentration on pullulan production was
carried out. It was found that the suitable conditions for pullu-
lan yield using cassava bagasse are: initial pH —5.5; Fermentation
time - 4th day, moisture ratio - 1:2, nitrogen source - sodium
nitrite, supplement carbon source — mannose and 5% (w/w) man-
nose concentration. Microbial pullulan produced in this study was
characterized by FTIR, 'H-NMR and !3C-NMR. Using gel permeation
chromatography, the molecular weight of pullulan was found to be
9.8 x 108 g/mol.
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