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ABSTRACT
Application of simultaneous saccharification and fermentation (SSF) technique for

the conversion of agricultural wastes to bio-ethanol would result in a more cost-effective
process. Peracetic acid (PAA) pretreated various lignocellulosic substrates like sugarcane bagasse,
rice straw and corn cobs were examined with solka floc as reference in SSF experiments for
the production of bio-ethanol using Asperigillus niger crude cellulase, Cladosporium sp. crude
CMCase (Carboxy Methyl Cellulase) and yeast cells. Fermentation temperature was selected as
40 and 43°C for Saccharomyces cerevisiae NCIM 3215 and Saccharomyces bayanus respectively.
Further SSF experiments were compared for ethanol production. The S. bayanus was found
to perform better and faster fermentation in the SSF process and yielded higher bio-ethanol
in pretreated bagasse just after 48 h (17.03% w/v) than the S. cerevisiae that gave high yields of
bio-ethanol only after 72 h (13.44% w/v). Increased bio-ethanol yields were obtained when
the cellulase was supplemented with CMCase of Cladosporium sp. The cell viability was lower in
S. bayanus compared with S. cerevisiae. The bio-ethanol yields of the fermented substrates were
in the following order: Solka floc> treated sugarcane bagasse> treated rice straw > treated
corn cobs.

Keywords: simultaneous saccharification and fermentation (SSF), Cladosporium sp.,
Asperigillus niger, lignocellulose, Saccharomyces cerevisiae, Saccharomyces bayanus,
bio-ethanol

1. INTRODUCTION
Production of renewable fuels, especially

bio-ethanol from lignocellulosics biomass,
holds potential to meet the energy demand
as well as to mitigate greenhouse gas emissions
for a sustainable environment. At present
technologies to produce bio-ethanol largely
depend on sugarcane, starch based grains and
tubers [1]. However, production of bio-

ethanol requires the development of an
economically feasible and sustainable process
utilizing renewable lignocellulosic materials
that do not compete with food sources [2].

Agricultural residues (e.g., wheat straw,
sugarcane bagasse, corn stover), forest
products (hardwood and softwood), and
dedicated crops (switchgrass, salix) are
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renewable sources of energy [3]. The
enzymatic hydrolysis of sugarcane bagasse
could be greatly enhanced by peracetic acid
(PAA) pretreatment [4], which was achieved
mainly by delignification accompanying
with the increase of the surface area and
exposure of cellulose fibers [5].

Zayed and Meyer [6] carried out single
batch bioconversion of wheat straw to
ethanol by employing the fungus Trichoderma
viride and the yeast Pachysolen tannophilus.
Miyomoto [7] used raw material like
sugarcane bagasse, rice straw, and forest
wastes in pilot scale unit for the production
of ethanol. Nakamura et al., [8] reported that
rice straw is a potential feed stock for
production of power and fuel ethanol. Laser
et al., [9] used sugarcane bagasse for
bioconversion to ethanol.

During enzymatic hydrolysis, cellulase
activity is severely inhibited by cellobiose
and to a lesser extent by glucose [10]. The
competitive product inhibition of the
cellobiose can be overcome to some extent
by the addition of a surplus of β-glucosidase
activity [11]. The cellulose fraction of
lignocelluloses can be converted to
bio-ethanol by either simultaneous
saccharification and fermentation (SSF) or
separate enzymatic hydrolysis and
fermentation (SHF) processes. SSF is more
favoured because of its low potential costs
[12]. Large number of publications
indicated that the optimum temperature for
enzymatic hydrolysis is at 40-50oC [13],
while the microorganisms with good
ethanol productivity and yield do not
usually tolerate this high temperature.
This problem has usually been tackled by
applying thermo-tolerant yeast [14] and
S. bayanus [15,16].

Earlier we have reported the high
gravity finger millet medium for ethanol
production using S. bayanus [17]. Recently

we have reported the optimization of ethanol
production from sugarcane bagasse [18].
In the present study agricultural wastes
were considered as inexpensive, abundant
and renewable sources for bio-ethanol
production using S. cerevisiae and S.
bayanus in SSF.

2. MATERIALS AND METHODS
2.1 Fungal Strains and Their Maintenance

The Cladosporium sp. NCIM 901
procured from National Collection of
Industrial Microorganisms (NCIM), Pune,
India was employed for CMCase
production. The Asperigillus niger soil
isolate was employed for cellulase and β-
glucosidase production. Both fungal strains
were grown and maintained on potato
soluble starch agar at 4oC as agar slant
cultures. The actively growing fungal
cultures were maintained as such by
periodic transfer into fresh potato dextrose
agar (PDA) medium at every 2-3 months.

2.2 Preparation of Fungal Inoculum
Both the fungal cultures were grown on

PDA slants at 32oC for 4 days and washed
with 5 ml sterile distilled water to prepare the
spore suspension. Spores were filtered
through Whatman No.1 filter paper and
resuspended in sterile distilled water to get a
spore density of 1 × 108 spores/ml with the
aid of a Neubauer counting chamber. The
above spore suspension was added (2 ml/g)
as inoculum to SSF medium.

2.3 Solid State Fermentation for Enzyme
Production

It was carried individually in 250 ml
Erlenmeyer conical flasks that contained 1g
micro crystalline cellulose (solka floc) and 1g
of carboxy methyl cellulose as carbon source
for A. niger and Cladosporium sp. NCIM 901
respectively, and 5 ml of basal salt medium
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of following composition (g/l) NH4NO3, 5.0;
Peptone, 5; NaCl, 5; Urea, 2; CaCl2,1; Tween
80, 0.5 ml and trace elements: FeSO4⋅7H2O,
0.005; MnSO4⋅7H2O, 0.001; ZnSO4⋅7H2O,
0.001 and CoCl2,0.002 g. The initial moisture
content of the medium was adjusted to
70-75%. Prior to sterilization, the initial pH
of the medium was adjusted to 5.5. After
incubation, 10 ml sodium citrate buffer
(50 mM, pH 6.0) was added to flasks, and
these flasks were kept at 50oC for 1 h under
mild stirring. The fermented slurry was filtered
through muslin cloth and centrifuged at
8000 × g for 15 min. The filtrate was
concentrated using Amicon cell fitted with a
PM-10 membrane (10 kDa cut off) and
used for β-glucosidase purification and
carboxymethyl cellulase purification [19].

2.4 Crude Enzyme Preparation
Culture filtrate of the crude preparation

was precipitated by the addition of ammo-
nium sulphate with 90% saturation. It was
kept at 4oC for 24 h and the precipitate
was collected by using centrifugation (4000
× g) at 4oC for 30 min. The precipitate was
re-dissolved in 10 ml of 0.02 M sodium
phosphate buffer and dialysed for 24 h
against 0.02 M sodium phosphate buffer,
pH 7.0 containing 1 mM EDTA and 1 mM
2-mercaptoethanol [20]. The dialyzed
suspension was used for SSF experiments as
enzyme source.

2.5 Substrates and Pretreatment
Rice straw was collected from local

paddy fields around Tirupati (India). Corn
cobs were collected in agricultural market,
Tirupati. Sugarcane bagasse was collected
at Sri Venkateswara sugar Industries,
Renigunta, Tirupati. The peracetic acid
(PAA) (5% wt/vol) pretreatment [18] of the
substrates were carried out at 90oC for 60
min. Solid-liquid ratio was maintained at

10 g/100 ml. Solka floc SW-40 (micro-
crystalline cellulose) was employed as the
substrate of reference. The solid and liquid
hydrolyzate was separated and used for
further experiments. The liquid hydrolysate
was removed and used for sugar content
analysis by Yang and Wyman [21] method.

2.6 Yeast Strains and Preparation of
Inoculum

The Saccharomyces cerevisiae (NCIM
3215) obtained from National Collection
of Industrial Microorganisms (NCIM),
Pune, India and Saccharomyces bayanus was
kindly provided by Dr.Roberto Ambrosoli,
University of Turin, Italy. Both strains
were used in this study and the inoculum
was prepared by transferring the organisms
maintained on MGYP medium (malt extract,
3; glucose, 10; yeast extract, 5; peptone, 5
g/l) into 250 ml flask with 100 ml basal
medium having 36 g/l  glucose. The yeasts
were cultured at 33oC on an orbital shaker
for 12 h. The inoculum concentration was
about 1.5 × 108 yeast cells/ml and the
amount of inoculum added was 10% (v/v)
of the SSF medium.

2.7 Simultaneous Saccharification and
Fermentation (SSF)

The reaction mixture contained PAA
pretreated substrate 10% (w/v), crude
cellulase (16 FPU) and carboxymethyl
cellulase (15 IU), 10% (v/v) yeast inoculum
and 87 ml of SSF basal medium [peptone
(0.5%, w/v), yeast extract (0.3%, w/v), malt
extract (0.3%, w/v) and Tween 80 (0.1%,
w/v) supplemented with mineral salts (in
g/l) (NH4)2SO4 1.4, KH2PO4 2.0, urea 0.3,
CaCl2 2H2O 0.4, MgSO4 7H2O 0.3; and
(in mg/l) FeSO4 7H2O 5.0, MnSO4 H2O 1.6,
ZnSO4 7H2O 1.4, CoCl2 6H2O 3.7. The pH
of the medium was adjusted to 4.8 using
0.05 M acetate buffer] and final the volume
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made up to 100 ml [22]. The final pH was
adjusted to 5.1 with 0.05 M citrate buffer.
Reactions were carried out in 250 ml
Erlenmeyer flasks with 100 ml working
volume on an orbital shaker at 150 rpm.
Samples were aseptically taken at regular
intervals for the analysis of sugars, reducing
sugars and ethanol content.

2.8 Assay Methods
The components (cellulose, hemicellulose

and lignin) of pretreated and untreated
substrates were analyzed according to the
procedures of Goering and Van Soest [23].
Total drymatter, moisture, ash content, crude
fibre, crude fat and crude protein were
determined by the procedures of AOAC [24].
The amounts of total soluble sugar (TS) of
the hydrolysates were tested according to
phenol-sulfuric acid [25] method. The
reducing sugar concentration was estimated
using 3, 5-dinitrosalicylic acid (DNS) method
[26]. The xylose and arabinose content was
estimated by the method of Khabarov et al.,
[27]. The reagents (solution 1, 2 and H2SO4)
were prepared and mixed in test tubes.
It was heated on a boiling water bath,
the reaction mixture was transferred into a
100 ml volumetric flask, and water was
added to the mark. The absorption spectra
were recorded on a Spectrophotometer.
The calibration plots were constructed and
the concentration of pentoses were expressed
as mg/g.

Protein content was estimated by
method of Lowry et al., [28]. Filter paper
hydrolase (FPase) and carboxymethyl
cellulase (CMCase) activities were assayed
as described by Mandels et al., [29] at pH
5.0 and 50oC (60 min for FPase and 30 min
for CMCase). The β-glucosidase (EC
3.2.1.21) activity was assayed according to
Desrochers et al., [30] at pH 5.0 and 50oC
for 30 min. Glucose produced was assayed

by the method of Miller [26] using glucose
as the standard. Enzyme activity (U) was
expressed either as μmol glucose (for β-
glucosidase) or glucose equivalent (for
FPase and CMCase) liberated per min.

2.9 Glucosamine Determination
For fungal chitin hydrolysis into N-acetyl

glucosamine, 20 mg dried biomass was
incubated with 2 ml of H2SO4 (72%) in a
test tube. After continuous shaking (130
rpm) for 60 min at 25°C, it was diluted
with 3 ml of distilled water and autoclaved
for 2 h. The hydrolyzate was neutralized
to pH 7.0 with 10 M and then with 0.5 M
NaOH and diluted to 100 ml. Finally,
glucosamine was assayed by the colorime-
tric method described by Tsuji et al., [31]
and modified by Ride and Drysdale [32].
Hydrolyzate (1 ml diluted) was mixed with
1 ml of NaNO2 (5%) and 1ml of KHSO4

(5%) in a centrifuge tube. After shaking
occasionally for 15 min, it was centrifuged
at 3500 rpm for 5 min; 2 ml of supernatant
was mixed with 0.67 ml of NH4SO3NH2

(12.5%) and shaken for 3 min. To the
mixture was added 0.67 ml of 3-methyl-2-
benzothiazolinone hydrazone hydrochloride
(MBTH; 0.5%, prepared daily), and then
the mixture was boiled for 3 min and
immediately cooled to room temperature;
0.67 ml of FeCl3 (0.5%, prepared within 3
days) was added. After standing for 30 min,
the absorbance at 650 nm was measured
spectrophotometrically. The chitin content
(mg of glucosamine/mg of dry weight of
fungal biomass) was calculated in accordance
with a standard curve established by
measuring the absorbance of known
amounts of glucosamine hydrochloride.

2.10 Yeast Cell Viability
The yeast cells viability was determined

by the methylene blue staining technique [33].
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A 200 μl sterile solution of methylene blue
(3.3 mM in 68 mM sodium citrate) was
mixed with 200 μl of yeast suspension and
diluted to reach an OD of 0.4-0.7 at 620
nm. This mixture was shaken and after 5
min incubation, placed in a Neubauer
counting chamber. The number of stained
(inactive) and unstained (active) cells were
counted in five different fields with a total
of 200-300 cells and the percentage of viable
(active) cells was noted.

2.11 Ethanol Quantification Using Gas
Chromatography

The Agilent systems model 6890 was
used and the conditions were as follows:
Graphitized packed column 5% carbowax
20M phase, matrix 80/120 carbopack-B,
length 6 ft (1.83m) × 2 mm I.D. × 1/4" O.D.
Nitrogen was used as carrier gas with flow
rate of  20 ml/min and eluted compounds
were detected by flame ionization detector
(FID). Hydrogen was used as fuel gas, with
flow rate 40 ml/min, along with air at a flow
rate of 400 ml/min and secondary butyl
acetate was used as internal standard [34].

3. RESULTS AND DISCUSSION
3.1 Proximate Analysis of Lignocellulosic
Substrates

Chemical composition confirms that
lignocellulosic biomass is mainly formed
by cellulose, hemicellulose and lignin.
All compositions were calculated based on
the dry weight of samples. Table 1 represents
the proximate and chemical composition of
three agricultural residues: rice straw, corn
cobs and sugarcane bagasse to highlight the
particulate differences in feedstock before
and after PAA pretreatment. The chemical
pretreatment resulted in the solubilization
of different components in three substrates
such as lignin, hemicellulose and other
soluble extractives. PAA pretreatment of
three substrates was carried out at 90oC for
60 min and the chemical composition is
presented in Table 1. However, since the
sugar yields from raw biomass were very
low, the biomass was subjected to a
pretreatment step. The increases in cellulose
and hemicellulose contents were predo-
minantly attributed to the decreases in
lignin and ash. These results indicate that

Table 1. Proximate analyses of untreated and PAA pretreated agricultural wastes (on dry
weight basis %).

RS=Rice straw; PRS=Pretreated rice straw; CCB=Corn cob; PCCB=Pretreated corn cob;
SCB=Sugarcane bagasse; PSCB=Pretreated sugarcane bagasse. Data shown in above table
are the mean ± standard deviations of triplicate experiments; Nd: not determined.

Composition RS PRS CCB PCCB SCB PSCB
Cellulose
Hemicellulose
Lignin
Dry matter
Moisture
Protein
Crude fibre
Crude fat
Ash

33.4±0.6
18.2±0.12
9.2±0.8
87.2±0.4
12.8±0.2
6.8±0.10
26±0.14
6.0±0.8
14.2±0.6

58.8±0.8
20.4±0.10
5.4±0.2
Nd
Nd
Nd
18.4±0.3
Nd
10.3±0.3

32.3±0.2
39.8±0.4
13.9±0.2
89.17±0.2
8.5±0.1
3.2±0.4
34.6±0.6
1.47±0.1
1.8±0.2

56.8±0.8
42.2±0.4
10.2±0.10
Nd
Nd
Nd
28.2±0.4
Nd
1.2±0.4

42.7±0.5
34.4±0.4
18.2±0.3
89.0±0.8
11.0±0.12
1.36±0.4
51.3±0.2
0.89±0.8
2.73±0.2

62.2±0.9
36.4±0.3
7.8±0.6
Nd
Nd
Nd
46.4±0.12
Nd
1.86±0.6
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PAA pretreatment could partially disrupt the
lignin structure and expose more accessible
surface area of cellulose to cellulase.
Furthermore, lignin removal could also reduce
unproductive binding of cellulase to lignin [35].
Consequently, it improved enzymatic
biocatalysis and increased the yields of desired
products and recycled more cellulase. Thus,
the costs associated with enzymatic
saccharification of biomass could remarkably
be reduced.

From the results it is evident that in
all substrates after pretreatment there was
increase in cellulose and hemicellulose
contents and decrease in lignin content.
The cellulose content of rice straw, corn cob
and bagasse increased after pretreatment
from 33.4±0.6, 32.3±0.2 and 42.7±0.5%
to 58.8±0.8, 56.8±0.8 and 62.2±0.9%,
respectively. The hemicellulose content was
slightly increased in three substrates after
pretreatment. Thus, increased conversion of
cellulose would increase the available sugar
content in the hydrolyzate. Generally the
bagasse contained relatively higher lignin
content (18.2±0.3%) than that of corn cob
(13.9±0.2%) and rice straw (9.2±0.8%).
Bagasse also contains a relatively high
amount of lignin (20%) comparable to that
in wheat straw [36]. In general lignin
strengthens the bagasse structure and
influences its suspension texture in water.
Moreover, lignin hydrophobic character
considerably reduces the bagasse’s mois-
turizing ability [37].

After pretreatment, the level of the
crude fiber was significantly reduced in all
the studied samples. Compositional changes
observed in three substrates before and after
pretreatment clearly showed that cellulose,
hemicellulose content increased and lignin
as well as ash content decreased in all
substrates. The increases in cellulose were
predominantly attributed to the decreases

in lignin and ash. The ash content was
decreased in pretreated samples compared
to raw untreated samples.

3.2 Production of Enzymes by Solid State
Fermentation

The degradation of crystalline cellulose
was carried out by synergistic action of
FPase, CMCase and β-glucosidase. It has
been reported that optimum time for the
highest cellulase activity depended upon
the substrate and fungus used [38]. In the
present study, pure commercial micro-
crystalline cellulose and carboxy methyl
cellulose were used to obtain crude cellulase
and carboxymethyl cellulase from A. niger
and Cladosporium sp. respectively, by solid
state fermentation. Initially both fungal
strains were produced low activities of the
enzyme but with the course of time, there
was gradual increase in enzyme synthesis
and attained maximum activity on the 6th

day of incubation in fermentation media
(initial pH of 5.5). Further incubation
resulted in the gradual decrease of enzyme
activity. This decreasing trend of enzyme
activity may be due to the reduction in
cellulose content and nutrients supplied in
the substrate. The decrease in cellulase
activity may also be due to accumulation
of cellobiose [38]. Cellulolytic enzyme(s)
produced from the isolate A. niger and
Cladosporium sp. under solid state fermen-
tation was precipitated by ammonium
sulphate. The precipitate obtained from A.
niger isolate was having high FPase and
β-glucosidase activity (15.3 FPU/g and 16.8
IU/g with relative specific activity of 78.46
FPU/g and 86.15 IU/g, respectively) which
was higher than the enzymatic activity of
Cladosporium sp. (Table 2). The CMCase
activity of Cladosporium sp. was higher
than the A. niger isolate, with activity of
18.20 IU/g with specific activity of 81.25
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Table 2. Enzymes production by two fungal strains in solid state fermentation on pure cellulose.

A. niger grown on microcrystalline cellulose and Cladosporium sp grown on CM cellulose support. Data
represents the means ± SEM, n=3; YFP, YCMC and Y

β-Glu represent the specific enzyme activities of filter
paperase, carboxy methyl cellulase and β-glucosidase respectively; *YFPA = FPU/g biomass, YCMC = CMCase/
g biomass, Y

β-Glu = β-glucosidase/g biomass; aExpressed in mg glucosamine per gram of biomass dry weight;
bExpressed in mg fungal protein per gram of biomass dry weight.

IU/g. The values of CMCase activity were
higher than filter paper activity all time
intervals studied during the fermentation
period. Studies by Jabbari et al., [39] stated
that, the onset of precipitation of CMCases
occurred at 35% and were completed at
75% saturation of ammonium sulphate at
0°C. The purification after ammonium
sulphate precipitation was 1.72-fold and
86% CMCases were recovered. After
dialysis, specific activity of CMCases
was 7.29 U mg–1.

Relationship between fungal protein
and fungal biomass indirectly by glucosamine
content was estimated on the 6th day. The
biomass and fungal protein content of
mycelium grown in solid state fermentation
were shown in Table 2. The biomass of
A. niger was 0.195±1.10 (mg/g) with
mycelial protein of about 52.5±0.26 (mg/g).
The Cladosporium sp. biomass was about
0.224 (mg/g) with mycelial protein of
about 60.6±1.12 (mg/g). The maximum
amount of biomass and fungal protein
reached on the 6th day and there after no
further increment of these were noticed.
Within different carbon sources, the
glucosamine and the fungal protein content
could be considered as a good indicator of
the biomass growth. Furthermore, the
glucosamine amount could also be
considered as a good indicator of fungal

protein. Fungal protein content and the ratio
of glucosamine and fungal protein were not
influenced by carbon sources, in submerged
and in solid state fermentation [40]. The crude
cellulase and β-glucosidase preparations were
subjected to fermen-tation for ethanol
production by utilizing pretreated
lignocellulosic materials.

3.3 Saccahrification of Lignocellulosic
Substrates

The yields of different reducing sugars
after the PAA pretreatment of lignocellu-
losic substrates were presented in Table 3.
Yields of sugars were higher in the
pretreated substrates than the untreated
ones. However, PAA pretreatment can be
performed at relatively low temperature
(90°C) under atmospheric pressure. This
mild condition avoids the degradation of
monosaccharide to the formation of
furfural and hydroxymethyl furfural that
are strongly toxic to fermentating organisms
[41]. This pretreatment removed the
hemicellulose and lignin to increase the
accessibility of the cellulose. Less carbo-
hydrate was lost under proper optimum
conditions and PAA pretreatment could
obtain a high recovery yield of carbohy-
drate as solid phase [42]. Decreasing the
lignin content in pretreated substrates
allows nearly complete saccharification of

Fungal
strains

Glucosamine
(mg/g)a

Protein
(mg/g)b

FPase
(FPU/g)

CMCase
(IU/g)

β-gluco-
sidase
(IU/g)

*YFPA

(FPU/g)
*YCMC

(IU/g)
*Y

β-Glu

(IU/g)

A. niger
Cladosporium sp

0.195±1.10
0.224±1.23

52.5±0.26
60.6±1.12

15.3
14.2

12.46
18.20

16.8
12.6

78.46
63.39

63.89
81.25

86.15
56.25
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Table 3.  The yields (mg/g) of different sugars after PAA pretreatment.

the polysaccharides. A comparison of the
residual lignin content with glucose release
for all samples during this study showed
that as lignin content dropped, glucose
release increased.

The results presented in Table 3 show
that the initial raw untreated substrates
contain low levels of total sugars and
reducing sugars. After pretreatment, the
reducing sugar concentration was higher
in pretreated bagasse (42.8±0.2 mg/g)
followed by rice straw (42.6±0.4 mg/g) and
corn cob (40.0±0.2 mg/g). The arabinose
content was higher in rice straw samples
compared with bagasse and corncob. The
higher cellulose content of bagasse resulted
in increasing the reducing sugar content in
pretreated bagasse than the other pretreated
samples. Reducing sugar concentration
was higher in rice straw (42.6±0.4 mg/g)
than in corn cob (40.0±0.2 mg/g) which is
due to low lignin content of rice straw than
corn cob. The results showed that after
pretreatment the availability of reducing
sugars from pretreated substrates were
increased from their respective carbohydrate
content. In comparison the bagasse contained
higher cellulose content than the other
substrates. The levels of reducing sugars in
the sample would determine to some extent
the percentage of ethanol that would be
produced in the fermenting medium. Yield

of sugars from their corresponding substrates
were presented in Table 3. Cellulose
conversion of PAA pretreated samples after
60 min were shown in Figure 1. The
hydrolysis of PAA pretreated bagasse
samples resulted in the highest glucose from
glucan conversion at 35.97%, arabinose
from arabinan conversion low at 22.22%
compared with pretreated corn cob sample,
higher than the pretreated rice straw
sample.

The highest xylan and arabinan
conversion rate at 36.50 and 31.11% was
observed in pretreated corncob than the
other substrates. The xylan and arabinan
conversion rate at 27.90 and 21.42%
respectively was noted in the pretreated
rice straw which is more than the pretreated
corn cob.

3.4 Simultaneous Saccharification and
Fermentation (SSF)

The saccharification of pretreated
substrates by crude cellulase preparations
along with fermentation process was
allowed to occur simultaneously for 96 h
duration by employing S. cerevisiae and S.
bayanus, which could be cultured very near
to the optimum temperature (50oC) for
cellulase. Though 50oC was found to be
optimum, the range of 40-50oC did not
affect the yield significantly, and hence SSF

The values are based on dry-weight basis (%); Data represents the mean ± SEM, n=3.

Substrate Total sugars
Reducing

sugars Glucose Xylose Arabinose

RS
PRS
SCB
PSCB
CCB
PCCB

12.46±0.2
48.2±0.2
12.6±0.6
52.4±0.6
14.2±0.4
46.4±0.5

10.82±0.8
42.6±0.4
10.6±0.12
42.8±0.2
12.4±0.6
40.0±0.2

7.4±0.2
30.5±0.1
8.2±0.2
32.8±0.4
8.6±0.3
26.9±0.2

2.8±0.1
8.6±0.2
5.4±0.2
10.6±0.6
2.4±0.3
12.6±0.3

1.6±0.3
4.2±0.1
3.2±0.1
3.6±0.4
2.5±0.2
4.5±0.2
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Table 4. Ethanol yield (g/l) in simultaneous saccharification and fermentation.

Data represents mean of two experiments; A represents S. cerevisiae (NCIM 3215) and B
represents S. bayanus (PSCB= Pretreated sugarcane bagasse; PRS= Pretreated rice straw;
PCCB= Pretreated corn cob; CEL= Solka floc).

temperature was chosen at 40 and 43oC for
S. cerevisiae and S. bayanus, respectively.
Crude cellulase (16 FPU) preparation of
A. niger (higher cellulase and β-glucosidase)
and crude CMCase (15 IU) of Cladosporium
sp. per gram of substrate was selected. The
Table 4 summarize the results of ethanol
yield obtained with all the substrates
(sugarcane bagasse, rice straw, corn cobs
and solka floc) using both S. cerevisiae and

S. bayanus. After 48 h the concentration and
yield of ethanol was increased in all cultures
fermented by S. bayanus. It should be noted
that S. bayanus proved to be superior to S.
cerevisiae, as the yields obtained with S. bayanus
were distinctly higher. S. bayanus was found
to perform better and faster in the SSF
process and resulted in higher yields of bio-
ethanol in pretreated bagasse just after 48 h
(17.03% w/v) than to S. cerevisiae as it gave

Figure 1. Variation in glucan, xylan and arabinan conversion (%) with PAA pretreatment:
pretreated sugarcane bagasse (PSCB), pretreated rice straw (PRS) and pretreated corn cob
(PCCB).

Enzyme
Units/g
substrate

Time
 (h)

PSCB PRS PCCB CEL
A B A B A BA B

Crude
cellulase

Cellulase
+
Carboxy
methyl
cellulase

16 FPU

16 FPU
+
15 IU

12
24
48
72
96
12
24
48
72
96

3.5
5.73
9.86
12.54
12.54
4.48
6.81
10.39
13.44
13.44

4.48
7.17
16.13
16.13
Nd
5.37
8.06
17.03
17.03
Nd

2.72
4.77
7.27
9.77
9.77
3.63
5.27
8.63
10.45
10.45

3.63
5.90
10.9
10.9
Nd
4.31
6.81
12.5
12.5
Nd

1.78
2.85
5.16
7.13
7.13
2.49
3.56
6.41
7.84
7.84

2.49
4.09
8.02
8.02
Nd
2.85
4.45
9.26
9.26
Nd

4.68
6.30
10.9
13.5
13.5
5.76
7.56
11.3
14.7
14.7

5.04
7.20
17.6
17.6
Nd
6.48
8.64
18.3
18.3
Nd
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high yields of bio-ethanol only after 72 h
(13.44% w/v). The time period 72 h was
required for S. cerevisiae to attain maximum
ethanol concentration with corresponding
ethanol yield. This result is attributed to
the thermo-tolerance of S. bayanus. But at
50oC, the ethanol yield was found to be
reduced with both the yeasts and significant
amount of sugar was found unmetabolized.
This was due to the thermo-lability of both
the yeasts at the higher temperature.
However, S. bayanus generally tolerated a
higher ethanol and temperature than
S. cerevisiae. Addition of crude preparation
of Cladosporium sp. was found to favor
faster reactions with both the yeasts. This
might be due to low activities of CMCase
in the crude preparation of A. niger and
supplementing it from external source gave
better yields since the cellulose degradation
was initiated by the action of CMCase.
Pretreatment of substrates has been found
to have significant influence on ethanol
production. The levels of reducing sugar
in the sample would determine to some
extent the high percentage of ethanol
produced in the fermenting medium.
The higher ethanol yield in the fermented
pretreated bagasse was due to high amount
of reducing sugars than the others in the
fermenting medium.

Thermo-tolerant yeasts capable of
growth and ethanol production at tem-
peratures above 40oC have been investigated
in the past for suitability in SSF [43]. The
ethanol yields of substrates under SSF by
yeasts were in the order of: solka floc
> sugarcane bagasse > rice straw >
corncobs.

3.5 Yeast Cell Viability and Cell Count
The Figures 2 and 3 represent the yeast

cell (S. cerevisiae and S. bayanus) viability and
total number of cells during fermentation of

pretreated substrates along with solka floc
(reference culture medium). During initial
stages of fermentation, there was no increase
in yeast cell numbers, as they were in lag phase.
After that there was a gradual increase in
cell numbers indicating that the yeast cells
were utilizing the sugars present in the
medium. The cultures grown in pretreated
bagasse had higher cell numbers than the
culture grown on other pretreated sub-
strates. This is due to the availability of higher
reducing sugars in the pretreated bagasse
culture medium than the others. Generally,
yeast performance may be affected both by
very low glucose concentration resulting
in metabolic stress conditions and high
ethanol presence in fermenting media. The
lower viability shown by S. bayanus at same
sugar concentrations seem to be due to a
fast accumulation of internal ethanol over
short fermentation periods. At 48 h, 80%
viability of S. bayanus cells on bagasse medium
was compared with 86% viability of
S. cerevisiae cells. At short fermentation
periods (48 h), S. bayanus has a great
fermentation activity. Despite the very low
viability of S. bayanus, it fermented glucose
at temperatures ≥ 42oC; increments in
biomass were obtained due to the contribu-
tion of intact but non viable cells at the
end of the fermentation. High values of
final viability were obtained due to the use
of a high cell density. It has been reported
that the maintenance of viability during
fermentation is favoured by high cell
densities [44]. The limiting effect of
increasing temperatures on the fermenta-
tion capacity of S. bayanus is due to losses
in cell viability. Fast fermentation is one
of the causes for the drops in cell viability,
due to a high internal ethanol concentration
that reaches inside the cells at increasing
sugar concentrations. On the other hand,
S. cerevisiae was able to maintain higher
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Figure 2. Viability and cell number of S. cerevisiae during SSF process.

Figure 3. Viability and cell number of S. bayanus during SSF process.

viability values than S. bayanus at similar
concentration of sugar fermented (Figures
2 and 3). This seems to be caused by the
slower fermentation rate of S. cerevisiae
and utilized more nutrients for its growth
compared to S. bayanus that resulted low
ethanol yields (Table 4). Based on the
experimental results, it is suggested that the
thermo-tolerant ethanol-producing yeast
strain tested may be useful in simultaneous
saccharification and conversion of cellulosic
substrates to ethanol.

4. CONCLUSIONS
Low cost lignocellulosic agricultural

residues such as bagasse, rice straw and corn
cobs are potential renewable biomass for the
production of bio-ethanol. A promising lignin-
selective reagent like peracetic acid is used to
treat the biomass which could be efficiently
fermented by yeast to make bio-ethanol.
In order to reduce the fermentation cost
and make it more feasible, the crude
cellulase preparations of A. niger and
Cladosporium sp. were used in the solid
state fermentation. Further improvements
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should focus on increasing the viability rate
of S. bayanus strain to obtain higher ethanol
yield by adding the special nutrients like finger
millet [17] medium for rapid fermentation.
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