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Abstract In this study, simultaneous saccharification and
fermentation (SSF) was employed to produce ethanol from
1% sodium hydroxide-treated rice straw in a thermostati-
cally controlled glass reactor using 20 FPU gds™' cellu-
lase, 50 TU gds™' p-glucosidase, 15 IU gds™' pectinase
and a newly isolated thermotolerant Pichia kudriavzevii
HOP-1 strain. Scanning electron micrograph images
showed that the size of the P. kudriavzevii cells ranged
from 2.48 to 6.93 um in diameter while the shape of the
cells varied from oval, ellipsoidal to elongate. Pichia ku-
driavzevii cells showed extensive pseudohyphae formation
after 5 days of growth and could assimilate sugars like
glucose, sucrose, galactose, fructose, and mannose but the
cells could not assimilate xylose, arabinose, cellobiose,
raffinose, or trehalose. In addition, the yeast cells could
tolerate up to 40% glucose and 5% NaCl concentrations but
their growth was inhibited at 1% acetic acid and 0.01%
cyclohexamide concentrations. Pichia kudriavzevii pro-
duced about 35 and 200% more ethanol than the conven-
tional Saccharomyces cerevisiae cells at 40 and 45°C,
respectively. About 94% glucan in alkali-treated rice straw
was converted to glucose through enzymatic hydrolysis
within 36 h. Ethanol concentration of 24.25 g 1= corre-
sponding to 82% theoretical yield on glucan basis and
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ethanol productivity of 1.10 g1™' h™' achieved using
P. kudriavzevii during SSF hold promise for scale-up
studies. An insignificant amount of glycerol and no xylitol
was produced during SSF. To the best of our knowledge,
this is the first study reporting ethanol production from any
lignocellulosic biomass using P. kudriavzevii.
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Introduction

The high price of oil, limited availability of liquid fuels, and
growing energy demands in transportation, industrial and
other sectors and concerns over effect of green house gas
emissions on environment has led to a search for alternative
fuels. Because of limited area under crop cultivation and
growing population, cellulosic ethanol could be a key
alternative fuel to meet energy requirements of countries like
India. Cellulosic ethanol and ethanol produced from other
biomass resources have the potential to cut greenhouse gas
emissions by 86% [33]. As per the latest FAO statistics, India
alone accounts for about 22% of the total rice produced in the
world. The availability of rice straw in huge quantities and
unavailability of proper infrastructure to handle such a large
quantity of biomass leads to burning of rice straw in countries
like India, resulting in biomass loss and environmental pol-
lution problems. The best alternative for handling such a
huge quantum of biomass is the production of commercially
important value-added products like enzymes, ethanol, and
organic acids [24].

The bioconversion of lignocellulosic biomass to ethanol
is a multi-step process consisting of pretreatment, enzymatic
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hydrolysis and fermentation. Among these, pretreatment is
particularly crucial, as significant presence of lignin and
crystalline nature of cellulose impede the enzymatic
hydrolysis of lignocellulosic biomass. The lignin compo-
nent in lignocellulosic biomass acts as a physical barrier
and must be removed or structurally altered by pretreat-
ments to make the carbohydrates available for transfor-
mation processes [14]. Pretreatment is required to alter the
biomass macroscopic and microscopic size and structure as
well as its submicroscopic chemical composition and
structure so that hydrolysis of the carbohydrate fraction to
monomeric sugars can be achieved more rapidly and with
greater yields. Pretreatment gives high reaction rates and
significantly improves cellulose hydrolysis [32, 39]. Alkali
pretreatment utilizes lower temperature, pressure and
results in lesser sugar degradation, in comparison to acid
pretreatment [19]. During alkali pretreatment, the first
reactions taking place are salvation and saphonication.
This causes a swollen state of the biomass leading to an
increase in internal surface area, a decrease in the degree
of polymerization, a decrease in crystallinity, separation of
structural linkage between lignin and carbohydrates, and
disruption of lignin structure making biomass more
accessible to action by enzymes [37]. Simultaneous sac-
charification and fermentation (SSF) has lot of advantages,
such as the use of single vessel for saccharification and
fermentation; simplicity and ease of operation and com-
pletion of process in less time thereby improving the
process economics and productivity. In addition, the
presence of ethanol causes the medium to be less vulner-
able to invasion by undesirable microorganisms [3, 25]. In
spite of the economical advantages, SSF suffers from a
major drawback, which is the different optimum temper-
ature requirement for the hydrolyzing enzymes and fer-
menting microbial strain. Previous studies on ethanol
production with SSF or separate hydrolysis and fermen-
tation (SHF) from rice straw have reported low ethanol
yield or low ethanol productivity [8, 26, 34, 39].

The advantages associated with the production of ethanol
at temperatures higher than those used in conventional sys-
tems include reduced operating costs with respect to main-
taining growth temperature in large-scale systems, reduced
risk of contamination, increased productivity and ease with
which the product may be recovered [23]. Previous studies
have reported the use of Pichia kudriavzevii (Issatchenkia
orientalis) along with Saccharomyces cerevisiae in fer-
mentation of grape must and sugarcane juice syrup [11, 15].
We had recently reported ethanol production from sugarcane
juice and Kinnow peel using P. kudriavzevii [10, 29], but we
are yet to come across any literature reporting the use of
P. kudriavzevii for ethanol production from any lignocellu-
losic biomass. The present study was thus conducted to
analyze the effect of different concentrations of sodium
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hydroxide (NaOH) on quantitative changes in the rice straw
structural components; compositional changes during
hydrolysis of pretreated rice straw; characterization of the P.
kudriavzevii HOPI strain; comparative evaluation of P. ku-
driavzevii and the conventional S. cerevisiae in ethanol
production from glucose and also to evaluate the potential of
P. kudriavzevii HOP1 in ethanol production from alkali-
treated rice straw in a SSF process.

Materials and methods
Materials

Rice (Oryza sativa) straw of variety Pusa-44 was procured
from the Agronomy research fields of Punjab Agricultural
University, Ludhiana, Punjab, India. The straw was oven
dried, cut into small pieces, milled with a laboratory blender,
and screened to a particle size of about 1 mm using different
sized sieves [24]. Celluclast 1.5 L (C-2730), Novozyme-188
(C-6105), pectinase (P-2611) and standards for sugars and
sugar alcohols, such as those for glucose, xylose, arabinose,
glycerol, sorbitol and xylitol used for HPLC determinations
were procured from Sigma-Aldrich (St. Louis, MO, USA).
The analytical grade chemicals and dehydrated media were
procured from Fisher Scientific (Mumbai, India) and
Hi-Media Laboratories (Mumbai, India), respectively. The
standards for oligosaccharides, such as cellobiose, xylobiose,
and xylotriose were procured from Megazyme International,
Ireland. The yeast strain used in this study was isolated from
sugarcane juice containing 10% (v/v) ethanol as selection
pressure. The details about isolation, identification, and
propagation are mentioned elsewhere in this paper.

Compositional analysis

The milled rice straw was extracted with ethanol and
subjected to the proximate compositional analysis [24].
Ash and moisture contents were determined using muffle
furnace and hot-air oven, respectively [2]. Protein content
(N x 6.25) was estimated by the combustion method using
autoanalyzer (Leco, FP-2000). Acid insoluble lignin (AIL)
was determined according to the laboratory analytical
procedure (LAP) of National Renewable Energy Labora-
tory (NREL) [30]. Acid soluble lignin (ASL) was deter-
mined using the previously described procedure [24].
Arabinan, glucan, xylan, and mannan were determined as
per the previously described procedure of NREL [30].

Pretreatment of rice straw

The milled rice straw at substrate concentration of 10%
(w/v) was treated with 1-5% (w/v) NaOH concentrations in
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250-ml Erlenmeyer flasks. The flasks were incubated
in an incubator shaker at 150 rpm, 40°C for 1 h and
thereafter autoclave-sterilized at 121°C for 30 min. The
pretreated biomass (solid residue) was collected by
vacuum filtration using Biichner funnel lined with
Whatman filter paper. The biomass was washed repeat-
edly with tap water to a pH of about 5.2. The neutralized
alkali-treated straw obtained after treatment with differ-
ent alkali concentrations was separately dried in a hot-air
oven at 70°C to a constant weight. Glucan, xylan,
arabinan, lignin, and ash concentrations were determined
in the residual biomass obtained after treatment with
different alkali concentrations.

Isolation and propagation of yeast cells

Yeasts were isolated from freshly extracted natural sugar-
cane juice containing 16% (w/v) total sugars. Extraction of
genomic DNA was done with the fungal genomic DNA
isolation kit (Chromous Biotech Pvt Ltd, Bangalore, India).
For the sequence analysis, the ITS1 and ITS4 rDNA region
of the yeast was amplified by PCR using primer set
pITS1 (5-TCCGTAGGTGAACCTGCGG-3') and pITS4
(5-CCTCCGCTTATTGATATGC-3'). Details about the
isolation, identification, and propagation of the yeast iso-
late are discussed in detail in our previous papers [10, 29].

Enzymatic hydrolysis of pretreated rice straw

Alkali concentration that reduced lignin content in rice
straw and significantly increased the glucan concentration
without a substantial loss of hemicellulosic fraction
(xylan, arabinan) as well as pretreated biomass was
selected for pretreatment. Enzymatic hydrolysis of pre-
treated rice straw was performed in 250-ml screw-capped
polycarbonate flasks containing 50 mM citrate buffer (pH
5.0) and 10 g pretreated rice straw at a final solid-to-
liquid loading of 10% (w/v). Tetracycline and cyclo-
hexamide, each at 50 ug ml™' concentration were added
to the flasks prior to hydrolysis. The enzyme concen-
trations used for hydrolysis were 20 filter paper cellulase
units/gram dried substrate (FPU gds™'), 50 international
units/gram dried substrate (IU gds™') f-glucosidase and
151U gds™' pectinase. The flasks were incubated in an
incubator shaker at 50°C, 120 rpm for 60 h. Flasks were
removed from the incubator at 12-h intervals with the
first set of flasks analyzed after 6 h of incubation. The
contents of the flasks were filtered and clear supernatant
was collected after centrifugation. Supernatant was ana-
lyzed for sugars while the residue was dried and ana-
lyzed for different constituents.

Morphological and biochemical characterization
of the Pichia kudriavzevii HOP1 cells

Size, shape, number of ascospores, formation of pseudo-
hyphae, hyphal characteristics and presence of ballisto-
conidia in the yeast isolate were determined as per the
procedure of Barnett et al. [4] with the scanning electron
microscope (SEM) [S-3400N, Hitachi Corporation, Japan].
The SEM protocol involved primary fixation of samples
using 2.5% glutaraldehyde in phosphate buffer (pH 7.2),
followed by washing with distilled water, secondary fixa-
tion using 1-4% osmium tetraoxide and dehydration with
different concentrations of ethanol for different time
intervals. The specimens were mounted on the aluminum
stub with carbon tape and sputter coated before micro-
scopic evaluation. Colony morphology, such as colony
color and colony characteristics was observed from the
colonies that appeared on the YPD plates. The biochemical
profile of the cells was determined by evaluating the
potential of the cells in assimilation of different carbon and
nitrogen sources; osmophilic potential of cells; presence of
urease in cells and resistance to acetic acid and cyclohex-
imide. Carbohydrate assimilation capability of cells to
metabolize different sugars was analyzed using the KB009
HiCarbohydrate kit (Hi-Media Laboratories Pvt Ltd,
Mumbai, India). The osmophilic potential of the yeast cells
was determined using different concentrations of glucose
(20, 40, 60%) and NaCl (5, 10 and 15%). The growth
medium for glucose tolerance was composed of 0.2% (w/v)
yeast extract, 0.2% (w/v) peptone and varying concentra-
tions of glucose mentioned previously. NaCl was added at
concentrations mentioned previously to the growth med-
ium composed of 1% glucose, 0.2% yeast extract and 0.2%
peptone (w/v). The plates containing different concentra-
tions of glucose and NaCl were streaked with the yeast cell
inoculum and incubated at 30°C for 48 h and observed for
growth. The plates showing growth at different concen-
trations of glucose and NaCl were positive while the plates
showing no growth were termed as negative. Different
nitrogen sources, such as potassium nitrate, sodium nitrate,
and ammonium sulphate at 0.2% (w/v) were added to the
yeast carbon base (Hi-Media Laboratories Pvt Ltd, Mum-
bai, India) to ascertain the potential of the cells in assim-
ilation of such nitrogen sources. Urease enzyme activity for
the cells was analyzed using the KB006 HiCandida iden-
tification kit (Hi-Media Laboratories Pvt Ltd, Mumbai,
India). Resistance to 1% acetic acid, 0.01% and 0.1% (w/v)
cycloheximide was assessed by incorporation of acetic acid
and cycloheximide at the concentrations mentioned above
in the sterilized YM broth flasks which were inoculated
with the P. kudriavzevii cells. The flasks were incubated at
30°C for 24 h in an incubator shaker. Inoculum from these
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flasks was streaked on the sterilized YPD plates, which
were incubated at 30°C for 72 h and analyzed regularly for
the growth of yeast cells.

Comparison of Saccharomyces cerevisiae and Pichia
kudriavzevii in ethanol production

Fermentative ability of P. kudriavzevii cells was compared
with that of S. cerevisiae cells in ethanol production from a
synthetic medium composed of 15% (w/v) glucose. Dry
yeast granules of the industrial Saccharomyces cerevisiae
strain obtained from Kothari Fermentation and Biochem
Ltd, New Delhi, India and loopful of inoculum from Pichia
kudriavzevii slants were separately inoculated into steril-
ized YPD broth in 100-ml Erlenmeyer flasks. Flasks were
incubated at 30°C for 48 h. Ten percent of inoculum from
these flasks was aseptically transferred to 250-ml Erlen-
meyer flasks comprising sterilized 100 ml YPD broth
separately for the two yeast strains. Incubation conditions
remained same as described previously and subsequent
transfer of cells into the fresh medium continued until
sufficient inoculum concentration was attained. Cell count
was determined with the hemocytometer while the culture
density was determined at ODgq for both the strains. Cell
concentration for fermentation experiments was judged on
the basis of the cell count for both the strains. Cell con-
centration for the strain showing higher cell count was
appropriately diluted with sterile water to have the same
initial cell count for comparative evaluation. Fermentation
was done in specially designed 250-ml fermentation flasks
fitted with a three-piece air lock system for proper main-
tenance of fermentation conditions. Flasks containing
150 ml of fermentation medium composed of 15% (w/v)
glucose, 0.2% (w/v) yeast extract and 0.2% (w/v) MgSOy4
were used for conducting fermentation trials. Initial pH was
adjusted to 4.0, 5.0, and 6.0 with the use of 5 N HCI before
autoclave-sterilization for 15 min. The flasks were inocu-
lated with 10 ml of inoculum having cell concentration of
1 x 10® cells/ml in the inoculum separately for S. cerevi-
siae and P. kudriavzevii cells. Since the idea was to use the
yeast cells for SSF process, this comparison was done at
35°C and thus, the flasks were incubated at 35°C for 24 h
at 100 rpm. A set of three flasks was removed from the
incubator shaker at regular intervals of 6 h until 24 h and
analyzed for glucose and ethanol concentrations. A similar
experiment was planned by varying the incubation tem-
perature and keeping the other conditions constant for both
the strains. In this case, initial pH was adjusted to 5.0 for
fermentation and the flasks were incubated at 35, 40, and
45°C. Three flasks were removed from the incubator shaker
at regular intervals of 6 h until 24 h and analyzed for
glucose and ethanol concentrations.
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Simultaneous saccharification and fermentation

The SSF experiments were conducted in a 1.5 1 thermo-
statically controlled glass reactor having provisions for
temperature, agitation, and pH control (Bio-Age equip-
ment, Mohali, India). The vessel was also provided with
facilities like condensate removal and exhaust valve. Cit-
rate buffer (50 mM, pH 5.0) and alkali-treated rice straw
were added to achieve 10% solid-to-liquid ratio. The glass
reactor containing alkali-treated rice straw was autoclave-
sterilized for 10 min prior to enzymatic hydrolysis. The
enzyme concentrations used for hydrolysis remained same
as mentioned previously under the section on enzymatic
hydrolysis. The agitation speed during enzymatic hydro-
lysis was maintained at 120 rpm, while pH of the medium
was maintained at 5.0 with the use of sterilized 5 N NaOH
solution. Enzymatic hydrolysis was carried out for 4 h at
50°C for partial hydrolysis of cellulose and hemicellulose.
The temperature of the reactor after 4-h hydrolysis was
brought down to 40°C by immersing it in cold water. The
medium was then supplemented with the sterilized con-
centrated nutrient solution composed of 50 g 17!, each of
yeast extract, MgSQO,, and peptone so as to have a final
concentration of 2 g 17!, each of yeast extract, MgSO,, and
peptone in the fermentation medium. On the basis of
comparative evaluation of the two strains for thermal tol-
erance and fermentation efficiency at varying pH, P. ku-
driavzevii HOP-1 was selected for the SSF process. The
vessel was aseptically inoculated with freshly prepared
80 ml of inoculum of P. kudriavzevii HOP-1 cells having a
cell concentration of 1 x 10° cells ml™". Temperature, pH,
and agitation speed of 40°C, 5.0, and 100 rpm, respectively
were maintained throughout the fermentation process.
Temperature of 40°C was selected to accommodate both
the enzymes and yeast cells in the same vessel at the same
time. Although, optimum temperature requirements for
enzymes and the yeast cells are different, a compromise
was made in selection of temperature [35]. Samples were
drawn at 12-h intervals until 60 h and analyzed for con-
centrations of sugars, ethanol, glycerol, and xylitol. The
experiment was conducted three times in the same vessel
and the data presented are average of three replications.

Analytical methods

Reducing sugars liberated were quantified using the
dinitrosalicylic acid (DNS) method [20]. Glucose, xylose,
arabinose, glycerol, xylitol and oligosaccharides were
determined with the high-performance liquid chromato-
graph (HPLC) [Dionex Corporation, Sunnyvale, CA, USA]
using a Shodex SP-0810 column (300 x 7.8 mm) fitted
with a SP-G guard column (Waters Inc., Milford, MA,
USA). Degassed HPLC grade water was used as a mobile
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phase at a flow rate of 1.0 ml min~"'. The other parameters,
such as temperatures of column oven and refractive index
detector were maintained as per the previously described
procedure [29]. Ethanol was determined with the YSI 2786
ethanol membrane kits using YSI 2700 Select biochemical
analyzer (YSI Inc, Buffalo, NY, USA) [29].

Statistical analysis

All the experiments were conducted in triplicate and mean
and standard deviation (SD) values were calculated using
MS Excel software. Wherever necessary, the data were
analyzed with one-way ANOVA and LSD (p < 0.05) for
tests of significance with JMP software (SAS Inc, Cary,
NC, USA).

Results

Effect of alkali treatment on compositional analysis
of rice straw

In cellulosic biomass, glucan is the representative of cellu-
lose content, while xylan and arabinan make up for the
hemicellulosic fraction. In addition, galactans, mannans,
rhamnans etc. are also present in lignocellulosic biomass, but
in very low concentrations. Glucan, xylan, arabinan, galac-
tan, AIL, ASL, ash and protein contents in rice straw were
3545 £ 1.75%, 23.78 £ 0.97%, 3.20 + 0.14%, 0.67 *+
0.03%, 12.56 £+ 0.95%, 2.5 £ 0.17%, 13.45 + 0.81% and
3.17 & 0.19%, respectively. Rhamnans or mannans were
not detected in the rice straw used in this study. Pretreatment
with 1% NaOH increased glucan by nearly 50%, decreased
hemicellulose (xylan and arabinan), lignin, and ash by about
45,47, and 60%, respectively (Table 1). Increasing the alkali
concentration from 1 to 5% increased glucan by about 7%
and decreased hemicellulose and lignin by 46 and 16%,
respectively (Table 1). Galactan was not observed in the
alkali-treated biomass, irrespective of the concentration used
for pretreatment.

Effect of enzymatic hydrolysis on residual biomass
composition

Glucan, xylan, and arabinan concentrations decreased sig-
nificantly leading to an increase in lignin, and ash contents
in alkali-treated rice straw during 6-h hydrolysis (Table 2).
Although, a decline in concentrations of glucan, xylan, and
arabinan was seen until 48 h, hydrolysis rate was relatively
higher during the first 12 h. This is corroborated by the
increased production of glucose, xylose and arabinose
during the first 12 h with the concentration of sugars lev-
eling off at 36 h (Fig. 1). The rate of increase in production
of glucose, xylose and arabinose dropped after 12 h of
hydrolysis (Fig. 1). The fall in pH during enzymatic
hydrolysis could be because of release of the uronic acids
from xylan fraction of rice straw (Table 2). Xylan in rice
straw is a kind of arabinoglucuronoxylan that is composed
of L-arabinofuranose, 4-0-methyl-D-glucopyranuronic
acid, D-glucopyranuronic acid, and D-xylopyranose [36]. A
continuous decline in pH in the hydrolyzate during hydro-
lysis might have retarded the efficiency of the hydrolytic
enzymes. No cellobiose or cellotriose were detected in the
hydrolyzate; however, insignificant amount of xylobiose
was formed during hydrolysis. Xylobiose concentration
increased from 0.22 to 2.24 g/1 during the 648 h hydrolysis
period. Xylobiose might have been produced because of
high endoxylanase activity and low f-xylosidase activity in
the enzyme mixture used in this study. The f-xylosidase
catalyzes the conversion of xylobiose to xylose and thus the
absence or presence of ff-xylosidase in low concentrations
results in accumulation of xylobiose. The enzymes used
in the present study demonstrated activities for xylanase,
p-xylosidase, and a-L-arabinofuranosidase in addition to
cellulase [28].

Identification and characterization of the isolated yeast
strain

Sequencing and analysis of the ITS rDNA region showed
that the isolated yeast strain had the highest identity with

Table 1 Composition of rice straw after pretreatment with different concentrations of sodium hydroxide

NaOH concentrations (%) Glucan (%) Xylan (%) Arabinan (%) Lignin (%) Ash (%) Solubilization (%)
0 3545°+ 175 2378+ 097  3.20°+0.14 12.56 + 095 1345+ 0.81 -

1.0 52349+ 207  1356° £ 026  2.10° £ 0.11 6.60° £ 0.20 531° £ 041  44* £ 0.50

2.0 57.78°£2.08  11.84°+0.14  1.92°+ 0.10 5.70° + 0.28 481°+ 031  48° £ 0.40

3.0 60.0° £ 1.90 9704 £ 020  1.75% £ 0.05 5.50 £ 0.15 343 £ 053 50° & 0.67

40 60.0° + 2.10 8.14° + 0.4 1.60° + 0.06 540 +0.30 258+ 026  51°+ 085

5.0 60.54* + 1.75 8.12° £+ 0.1 1.60° & 0.05 5.10% & 0.40 119"+ 029 53¢+ 0.60

LSD (0.05) 0.17 0.27 0.16 0.45 0.38 1.13

Values depicted are mean & SD for n — 3 and means with superscripts having the same letter are not significantly different
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Table 2 Compositional changes in alkali-treated rice straw during enzymatic hydrolysis

Time (h) Glucan (%) Xylan (%) Arabinan (%) Lignin (%) Ash (%) pH
52.34* £ 2.07 13.56" £ 0.26 2.10* & 0.11 6.6" + 0..20 5317 + 0.41 5.2

6 26.0° £ 0.15 8.0° + 0.80 1.42° 4 0.07 12.29° + 0.29 8.42° 4+ 0.2 4.6

12 19.29° £ 0.20 6.5 & 0.50 1.21° & 0.06 17.56% + 0.25 9.119+ 0.2 3.9

24 14.424 + 0.12 529+ 0.20 0.989 + 0.05 19.13° + 0.13 12.21° £ 0.1 3.8

36 9.17° £ 0.17 4.1° £ 0.10 0.73° + 0.05 21.5° £ 0.10 14.41° + 0.1 3.6

48 5.13" £ 0.13 4.0° £ 0.10 0.64°" + 0.04 24.77* + 0.04 16.45* + 0.2 3.6

60 5128 £ 0.12 4.0° £ 0.10 0.60" £ 0.05 24.79* + 0.10 16.53* + 0.2 3.6

LSD (0.05) 0.34 0.65 0.11 0.31 0.23

Values depicted are mean £ SD for n — 3 and means with superscripts having the same letter are not significantly different

Issatchenkia orientalis [10]. The species ascribed to the o] ——Glucose  ~a=Xylose *Arablzose L

genus Issatchenkia has been clustered within Pichia, and _ : )

thus, Issatchenkia orientalis has been replaced by Pichia 3=3_>

kudriavzevii as the valid name for that taxonomic entity S

[17]. The ITS sequence of P. kudriavzevii was submitted to ‘E

GenBank with the accession no: HQ 122942 and the isolate :f';

is deposited with the National Bureau of Agriculturally §

Important Microorganisms (NBAIM), Mau Nath Bhanjan, o - _ .

India (NAIMCC- F-02470). The strain henceforth has been - f : e

referred to as Pichia kudriavzevii HOP-1. The yeast colo- 0 : + . T T T T T v

nies were whitish to creamish in color with raised surface. 0 6 12 18 24Tin?ce)(h)36 42 48 54 60

When observed under microscope, the size of the cells
varied from 2.48 to 6.93 pm in diameter. The cell shape
varied from oval, ellipsoidal to elongate. Scanning electron
microscopic images showed distinct and large pseudo-
hyphae (Fig. 2) with terminal cells shorter than or as long
as the adjacent cells. The pseudohyphae formation in
P. kudriavzevii HOP-1was observed after 5 days of growth
and the cells showed extensive pseudohyphae formation.
Each asci in P. kudriavzevii HOP-1 comprised of two
ascospores that were oval, spherical, or globose in shape
(not shown). There are generally 1-4 ascospores in the
ascus of Saccharomyces cerevisiae cells.

Pichia kudriavzevii HOP-1 cells could grow at 5% NaCl
concentration but did not show any growth at 10 or 15%
NaCl concentrations. Cells showed growth at 20 and 40%
glucose concentrations but glucose concentration as high as
60% inhibited the cell growth completely. Thus, the
P. kudriavzevii HOP-1 strain could be considered as par-
tially osmotolerant strain. Cycloheximide at both 0.01 and
0.1% concentrations inhibited the cell growth indicating
the vulnerability of cells to cyclohexamide even at a low
antibiotic concentration. Although, the cells could assimi-
late ammonium sulphate, they did not show growth in
medium containing potassium or sodium nitrate. Pichia
kudriavzevii HOP-1 cells also did not possess urease
enzyme and thereby could not hydrolyze urea. Acetic acid
concentration of 1% was lethal to the P. kudriavzevii cells.
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Fig. 1 Production of glucose, xylose, and arabinose during hydroly-
sis of 1% alkali-treated rice straw

o
10.0um

Fig. 2 Scanning electron micrograph of pseudohyphae in Pichia
kudriavzevii HOP-1 cells

Among the carbohydrates tested, the yeast cells could grow
in presence of sugars, such as glucose, sucrose, fructose,
and mannose but they weakly assimilated galactose and
could not metabolize sugars like maltose, xylose, arabi-
nose, cellobiose, raffinose, or trehalose.
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Comparative evaluation of fermentative ability
of S. cerevisiae and P. kudriavzevii cells

It is evident from the results of Figs. 3 and 4 that P. ku-
driavzevii HOP-1 cells showed better adaptability at
varying temperature and pH ranges, respectively than the
S. cerevisiae cells. Although the two yeasts showed a
similar pattern of ethanol production, P. kudriavzevii cells
produced about 10% more ethanol than the S. cerevisiae
cells at 35°C (Fig. 3). Irrespective of the temperature, rate
of increase in ethanol production was highest during
6-12 h for both yeasts. Although ethanol concentration
increased from 12 to 18 h and then leveled off, rate of
increase in ethanol concentration was lower during this
period, compared to the 6-12 h period (Fig. 3). This could
be attributed to the cells entering into the exponential phase
during the 6-12 h phase, accompanied with availability of
glucose in higher quantities. We observed a similar pattern
in ethanol production with P. kudriavzevii cells in one of
our previous studies [10]. The P. kudriavzevii cells pro-
duced about 35% and 200% more ethanol at 40 and 45°C,
respectively in 18 h than the S. cerevisiae cells. Pichia
kudriavzevii cells also showed better fermentative ability at
varying pH when compared to the S. cerevisiae cells,
though substantial difference as seen in case of temperature
was not observed at pH of 5.0 and 6.0 (Fig. 4). However,
about 20% more ethanol was produced by the P. ku-
driavzevii HOP-1 cells, compared to ethanol produced by
S. cerevisiae cells at pH of 4.0 (Fig. 4). On the basis of
these results and our recently published work [10, 29], we
conducted the fermentation of alkali-treated rice straw with
the P. kudriavzevii HOP-1 strain.

Simultaneous saccharification and fermentation
for ethanol production

The 4 h pre-hydrolysis during SSF resulted in 10.45 g 17"
glucose and 16.27 g 17" reducing sugars. Xylose and
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Fig. 3 Comparison of Saccharomyces cerevisiae and Pichia
kudriavzevii HOP-1 for ethanol production using 15% (w/v) glucose
at different temperatures
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Fig. 4 Comparison of Saccharomyces cerevisiae and Pichia ku-
driavzevii HOP-1 for ethanol production using 15% (w/v) glucose at
different pH

arabinose concentrations during pre-hydrolysis were 3.8,
and 1.1 g 1™, respectively. Sukumaran et al. [31] obtained
fermentable sugar concentration of 16.3 g 17" during pre-
hydrolysis of pretreated rice straw. An increase in glucose
and RS concentrations was observed during 12 h with
production of only 6.8 g 17" ethanol (Fig. 5). No xylitol
and only an insignificant amount of glycerol were produced
during SSF in 60 h. Some glucose was left after 36 h
during SSF, suggesting that although glucose was being
produced through enzymatic hydrolysis of cellulose, it
could not be fermented to ethanol (Fig. 5). Ethanol con-
centration did not show a significant increase after 24 h and
leveled off after 36 h (Fig. 5). Reducing sugars left after
36 h SSF were mainly xylose and arabinose, which could
not be fermented by the P. kudriavzevii strain used in this
study (Fig. 5). Ethanol concentration at the end of 24 h was
24.25 g 17!, which corresponds to nearly 82% theoretical
yield on glucan basis. Ethanol concentration of 24.25 g 1™
in 24 h corresponds to ethanol yield on biomass basis and
ethanol productivity of 024 gg~' and 1.1 g1 'h™},
respectively, which holds potential for scale-up studies.
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Fig. 5 Ethanol production and sugar consumption during simulta-
neous saccharification and fermentation
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The scanning electron micrographs revealed that the
rice straw structure was damaged because of enzymatic
hydrolysis (Fig. S1a), while an extensive disruption in the
structure was seen in the rice straw structure after SSF
(Fig. S1b). The voids in the structure of rice straw sample
after SSF are because of the fermentation of the sugars
obtained during SSF to ethanol (Fig. S1b). In our previous
study we had shown the intact cellulose and hemicellulose
layers in untreated ground rice straw particles [24]. More
studies at molecular levels are needed to arrive at the
metabolic pathway used by P. kudriavzevii for carbon and
energy metabolism and formation of glycerol during
mixed-sugar fermentation. Ethanol concentration and pro-
ductivity obtained during the present study were compa-
rable or better than the results reported from alkali-treated
rice straw by previous authors [8, 26, 34, 38]. Although, it
may not be a reliable estimate, it is likely that the size
reduction and alkali pretreatment cost for rice straw would
cost approximately 0.50-0.55$ to produce one liter of
ethanol based on the ethanol concentration and yield
obtained in this study.

Discussion

Alkali concentration above 1% neither increased glucan
nor decreased lignin content substantially. However, the
quantity of treated biomass and hemicellulose decreased
significantly when alkali was used at concentrations higher
than 1% for pretreatment (Table 1). It is possible that ga-
lactan solubilized during the alkali treatment and was
removed in the hydrolyzate. The reduction in lignin and
ash concentrations and partial solubilization of hemicellu-
lose during alkali pretreatment led to concentration of
glucan in the pretreated rice straw. Hemicellulose is the
second most important polymer after cellulose in rice straw
and is rich in pentose sugars, such as xylose. Previous
studies have reported successful conversion of xylose to
ethanol using pentose-fermenting yeasts such as Pichia
stipitis, Pachysolen tannophilus, and Candida tropicalis [1,
13, 24]. Therefore, fermentation of mixed sugar stream to
ethanol is likely to improve ethanol concentration neces-
sary for commercial success of ethanol production process
from lignocellulosic materials. The use of low concentra-
tions of NaOH for pretreatment has been reported as an
effective pretreatment method for lignocellulosic materials
with relatively low lignin content of 10-18% [6]. Pre-
treatment of substrate with NaOH results in swelling of the
particles causing easy removal of the lignin and cellulose
depolymerization [9]. Same authors reported that the
alkali-treated residues with low concentrations of NaOH
showed higher accessibility to enzymatic hydrolysis.
Gharpuray et al. [12] concluded in their study that when
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certain delignification percentage has been achieved, further
disruption of the lignin/carbohydrate linkage is not necessary
to increase the accessibility to enzymes. Thus, after data
analysis and on the basis of previously published literature,
we decided to use 1% alkali for pretreatment of rice straw.

The fall in rate of glucose, xylose, and arabinose pro-
duction after 12 h could largely be attributed to the reduced
enzyme accessibility due to concentration of lignin and
ash, and also the limited availability of cellulose and
hemicellulose after 12 h hydrolysis. Previous studies have
reported a decline in hydrolytic efficiency of cellulase
because of catabolite repression and increase in lignin
concentration [5, 21, 22]. Berlin et al. [5] showed an
increased glucose production during the first 10 h using
combination of cellulase and pectinase for hydrolysis of
acid-treated corn stover.

Gallardo et al. [11] observed the pseudohyphae forma-
tion for non-Saccharomyces isolates after 3 days of
growth. Although the mechanism behind formation of
pseudohyphae or their role in cell metabolism is not clear,
it is thought that the pseudohyphae are formed during
depletion of nutrients, especially the nitrogen source. Lo
and Dranginis [18] reported that the diploid yeasts develop
pseudohyphae in response to nitrogen starvation, while
haploid yeasts produce invasive filaments that penetrate the
agar in rich medium. They also identified a gene FLO11
that encodes a cell wall protein, which is critically required
for both invasion and pseudohyphae formation in response
to nitrogen starvation. Most of the morphological and
physiological characteristics and the ability of the yeast
cells used in the present study to assimilate specific sugars
and nitrogen sources resembled the characteristics shown
by the group-1 non-Saccharomyces isolates belonging to
1. orientalis reported previously [11].

Ethanol produced after 18 h fermentation with S. cere-
visiae at 35°C was comparable to the ethanol produced by
P. kudriavzevii HOP-1 cells at 40°C, which indicates the
thermotolerant ability of the P. kudriavzevii strain and its
adaptability at relatively higher temperatures. Thermotol-
erant nature of the cells is probably because of the compo-
sition of the cellular components and range of different
molecular mechanisms and thus, molecular level studies are
needed to arrive at the rationale behind adaptability of
P. kudriavzevii cells to varying temperatures. Yeast cells
exhibit a rapid molecular response when exposed to elevated
temperatures. Kitagawa et al. [16] reported that Issatchenkia
orientalis MF-121 strain has the potential for ethanol pro-
duction from lignocellulosic biomass because of its acid
tolerant, ethanol tolerant and thermotolerant characteristics.
It can be inferred from the above discussion that P. ku-
driavzevii HOP-1 strain was better adapted to varying tem-
perature and pH conditions, compared to the S. cerevisiae
strain used in this study.
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The data in Fig. 5 shows that the hydrolysis rate was
higher than the fermentation rate during the first 12 h. It is
noteworthy to mention here that unlike SHF, where the
fermentation medium has sugars freely available for fer-
mentation; sugars were initially bound to the straw during
the SSF process. Enzymatic hydrolysis during SSF led to
liquefaction of the medium, which subsequently favored
fermentation of sugars to ethanol. Low glycerol production
during SSF could be because of the continuous availability
of glucose through enzymatic hydrolysis of pretreated rice
straw [24]. Since the yeast strain used in this study did not
assimilate xylose as mentioned previously, xylitol pro-
duction from xylose could be ruled out. Although, ethanol
concentration during SSF increased until 36 h, the fer-
mentation rate drastically dropped after 24 h. We observed
a similar trend during the SSF of dilute acid pretreated rice
straw using hydrolyzate-adapted Candida tropicalis [24].
Previous studies have shown that the cellulolytic enzymes
are highly active at temperatures in the vicinity of 50°C,
whereas yeast cells perform well in the vicinity of 30°C
[7, 27]. Therefore, a compromise was made in selecting a
temperature during SSF to accommodate both the enzymes
and yeast cells in the same vessel, which might have
resulted in a lower hydrolytic activity for enzymes. Since
P. kudriavzevii HOP-1 was isolated at relatively higher
temperatures from cane juice containing ethanol and
propagated at 40°C, it is not likely to get affected by
temperatures in the vicinity of 40°C or presence of ethanol
as is the case with conventional Saccharomyces cerevisiae
strains [35]. It is therefore important to use a thermotol-
erant and ethanol tolerant yeast strain in the SSF process so
that hydrolysis and fermentation could be successfully
accomplished at the same temperature. It is possible that
because of the increase in lignin and ash concentrations
during hydrolysis as described previously, sugars produced
in latter half during SSF were bound by the insoluble lignin
and ash fractions and hence could not be converted to
ethanol by the yeast strain. Since significant concentrations
of xylose and arabinose were also produced during SSF, it
is important to include pentose sugar fermenting yeast in
the medium or use a recombinant, which could effectively
ferment hexose and pentose sugars simultaneously. One
could expect about 15% more ethanol using the SSF pro-
cess described in this paper, if pentose sugars are also
fermented even with 70% fermentation efficiency.

The commercial success of ethanol production for its use
as bio-fuel depends on high ethanol concentration and high
ethanol productivity. High ethanol volumetric productivity
also means that many batches can be produced in a short
time, which would offset the explicit and implicit costs
involved in the ethanol production process. We have recently
attempted SSF of alkali-treated cotton stalks with P. ku-
driavzevii at the shake flask level (unpublished data). We are

now attempting to use P. kudriavzevii HOP-1 in conjunction
with pentose-fermenting yeasts for further improving etha-
nol concentration. We also intend to conduct studies to
evaluate the role of aeration in ethanol production using this
strain of P. kudriavzevii along with the pentose-fermenting
yeast in mixed-sugar fermentation with pure sugars as well
sugars obtained in the hydrolyzates of acid- and enzymati-
cally hydrolyzed pretreated biomass.

Conclusions

This probably is the first study in which P. kudriavzevii was
used for ethanol production from any lignocellulosic mate-
rial. This study demonstrated that the treatment of native
straw with 1% NaOH effectively decreased lignin by about
47% and increased glucan by about 50%. Increasing alkali
concentration beyond 1% for pretreatment led to higher loss
of biomass and relatively higher solubilization of hemicel-
lulose. Simultaneous saccharification and fermentation was
conducted using 1% alkali-treated rice straw and a thermo-
tolerant strain of P. kudriavzevii. The SSF process could be
completed in 24 h and thus could be a likely choice of the
users as ethanol volumetric productivity of 1.1 g "' n!
suggests that more batches could be completed in a relatively
short time. The use of a single vessel during SSF also has an
impact on the overall economic feasibility of the process.
The use of a thermotolerant and ethanol tolerant yeast strain
offers a tremendous potential in ethanol production from
lignocellulosic biomass, especially during the SSF process.
As the use of ethanol as a bio-fuel from abundantly available
cellulosic biomass is gaining importance, the results
obtained from the present study hold promise for pilot scale
studies. However, more studies are needed to further exploit
the potential of P. kudriavzevii in improving ethanol pro-
duction from lignocellulosic biomass.
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