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concentration of 21, 20 and 15 g/ from 200 gA (w/v) dry com cobs was obtained by C tropicaiis, co-culture, and 5 cerevisiae,
Tespectively. Maximum theoretical yields of 79.0%, 77.0% and 58% were observed from 50 gl of com cobs, respectively. The
volumnetrie productivitiss for cthanol and xylitol increased with the increase in substrate concentration, whereas, yicld decreased.
Glycerol and scetic acid were formed as minor by-products. . eerevisiae and C tropicalis resulted in better product yields (0.42 and
0.36 g/p) for ethanol and (0.52 and 0.71 g/g) for xaylitol, respectively, whereas, the co-culture showed moderate level of ethanol
(0.32 g/g) and almost maximal levels of xylitol (0.69 B/g). © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Corn is & major crop of Pakistan, It is produced at
the rate of 1.25 MT/annum according to the Economic
survey (1997-98), but is mainly used to produce glucose,
fructose, high fructose corp syrups and other producis.
Corn cobs, however, are mainly used as a fuel in for-
naces or used as a manure in the sojl. Meodern bio-
technology allows the use of such lignocellulosic
subsirates as feedstocks for the production of chemicals
and foels using microorganisms. Chemical pretreat-
ments can be accomplished by using strong acids or
bases to render the crystalline structure of these sub-
Strates amenable for the microbia} enzyme production
(Rajoka and Malik, 1984) and saccharification into
fermentable sugars (Latif et al., 1994). The simultaneous
saccharification and fermentation (SSF) process has
been identified as an economically viable option for
conversion of these substrates to fermentation products,
namely ethanol and xylitol (Cao et al., 1996). Sacchar-
omyces cerevisige is extensively used to convert glucose
to zthanol. The xylose to ethanol fermenting yeasts are
found to follow the oxido-reductive pathway via xylitol
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in the conversion of xylose to xylulose. Strains of Pickia
stipitis and Candida shehatae are now known as the best
ethanol producing yeasts from xylose under microaer-
ophilic conditions (Hinfray et al., 1995; Moniruzzaman,
1995). The co-culture has been used in free or immobi-
lized form, in order to utilize both pentose and hexose
sugars present in the enzymatic hydrolyzates of ligno-
cellulosic material (Hinfray et al., 1995), The main lim-
iting factor of co-culture brocess is the low ethanol]
tolerance of pentose utilizing yeasts (Laplace et al,
1993). The conversion of glucose and xylose to ethano]
by co-culture has been successfully obtained by Tanig-
uchi et al. (1997) using a respiratory deficient mutant of
S. cerevisiae and Pitchia stipitls. Fermentation broth
with mixed sugars has also found Success by using ge-
netically engineered yeast (Cao et al.,, 1996) and bacteria
(Moniruzzaman, 1996). However, the other substitute
for ethanol production can be the formation of xylitol
from lignocellulosic hydrolyzates by the Yeasts such as
Candida tropicalis and Candida guilliermondii (Barbosa
et al, 1988; Horitsu et al, 1992y, Biotechnological
production of xylitol is attractive because of its high
sweetening power and anticariogenic properties (Yl
ilahrei, 1979). 1t is a clinically important substitute
for diabetic patients (Parajé et al., 1997). In this paper,
we report the S8SF of corn cobs (used as a model
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Nomenclature
%oys  product (g/ly/substrate utilized ()
O;  slope of product (efl b)

Y theoretical yield (%)
Q.  slope of substrate utilized (g/l )

lignocellulosic feedstock) using cellulase and xylanase
enzyme system of Chaetomium thermophile (Latif et al.,
1994, 1995). §. cerevisiage, C. tropicalis and their co-
cultures were used for fermentation of mixed sugars
produced during saccharification.

2. Materials and methods
21 Substrate/micoorganism

Corn cobs were obtained from a local industry
(Rafthan Maize Products, Faisalabad), They were milled
to 0.5-1 mm particle size and contained 41%, 36%, 7%
and 3.2% cellulose, xylan, lignin, and acetate, respec-
tively. The yeast strains of S cerevisize and C. tropicaliy
were obtained from the Nationa] Center for Agricultural
Utilization Research (NCAUR, Peoria, Ilinois, USA).

2.2. Enzyme source

C. thermophile produces thermostable cellulases and
xylanases {Latif et al, 1995). The enzyme production
was carried out using 4% wheat straw in Eggins and
Pugh (1962) medium by incubating 2t 45°C in shake
flasks at pH 5.0,

2.3. Enzyme assays

The enzyme preparations contained 2.0, 6.0, 20.0, 2.0
and 2.0 IUfm] filter paper (FP-ase), carboxymethyl cel-
Iulase (CMC-ase), xylanase, B-glucosidase and f-xylos-
idase activities, respectively. The enzyme activities were
determined according to standard assay conditions. FP
hydrolyzing activity and Endo-1,4-B-p-glucanase were
measured by the method of Mandels et al, (1976). Endo-
1,4-B-pD-xylanase aclivity was assayed according to
Bailey et al. (1992). B-glucosidase and B-xylosidase ac-
tivities were determined after Grajek (1987). One 1U of
cellulase or xylanase was defined as the amount of en-
zyme that releases | umol of sugars or parg-nitrophenol
equivalents per millilitre of enzyme preparation per
minute of enzyme assay.

2.4. Pretreatment of corn cobs

Corn cobs were pretreated by alkali and autoclaving
according to Rajoka and Malik (1984). The fibre ma-
terial was treated with 2% sodium hydroxide in a ratio
of 1 to 5 and autoclaved for [5 min. The material after

the pretreatment contained 57%, 23%, 5% and 3% (wiw)
cellulose, xylan, lignin and acetate, respectively. Com-
position was determined as described previously (Latif
et al,, 1988),

2.5, Simultaneous saccharification and Jermentation
{SSF)

Pretreated and dry corn cobs (5-20% wFv) were added
to a 100 mi Erlenmeyer flask in duplicate and autoclaved
for 15 min at 121°C and 15 Wfin?. C. thermophile ep-
zyme broth (17 ml) was added to each flask. Strepto-
mycin and Penicillin (10 mg/) were used as bacterial
growth inhibitors. Tween-80 (0.04 ml) was added to
each flask. Concentrated solutions of yeast extract and
pepione (2 m] each) were added to the enzyme broth toa
final concentration of 2% and 3% (vH), respectively.
Finally, | ml yeast suspension of one day old culture was
added. The SSF was carried out at 37°C in a shaker at
150 rpm. Whole flasks were harvested after every 24 h
up to 96 h of incubation.

2.6. Analysis

Glucose, xylose, ethanol, acetate, glycerol, xytitol,
cellobiose and oligosaccharides were analysed by HPLC
(Perkin Elmer, Norwalk, Congecticut, USA). Aminex
HPX-87H column (300 x 7.8 mm?) (Bio-Rad, Rich-
mond, California) was maintained at 45°C in a column
oven. Sulphuric acid (0.001 N} in HPLC grade water at
0.6 ml/min was used as a mobile phase. The components
were detected by refractive jndex detector and quanti-
tated using Turbochrom 4 software provided by the
suppliers. All the chemicals were of HPLC grade.

2.7. Statistical analysis

Treatment effects were compared by the protected
least significant difference method (Snedecor and
Cochran, 1980). Significance of difference has been
presented as two-factor factorial design in the form of
probability values (P g 0.05).

3. Results and discussion

3.1. Time course of ethanol production

SSF of dry corn cobs (50-200 gfl, wiv) resulted in
a steady increase in ethano] production after 24 h

ot
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(Figs. 1(a)«(d)). The analytical studies revealed that
glucose level remained almost constant between 0.1 and
1.0 g/l indicating the immediate consumption of ghicose
as it was produced. §, cerevisiae, C. trapicalis and the co-
culture exhibited maximal product yield coefficient Forn
equal to (.42, 0.36 and 0.32 g/g of cellulose consumed,
respectively, from 50 g/l corn cobs (Table 1). Ethanol
production kinetics were significantly greater (P 0.05)
for 8. cerevisiae than C. tropicalis and co-culture for a]l
the corn cobs’ concentrations used. The productivity
increased proportionally, whereas, the yield followed an
inverse relationship with the increase in corn cobs’
concentration. Greater ethanol concentration of 27 gft
and volumetric productivity (Qp) of 0.28 g/l b were
obtained from 200 g/l of substrate (Figs. 1(a)(d)). With
the increase in the concentration of corn cobs, enzymatic
production of glucose increased which subsequently re-
sulted in a higher concentration of ethanol at a longer
(96 h) fermentation time. As compared to 8. cerevisine,
C. tropicalis and the co-culture showed almost ]15-20%
lesser ethanol productivity, The SSF using C. thermo-
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Phile enzymes exhibited improved ethanol yield (%)
and productivity (Q,) from lignoceltulosic substrates
than those reported by Linden and Hahn-Hagerdat
(1989), Boyle (1997) and Belkacemi et al, (1998). How-
ever, these values were lower than those reported by Cao
et al. (1996), Gulati et al. (1997), Lark et al. (1997). Cao
et al. (1996) reported accumulation of 45 gfl ethanol
using the SSF within 48 h of fermentation with an 86%
theoretical yield. This ethanol concentration was ob-
tained after ammonia steeping of 200 g/l of corn cobs,
High ethanol concentration in the fermentation mash is
desirable since the cost of distillation is substantial,
Considering the commercial aspects of this process, 57 g/l
of ethanol would be expected from 200 g/l of corn cobs
containing almost 114 g/l of cellulose. Resuits indicated
that at Jeast two problems have to be solved in order to
overcome the low ethanol yield. Better and more eco-
nomicel pretreatment of the substrate is needed. Sec-
ondly, more concentrated enzymes from C. thermophile
are required. The enzyme system of C. thermophile
resulted in minimal amounts of cellobiose (36 g/l)
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Fig. 1. Time course ethana| production (# = 3} from comn cobs by yeasts: 50 g/l (a), 100 &1 {b), 150 g/l (c), 200 2/1(d), each. Open symbols denote

ethano! and closed symbols
potential of pretreated corn cobs.

glucose concentration of S, cerevisize (O-0), C tropicatis {0-0) and co-cnlture { A-A). See Section 2 for glucose
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Table 1
Kinetic parameters for production of ethanol and xylitol after SSE of corg cobs used at different concentrations®
Substrate/organism Ethanol Xylitol 0, (g1 h)
T (e/E) & (¢ 1) ¥ (%) Fon (2/E) - O (51 h) Y (%)
Corm cobs (50 g)
S. cerevisiue 042 0.13¢ g2.0 0.52¢ 0.06° 58.0° 0.35
C. tropicalis 0.36° 011" 7100 0.71* 0.09% 79.0 037
Co-culture 0,320 0.09' 63.0¢ 0.69 0.08% 77.00 036¢
Corn cobs (100 g/l)
S, cerevisiae 0.33b 0.20¢ 65.0¢ 0.41< 0.10¢% 45.0¢ 0,52
C tropicalis 0.2 0.17 5100 0.60" 0.14 66.0' 0.600
Co-culture 0.26%% 0.15 51.0¢ 0.50 0.144 65.00 0.5gbed
Corn cobs (150 )
S. cerevisiae 0276 0.24% 53.00 0.36% 0,13 40.0% 0.76eb
C. tropicalis 023" = 0,204 45,00 051+ 0.1g% 57.0° T DB
Co-culturs 0.2]% 0.197 4.0 0.5¢¢ 0.17% 55.0¢ 0.78
Corn cobs (200 g
S. cerevisiae .24 028" 47.04 033 0.16* 370 0.93<
C. tropicaliy 0.20" 023 39.0% 0458 0.22¢ 50.0% 098
Co-cultnte 0.19 0.22¢ o 044 0.214¢ 49.0/ 09
LSD valnes 0.053 0.017 0.780 0.054 0.054 0.530 0.339

* Values are means of three sets of replicates, Within columns, values with diffsrent supetscript letters differ significantly (P < 0.05). The standard
deviations were 3-5% of thase valies and have not besn presentsd. See Section 2 for glucose and xylose potentiat of pretreated corn cobs,

indicating high B-glucosidase Ievels. However, the
presence of 20-60 g/l oligosaccharide from 50 to 200 g/l
of corn cobs (results not shown) at the end of SSF in-
dicated that the enzyme system lacked desired levels of
exo-glucanase and endo-glucanase activity. Using 15
units of exo-glucanaselg cellulose, it is possible to get
maximal theoretical yield of ethano] (Khan ei al., 1985).

3.2. Time course of xplitol production

C. tropicalis readily switches over from ethanol to
xylitol production under oxygen limiting conditions
(Lohmeir-voge] et al., 1989; du Preez, 1994). This con-
dition prevailed during SSF of corn cobs in shake flasks
and thus xylitol formation from xylose exceeded ethanol
production (Figs. 2(2)~(d)). Maximal xylitol concentra-
tions of 20.0, 18.5 and 15.3 g/l were obtained by
C. tropicalis, co-culture and S cerevisiae, respectively.
The time course study revealed that xylitol production
exhibited a slight lag up to 24 h. Xylose utilization was
reported to be almost four times slower than glucose
during ethanol production (du Preez, 1994).

During the SSF of corn cobs, xylitol formation also
increased with an increase in substrate concentration
(Figs. 2(a)«(d)). C. tropicalis, co-culture and S. cerevivige
resulted in higher ¥, of 0.71, 0.69 and 0.52 gfg xylan
consumed from 50 g/l of corn cob (Table 1). Xylitol
production kinetic values were significantly greater
(P <0.05) for C. tropicalis, and co-culture than those for
S. cerevisiae for all the corn cobs’ concentrations used.
The productivity increased proportionally, whereas, the
yield followed an inverse relationship with the increase

in comn cobs’ concentration, For up to 100 gl of corn
cobs, greater than > 90% xylan was converted by xy-
lanase to xylose. The xylose produced was simulta-
neously utilized by yeast for xylitol production. The
major difference in xylitol production from lignocelhy-
losic substrates during SSF by ¢ tropicalis compared
with all other yeast strains and strajn of C tropicalis
reported elsewhere appears to be in the increased se-
cretory levels of xylitol (Gong et al,, 1981; Chen and
Gong, 1985; Horitsu et al., 1992; Meyrial et al, 1994;
Sirisansaneeyaku] et al., 1995; Silva et al., 1996; Van.
deska et al., 1996).

The Q, levels of xylitol (0.22 gfi h) from 200 gfl corn
cobs by C. tropicalis are greater than that reported in
many yeasts during SSF of lignocellulosics {Nollean
et al., 1993; Sirisansaneeyakn] et al.,, 1995; Silva et al,
1996). C. tropicalis also present in the co-culture showed
a significant substrate consumption potential (J, value of
0.97 g/l h, Presence of glucose acts as a partial inhibitor of
xylose consumption in the hydrolyzates since it is pref-
erentially assimilated first, even by the pentose utilizing
yeasts (Jeflries and Sreenath, [988; Delgenes et al., 1990).

3.3. By-product formation

Apart from the production of ethanol and xylitol,
glycerol and acetic acid were also produced in low
concentrations (Table 2). Glycerol was produced to g
Breater extent by S. cerevisiae followed by C tropicalis
and the co-culture from 150 gfl dry corn cobs. However,
acetic acid production was maximally produced by
C. tropicalis and the co-culture followed by $. cerevisige.
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Fig. 2. Time course xyiitoi preduction (n = 3) from corn cobs by yeasts: 50 g/l (a), 100 g/l (b), 150 g/ (c), 200 £/1(d), each. Open symbols denote
xylitol and dosed symbols Xylose concentration. . cerevisiae (O-0), C. trapicalis (C~Q) and co-cultnre (A-A). See Section 2 for xylose potential of

pretreated corn cobs.
4. Conclusions

S. cerevisige is known for ethanol production and
may give theoretical yields, if a better and economical
bretreatment of lignoceltulosics can remove the hemi-
cellulose and support a high cellulase titre. ¢ tropicalis
is suitable for the production of xylitol from xylose
along with ethano] from glucose present as mixed sugars
in pretreated corn cobs. C thermophile enzyme exhibited
a significant level of xylanase activity which resulied in
almost 90% conversion of xylan in the hemicellulose
fraction of 100 g/l treated corn cobs. C tropicalis yielded
15-20% lesser ethanol production while S. cerevisiae
resulted in 20~25% greater xylitol production. The SSF
of corn cobs for ethanol and xylitol can be scaled up if
cell density of yeast is increased and acetic acid and
ethanol removed as distillates because these products are
reported to inhibit growth (Linden and Hahn-Hagerdal,
1989). The co-production of value-added ethanol and
Xylitol may favour the economics of the process. Cost of
recovery should decrease becanse of vaporizing of eth-
anol over xylitol. Marketing of separated compounds

should not be a problem, The co-culture was used in
order to obtain better yields for ethanol and xylitol, but
the results did not support this, 5. cerevisiae apart from
better ethanol production also exhibited moderate Jevels
of xylitol from mixed sugars. Our results also substan-
tiate the results of Lebean et al. (1997) that S. cerevisiae
is able to reduce xylose into xylitol in the presence of
giucose. Reports are available that enzymatic hydro-
lyzates do not inhibit growth (Wayman et al, 1986).
These studies indicated that conditions of anaerobiosis
are more prevalent at high substrate loading rate along
with the fermentation conditions which lead to high
xylitol production.
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Table 2 Gulati, M., Kohlmann, K., Ladisch, M.R., Hespell, R, Bothast, R.I,,
Production of glycerol and acetic acid from 8SF of corn cobs* 1997. Assessment of ethanol production options for corn products,
Substrateso, P Glyeerol Acelic acd EBiores. Technol. 58, 253-264.
2 1) Hinfray, C., Jouenne, T., Junter, G-A,, 1995, Sininltanecns sacchari-
Com cob (5.0 en fication and fermentation of glncose and xylose by Saecharomyces
s serevisiae 1-4: 20 cerevisiae ancd Candida shehatae co-immobilised in a double-
C. tropicalic 12 A chambered bioreactor. In: Chartier, P., Beenackers, AACM.,
Co-culture Las 2.5 Grassi, G. (Eds.), Biomass for EOergy environment agricniture and
Corn cob (100 industry, vol. 2, Elsevier, Oxford, bp. 1291-1302,
5 mﬂ,,fm, & 33 268 Horltso, H,, Yahahsi, ¥, Takamizawa, K., Kawai, K., Suzuk, T,
€. trapicalis 11" 10 Watanabe, N., .1992. Producuon of xyhl‘.ctl from D-:‘cylose by
Co-cnlture 3.4 3 C:andida tropicalis: optimization of production rate, Biotechnol,
Bioeng. 40, 1085-1091.
Corn cob (150 g/l Jeffries, T.W., Sreegath, HK.,, 1988. Fermentation of hemicelinlosic
8. cerevisiae 40 33 sugar mixtures by Camdida shehatae. Biotechnol Bioeng, a1,
C. tropicalis 34° 4.5b 502-506.
Co-culture - 3.__6" s Khan, A W., Meek, E., Henscel, J.R:, 1985, p-glucosidase: multiplicity
of activities and significance to enzymatic saccharification of
c";“;‘:’ﬁ(:gg & - - cellulose. Enzyme Microb. Technol, 7, 465467,
C:. tro ic:alllr 2'7r 4:5,, Laplace, 1.M., Delgenes, 1.P., Moletta, R., Navarro, JIM, 1993
Ptu.re 3'2,,= 4 Ethanol production from plucose and xylose by separated and co-
Co-cul y ‘ culture processes nsing high cell density system. Process Biochem.
28, 519-525.
LSD valnes 1421 1304 Lack, N, Xia, YK, Qin, CG., Gong, CS, Tsao, G.T, 1997.

*Values are means of thres sets of replicates, Within columns, valnes
with different saperseript letters difar significantly (P = 0.05). The
standard deviations were 3-5% of these values and have not been
presented.
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