©Copyright 1989 by The Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/89/2021—0529$02.40

Simultaneous Saccharification
and Fermentation
of Pretreated Wheat Straw to Ethanol
with Selected Yeast Strains
and 3-Glucosidase Supplementation

DIANE D. SPINDLER,* CHARLES E. WYMAN,
KAREL GROHMANN, AND ALI MOHAGHEGH]

Biotechnology Research Branch, Solar Fuels Research Division,
Solar Energy Research Institute, Golden, CO 80401

ABSTRACT

Previous shake flask and stirred tank evaluations of temperature
tolerant (37-43°C) yeasts in simultaneous saccharification and fer-
mentation (SSF) on Sigmacell-50 cellulose substrates to ethanol have
identified several good microorganisms for further SSF studies (17).
Of these, the glucose fermenting yeast Candida acidothermophilum, C.
brassicae, Saccharomyces cerevisiae, S. uvarum, and a mixed culture of
the cellobiose fermenting yeast Brettanomyces clausenii with S. cerevisiae
as a control were chosen for shake flask SSF screening experiments
with pretreated wheat straw. This study indicates that the Saccharo-
myces strains cerevisiae and uvarum, give very good performance at
high cellulase loadings or when supplemented with Novo-188 -
glucosidase. In fact, with the higher enzyme loadings these yeast will
give complete conversion of cellulose to ethanol. Yet at the lower,
more economical enzyme loadings, the mixed culture of Brettanomyces
clausenii and S. cerevisiae performs better than any single yeast.

Index Entries:sSimultaneous saccharification and fermentation;
B-glucosidase supplementation; cellulase activity .
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INTRODUCTION

The simultaneous saccharification and fermentation (SSF) process has
been investigated as a method of converting lignocellulosics to ethanol
since the 1977 publication by Takagi et al. (19). Lignocellulosic biomass
provides a low cost substrate for ethanol production, but the conversion
costs are currently high. To make ethanol from the SSF process competitive
with the price of petroleum derived fuels, factors such as yeast viability,
enzyme cost, rate of hydrolysis, and ethanol yield need to be improved.

From preliminary glucose and simultaneous saccharification and
fermentation (SSF) screening tests of 10 promising microbial strains at
temperatures ranging from 37 to 47°C, five yeast, Saccharomyces cerevisiae,
S. uvarum, Candida lusitaniae, C. brassicae, and Brettanomyces clausenii, were
selected as good fermenters in pure or mixed culture for more detailed
evaluations on Sigmacell-50 cellulose substrate (18). The parameters mea-
sured included ethanol concentration, yeast viability, yeast cell density,
residual sugars, and cellulose concentration. Mixed cultures of S. cerevisiae
with B. clausenii and S. uvarum with C. lusitaniac fermented best on Sig-
macell-50 cellulose substrate, apparently because of rapid cellobiose re-
moval. Enzyme supplementation with g-glucosidase enzyme was also
investigated. g-glucosidase activity compensated for changes in the cellu-
lase enzyme batches from commercial sources and also alleviated possible
problems of mixed culture maintenance in continuous fermentations.

The evaluation of pretreated wheat straw was introduced to determine
the performance of the best combinations of yeast and cellulase identified
in previous studies with a substrate of potential commercial interest. Mixed
cultures of cellobiose-fermenting yeast with ethanol-tolerant strains gave
better results than either yeast alone (17,18,22) since reduction in cello-
biose, a strong enzyme inhibitor, appeared to be beneficial. Therefore,
supplementation with g-glucosidase was evaluated as an alternative to
use of cellobiose-fermenters. However, since a recent economic evalua-
tion of SSF performed by Hinman (8) determined that high 8-glucosidase
supplementation is uneconomical, addition of B-glucosidase does not
appear to be desirable. Nonetheless, the measurements of the effects of
B-glucosidase supplementation provide valuable knowledge about the
desirable characteristics of the enzyme/yeast system.

Yeasts selected for this work have been reported in many publications
concerning cellulose, glucose, and cellobiose fermentations at various
temperatures. SSF studies were done by Blotkamp et al. (3) with Saccharo-
myces cerevisiae (14,16) and S. wvarum (4,17) with the cellulase enzyme
from T. reesei to observe the effects of different yeasts, cellulase loadings,
and substrate concentrations at 40 and 45°C. Candida acidothermophilum
(6) and C. brassicae (1-3,12,13,15,19) have been reported for the produc-
tion of ethanol. The use of a mixed culture of Brettanomyces clausenii and a
S. cerevisiae mutant strain (DsA) have been reported in recent publications
on SSF (10,11,17,18,22).
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MATERIALS AND METHODS

Materials

Yeast strains obtained from the American Type Culture Collection
(ATCC), Rockville, Maryland, are as follows: Candida acidothermophilum
20831, Candida brassicae 32196, and Saccharomyces uvarum 26602. Strains
obtained from the Northern Regional Research Laboratories (NRRL),
USDA, Peoria, lllinois, were Candida lusitaniae 5394 and Brettanomyces
clausenii Y 1414. Saccharomyces cerevisiae (DsA) is a SERI strain genetically
derived from Red Star baker’s yeast. Yeast extract and peptone media
were obtained from Difco, Detroit, Michigan, whereas sugars and other
chemicals were obtained from Sigma Chemical Company, St. Louis, MO,
and other national laboratory supply houses. Sigmacell-50 cellulose sub-
strate was from Sigma. The cellulase used was Genencor 150L from
Genencor Inc., San Francisco, CA. -glucosidase (Novozyme-188) came
from NOVO Laboratories, Inc., Wilton, CT. Fermentation vessels for
more comprehensive stirred reactor studies are 6-L Braun Biostat V fer-
menters from B. Braun Instruments, Burlingame, CA, and 250 mL Pyrex
erlenmeyer flasks were used for the shake flask screening tests.

Methods

Small-scale SSFs (100 mL) were run in 250 mL culture flasks, modi-
fied to vent CO; into water traps. All fermentations used 1% yeast extract
and 2% peptone as media and were agitated at 37°C and 150 rpm, either
in a shaker incubator or the stirred reactors. A lipid mixture of 5 mg/L
ergosterol and 30 mg/L oleic acid plus penicillin and streptomycin at 10
mg/L were added to the SSF media to improve ethanol tolerance (9) and
to minimize bacterial contamination, respectively. The substrate for the
SSFs was dilute acid pretreated wheat straw at 7.5% (w/v) glucan concen-
tration. Cellulase enzyme (batch II) was employed at selected loadings
between 7 and 26 [U/g cellulose in the substrate, in which [U represents
an international unit of filter paper activity in micromoles of glucose/min
(5). Preliminary experiments revealed the best method for achieving good
mixing was to autoclave the straw separately and then to add all of the
liquid fraction mixed together including enzyme, media components,
water, inoculum, and antibiotics. The moisture content of the straw (65%)
did not change after autoclaving. Ten percent (v/v) inocula were used in
all SSFs. Several shake flask SSFs were run on pretreated wheat straw
with 5, 20, and 40% inocula to determine whether the level of inocula
affected performance, but no effect was noted.

The wheat straw (12.5 kg) was pretreated with 137 L of dilute sulfuric
acid (0.5% (v/v)t) in a Pfaudler glass lined and jacketed reactor. The pH of
the dilute sulfuric acid was 1.54, and temperature was held at 140°C for 1
h with impeller stirring. The heating up and cooling down times were ap-
proximately 1 h each. The pretreated straw was then centrifuged, washed
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several times with distilled water, and the pH was brought up to between
4.0 and 4.5 with 70 wt% NaOH followed by a final rinsing. About 63% of
the pretreated wheat straw dry wt was determined to be cellulose, 32%
lignin and acid insoluble ash, and 2.5% xylan.

A substrate level of 7.5% cellulose was chosen for the shake flask and
stirred reactor SSFs of wheat straw owing to mixing problems revealed in
preliminary SSF evaluations performed with S. cerevisiae and pretreated
wheat straw at higher substrate levels. Regardless of the cellulase level,
cellulose levels of greater than 10% (w/v), which represent at least 15%
(wlv) of dry straw solids, took 3 or more d to liquefy. These were difficult
to mix, and, therefore, were not included in this study. Since wet straw
was shown to provide higher saccharification yields than oven dried straw,
wet straw (65% moisture) was chosen for this study. The pretreated wet
straw was frozen for storage to prevent microbial degradation.

Ethanol concentrations in the supernatant were measured by gas
chromatography using a Porapak Q80/100 column. The internal standard
was 4% (wlv) isopropanol. Glucose and cellobiose were determined as
glucose by incubation of the sample with 2 mg/mL almond extract 3-glu-
cosidase from Sigma for 1 h at 37°C, and total sugars were measured on
the glucose analyzer from Yellow Springs Instruments, Yellow Springs,
OH. Viable cell density was measured as colony forming units (CFU) by
plating serial dilutions on YPD or YPC plates.

Results reported in percent equivalent conversion of cellulose repre-
sent the percent of the feed cellulose that is required to provide the mea-
sured ethanol concentration assuming a 90% yeast conversion efficiency;
the remaining 10% of the sugars produced from the cellulose are assumed
to be used for cell growth and maintenance. This value indicates the
amount of substrate required to produce the ethanol concentrations mea-
sured in the screening experiments, and puts the fermentations on the
same basis for comparison with the straight saccharification of cellulose to
sugars. Although we were able to measure residual cellulose in previous
work with Sigmacell-50, a method for measuring residual cellulose in the
pretreated wheat straw has not yet been developed because of lignin in-
terference, and the percent equivalent conversion provides an estimate of
cellulose utilization that has proven to be reasonably accurate in previous
studies (17,18,22). The straight saccharification yields are calculated as
the amount of glucose produced compared to the potential glucose in the
cellulose present.

The B-glucosidase activity of the Novo-188 cellobiase enzyme used in
supplementation for SSFs was determined by running p-nitrophenyl-g-
glucoside assays at selected temperatures of 37, 40, and 50°C. It was
found that at 37°C the activity is 125 [U/mL, at 40°C the activity is 200
[U/mL, and at 50°C it is 500 [U/mL. Since the wheat straw SSFs were run
at 37°C, the ratios of B-glucosidase reflect this temperature whereas the
[Us for the cellulase activity are measured at 50°C, according to the [UPAC
procedures (5).
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Fig. 1. Saccharifications of pretreated wheat straw (45°C) with Genencor
(batch II) cellulase at 7 (W), 13 (OJ), and 26 (N) [U/g of cellulose at selected ratios
of cellulase to B-glucosidase (IU/IU).

RESULTS

Genecor 150L cellulase enzyme was used in current experiments since
it decreases enzyme variability when results for pretreated wheat straw
are compared to other previously obtained data with Sigmacell-50 cellu-
lose (17). Since our original supply of cellulase (batch ) was exhausted on
preliminary small-scale screenings with Sigmacell-50, we used a new cel-
lulase (batch II) for saccharifying the substrate in all the following work.
Although about a 20% decrease in ethanol production was observed for
SSFs conducted with batch [ enzyme, it was still valuable to compare the
yeast characteristics on a consistent basis for the pretreated wheat straw
SSFs. When batch II of Genencor enzyme was supplemented with -
glucosidase, the specific cellulase activity increased substantially (Fig. 1).

The most recent [UPAC revision (1987) ‘‘Measurements of Cellulose
Activities’” states that the level of B-glucosidase in an enzyme preparation
may affect the results of the cellulase assay, particularly for filter paper
units (5). Results in Table 1 verify this statement. Changes in apparent
specific cellulase activity of the cellulase enzyme are given as a function of
increasing fB-glucosidase supplementation.

Shake flask wheat straw SSFs were performed with Saccharomyces
cerevisiae (DsA), S. uvarum, Candida brassicae, and C. acidothermophilum,
with and without B-glucosidase (Novo-188) supplementation. The levels
of cellulase activity were 7, 13, and 26 [U of cellulase/g of (7.5%) cellulose
in the straw substrate. The B-glucosidase was added as a supplement at
ratios of 1:1, 4:1, and 8:1 [Us of B-glucosidase to IU cellulase. SSFs were
run at 37°C, so the activity of the cellobiase supplementation reflects this

Applied Biochemistry and Biotechnology Vol. 20721, 1989



534 Spindler et al.

Table 1
Apparent Specific Cellulase Activity of Genencor 150L Cellulase Enzyme Stock
as a Function of g-Glucosidase Supplementation

B-glucosidase:cellulase [FPU/mL
0:1 85
1:1 127
2:1 160
4:1 180
8:1 217

temperature. However, S. uvarum was also run at 41°C to examine if the
higher temperature would improve S. wvarum's performance over the
37°C SSF run. In addition, SSF using a mixed culture of B. Clausenii and
S. cerevisiae was run on pretreated wheat straw with and without -glucosi-
dase supplementation as a control.

A separate series of nine SSFs were run with mixed culture [ and 19
[U of cellulase/g of cellulose to check the repeatability of these shake flask
SSFs. From these fermentations, a standard deviation of 2.6% of the
mean of the final ethanol concentration of 34.9 g/L was calculated. Thus,
results appear reliable and repeatable.

Table 2 summarizes the results as measured in percent equivalent
cellulose conversions at the end of each SSF run, e.g., after approx 4-7 d.
The data for the B-glucosidase ratios with 7 [Us cellulase/g substrate reveal
that mixed culture [ of B. clausenii and S. cerevisiae gives the best overall
performance because of the 3-glucosidase activity of Brettanomyces clausenii.
For the 13 IU loadings, mixed culture [ outperforms the other yeast at the
0:1 ratio of B-glucosidase to cellulase only to be surpassed by S. uvarum
for the B-glucosidase supplemented SSFs. At the 26 [U level of cellulase,
Saccharomyces strains uvarum and cerevisiae reach 100% conversion efficien-
cies with a 4:1 ratio of -glucosidase to cellulase, and C. brassicae reaches
100% conversion at a 8:1 ratio. In actuality, the Saccharomyces strains prob-
ably achieve virtually complete estimated equivalent cellulose conversions
at the highest B-glucosidase loading, because they ferment with better
than the 90% efficiency assumed. The results of these two strains are too
close to distinguish their performance. At this high level of cellulase (26
[U), mixed culture [ and C. acidothermophilum do not improve over the 4:1
ratio of enzymes and give a 94% final estimated cellulose conversion.

The results show that the two Saccharomyces strains give the best final
conversions at high enzyme loadings and high g-glucosidase supplemen-
tations. At the lower, more economical enzyme loadings, mixed culture |
performs better than any single yeast, but then cellulose conversions are
incomplete. S. uvarum did not substantially improve in performance at
the higher temperature of 41°C without g-glucosidase supplementation.
The conversions seem to be limited at this point by fermentation efficien-
cies of individual yeast strains and not by the cellulase activity.

Applied Biochemistry and Biotechnology Vol. 20721, 1989



B35

Ethanol from Wheat Straw

2UIS100497 $a2kWi04vY2IVS pUR HUASNY]D SadAuwiouvyjag = | 31NN PaxiA
"%3IM G'/ SeM UOLIBIUIDU0D 9SO[N[[2D [eHIU] "UOISIdAUO0D Judlealnba juadiad se pajewysa ale SUOISIAAUOD 3SO[N[[2d :<a

v6 6 88  ¥6 88 8 68 98 9. 8 18 €/ Doll ql 2IM3[ND PaxIA
¥6 06 I8 6 8 S8 06 98 €8 S8 L 0L Dol winiydowisayjopiov vprpuv)
00T 68 L L8 8 T ¥ 18 0L 9% U (b DolE JvIISSV4q vpIpuUv)
00L 98 v, 00T ¥8 4L 88 18 0L S8 €9 0§ Dol avIS102432 $22AU04VY20VS
00l 00T 48 00L 96 S8 ¥6 €8 18 98 €L /9 Dol winavan saoAui0avy2ovs
66 S6 S8 ¥6 6 T8 /8 ¥8 9L €8 18 (€L Do l¥ wnavan sadhuoivyaovs
ainjesadwa] 1SBAL

9¢ £l L 9 £l 9 L
& & & ¢ L . asO[n[[a2 JND/3sen((a) N]
'8 L'y L1 L0 ase[n([ad ny:asepisoon[3-g N

»SUIPLOT asepPISOIN|D-f pue ase[n(a7) Snowep je MEBIIG JBIYAA PajeaIIAI] JO

$4SS yoreq 9[ed§ [[LWS Ul SUOISIaAu0D) 3so[n[a)) judjeainby jo Arewwng
¢ 9lqel

Vol. 20/21, 1989

Applied Biochemistry and Biotechnology



Spindler et al.

W
W
D

=i
(=
(@]

R

N

N

@
(]

()]
o

BN
o

N
o

o

% equivalent cellulose conversion

13 16 19 22 26
IU cellulase/g glucan

Fig. 2. Percent equivalent cellulose conversions for S. uvarum at 3d with
Genencor cellulase (batch II) loadings ranging from 13 to 26 [U/g of cellulose at
selected ratios (0:1 (M), 1:1 (0J), and 8:1 (N) (IU/IU)) of B-glucosidase supple-
mentation to cellulase for shake flask SSFs at 37°C with pretreated wheat straw .

For our next experiment, S. wvarum was studied in a series of shake
flask SSFs with cellulase enzyme loadings of 13, 16, 19, 22, and 26 [Ulg of
cellulose with and without §-glucosidase supplementation. In previous
work with Sigmacell-50 substrate, we found 13 [U/g cellulose to be the
optimal enzyme loadings (17). The runs reported here were made to better
define the effect of f-glucosidase and cellulase loadings on performance
with the pretreated straw substrate as compared to the previous experi-
ments. As Fig. 2 reveals, 19 [U/g of cellulose gave virtually complete cellu-
lose conversion in 3 d with a 8:1 ratio of B-glucosidase to cellulase. This
level of cellulase enzyme was, therefore, chosen for the stirred fermenter
SSFs. Recent results indicate that there is an adsorptive loss of the cellu-
lase enzyme component g-glucosidase that binds to lignin in dilute acid
pretreated aspen wood. This may account for increased enzyme loadings
with the pretreated straw substrate versus Sigmacell-50 cellulose (20).

Three-L batch SSFs were run with Saccharomyces cerevisiae, S. uvarum,
and mixed culture [ at 0:1, 1:1, and 8:1 ratios of B-glucosidase to cellulase
at 37°C and 7.5% initial cellulose concentrations. A mixing problem was
encountered with the stirred reactor SSFs on pretreated wheat straw. In
the 6-L Braun Biostat fermenters, the stirring shaft with three turbine im-
pellers was initially unable to mix the 12% substrate slurry, whereas the
shaker flask SSFs mixed well with a rotating shaker. Consequently, the
larger-scale stirred reactor SSFs took at least 24 h longer to liquefy than
did the shaker flask SSFs. Some of the stirred reactor SSFs had to be re-
peated because the delay in the onset of the fermentation impaired yeast
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Table 3
Summary of Equivalent Cellulose Conversions for Controlled SSFs at 37°C
on Pretreated Wheat Straw with 19 [Us Cellulase/g of Cellulose
and Varying Ratios of 8-Glucosidase Supplementation

2d 4d Final
0:1 1:1 8:1 0:1 1:1 81 0:1 1:1 8:1

Saccharomyces uvarum 60 7379 75 78 99 81 g4 100
Saccharomyces cerevisiae 42 68 73 63 78 99 75 g4 100
Mixed Culture ¢ 47 52 65 63 67 8 78 81 94

“Mixed Culture I=Brettanomyces clausenii and Saccharomyces cerevisiae.

50 . ~
- % equivalent cellulose conversion] 100 =
o 40 S
N Ethanol | 80 2
n = o
5 2 . B
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N g 20 D o
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Fig. 3. Controlled stirred reactor SSF with . cerevisiae (DsA) at 37°C with
Genencor cellulase loading of 19 [U/g pretreated wheat straw cellulose substrate

(7.5% (wlv)) and 8:1 B-glucosidase supplementation to the cellulase enzyme
(Iy/nu).

growth and the fermentation would either cease or proceed slowly. Never-
theless, the Saccharomyces uvarum, S. cerevisiae, and mixed culture stirred
reactor studies were completed. Table 3 reports the percent cellulose con-
versions at 2, 4, and final day intervals.

From this data, S. wvarum is the fastest fermenter (4-6 d) followed
closely by S. cerevistae (4-7 d) and then the mixed culture (7-8 d). Both the
Saccharomyces strains attained virtually complete conversions with the
higher level of B-glucosidase supplementation. These results verify the
shake flask SSF results, although approximately one extra day was re-
quired. Figure 3 shows an example of results from a controlled stirred
reactor SSF with S. cerevisiae at a 8:1 ratio of B-glucosidase to cellulase.
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Fig. 4. Comparison of equivalent cellulose conversions for shake flask
pretreated straw SSFs at 37°C and straight saccharification at 45°C for various
cellulase enzyme loadings with varying ratios (0:1 (M), 1:1 ((J), 4:1(N), and 8:1
(B) (IU/1U)) of B-glucosidase supplementation.

The soluble sugar concentrations and colony forming units (CFUs)
were monitored in all the stirred reactor studies. A sugar concentration of
about 1 g/L. was measured at the start of the fermentation and dropped to
less than 0.5 g/L at the finish for the 0:1 and 1:1 8-glucosidase to cellulase
ratios, and Saccharomyces yeasts. At 8:1 B-glucosidase:cellulase ratios the
soluble sugar level for these yeast started out at about 10 g/L and dropped
to 1 g/L or less. For the mixed culture, a similar trend was seen, except at
an 8:1 ratio of enzyme, the sugar concentration starts at 5.0 g/L, because
the two yeast keep the starting sugars down. All yeast showed about the
same viable cell density as measured in colony forming units (CFUs):
values started at around 2 x 107, reached 8 x107 in 24 h, and then gradually
dropped to around 4 x 107 cells in 6-7 d. B. clausenii showed lower overall
viability.

Unfortunately, substrate (cellulose) disappearance could not be mea-
sured directly as had been done for other stirred reactor studies using Sig-
macell-50 as a substrate (10,11,18). Thus, the percent equivalent cellulose
conversion was used to estimate the cellulose conversion. A comparison
of equivalent cellulose conversions for Saccharomyces uvarum, S. cerevisiae,
and mixed culture I in the shake flask SSFs to saccharification without
fermentation can be seen in Fig. 4. The latter was conducted at 45°C on
wheat straw with and without B-glucosidase supplementation at ratios
(based on 37°C assay) of 1:1, 4:1, and 8:1 8-glucosidase to cellulase. All of
these experiments were completed using 7, 13, and 26 IU Genencor cellu-
lase/g of cellulose in the wheat straw. Ninety-four percent saccharification
was achieved in 5 d with 8:1 8-glucosidase supplementation at 26 [U cellu-
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lase loading. In the two Saccharomyces wheat straw SSFs, complete equiva-
lent cellulose conversions at 4:1 and 8:1 were seen in 5 d, showing faster
saccharification of substrate in SSF was obtained at 37°C than with sacchari-
fication without fermentation at 45°C. The mixed culture again outper-
formed all of the other yeast at the lower cellulase levels of 7 and 13 [Us
without B-glucosidase supplementation.

CONCLUSIONS

SSFs were performed on pretreated wheat straw to evaluate some pre-
viously selected yeast for fermentations on a substrate representative of
those potentially useful in commercial ethanol production. Results show
animprovement in SSF for the pretreated straw substrate with increasing
enzyme loadings and f-glucosidase supplementation. In addi-
tion, saccharification rates improved using the pretreated wheat straw
substrate vs Sigmacell-50 SSFs (16,17).

Clearly, a mixed culture of a cellobiose fermenting yeast and a strong
glucose-fermenter reduces the sugar concentrations (cellobiose, in partic-
ular) throughout the fermentation. The rate of hydrolysis and product
yield at low cellulase enzyme loadings is increased. Also, B-glucosidase
supplementation greatly improves the fermentation rates when used with
a strong glucose-fermenting yeast by minimizing cellobiose accumulation.
Both saccharification and SSF results show that addition of B-glucosidase
increases the specific activity of cellulase from T. reesei. The saccharifica-
tion rate and SSF performance increase at lower, more economical, cellu-
lose enzyme loadings if -glucosidase is added.

Pretreated wheat straw performs well in the SSF process, and a single
culture of a strong glucose fermenter like S. uvarum appears to be a good
choice when supplemented with g-glucosidase enzyme at a high level.
However, §-glucosidase supplementation has been shown to be uneco-
nomical. Thus, an alternate approach of improving the balance of cellulase
properties, developing an ethanol tolerant yeast that ferments glucose
and cellobiose to high ethanol concentrations, or a combination of these
approaches is desirable.
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