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Abstract An efficient fermenting microorganism for
bioethanol production from lignocellulose is highly toler-
ant to the inhibitors released during pretreatment and is
able to ferment efficiently both glucose and xylose. In this
study, directed evolution was employed to improve the
xylose fermenting Saccharomyces cerevisiae F12 strain for
bioethanol production at high substrate loading. Adapted
and parental strains were compared with respect to xylose
consumption and ethanol production. Adaptation led to an
evolved strain more tolerant to the toxic compounds pres-
ent in the medium. When using concentrated prehydroly-
sate from steam-pretreated wheat straw with high inhibitor
concentration, an improvement of 65 and 20% in xylose
consumption and final ethanol concentration, respectively,
were achieved using the adapted strain. To address the
need of high substrate loadings, fed-batch SSF experiments
were performed and an ethanol concentration as high as
27.4 g/l (61% of the theoretical) was obtained with 11.25%
(w/w) of water insoluble solids (WIS).
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Introduction

The depletion of the world petroleum supply as well as
increased levels of greenhouse gases have recently stimu-
lated extensive interest in optimizing fermentation pro-
cesses for large-scale production of alternative biofuels
such as bioethanol [1]. In this context, bioethanol produced
from lignocellulose, the so-called second-generation bio-
ethanol, is an interesting alternative. Lignocellulosic bio-
mass such as agricultural residues, forest products or
energy crops do not compete with food crops, and in
addition, these side-streams from food production are also
less expensive than conventional agricultural feedstocks
[2].

Owing to the structural characteristics of the ligno-
cellulosic materials, pretreatment is a crucial step for
obtaining potentially fermentable sugars in the hydrolysis
step. Steam explosion is one of the more widely
exploited pretreatments. It offers several attractive fea-
tures when compared to other pretreatment technologies,
including the potential for significantly lower environ-
mental impact, lower capital investment, larger potential
for energy efficiency, less hazardous chemicals and
conditions and complete sugar recovery [3]. During
steam explosion pretreatment, fiber structure is altered
and enzyme accessibility to cellulose is enhanced, which
is reflected in an improvement in hydrolysis yields
[4, 5]. Harsh conditions during pretreatment lead to a
partial hemicellulose decomposition and the generation
of toxic compounds derived from sugar degradation that
could affect the proceeding hydrolysis and fermentation
steps [6, 7]. Besides effecting cell growth, these inhibi-
tors can also reduce sugar conversion rates during fer-
mentation and consequently decrease the fermentation
rate [8, 9].
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Typically found inhibitors are furan derivates, weak
acids, and phenolic compounds. Main furans are furfural
and 5-hydroxymethyl furfural (HMF) derived from pen-
toses and hexoses degradation, respectively, which cause a
prolonged lag phase during batch fermentation [7]. Acetic
and formic acid are two of the most common weak acids
found in lignocellulosic hydrolysates. Acetic acid is
released due to the solubilization of acetyl groups present
in hemicellulose and the formic acid derives from furfural
and HMF degradation [10]. It is generally accepted that
both acetic and formic acid influence yeast fermentation by
reducing biomass formation [11], however, small amounts
of acetic acid could increase glucose consumption rates and
ethanol yields [12, 13]. Coumaric and ferulic acid are
phenolic compounds characteristic of herbaceous biomass
where they are esterified acting as a bond between lignin
and hemicellulose [14, 15]. Its inhibition mechanism is not
completely understood, but they may act on biological
membranes, causing loss of integrity [16]. Vainillin and
syringaldehyde are also aldehydes compounds derived
from lignin degradation typically found in wheat straw
hydrolysates.

The yeast Saccharomyces cerevisiae has been shown to
be highly tolerant towards the discussed toxic compounds
and the end product ethanol [17]. It is therefore one of the
preferred microorganisms for ethanol production from
lignocellulose. However, wild-type S. cerevisiae has the
drawback of not being able to ferment pentoses, and one of
the challenges of fermenting lignocellulosic hydrolysates is
that an efficient ethanol producer that can utilize both
hexoses and pentoses needs to be employed. One solution
is to use recombinant S. cerevisiae modified with genes
XYLI and XYL2 from Pichis stipitis encoding for xylose
reductase (XR) and xylitol dehydrogenase (XDH),
respectively [18-20]. It is known that XR and XDH have
different co-factors preferences and xylitol is formed in
order to maintain a redox balance during xylose fermen-
tation [21]. The first enzyme involved in reduction of
xylose to xylitol, XR, can use both NADPH and NADH as
a co-factor. The second enzyme, XDH, uses NAD™ almost
exclusively in the oxidation of xylitol to D-xylulose. As
mainly NADPH is utilized in the first reaction, NAD™ is
therefore not made available for the XDH reaction and
consequently this leads to substantial xylitol production
and therefore suboptimal ethanol yield on xylose [22].

Yeasts strains to be used for second-generation bioeth-
anol production have to cope with challenging conditions
that are inherent to the industrial process such as high
concentration of inhibitory products, osmotic problems due
to high sugar concentrations, high process temperatures,
ethanol inhibition, and growth conditions that are not well
controlled [23]. Tolerance of these multiple stresses is
likely to be a complex phenotype involving several cellular
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mechanisms and it will be difficult to find the targets to
perform efficient metabolic engineering. Several approa-
ches such as, evolutionary engineering or adaptative
strategies are appearing as a promising alternatives to
develop more tolerant yeasts [24]. Directed adaptation of
yeast to inhibitory prehydrolysate is one interesting strat-
egy to enhance the process efficiency and it results in
higher xylose consumption rates and fermentation yields
improving fermentation performance [25].

Simultaneous saccharification and fermentation (SSF)
process has been used since the early 1990s, being one of
the most successful methods for ethanol production [26].
By performing SSF experiments, the ethanol yield is
increased by minimizing end-product inhibition from glu-
cose on the enzymatic action. Furthermore, the employ-
ment of two separate reactors for saccharification and
fermentation is avoided, thereby minimizing capital costs.
However, there are several drawbacks when performing
conventional SSF processes from lignocellulose, one of
them being that high substrate loading is limited by the
high viscosity [27]. In this context, fed-batch SSF, in which
substrate is fed continuously by scheduled additions has
been shown as a suitable configuration as the substrate is
gradually degraded and the viscosity is kept low [28]. This
strategy results in higher substrate loading, which is nec-
essary for reaching higher ethanol concentration.

Furthermore, when employing xylose fermenting yeast,
xylose transport into the cell is slow due to the competition
between glucose and xylose for the same transporter [29].
Fed-batch strategies can reduce glucose accumulation in
the media allowing more efficient co-fermentation of
xylose and glucose [8].

The aim of the present work was to adapt a genetically
engineered xylose fermenting yeast to improve its ability to
ferment toxic wheat straw hydrolysates. Adapted and
parental strains were compared in terms of ethanol pro-
duction, by-products formation and sugar consumption.
Furthermore, different fed-batch SSF processes were per-
formed in order to reach high substrate loading for
improving the ethanol concentration produced from steam
pretreated wheat straw.

Materials and methods
Raw material and pretreatment

Wheat straw had the following composition (% dry
weight): cellulose, 40.7; hemicellulose, 27.6 (xylan, 23.7;
galactan, 2.6; and arabinan, 1.3); lignin, 17.0; and ash 4.7
[30]. It was milled using a laboratory hammer mill to a
particle size smaller than 5 mm and stored at room tem-
perature until it was used.
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Two wheat straw batches were pretreated at 210 and
200°C for 5 min without acid impregnation in a steam
explosion unit equipped with a reactor vessel of 2-1
working volume.

After pretreatment, the material was recovered in a
cyclone and the wet material was cooled down to 40°C.
One portion of both recovered slurries was vacuum filtered,
resulting in two fractions: a liquid fraction, referred to as
prehydrolysate, and a solid fraction, referred to as the
water insoluble solids (WIS) fraction. The prehydrolysate
obtained at 210°C and 5 min was used for adaptative
purposes and in fermentation tests. The prehydrolysate
obtained at 200°C and 5 min was only employed in fer-
mentation experiments.

Microorganism and media

S. cerevisiae F12 [S. cerevisiae F his3::YIploxZEOXR/
XDH/XK] was used in all experiments as fermenting
microorganism. It is a recombinant strain engineered to
harbor xylose-consuming traits. The strain has been mod-
ified by over-expressing the endogenous gene encoding
xylulokinase (XK) and by introduction of the genes for
xylose reductase (XR) and xylitol dehydrogenase (XDH)
from P. stipitis [21].

The preinoculum for all experiments was grown in 2-1
Erlenmeyer flasks containing 500 ml of Delft medium as
follows: 20 g/l glucose, 20 g/l xylose, 7.5 g/l (NH,4),SOy,
14 g/l KH,PO,, 0.5 g/l MgS0O,4-7H,0, 2 ml/l trace metal
solution and 1 ml/l vitamin solution [31]. The preculture
was grown for 24 h at 150 rpm and 30°C. The preculture
was harvested by centrifugation at 6,500 rpm for 5 min and
4°C. The supernatant was discarded and the pellet was
washed with sterile 0.9% NaCl and then centrifuged again.
The supernatant was removed and the cells were weighed
and diluted with sterile water to obtain the desired inocu-
lum size of 1 g/l cells (dry weight).

Analytical methods

The raw material and WIS fraction were analyzed using the
National Renewable Energy Laboratory (NREL) standard
methods for determination of structural carbohydrates and
lignin in biomass (LAP-002, LAP-003, LAP-004, LAP-
017, and LAP-019) [32]. Dry weight of WIS and slurry was
determined by drying samples at 105°C for 24 h (LAP-
001).

Most of the sugars present in the prehydrolysates were
in oligomeric form, due to that a mild acid post-hydrolysis
(4% (v/v) H;SO,4, 120°C and 30 min) was performed for
obtaining monomeric sugars for analysis.

Ethanol, sugars, xylitol, and glycerol were analyzed
by high-performance liquid chromatography (HPLC) in

Waters Ultimate 3000 chromatograph with a refractive
index detector. An Aminex HPX-87H Bio-Rad-Ion exclu-
sion column operated at 60°C with 5 mM H,SO, as mobile
phase (0.6 ml/min) was used for separation.

HMF, furfural, vanillin, syringaldehyde, coumaric and
ferulic acid were analyzed by HPLC (Agilent, Waldbronn,
Germany) employing an Aminex HPX-87H column (Bio-
Rad Labs, Hercules, CA) at 65°C. The mobile phase
contained 89% 5 mM H,SO, and 11% acetonitrile at
flow rate of 0.7 ml/min. A 1050A Photodiode-Array
detector (Agilent, Walsbronn, Germany) was employed
for detection.

Formic and acetic acid were quantified with a modular
HPLC (Waters, Milfors, MA) using a 410 Water refractive
index detector. An Aminex HPX-87H (Bio-Rad Labs,
Hercules, CA) column maintained at 65°C and a mobile
phase of 5 mM H,SO, at a flow rate of 0.6 ml/min were
employed.

Adaptation performance

Adaptation was performed by sequential transfer of cul-
tures to diluted prehydrolysate medium with increasing
concentration of inhibitors. Prehydrolysate for adaptation
was obtained after filtration of the slurry pretreated at
210°C and 5 min. It was first subjected to a mild acid post-
hydrolysis (4% (v/v) H,SO,4, 120°C and 30 min) in order to
obtain monomeric sugars. The prehydrolysate corre-
sponded to a slurry with 15.2% (w/w) of WIS and it was
diluted to prehydrolysates corresponding to 5, 6, 7, 8, and
9% (w/w) of WIS and supplemented with 5 g/l (NH4),SOy,
3 g/l KH,PO,, 0.5 g/l MgSO,4-7H,0, 1 ml/l trace metal
solution and 1 ml/l vitamin solution. Sugar concentration
was fixed in all cases at 15.6 g/l xylose and 3.6 g/l glucose
according to the sugar composition in the prehydrolysate
obtained after pretreatment at 210°C and 5 min.

The adaptation process was performed in a 250-ml
shake flask with 100 ml of medium. The initial shake flask
cultivation was performed with the most diluted prehy-
drolysate (equivalent to 5% (w/w) of WIS) and it was
inoculated with an inoculum corresponding to 1 g/l (dw)
cells. Each culture was grown at pH 5.0 for 48 h at 32°C in
a rotary shaker. Culture aliquot of 0.5 ml from one shake
flask was transferred to the following shake flask. Cells
were grown twice at the same prehydrolysate dilution
before transferring the cells to more concentrated prehy-
drolysate resulting in about 50 generations of growth at
each prehydrolysate dilution and a total of 250 generations
during the total adaptation procedure.

When reaching the most concentrated prehydrolysate,
isolation of the cells was performed by withdrawing 100 pl
of culture and transferring the volume to agar plates.
The agar plates contained prehydrolysate equivalent to 9%
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(w/w) of WIS, 10 g/l yeast extract, 20 g/l mycopeptone, 20
g/l agar and sugar concentrations were fixed at 15.6 g/l of
xylose and 3.6 g/l of glucose corresponding to the same
sugar concentration as in the non-diluted prehydrolysate.

Prehydrolysates fermentability

Different prehydrolysate fermentation tests were per-
formed in 100-ml shake flasks containing 50 ml of fer-
mentation medium. Fermentation tests were performed in
duplicate, which showed very good reproducibility
(£5%). Two different prehydrolysates from steam
exploded wheat straw pretreated at 200 and 210°C for
5 min, with different concentration of inhibitors resulting
after pretreatment, were used for comparison of the
evolved and parental strains. Both prehydrolysates were
diluted with deionized water to give final concentrations,
based on % (w/w) WIS content present in the pretreated
slurry, of 4, 6, and 8%. Sugar and salts composition was
as follows (independently of prehydrolysate dilution):
40 g/1 xylose, 10 g/l glucose, 5 g/l (NH4),SO4, 3 g/l
KH,PO,, 0.5 g/l MgS0,4-7H,0, 1 ml/l trace metal solu-
tion and 1 ml/l vitamin solution. Prehydrolysates con-
taining glucose and xylose were sterilized separately from
the salt solution. All experiments were performed for
140 h in a rotatory shaker at 150 rpm and 32°C. pH was
adjusted at 5.0 with 5 M KOH. Initial cell mass con-
centration level was 1 g/l (dw) cells.

Fed-batch simultaneous saccharification
and fermentation process

Whole slurries produced at 210 and 200°C for 5 min were
used as initial substrate loading in fed-batch SSF experi-
ments. Slurry obtained at 200°C for 5 min was used in fed-
batch SSF experiments with the parental strain, since the
parental strain was completely inhibited by the slurry
obtained at 210°C. Evolved strain was used in fed-batch
SSF experiments with slurry pretreated at 210°C for 5 min.
Slurries were supplemented with 5 g/l (NH4),SO4, 3 g/l
KH,PO,, 0.5 g/l MgS0,-7H,0, 1 ml/l trace metal solution
and 1 ml/l vitamin solution. The experiments were per-
formed in a 2-1 fermentor with a final working weight of
1.2 kg. All fed-batch SSF experiments were carried out at
32°C and 150 rpm for 140 h. The initial slurry loading was
6% (w/w) of WIS. The washed WIS was added at 12, 24,
36, or 48 h according to the different feeding profile with
the aim of reaching a substrate loading as high as 11.25%
(w/w) of WIS content. Owing to the addition of wet
material, the medium volume changed along the process.
The pH was maintained at 5.0 by automatic addition of
5 M KOH. The initial cell mass concentration was 1 g/l
(dw) cells in the fermenter.
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The enzyme mixture was obtained from Novozymes
A/S (Bagsverd, Denmark) and consisted of NS50013
(60 FPU/ml) supplemented with f-glucosidase NS50010
(900 IU/ml). The enzyme loading was 15 FPU/g cellulose
and 15 IU/g cellulose, respectively. In order to maintain a
constant enzyme to substrate ratio, extra enzyme was added
together with extra substrate.

All fed-batch SSF experiments were preceded by an
enzymatic prehydrolysis step for 3 h at 50°C in the same
2-1 fermentor.

Results and discussion

A comparison of the evolved and parental strain was per-
formed in terms of sugar consumption rates and final eth-
anol concentration using two different prehydrolysates
from steam exploded wheat straw during batch fermenta-
tions. Slurries obtained at different pretreatment conditions
were also used in fed-batch SSF experiments for reaching
substrate loading as high as 11.25% (w/w) of WIS.

Steam explosion pretreatment

Two slurries resulting after pretreatment at 200 and 210°C,
respectively, were filtered in order to obtain prehydroly-
sates and WIS fractions. WIS was washed thoroughly with
tap water in order to wash out embedded inhibitory com-
pounds. The WIS content in the slurry after pretreatment
was 16.6% (w/w) at 200°C and 15.2% (w/w) at 210°C.

The effect of temperature and time on hydrolysis and
formation of degradation products has been described as
the severity factor R, being higher when increasing the
temperature [33, 34]. A rise in temperature from 200 to
210°C means an increase in R, from 3.63 to 3.94. Previous
studies have concluded that optimum R, for pretreating
wheat straw was between 3 and 4.5 [35]. As depicted in
Table 1, higher R, factor was reflected in higher inhibitor
concentration in prehydrolysate obtained at 210°C and
5 min compared to the one obtained at 200°C. Although
the higher temperatures resulted in increased removal of
hemicelluloses from the WIS fraction and in improved
saccharification of cellulose, it also promotes higher sugar
degradation [36, 37], thus, lower sugar concentration was
obtained in the prehydrolysate pretreated at harsher con-
ditions (Table 1).

Acetic acid was the predominant inhibitory compound
in both prehydrolysates. It was released owing to the sol-
ubilization of the acetyl groups present in the hemicellu-
lose. Formic acid was formed due to the degradation of
furfural and HMF [10], which resulted from pentose
and hexose degradation, respectively [7]. Besides these
inhibitors, some phenolic compounds characteristic of
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Table 1 Composition of the pretreated wheat straw at two different
conditions

200°C-5 min 210°C-5 min
WIS
Component (% dry weight, w/v)
Glucose 62.0 67.0
Xylose 12.0 4.0
Lignin 29.9 29.2
Ashes 1.2 32
Prehydrolysate
Monosaccharides (g/1)
Glucose 5.0 3.6
Xylose 33.0 15.6
Galactose 1.1 1.1
Arabinose 0.6 0.6
Inhibitors (g/1)
Furfural 1.4 1.6
HMF 0.3 0.4
Acetic acid 5.2 6.8
Formic acid 2.1 2.8
Coumaric acid 0.04 0.05
Ferulic acid 0.05 0.07
Vanillin 0.1 0.1
Syringaldehyde 0.03 0.03

herbaceous biomass were also detected. Ferulic and cou-
maric acid were derived from cinnamic acid and are acting
as linkages between lignin and hemicellulose [38]. Vanillin
is derived from guaiacyl propane units and syringaldehyde
is produced from syringylpropane units present in lignin
[39].

Considering the WIS compositions (Table 1), the glucan
proportion after pretreatment was higher in the pretreated
material compared to the raw material (44.8%) due to the
solubilization of hemicellulosic sugars during pretreatment
leaving lignin and cellulose mainly in the solid fraction.

Prehydrolysates fermentation

Two prehydrolysates from steam-exploded wheat straw
with different concentration of inhibitory compounds
(Table 1) were used for comparing the parental and
evolved strain in terms of sugar consumption rates, final
ethanol concentration, and production rates. No differences
were observed regarding glucose consumption rate when
using more diluted prehydrolysates (corresponding to
slurries with 4 and 6% (w/w) of WIS) and the glucose was
completely consumed during the first 12 h of fermentation
(Fig. 1). With less toxic prehydrolysate (200°C and 5 min)
diluted to 8% (w/w) of WIS, the parental strain consumed

glucose completely after 40 h, whereas the adapted strain
exhausted glucose after 12 h (Fig. 1a). Nevertheless, glu-
cose consumption was slower when using more concen-
trated prehydrolysate (8% (w/w)) obtained at 210°C. In this
case, glucose was completely consumed after 48 h when
using the adapted strain, whereas glucose was present in
the media almost to the end of the process when the
parental strain was used (Fig. 1b). Previous studies have
also shown that phenolic compounds, furaldehydes and
aliphatic acids present in sugarcane bagasse hydrolysates
slow down glucose fermentation [25]. Furthermore, in the
same study adaptation of S. cerevisiae to growth in bagasse
hydrolysate resulted in higher glucose consumption rates.

During the fermentations the cellular capacity to con-
sume xylose was assessed. In all cases, the adapted strain
performed better showing higher amount of consumed
xylose, expressed as percentage of the total xylose (40 g/1)
(present in the media at the beginning of the fermentation)
consumed after 140 h (Fig. 2). In the best case, 85% con-
sumption of the total xylose was reached at 140 h when
using the adapted strain with less toxic prehydrolysate at
higher dilution (lowest amount of inhibitory compounds in
the broth). It was remarkable that the highest differences in
xylose consumption between the adapted and parental
strain were found when using more concentrated prehy-
drolysates corresponding to 8% (w/w) of WIS and
improvements of 53 and 67% with prehydrolysates
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Fig. 1 Glucose consumption in 140-h-long fermentation tests with
diluted prehydrolysates obtained at a 200°C and b 210°C for 5 min.
Dilution corresponding to (square) 4%, (triangle) 6% and (circle) 8%
(w/w) of WIS in the slurry. Dotted lines with opened symbols mean
parental strain. Black lines with closed symbols mean adapted strain

@ Springer



1216

J Ind Microbiol Biotechnol (2010) 37:1211-1220

obtained at 200 and 210°C, respectively, were observed
(Fig. 2). This proved the success of the directed evolution
with regard to improve sugar consumption rates. Faster
sugar utilization by the adapted strain showed that the
ability to tolerate inhibitors was enhanced. An evolved
S. cerevisiae TMB3001C5 strain has demonstrated 19%
higher final ethanol concentration as well as faster xylose
consumption rate in a synthetic medium containing glucose
and xylose when comparing with the parental strain [40].
It is not clear if an improvement also could be found in
lignocellulosic hydrolysates.

Higher amount of consumed xylose was reflected in
higher volumetric ethanol productivities and higher final
ethanol concentrations (Table 2). The adapted strain per-
formed better than the parental strain in all tests with
regard to final ethanol concentration (after 140 h) and
volumetric productivity. The highest ethanol concentration
(13.1 g/l) was reached with the adapted strain during fer-
mentation of the most diluted prehydrolysate (low level of
toxic compounds). The adapted strain showed an increase
in the ethanol concentration of 45 and 20%, respectively,
with both prehydrolysates obtained at 200 and 210°C at the
lowest dilution (8% w/w). Fermentation with the adapted
strain also revealed an increase in the volumetric ethanol
productivities, which should be beneficial from an eco-
nomic point of view leading to reduced fermentation time.

Glycerol is produced during anaerobic growth in S. cere-
visiae as a redox sink to maintain the cytosolic redox
balance [41]. Glycerol yield on glucose is usually found
to be around 0.1 g/g during anaerobic growth conditions
[21, 42] and it is known that during fermentation processes,
major amounts of glycerol are produced during glucose
consumption as a consequence of biomass production [43].
In the present study, higher glycerol levels in fermentation

100%
90% 1
80% 1
70% 1
60% 1
50% 1
40% 1
30% 1
20% 1
10% 1

0%

200 °C — 5 min 210 °C - 5 min

Xylose consumption

4% 6% 8% 4% 6% 8%

Fig. 2 Xylose consumption (expressed as % of the total xylose
present in the medium) in 140-h-long fermentations tests with
prehydrolysates obtained at 200 and 210°C for 5 min diluted to 4, 6,
and 8% (w/w) of WIS. Parental strain is represented in grey color and
adapted strain is represented in black color
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tests were observed with the adapted strain indicating
better cell growth with adapted strain.

In spite of considerable xylose consumption, very low
amounts of xylitol were formed during the prehydrolysate
fermentation tests (Table 2), which points out that the
conditions prevailing in the hydrolysate lead to redox
reactions that balance the redox imbalance that results
during xylose fermentation in yeast using the XR/XDH
pathway. The presence of substances such as aldehydes and
ketones that act as electron acceptors can lead to reduced
xylitol formation supplying NAD™ for the XDH reaction
and redirecting product formation toward ethanol produc-
tion at expense of xylitol formation [22]. In the present
study, sugar degradation products such as furfural present
in lignocellulosic prehydrolysates, which is reduced to
furfuryl alcohol, acts as electron acceptor reducing xylitol
excretion [44].

The low xylitol formation together with low amount of
residual xylose coincided with the improvement in final
ethanol concentration, suggesting an improved ethanol
yield on xylose.

The power of continuous evolution is based on its
effectiveness in producing the desired effects and the
possibility to select cells with advantageous properties
under conditions that reflect the characteristics of an
industrial process. In liquid media, adequate strains to
function in a particular environment evolve over time and
eventually replace the parental population as a conse-
quence of adaptation by selection [45]. Since inhibitors
released during pretreatment of lignocellulosic biomass
could reduce glucose and xylose conversion during fer-
mentation as well as decrease ethanol productivities [9,
46], adaptation has been shown as an effective strategy for
increasing tolerance to the toxic compounds [12, 25],
which should be reflected in higher ethanol consumption
rates, final ethanol titers, and productivities.

S. cerevisiae F12 has previously been shown to be a
very inhibitor tolerant strain in several studies [9, 21]. In
the present work, adaptation of a recombinant xylose-fer-
menting S. cerevisiae F12 were performed to further
increase its inhibitor tolerance towards toxic compounds in
wheat straw hydrolysates. Adaptation resulted in an
evolved population with even higher inhibitor tolerance,
higher sugar consumption rates and higher volumetric
productivities and ethanol yields compared to the parental
strain.

Fed-batch simultaneous saccharification
and fermentation process

Since the energy consumption in the distillation step
depends on the level of ethanol, higher substrate loading is
needed for an efficient ethanol production process. The use
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Table 2 Ethanol production, ethanol yield and productivity. and by-products formations during fermentation of diluted prehydrolysates with

adapted and parental S. cerevisiae F12 strains

4% (wiw) of WIS

6% (w/w) of WIS

8% (wiw) of WIS

Non-adapted Adapted Non-adapted Adapted Non-adapted Adapted
200°C-5 min*
Xylitol 40 n (g/1) 24 4.34 0.90 2.12 - -
Glycerol 40 1 (g/1) 0.8 1.05 0.87 1.06 0.18 0.78
Ethanol 49 1 (g/) 10.88 13.11 7.54 8.60 4.08 7.40
Qetoh24 1 (g/1h) 0.21 0.24 0.17 0.21 0.1 0.20
Qetohas h (g/1h) 0.15 0.18 0.11 0.13 <0.1 0.12
Yeohses 0.30 0.30 0.29 0.29 0.23 0.25
210°C-5 min”
Xylitoly40 1 (g/1) 0.49 2.12 0.49 1.29 - -
Glycerol 49 1, (g/1) 0.70 1.05 0.88 1.09 0.16 1.10
Ethanol 49 1 (g/) 7.87 11.84 5.98 9.23 4.00 5.09
Qeton24 h (g/1h) 0.20 0.26 0.19 0.24 0.10 0.12
Qetohas h (g/1h) 0.12 0.17 0.11 0.16 <0.1 <0.1
Yeohves 0.37 0.37 0.36 0.39 0.36 0.25

 Prehydrolysate corresponding to a slurry with 16.6% (w/w) of WIS and diluted with deionized water to 4, 6, and 8% (w/w) of WIS
o Prehydrolysate corresponding to a slurry with 15.2% (w/w) of WIS and diluted with deionized water to 4, 6, and 8% (w/w) of WIS

¢ Ethanol yield was based on the consumed glucose and xylose at 140 h

Table 3 Residual sugars, ethanol production, and yields during different 140-h-long fed-batch SSF experiments

Strain Pretreatment  Initial WIS content % (w/w) Residual Residual EtOH 4, Ygrrs % theoret.
conditions substrate 6h 12h 24h 36h 45k xylose  glucose (g/l)
(e (g
S. cerevisiae F12 200°C-5 min  Slurry 6% (w/w) 9.23 11.25 2.8 - 24.3 0.25 49
parental strain of WIS 923 11.25 0.2 _ 21.8 0.23 44
9.23 11.25 0.8 - 24.8 0.26 50
8.33 10 11.25 1.3 - 23.1 0.24 47
S. cerevisiae F12 210°C-5 min® Slurry 6% (w/w) 9.23 11.25 <0.1 - 274 0.31 61

adapted strain of WIS

? Ethanol yield was based on the total glucose and xylose content present in the pretreated wheat straw

b Assuming ethanol yield on glucose and xylose present in the pretreated wheat straw of 0.51 g/g

¢ No-growth neither ethanol production were shown with the parental strain and material pretreated at these conditions

of high substrate loading implies higher viscosity, which
leads to mixing problems, resulting in uneven distribution
of yeast, enzyme, substrate, pH and temperature. By using
a fed-batch strategy, the problems associated with high
viscosity can be overcome. With the aim of reaching
substrate loading as high as 11.25% (w/w) of WIS, dif-
ferent fed-batch SSF experiments were performed
(Table 3). The adapted strain was used in fed-batch SSF
experiments from material pretreated at 210°C, which was
not fermentable by the parental strain.

In order not to loose any sugar present in the liquid
fraction, whole slurry should preferably be used instead of
the WIS fraction. However, the liquid fraction also con-
tains the sugar degradation products potentially inhibitory

for enzymes and yeast. If the whole slurry is used, high
substrate loading means higher concentration of inhibitors
and at too high slurry content complete inhibition of yeast
may take place. To avoid a complete inhibition, whole
slurry was used for the initial substrate loading (6% w/w
WIS) and washed WIS was employed for different sub-
strate additions.

The fed-batch configurations performed in the present
study as well as residual sugars, ethanol production, and
yields are shown in Table 3. S. cerevisiae parental strain
(F12) was totally inhibited, no growth nor ethanol pro-
duction were found, when using the whole slurry obtained
at 210°C for 5 min as initial substrate loading (6% WIS)
(data not shown). In contrast, the parental strain performed

@ Springer
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well in fed-batch SSF experiments with material pretreated
at 200°C for 5 min (Fig. 3a).

High ethanol concentration was obtained in previous
studies using wheat straw slurry exploded at 210°C and
5 min with the parental strain [47]. Despite pretreating the
wheat straw at the same conditions, it was found that the
inhibitor concentrations in the prehydrolysate were higher
in the present study. Compared to earlier pretreated wheat
straw, we assume that the difference was due to the effect
that chip size had on sugar and lignin degradation during
the pretreatment. In the preceding work, most particles had
a size around 10 mm, by contrast, in the present work, raw
material was milled to a particle size smaller than 5 mm
before pretreatment. Some earlier studies have concluded
that using smaller particle sizes is reflected in the higher
release of degradation products during pretreatment using
steam explosion [48].

The highest ethanol concentration obtained with the
parental strain was 24.8 g/l, which corresponds to an eth-
anol yield of 50% of the theoretical yield based on the
glucose and xylose present in the material pretreated at
200°C and 5 min. It is not known how much residual sugar
was bound to the solid part at the end of the cultivation and
therefore it can not be concluded whether suboptimal
enzymatic hydrolysis or fermentation is the major reason
that higher yields are not obtained. In the best feeding
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Fig. 3 Fed-batch SSF with slurry at 6% of WIS as initial substrate
loading. a Substrate pretreated at 200°C for 5 min, parental strain and
addition pulses at 12 and 36 h. b Substrate pretreated at 210°C for
5 min, evolved strain and addition pulses at 24 h and 48 h. (filled
circle) Ethanol, (filled diamond) glucose and (filled square) xylose
concentration

@ Springer

profile, all the substrate was added during the first 24 h,
which is in agreement with previous studies, concluding
that fed-batch strategies with earlier substrate addition
resulted in higher ethanol production [8, 30]. An explana-
tion may be the decreased cell viability along the progress
of the SSF leading to less efficient cellular metabolism at
the end of the process. Maximum residual xylose was
found when the last feed pulse took place at 48 h (Table 3).
Xylose transport into the cell is carried out by the glucose
transport system and the affinity for xylose is approxi-
mately 200-fold lower than for glucose [49]. Consequently,
xylose uptake competes with glucose uptake and it is
necessary to keep the glucose concentration low to promote
xylose uptake. Thus, later substrate addition meant the
addition of more glucose, which competes with xylose
uptake during longer time.

Steam-exploded wheat straw pretreated at 210°C was
not a feasible substrate for fed-batch SSF with the parental
strain. However, after an adaptation process, evolved
S. cerevisiae F12 was able to ferment slurry obtained at
210°C because the strain showed improved inhibitor tol-
erance. In order to investigate the efficiency of the adapted
strain, a fed-batch strategy for the adapted strain (addition
at 24 and 48 h) was chosen according to the best previous
results with the parental strain in order to check if residual
xylose was lowered and the ethanol production was
increased when using the adapted strain compared to what
could be achieved using the parental strain.

In Fig. 3, fed-batch experiments with the lowest
(Fig. 3a) and the highest (Fig. 3b) ethanol concentration
are represented. As can be observed in Fig. 3b, the adapted
strain produced an ethanol concentration as high as 27.4 g/l,
which meant 61% of the theoretical ethanol yield. Fur-
thermore, the residual xylose was lower when comparing
with the fed-batch SSF experiments with the parental
strain. The theoretical ethanol yield was assessed assuming
ethanol yields on glucose and xylose of 0.51 g/g. These
yields were overestimated since previous studies concluded
that ethanol yield on glucose and xylose for S. cerevisiae
F12 were 0.46 and 0.26 g/g, respectively [21].

Ethanol yields on total sugars of 0.27 g/g were achieved
in previous studies with the parental strain, which are in
agreement with yields obtained in the present study [17,
50]. However, the ethanol yield on total sugar was also
increased to 0.31 g/g when using the adapted strain.

Conclusions

Adaptation of a recombinant xylose-fermenting S. cerevi-
siae F12 to wheat straw hydrolysates with increasing
concentration of inhibitors resulted in an evolved popula-
tion showing higher sugar consumption rates and higher
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ethanol concentrations and productivities than the parental
strain. The evolved strain performed better than the
parental in fermentation tests using the prehydrolysate with
higher inhibitor concentration and a dilution corresponding
to 8% of WIS, showing 20% more final ethanol concen-
tration and 65% more xylose consumption compared to the
parental strain.

Using fed-batch SSF approaches, substrate loading as
high as 11.25% (w/w) of WIS was used without mixing
problems or inhibition problems. The parental strain was
not able to ferment slurries obtained at 210°C for 5 min
owing to the high concentration of toxic compounds, but
those slurries were fermentable with the adapted strain
showing an ethanol concentration as high as 27.4 g/l. Less
residual xylose remain, and higher xylose consumption
rates were also observed with the adapted strain.
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