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� Industrial robust strains were screened for lignocellulosic ethanol production.
� Screen was conducted on a real hydrolysate from Eucalyptus globulus wood.
� The tolerance of the lignocellulose hydrolysate was highly variable among strains.
� A correlation between final ethanol titer and furfural detoxification was found.
� Distilleries showed to be a remarkable yeast source for lignocellulose fermentation.
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The search of robust microorganisms is essential to design sustainable processes of second generation
bioethanol. Yeast strains isolated from industrial environments are generally recognised to present an
increased stress tolerance but no specific information is available on their tolerance towards inhibitors
that come from the pretreatment of lignocellulosic materials. In this work, a strategy for the selection
of different yeasts using hydrothermal hydrolysate from Eucalyptus globulus wood, containing different
concentrations of inhibitors, was developed. Ten Saccharomyces cerevisiae and four Kluyveromyces
marxianus strains isolated from industrial environments and four laboratory background strains were
evaluated. Interestingly, a correlation between final ethanol titer and percentage of furfural detoxification
was observed. The results presented here highlight industrial distillery environments as a remarkable
source of efficient yeast strains for lignocellulosic fermentation processes. Selected strains were able to
resourcefully degrade furfural and HMF inhibitors, producing 0.8 g ethanol/Lh corresponding to 94% of
the theoretical yield.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Lignocellulose raw materials derived from agricultural, indus-
trial and forest sources can provide environmental, economic and
strategic benefits, not competing with food production, when used
as sustainable feedstock in a biorefinery context (Ruiz et al., 2013).
An example of these feedstocks is Eucalyptus globulus wood resi-
dues, such as bark, cross-cut ends and wood chips resulted from
kraft pulping processing, being that large amounts are currently
being burned for electricity or heat production (Moshkelani et al.,
2013). Therefore, a promising strategy for the valorisation of these
residues could be its utilization as main feedstock for the produc-
tion of bioethanol and other value-added products by incorporat-
ing a biorefinery unit in an operating paper industry (Mussatto
et al., 2010; Phillips et al., 2013).

Bioethanol from lignocellulose materials or also called second
generation bioethanol is obtained by following main steps: (i)
pretreatment of lignocellulose biomass (ii) saccharification of
cellulose and (iii) fermentation of glucose. The pretreatment is
carried out to alter its recalcitrant structure (formed by hemicellu-
lose, cellulose and lignin) and to improve the enzymatic accessibility
towards cellulose. In this context, the hydrothermal treatment or
autohydrolysis is an environmentally-friendly treatment that fol-
lows the biorefinery concept (Ruiz et al., 2013). The hydrothermal
treatment allows obtaining a solid phase composed by cellulose
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Table 1
EGW characterization concerning raw material composition, solid yield and compo-
sition of solid pre-treated and hemicellulosic liquor phase (hydrolysate).

EGW composition g/100 g raw material, oven dry basis

Glucan 44.7 ± 0.81
Xylan 16.01 ± 0.35
Arabinan 1.09 ± 0.05
Acetyl groups 2.96 ± 0.28
Klason lignin 27.7 ± 0.61
EGW pre-treatment* g/100 g raw material, oven dry basis

SY (solid yield) 71.66
NVC (non-volatile compounds) 14.91
Solid phase analysis g/100 g pre-treated solid

Glucan 59.26 ± 0.47
Xylan 1.95 ± 0.10
Arabinan 0
Acetil groups 0.29 ± 0.06
Klason lignin 33.60 ± 0.5
Liquid phase analysis g/L hemicellulosic liquor

Glucose 0.64
Xylose 8.85
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and lignin and solubilising the hemicellulose fraction into hemicel-
lulose-derived compounds (mainly oligo- and mono-saccharides)
(Garrote et al., 2008). Nevertheless, with the hardness of pretreat-
ment, some degradation products of both sugars and lignin are
released in liquid hemicellulosic phase. These can be grouped
around three main classes, weak acids, furans and phenolics com-
pounds. While acetic acid, the most common weak acid derived from
lignocellulosic hydrolysates, is formed by deacetylation of hemicel-
luloses, furan compounds, 2-furaldehyde (furfural) and 5-hydroxy-
methyl-2-furaldehyde (HMF), are formed by dehydration of
pentoses and hexoses, respectively (Pereira et al., 2011a). These deg-
radation compounds are considered potent inhibitors of yeast
growth and induce a harsh effect on yeast machinery reducing the
ethanol yield and productivity (Modig et al., 2008). The presence of
inhibitor compounds generated during the treatment is one of the
major challenges faced in commercial production of lignocellulosic
bioethanol (Palmqvist and Hanhn-Hägerdal, 2000).

One approach to tackle the inhibitor challenge is by using nat-
ural robust yeast strains. Industrial isolates are known to be very
robust, show higher fermentation capacity (Mussatto et al., 2010;
Pereira et al., 2010) and stress tolerance that is developed in pres-
ence of stress factors related with harsh industrial processes such
as: high sugar and ethanol concentrations, elevated temperatures,
pH variations and presence of toxic compounds (Pereira et al.,
2011b; Della-Bianca et al., 2013). The microflora of traditional
and industrial fermentation processes constitutes a potential
source of microbial natural isolates that exhibit at least some of
the desired physiological background characteristics for lignocellu-
losic fermentation even if they have not been traditionally exposed
to these particular inhibitors. Some strains of Saccharomyces cerevi-
siae isolated from Brazilian sugarcane-to-ethanol distilleries
(‘‘cachaça’’ and bio-ethanol plants) have shown high fermentation
efficiency with prolonged persistence in the fermentation system
(Basso et al., 2008; Pereira et al., 2010, 2011b, 2012). Also, a floccu-
lating strain isolated from a Swedish second generation bioethanol
plant showed high tolerance to ethanol, osmotic stress and inhib-
itor presence (Westman et al., 2012). On the other hand, the
evaluation of industrial strains as Kluyveromyces marxianus can
be interesting since these yeasts are able to work at elevated tem-
peratures and ferment glucose and xylose (Fonseca et al., 2008),
desirable properties for a cost-efficient process. Moreover, the
environmental conditions of stress are related with the expression
of flocculent character of some laboratory strains. This characteris-
tic could be helpful for lignocellulosic ethanol production
(Landaeta et al., 2013). Despite being potential candidates to over-
come the stressful conditions imposed to yeast cells in lignocellu-
losic fermentation processes and thus to drive this technology
further, the use and characterization of these isolates in lignocellu-
losic fermentations has not been reported.

In order to select a promising yeast strain for lignocellulosic fer-
mentation we conducted in this study a screening comprising ten
S. cerevisiae and four K. marxianus strains isolated from harsh
industrial environments and four laboratory background strains.
For a more dose-to-reality approach, the inhibitor tolerance and
fermentation performance was evaluated using a real hydrolysate
from hydrothermally pretreated E. globulus wood (containing
inhibitory compounds).
Arabinose 0.18
Acetic acid 3.11
HMF 0.33
Furfural 1.66
Glucooligosaccharides 1.15
Xylooligosaccharides 8.97
Arabinooligosaccharides 0
Acetyl groups 2.55
Phenolic compounds 2.01

* EGW pre-treatment: Tmax = 210 �C or S0 = 4.08.
2. Methods

2.1. Yeasts

The strains tested in this work included ten industrial
S. cerevisiae strains: three isolated from Brazilian bio-ethanol
production plants – PE-2, CAT-1, VR-1 (Basso et al., 2008); one
flocculating yeast strain isolated from a Swedish second generation
bio-ethanol plant – CCUG53310 (Purwadi et al., 2007); five belong-
ing to the UFLA collection (Federal University of Lavras, Brazil) iso-
lated from Brazilian ‘‘cachaça’’ fermentation processes – CA11,
CA1162, CA1185, CA1187, CA155 (Pereira et al., 2010) and one
industrial S. cerevisiae strain isolated from a beer plant (Portugal)
– 1762 BELG. Four industrial K. marxianus strains isolated from ‘‘co-
coa’’ fermentations (Brazil) – CH2-2, CH9-1, CH8-1 and CH1-1
(Pereira et al., 1999). The set of S. cerevisiae laboratory strains (rou-
tinely used in research laboratory) included CEN.PK 113-7D (Pere-
ira et al., 2010), NRRL Y-265 (Hojo et al., 1999) and an adapted
laboratory strain of the flocculating yeast NRRL Y-265-ADAPT (Lan-
daeta et al., 2013). For comparative propose, the K. marxianus CBS
6556 laboratory background strain was also included (Ribeiro
et al., 2007). Stock cultures were maintained on YPD [1% (w/v)
yeast extract, 2% (w/v) bacto-peptone and 2% (w/v) glucose] agar
plates at 4 �C.
2.2. Preparation of E. globulus wood (EGW) hydrothermal hydrolysate

The chips of E. globulus wood (kindly provided by pulp mill –
ENCE, Pontevedra, Spain) were milled to pass an 8 mm screen,
air-dried, homogenized and stored until use. The raw material
was then assayed for composition (see Table 1) according to
Romaní et al. (2010). The hydrothermal treatment was carried
out following the procedure described by Romaní et al. (2010).
Briefly, the EGW was mixed with water at a Liquid Solid Ratio
(LSR) = 8 kg/kg in a 3.75 L stainless steel reactor (Parr Instruments
Company, Moline, IL). The treatment was performed at 150 rpm
and heated at desired maximal temperature (Tmax) of 210 �C in
non-isothermal conditions, following the standard heating
temperature–time profile (Garrote et al., 2008). The operational
conditions of treatment were chosen on the basis of a previous
work in which total saccharides released upon pretreatment
achieved the maximum value (93.8% of polysaccharide recovery)
in the liquid and solid phases (Romaní et al., 2010). When the
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temperature was reached, the media were immediately cooled.
The solid and liquid phases were separated by vacuum filtration.
The hardness of treatment can be expressed as severity (S0), de-
fined as follow (Lavoie et al., 2010):
S0 ¼ log
Z t

0
exp

TðtÞ � TREF

x

� �
dt

� �
ð1Þ
where T(t) stands for the time–temperature profile (including heat-
ing and cooling). Calculations were made assuming the values usu-
ally employed in literature (TREF = 100 �C, x = 14.75 �C). After, the
solid phase was recovered and washed with distilled water for solid
yield (SY) determination. The composition of treated solid was ana-
lysed using the same methods as for raw material. An aliquot of li-
quid phase (hydrolysate) was filtered (0.45 lm) and directly
analysed by HPLC for monosaccharides (glucose, xylose and arabi-
nose) and inhibitory compounds (acetic acid, furfural and HMF). A
second aliquot was subjected to quantitative post-hydrolysis with
4% (w/w) sulphuric acid (121 �C and 20 min) for oligosaccharides
quantification. The post-hydrolysate was analyzed by HPLC. A third
aliquot was dried at 105 �C to constant weight for the non-volatile
compounds (NVC). A resume of the liquid hemicellulosic liquor and
pre-treated solid characterization is reported in Table 1.

Prior to its use for yeast growth, the hemicellulosic liquor was
centrifuged for 10 min at 9000 rpm (4 �C) to remove the solid frac-
tion, the pH was adjusted to 4.5 (NaOH 1 M) and then sterilized at
121 �C for 20 min. Afterward, the hemicellulosic liquor containing
a residual glucose content (<1 g/L) was supplemented with syn-
thetic glucose to a final concentration of 114 g/L allowing the com-
parison of the ethanol yields for all strains tested. The compounds
present in the hydrolysate were diluted 1.42 times when the
hydrolysate was supplemented with a concentrated solution of
glucose resulting in a final concentration of inhibitors of furfural
1.1 g/L, HMF 0.2 g/L and acetic acid 2.3 g/L.
2.3. Fermentations

The yeast for inoculation was grown in Erlenmeyer flasks filled
with medium containing 50 g/L glucose, 20 g/L peptone and 10 g/L
yeast extract. After incubation at 30� C and 200 rpm for 18–22 h
(OD600 of 3–4), the cell suspension was aseptically collected by
centrifugation (10 min at 7500g, 4 �C) and resuspended in 1.5%
(w/v) NaCl (pH 3.0) to a concentration of 200 mg fresh yeast/mL.

Shake-flask fermentations were performed in 100 mL
Erlenmeyer flasks fitted with perforated rubber stoppers enclosing
glycerol-locks (to permit CO2 exhaustion while avoiding the
entrance of air) and incubated at 30 �C with 150 rpm orbital agita-
tion. Before pitching, the fermentation medium was aerated by
stirring with a magnetic bar (length of 3 cm) at >850 rpm for
20 min before inoculation, to achieve an oxygen concentration of
>95% saturation. Then, yeast cells were pitched at about 30 � 106 -
cells/mL into 30 mL of hydrolysate medium to start the fermenta-
tion. The fermentation evolution was monitored by mass loss and
samples for analyses were taken just at the ending point.

Bioreactor fermentation of selected strain was performed in a
2-L stirred tank bioreactor (Autoclavable Benchtop Fermenter Type
R’ALF, Bioengineering AG, Wald, Switzerland) containing 1 L of
hydrolysate medium inoculated with 5 mg fresh yeast/mL. After
total oxygen consumption by yeast (until 1 h of fermentation),
the oxygen concentration into the reactor was maintained at
0 g/L under a continuous nitrogen flow. The fermentation run
was performed at 30 �C and 150 rpm. Several samples were taken
at different points in time to evaluate glucose, glycerol, ethanol and
inhibitor kinetics profiles.
2.4. Analytical procedures

The concentrations of glucose, xylose, arabinose, glycerol, etha-
nol, acetic acid, furfural and HMF in the EGW hydrolysate prepared
as described above, were quantified by high performance liquid
chromatography (HPLC). Glucose, xylose, arabinose, glycerol, etha-
nol and acetic acid were quantified upon separation of an aliquot of
the hydrolysate in a Varian MetaCarb 87H column, eluted at 60 �C
with 0.005 M sulfuric acid, at a flow rate of 0.7 mL/min. The peaks
corresponding to glucose, xylose, arabinose, glycerol and ethanol
were detected using a refractive index detector, whereas acetic
acid, furfural and HMF were detected using an UV detector set at
210 nm. Total phenolic compounds in hydrolysate and fermenta-
tion media were determined by absorbance readings (OD720), of
the complex formed with the Folin–Ciocalteu reagent, as described
in Conde et al. (2011). A standard curve with caffeic acid was used
to determine the concentration of phenolic compounds, expressed
as caffeic equivalents.

2.5. Determination of fermentation parameters

Ethanol conversion (EC) yield was calculated by the ratio
between the final ethanol concentration produced (Efinal) and the
glucose consumed (difference between the initial (Ginitial) and
residual glucose (Gresidual) concentrations). It was expressed as a
percentage (%) of the theoretical conversion yield, i.e. the yield
considering a production of 0.511 g of ethanol per g of glucose.
Ethanol productivity (Qp, g/Lh) was defined as the ratio between
final ethanol concentration (Efinal) and total fermentation time
(fermentation was considered to be complete when the weight of
the flasks stabilized, tfinal).

EC ¼ Efinal

ðGinitial � GresidualÞ � 0:511
� 100 ð2Þ

Qp ¼ Efinal

tfinal
ð3Þ
3. Results and discussion

3.1. Fermentation performance in hydrolysate medium

Using an inhibitory E. globulus wood (EGW) hydrolysate (furfu-
ral 1.1 g/L, HMF 0.2 g/L and acetic acid 2.3 g/L) as fermentation
medium, the inhibitor tolerance and fermentation performance
of 14 strains isolated from different industrial fermentation envi-
ronments and four laboratory background strains were investi-
gated. Fig. 1 shows the time-course of CO2 production (mass
loss) for the 18 strains tested. These profiles allowed the evaluation
of fermentation evolution since, under the oxygen-limiting condi-
tions used in this study, the patterns of CO2 and ethanol production
are closely related, because most CO2 originates from the fermen-
tative pathway. The final ethanol and residual glucose concentra-
tions attained by each strain as well as their batch ethanol
productivity and ethanol conversion yield are shown in Table 2.

Analyzing the results from CO2 production profiles (Fig. 1) and
kinetic fermentation parameters (Table 2), S. cerevisiae strains iso-
lated from sugarcane-to-ethanol distilleries (bio-ethanol and
‘‘cachaça’’) presented a good fermentation performance in EGW
hydrolysate, while the others industrial K. marxianus isolates and,
mainly, the laboratory background strains were strongly inhibited
in the fermentation medium. PE-2 strain, isolated from a Brazilian
bio-ethanol production plant, showed the better CO2 production
profile (faster fermentation rate) attaining a final ethanol concen-
tration of 55 g/L, with fermentation reaching completion in less



Fig. 1. Profiles of CO2 production obtained in EGW hydrolysate fermentations with
ca. 114 g/L glucose: (A) industrial strains isolated from first generation bio-ethanol
(PE-2, VR-1 and CAT-1), second generation bioethanol (CCUG53310) and beer (1762
BELG) plants; (B) industrial strains isolated from Brazilian ‘‘cachaça’’ (CA11, CA155,
CA1162, CA1187, CA1185) and cocoa fermentations (CH2-2, CH9-1, CH8-1 and
CH1-1); (C) laboratory background strains (K. marxianus CBS 6556, CEN.PK 113-7D,
NRRL Y-265 ADAPT and NRRL Y-265).
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than 70 h. The fermentation behavior of CAT-1 (isolated also from a
Brazilian bio-ethanol distillery) and CCUG53310 (isolated from a
Swedish second generation bio-ethanol plant) were similar, with
fermentation being slightly slower (Fig. 1A). Fermentation by
strain VR-1 (also isolated from a Brazilian bio-ethanol distillery)
was much slower taking over 120 h to reach completion, but as
can be seen in Table 2, the final ethanol titre reached was similar
53–54 g/L. These four industrial isolates were able to completely
consume initial glucose concentrations close to 114 g/L (Table 2),
with ethanol yields between 92% and 94% of the theoretical
(Table 2). The fermentation ability of these isolates can be differen-
tiated analysing their values of batch ethanol productivity (Table 2).
In this case, the PE-2 isolate showed a faster rate of sugar utiliza-
tion than the other industrial isolates presenting ethanol produc-
tivity close to 0.8 g/Lh (Table 2), which was 1.6-fold higher in
comparison to VR-1, CAT-1 and CCUG53310 yeast strains. Con-
trarily to the strains isolated from bio-ethanol plants, 1762 BELG
strain (isolated from a Portuguese beer plant) was strongly inhib-
ited when inoculated in toxic EGW hydrolysate, being unable to
start the fermentation process even after 160 h (see Fig. 1A). Inter-
estingly, this observation confirms that strains isolated from
stressful industrial environments (such as Brazilian distilleries)
are more prepared to cope with biomass fermentations related
stresses, namely nutrient starvation, the absence of oxygen or
the presence of inhibitory compounds in fermentation medium,
comparing to strains isolated from less stressful environments as
beer fermentation plants.

Among the strains isolated from ‘‘cachaça’’ and cocoa fermenta-
tions in Brazil, CA1185 converted the glucose to ethanol much fas-
ter than the other industrial isolates (see Fig. 1B). Moreover, this
strain fermented all of the glucose (residual of 0.0 g/L) producing
51 g/L of ethanol with a productivity of 0.53 g/Lh (Table 2). The
other industrial isolates such as CA11, CA155 and CA1187 pro-
duced an ethanol concentration between 50 and 53 g/L with etha-
nol productivities between 0.31 and 0.49 g/Lh and values of
ethanol conversion yield in a range of 87–94% (Table 2). CA1162
strain showed the lowest fermentation performance corresponding
to a batch productivity of 0.25 g/Lh, left a residual of ca. 18 g/L of
glucose unfermented after 160 h and consequently produced only
41 g/L ethanol (Fig. 1B; Table 2). Fermentations by K. marxianus
isolates (isolated from Brazilian cocoa fermentation plants) such
as CH2-2, CH9-1, CH8-1 and CH1-1 were much more slower com-
paring to the CO2 fermentation progress of the other above-
referred S. cerevisiae industrial strains (Fig. 1C). CH2-2, CH9-1
and CH8-1 isolates left a glucose residual over than 100 g/L even
after 160 h of fermentation, while the CH1-1 isolate showed the
better fermentation performance attaining an ethanol concentra-
tion of 21 g/L after 160 h, which corresponds to an ethanol produc-
tivity of 0.13 g/Lh.

Fig. 1C illustrate the CO2 production profiles of laboratory back-
ground strains. All S. cerevisiae strains (CEN.PK 113–7D, NRRL
Y-265 and NRRL Y-265 ADAPT) were strongly inhibited in this toxic
EGW hydrolysate, being these strains unable to start the fermenta-
tion process even after 160 h. The K. marxianus CBS 6556 was capa-
ble to begin the fermentation (Fig. 1C) presenting a final ethanol
concentration of 9 g/L corresponding to an ethanol theoretical
yield of 64%. The fermentation behavior of this laboratory
K. marxianus strain was similar to the industrial K. marxianus isolate
CH1-1, with fermentation being slightly slower (Fig. 1) and attaining
also a lower ethanol titer at the end of fermentation process
(Table 2).

All together, our results showed the superior ability of the
industrial S. cerevisiae strains isolated from industrial distilleries
(bio-ethanol and ‘‘cachaça’’) to convert sugars into ethanol at a fas-
ter rate comparing to the S. cerevisiae beer strain and to the indus-
trial K. marxianus isolates and laboratory background strains.

Interestingly, during several years, PE-2 and CAT-1 isolates have
shown highest dominance and persistence in Brazilian distilleries
being widely adopted by the industry (Amorim et al., 2011). Also,
PE-2 and CA1185 isolates were previously selected for very high
gravity (VHG) batch fermentations based on their higher ethanol
titer and productivity during a yeast screening (Pereira et al.,



Table 2
Kinetic parameters of the 18 strains tested in EGW fermentations. Values are average of independent biological replicates.

Strain Source/reference Residual glucose (g/L) Final ethanol (g/L) Ethanol productivity (g/Lh) Ethanol, % of the theoretical yield

Saccharomyces cerevisiae
PE-2 Basso et al. (2008) 0.1 ± 0.1 54.6 ± 0.3 0.78 ± 0.01 94 ± 1
VR-1 0.0 ± 0.0 54.1 ± 1.9 0.52 ± 0.02 93 ± 3
CAT1 0.0 ± 0.0 53.8 ± 0.2 0.49 ± 0.00 92 ± 0
CCUG53310 Purwadi et al. (2007) 0.0 ± 0.0 54.4 ± 0.3 0.49 ± 0.00 93 ± 1
CA11 Pereira et al. (2010) 8.9 ± 1.2 50.8 ± 2.6 0.31 ± 0.02 94 ± 4
CA155 0.1 ± 0.0 53.1 ± 0.4 0.37 ± 0.00 91 ± 1
CA1162 17.6 ± 0.4 41.1 ± 0.1 0.25 ± 0.00 83 ± 1
CA1187 0.0 ± 0.0 50.9 ± 2.0 0.49 ± 0.02 87 ± 3
CA1185 0.0 ± 0.0 51.3 ± 0.4 0.53 ± 0.00 88 ± 1
1762 BELG Portuguese beer plant 104.0 ± 1.7 0.9 ± 0.1 0.01 ± 0.00 18 ± 1
CEN.PK 113-7D Pereira et al. (2010) 86.8 ± 6.9 0.7 ± 0.1 0.00 ± 0.00 5 ± 0
NRRL Y-265 Hojo et al. (1999) 103.9 ± 0.4 2.0 ± 0.6 0.01 ± 0.00 39 ± 9
NRRL Y-265 ADAPT Landaeta et al. (2013) 107.7 ± 0.6 0.9 ± 0.1 0.01 ± 0.00 28 ± 1

Kluyveromyces marxianus
CH2-2 Pereira et al. (1999) 107.9 ± 1.6 2.3 ± 0.8 0.01 ± 0.01 73 ± 7
CH9-1 103.2 ± 1.7 0.2 ± 0.2 0.00 ± 0.00 3 ± 3
CH8-1 108.2 ± 1.2 0.2 ± 0.2 0.00 ± 0.00 9 ± 8
CH1-1 68.5 ± 4.2 21.0 ± 2.6 0.13 ± 0.02 90 ± 3
CBS 6556 Ribeiro et al. (2007) 87.1 ± 0.6 8.9 ± 0.9 0.05 ± 0.01 64 ± 8
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2010). Moreover, their robust physiological background under
these intensified fermentation conditions was characterized, both
demonstrating an improved accumulation of trehalose, glycogen
and sterols relatively to CEN.PK 113-7D laboratory strain (Pereira
et al., 2011b). In spite of the previous demonstrated robustness
of these isolates its fermentation performance in a medium to
which these yeasts were not adapted, is remarkable.

Previous studies have investigated the performance of various
laboratory background strains (Modig et al., 2008), metabolic re-
combinant strains (Hawkins and Doran-Peterson, 2011) and com-
mercially available industrial strains (Brandberg et al., 2004;
Kasavi et al., 2012) and high heterogeneity among the tested
strains was also found. Brandberg et al. (2004) studied different
strains of S. cerevisiae (seven different commercially available
industrial strains, one CBS 8066 laboratory strain and one ATCC
96581 strain isolated from spent sulphite liquor at Swedish pulp
plant) and found differences among strains of 45% less ethanol pro-
duction. The strain isolate from bioethanol plant was the most effi-
cient producer of ethanol which is expectable as the strain
was already adapted to the substrate. In other study, a set of
S. cerevisiae strains (isolated from wines, grape marcs and beer),
a robust industrial strain (MH100) and the type strain S. cerevisiae
(DSM70449) were evaluated to ferment wheat bran hydrolysates
(Favaro et al., 2013). Interestingly, these authors concluded that
the S. cerevisiae MEL2 strain isolated from grape marcs showed a
fermentative efficiency much higher than the industrial S. cerevisi-
ae DSM70449, which has been used to produce ethanol from differ-
ent lignocellulosic substrates.

3.2. Inhibitory compounds in fermentation medium

During the hydrothermal treatment, numerous compounds are
generated, many of which inhibit microbial growth and metabo-
lism, affecting the fermentation process (Palmqvist and
Hahn-Hägerdal, 2000; Liu, 2006). Several works have reported that
the synergist effect of inhibitory compounds is higher than the
single inhibitory compound (Liu et al., 2004; Tian et al., 2009).
Therefore, the final concentration of inhibitors (acetic acid, pheno-
lic compounds, HMF and furfural) in fermentation medium was
quantified and is shown in Fig. 2.

During the fermentations trials, acetic acid concentration in all
set of experiments varied in the range 1.8–2.9 g/L (average content
of 2.5 g/L). The slight increase observed in most experiments (from
initial concentration of 2.3 ± 0.2 g/L to maximal concentration of
2.9 ± 0.03 g/L, see Fig. 2) can be due to a production of acetic acid
during the fermentation process. Interestingly, HMF and furfural
concentrations decreased (0.31–0 and 1.18–0 g/L, respectively) in
fermentation assays carried out by ‘‘Brazilian bio-ethanol’’ and
‘‘cachaça’’ strains (Fig. 2A and B). Moreover, it was not observed
a significant variation in the concentrations of phenolic com-
pounds (0.8–0.91 g/L) in most of strains, except NRRL Y265 and
Y265-ADAP (0.5 g/L) (see Fig. 2C).

In the fermentations carried out by strains isolated from bioeth-
anol plants, the final HMF concentration was in the range of 0.05–
0.11 g/L (Fig. 2A). On the other hand, the strains isolated from
Brazilian ‘‘cachaça’’ fermentation processes were able to degrade
the HMF to concentrations lower than 0.06 g/L, except for CA11
(0.19 g/L), see Fig. 2B. Among industrial K. marxanius strains,
CH1-1 and K. marxianus CBS 6556 consumed the HMF, achieving
a final concentration of 0.09 g/L. The laboratory strains and the iso-
lated strain from beer plant were not able to metabolize the HMF.
The studied strains degraded furfural (see Fig. 2A and B) in most of
the experiments. However, the laboratory strains and K. marxanius
(CH2-2, CH9-1 and CH8-1) showed a final furfural range of 0.38–
0.77 g/L and 0.3–0.51 g/L, respectively (see Fig. 2B and C).

The improved ethanol fermentation performance of industrial
background strains could be related with their higher capacity of
furan degradation as can be observed in Fig. 3. During the lag phase
of fermentation, inhibitory compounds derived from pretreatment
step such as furfural, HMF and some phenolic derivatives can be
detoxified by yeast cells (Almeida et al., 2009). Yeast strains are able
to reduce the furfural and HMF to their corresponding alcohols,
which are less inhibitory (Liu, 2011). However, as can be observed
in Fig. 3, the rates for this reduction vary considerably between
strains. In Fig. 3B, it can be observed that K. marxianus (CH2-2,
CH9-1 and CH8-1) and laboratory strains were not able to degrade
HMF, with exception of CH1-1. On the other hand, PE-2 and
CCUG53310 industrial strains obtained higher ethanol concentra-
tions and productivities and present a full degradation of the furan
compounds (see, Fig. 3). As general trend, strains isolated from Bra-
zilian ethanol plant and ‘‘cachaça’’ fermentations showed higher
detoxification percentage of furans and ethanol production than
the laboratory background strains and K. marxianus yeasts. Brand-
berg et al. (2004) reported an efficient conversion of HMF by



Fig. 2. Phenolic compounds, acetic acid, furfural and HMF concentration in the
initial medium and at the end of EGW fermentations by (A) industrial strains
isolated from first generation bio-ethanol (PE-2, VR-1 and CAT-1), second gener-
ation bio-ethanol (CCUG53310) and beer (1762 BELG) plants; (B) industrial strains
isolated from Brazilian ‘‘cachaça’’ (CA11, CA155, CA1162, CA1187, CA1185) and
cocoa fermentations (CH2-2, CH9-1, CH8-1 and CH1-1); (C) laboratory background
strains (K. marxianus CBS 6556, CEN.PK 113-7D, NRRL Y-265 ADAPT and NRRL
Y-265).
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Fig. 3. Final ethanol concentration (g/L) as a function of detoxification percentage
(%) of: (A) furfural; (B) HMF for different screened yeast strains.
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isolated strain from spent sulphite liquor from Swedish pulp plant
(ATCC 96581). In this case, the authors proposed that the same en-
zymes were involved in both process (ethanol production and furan
conversion). The alcohol dehydrogenase may reduce the aldehyde
group of furfural, therefore a high activity of alcohol dehydrogenase
could benefit the conversion of furfural and the production of eth-
anol (Brandberg et al., 2004; Liu et al., 2004). Moreover, Westman
et al. (2012) observed a higher HMF and furfural consumption by
the flocculating strain (CCUG53310) in comparison with the labora-
tory strain (CBS8066). Interestingly, in the present work the strains
isolated from Brazilian ethanol plants and ‘‘cachaça’’ fermentations
were able to detoxify the furan compounds as the isolates from
industrial 2nd generation ethanol plants.
3.3. Furfural–HMF complex detoxification

The presence of furfural and HMF in the fermentation medium
has been associated with a negative influence on microbiology
physiology, causing cell growth inhibition, decreasing ethanol pro-
ductivity, DNA damaging and inhibiting of several enzymes partic-
ipating in glycolysis (Almeida et al., 2009). Nevertheless, several
studies show that the tolerance to inhibitory compounds depends
on the microbial strain due to different features of cell membranes
and metabolism (Klinke et al., 2004). On the basis of fermentation
trials results (Table 2), the strains PE-2 and CCUG53310 were se-
lected, since the fermentation parameters (EC and Qp) were the
most promising. To further study the detoxification capacity of
these strains, the furfural and HMF concentrations were measured
during the fermentation (see Fig. 4). Fig. 4A shows the ethanol con-
centration and furfural degradation. Furfural was rapidly con-
sumed and the maximum ethanol concentration was achieved at
65 h of fermentation. The main difference observed between the
two strains was the furfural degradation. The PE-2 was able to
detoxify furfural content to 0.05 g/L after 5 h (3.6-fold less time
than CCUG53310). On Fig. 4A, it can also be seen that the lag phase
was prolonged (<5 h) until the furfural was degraded. Using a



Fig. 4. Kinetics of bio-detoxification of EGW hydrolysate by the industrial S.
cerevisiae strains PE-2 and CCUG53310. (A) Furfural degradation profile; (B) HMF
degradation profile.

Fig. 5. Glucose, ethanol, furfural and HMF profiles during 2 L reactor fermentation
by the industrial S. cerevisiae PE-2 strain.
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medium with 10 mM furfural and HMF, an ethanologenic indus-
trial S. cerevisiae (ATCC 211239) showed a lag phase of 8 and 4 h,
respectively (Liu et al., 2004). Tian et al. (2009) reported a lag phase
of 4 h in a supplemented media with furfural and HMF (1 g/L),
using strains developed in their laboratory and an increase of lag
phase of 20 h with 4 g/L of furfural and HMF. In these works, it
was observed that furfural shows a higher inhibitory effect on
yeast cells than HMF at the same concentrations (Liu et al., 2004;
Tian et al., 2009).

Fig. 4B shows the HMF degradation (0.3–0.1 g/L) representing
67% of total conversion in 16 h. The HMF degradation profiles were
similar for both strains. These data are in agreement with the liter-
ature (Purwadi et al., 2007; Westman et al., 2012) that reported
above 90% conversion of HMF and furfural.

The higher ability of PE-2 and CCUG533010 industrial isolates
to consume sugar and produce ethanol using an inhibitory EGW
hydrolysate as fermentation medium could be related to the higher
tolerance and general robustness to fermentation-related stresses
previously attributed to these industrial isolates (reviewed by
Della-Bianca et al., 2013; Westman et al., 2012). The PE-2 is one
of the ethanol producer strains that has showed a higher domi-
nance in the stressful industrial environments (remarkable sources
of robust yeast strains) and has been used as a reference industrial
isolate (Della-Bianca et al., 2013). Several studies show its higher
ethanol tolerance appropriate for very high gravity fermentation,
achieving final ethanol concentrations >19% (v/v) and productivity
>2.5 g/Lh in comparison with laboratory strains (CEN.PK 113-7D)
(Pereira et al., 2010, 2011b).

On the other hand, Westman et al. (2012) showed the inhibitor
tolerance of S. cerevisiae CCUG53310 when compared with the S.
cerevisiae CBS8066. These authors characterized the strain
CCUG53310 for successful application and optimization in an
industrial bioethanol production. The flocculating strain was able
to consume the furfural and HMF (decrease of 93% and 99%) while
the laboratory strain (CBS8066) removed 10% and 67% of HMF and
furfural, respectively. Consequently, the productivity of lignocellu-
losic hydrolysate fermentation is highly dependent of the microor-
ganism tolerance to inhibitory compounds derived from biomass
pretreatment step and its fermentation capacity in that toxic envi-
ronment. Then, the choice of strain will be of utmost importance
for overall process optimization.
3.4. Batch ethanol production in a 2 L-reactor

High tolerance to inhibitors of robust industrial strain is one of
the main keys for bioethanol production from lignocellulosic mate-
rials (Liu, 2006). As showed above, PE-2 strain showed the best
performance in terms of fermentation and degradation of furan
compounds.

Once the ethanol fermentation was studied in Erlenmeyer
flasks, a final fermentation was carried out in a 2 L batch reactor
using the PE-2 strain, in order to confirm the results with a scaling
up. Fig. 5 shows the fermentation profile (glucose consumption
and ethanol production) as well as the degradation kinetics of fur-
fural and HMF. The difference of ethanol concentration between
the assays in Erlenmeyer flask and reactor (54 and 43 g/L, respec-
tively) was due to a difference in initial available glucose concen-
tration (114 and 85 g/L, respectively). The ethanol conversion
(EC) was 98% and maximal productivity (Qp = 0.78 g/Lh) was
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achieved at 48 h. The degradation of furans compounds was very
similar to the one observed in the experiment conducted in
Erlenmeyer flask (Fig. 4). Furfural was consumed in less of 6 h and
the HMF content decreased to less of 67% in 24 h. These results con-
firm a high reproducibility of ethanol production in batch reactor.

4. Conclusions

This work highlights the importance of strain selection for the
application in lignocellulosic hydrolysates and demonstrates that
the ability for furan compounds degradation is variable among
yeast strains and determinant for efficient ethanol production from
hydrolysates. Fermentation results showed the superior ability of
the industrial S. cerevisiae strains isolated from industrial distiller-
ies comparing to the industrial K. marxianus isolates, S. cerevisiae
beer isolate and laboratory strains. Isolates PE-2 from 1st genera-
tion bioethanol plant and CCUG53310 from 2nd generation bioeth-
anol plant were the most efficient strains presenting a final ethanol
concentration of 55 g/L with the first showing higher ethanol pro-
ductivity (0.8 g/Lh).
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