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Second-generation ethanol production

by Wickerhamomyces anomalus strain
adapted to furfural, 5-hydroxymethylfurfural
(HMF), and high osmotic pressure
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Abstract: The aims of this work were to improve cell tolerance towards high
concentrations of furfural and 5-hydroxymethylfurfural (HMF) of an osmotolerant strain
of Wickerhamomyces anomalus by means of evolutionary engineering, and to determine
its ethanol production under stress conditions. Cells were grown in the presence of
furfural, HMF, either isolated or in combination, and under high osmotic pressure
conditions. The most toxic condition for the parental strain was the combination of
both furans, under which it was unable to grow and to produce ethanol. However, the
tolerant adapted strain achieved a yield of ethanol of 0.43 g g'glucose in the presence
of furfural and HMF, showing an alcohol dehydrogenase activity of 0.68 mU mg protein™.
For this strain, osmotic pressure, did not affect its growth rate. These results suggest that
W. anomalus WA-HF5.5strain shows potential to be used in second-generation ethanol
production systems.
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INTRODUCTION

There is a worldwide effort to ensure the
production of energy from various sources of
renewable raw materials. Second-generation
ethanol, sometimes called bioethanol, is
obtained from lignocellulosicbiomass, especially
from agriculture residues, which are abundant,
inexpensive, and a desirable feedstock for the
sustainable production of biofuels, among other
things because these residues do not directly
compete with food production for arable land,
as is the case of ethanol from sugarcane and
maize (Hasunuma et al. 2013). The production of
ethanol from lignocellulosic feedstock requires
pretreatments of biomass and hydrolyses steps
in order to release sugars for yeast fermentation,

process that could produce inhibitory
compounds of yeast metabolism. Therefore,
biomass hydrolysates pose a challenging to
their use in bioprocess, since the operational
costs of medium detoxification are, at present,
prohibitive if second-generation ethanol must
compete with first-generation sugarcane or
starch-based ethanol.

In the research for second-generation
ethanol production itis fundamentally important
toconsiderthe presence of pentosesand hexoses
in the hydrolysates, which requires specific cell
metabolisms for the total conversion of these
sugars. S. cerevisiae, the most efficient yeast
for conventional ethanol production, cannot
assimilate pentoses, including xylose, usually
present in great amounts in lignocellulosic
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hydrolysates (da Cunha-Pereira etal.2011, Cortivo
et al. 2018, Sehnem et al. 2017). Therefore, it has
been of great concern the research for isolating
or engineering pentose-fermenting yeasts, with
some reports showing pentose bioconversions
by several non-recombinant strains of Candida
guilliermondii, Pichia stipitis, Pachysolen
tannophylus, Spathaspora arborariae and
Wickerhamomyces anomalus (da Cunha-Pereira
et al. 2011, Schirmer-Michel et al. 2008, Yadav et
al. 2011, Zhao et al. 2008, Tao et al. 2011).

The ascomycetous yeast W. anomalus
(formerly Pichia anomala and Hansenula
anomala) has been isolated from many different
habitats and shows a remarkable physiological
robustness to cultivation stresses, such as
extreme pH and low water activity. Compared
to other yeast strains, W. anomalus is highly
competitive in terms of growth and can inhibit
cell growth of other microorganisms (Passoth et
al. 2011). This species has been tested for several
biotechnologicalapplications,includingfoodand
beverage applications (as probiotics, sourdough
fermentations, volatile aromas in wine),
environmental bioremediation (sophorolipis as
biosurfactants), biopharmaceuticals (production
of aminobutiric acid), and biofuels (ethanol and
isobutanol productions) (Walker 2011, Sehnem
et al. 2017).

During ethanol fermentation, metabolism
inhibition by substrate and product, besides
medium osmotic pressure, are the most
important adverse conditions (Zhao & Bai
2009, Sehnem et al. 2017, Hickert et al. 2014).
In second-generation ethanol production,
there is a further important problem, which is
the degradation of sugars during hydrolyses
of biomass and the consequent formation of
toxic compounds (Almeida et al. 2008, Margeot
et al. 2009, da Cunha-Pereira et al. 2011, Li et
al. 2017, Guarnieri et al. 2017, Ling et al. 2014).
The main inhibitors of yeast metabolism are
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2-furaldehyde (furfural), which is formed by
dehydration of pentoses, and 5-hydroxymethyl-
2-furaldehyde (5-hydroxymethylfurfural - HMF),
which is formed by dehydration of hexoses (Liu
et al. 2009, 2008, Lenihan et al. 2010, Mansilla et
al. 1998, Kim et al. 2015). Furaldehydes interfere
with microbial growth by hampering glycolytic
enzymes activities, as well as by impairing
protein and RNA synthesis (Almeida et al. 2007,
Luo et al. 2002, Modig et al. 2002, Kim et al.
2015), and negative synergistic effects of HMF
and furfural have been demonstrated for S.
cerevisiae and S. arborariae (Taherzadeh et al.
2000, da Cunha-Pereira et al. 2011). A common
furaldehyde detoxification metabolism in yeasts
is the reduction of the aldehydes into the less
toxic corresponding alcohols. This reaction
is catalyzed by alcohol dehydrogenases.
These enzymes are NAD(P)H-dependent
oxidoreductases that catalyze the reversible
oxidation of alcohols to aldehydes or ketones
(De Smidt et al. 2008, Liu et al. 2004, Almeida et
al. 2007, Guarnieri et al. 2017).

One approach extensively used to select
tolerant yeast strains to adverse environmental
stresses, such as high temperature, ethanol
inhibition, osmotic pressure, and inhibitory
furaldehydesis the simple experiment of
evolutionary engineering (Zhao & Bai 2009, Li
et al. 2017).

In the present study, a strain of W. anomalus
was submitted to evolutionary engineering
in order to increase its resistance to furfural
and HMF present in the culture medium. Both
the parental and its tolerant-derived strain
were evaluated in their abilities to grow and
to produce ethanol, which were correlated to
alcohol dehydrogenase enzymatic activity and to
the reduction of the toxic furan concentrations
in the medium. The ability of these strains to
resist high osmotic pressures was also evaluated
and compared.
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MATERIALS AND METHODS

Microorganisms, cell maintenance and
chemicals

The strain used in this work is part of the yeast
collection of Bioteclab, named W. anomalus WA-
001. This strain was isolated by this research
group from piles of decomposing rice hulls
deposited in the environment and it was
identified comparing ITS1 and ITS4 amplicon
sequences with GenBank database (www.ncbi.
nlm.nih.gov/BLASTn). Stock cultures were kept
frozen at -20 °C in medium composed of 20
% glycerol and 80 % of mid-exponential cell
suspensions. All chemicals used in this research
were of analytical grade and purchased from
Sigma-Aldrich (St. Louis, USA).

Evolutionary engineering for HMF and furfural
resistance

The evolutionary engineering approach was used
aiming to increase furaldehydes resistance of W.
anomalus WA-001. Cultivations were performed
using YPD medium (composed of, in g L™
glucose, 20; yeast extract, 10; and peptone, 20),
and were carried out in 125 mL Erlenmeyer flasks
containing 30 mL of medium, at 28 °C and 150
rom on a rotatory shaker. Cells were inoculated
(10 % volume fraction of a cell suspension of OD
1.0, 600 nm) into YPD medium added of HMF and
furfural (0.25 g L' each chemical), and incubated
for 24 h. From this mother culture, successive
batches were run by transferring 10 % (volume
fraction) of cells (OD 1.0) to re-inoculate YPD
medium with increasing concentrations of
furaldehydes, up to 1 g L" each.

Kinetics of ethanol production in presence of
furaldehydes

Cell cultivations were performed in YPD medium
and supplemented with furaldehydes (see
below). Cultures were carried out in 250 mL
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flasks filled with 60 mL of medium at 28 °C and
150 rpm on a rotatory shaker, which corresponds
to an oxygen limitation condition. Inoculum was
set as a cell suspension of 1.0 OD (600 nm).
Strains were cultivated in absence (control)
and presence of furfural (3 g.L"), HMF (3 g.L),
or the combination of both (1.5 g.L" of each).
Samples were taken at determined times during
48 h of cultivation for determination of glucose,
ethanol, glycerol, furfural, HMF concentration,
and for biomass formation.

Enzyme activities assays

To determine furfural and HMF reducing
metabolic activities, samples were taken at 24 h
of cultivation under conditions mentioned in the
next item. Crude protein extracts were prepared
by lysing cells with glass beads attrition. Cells
were resuspended in 400 pL of 100 mM K HPO,
buffer, pH 7.0, and 2 uL of a solution of 100 mM
phenylmethylsulfonyl fluoride (PMSF) in a 2 mL
Eppendorf tube, and added of an equal volume
of glass beads (diameter of 500 um). Cells were
disrupted by six cycles of vortexing for 60 s,
with samples cooled on ice for 60 s between
each cycle. Protein extracts were collected after
centrifugation at 13000 g (5 min at 4 °C) and its
concentration was determined using the Lowry
assay method. Alcohol dehydrogenase activity
was performed by recording the decrease in
absorbance at 340 nm using NADH as cofactor.
NADPH was used as cofactor when HMF was used
as substrate. The reaction mixture consisted of
10 mM HMF substrate, final concentration, and
100 pM of NADPH prepared in 100 mM potassium
phosphate buffer, pH 7.0. All reagents were kept
at 25 °C prior to use. Assays were performed in
a volume of 1 mLat 30 °C for 1 min. The protein
samples were kept on ice. To start the reaction,
25 pL of crude extract protein was added to
the reaction mix. The NADPH molar absorption

coefficient was 6.22 mM "' cm™.
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Osmotic pressure tolerance assay

Cultivations were performed in YPD medium
and supplemented with varying concentrations
of NacCl. Cultures were carried out in 250 mL
flasks containing 60 mL of medium, incubated
at 28 °Cand 150 rpm on a rotatory shaker. Again,
inoculum was set as a cell suspension of 1.0
OD (600 nm). When cells reached exponential
phase (OD = 1.0), a pulse of NaCl was added into
the medium to final concentrations of 0.25, 0.5,
0.75, 1, 1.25, and 1.5 M. Samples were taken at
determined times during 12 h for determination
of specific growth rate.

Analytical methods and calculation of kinetic
parameters

Growth of yeast cells was estimated as optical
density (OD) at 600 nm. Cultivations were run
for 48 h, with sampling taken every 6 h. At the
end of cultures, cells were centrifuged at 3500
g, and processed at once for analyses. Yeast
biomass was determined using a standard
curve correlating the OD and cell dry weight (g
L"). Glucose, glycerol, ethanol, acetate, furfural,
and HMF concentrations were determined
according to Sehnem et al. (2013). Osmotic
pressure (mOsm Kg') was determined by vapor
pressure measurement using an osmometer
(Wescor, USA). Ethanol conversion yields (YP/S, g
g"') was defined as the ratio of the concentration
of ethanol produced and glucose consumed.
The volumetric productivity (Q,, g L' h™) was
calculated usingthe maximal ethanol production
in time interval to reach it. The specific growth
rate of cells (y, h™) was calculated using biomass
formation in the time interval to reach it within
the exponential growth phase.

SECOND-GENERATION ETHANOL PRODUCTION BY Wickerhamomyces anomalus

RESULTS AND DISCUSSION

Evolutionary engineering for furaldehyde
tolerance

The principle of evolutionary engineering was
applied in order to select a strain resistant to
furfural and HMF. It was possible to increase the
tolerance of WA-001 strain to 5.5 g L' towards
furaldehydes (2.25 g of furfural and HMF, each)
after 22 days of successive cultivations with
increasing concentrations of furfural and HMF
(results not shown). Therefore, it was possible
to further increase furaldehydes tolerance of
WA-001 strain by 80 % in relation to its parental
strain. This resistant strain was named WA-HF5.5
and it was used in the following experiments.
Evolutionary engineering has been used as a
powerful tool for the optimization and the
introduction of new cellular processes. For
instance, this strategy has been efficiently
applied to obtain several interesting resistant
strains of S. cerevisiae, as well as for strains
showing improved gluconate assimilation in
wine fermentation (Cadiére et al. 2011), and
improved xylose-glucose co-assimilation by
recombinant xylose-fermentingstrains (Kuyper
et al. 2005), improved arabinose consumption
by recombinant arabinose-fermenting strains
(Wisselink et al. 2007), and improved HMF
tolerance of an industrial strain of S. cerevisiae
(Sehnem et al. 2013). During the processes of
hydrolysis of lignocellulosic biomass, the
production of furfural and HMF is unavoidable;
the toxic synergistic effects of these compounds
have been investigated and demonstrated in
previousstudiesforS. cerevisiaeandS.arborariae
(Taherzadeh et al. 2000, da Cunha-Pereira et al.
2011). Thus, improved tolerance towards both
furfural and HMF is an important strategy for
second-generation ethanol production.
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Culture kinetics behavior in response to
furfural and HMF concentration

Physiological analyses of parental and resistant
strainswere carried out under oxygen limitations.
High sensibility of WA-001 strain to furfural and
to the synergic effect when using furfural and
HMF resulted in practically no metabolic activity,
as shown in Figure 1, where no formation of
biomass, ethanol, or glycerol can be observed,
with only small alcohol dehydrogenase activity
(Figure 2). This blocked metabolic activity is a
direct consequence of the inability to reduce
furfural and HMF under synergic conditions,
since the control culture (without furaldehydes)
grew normally, producing 7.79 g L' of biomass
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(Table 1). For the parental strain, results show
that HMF is depleted in 24 h of cultivation, while
furfural concentration did not decrease in 48 h
of cultivation (Figure 2a), and when both toxics
were added, even the metabolism of HMF was
repressed. This result is an evidence of the
negative synergic effects of furaldehydes on
WA-001 strain. Similar effects were observed
for cultivations of S. cerevisiae CBS 8066, where
the specific ethanol productivity rate was
highly affected under the synergic combination
of furaldehydes (Taherzadeh et al. 2000). S.
arborariae NRRL Y-48658 also showed high
sensitivity to toxics in synergic conditions (da
Cunha-Pereira et al. 2011). Synergic effects can be

b
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T
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Figure 1. Physiological analysis of W. anomalus strains WA-001 (open symbols) and WA-HF5.5 (filled symbols)
cultivated in YPD (CJ, H), YPD containing 3 g L' HMF (O, @), YPD containing 3 g L furfural (A, A), or YPD containing
1.5 g L of both furaldehydes (V/, ¥). Biomass formation (a), ethanol (b) and glycerol concentrations (c). Results

represent the mean of triplicate.
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related to the immediate furfural effects on the
glycolytic and TCA pathways, which are involved
in the energy metabolism of yeasts. Furfural
decreases activity of ADH and the glycolytic
enzymes hexokinase and glyceraldehyde-
3-phosphate dehydrogenase, also inducing
reactive oxygen species to accumulate, vacuole,
mitochondrial membranes, chromatin, and
actin damage (Almeida et al. 2007). When HMF
is also present, the low conversion rate of this
compound also contributes to increase furfural
toxicity of yeast cells (Taherzadeh et al. 2000).
Culture kinetics of resistant WA-HF5.5

strain showed the formation of biomass under
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all conditions of furaldehydes concentrations.
Under synergic conditions, lag phase lasted 12
h, and biomass production was more affected
in the presence of 3 g L' of furfural (Figure 1a).
Interesting results were obtained concerning
ethanol formation relative to the addition of
furaldehydes to culture medium. Although final
ethanol concentrations achieved for both strains
under control and HMF conditions were similar,
productivity was higher for the adapted strain
under both conditions. Moreover, when growth
was carried out in the presence of furfural, the
parental strain lacked the ability to form ethanol,
while strain WA-HF5.5 was able to produce
b
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Figure 2. Furfural and HMF reduction during growth of W. anomalus strains WA-001 (a) and WA-HF5.5 (b). YPD
containing 3 g L' HMF (M), YPD containing 3 g L furfural (®), or YPD containing 1.5 g L'furfural (¥) plus HMF at 1.5
g L"(A). Comparative analysis of NAD(P)H-dependent reduction activity (c) using as substrates: HMF and NADPH
(dark gray bars); HMF and NADH (white bars), furfural and NADH (light gray bars), or HMF and furfural and NADH
(dark gray bars) in 24 h of cultivation, solid bars, strain WA-001; hatched bars, strain WA-HF5.5. Results represent

the mean of duplicate.
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ethanol to reasonable amounts (Table I). These
results show that evolutionary engineering was
able to improve the ethanol production in strain
WA-HF5.5, even when compared to the control
cultivation (Figure 1b). Strain WA-HF5.5 showed
a better metabolism when both furaldehydes
were present in the medium than when only
furfural was present (Figure 2b). For strain WA-
HF5.5, furfural was reduced in an earlier stage
than HMF, as shown in Figure 2b. HMF contains
hydroxymethyl groups, being less hydrophobic,
reducing cell membrane permeability, thus
causing a low conversion rate of this compound
(Taherzadeh et al. 2000).

In this study, the NADH-dependent
reduction activity of furaldehydes was strongly
related to the alcohol dehydrogenase activity, as
can be seen in Figure 2c. The furfural reducing
activity showed higher levels only for the control
condition in the parental strain, indicating that
it was sensitive to furaldehydes. The enzymatic

activity on WA-HF5.5 strain showed different
profiles. Higher levels of enzymatic activity were
induced in YPD medium with HMF, followed by
YPD added of both toxic compounds. These
results show that the reducing enzymes are
produced in higher levels in the presence of
furaldehydes. Alcohol dehydrogenases (ADHs)
are enzymes able to catalyze this reaction.
This class of enzymes is well characterized
for S. cerevisiae, constituting a large family
of enzymes responsible for the reversible
oxidation of alcohols to aldehydes, with the
concomitant reduction of NAD" or NADP".
Physiologically, the ADH reaction in S. cerevisiae,
and in related yeast species, plays an important
role in sugar metabolism because specific ADH
isozyme serves to regenerate the glycolytic NAD",
thereby restoring the redoxbalance through the
reduction of acetaldehyde to ethanol (De Smidt
et al. 2008).

Table I. Comparison of biomass formation, maximum specific growth rate (p max ) glycerol concentration, ethanol
concentration and yields (Y ) and ethanol productivity (Q ) for W. anomalus strains WA-001 and WA-HF5.5.
Cultures in YPD medium contalnlng 3 g L" HMF, 3 g L" furfural, or both furans (1.5 g L"of each). Results are the mean

of triplicate.

WA- WA- | WA-  WA-

Condition | WA-001 | pess | 001 | HF55 | 001

Strains

WA-  WA-  WA- WA- WA- WA- WA-
HF5.5 001 HF5.5 001 | HF5.5 001 HF5.5

Biomass (g L") po (h") EthaLQ;)l (g Y, (gg") Q,(gL'h’) Glycerol (g L)

Control 779e | 693e | oac | gag | el 5820|030 o35 | oo | oup | 040x | 048
010 022 |~ Bl s o7 ' ' ' 005 | 0.05

ir3gl | 720 | 83 oo gng | OV 58s oy | 0s0 | ong | o | 19Br | 154
$ 0.26 008 | g, | 0 | ' ' ' 009 | 002

Furfural3 | 005+ | 0185 | ool oos | 2 | 4% | ooo | om | 000 | oos | 000 | 156
gl 0.00 005 |~ P oea | 07 ' ' ' 000 | 014

Furfuraland | 0.00 + 384+ 00l 019 0'90 47+ 1000 043 | 000 | o016 | 0:00% | 181%
HMF 0.00 012 |~ 7 0o | 031 T ' ' ' 0.00 | 011
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Concerning S. cerevisiae, enzymes
responsible for furaldehydes reducing activities
have preference for NADH and NADPH cofactors
(Liu 2011b). However, some enzymes have
preference only for NADPH, such as Adhép
(Petersson et al. 2006), or NADH for Adh1p
(Laadan et al.2008). In the present work, it can be
observed that HMF, when it is used as substrate,
produces low activity with NADH or NADPH as
cofactors (Figure 2c). Unlike HMF, furfural is the
enzymatic substrate producing higher activity
with reducing enzymes present in the crude
extract, and similar results were obtained using
the mixture of both furaldehydes as substrate.
The results in this work suggest that for WA-HF5.5
enzymes catalyzing furaldehydes reduction
appear to be more active for NADH. These results
are consistent to in vitro and in vivo assays
using several S. cerevisiae strains, suggesting
that HMF and furfural reductions are coupled
with NADPH and NADH oxidation, respectively
(Almeida et al. 2007). HMF is mainly reduced by
NADPH-dependent Adh6p and Adh7p (Petersson
et al. 2006, Sehnem et al. 2013), whereas furfural
reduction is catalyzed by NADH-dependent
Ald4p, and Gre3p in S. cerevisiae (Liu et al. 2008).

Glycerol productionwasalsoincreasedinthe
presence of furaldehydes for WA-HF5.5, whereas
for the parental strain glycerol production was
increased only when HMF was added to cultures
(Figure 1c). Under anaerobic conditions, glycerol
is normally produced to regenerate excess NADH
formed during biosynthetic processes (Palmqvist
& Hahn-Hagerdal 2000). Production of glycerolis
also associated with responses to several stress
conditions. In S. cerevisiae, changes in internal
metabolic fluxes that lead to the production of
glycerol help to counter cell stress or adapt to
stressful conditions such as osmotic pressure,
high ethanol and CO, concentrations, among
others (Pandey et al. 2007). Glycerol production
in response to environmental stress was also
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reported for W. anomalus, as this yeast survives
in media at low water activity resulting from
increasing NaCl concentrations in the culture
medium by producing compatible solutes, like
glycerol, arabitol, and trehalose (Djelal et al.
2012).

Analysis of cell osmotic pressure tolerance

In order to access the effects of medium osmotic
pressure on the parental and resistant strains,
cells were exposed to varying concentrations
of NaCl. This test is important because
second-generation ethanol is based on high
osmotic pressure media such as hydrolyzed
lignocellulosic materials. Several yeast species
have been studied in cultures under conditions
of low water activity and high osmotic pressure
media in our group, such as S. cerevisiae, C.
guilliermondii, S. arborariae, and C. shehatae
(Schirmer-Michel et al. 2008, da Cunha-Pereira
et al. 2011, Hickert et al. 2013), and it would be
interesting to know the response of W. anomalus
to these conditions. Results of NaCl growing
concentration exposition for both strains are
shown in Table Il. The parental strain showed
sensibility to increasing osmotic pressures,
showing total lack of growth at concentration
of 1.5 M NaCl, whereas the WA-HF5.5 strainhad
its specific growth rate hardly affected. Previous
studies using S. cerevisiae have shown that the
increase in medium osmotic pressure up to 20
% (volumetric fraction) of sorbitol decreased
cell viability and growth, and fermentation
performance (Pratt et al. 2003). In this work, the
evolutionary engineering for furans tolerance
was also positive towards improving osmotic
pressure resistance of W. anomalus. One
possible explanation forthisacquired traitis that
the analyses of gene expression in response to
furfural and HMF in S. cerevisiae showed that the
responses are distributed across a wide range
of functional categories and pathways, which
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Table II. Comparison between specific growth rate of W. anomalus strains WA-001, and WA-HF5.5, in hyperosmotic

stress cultivation. Results represent the mean of duplicate.

Condition Osmolarity (mM kg™)

YPD 209
YPD + 0.25 M NaCl 661
YPD + 0.50 M NaCl 1024
YPD + 0.75 M NacCl 1350
YPD +1.00 M Nacl 1653
YPD +1.25 M NacCl 1969
YPD +1.50 M NacCl 2060

includes the stress-related high-osmolarity
glycerol (HOG) pathway and heat shock protein
genes (Liu 2011a). Probably, the furan inhibitors
induce similar stress responses in W. anomalus
compared to those previously observed for S.
cerevisiae, where the HOG pathway is induced.

CONCLUSION

An osmotolerant W. Anomalus resistants
train WA-HF5.5 was obtained by evolutionary
engineering, possessing high HMF and furfural
tolerance. The resistant strain showed better
physiological performances than its parental
strain in media containing furfural, HMF, or
both, where concentrations of these furans were
simulating lignocellulosic biomass hydrolysates.
Moreover, the resistant strain was also able
to tolerate high media osmotic pressures,
which is another interesting trait for industrial
applications. Results presented show that
the evolutionary engineering that conferred
HMF and furfural tolerance improved yeast
fermentative capacity, and ethanol productivity,
suggesting that this strain can be further studied
in the research for second-generation ethanol
production.

Specific Growth Rate p (h™)

WA-001 WA-HF5.5
0.31 0.28
0.29 0.29
0.27 0.27
0.24 0.28
0.21 0.25
018 0.23
0.08 0.21
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