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Abstract Several alcohol dehydrogenase (ADH)-related genes
have been identified as enzymes for reducing levels of toxic
compounds, such as, furfural and/or 5-hydroxymethylfurfural
(5-HMF), in hydrolysates of pretreated lignocelluloses. To date,
overexpression of these ADH genes in yeast cells have aided
ethanol production from glucose or glucose/xylose mixture in
the presence of furfural or S-HMF. However, the effects of these
ADH isozymes on ethanol production from xylose as a sole
carbon source remain uncertain. We showed that overexpres-
sion of mutant NADH-dependent ADH! derived from
TMB3000 strain in the recombinant Saccharomyces cerevisiae,
into which xylose reductase (XR) and xylitol dehydrogenase
(XDH) pathway of Pichia stipitis has been introduced, im-
proved ethanol production from xylose as a sole carbon source
in the presence of 5S-HMF. Enhanced furan-reducing activity is
able to regenerate NAD" to relieve redox imbalance, resulting in
increased ethanol yield arising from decreased xylitol accumu-
lation. In addition, we found that overexpression of wild-type
ADH]1 prevented the more severe inhibitory effects of furfural in
xylose fermentation as well as overexpression of TMB3000-
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derived mutant. After 120 h of fermentation, the recom-
binant strains overexpressing wild-type and mutant
ADH]I completely consumed 50 g/L xylose in the pres-
ence of 40 mM furfural and most efficiently produced
ethanol (15.70 g/L and 15.24 g/L)) when compared with
any other test conditions. This is the first report describ-
ing the improvement of ethanol production from xylose
as the sole carbon source in the presence of furan
derivatives with xylose-utilizing recombinant yeast
strains via the overexpression of ADH-related genes.

Keywords Ethanol - Xylose fermentation - Furfural -
5-Hydroxymethylfurfural - Redox imbalance -
Saccharomyces cerevisiae

Introduction

Second-generation biofuels sustainably produced from ligno-
cellulosic biomass are indispensable for avoiding competition
with international food supplies. In the conversion of ligno-
cellulosic materials primarily composed of cellulose, hemicel-
lulose, and lignin to ethanol using microorganisms, such as,
Saccharomyces cerevisiae, pretreatment is an essential pro-
cess to generate potentially fermentable sugars from the re-
newable biomass (Alvira et al. 2010).

Hydrothermal treatment is a pretreatment technology that
allows selective production of two fractions: soluble hydroly-
sates essentially comprising hemicellulose derivatives and solid
materials comprising cellulose and lignin residue (Boussarsar
et al. 2009). The hemicellulosic fraction extracted by solubili-
zation of lignocelluloses often contains monomeric xylose sug-
ar. Although the compositions of the fractions differ depending
on experimental conditions, hydrothermal treatment can
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generate certain amounts of xylose monomer and, in combina-
tion with enzymatic saccharification, can produce abundant
monomeric sugars (Boussarsar et al. 2009; Sakamoto et al.
2012). As the dominant sugar component of these hydro-
lysates is xylose, hydrothermal solubilized fractions can
subsequently be utilized for various applications, including
xylose fermentation.

Although §. cerevisiae is a useful organism for ethanol
production from glucose, it cannot utilize xylose as a sugar
component (Hasunuma et al. 2011a; Kétter and Ciriacy 1993;
Tantirungkij et al. 1993). Therefore, S. cerevisiae strains genet-
ically engineered to express xylose reductase (XR) and xylitol
dehydrogenase (XDH) genes derived from Pichia stipitis are
typically utilized for ethanol production from xylose, which is
converted into xylulose via xylitol by XR and XDH through
reductive and oxidative reactions, respectively (Hasunuma et al.
2011a; Kotter and Ciriacy 1993; Tantirungkij et al. 1993).
However, this recombinant strain develops a redox imbalance
that can lead to decreased ethanol yield accompanied by
unreacted xylitol due to different coenzyme specificities of
XR (NADPH) and XDH (NAD") from P, stipitis (Matsushika
et al. 2008; Petschacher and Nidetzky 2008; Watanabe et al.
2005; Watanabe et al. 2007) (Fig. 1).

Another usual problem with utilizing xylose derived from
pretreated hydrolysates is formation of toxic compounds
caused by monosaccharide degradation. The harsh condi-
tions used for effective recovery of sugar components in the
pretreatment of raw materials can release toxic compounds,
such as, furfural and 5-hydroxymethylfurfural (5-HMF),
which inhibit ethanol production and microbial cell growth,
although their amounts depend on the composition of raw
materials and the treatment conditions (Alvira et al. 2010).
These furan derivatives are known to reduce the activities of

Fig. 1 Strategy for improving
ethanol production from xylose
as a sole carbon source using
recombinant S. cerevisiae strain
with XR-XDH pathway from XR
P, stipitis. The enhanced
furan-reducing activity by
overexpression of mutant
NADH-dependent ADH1

Decreased
accumulation

(m6ADH]) is able to regenerate XDH NADH
NAD" via reduction of furan [ \ 2,5-Furandimethanol
derivatives and relieve the Xylulose N

redox imbalance within the
XDH reaction. The triple line
indicates omitted steps. XR
xylose reductase, XDH xylitol
dehydrogenase, ADH alcohol
dehydrogenase, 5-HMF
5-hydroxymethylfurfural

Increased
production
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alcohol dehydrogenase (ADH), aldehyde dehydrogenase
(ALDH), and pyruvate dehydrogenase (PDH) (Modig et al.
2002). Furfural exhibits particularly strong inhibitory effects
on fermentation when compared with 5S-HMF (Sanchez and
Bautista 1988), and hydrothermal pretreatment tends to pro-
duce larger amounts of furfural than 5-HMF (Sakamoto et al.
2012; Thomsen et al. 2009).

Recently, ADH isozymes that reduce furan derivatives have
been identified. Microarray analysis and gene overexpression
experiments have revealed that Adh6 from S. cerevisiae is able
to reduce 5S-HMF in a NADPH-dependent manner (Petersson et
al. 2006), and later it was also shown that Adh6 has the activity
for NADPH-dependent reduction of furfural (Almeida et al.
2008; Almeida et al. 2009). Moreover, an Adhl variant
(m6Adhl) of S. cerevisiae has been identified in industrial yeast
strain TMB3000 as an NADH-dependent enzyme capable of
reducing both furfural and 5-HMF (Laadan et al. 2008). Help-
ful capacities to reduce these toxic compounds have been also
demonstrated with recombinant yeast strains overexpressing
ADH6 or m6ADH]I on ethanol fermentation from glucose as a
sole carbon source (Almeida et al. 2008; Laadan et al. 2008).

On the other hand, Bruinenberg et al. demonstrated that the
addition of a hydrogen acceptor (i.e., acetoin) enabled xylose
utilization in the XR—XDH-based Candida utilis (Bruinenberg
et al. 1983). Later, Wahlbom et al. showed that the addition of
furfural or acetoin decreased significantly xylitol yield in XR—
XDH recombinant S. cerevisiae (Wahlbom and Hahn-Hagerdal
2002). Thus, the addition of electron acceptors seems to be
surely beneficial for decrease in the accumulation of by-
products. More recently, Almeida et al. displayed that
NADH-dependent reduction of 5-HMF with m6A4DH1-overex-
pressed xylose-fermenting strain resulted in decreased xylitol
production from a glucose/xylose mixture, despite that no
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differences in ethanol productivity were seen between the yeast
strains overexpressing NADPH-dependent ADH6 and NADH-
dependent m64ADHI (Almeida et al. 2009). However, even
though xylose consumption is more severely suppressed by
toxic compounds than glucose consumption (Almeida et al.
2009), the effects of overexpression of ADH isozymes on
ethanol production from xylose as a sole carbon source remain
uncertain.

In this study, we showed that overexpression of NADH-
dependent m6ADH1 in the XR—XDH-based xylose-utilizing
S. cerevisiae strain improved ethanol production from xylose
in the presence of 5-HMF via enhanced furan-reducing activ-
ity. As expected, the reduction in 5S-HMF by m6Adh1, which
is able to regenerate NAD" to relieve intracellular redox
imbalance, led to increased ethanol yield and decreased xylitol
accumulation during xylose fermentation (Fig. 1). In addition,
we found that overexpression of wild-type ADHI prevented
inhibitory effects of furfural in xylose fermentation as well as
overexpression of TMB3000-derived mutant, although over-
expression of ADH6 was unable to rescue cthanol fermenta-
tion from xylose in the presence of furfural. Our results may
help prevent the inhibitory effects of furan derivatives in
hemicellulosic fractions generated from lignocellulosic hydro-
lysates, such as, hydrothermally treated biomass.

Materials and methods
Yeast strains and media

S. cerevisiae YPH499 was selected as a parental strain
(Sikorski and Hieter 1989), and the derivatives used in this
study are listed in Table 1. Synthetic dextrose (SD) medium
contained 6.7 g/L yeast nitrogen base (YNB) without amino
acids (BD Diagnostic Systems, Sparks, MD, USA) and
20 g/L glucose. SDC medium contained 6.7 g/L YNB,

Table 1 Yeast strains and plasmids used in this study

20 g/L glucose, and 20 g/L casamino acids (BD Diagnostic
Systems). SC fermentation medium contained 6.7 g/L YNB
and 20 g/L casamino acids without carbon sources. Each
medium was supplemented with 40 mg/L adenine, 20 mg/L
histidine, 60 mg/L leucine, and 30 mg/L lysine for cultiva-
tion and fermentation.

Plasmid construction

Plasmids used in this study are listed in Table 1. Primers used in
this study are listed in Table 2. ADH6 and wild-type ADH]
were attached to sequences encoding SGGGGS linkers and c-
myec tags and were amplified by PCR from yeast genomic DNA
with P1/P2 and P3/P4 oligonucleotide pairs. Blunt fragments
were inserted into a pBlueScript I KS(+) (Agilent Technolo-
gies, Santa Clara, CA, USA) vector at the EcoRV site, produc-
ing the plasmids pBlue-ADH6-myc and pBlue-ADH1-myc.

QuikChange site-directed mutagenesis (Agilent Technolo-
gies) was carried out to introduce six-point mutations into
ADHI1 (V58T, S109P, L116S, Q147E, 1151V, and Y294C)
by referring to the original report (Laadan et al. 2008). For the
S109P and L116S mutations, pBlue-ADH1-myc was used as
a template for PCR with the P5/P6 oligonucleotides. After
Dpnl digestion, the obtained fragment was used as a template
for the Y294C mutation with the P7/P8 oligonucleotides.
After Dpnl digestion and transformation, recovered plasmid
was designated pBlue-m3ADHI1-myc. For the V58T muta-
tion, pBlue-m3ADH1-myc was used as a template for PCR
with the P9/P10 oligonucleotides. After Dpnl digestion, the
obtained fragment was used as a template for the Q147E and
I151V mutations with the P11/P12 oligonucleotides. After
Dpnl digestion and transformation, the resultant plasmid was
designated pBlue-m6ADH1-myec.

The fragment containing the ADH1 promoter (5'-ADH]),
Nhel/EcoRI cloning sites and the ADH 1 terminator (3'-ADHT)
was amplified by PCR from yeast genomic DNA with the

Strain or plasmid Description

Reference

S. cerevisiae strains

YPH499 MATa ura3-52 lys2-801 ade2-101 trp1-A63 his3-A200 leu2-Al Sikorski and Hieter (1989)
YPH499XU YPH499 integrating plUX1X2XK onto ura3-52 genomic locus Hasunuma et al. (2011b)
YPH499XU/mock YPH499XU harboring pADH424 (mock vector) Current study
YPH499XU/ADH6 YPH499XU harboring pPEWADH6 Current study
YPH499XU/m6ADH1 YPH499XU harboring pPEWm6ADH1 Current study
YPH499XU/ADH1 YPH499XU harboring pPEWADHI1 Current study

Plasmids

pIUX1X2XK URA3, expression of XYL1 (P. stipitis), XYL2 (P. stipitis), and XKS1 (S. cerevisiae) Katahira et al. (2006)
pADH424 TRP1, 2 i1 origin, original vector for expressing ADH genes under control of ADHI promoter Current study
pEWADH6 TRPI, 2 i origin, expression of ADH6 Current study
pEWm6ADHI1 TRPI, 2 v origin, expression of m6ADH] Current study
pEWADHI1 TRPI, 21 origin, expression of ADHI Current study
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P13/P14 and P15/P16 oligonucleotide pairs. Fragments were
digested with Xhol/Nhel and Nhel/Notl, respectively, and
were then ligated and inserted into a pRS404 yeast shuttle
vector (American Type Culture Collection, Manassas, VA,
USA) at the Xhol/Nofl sites, resulting in pADH404. The
multicopy yeast of 2 origin was prepared by digestion of
pRS406 + 2 pum (Ishii et al. 2009) with Aafll, followed by
ligation at the same site in pADH404 to yield pADH424.

ADH6, m6ADHI, and wild-type ADHI with c-myc tags
were prepared by digestion of pBlue-ADH6-myc, pBlue-
m6ADH1-myc, and pBlue-ADH1-myc with Nhel and
EcoRl, followed by ligation at the same sites in pADH424.
The resulting plasmids were designated pEWADH6, pEW-
m6ADHI1, and pEWADHI.

Yeast transformation

Transformation was carried out according to the lithium ace-
tate method (Gietz et al. 1992). The XR—XDH-based xylose-
utilizing YPH499XU strain (Hasunuma et al. 2011b) was
transformed with pADH424 (mock vector), pPEWADHS6,
pEWmO6ADHI1, or pEWADHI, yielding YPH499XU/moctk,
YPH499XU/ADH6, YPH499XU/m6ADH 1, or YPH499XU/
ADH], respectively (Table 1).

Ethanol fermentation from xylose

All transformants were grown in SD media and were then
inoculated into 500 mL of SDC media to give an initial cell
density (optical density) of 0.03 at 600 nm. Yeast cells were
aerobically cultivated at 30 °C for 48 h. After harvesting and
washing, cultured cells were inoculated into 50 mL of SC
medium containing 50 g/L xylose as a sole carbon source to
give an initial cell density (optical density) of 20 at 600 nm.

For fermentation without toxic compounds, two independent
experiments were performed. Furfural and/or 5-HMF were
added into the fermentation medium to a final concentration
of 40 mM depending on experimental conditions. All fermen-
tation were performed at 30 °C under oxygen-limited condi-
tions with mild agitation in closed 100-mL bottles equipped
with a filter-tipped CO, outlet and closable sampling tube.

Analytical procedures

In order to determine the concentrations of glycerol, xylitol,
and xylose in the fermentation medium, the supernatant was
analyzed using a Prominence high-performance liquid chro-
matograph (HPLC) (Shimadzu, Kyoto, Japan) equipped with a
Shim-pack SPR-Pb column (250 mm % 7.8 mm; Shimadzu) and
an RID-10A refractive index detector (Shimadzu). Superna-
tants and standards were diluted twofold with ultrapure water
and were passed through a polytetrafluoroethylene (PTFE)
filter. Then, 10 uL of all samples and standards was injected.
The HPLC system was operated at 80 °C, with a mobile phase
of ultrapure water at a flow rate of 0.6 mL/min.

For determination of the concentrations of ethanol, fur-
fural, furfuryl alcohol, 5-HMF, and 2,5-furandimethanol,
supernatants were analyzed with a model 2010 gas chro-
matograph (GC) coupled to a model QP2010 Plus mass
spectrometer (MS) (Shimadzu) equipped with DB-FFAP
column (60 mx0.25 mm i.d., and 0.5 um film thickness;
Agilent Technologies). After centrifugation, supernatant
was diluted tenfold with acetone. The injector temperature
was 250 °C and 1 pL of all samples and standards was
injected in split mode (1:50). Helium was used as the carrier
gas at a flow rate of 1 mL/min. The ion source and interface
temperatures were 230 °C and 250 °C, respectively. Oven
temperature was programmed as follows: isothermal at 80 °C

Table 2 Oligonucleotides

used in this study Primer name Sequence
P1 5'-gggegGCTAGCatgtcttatcctgagaaatt-3'
P2 5'-ggggGA ATTCctagaggtcttcttcggaaatcaacttetgttcGGAACCTCCGCCACCTGAgtetgaaaattctttgtcg-3'
P3 5'-ggggGCTAGCatgtctatcccagaaactca-3'
P4 5'-ggeeGAATTCttagaggtcttettcggaaatcaacttctgttcGGAACCTCCGCCACCTGA tttagaagtgtcaacaacg-3'
P5 5'-tgtgaatactgtgaattgggtaacgaaCccaactgtcctcacgetgactCgtetggttacacccacgacggttctttc-3'
P6 5'-gaaagaaccgtcgtgggtgtaaccagacGagtcagegtgaggacagttggGttcgttacccaattcacagtattcaca-3'
P7 5'-caaccaagtcgtcaagtccatctetattgttggttettGegteggtaacagagetgacaccagagaagetttggactt-3'
P8 S'-aagtccaaagcttetetggtgtcagetetgttaccgacgCaagaaccaacaatagagatggacttgacgacttggttg-3’
P9 5'-ctgacttgcacgettggeacggtgactggecattgeccaACtaagcetaccattagtcggtggtcacgaaggtgccggte-3'
P10 5'-caccggcaccttcgtgaccaccgactaatggtagettaGTtggeaatggecagtcaccgtgccaagegtgeaagteag-3'
P11 5'-ccgeteacattcctcaaggtaccgacttggecGaagtegeceeeGtettgtgtgetggtatcacegtetacaaggett-3”
P12 5'-aagccttgtagacggtgataccagcacacaagaCgggggcgacttCggecaagtcggtaccettgaggaatgtgagegg-3'
P13 5'-acccCTCGAGgggtgtacaatatggacttcctettttetg-3'
P14 5'ccccGCTAGCtgtatatgagatagttgattgtatgettgg-3’
P15 5'-ccccGCTAGCGAATTCgcgaatttcttatgatttatgatt-3’
P16 5'-tttgGCGGCCGCttgtectetgaggacataaaatacacac-3'
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Fig. 2 Ethanol fermentation
from xylose by recombinant
S. cerevisiae; a YPH499XU/
mock, b YPH499XU/ADHG6, ¢
YPH499XU/m6ADH]1, and d
YPH499XU/ADH]. Filled
square xylose, unfilled circle
ethanol, unfilled square
glycerol, unfilled triangle
acetate, filled circle xylitol.
Each data point represents the
mean of two independent
experiments
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Ethanol fermentation from xylose with NADPH-
or NADH-specific ADH-overexpressing yeast strains

A recombinant S. cerevisiae strain YPH499XU utilizing xylose
was previously developed by introducing the heterogenous XR

Table 3 Ethanol concentration, xylose consumption, ethanol yield, xylitol yield, glycerol yield, and acetate yield (based on total added sugar) after
fermentation of 50 g/L xylose in the presence or absence of furan derivatives by recombinant S. cerevisiae strains

Compound  Strain Ethanol Xylose consumption  Yield (g/g)*
(g/L) (gL
Ethanol Xylitol Glycerol Acetate
Without” YPH499XU/mock 12.57 51.12 0.246 0.358 0.017 0.011
YPH499XU/ADH6 12.29 49.61 0.248 0.353 0.018 0.013
YPH499XU/m6ADHI ~ 12.62 49.93 0.253 0.321 0.032 0.014
YPH499XU/ADH1 11.90 48.50 0.241 0.334 0.021 0.011
5-HMF* YPH499XU/mock 12.61+0.55 48.61+2.21 0.257+0.003  0.378+0.025  0.026+0.011  0.011+0.001
YPH499XU/ADH6 12.02+1.18 48.25+2.04 0.244+0.016  0.374+0.026  0.026+0.019  0.010+0.001
YPH499XU/m64ADHI  14.73+0.39 49.54+1.73 0.294+0.005  0.314+0.015  0.038+0.014  0.014+0.001
YPH499XU/ADH1 13.08+1.35 47.39+1.62 0.262+0.026  0.354+0.019  0.027+0.019  0.012+0.002
Furfural® YPH499XU/mock 4.16+3.40 13.13+11.94 0.084+0.068  0.043+£0.053  0.002+0.003  0.009+0.003
YPH499XU/ADH6 3.55+4.59 10.19+11.09 0.073+0.095  0.038+0.054  0.004+0.006  0.007+0.009
YPH499XU/m6ADHI ~ 15.70+£3.28 45.97+3.47 0.319+0.067  0.215+£0.016  0.018+0.013  0.020+0.009
YPH499XU/ADH1 15.24+3.45 45.10+5.50 0.308+0.072  0.222+0.046  0.018+0.012  0.015+0.005

*Yields are based on total added sugars

® After 48 h of fermentation in the absence of furan derivatives. Values are the means of two independent experiments

¢ After 48 h of fermentation in the presence of 40 mM 5-HMF. Values are the means of three independent experiments, =SD

9 After 120 h of fermentation in the presence of 40 mM furfural. Values are the means of three independent experiments, =SD
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Fig. 3 Reduction of 5-HMF during fermentation from xylose in ADHI. Filled square xylose, unfilled circle ethanol, unfilled
the presence of 5-HMF by recombinant S. cerevisiae; a square glycerol, unfilled triangle acetate, filled circle xylitol. 5-
YPH499XU/mock, b YPH499XU/ADH6, ¢ YPH499XU/m6ADH]I, HMF was added to the fermentation at a concentration of 40 mM.
and d YPH499XU/ADH]I. Filled square 2,5-furandimethanol, un- Each data point represents the mean of three independent experi-
filled circle 5-HMF. Ethanol fermentation; e YPH499XU/mock, ments, +SD

YPH499XU/ADH6, g YPH499XU/m6ADHI, and h YPH499XU/
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and XDH genes from P. stipitis and the endogenous xyluloki-
nase (XK) gene from S. cerevisiae into the genomic locus of
YPH499 (Hasunuma et al. 2011b), a typical lab strain (Sikorski
and Hieter 1989). ADH6, m6ADH1, wild-type ADH 1, or empty
vector was introduced into the YPH499XU yeast strain
(Table 1). Primarily, overexpression of ADH genes was con-
firmed by Western blot analysis with anti-myc antibody (data
not shown).

Xylose fermentation in the absence of furan derivatives
was performed in SC medium containing 50 g/L xylose as a
sole carbon source at 30 °C under oxygen-limited conditions
after aerobic growth of recombinant yeast cells in SDC
medium. Initial cell concentration was adjusted to an optical
density of 20 at 600 nm. As shown in Fig. 2, all four
transformants completely consumed xylose within 36 h and
showed similar production levels of ethanol, whereas yeast
strains overexpressing NADH-dependent m6A4ADH ] exhibited
a slight decrease in the accumulation of xylitol (Table 3).
Glycerol production by strains overexpressing m6ADHI was
slightly higher when compared with control strains harboring
mock vector (Table 3).

Effects of ADH overexpressions on xylose fermentation
in the presence of 5S-HMF

In order to assess the effects of S-HMF reduction by over-
expression of NADPH- or NADH-dependent ADH genes on
xylose fermentation, 40 mM 5-HMF was added to SC medi-
um containing 50 g/ xylose (Fig. 3). After 36 h, the control
strain had completely converted 40 mM 5-HMF to 2,5-fur-
andimethanol, with a slight increase in glycerol and un-
changed xylose consumption, as compared to the absence of
5-HMF (Fig. 3a, e and Table 3). The 5-HMF reduction and
glycerol production profiles of the strain overexpressing

NADH-dependent wild-type ADHI were similar to those of
the control strain (Fig. 3d, h and Table 3).

On the other hand, yeast strains overexpressing ADH6 or
m6ADH1 completely converted 5-HMF to 2,5-furandime-
thanol after only 12 h, clearly showing that overexpression
of ADH6 and m6ADH]I is involved in 5-HMF reduction
(Fig. 3b and c). Nevertheless, there were differences in the
xylose fermentation profiles between the strains overex-
pressing ADH6 and m6ADHI. When compared with the
absence of 5-HMF, addition of 5-HMF led to increased
ethanol production and yield by the m64DH I-overexpress-
ing strain (Table 3). In addition, m64ADHI overexpression
provided positive effects that apparently reduced xylitol accu-
mulation and increased ethanol production, as compared to
the control strain (Fig. 3g and Table 3). In contrast, the trend of
xylose fermentation in the A DH6-overexpressing strain in the
presence of 5S-HMF was identical to that of the control strain
(Fig. 3f and Table 3). These distinct features of the recombi-
nant yeast strains were also observed with 20 mM and 80 mM
5-HMF (data not shown).

When compared with the yields based on the consumed
sugars, the difference of m64DHI-overexpressing strain in
ethanol production and xylitol accumulation during xylose
fermentation in the presence of 5-HMF was more clear
(Table 4). Especially, the difference of xylitol accumulation
was significant compared with the control strain in the ab-
sence of 5-HMF (Table 4).

Effects of ADH overexpressions on xylose fermentation
in the presence of furfural

In order to evaluate the effects of furfural reduction by
NADPH- or NADH-dependent ADH genes on xylose fermen-
tation, 40 mM furfural was added to SC medium containing

Table 4 Ethanol concentration, xylose consumption, ethanol yield, xylitol yield, glycerol yield, and acetate yield (based on consumed sugar) after
12 h of fermentation of 50 g/L xylose in the presence or absence of 5-HMF by recombinant S. cerevisiae strains

Compound Strain Ethanol Xylose Yield (g/g)*
(g/L) consumption (g/L)
Ethanol Xylitol Glycerol Acetate
Without” YPH499XU/mock 7.07 28.99 0.246 0.370 0.020 0.019
YPH499XU/ADH6 6.31 26.54 0.243 0.352 0.019 0.021
YPH499XU/m6ADH1 6.16 25.13 0.246 0.310 0.028 0.023
YPH499XU/ADH1 5.88 23.90 0.248 0.308 0.029 0.020
5-HMF* YPH499XU/mock 6.40+0.65 24.96+3.68 0.259+0.023  0.338+£0.050  0.024+0.017  0.015+0.002
YPH499XU/ADH6 4.90+0.50 18.84+2.63 0.263+0.026  0.329+0.051 0.061+0.044  0.025+0.011
YPH499XU/m6ADH1 6.49+0.58 21.14+0.52 0.307+0.024  0.255+£0.019  0.058+0.042  0.017+0.012
YPH499XU/ADH1 5.84+0.55 20.33+0.88 0.288+0.030  0.311+£0.049  0.039+0.027  0.017+0.008

#Yields are based on consumed sugars

® After 12 h of fermentation in the absence of furan derivatives. Values are the means of two independent experiments

¢ After 12 h of fermentation in the presence of 40 mM 5-HMF. Values are the means of three independent experiments, =SD
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Fig. 4 Reduction of furfural during fermentation from xylose in ADH]I. Filled square xylose, unfilled circle ethanol, unfilled
the presence of furfural by recombinant S. cerevisiae; a square glycerol, unfilled triangle acetate, filled circle xylitol.
YPH499XU/mock, b YPH499XU/ADH6, ¢ YPH499XU/m6ADH1, Furfural was added to the fermentation at a concentration of
and d YPH499XU/ADH]I. Filled square furfuryl alcohol, unfilled 40 mM. Each data point represents the mean of three independent
circle furfural. Ethanol fermentation; e YPH499XU/mock, f experiments, +SD

YPH499XU/ADH6, g YPH499XU/m6ADHI, and h YPH499XU/
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Fig. 5 Reduction of 5-HMF during fermentation from xylose in the
presence of both 5-HMF and furfural by recombinant S. cerevisiae; a
YPH499XU/mock and d YPH499XU/m6ADHI. Filled square 2,5-
furandimethanol, unfilled circle 5-HMF. Reduction of furfural; b
YPH499XU/mock and e YPH499XU/m6ADH]1. Filled square furfuryl
alcohol, unfilled circle furfural. Ethanol fermentation; ¢ YPH499XU/

50 g/L xylose (Fig. 4). Approximately 4.9 mM furfural
remained with the control strain after 48 h of fermentation
(Fig. 4a). As the furfural remained in the medium at later
phases, xylose utilization scarcely progressed, even after
120 h of fermentation (Fig. 4e). The ADH6-overexpressing
strain exhibited similar conversion of furfural and xylose fer-
mentation as the control strain (Fig. 4b and f).

In contrast, yeast strains overexpressing not only m64ADH]
but also wild-type ADHI completely converted furfural to
furfuryl alcohol after only 12 h of fermentation (Fig. 4c and
d). Thus, we found the catalytic potential of wild-type Adhl
for reducing furfural. Overexpression of m64DHI and wild-
type ADH1 in xylose-utilizing yeast strains made it possible to
completely consume xylose and to efficiently produce ethanol
after 120 h of fermentation (15.70 g/L and 15.24 g/L, respec-
tively), despite interference with the rates of xylose consump-
tion and ethanol production, as compared to fermentation
without furfural (Fig. 4g, h and Table 3). The addition of
furfural led to an apparent decrease in xylitol accumulation
in these two strains (Table 3). These results suggest that
NADH-dependent conversion of furfural contributes to de-
creased xylitol accumulation and increased ethanol produc-
tion. In the presence of 20 mM furfural, xylose was
completely consumed and production of ethanol, xylitol, and
glycerol was not changed among the four recombinant strains

mock and f YPH499XU/m6ADH . Filled square xylose, unfilled circle
ethanol, unfilled square glycerol, unfilled triangle acetate, filled circle
xylitol. 5-HMF and furfural were added to the fermentation at a
concentration of 40 mM each. Each data point represents the mean of
three independent experiments, £SD

(data not shown). However, the inhibitory effects of furfural
are more severe when compared with 5-HMF; thus, Adhl is
useful for mitigating redox imbalance in xylose-fermenting
yeast.

To determine the no inhibitory effect level for furfuryl
alcohol, xylose fermentation in the presence of 40 mM fur-
furyl alcohol was tested with the control strain. There were
almost no differences in fermentation profiles between ab-
sence and presence of furfuryl alcohol (data not shown).
Finally, we confirmed that m6A4DHI-overexpressing strain

also permitted xylose fermentation in the presence of both
5-HMF and furfural (Fig. 5).

Discussion

The aim of this study was to investigate the effects of over-
expression of ADH-related genes, which have been identified
as the enzymes responsible for the reduction of furfural and/or
5-HMF on ethanol fermentation from xylose as a sole carbon
source by xylose-utilizing recombinant yeast. As it has been
confirmed that coenzyme specificities vary between Adh6 and
mo6Adhl (Almeida et al. 2008; Almeida et al. 2009; Laadan
et al. 2008; Petersson et al. 2006), we predicted that they would
be able to decrease xylitol accumulation caused by redox
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imbalance and improve ethanol production in xylose fermen-
tation (Fig. 1).

Overexpression of m64DH 1 had a significant effect, result-
ing in increased ethanol yield and decreased xylitol accumu-
lation owing to NADH-dependent 5-HMF reduction (Table 3
and Fig. 3g). 5-HMF reduction by a wild-type ADHI-over-
expressing strain was similar to that by control strains (Fig. 4a
and d), indicating that wild-type Adhl showed no 5-HMF-
reducing activity. Slight increases of glycerol in all strains in
the presence of S-HMF probably reflected the regeneration of
NAD" by 5-HMF reduction. The recombinant strain over-
expressing NADH-dependent m6Adhl exhibited slight
decreases in xylitol accumulation, even in the absence of toxic
compounds, indicating that regenerated NAD" in glycerol
production due to the dehydrogenase activity of ADHI-de-
rived enzymes facilitated conversion of xylitol to xylulose by
NAD"-dependent XDH (Table 3). The observation that glyc-
erol increased in the same strains supports the previous report
on fermentation of a glucose/xylose mixture in the presence of
5-HMF (Table 3) (Almeida et al. 2009).

The most remarkable finding in the present study was the
difference in ethanol production from xylose in the presence
of furfural among ADH-overexpressing yeast strains (Fig. 4).
While the ADH6-overexpressing strain and the control strain
showed little fermentation, overexpression of m6ADHI or
ADH]I improved ethanol production in the presence of
40 mM furfural. This finding was supported by the enhance-
ment of the furfural-reducing activity of yeast strains by the
overexpression of m6ADH 1 and wild-type ADH1 (Fig. 4c and
d). This is the first report in which wild-type ADHI could
reduce furfural as well as TMB3000-derived m64DHI. Al-
though we confirmed equivalent ADH expression levels in the
ADHo6-overexpressing strain and the ADHI-overexpressing
strain by Western blotting (data not shown), our results con-
trast with those of other reports, in which Adh6 showed
furfural-reducing activity (Almeida et al. 2008; Almeida et
al. 2009). This was probably attributed to a specific event for
xylose fermentation in the presence of furfural. The possible
explanation for this conflict is an insufficient amount of intra-
cellular NADPH, which would cause low Adh6 activity,
leading to more severe inhibition of xylose fermentation by
furfural when compared with 5-HMF. The yeast strains over-
expressing m6ADHI and wild-type ADH1 displayed the most
efficient production ethanol after 120 h of fermentation
(15.70 g/L and 15.24 g/L, respectively). Thus, overexpression
of m6ADH]I or wild-type ADH1 effectively improves ethanol
production from xylose in the presence of furfural.

In summary, we demonstrated that the mutated Adhl
(m6Adhl) improves ethanol fermentation from xylose in the
presence of 5-HMF or furfural owing to the NADH-
dependent capacity for reduction of these toxic compounds.
In addition, we first uncovered the activity of wild-type Adhl
to reduce furfural. Ethanol yields were higher than those

@ Springer

in the absence of toxic compounds. Thus, overexpression of
NADH-dependent 4DH1-related genes, particularly
m6ADH 1 identified from TMB3000, is beneficial for ethanol
fermentation from xylose in the presence of furan derivatives.
These insights may be valuable for the utilization of hemi-
cellulosic materials, such as, biomass subjected to hydrother-
mal or acid treatment.
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