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Saccharomyces cerevisiae has recently been engineered to use acetate, a primary inhibitor in lignocellulosic hydrolysates, as a
cosubstrate during anaerobic ethanolic fermentation. However, the original metabolic pathway devised to convert acetate to
ethanol uses NADH-specific acetylating acetaldehyde dehydrogenase and alcohol dehydrogenase and quickly becomes con-
strained by limited NADH availability, even when glycerol formation is abolished. We present alcohol dehydrogenase as a novel
target for anaerobic redox engineering of S. cerevisiae. Introduction of an NADPH-specific alcohol dehydrogenase (NADPH-
ADH) not only reduces the NADH demand of the acetate-to-ethanol pathway but also allows the cell to effectively exchange
NADPH for NADH during sugar fermentation. Unlike NADH, NADPH can be freely generated under anoxic conditions, via the
oxidative pentose phosphate pathway. We show that an industrial bioethanol strain engineered with the original pathway (ex-
pressing acetylating acetaldehyde dehydrogenase from Bifidobacterium adolescentis and with deletions of glycerol-3-phosphate
dehydrogenase genes GPD1 and GPD2) consumed 1.9 g liter�1 acetate during fermentation of 114 g liter�1 glucose. Combined
with a decrease in glycerol production from 4.0 to 0.1 g liter�1, this increased the ethanol yield by 4% over that for the wild type.
We provide evidence that acetate consumption in this strain is indeed limited by NADH availability. By introducing an NADPH-
ADH from Entamoeba histolytica and with overexpression of ACS2 and ZWF1, we increased acetate consumption to 5.3 g liter�1

and raised the ethanol yield to 7% above the wild-type level.

Saccharomyces cerevisiae is the principal microorganism used to
produce ethanol, of which 93 billion liters were globally pro-

duced in 2014 (1). However, new strains are needed for the pro-
duction of second-generation biofuels. Pretreatment and mono-
merization of lignocellulosic substrates produce complex sugar
mixtures, including the C5 sugars xylose and arabinose that are
poorly fermented by most wild-type S. cerevisiae strains (2, 3). In
addition, a variety of inhibitory compounds are released, such as
furfural, hydroxymethylfurfural, methylglyoxal, and acetate (4–
6). It is therefore desirable not only to expand the substrate range
of S. cerevisiae (3, 7–9) but also to increase its inhibitor tolerance
(10–13).

Acetate is released during deacylation of hemicellulose and
lignin and can be present in concentrations of �10 g liter�1 in
cellulosic hydrolysates (4, 14). At low pH particularly, this weak
organic acid is a potent inhibitor of S. cerevisiae metabolism (15–
17). Unfortunately, wild-type S. cerevisiae strains are poorly
equipped to eliminate acetate from the medium under anoxic
conditions. S. cerevisiae can grow on acetate as the sole carbon
source under oxic conditions by converting acetate to acetyl co-
enzyme A (acetyl-CoA) with acetyl-CoA synthetase (ACS) (EC
6.2.1.1) and by either respiring acetyl-CoA in the tricarboxylic
acid (TCA) cycle or upgrading acetyl-CoA to four-carbon inter-
mediates in the glyoxylate pathway. However, succinate dehydro-
genase, a central enzyme in the glyoxylate cycle, is part of the
respiratory chain and does not function anaerobically. Unfavor-
able thermodynamics also prevent the conversion of acetate to
ethanol via acetaldehyde through endogenous nonacetylating ac-
etaldehyde dehydrogenase (ALDH) (EC 1.2.1.3-5) and alcohol
dehydrogenase (ADH) (EC 1.1.1.1) (Fig. 1A).

Various metabolic engineering strategies have been devised to
improve S. cerevisiae’s ability to anaerobically consume acetate. In
2010, Guadalupe Medina et al. pioneered the use of acetaldehyde

dehydrogenase (acetylating) (ADA) (EC 1.2.1.10) in S. cerevisiae
(18), which opens up a thermodynamically favorable ATP-con-
suming route from acetate to ethanol via ACS, ADA, and ADH
(Fig. 1B). The conversion of acetate to ethanol is not redox neutral
and requires 2 NAD(P)H per acetate. Guadalupe Medina et al.
chose to use the NADH-specific mhpF ADA from Escherichia coli
and relied on endogenous ADH activity, which is predominantly
NADH specific (19). In wild-type S. cerevisiae strains grown under
anoxic conditions, surplus NADH generated during cellular
growth is reoxidized via the production of glycerol, which thus
plays an important role as an anaerobic “redox sink” (20, 21). By
deleting the NADH-specific glycerol-3-phosphate dehydrogenase
genes GPD1 and GPD2, Guadalupe Medina et al. eliminated glyc-
erol production and redirected the biosynthetic NADH surplus
toward the conversion of acetate to ethanol.

The amount of surplus NADH generated during anaerobic
growth of S. cerevisiae has been estimated to be 5 to 11 mmol per g
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cells (dry weight) (CDW) produced (18, 21, 22), limiting the
amount of acetate that can be consumed by glycerol-3-phosphate
dehydrogenase-negative (Gpd�) ADA-expressing S. cerevisiae
strains. Guadalupe Medina et al. reported consumption of 0.022
and 0.012 g acetate (g glucose)�1 for a nonevolved and an evolved
Gpd� ADA strain, respectively (18, 23). Based on the metabolite
profile of the parental wild-type strain, the authors calculated a
surplus of 7.8 mmol NADH per g CDW produced, which was
reoxidized via the consumption of 3.9 mmol (0.23 g) acetate per g
CDW. This is close to the consumption of 0.27 g acetate per g
CDW produced that was observed for their nonevolved Gpd�

ADA strain (18).
To circumvent this redox constraint, Wei et al. elegantly com-

bined the ACS/ADA/ADH pathway with xylose fermentation via
xylose reductase (XR) and xylitol dehydrogenase (XDH) (24). In-
troducing NAD(P)H-specific XR and NADH-specific XDH from
Scheffersomyces stipitis into S. cerevisiae is known to confer the
ability to ferment xylose (25), but the differing redox cofactor
preferences of these enzymes result in increased NADPH demand
and overproduction of NADH during growth on xylose. This re-
dox imbalance is especially problematic during anaerobic fermen-
tation and has led to efforts to either match the cofactor preference
of XR and XDH (26) or to use the cofactor-independent xylose
isomerase instead (9, 27). Wei et al. used this redox imbalance to
their advantage by redirecting the surplus NADH of xylose con-
sumption to the conversion of acetate to ethanol, showing con-
sumption of 0.031 g acetate (g xylose)�1 in a Gpd� background
(24). No genetic changes were required to satisfy the increased
NADPH demand, consistent with findings that the oxidative pen-
tose phosphate pathway flexibly responds to increased NADPH
consumption (22).

An alternative approach to generate additional cytosolic
NADH for acetate uptake is the conversion of glycerol to ethanol,
which can yield one NADH per glycerol consumed. This strategy
has been pursued by overexpression of NADH-specific glycerol
dehydrogenase and dihydroxyacetone kinase (28; J. A. M. de Bont,
A. W. R. H. Teunissen, P. Klaassen, W. W. A. Hartman, and S. van
Beusekom, June 2013, world patent WO2013081456). In a fed-
batch system with corn fiber hydrolysate, an impressive 0.10 g
acetate (g sugar)�1 was converted by Gpd� strains, with a total
consumption of 7.5 g liter�1 acetate and 18 g liter�1 glycerol (de
Bont et al., world patent WO2013081456).

In this study, we present a novel strategy to generate additional
cytosolic NADH in S. cerevisiae during anaerobic ethanolic fer-
mentation, based on tuning of the cofactor preference of cytosolic
alcohol dehydrogenase. This allows more acetate to be converted
to ethanol, further decreasing acetate toxicity and improving eth-
anol yields. In contrast to the xylose- and glycerol-based strategies
described above, our approach is not dependent on the availability
of specific sugars or cosubstrates besides acetate.

MATERIALS AND METHODS
Strains and strain maintenance. All strains in this study (Table 1) are
derived from M2390, a diploid S. cerevisiae strain used in the bioethanol
industry. Strains were stored in yeast extract-peptone-dextrose (YPD)
medium with 15% (wt/vol) glycerol at �80°C and struck to YPD plates
before use. The YPD medium consisted of 10 g liter�1 yeast extract
(210941; BD Difco), 20 g liter�1 bacteriological peptone (20048; Af-
fymetrix USB), and, unless noted otherwise, 20 g liter�1 glucose (Cerelose
dextrose monohydrate 020010; Ingredion).

The genomic modifications were performed with integration cas-
settes, consisting of purified overlapping PCR products, essentially as de-
scribed previously (A. Argyros, W. R. Sillers, T. Barrett, N. Caiazza, and

FIG 1 (A, B) Endogenous ALDH/ADH (A) and engineered ACS/ADA/ADH (B) pathways for the conversion of acetate to ethanol in S. cerevisiae. For simplicity,
all redox reactions are presented with NADH as the cofactor. Reactions list their associated endogenous genes. �rG=° values, indicating each reaction’s Gibbs free
energy change in the forward direction at pH-neutral standard state conditions, were obtained from the eQuilibrator website (49). (C) Cumulative �rG=° values
illustrate that the ACS/ADA/ADH pathway (pathway B) is thermodynamically favorable, unlike the ALDH/ADH pathway (pathway A). Abbreviations: ACS,
AMP-forming acetyl-CoA synthetase; ADA, acetaldehyde dehydrogenase (acetylating); ADH, alcohol dehydrogenase; ALDH, nonacetylating acetaldehyde
dehydrogenase.
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A. J. Shaw, October 2012, world patent WO2012138942). After transfor-
mation of the PCR fragments into S. cerevisiae, homologous recombina-
tion allowed the cassettes to be assembled in vivo and integrated. To en-
courage integration at the desired chromosomal site, the outer sequences
of each cassette matched the regions flanking the genomic target site.
Integration sites were first marked with cassettes containing selectable and
counterselectable markers, replacing the targeted open reading frame.
The marker cassettes were subsequently replaced with the desired DNA
sequence in a second transformation using counterselection. To ensure
simultaneous integration at both alleles, two variants of each marker cas-
sette were used with different selection markers (e.g., for G418 and hygro-
mycin resistance). Integrations were confirmed by PCR.

Transformations. For S. cerevisiae transformations, the strains were
grown overnight in 5 ml YPD in 14-ml round-bottom tubes at 35°C in a
roller drum. The cells were harvested by centrifugation, washed once in 5
ml H2O, and resuspended in 0.8 ml of 100 mM lithium acetate in 1�
Tris-EDTA (TE) buffer. After addition of 20 �l of 1 M dithiothreitol
(DTT), the cell suspension was incubated for 30 min at 35°C. The cells
were centrifuged, washed twice in 1 ml H2O, resuspended in 200 �l of 1 M
sorbitol, and kept on ice. Then 100-�l aliquots of the cell suspension were
added to precooled 2-mm-gap electroporation cuvettes and mixed with
up to 20 �l DNA solution. For the homologous recombination-based
genomic integrations, approximately 0.15 pmol (100 ng kb�1) of each
PCR product was used. Following 2.5-kV electroporation in a Bio-Rad
Gene Pulser Xcell electroporator, the cell suspension was combined with 1
ml YPD with 0.5 M sorbitol, and cells were allowed to recover at 35°C in
the roller drum before being plated to the appropriate selective agar me-
dium.

Serum bottle fermentations. The strains were grown overnight in 5
ml YPD in 14-ml round-bottom tubes at 35°C in a roller drum. The
precultures were harvested by centrifugation, washed in 2 ml H2O, and
resuspended in 2 ml H2O. Then 100-�l cell suspensions were used to
inoculate 20 ml medium in 120-ml serum bottles. The bottles were sealed
with rubber stoppers. For flushed bottles, the headspace was evacuated
with a vacuum pump and replaced with a mixture of 95% N2 and 5% CO2

in 4 evacuation/fill cycles. To prevent excessive pressure buildup, the stop-
pers in the bottles with �40 g liter�1 glucose were pierced with a needle.
The bottles were incubated at 35°C in an orbital shaker at 175 rpm.

The defined medium consisted of glucose, 5 g liter�1 (NH4)2SO4, 3 g
liter�1 KH2PO4, 0.5 g liter�1 MgSO4 · 7 H2O, vitamins (set to pH 6.5) and
trace elements (29), Tween 80 (0.42 g liter�1), and ethanol-dissolved er-
gosterol (10 mg liter�1). Acetate was added to the medium as potassium
acetate (P1190; Sigma), and pH adjustments were made with HCl. All
medium components were filter sterilized.

Biomass analysis. Optical densities were determined at 600 nm using
a Molecular Devices SpectraMax M2 spectrophotometer. The cell weight
(dry weight) was determined by centrifuging 10 ml broth, washing with
H2O, and drying the pellet overnight at 105°C in a preweighed container.

Carbon balances. To determine carbon recoveries (calculated as
millimoles of carbon), concentrations of lactate, glycerol, acetate, ethanol,
and glucose were measured by high-performance liquid chromatography
(HPLC) for the medium and the end-of-fermentation samples. The car-
bon content of dry biomass was assumed to be 48% (wt/wt). CO2 produc-
tion was calculated based on the weight loss of the vented serum bottles.

Metabolite analysis. The extracellular concentrations of acetate, eth-
anol, glucose, glycerol, and lactate in the culture supernatant were deter-
mined with an Agilent 1200 series HPLC, using a Bio-Rad Aminex HPX-
87H ion-exchange column eluted with 5 mM H2SO4 at a flow rate of 0.7
ml min�1 at 65°C. All metabolites were detected with an Agilent 1200
series refractive index detector. To prepare for HPLC measurement, su-
pernatant samples were acidified with 20 �l of 10% H2SO4 per 400 �l
supernatant and run through a 0.2-�m microspin filter. Ethanol concen-
trations are reported as measured, but ethanol yields have been corrected
for the ethanol present in the defined medium.

Preparation of cell-free extracts for in vitro enzyme assays. The
strains were grown overnight in 5 ml YPD at 35°C in a roller drum. In an
oxygen-free chamber, 500-ml baffled shake flasks were filled with 200 ml
YPD (40 g liter�1 glucose, 5 g liter�1 acetate), inoculated with the over-
night cultures, and equipped with one-way venting valves. After 24 h of
incubation at 35°C and 120 rpm, cells were spun down at 4°C (5 min at
5,000 rpm), washed in H2O, and resuspended in H2O before aliquoting
and storage at �80°C. To prepare the cell extracts, frozen samples were
thawed and centrifuged to remove the supernatant. For the ACS and
glucose-6-phosphate dehydrogenase (G6PDH) assays, a 0.5-g cell pellet
was lysed by the addition of 1 ml Y-PER Plus reagent (78999; Thermo
Scientific) in the presence of 100 mM DTT and a 1:1,000 dilution of
protease inhibitor cocktail (P8215; Sigma). After a 20-min incubation at
4°C, the lysate was centrifuged for 5 min at 15,000 � g, after which the
supernatant was saved on ice for subsequent analysis. For the ADH assay,
up to half a gram (0.5 g) of cell pellet was washed and resuspended in 1 ml
of 100 mM potassium phosphate buffer (pH 7.5) containing 2 mM MgCl2
and 1 mM DTT. The cells were subsequently disrupted in a FastPrep
homogenizer (MP Biomedicals) in the presence of 0.75 g glass beads
(0.5-mm diameter) (11079105; BioSpec), in 4 bursts of 20 s with 1-min
cooldowns on ice in between. The lysate was centrifuged for 20 min at
15,000 rpm at 4°C, after which the supernatant was saved on ice for sub-
sequent analysis. Protein concentrations were determined with the Bio-
Rad protein assay (500-0006; Bio-Rad) using bovine serum albumin
(BSA) as the standard.

In vitro enzyme assays. (i) ACS. The in vitro ACS assay was based on
the acetic acid (ACS manual format) kit (K-ACET; Megazyme), which
relies on citrate synthase and L-malate dehydrogenase to link the acetyl-
CoA formation to NAD� reduction, and performed as previously de-
scribed (30). Cell extract replaced the sample, and the reactions were
started with 10 mM potassium acetate instead of ACS. Enzyme activities
were determined by observing NAD� reduction at 340 nm and 37°C.

TABLE 1 Strains used in this studya

Strain Genotype

M2390 MATa/MAT� (wild-type, industrial diploid S. cerevisiae strain)
M6571 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE
M6951 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE fcy1�::Eh-ADH1
M7888 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE fcy1�::Eh-ADH1 ylr296w�::pADH1-ZWF1
M7890 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE fcy1�::Eh-ADH1 ylr296w�::ACS2
M8031 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE fcy1�::Eh-ADH1 ylr296w�::[ACS2 pADH1-ZWF1]
M9188 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE ylr296w�::pADH1-ZWF1
M9190 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE ylr296w�::ACS2
M9192 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE ylr296w�::[ACS2 pADH1-ZWF1]
M9843 MATa/MAT� gpd1�::Ba-adhE gpd2�::Ba-adhE fcy1�::Eh-ADH1 ylr296w�::ACS2 apt2�::pHXT2-ZWF1
a All modifications are homozygous. With the exception of ZWF1, promoters and terminators used to express introduced genes have been omitted. Square brackets indicate
integration of multiple genes at a single locus. Ba-adhE, B. adolescentis adhE (GenBank accession no. BAF39100.1); Eh-ADH1, E. histolytica ADH1 (GenBank accession no.
M88600.1).
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(ii) ADH. The ADH assay was based on the method of Kumar et al.
(31). The assay mixture consisted of 50 mM glycine-NaOH buffer (pH
9.5) and 1 mM NADP�. The reaction was started with 100 mM ethanol.
Enzyme activities were determined by observing NADP� reduction at 340
nm and 35°C.

(iii) G6PDH. The G6PDH assay mixture contained 50 mM Tris-HCl
(pH 7.8), 5 mM MgCl2, and 0.6 mM NADP� (30). The reaction was

started with 5 mM glucose-6-phosphate. Enzyme activities were deter-
mined by observing NADP� reduction at 340 nm and 37°C.

RESULTS
Construction of a Gpd� ADA S. cerevisiae strain. To eliminate
glycerol formation and to complete the ACS/ADA/ADH pathway
for the conversion of acetate to ethanol, the glycerol-3-phosphate
dehydrogenase genes GPD1 and GPD2 were deleted in M2390, a
diploid wild-type S. cerevisiae strain used in the bioethanol indus-
try, and replaced with expression cassettes for the bifunctional
ADA/ADH-encoding adhE gene from Bifidobacterium adolescen-
tis (Ba-adhE), resulting in strain M6571.

When strain M2390 was grown on defined medium with 35 g
liter�1 glucose in oxygen-free bottles (flushed with a mixture of
95% nitrogen and 5% carbon dioxide), the addition of 6.0 g liter�1

acetate reduced the production of biomass and glycerol and in-
creased the ethanol titer, reflecting the toxicity of acetate (Fig. 2).
In contrast, the Gpd� Ba-adhE M6571 strain, in which the main
pathway for glycerol production was interrupted, failed to grow
unless acetate was added as an external electron acceptor. With
acetate, M6571 reached higher ethanol titers than M2390, primar-
ily the result of abolished glycerol production and increased ace-
tate consumption.

Strain M6571 was subsequently compared to strain M2390 at
glucose and acetate concentrations more representative of indus-
trial cellulosic hydrolysates. In unflushed YPD bottle fermenta-
tions with 117 g liter�1 glucose and 8.3 g liter�1 acetate, M6571
showed strongly reduced glycerol production (final titers of 2.6 	
0.0 and 0.1 	 0.0 g liter�1 for M2390 and M6571, respectively).
Acetate consumption increased from 0.6 to 1.3 g liter�1 (final
titers of 7.7 	 0.0 and 7.0 	 0.3 g liter�1), and the ethanol titer
increased from 51.6 	 0.1 to 54.1 	 0.3 g liter�1 (Fig. 3). Based on

FIG 2 Metabolite profiles of S. cerevisiae strains M2390 and M6571 cultivated
in flushed (95% N2-5% CO2) sealed serum bottles with defined medium (35 	
0.2 g liter�1 glucose with or without 6.0 g liter�1 acetate [pH 5.5]), sampled
after 70 h. The medium contained 1.0 	 0.1 g liter�1 ethanol due to ergosterol
addition. Bottles were run in triplicate, and error bars show standard devia-
tions. Genotypes: wt, wild type; Gpd�, gpd1� gpd2� deletion; Ba-adhE, B.
adolescentis adhE expression. OD600, optical density at 600 nm; AU, arbitrary
units.

FIG 3 Metabolite profiles of S. cerevisiae strains cultivated in unflushed vented serum bottles with YPD (117 g liter�1 glucose, 8.3 g liter�1 acetate [pH 5.5]),
sampled after 75 h. Bottles were run in triplicate, and error bars show standard deviations. Genotypes: wt, wild type; Gpd�, gpd1� gpd2� deletion; Ba-adhE, B.
adolescentis adhE expression; Eh-ADH1, E. histolytica ADH1 expression; ZWF1, ZWF1 overexpression with the ADH1 promoter; ACS2, ACS2 overexpression.
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the redox stoichiometry of displacing glycerol formation with the
conversion of acetate to ethanol (for calculations, see File S1 in the
supplemental material), a 2.5-g liter�1 lower glycerol titer should
result in an NADH surplus of 27 mM, allowing for consumption
of 0.8 g liter�1 acetate and production of an additional 1.8 g liter�1

ethanol (the extra ethanol comes both from acetate and from glu-
cose that is no longer converted to glycerol). The reasonably close
agreement between the theoretical and experimental numbers
matched our previous findings in Gpd� ADA strains (W. R. Sill-
ers, H. van Dijken, S. Licht, A. J. Shaw, A. B. Gilbert, A. Argyros,
A. C. Froehlich, J. E. McBride, H. Xu, D. A. Hogsett, and V. B.
Rajgarhia, November 2011, world patent WO2011140386) and
supported our assumption that B. adolescentis adhEp is predomi-
nantly NADH specific, while suggesting that NADH availability in
strain M6571 is likely a limiting factor in the conversion of acetate
to ethanol.

Expression of Entamoeba histolytica ADH1. The main meta-
bolic pathways for glucose fermentation in S. cerevisiae are shown
in Fig. 4. By deletion of the GPD genes and expression of ADA in
strain M6571, the surplus NADH generated in the production of
biomass was successfully redirected from glycerol production to
conversion of acetate to ethanol via ACS/ADA/ADH. However,
wild-type S. cerevisiae strains have limited flexibility to generate
additional NADH during anoxic conditions without incurring a
great loss in ethanol yield and initiating undesirable by-product
formation. For example, excretion of one pyruvate generates one
NADH but costs one ethanol. Production of acetate from acetal-
dehyde via NADH-specific aldehyde dehydrogenase generates

two NADH per ethanol sacrificed, but this directly counters the
desired conversion of extracellular acetate into ethanol.

Interestingly, anaerobic NADPH production in S. cerevisiae is
more flexible and can be more carbon efficient. The oxidative
pentose phosphate pathway (oxPPP) plays a crucial role in wild-
type S. cerevisiae strains in satisfying the biosynthetic NADPH
requirement (21, 32, 33) and can easily adapt to increased
NADPH demand (22). Whereas ethanolic fermentation via gly-
colysis produces equimolar amounts of ethanol and CO2, the ox-
PPP shifts this ratio toward CO2 production. The large difference
in the degree of reduction between ethanol and CO2 results in a
high electron yield of 6 NADPH per ethanol sacrificed (for calcu-
lations, see File S1 in the supplemental material).

The cytosolic ADH activity is predominantly NADH specific
during ethanolic fermentation in wild-type S. cerevisiae (19). We
hypothesized that introducing a cytosolic NADPH-specific alco-
hol dehydrogenase (NADPH-ADH) would increase the cell’s met-
abolic flexibility and allow for redox balancing between the
NADPH produced in the oxPPP and the NADH consumed in the
conversion of acetate to ethanol (Fig. 5). Stoichiometric calcula-
tions show that such an approach allows the conversion of up to
0.29 g acetate per g glucose. At this theoretical maximum, all ATP
generated in the fermentation of glucose would be dedicated to
converting acetate to ethanol, leaving no room for cellular growth
and maintenance, while two-thirds of all ADH activity would be
NADPH dependent (see File S1 in the supplemental material).

To test this hypothesis, we expressed ADH1 from the proto-
zoan parasite Entamoeba histolytica (Eh-ADH1), encoding an
NADPH-specific alcohol dehydrogenase with high activity and
affinity toward acetaldehyde (31), in strain M6571 to produce
strain M6951. The expression was confirmed with an in vitro en-
zyme assay, which showed a 10-fold increase in NADPH-ADH
activity in M6951 compared to that in M6571 (Table 2). Expres-
sion of Eh-ADH1 increased acetate consumption by 1.2 g liter�1

(final titer of 5.9 	 0.0 g liter�1) and ethanol production by 0.7 g
liter�1 (final titer of 54.8 	 0.1 g liter�1) in the YPD bottle fer-
mentations (Fig. 3). These titer changes were in agreement with an
oxPPP redox-balanced yield of 0.51 g ethanol per g acetate (for
calculations, see File S1 in the supplemental material).

Overexpression of ACS2 and ZWF1. The Gpd� Ba-adhE Eh-
ADH1 strain M6951 consumed 0.021 g acetate per g glucose (Fig.
3). Since this was still significantly below the theoretical maximum
of 0.29 g g�1, we explored additional genetic modifications.

We first focused on ZWF1, encoding glucose-6-phosphate de-
hydrogenase (G6PDH) (34), which catalyzes the first reaction of
the oxidative pentose phosphate pathway (Fig. 4). ZWF1 has been
linked to furfural and H2O2 tolerance (10, 35, 36), presumably by
providing NADPH for detoxification reactions, and has been
overexpressed to generate NADPH for xylitol production (37, 38).

Overexpression of ZWF1 in strain M6951 resulted in strain
M7888. Compared to that by M6951, acetate consumption by
M7888 (Gpd� Ba-adhE Eh-ADH1 ZWF1) increased by 1.4 g li-
ter�1 (final titer of 4.4 	 0.0 g liter�1) (Fig. 3), while the ethanol
titer increased by 0.7 g liter�1 (final titer of 55.4 	 0.1 g liter�1).
The final glycerol titer increased slightly from 0.1 	 0.0 to 0.3 	
0.0 g liter�1. A similar increase in glycerol production was ob-
served by Guadalupe Medina et al. after evolution of a Gpd� ADA
strain, which was speculated to be due to increased glycerolipid
degradation (23, 39).

We also targeted acetyl-CoA synthetase (ACS), which converts

FIG 4 Main redox pathways of interest in S. cerevisiae during anaerobic
growth on glucose. Glycolysis allows for the redox-neutral conversion of glu-
cose to ethanol and CO2. Redirecting glucose-6-phosphate (glucose-6-P) into
the oxidative pentose phosphate pathway generates net NADPH and addi-
tional CO2 at the expense of ethanol, whereas converting glucose to glycerol
consumes NADH. Converting acetate to ethanol in strains expressing heterol-
ogous NADH-specific ADA consumes NADH. Abbreviations: ACS, acetyl-
CoA synthetase; ADA, acetaldehyde dehydrogenase (acetylating); ADH, alco-
hol dehydrogenase; ALDH, nonacetylating acetaldehyde dehydrogenase;
GPD, glycerol-3-phosphate dehydrogenase; G6PDH, glucose-6-phosphate
dehydrogenase; DHAP, dihydroxyacetone phosphate; G3P, glycerol-3-phos-
phate; GAP, glyceraldehyde 3-phosphate.
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acetate to acetyl-CoA in the first reaction of the acetate-to-ethanol
pathway. ACS has been a target in multiple metabolic engineering
strategies with S. cerevisiae for overproduction of acetyl-CoA-de-
rived products (40–42), as well as for overproduction of NADPH
for aerobic xylitol production (43). We chose to overexpress
ACS2, which unlike ACS1 is not subject to glucose catabolite in-
activation (44).

Overexpression of ACS2 in strain M6951 resulted in strain
M7890. Compared to that by M6951, acetate consumption by
M7890 (Gpd� Ba-adhE Eh-ADH1 ACS2) increased by 0.6 g liter�1

(final titer of 5.3 	 0.0 g liter�1), while the ethanol titer increased
by 0.3 g liter�1 (final titer of 55.1 	 0.1 g liter�1) (Fig. 3).

Combining the overexpression of ACS2 and ZWF1 in strain
M6951 had a synergistic effect in the resulting strain M8031
(Gpd� Ba-adhE Eh-ADH1 ACS2 ZWF1). Acetate consumption

increased by 2.4 g liter�1 (final titer of 3.5 	 0.0 g liter�1), and
ethanol production increased by 1.0 g liter�1 (final titer of 55.7 	
0.1 g liter�1) (Fig. 3). Similar to M7888, M8031 showed a slightly
increased glycerol titer of 0.3 	 0.0 g liter�1. If we assume that the
oxPPP provides the electrons needed to convert acetate to ethanol,
the extra 3.6 g liter�1 acetate consumed by M8031 compared to
M6571 can be expected to allow the production of 1.8 g liter�1

ethanol, closely matching the experimental results. Compared to
the wild-type M2390 reference strain, M8031 showed an 8%
higher ethanol yield on glucose (0.48 	 0.0 g g�1 versus 0.44 	 0.0
g g�1), while acetate consumption increased from 0.005 	 0.000
to 0.041 	 0.000 g acetate per g glucose.

In vitro enzyme assays showed that overexpression of ACS2
in strains M7890 and M8031 increased ACS activity by approx-
imately 4-fold, whereas overexpression of ZWF1 in strains

FIG 5 Redox pathways in a Gpd� S. cerevisiae strain expressing NADH-specific acetaldehyde dehydrogenase (acetylating) (ADA) in the absence (top) or
presence (bottom) of cytosolic NADPH-specific alcohol dehydrogenase (ADH). The combined presence of NADH- and NADPH-specific ADH allows the redox
cofactors of the oxidative pentose phosphate pathway and the acetate-to-ethanol pathway to be matched, with ethanolic fermentation via glycolysis playing a
crucial role in exchanging NADPH for NADH.

TABLE 2 In vitro enzyme activities of NADPH-specific alcohol dehydrogenase, acetyl-CoA synthetase, and glucose-6-phosphate dehydrogenase

Strain Descriptiona

Enzyme activity (�mol min�1 mg protein�)b

NADPH-ADH ACS G6PDH

M2390 Wild type 0.002 	 0.000 0.03 	 0.00 0.18 	 0.08
M6571 Gpd� Ba-adhE 0.003 	 0.000 0.04 	 0.00 0.17 	 0.02
M6951 Gpd� Ba-adhE Eh-ADH1 0.031 	 0.003 0.04 	 0.00 0.17 	 0.03
M7888 Gpd� Ba-adhE Eh-ADH1 pADH1-ZWF1 NDc 0.03 	 0.00 5.46 	 0.14
M7890 Gpd� Ba-adhE Eh-ADH1 ACS2 ND 0.17 	 0.05 0.23 	 0.04
M8031 Gpd� Ba-adhE Eh-ADH1 ACS2 pADH1-ZWF1 ND 0.11 	 0.03 4.49 	 0.52
M9843 Gpd� Ba-adhE Eh-ADH1 ACS2 pHXT2-ZWF1 0.033 	 0.002 0.13 	 0.02 0.71 	 0.05
a Gpd�, GPD1/GPD2 deletion; Ba-adhE, B. adolescentis adhE acetaldehyde dehydrogenase (acetylating), Eh-ADH1, E. histolytica ADH1.
b Values represent the average 	 SD for duplicate cultures. NADPH-ADH, NADPH-specific alcohol dehydrogenase; ACS, acetyl-CoA synthetase; G6PDH, glucose-6-phosphate
dehydrogenase.
c ND, not determined.
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M7888 and M8031 increased G6PDH activity by ca. 26-fold
(Table 2).

Role of Eh-ADH1 in strains overexpressing ACS2 and ZWF1.
To confirm that Eh-ADH1 played its envisaged role as redox bal-
ancer, we deleted the gene in strains M7888, M7890, and M8031,
resulting in strains M9188, M9190, and M9192, respectively. All
three strains performed similarly to strain M6571 (Fig. 3) with
limited acetate consumption. This supports our assumption that
conversion of acetate to ethanol in M6571 is indeed primarily
NADH limited, since ACS2 overexpression loses its effectiveness
in strains lacking Eh-ADH1 (M9190 and M9192). It also provides
additional evidence that NADPH-specific Eh-ADH1 can success-
fully compete with endogenous cytosolic NADH-specific ADH
and allows NADPH generated in the oxPPP to be exchanged for
NADH for use by the NADH-specific ADA, since ZWF1 overex-
pression no longer benefits acetate consumption in strains lacking
Eh-ADH1 (M9188 and M9192).

Fine-tuning ZWF1 expression for anaerobic performance.
Whereas strains M7888 and M8031 performed well in unflushed
bottles with YPD medium (Fig. 3), we found that both ZWF1-
overexpressing strains grew poorly in bottles flushed with 95%
N2-5% CO2, especially in defined medium, resulting in high re-
sidual glucose and poor ethanol yields (Fig. 6). Whereas all bottles
with M7888 seemed to have stalled at ca. 80 g liter�1 glucose after
120 h, residual glucose for M8031 ranged from 2 to 61 g liter�1

among the replicates. With a gas-to-liquid ratio of 5:1, unflushed

bottles had an effective oxygen dose of ca. 43 mM. This might
allow for the respiration of ca. 1 g liter�1 glucose and might pro-
vide the ZWF1-overexpressing yeast strains the time and energy to
adapt to the anaerobic redox constraints. Alternatively, the oxy-
gen might simply allow for sufficient initial growth to allow the
fermentation to finish, even if growth slows once anoxic condi-
tions have been achieved.

In view of the very high G6PDH enzyme activity levels mea-
sured for the ZWF1-overexpressing strains M7888 and M8031, we
hypothesized that these strains might suffer from too much
G6PDH activity under anoxic conditions. Since robust anaerobic
performance is crucial for industrial application, we tried overex-
pressing ZWF1 in M7890 with a different promoter (pHXT2 in-
stead of pADH1), resulting in strain M9843 (Gpd� Ba-adhE Eh-
ADH1 ACS2 pHXT2-ZWF1). This moderated the ZWF1 activity
to 0.71 	 0.05 �mol min�1 (mg protein)�1, ca. 4-fold over the
wild-type level (Table 2), and greatly improved growth in flushed
bottles (Fig. 6).

The engineered strains that were able to finish in flushed bot-
tles with defined medium generally showed better acetate uptake
than those in unflushed YPD bottles (Fig. 6). Compared to that in
M2390, glycerol production was again greatly reduced in the
Gpd� Ba-adhE M6571 strain, with final titers of 4.0 	 0.1 and
0.1 	 0.0 g liter�1, respectively. Acetate uptake increased from 0.2
to 1.9 g liter�1 (with final titers of 8.1 	 0.0 g liter�1 for M2390 and
6.3 	 0.0 g liter�1 for M6571), and ethanol production increased

FIG 6 Metabolite profiles of S. cerevisiae strains cultivated in flushed (95% N2-5% CO2) vented serum bottles with defined medium (114 g liter�1 glucose, 8.3
g liter�1 acetate, pH 5.5), sampled after 120 h. The medium contained 0.7 g liter�1 ethanol due to ergosterol addition. Bottles were run in triplicate, and error bars
show standard deviations. Genotypes: wt, wild type; Gpd�, gpd1� gpd2� deletion; Ba-adhE, B. adolescentis adhE expression; Eh-ADH1, E. histolytica ADH1
expression; ZWF1, ZWF1 overexpression with either the ADH1 or HXT2 promoter; ACS2, ACS2 overexpression.
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by 4% (final titers of 51.1 	 0.3 and 53.3 	 0.1 g liter�1). Addi-
tional overexpression of Eh-ADH1, ACS2, and ZWF1 (the latter
under the control of pHXT2) in strain M9843 raised acetate con-
sumption by a further 3.4 g liter�1 (final titer of 3.0 	 0.1 g liter�1)
while increasing ethanol production by 1.2 g liter�1 (final titer of
54.6 	 1.0 g liter�1), somewhat less than the 1.7 g liter�1 extra
ethanol expected based on the difference in acetate uptake, which
can partially be explained by a slight increase in glycerol produc-
tion to 0.2 g liter�1. M9843 consumed 0.046 	 0.001 g acetate per
g glucose and showed a 7% higher ethanol yield on glucose than
the wild-type reference strain M2390 (0.47 	 0.01 g g�1 versus
0.44 	 0.00 g g�1).

DISCUSSION
NADPH-ADH as a target for redox engineering. To our knowl-
edge, this study is the first to report the use of NADPH-specific
alcohol dehydrogenase in S. cerevisiae for the net production of
NADH during anaerobic ethanolic fermentation. Unlike previous
efforts to increase acetate consumption during ethanol fermenta-
tion by supplying additional NADH (24, 28; de Bont et al., world
patent WO2013081456), the use of NADPH-ADH does not re-
quire specific sugar substrates such as xylose or cosubstrates such
as glycerol. Our approach creates a tunable redox imbalance in
ethanolic fermentation, where NADH generated in glycolysis is
partially preserved and the increased demand for NADPH is ful-
filled by the oxidative pentose phosphate pathway. Celton et al.
used a stoichiometric model to estimate that the native pentose
phosphate pathway can generate as much as 140 mmol NADPH
per g CDW (22), significantly more than the anaerobic NADH
surplus of 5 to 11 mmol per g CDW (18, 21, 22). As such, NADPH-
ADH might be of use to other metabolic engineering projects in
yeast that involve electron-consuming side reactions of ethanolic
fermentation for which only NADH-consuming enzymes are
available. The applicability of NADPH-ADH in metabolic engi-
neering strategies was recently underlined by an in silico analysis of
cofactor swaps in a genome-scale metabolic model of S. cerevisiae,
where ADH was identified as a powerful target for overproducing
native metabolites (45).

Industrial acetate consumption strains. The acetate con-
sumption strains described in this study have glycerol-3-phos-
phate dehydrogenase genes GPD1 and GPD2 deleted. While a
convenient genetic modification to avoid competition for the an-
aerobic biosynthetic NADH surplus, Gpd� strains are known to
be sensitive to osmotic stress and to be less robust (23, 46). How-
ever, a reduction in glycerol formation is still very much desired
since it increases the ethanol yield. Therefore, to create industrially
applicable acetate consumption strains via the metabolic engi-
neering strategy presented, a future objective is to (partially) re-
enable glycerol formation while maintaining a careful balance be-
tween glycerol formation and acetate consumption, either
through single deletions of the GPD genes or downregulation of
their expression (47, 48).

In this light, it is interesting that while the ACS/ADA/ADH
pathway was first demonstrated in a gpd1� gpd2� background
(18), it has since been implemented in GPD1 GPD2 strains (24,
28), with Wei et al. reporting that glycerol production was kept in
check by selecting a better ADA enzyme. In contrast, de Bont et al.
(world patent WO2013081456) have explored partial GPD inac-
tivation.

With a consumption of 0.046 g acetate per g glucose, strain

M9843 reached 16% of the maximal theoretical uptake stoichiom-
etry. This suggests that there are still many opportunities to de-
bottleneck the pathway by optimizing enzymes and their expres-
sion levels. However, since the pathway to convert acetate to
ethanol requires an ATP investment, there is a trade-off between
acetate consumption and cellular growth. As such, the optimal
level of acetate consumption will likely have to be determined case
by case, depending on the exact metabolic pathways used, the
availability of sugars, acetate, and other cosubstrates in the me-
dium, inhibitor concentrations, the fermentation pH, and the rate
at which biomass needs to be produced during the fermentation.

In conclusion, the introduction of E. histolytica NADPH-
ADH, combined with overexpression of ACS2 and ZWF1, im-
proved acetate uptake in flushed bottles almost 3-fold compared
to that of our Gpd� Ba-adhE strain: from 0.017 	 0.000 g acetate
(g glucose)�1 with M6571 to 0.046 	 0.001 g acetate (g glucose)�1

with M9843. Our final M9843 strain consumed 5.3 g liter�1 ace-
tate during anaerobic fermentation of 114 g liter�1 glucose, pro-
ducing 3.4 g liter�1 more ethanol than the wild-type M2390 strain,
a 7% increase. Apart from increasing yields, converting acetate to
ethanol can further improve the economics of second-generation
biofuel production by reducing the substrate toxicity, improving
the strain tolerance, and reducing the need for pH control. This
metabolic pathway is therefore of high interest to the biofuel in-
dustry.
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