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Biofuels derived from lignocellulosic biomass hold promises for a sustainable fuel economy, but several
problems hamper their economical feasibility. One important problem is the presence of toxic compounds in
processed lignocellulosic hydrolysates, with furfural as a key toxin. While Saccharomyces cerevisiae has some
intrinsic ability to reduce furfural to the less-toxic furfuryl alcohol, higher resistance is necessary for process
conditions. By comparing an evolved, furfural-resistant strain and its parent in microaerobic, glucose-limited
chemostats at increasing furfural challenge, we elucidate key mechanism and the molecular basis of both
natural and high-level furfural resistance. At lower concentrations of furfural, NADH-dependent oxireductases
are the main defense mechanism. At furfural concentrations above 15 mM, however, 13C-flux and global
array-based transcript analysis demonstrated that the NADPH-generating flux through the pentose phosphate
pathway increases and that NADPH-dependent oxireductases become the major resistance mechanism. The
transcript analysis further revealed that iron transmembrane transport is upregulated in response to furfural.
While these responses occur in both strains, high-level resistance in the evolved strain was based on strong
induction of ADH7, the uncharacterized open reading frame (ORF) YKL071W, and four further, likely NADPH-
dependent, oxireductases. By overexpressing the ADH7 gene and the ORF YKL071W, we inversely engineered
significantly increased furfural resistance in the parent strain, thereby demonstrating that these two enzymes
are key elements of the resistance phenotype.

A whole range of biofuels are currently being investigated as
potential candidates to contribute to future energy and envi-
ronmental goals (8, 11, 16, 49). The basis for such processes is
mainly plant-based carbohydrates. Despite the advantage of
their high abundance and low cost, biofuel production remains
an economic challenge for several reasons that include expen-
sive and inefficient hydrolysis prior to fermentation, subopti-
mal yields and production rates, and process scale-up problems
(31).

One problem that influences yields and production rates is
the primary occurrence of sugars in polymeric forms that are
tightly packed and closely associated with other cellular com-
ponents and hence inaccessible for good-fermenting microor-
ganisms. Therefore, plant biomass is pretreated under harsh
physicochemical conditions to break down the pentose-con-
taining hemicelluloses and to partially fragment the almost
crystalline cellulose fibers. An inevitable consequence of this
pretreatment is undesired side reactions such as lignin break-
down and water elimination from monomeric sugars, which
generate toxic compounds that inhibit Saccharomyces cerevisiae
and other microorganisms (10, 23, 24, 51). A key compound is
the aldehyde furfural, an elimination product from 5-carbon
sugars that occurs under the typical high-temperature and

low-pH conditions during biomass pretreatment (46). It deter-
mines the toxicity of lignocellulosic hydrolysates to a large
extent (18).

Owing to its relevance to biofuels, several studies assessed
furfural toxicity and resistance mechanisms. Since it is a quite
reactive aldehyde, the primary resistance mechanism is its con-
version to less-toxic compounds. The key conversion is the
reduction to furfuryl alcohol (18, 29, 32, 34), but the oxidation
to furoic acid has also been observed, especially under respi-
rative conditions (45). It is known that overexpression of sev-
eral endogenous genes can increase yeasts’ furfural reduction
capacity, at least in vitro (28, 36). The reduction is generally
believed to depend on NADH (34, 35), although there are
strong indications that NADPH-dependent processes are also
involved (28, 36).

In more global discovery approaches, genes that are vital for
furfural resistance have been identified. Screening of a gene
disruption library revealed that several dehydrogenases and
some pentose phosphate pathway genes are important resis-
tance elements (17). Recently, untargeted comparative pro-
teomics demonstrated the importance of dehydrogenases and
the tricarboxylic acid cycle when growth was stopped instanta-
neously by the addition of furfural (27). Moreover, yeasts have
been adapted in long-term evolution experiments to higher
concentrations of furfural, yielding strains with increased re-
duction activities (29) or increased viability (18). Despite these
studies, we lack a clear understanding of resistance, with open
key questions that include the in vivo source of reduction
equivalents, the molecular identification of enzymes that cat-
alyze the reduction, and whether other cellular processes are
also relevant. Notably, the in vivo relevance of the above-
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identified genes to actually improve furfural tolerance has not
yet been demonstrated, with the exception of the overexpres-
sion of ZWF1 in the study by Gorsich and coworkers (17).

Here, we elucidate the functional basis of furfural resistance
by comparing a semi-industrial, furfural-adapted Saccharomy-
ces cerevisiae strain with increased viability under high concen-
trations of furfural to its parent by means of a metabolic flux
(41) and global transcript analysis. Pivotal for this study is the
use of chemostat cultures that allows us to study the furfural
impact on steady-state growth, specifically avoiding the other-
wise inevitable indirect effects of reduced or stopped growth
(1, 9, 13, 19, 27). We reveal physiological and molecular fea-
tures crucial for resistance and identify several genes involved
in resistance. By overexpression of two identified key genes, we
demonstrate the improved resistance of S. cerevisiae against
furfural.

MATERIALS AND METHODS

Strains and cultivation. Throughout, we used the two S. cerevisiae strains
TMB3400 (48) and TMB3400-FT30-3 (18). For chemostat and batch experi-
ments, minimal media containing main and tracer salts, as described in reference
47, with 5 g liter�1 of glucose buffered with 50 mM potassium hydrogen phthalate
at pH 5, were used. Furfural was added at the desired concentrations, and the
media were sterilized by filtration.

We performed chemostat fermentations in 300-ml bioreactors filled with 200
ml media at 30°C and stirred at 250 rpm, and the dilution rate was set to 0.1 h�1.
To ensure microaerobic conditions, the reactors were flushed with N2 (O2 � 2
ppm) at a rate of 100 ml min�1. This leads to a maximal oxygen feed of 1.3 �mol
h�1 that suffices to ensure the S. cerevisiae minimal requirement for oxygen to
synthesize unsaturated fatty acids and sterols of 70 pmol g of cells (dry weight)�1

(gcdw
�1) h�1 (adapted from reference 38). After the batch phase, a furfural-free

feed was started, and the cells were allowed to attain steady state for at least 4
volume changes. Then, the feed was exchanged by with furfural-containing feed.

Batch cultures were done in an aerobic shake flask with the identical medium
that was used for the chemostat experiments, with the exception of 11 mM
furfural. Precultures were grown to mid-exponential phase in cultures supple-
mented with G418 in the case of the plasmid-based overexpression strains and
then used to inoculate the culture.

Metabolic flux analysis. Generally, metabolic fluxes were determined as de-
scribed previously (12, 52, 53). The furfural-containing feed was replaced after at
least 5 volume changes by an identical medium containing [1-13C]glucose instead
of naturally labeled glucose. Samples for metabolic flux analysis were withdrawn
after at least 0.7 volume changes with the labeled feed. The exact time span
between feed change and sample withdrawal was recorded for later calculation
of the percentage of unlabeled biomass at the sampling time point. The cells
were washed twice with ultrapure water and stored at �20°C for later analysis.
Hydrolysis of cellular proteins was performed in 6 M HCl overnight at 105°C,
and the samples were dried under airflow. The amino acids were then derivatized
with N-tert-butyl-N-dimethylsilylacetamide in dimethylformamide at 95°C for 1 h.
These samples were injected into a gas chromatograph coupled to a mass spec-
trometer to measure the fractional labeling of amino acids. Data analysis and
determination of the fraction of serine coming from glucose metabolized through
glycolysis were performed with the “ratio” module from the FiatFlux software
package (53). The fraction of unlabeled biomass was estimated with e�Dt, where
D is the dilution rate and t the time span between the switch to the labeled feed
and sampling. The relative pathway usage between the pentose phosphate path-
way and glycolysis was estimated with the “netto” module of the FiatFlux soft-
ware. A detailed experimental guideline is given elsewhere (52). For flux esti-
mations used to calculate the regeneration and consumption of redox equivalents
and carbon balances, the following simplified stoichiometric model was used for
the flux analysis (adapted from reference 4): glucose 3 glucose-6-phosphate,
glucose-6-phosphate � 2 NADP�3 pentose-5-phosphate � 2 NADPH, 2 pen-
tose-5-phosphate 3 seduheptulose-7-phosphate � glyceraldehyde-3-phosphate,
seduheptulose-7-phosphate � glyceraldehyde-3-phosphate 3 erythrose-4-phos-
phate � fructose-6-phosphate, pentose-5-phosphate � erythrose-4-phosphate3
fructose-6-phosphate � glyceraldehyde-3-phosphate, glyceraldehyde-3-phos-
phate � NAD� 3 serine � NADH, serine � NADH 3 glycine � NAD�,
glucose-6-phosphate 3 fructose-6-phosphate, fructose-6-phosphate 3 glyceral-

dehyde-3-phosphate, glyceraldehyde-3-phosphate � NAD� 3 phospho-enol-
pyruvate � NADH, glyceraldehyde-3-phosphate � NADH3 glycerol � NAD�,
phospho-enol-pyruvate 3 pyruvate, pyruvate � NADP�3 acetate � NADPH,
pyruvate � NADH3 ethanol � NAD�, pyruvate3 oxoglutarate, oxaloacetate,
acetyl-coenzyme A, furfural � 1/2 NADP� � 1/2 NAD� 3 2-furoic acid � 1/2
NADPH � 1/2 NADH.

The cofactor preference for the last reaction is not known. For this reason and
because 2-furoic acid production was less than 0.5% of total cofactor turnover,
we evenly partitioned it between the two cofactors. Biomass was assumed to be
composed as follows (values in mmol gcdw

�1) (adapted from reference 25):
glucose-6-phosphate, 1.911; pentose-5-phosphate, 0.351; gylceraldehyde-3-phos-
phate, 0.363; erythrose-4-phosphate, 0.289; phospho-enol-pyruvate, 0.579; oxa-
loacetate, 1.332; serine, 0.203; glycine, 0.318; acetyl-coenzyme A, 1.552; oxalo-
glutarate, 0.997; pyruvate, 2.386; NADPH, 11.249; and NADH, 0.118.

Transcript analysis. Samples for analysis were withdrawn after at least 3
volume changes after the switch from furfural-free feed to furfural-containing
feed. Three biological replicates were taken from separate chemostat runs for
each condition and strain. After centrifugation for 3 min at room temperature,
the samples were washed with RNase-free buffer containing 10 mM Tris-HCl
and 10 mM EDTA at pH 5. Cell pellets were stored at �80°C for later process-
ing. The cells were disrupted using 500-�m glass beads on a Vortex-Genie II
TurboMix tissue lyser. Subsequently, RNA was extracted with a Qiagen RNA
extraction kit according to the manufacturer’s protocol and stored at �80°C. The
obtained RNA was hybridized to Affymetrix GeneChip yeast genome 2.0 arrays
that were scanned with a GeneChip scanner 3000.

Transcript data analysis was conducted with the R Bioconductor package
(release 2.2) (http://www.bioconductor.org). Analysis was performed as de-
scribed previously (14). In brief, the raw intensity data were normalized on
quantiles, and background and perfect match/mismatch were corrected with the
MAS algorithm and summarized according to the Li-Wong method to yield
probe set intensities. Quality control of obtained data was performed as de-
scribed previously (see chapter 3 of reference 14). To find differentially expressed
genes, a moderated t statistic was used (42). For further analyses such as gene
ontology searches, only open reading frames (ORFs) with a P value of less than
0.01 were considered. Clustering of probe set intensities was performed with the
R cluster package. Gene ontology search was performed with the GO term finder
of the Saccharomyces Genome Database (http://www.yeastgenome.org) (5), the
P value was set to �0.01, and the background set consisted of all features that
have GO annotations in the database. At the time of query, this set counted 7,163
features.

Transcript data can be downloaded from the GEO database under the acces-
sion number GSE18314 (http://www.ncbi.nlm.nih.gov/projects/geo/).

Sporulation and analysis of segregants. To force the diploid strains to undergo
meiosis, the yeasts were spread on agar slants containing 6 g liter�1 potassium
acetate and 0.5 g liter�1 glucose at pH 7 and incubated for 3 to 5 days at 25°C.
Tetrads were digested with 500 U ml�1 zymolyase and dissected with a dissection
scope on agar slants containing 1% yeast extract, 2% peptone, and 2% glucose.
The segregants were allowed to grow at room temperature for 3 to 4 days. From
a mid-exponential-phase preculture in minimal medium, an aerobic shake flask
with minimal medium containing 17 mM furfural was inoculated at 0.025 gcdw

liter�1. Lag phases are determined by the x-axis intercept of the intersection
from the linearized exponential-growth curve, with the baseline showing the
absence of growth.

Genetic constructs and sequencing. Standard molecular biology techniques
were used for all cloning steps (39). Yeast plasmid transformations were carried
out according to Gietz and Schiestl (15). The Phusion high-fidelity DNA poly-
merase (Finnzymes) was used for all PCRs. A plasmid carrying a G418 resistance
marker and the GPD promoter was cloned by ligating the KpnI/NotI fragment of
pRS420 (Addgene) with the KpnI/NotI-digested PCR product amplified from
p426GPD with the primers 5�-TCTAGGCGGCCGCGAGCTCAGTTTATCAT
TATC-3� and 5�-GTAAAACGACGGCCAG-3�, yielding the plasmid pDH20.
ADH7 was amplified from a TMB3400-FT30-3 segregant with the primers 5�-G
TACACTAGTCCTGCTTTAGATGTTGCTTGA-3� and 5�-TCTTAGTACTC
GAGTGGGTCATGATAAATTCCG-3�, digested with SpeI/XhoI, and ligated
into the SpeI/XhoI vector fragment of pDH20. YKL071W was amplified with the
primers 5�-TAGGGATCCGCCTTTACCAGTGGCATAAATC-3� and 5�-TCT
TAGTACTCGAGTTGCACTTATCTAAAAGACGC-3�, digested with BamHI/
XhoI, and ligated into the BamHI/XhoI vector fragment of pDH20.

To sequence the DNA upstream of ADH7, genomic DNA of four segregants
for each strain was PCR amplified with the primers 5�-TCC ACT AGA TTG
AGA CCA GCC-3� and 5�-TTG CGT TGG AAA TAC CGA TG-3�. The same
primers were used for sequencing with the Sanger method. To sequence the
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coding region of ADH7, the same primers used for cloning the ADH7 genes were
used to amplify and to perform the sequencing.

RESULTS

Metabolic characterization of parent and evolved strains.
Since yeasts’ main resistance strategy of furfural reduction (18,
29, 32, 34) requires a constant supply of reduction equivalents,
we used metabolic flux analysis to elucidate which redox co-
factor is used in vivo. An increased flux through glycolysis or
the tricarboxylic acid cycle, accompanied by a decreased pro-
duction of glycerol and ethanol, would be indicative for a
larger supply of NADH. An increased flux through the pentose
phosphate pathway, through the malic enzyme, or to acetate
would indicate a larger supply of NADPH.

To address this question, we chose an environment with a
constant growth rate and steady furfural stress. Specifically, we
cultivated the previously evolved furfural-resistant strain
TMB3400-FT30-3 (18), with increased viability at high concen-
trations of furfural, and its semi-industrial parent TMB3400
(48) in glucose-limited chemostats at a dilution rate of 0.1 h�1.
To mimic industrial process conditions, the cultivation was
done under microaerobic conditions by flushing with nitrogen
containing less than 2 ppm oxygen at a rate that suffices to

support anaerobic yeast growth without the addition of ergos-
terol or Tween.

Upon achieving a physiological steady state in the unchal-
lenged culture, we added furfural to the feed and observed the
dynamics of attaining a new steady state. We probed concen-
trations ranging from 6 to 42 mM. There were no significant
physiological differences between the strains at the lower con-
centrations and those at 42 mM, and both parent and evolved
strain washed out. We then chose three interesting concentra-
tions for further analysis. At 15 mM furfural, we observed only
minor differences between the strains, at 25 mM, the physio-
logical differences became apparent, and at 36 mM, the parent
strain washed out but the evolved strain could cope with the
high and constant furfural challenge and attained a steady state
(Fig. 1). As expected, furfural reduction rates (measured as
furfuryl alcohol production rates) increased with increasing
concentrations of furfural in the feed for both strains (Table 1).

For each attained, furfural-challenged steady state, we then
determined metabolic fluxes with a labeling experiment using
1-13C-labeled glucose (12, 52). The carbon at the C-1 position
is lost from CO2 when glucose is metabolized through the
NADPH-generating pentose phosphate pathway but retained
when glucose takes the path through glycolysis. We then mea-
sured the label content in protein-bound serine, an amino acid
that originates from the merge point of glycolysis and the
pentose phosphate pathway, which gives information about the
relative pathway usage (12). From this label content, we cal-
culated the ratio of serine derived through the pentose phos-
phate pathway, as described earlier (12), with the Matlab-
based FiatFlux software (53). This ratio showed a marked
dependence on the furfural concentration for both strains (Fig.
2A). In the evolved strain, it rises from 0.08 at 15 mM furfural
to 0.33 at 36 mM furfural. The ratio in the parent strain was
0.18 at 25 mM furfural and indistinguishable from the evolved
strain (Table 1 and Fig. 2A).

We then determined absolute metabolic fluxes using the
ratio of serine derived through the pentose phosphate pathway
and the measured extracellular uptake and secretion rates as
constraints for a simplified stoichiometric network (Fig. 2B). In
addition to the increased pentose phosphate pathway flux,
furfural caused a slightly increased flux to acetate but did not
affect the secretion of glycerol. The tricarboxylic acid cycle was
omitted from the network because its redox reactions require
molecular oxygen in stoichiometric amounts for them to occur.

FIG. 1. Impact of increasing concentrations of furfural on steady-
state growth in glucose-limited chemostat culture of S. cerevisiae
TMB3400 (circles) and TMB3400-FT30-3 (triangles). Upon steady
state in the unchallenged culture at around 60 h, the feed medium was
switched to one containing 15, 25, or 36 mM furfural.

TABLE 1. Selected physiological parameters of chemostat cultivationsa

Strain

Furfural
feed

concn
(mM)

Specific production rates (mmol gcdw
�1 h�1)

Biomass yield
(gcdw mol�1)

Glucose
uptake

rate
(mmol
gcdw

�1

h�1)

Residual
furfural
concn
(mM)

Ratio of
serine

through PP
pathwayEthanol Acetate Glycerol Furoic acid Furfuryl

alcohol

TMB3400 15 5.5 � 0.7 0.13 � 0.02 0.048 � 0.007 0.051 � 0.007 1.8 � 0.2 0.027 � 0.003 3.7 � 0.4 0.8 � 0.3 ND
25 6.5 � 1.2 0.20 � 0.04 0.034 � 0.006 0.08 � 0.01 3.1 � 0.6 0.024 � 0.003 4.2 � 0.5 3.0 � 0.8 0.18 � 0.02
36 — — — — — — — — —

TMB3400-FT30-3 15 7.0 � 0.46 0.18 � 0.01 0.057 � 0.004 0.052 � 0.003 2.0 � 0.1 0.023 � 0.001 4.3 � 0.2 1.4 � 0.3 0.08 � 0.01
25 7.4 � 0.7 0.30 � 0.03 0.071 � 0.006 0.090 � 0.008 3.7 � 0.3 0.019 � 0.001 5.2 � 0.2 4.0 � 0.6 0.15 � 0.02
36 8.7 � 1.8 0.44 � 0.09 0.12 � 0.01 0.12 � 0.02 6.0 � 1.2 0.015 � 0.001 6.5 � 0.8 8.8 � 0.3 0.33 � 0.04

a PP, pentose phosphate; ND, not determined; —, washout occurred.
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Our microaerobic conditions provide oxygen that allow a max-
imal tricarboxylic acid cycle flux of around 4 �mol gcdw

�1 h�1

(calculated for the 36 mM furfural condition), which is negli-
gible (also see reference 22). Since our carbon balances closed
to at least 96%, we have sufficient evidence for only marginal
tricarboxylic acid cycle flux. Based on these data, we conclude
that the increased demand for reduction equivalents for fur-
fural reduction is supplied mainly by the in vivo increase of
pentose phosphate pathway activity.

To quantify the in vivo contribution of each redox factor to
furfural reduction, we calculated the rates of NADH and
NADPH regeneration and consumption based on the above-
determined fluxes. The regeneration exceeded the consump-
tion rate under all conditions, and this excess matched the
observed furfural reduction rate quantitatively (Fig. 3). At 15
mM furfural, the reduction can be covered entirely by NADH-
dependent reduction mechanisms, whereas NADH is not suf-
ficient anymore at 25 mM furfural. At the high concentration
of 36 mM furfural, more than half of the furfural reduction
depends on NADPH. We therefore conclude that at low con-
centrations of furfural, NADH-dependent reduction prevails.
As the furfural concentration rises above a critical limit that is
above 15 mM, S. cerevisiae increases its pentose phosphate
pathway flux to provide NADPH that is used for the reduction
reaction. Both strains increase their relative flux through the
pentose phosphate pathway upon furfural concentration in-

crease. We therefore conclude that the observed increases are
not specific to our evolved strain but are a general response of
yeast to furfural.

Transcriptional response to furfural stress. Which enzyme
does S. cerevisiae use to catalyze the reduction of furfural? The
usage of both NADH and NADPH as cofactors for reduction

FIG. 2. Effect of furfural on metabolic fluxes. (A) Ratio of serine derived through glycolysis in response to furfural for strains TMB3400
(triangle) and TMB3400-FT30-3 (circles). (B) Estimated flux distributions based on [1-13C]glucose experiments and culture physiology. The
thickness of the lines corresponds to the flux magnitude. The values are expressed as percent mole products per moles of consumed glucose. PP,
pentose phosphate.

FIG. 3. Redox cofactor usage for furfural reduction in TMB3400-
FT30-3 at 15, 25, and 36 mM furfural. The excess is calculated as the
difference between regeneration and the consumption rate of reduc-
tion equivalents, which were calculated based on the estimated meta-
bolic flux distributions.
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and the many oxireductases present in yeast render a large
number of known and unknown enzymes possible. To identify
the key genes, we performed a global microarray-based tran-
script analysis with RNA samples from all conditions and both
strains (9).

For a first overview and characterization of the transcrip-
tional response to furfural stress, we clustered the probe set
intensities for all strains and conditions with a hierarchical
clustering algorithm (Fig. 4A). This reveals that the condition
(furfural concentration) rather than the different strains is the
discriminating feature. To identify genes that are causally in-
volved in resistance, we applied differential expression analysis.
A remarkably small number of 14 and 21 genes changed their
expression more than twofold upon furfural increase from 15
to 25 mM in the parent and the evolved strain, respectively.
This low number indicates that only a few changes are respon-
sible for the observed physiological changes. It is also an indi-
cation that the chemostat setup indeed ensured a constant
growth environment that minimizes unspecific growth rate-
related responses. Among the most upregulated genes in both
strains upon furfural increase from 15 to 25 mM were the
oxireductases ADH7, GRE2, OYE3, AAD4, YML131W,
YDL124W, OYE2, and GCY1 (see Table S1 in the supplemen-
tal material). Six of them prefer NADPH as the cofactor (6, 7,
21, 26, 33, 44), while for AAD4 and YML131W, the cofactor
preference is not known (Saccharomyces Genome Database at
http://www.yeastgenome.org). This is consistent with our find-
ing that central carbon metabolism doubles the NADPH-gen-

erating pentose phosphate pathway fluxes upon 25 mM fur-
fural challenge. Hence, we speculate that all these enzymes
could be involved in the reduction of furfural.

Upon a further furfural increase from 25 mM to 36 mM that
only the evolved strain could support, the differential expres-
sion analysis reveals another increase in transcription of the
oxireductase genes GRE2, OYE2, OYE3, YML131W, and
ADH7, all of which were also induced upon furfural increase
from 15 to 25 mM. There is a linear correlation between the
observed reduction activities at 15, 25, and 36 mM furfural and
the increase in transcript levels of these five genes. This sug-
gests that these enzymes are directly involved in the reduction
of furfural. The oxireductase genes GCY1, YKL124W, and
AAD4, whose expression was induced from 15 to 25 mM, had
only slightly higher expression upon furfural increase from 25
to 36 mM furfural. They either are not directly involved in
furfural reduction or are already fully expressed at 25 mM. At
this higher furfural challenge, the pentose phosphate pathway
mRNAs for ZWF1, GND1, SOL3, and TKL1 also were more
abundant.

Besides the genes coding for oxireductases, the two ORFs
YKL071W and YLL056C that encode proteins of yet unknown
function were expressed at significantly higher levels at 25 and
36 mM furfural in both strains. For YKL071W, a protein ho-
mology search in the RCSB Protein Data Bank (http://www
.rcsb.org) revealed striking similarities with the Sniffer car-
bonyl reductases of Drosophila melanogaster (P value � 1.0 �
10�14) and Caenorhabditis elegans (P value � 1.3 � 10�10),
both preferring NADPH as their cofactor. Moreover, a search
for structural elements reveals a Rossmann fold (37), a protein
structural element serving as the NAD(P)H binding site. These
are strong indications that the ORF YKL071W encodes an
enzyme with reduction activity and suggest that it is involved in
the reduction of furfural and thereby for resistance. The ho-
mology search for the ORF YLL056C showed that the protein
sequence has homologies with the NADH-dependent dehy-
dratases DesIV from Streptomyces venezuelae and RMLB from
Streptococcus suis, with P values of 6.4 � 10�6 and 1.0 � 10�4,
respectively. Since the deduced protein sequence of YLL056C
contains NAD(P)H binding sites, we have some indication that
YLL056C also encodes a protein involved in the reduction
process.

Other cellular processes involved in resistance. Next, we
asked whether additional cellular processes are relevant for the
furfural response beyond the oxireductases and increased
NADPH supply. For this purpose, we performed a functional
gene ontology search on the transcript data with the 100 most
upregulated genes for both strains upon furfural increase from
15 to 25 mM (Fig. 4B). The outcome of this gene ontology
search led to the same results for parent and evolved strains.
Important functional groups/processes included in this set
were the already-mentioned oxireductases, endopeptidase ac-
tivity, and siderophore iron transmembrane transport. Genes
in the latter functional category were the most upregulated
genes in both strains at the 15 to 25 mM furfural and the 25 to
36 mM furfural steps (FIT2, FIT3, SIT1, and ARN1). A possi-
ble explanation could be a higher demand for iron upon fur-
fural stress, and indeed, we find slightly higher expression of
genes (0.1- to 0.5-fold) containing iron-sulfur clusters (MXR1,
NAR1, and GRX6) or involved in the biogenesis of iron-sulfur

FIG. 4. Effect of furfural on transcript levels. (A) Hierarchical clus-
tering of probe set intensities for all conditions and strains. (B) Gene
ontology displaying important processes upon furfural concentration
increase from 15 and 25 mM.
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enzymes (CFD1, NFS1, IBA57, ISU2, and DRE2). Not surpris-
ingly, some of these proteins are involved in response to oxi-
dative stress. An alternative, previously raised explanation (2)
could be damage to membranes that would result in iron leak-
age. However, typical genes involved in membrane synthesis
and function (such as the ERG and GPI genes) were not
differentially expressed in our data set, such that membrane
damage appears unlikely. We also observe that mRNAs for
heat shock proteins and DNA damage repair are more abun-
dant at 36 mM furfural rather than at 25 mM furfural, which
might reflect the general stress at this furfural concentration.

Transcriptional differences between parent and evolved
strains. Having revealed general mechanisms and processes
associated with furfural challenge, we next asked whether we
could identify genes that are important for the higher furfural
resistance of the evolved strain. A differential expression anal-
ysis at 15 mM furfural between parent and evolved strains
showed only slight differences that could not be associated with
any particular process or function (data not shown). We there-
fore compared the differential expression upon furfural con-
centration increase from 15 to 25 mM for both strains (Fig. 5).
Most striking was the more than 9-fold overexpression of
ADH7 in the evolved strain compared to only 1.3-fold overex-
pression in the parent. ADH7 encodes a NADPH-dependent,
medium-chain-length alcohol dehydrogenase with a broad sub-
strate specificity that includes aromatic compounds. It is a
member of the cinnamyl family of alcohol dehydrogenases and
is suspected to be involved in the buildup of fusel alcohols (26).
Nothing is known about the molecular function or the regula-
tion of ADH7. Together with the fact that ADH7 has been

shown to increase yeast reduction capacity in vitro (28), we
hypothesize that ADH7 is responsible for the reduction of
furfural and thereby for the resistance in the evolved strain.

In addition, transcript levels for the oxireductases GRE2,
AAD4, YDL124W, OYE3, YML131W, OYE2, and GCY1 were
generally higher in the evolved strain, with a t test P value of
0.1, than those for a random sample from the data set (Fig. 5).
In the parent, in contrast, more genes of the general stress
response were upregulated (most notably, genes encoding
pleiotropic drug resistance, heat shock, and DNA damage re-
pair proteins), indicating that the parent strain is more stressed
than the evolved strain at 25 mM furfural.

Inverse metabolic engineering of furfural resistance. Know-
ing the precise genetic basis of the furfural resistance would be
a prerequisite for inverse metabolic engineering (3) of this
phenotype into other strains. One important parameter in this
context is the number of alterations that are causal for the
mutant resistance. To address these issues, we first estimated
the genetic complexity of the evolved resistance trait. For this
purpose, we forced the diploid strain to undergo meiosis, sep-
arated the haploid segregants, and analyzed them for furfural
resistance. A total of 16 of the 17 sporulated diploid cells
showed a 2:2 inheritance ratio of the resistant trait, which
strongly indicated that the phenotype is caused by a single
alteration in the genome (30). The most striking difference
between the strains is the highly expressed ADH7 in the
evolved strain. Using DNA sequencing, however, we could not
detect any alterations in the 900-base-pair DNA region be-
tween ADH7 and the preceding ORF (YCR104W) or in the
structural ADH7 gene itself. Thus, increased ADH7 expression
in the evolved strain might be explained by an alteration in the
transcription factor of ADH7 or other regulatory mechanisms.

To verify that increased ADH7 expression is indeed respon-
sible for furfural resistance, we overexpressed the gene from
the constitutive GPD promoter in the parent strain TMB3400.
Furthermore, we also chose to overexpress YKL071W to test its
involvement in resistance, since it was the second most differ-
entially expressed gene upon furfural increase. The most pro-
nounced characteristic of furfural stress in batch cultures is
long lag phases, during which yeast reduces furfural to a level
permissive for growth (2, 18, 24). The duration of these lag
phases allows a good quantification of resistance level, whereas
chemostat experiments allow only a rough binary quantifica-
tion in the form of washout. We therefore grew the cells in
batch cultures in the presence of 11 mM furfural, which is
slightly higher than the maximal residual concentration of 8.8
mM furfural in our 36 mM furfural chemostat in which only
the evolved strain survived. Both the ADH7- and YKL071W-
overexpressing strains showed highly significant reduction of
the furfural-induced lag phase of about 30%, compared to that
of the control strain (Fig. 6). We therefore conclude that both
genes are directly involved in reducing furfural. The evolved
strain, however, showed an about 80% reduction of lag phase.
The NADPH-dependent furfural reduction activities in crude
cell extracts of ADH7 and YKL071W overexpression strains
were only about 30% higher than those in the control with the
empty plasmid, whereas the evolved strain shows 50% higher
reduction activity (data not shown), which might explain the
discrepancy in the observed lag-phase reduction.

FIG. 5. Differential gene expression upon increase of furfural con-
centration from 15 to 25 mM between evolved and parent strains.
Oxireductases are depicted as ‚ (YKL071W and YLL056C were as-
sumed to be dehydrogenases). The gray diagonal bar indicates the
distance interval from the diagonal, in which 98% of the data points
are populated. Hence, it gives a visual impression of the likelihood that
the dehydrogenases are overexpressed more strongly in the evolved
strain.
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DISCUSSION

By combining 13C-based metabolic flux and global gene ex-
pression analysis in microaerobic, glucose-limited chemostats,
we revealed key features of yeasts’ normal response to furfural.
While low concentrations of furfural (�15 mM) can be re-
duced by NADH-dependent oxireductases, the main physio-
logical response to higher concentrations of furfural (	15
mM) was increased in pentose phosphate pathway flux to pro-
vide sufficient NADPH for the reduction of furfural. In wild-
type yeast, upregulated expression of several genes coding for
NADPH-dependent oxireductases indicates their involvement
in the reduction of furfural. Moreover, our transcript data
show that genes for iron transmembrane transport are upregu-
lated in response to furfural. By comparing the transcript levels
of an evolved, furfural-resistant strain to those of its parent, we
demonstrated the key molecular mechanism of the evolved
furfural resistance to be the upregulation of the NADPH-
dependent dehydrogenase ADH7 and the uncharacterized
ORF YKL071W.

Previous chemostat studies showed that the cofactor for
furfural reduction is NADH, but only at low concentrations of
furfural, around 6 mM (20, 40). These strains were also much
less resistant than the semi-industrial strain TMB3400 used
here, such that washout already occurred at 8.6 mM furfural.
These results are consistent with our flux data at the furfural
concentration of 15 mM, where the NADH supply also seems
to suffice to quantitatively reduce furfural. At 25 and 36 mM
furfural, however, our redox balance data show clearly that the
in vivo available NADH would not suffice for furfural reduc-
tion. Therefore, we suggest the following model. Upon furfural
exposure, yeast preferentially ceases glycerol production as a
first means to free NADH to carry out the reduction (40). As
this source is exhausted, pentose phosphate pathway activity is
increased as a second mechanism to deliver more reduction
equivalents in the form of NADPH. Consistent with this
model, most of the upregulated genes in our data set at high
furfural challenge have a preference for NADPH, whereas
previously identified NADH-dependent genes (ADH1 and
ADH5) were not upregulated. These enzymes are possibly al-
ready fully expressed at 15 mM furfural. Our finding is consis-
tent with the study of Gorsich et al. (17) that demonstrated

that a knockout of pentose phosphate pathway genes leads to
an increased sensitivity at a high concentration of 50 mM
furfural on agar plates. The overexpression of ZWF1 provides
no growth advantage at low concentrations of furfural but
enables growth at otherwise lethal concentrations of 50 mM
furfural in liquid culture.

Lin and coworkers found that in batch cultures with a very
high concentration of 177 mM furfural, the yeast response
consists of an increase in enzymes catalyzing the reaction of the
tricarboxylic acid cycle and upregulation of mainly NADH-
dependent dehydrogenases and ADH6 as a NADPH-depen-
dent dehydrogenase (27). The conditions were fundamentally
different from our chemostat experiments for the following two
main reasons. First, the yeast was cultivated under aerobic
conditions, which would in principle allow an increase in tri-
carboxylic acid activity. Second, cell growth stopped com-
pletely after the addition of furfural, which strongly affects
metabolic activity (43, 50). Furthermore, since pentose phos-
phate pathway activity is regulated mainly at the posttransla-
tional level, a potential increase could not be detected by their
method.

We attribute the increased resistance of our evolved strain
to the observed strong overexpression of ADH7 and YKL071W
as well as to the generally higher levels of a further four
oxireductases. The higher expression of these genes leads to
the demonstrated higher maximal reduction capacity that en-
sures growth at high concentrations of furfural. By separate,
plasmid-based overexpression of ADH7 and YKL071W in the
parent strain, we demonstrate the relevance of both events in
furfural resistance. Neither of them alone, however, could fully
restore the observed resistance level of our evolved strain. We
contribute this difference mainly to the 50% higher in vitro
reduction activity of the evolved strain compared to only 30%
higher in vitro reduction activity of the plasmid-based overex-
pression strains. Moreover, several further dehydrogenase
genes are upregulated upon furfural increase in the evolved
strain, cumulating in a higher total reduction activity, which
might allow the strain to attain a higher level of resistance.

The inheritance pattern of the resistant trait indicates a
single genome alteration that would be causal for the observed
phenotype. Since several dehydrogenases were upregulated
and neither ADH7 nor YKL071W overexpression alone was
sufficient to restore the evolved phenotype, we speculate that a
regulatory mutation is the basis for the altered expression level
of these genes that conjointly lead to furfural resistance.
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