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Abstract

Background: Lignocellulosic materials are abundant and among the most important potential
sources for bioethanol production. Although the pretreatment of lignocellulose is necessary for
efficient saccharification and fermentation, numerous by-products, including furan derivatives, weak
acids, and phenolic compounds, are generated in the pretreatment step. Many of these components
inhibit the growth and fermentation of yeast. In particular, vanillin is one of the most effective
inhibitors in lignocellulose hydrolysates because it inhibits fermentation at very low concentrations.
To identify the genes required for tolerance to vanillin, we screened a set of diploid yeast deletion
mutants, which are powerful tools for clarifying the function of particular genes.

Results: Seventy-six deletion mutants were identified as vanillin-sensitive mutants. The numerous
deleted genes in the vanillin-sensitive mutants were classified under the functional categories for
‘chromatin remodeling' and 'vesicle transport, suggesting that these functions are important for
vanillin tolerance. The cross-sensitivity of the vanillin-sensitive mutants to furan derivatives, weak
acids, and phenolic compounds was also examined. Genes for ergosterol biosynthesis were
required for tolerance to all inhibitory compounds tested, suggesting that ergosterol is a key
component of tolerance to various inhibitors.

Conclusion: Our analysis predicts that vanillin tolerance in Saccharomyces cerevisiae is affected by
various complicated processes that take place on both the molecular and the cellular level. In
addition, the ergosterol biosynthetic process is important for achieving a tolerance to various
inhibitors. Our findings provide a biotechnological basis for the molecular engineering as well as for
screening of more robust yeast strains that may potentially be useful in bioethanol fermentation.

Background [1,2]. Bioethanol production generally utilizes derivatives
The production and utilization of bioethanol as an alter-  from food crops such as corn grain and sugarcane, but the
native fossil fuel have attracted attention in the effort to  limited supply of these crops can lead to competition
prevent global warming and improve energy reserves  between their use in bioethanol production and food pro-
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vision. Lignocellulosic materials such as crop residues and
wood chips are among the most important potential
sources for bioethanol production [3,4].

Lignocellulosic plant residue contains up to 70% carbohy-
drates (as cellulose and hemicellulose), so is a prominent
substrate for inexpensive bioethanol production [5].
However, due to the close association of cellulose and
hemicellulose with lignin in the plant cell wall, pretreat-
ment is necessary to make carbohydrates available for
enzymatic hydrolysis and fermentation [6]. For economic
reasons, dilute acid hydrolysis is commonly used to pre-
pare lignocelluloses for enzymatic saccharification and
fermentation [7]. Numerous by-products, including furan
derivatives, weak acids, and phenolic compounds, are
generated during pretreatment. It has been suggested that
many of these components inhibit the growth and fer-
mentation of yeast [8-10]. Furan derivatives such as fur-
fural and 5-hydroxymethylfurfural (HMF), which are
generated by the breakdown of sugars, have been reported
to be fermentation inhibitors [11]. Furfural and/or HMF
have been shown to reduce enzymatic and biological
activity and breakdown of DNA [12,13]. Phenolic com-
pounds such as vanillin and 4-hydroxybenzoic acid (HB),
generated by lignin degradation, have also been shown to
be potent fermentation inhibitors [11]. In particular,
vanillin has been suggested as a more effective inhibitor of
growth and bioethanol fermentation than the furan deriv-
atives, weak acids, and other phenolic compounds,
because vanillin inhibits fermentation at low concentra-
tions [11]. In Saccharomyces cerevisiae, vanillin is likely to
be converted to vanillyl alcohol and vanillic acid by oxi-
doreductase enzyme(s) [14], and a mutant of the mito-
chondrial superoxide dismutase (Mn-SOD) gene (SOD2)
was shown to exhibit enhanced vanillin-induced growth
inhibition [15]. However, to date there have been few
studies of the genes required for conferring tolerance to
vanillin in S. cerevisiae [15].

Collections of yeast deletion mutants can be powerful
tools: the function of particular genes can be clarified by
analyzing the phenotypes of mutants lacking genes of
interest; this is known as 'phenomics' [16-20]. An interna-
tional consortium has carried out the systematic deletion
of all of the open reading frames of S. cerevisiae by using a
polymerase chain reaction (PCR)-mediated gene deletion
strategy [16]. Recently, more than 62 genes were found to
be associated with a sensitivity to furfural using a S. cere-
visiae disruption library [21]. These results served as the
basis for a model of the furfural conversion pathway [22].

In this study, we screened the yeast deletion mutant col-
lection to identify the genes required for tolerance to
vanillin in S. cerevisiae. Moreover, the cross-sensitivity of
the vanillin-sensitive mutants to other inhibitors (for
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example, furan derivatives, weak acids, and phenolic com-
pounds) was examined. Here, we discuss the mode of
inhibition induced by vanillin and the design of a more
robust strain of S. cerevisiae to increase the efficiency of
bioethanol fermentation.

Results and discussion

Determination of experimental conditions for screening of
vanillin-sensitive strains

To determine suitable experimental conditions for the
evaluation of the sensitivity of the mutants to vanillin,
wild-type strain BY4743 was cultivated in YPD media con-
taining 0-10 mM vanillin. Figure 1 shows the growth
curves with various vanillin concentrations. At a vanillin
concentration of 5 mM, growth of the wild-type strain was
inhibited by approximately 50%. The growth inhibition
rate of strains exposed to vanillin was correlated with eth-
anol productivity (data not shown). Based on these
results, we selected YPD medium containing 5 mM vanil-
lin for further analysis, and the growth of the strains was
measured after incubation for 24 hours at 30°C to screen
for vanillin-sensitive mutants.

0.8

Growth ( ODgs)

Time (h)

Figure |

The effects of vanillin addition on the growth of S.
cerevisiae BY4743. Cells were grown in YPD medium sup-
plemented with vanillin at various concentrations, and cell
growth was monitored by measurement of optical density at
630 nm. Values are expressed as mean * standard deviation
from triplicate experiments.
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Screening of genes required for tolerance to vanillin

To identify vanillin-sensitive mutants, we screened the
complete mutant collection consisting of approximately
4700 diploid deletion strains. Prior to analysis of the data
to determine vanillin sensitivity, mutants that exhibited
considerable growth inhibition without vanillin treat-
ment were omitted (see methods). We then examined the
vanillin sensitivity of 4127 deletion mutants. The distri-
bution of the deletion-mutant vanillin sensitivity param-
eter was presented in a frequency distribution plot in
order to obtain an overall view of the effects of mutants on
vanillin sensitivity (Fig. 2). Among the 4127 deletion
mutants, we defined 76 strains (approximately 1.8% of all
strains) in which vanillin tolerance was less than 30% of
that of the wild-type strain. The genes deleted in these 76
mutants were considered to be those required for toler-
ance to vanillin.

Sensitivity to vanillin was yielded by deletion of the genes
listed in Additional file 1, which also provides a tentative
organization of the genes according to functional catego-
ries defined in the Munich Information Center for Protein
Sequences (MIPS) database (note that single genes are fre-
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Figure 2

Frequency distribution of vanillin sensitivity ofgene-
deletion mutants. Vanillin sensitivity is expressed as (BM/
BW)/(AM/AW). Mutants with (BM/BW)/(AM/AW) values
less than 0.3 were defined as vanillin-sensitive strains.
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quently placed under several different functional catego-
ries in this database). Figure 3 shows the results of the
classification of the deleted genes based on the functional
category listed in the MIPS database. This categorization
helped to clarify the gene functions involved in the toler-
ance to vanillin; in other words, the functional categories
that contain a high number of genes are thought to repre-
sent cellular functions that are important for conferring
the tolerance to vanillin. The results of this categorization
revealed that those deletions capable of conferring some
degree of vanillin sensitivity upon strains were more fre-
quently (more than 1.5-fold) included under the 'cell
cycle and DNA processing' and 'cellular transport, trans-
port facilitation, and transport routes' categories.

The 'cell cycle and DNA processing' category contained a
high number of genes involved in 'chromatin remodeling'
(11 out of 17 genes, Additional file 1). It has been
reported that the genes in this group were required for tol-
erance to DNA-damaging agents such as ionizing radia-
tion in S. cerevisiae [23]. Among the types of damage
caused by ionizing radiation, the most biologically rele-
vant lesions are DNA double-strand breaks (DSBs). It is
known that vanillin blocks DNA end-joining, which is a
major pathway of DSB repair in mammalian cells, by
directly inhibiting the activity of DNA-dependent protein
kinase, a crucial non-homologous DNA end-joining
enzyme [24]. Based on this information, we speculated
that vanillin might cause serious DNA damage via two
processes, that is, DNA breakdown and during the subse-
quent DNA repair process.

The 'cellular transport, transport facilitation, and trans-
port routes' category frequently included genes involved
in 'vesicle transport' (12 out of 18 genes; see Additional
file 1). Moreover, 7 of the 12 genes involved in 'vesicle
transport' were required for rapamycin tolerance [25].
Whether the inhibitory mechanisms of vanillin were sim-
ilar to those of rapamycin remains uncertain.

Cross-sensitivity of vanillin-sensitive mutants to furan
derivatives, weak acids, and other phenolic compounds
Because the toxicity of inhibitors is enhanced by a combi-
nation of different inhibitory compounds [26], the over-
lap between a sensitivity to vanillin and to other
inhibitors (that is, furan derivatives, weak acids, and phe-
nolic compounds) was assessed by examining the cross-
sensitivities of the mutants identified as being vanillin-
sensitive. To determine suitable measurement conditions,
we cultivated BY4743 cells according to the same method
as used in the assessment of vanillin sensitivity. We deter-
mined the inhibitor concentration (that is, 50% inhibi-
tion of growth of the wild-type strain), and cross-
sensitivity was assessed under the conditions determined
as above (data not shown, see methods). Additional file 2
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Functional categorization of genes required for tolerance to vanillin (total number, 76) and of all genes in S.
cerevisiae. Classifications were performed based on the categories defined in the MIPS database using FunCat [31].

shows the sensitivity of all of the vanillin-sensitive
mutants to various inhibitors. We defined the genes
required for tolerance to each inhibitor; the threshold for
sensitivity was less than 0.3 (Additional file 2). To identify
correlations between gene function and the chemical
structure of the inhibitors, the functional distributions of
genes involved in conferring tolerance to each inhibitor
were categorized using the MIPS database (data not
shown). There did not appear to be any strong correla-
tions between chemical structure and gene function
required for tolerance, because the genes involved in tol-
erance to each inhibitor were not classified into specific
categories depending on chemical structures.

We found that the genes required for tolerance to all
inhibitors were significantly classified under the subcate-
gory 'tetracyclic and pentacyclic triterpene (cholesterin,
steroids, and hopanoids) metabolism', which is a subcate-
gory under 'metabolism'. The p value, which represented
the probability that the intersection of a given list with
any given functional category would occur by chance, for
each inhibitor was less than 0.001. This subcategory con-
tained genes encoding enzymes involved in the ergosterol
biosynthetic process (for example, ERG3, ERG6, ERG2
and ERG24). These findings strongly suggest that ergos-
terol, which is a ubiquitous component of cellular mem-

branes in yeast, is required for the acquisition of tolerance
to all of the inhibitors tested here. Because ergosterol is
transported throughout the cell via vesicular and non-
vesicular trafficking mechanisms [27], it is reasonable to
speculate that the sensitivity of vesicle transport-deficient
mutants to various inhibitors may be the result of defects
in the delivery of ergosterol to the proper location(s).
Recently, Aguilera et al. reported finding a correlation
between ergosterol and ethanol tolerance [28]. Taken
together, these results suggest that certain bioengineering
approaches to ergosterol biosynthesis such as molecular
breeding of yeast strains with a high ergosterol content
can overcome the limitations of bioethanol production
that are a result of the inhibitory effects on yeast growth
by the by-products of lignocellulose hydrolysis and etha-
nol. Ergosterol may also serve as a marker in screening for
strains that are suitable for bioethanol fermentation.

Conclusion

In this study, we successfully identified genes involved in
vanillin tolerance. These genes were classified as being
involved in a wide range of cellular processes, in particu-
lar, in chromatin remodeling and vesicle transport. We
speculate that vanillin tolerance in S. cerevisiae is affected
by various complicated processes that take place on both
the molecular and the cellular level. The results of cross-

Page 4 of 6

(page number not for citation purposes)



Biotechnology for Biofuels 2008, 1:3

sensitivity of the vanillin-sensitive mutants to other inhib-
itors indicated that the ergosterol biosynthetic process was
important for achieving tolerance to various inhibitors.
The data obtained in this study are expected to be useful
for molecular engineering as well as for screening for
more robust strains that may potentially be useful in
bioethanol fermentation.

Methods

Yeast strains and media

Saccharomyces cerevisiae BY4743 (MATa/o his3A1/his341
leu2A0/leu2A0 lys2A40/LYS2 MET15/met1540 ura3A40/
ura340) and the complete collection of diploid deletion
strains (MATa/a) constructed by the insertion of kanMX4
cassettes (geneticin resistance) as selective markers to the
genome of BY4743 [16] were obtained from EUROSCARF
(European Saccharomyces cerevisiae archive for functional
analysis).

Yeast cells were grown at 30° C on solid and in liquid YPD
medium consisting of 10 g of yeast extract (Difco labora-
tories, Detroit, MI, USA), 20 g of peptone (Difco) and 20
g of glucose (per liter). Deletion mutant strains were
maintained on YPD agar supplemented with 200 pg/ml of
geneticin (Sigma-Aldrich, St Louis, MO, USA). Sensitivity
to vanillin was assessed using YPD containing 5 mM
vanillin (Nacalai Tesque, Kyoto, Japan).

Identification of gene deletions yielding sensitivity to
vanillin

Deletion mutant and wild-type strains were inoculated
into 100 ul YPD liquid medium in microtiter plates
(Corning Inc, Corning, NY, USA) using a 48-pin replicator
(Funakoshi, Tokyo, Japan) and then the inoculates were
cultivated at 30°C for 48 hours (preculture). Using the 48-
pin replicator, portions (1.2 ul) of the preculture were
transferred into 100 pl YPD and YPD containing 5 mM
vanillin, and then the cultures were incubated for 24
hours at 30°C. The optical density at 630 nm (ODy;,) of
the cultures was measured using a microtiter-plate reader
(EIx800, BioTek, Winooski, VI, USA). To maximize stand-
ardization and reproducibility for each run, the quantita-
tive growth data measured in each microtiter plate were
normalized to the average response of three replicates of
the wild-type strain (BY4743) included in each run.

Four parameters were used in the data analysis of the sen-
sitivity to vanillin in the deletion mutants: (1) AM,
defined as the OD,, of mutant strains in YPD medium,
(2)BM, defined as the ODg;, of mutant strains in YPD
with 5 mM vanillin, (3) AW, defined as the OD,, of
BY4743 (wild-type strain) in YPD medium, and (4) BW,
defined as the OD;, of BY4743 in YPD with 5 mM vanil-
lin. Mutants that exhibited considerable growth inhibi-
tion in YPD medium (that is, AM/AW < 0.9) were
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excluded from further data analysis. The value of (BM/
BW)/(AM/AW) was used as the parameter for sensitivity
to vanillin. In this calculation, AM/AW values were used
to compensate for growth defects in samples without
vanillin treatment.

Classification of genes

Genes were assigned to functional categories using the
MIPS database [29] and the Saccharomyces Genome Data-
base [30].
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Cross-sensitivity of vanillin-sensitive mutants to various inhibitors. This
list shows the cross-sensitivity of the vanillin-sensitive mutants to various
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