J Ind Microbiol Biotechnol (2014) 41:1637-1645
DOI 10.1007/s10295-014-1515-3

BIOENERGY/BIOFUELS/BIOCHEMICALS

SIMB

Society for Industrial Microbiology
and Biotechnology

High vanillin tolerance of an evolved Saccharomyces cerevisiae
strain owing to its enhanced vanillin reduction and antioxidative

capacity

Yu Shen - Hongxing Li - Xinning Wang -
Xiaoran Zhang - Jin Hou - Linfeng Wang - Nan Gao -
Xiaoming Bao

Received: 16 April 2014 / Accepted: 19 September 2014 / Published online: 28 September 2014

© Society for Industrial Microbiology and Biotechnology 2014

Abstract The phenolic compounds present in hydro-
lysates pose significant challenges for the sustainable lig-
nocellulosic materials refining industry. Three Saccharomy-
ces cerevisiae strains with high tolerance to lignocellulose
hydrolysate were obtained through ethyl methanesulfonate
mutation and adaptive evolution. Among them, strain
EMV-8 exhibits specific tolerance to vanillin, a phenolic
compound common in lignocellulose hydrolysate. The
EMV-8 maintains a specific growth rate of 0.104 h™! in
2 g L™! vanillin, whereas the reference strain cannot grow.
Physiological studies revealed that the vanillin reduction
rate of EMV-8 is 1.92-fold higher than its parent strain,
and the Trolox equivalent antioxidant capacity of EMV-8 is
15 % higher than its parent strain. Transcriptional analysis
results confirmed an up-regulated oxidoreductase activity
and antioxidant activity in this strain. Our results suggest
that enhancing the antioxidant capacity and oxidoreductase
activity could be a strategy to engineer S. cerevisiae for
improved vanillin tolerance.
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Introduction

Encouraged by the high potential of using biofuels and bio-
chemicals to partly substitute for petrochemical products,
much effort has been dedicated to constructing powerful
cell factories to produce biofuels and biochemicals from
lignocellulosic materials, which are natural, abundant,
and renewable [8, 18, 24]. However, during the degrada-
tion of the lignocellulosic materials, inhibitor compounds,
including organic acids, furans, and phenolics, are inevi-
tably formed with the release of sugars [8, 18, 19]. These
inhibitors stunt the growth and block the metabolism of the
microorganisms. Saccharomyces cerevisiae is considered to
be a highly competitive cell factory for biorefining as it is
robust and safe, and genetic manipulation is easy [11, 24].
A better understanding of the mechanisms that underlie the
S. cerevisiae tolerance to the inhibitors is essential for the
rational design and construction of a yeast cell factory.
Extensive research has revealed the harm that the weak
acids and furans can exert, and how the S. cerevisiae can
resist them. Undissociated acetic acid in the strain growth
environment moves across the membrane through the
Fpslp channel and then dissociates in the neutral cyto-
plasm, leading to acidification of the cytosol [16]. Cells
degrade the Fpslp channel when Hoglp is activated by
the increased intracellular acetate anion pool, to avoid fur-
ther damage [15, 16]. The furan compounds [furfural and
5-hydroxymethylfurfural (HMF)] induce the accumulation
of ROS in S. cerevisiae [1], reduce enzymatic and bio-
logical activity, break down DNA, and inhibit protein and
RNA synthesis [10]. The furfural and HMF tolerance of S.
cerevisiae is mainly associated with the strain’s capacity
to transform furfural and HMF into the less toxic furfuryl
alcohol and 2,5-bis-hydroxymethylfuran, respectively [6,
10, 13]. However, only limited studies have been carried
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out on yeast tolerance to low-molecular-weight phenolic
compounds generated from lignin hydrolysis, which are
very toxic to S. cerevisiae [19]. The type of phenolic com-
pounds in the hydrolysate are material dependent, vanil-
lin is a commonly used example. It was reported that the
vanillin acts at a low concentration, affecting membrane
components and function, and causing serious DNA dam-
age [2—4]. The genes encoding the ergosterol biosynthetic
enzymes were screened out using a set of diploid yeast
deletion mutants, and were proposed to be associated with
vanillin tolerance. This is because ergosterol is important
for maintaining the fluidity and stability of the membrane
[4]. However, knowledge about the toxicity of vanillin is
still limited, and the mechanism by which the S. cerevisiae
resist the intracellular vanillin is not clear.

In the present work, three S. cerevisiae strains with high
tolerance to the inhibitors present in steam-exploded corn
stover were obtained by ethyl methanesulfonate (EMS)
mutation and adaptive evolution. Among them, strain
EMV-8 showed a noticeable tolerance to vanillin. To elu-
cidate its vanillin tolerance mechanism, the physiological
and transcriptional alteration of EM V-8 was compared with
its parent strain NAN-27, an industrial ethanol production
S. cerevisiae strain [24]. The possible vanillin tolerance/
resistance mechanism of S. cerevisiae is discussed.

Materials and methods
Strain and media

The S. cerevisiae industry strain NAN-27 [24], an ethanol-
producing strain used in the Henan Tianguan Group Co.
Ltd. (China), was used as the starting strain. The YPD
medium contains 20 g L~! of glucose, 20 g L™! of tryptone,
and 10 g L~ ! of yeast extract, and was used as the basic
yeast culture medium. The inhibitors or diluted extract of
the steam-exploded corn stover were added to the YPD for
screening, evolving, and tolerance testing of the strains.
The YPD medium with 1 g L™! vanillin was used to deter-
mine the vanillin conversion capacity of the strains. Fer-
mentation was performed in shake flasks at 30 °C to deter-
mine the vanillin-converting capacity of the strains. The
initial ODg, was 0.1.

Preparation of steam-exploded corn stover extract

The corn stover was pretreated with 2 % H,SO, at 2.5 MPa
for 5 min. Then, the 200-g (dry weight) steam-exploded
corn stover (SECS) was incubated with 1 L of distilled
water at 80 °C for 1 h. The liquid part was separated and
adjusted to 1 L with distilled water and then added to
another 200 g (dry weight) SECS and incubated for an
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additional 1 h at 80 °C to obtain the extract of SECS (Ext-
secs)- The Extgpcs, containing 1.71 g L™! of formic acid,
1.20 g L' of acetic acid, 0.05 g L™! of levulinic acid,
0.62 g L™! of HMF, 0.68 g L™! of furfural, 0.22 g L™! of
vanillin (representative of phenolics, other phenolic com-
ponents were not determined), and other uncharacterized
inhibitors were used as the lignocellulosic hydrolysate
model.

Chemical mutagenesis

The cells of NAN-27 were cultured in YPD for 12 h and
then collected and resuspended into the fresh 50 mmol L~!
phosphate-buffered solution (pH 7.0) prepared YPD
medium with a cellular concentration of 10’ mL~!. The
0.28 mol L~! EMS was added into the cell re-suspen-
sion solution and after 100 min incubation at 30 °C, 5 %
(w/v) Na,S,0; was added to stop the mutagenesis. Then,
the mutants were washed twice and pre-cultured in 25 %
Extgpes-YPD for 24 h at 30 °C before screening on the
50 % Extgpcg-YPD plate.

Adaptive evolution

The strain was evolved in 40-60 % Extgp-5-YPD in shake
flasks. For each batch, the initial ODgy, was 0.1. The
ODg and residual sugar level at 11 h for each batch were
determined, and then the cell was transferred to the fresh
medium. When the residual sugar level was constant in
three batches, the ratio of Extgpcg in the evolving medium
was increased 5 % in the next batch of evolution. After 180
batches of adaptive evolution, the high-tolerance strains
were isolated based on their growth characteristics on the
60 % Extgpcg-YPD plate.

Analytical methods

The strain biomass was detected by a turbidity determina-
tion at 600 nm. The biomass of a dry weight (DCW) was
calculated as biomass (g DCW L™1) = 0.227 x ODyy, as
previously described [24].

The glucose, ethanol, formic acid, acetic acid, levulinic
acid, HMF, and furfural levels were detected by high-
performance liquid chromatography (HPLC; Shimadzu,
Japan) equipped with a refractive index detector (RID-
10A) and an Aminex HPX-87H ion exclusion column (Bio-
Rad, USA). The mobile phase was 5 mmol L™' H,SO,, the
flow rate was 0.6 mL min~', and the temperature of the
column oven was 45 °C. The vanillin and vanillyl alcohol
were detected by HPLC (Shimadzu) equipped with a prom-
inence diode array detector (SPD-M20A) and a Biosil-C18
column (Bio-Rad, USA). The detector was set at a wave-
length of 210 nm. The mobile phase was 40 % aqueous
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methanol, and the flow rate was 0.4 mL min~!, as previ-
ously described [7].

Total antioxidant capacity assay

Overnight cultured yeast cells were transferred into fresh
YPD medium with an initial ODgq, of 0.5 and then har-
vested when the ODg, reached 12-14. The collected cells
were washed twice with phosphate-buffered saline (pH
7.3) and then resuspended in phosphate-buffered saline
(pH 7.3) containing 1 mmol L™" of the protease inhibitor
a-toluenesulfonyl fluoride. The resuspended cells were
broken up in a FastPrep cell homogenizer (Thermo Savant,
USA) as described previously [22], and then centrifuged
at 10,000g and 4 °C for 20 min. The supernatant was col-
lected and used as a crude sample for the antioxidant
capacity assay.

The 3-ethylbenzthiazoline-6-sulfonic acid (ABTS) can
be oxidized to green ABTS™' with an oxidant. The total
antioxidant capacity assay of the strains was assayed by
determining the ABTS™ scavenging activity [12] of the
cell extract using the Total Antioxidant Capacity Assay Kit
(Beyotime, China). The standard curve was prepared using
0.15, 0.2, 0.3, 0.45, and 0.6 mmol L~" Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid), which is
an antioxidant-like vitamin E and is used in biological or
biochemical applications to reduce oxidative stress or dam-
age. Ten microliters of Trolox standard solution or samples
was incubated with 200 puL fresh ABTS solution for 6 min
at room temperature. The absorbance was then measured at
405 nm. The total protein concentration in the sample was
measured by using a BCA protein assay reagent kit (San-
gon Biotech Co., Ltd., China). The sample total antioxidant
capacity was present as the Trolox equivalent antioxidant
capacity (TEAC) per gram of total protein.

Transcriptome analysis

The pre-cultured strain was transferred into fresh YPD
medium with an initial ODgy, of 0.2 and was cultured at
30 °C for 3-3.5 h until the ODg, reached 0.8. Then, the
cells were collected and washed three times with RNase-
free sterile water. The total RNA was extracted by using
the TRIzol total RNA extraction kit (Sangon Biotech Co.,
Ltd., Shanghai, China). The RNA sequencing was per-
formed using the solexa PE method, which produces high-
quality transcriptomic reads with a total size of 500 Mb,
resulting in an average of 81 bp per read. The genes whose
log2 (fold change) >2 or <—2, p value <0.001, were con-
sidered to be significantly regulated. The enrichment of
GO terms were mapped using the Gene Ontology Term
Finder tool supplied by Saccharomyces Genome Data-
base (http://www.yeastgenome.org). The hits with p value

<0.01 were displayed. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways for a given gene list were
calculated using a classical hypergeometric distribution sta-
tistical comparison of a query gene list against a reference
gene list. The calculated p value goes through a false dis-
covery rate (FDR) correction, taking the corrected p value
<0.001 as a threshold. The KEGG pathways that fulfilled
this condition are considered to be significant.

Results

Obtaining inhibitor-tolerant strains by chemical
mutagenesis and adaptive evolution

To obtain a robust strain that could be used in lignocel-
lulosic bioethanol production, the S. cerevisiae industry
diploid strain NAN-27 [24] was chemically mutated by
EMS. A mutant with improved tolerance to the inhibitors
was screened out on a 50 % Extgps-YPD plate and named
after EM-13. The EM-13 was further evolved in diluted
Extgpcs-YPD media, and the three clones grown on the
60 % Extgpcs-YPD plate for screening were named after
EMT-7, EMB-42, and EMV-8. The tolerance of strains to
the specific inhibitors (acetic acid, furfural, and vanillin)
was determined to study their basic features (Fig. 1). The
tolerance of the mutants to these inhibitors was improved.
They can grow well on the plates that contain 1 g L™! van-
illin, 1.1 g L~! furfural, or 4 g L~ acetic acid, while their
parent strain NAN-27 could not (Fig. 1). Interestingly,
among the mutants, the EMV-8 showed a higher toler-
ance to vanillin compared with the other strains (Fig. 1).
The growth capacity of strain EMV-8 in the presence of
different inhibitors was investigated further (Table 1). In
inhibitor-free YPD medium, the maximum specific growth
rate (u,,) of EMV-8 and its parent strain NAN-27 were
similar, 0.485 4 0.004 and 0.494 + 0.002 h~!, respectively,
However, EMV-8 exhibited excellent resistance to the van-
illin. The ,,,, of EMV-8 in 1 g L™! vanillin was as high
as 0.311 % 0.003 h™!, and even in the 2 g L™! vanillin, it
could grow with the g, of 0.104 & 0.002 h™!, while the
parent strain almost stopped growing under the same con-
ditions. The resistance of EMV-8 to the furfural was also
higher than NAN-27 (Table 1).

Vanillin reduction capacity was enhanced in the
high-tolerance strain

Converting inhibitors to less toxic compounds is one of the
important ways that organisms avoid damage from the inhib-
itors. Fitzgerald et al. [5] proposed that some non-specific
aryl-alcohol dehydrogenase enzyme(s) can convert vanil-
lin to the less toxic vanillyl alcohol in S. cerevisiae. In the
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Fig. 1 Evaluation of the strains

YPD + 0.9 g I'* vanillin
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tolerant to the inhibitors. The
cells were cultured in YPD
medium to ODg, of 1. Then ten
fold series diluted cultures were
spotted onto the YPD plates
with different levels of inhibi-
tors and cultured at 30 °C for

3 days (color figure online)

10° 10*

Nan-27 [ B R

EM-13

EMT-7

EMB-42
EMV-8

YPD + 1.1 g I furfural

102? 102 10*

10° 10* 107 102 10* 10° 10° 102 10% 10*

YPD + 1.2 g I! furfural YPD + 1.3 g I'* furfural

10° 10°* 1072
NAN-27

EM-13

EMT-7

EMB-42
EMV-8

YPD +4 g I} L acetic acid

102 10*

10° 10* 102 10° 10*

10° 10* 102 10% 10*

YPD + 5 g I'* acetic acid YPD + 6 g I'* acetic acid

10° 10° 1072
NAN-27 |

EM-13

EMT-7

EMB-42
EMV-8

present work, the vanillin reduction capacity of the strains
was determined in the YPD medium with 1 g L™! vanillin.
The vanillin was converted to vanillyl alcohol in both EM V-8
and NAN-27 and the yield was close to 100 %. The aver-
age specific vanillyl alcohol generation rate of EMV-8 was
0.048 4 0.003 g g~! DCW h~!, which is 1.92-fold higher
than NAN-27 (0.025 + 0.002 g g~! DCW h™!) (Fig. 2). The
results demonstrate that the vanillin-tolerant strain EMV-8
has significantly enhanced vanillin reduction capacity.

Total antioxidant capacity was increased in the
high-tolerance strain

Nguyen et al. [17] suggested that S. cerevisiae damage
by vanillin is induced by oxidative stress. Therefore, the
TEAC of the strains was measured by determining the
ABTS™ scavenging activity of the cell extract. The EMV-8
has a 15 % higher TEAC than its parent strain NAN-27;
0.40 £ 0.01 versus 0.34 + 0.01 mmol L™ g~! (Fig. 3).
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Transcriptional alteration of the inhibitor-tolerant strain

Transcriptional analysis of strain EMV-8 and of its parent
strain NAN-27 was performed using RNA sequence tech-
nology to understand the high vanillin tolerance mecha-
nism of EMV-8 further. The Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
ways were analyzed.

The significant shared GO terms of genes with
prominent changes [log2 (EMV-8 vs. NAN-27) >2]
were mapped (Fig. 4) using the Gene Ontology Term
Finder tool from the Saccharomyces Genome Database
(http://www.yeastgenome.org). From a molecular func-
tion viewpoint, the structural constituent of ribosome (GO:
0003735) was down-regulated. The up-regulated genes
were enriched in oxidoreductase activity (GO: 0016491)
and transporter activity (GO: 0005215). The ubiquinol-
cytochrome-c reductase genes, QCR2, QCR6-10, which
related to both these two GO terms, were up-regulated.
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Table 1 Maximum specific growth rate (h~!) of strains in the inhibitors

Vanillin (g L)

Furfural (g L")

Acetate acid (g LY

YPD

Strains

2.0

1.0

2.0

1.5

1.0

6.0

4.0

2.0

0.038 £ 0.000
0.104 £ 0.002

0.222 + 0.001
0.311 £ 0.003

0.178 £ 0.003
0.261 £ 0.004

0.233 £ 0.003
0.285 + 0.005

0.230 £ 0.001

0.321 £ 0.000

0.082 £ 0.006
0.095 £ 0.002

0.346 £ 0.000
0.350 £ 0.002

0.457 £ 0.003
0.462 + 0.004

0.494 £ 0.002

0.485 £ 0.004

NAN-27
EMV-8

Values are given as the averages and standard deviations of three independent measurements
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Fig. 2 Basic glucose metabolism (a) and vanillin reduction (b) of the
strains. The cells were cultured in the YPD medium with 1 g L™ van-
illin in 300 mL shake flasks with 100 mL medium at 30 °C. The data
were the average of three biological repetitions. The square, round,
triangle, diamond, and star symbols denote the concentrations of bio-
mass, glucose, ethanol, vanillin, and vanillyl alcohol, respectively
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Fig. 3 Total antioxidant capacity of the strains. The cell extracts
obtained from YPD cultured strains were used as the reducing agent
to scavenge the ABTS™ in the reaction mixture. The total antioxidant
capacity of the sample was present as the TEAC per gram of total
protein. The data were the average of three biological repetitions

Among the sub-terms of oxidoreductase activity, the oxi-
doreductases acting on the CH-OH group of donors, espe-
cially the ones using NAD or NADP as an acceptor, were
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annotated. Significant hits with a p value <0.01 and terms descended
from them are shown

Table 2 Significantly up-regulated genes in EM V-8 compared with NAN-27

Systematic name

Standard name

Log?2 (fold change)

Description

Oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor

YALO6IW
YPLI1I3C
YIRI55W
YBRI49W
YMRO041C
YJIRO96W
YDLI24W

BDH?2
AADIO
ARAI
ARA2

4.6
2.6
29
2.5
2.7
2.3
2.7

Putative medium-chain alcohol dehydrogenase

Glyoxylate reductase; acts on glyoxylate and hydroxypyruvate substrates
Putative aryl-alcohol dehydrogenase

NADP-dependent arabinose dehydrogenase

NAD-dependent arabinose dehydrogenase

Xylose and arabinose reductase

NADPH-dependent alpha-keto amide reductase

Oxidoreductase activity, acting on the aldehyde or oxo group of donors, NAD or NADP as acceptor

YMRI110C
YOR374W
YPLO61W
Antioxidant activity

YDR256C
YKL026C

YGROSSW
YHR008C
YDR513W
YBL0O64C

HFDI
ALD4
ALD6

CTAI
GPX1
CTTI
SOD2
GRX2
PRX1

2.8
4.5
2.9

6.3
4.3
3.8
2.8
2.4
22

Hexadecenal dehydrogenase
Mitochondrial aldehyde dehydrogenase
Cytosolic aldehyde dehydrogenase

Catalase A

Phospholipid hydroperoxide glutathione peroxidase
Cytosolic catalase T

Mitochondrial manganese superoxide dismutase
Cytoplasmic glutaredoxin; thioltransferase

Mitochondrial peroxiredoxin with thioredoxin peroxidase activity

log2 (fold change) >2, p value <0.001
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Table 3 Significantly enriched pathways in EMV-8 compared with NAN-27 (p < 0.001)

Pathways

b

Regulated count® Number of genes Corrected p value

Up-regulated genes reporting pathways
Citrate cycle (TCA cycle) [PATH: ko00020]
Oxidative phosphorylation [PATH: ko00190]
Peroxisome [PATH: ko04146]
Pyruvate metabolism [PATH: ko00620]
Glyoxylate and dicarboxylate metabolism [PATH: ko00630]
Propanoate metabolism [PATH: ko00640]
Valine, leucine and isoleucine degradation [PATH: ko00280]
Fructose and mannose metabolism [PATH: ko00051]
Apoptosis [PATH: ko04210]
Butanoate metabolism [PATH: ko00650]
Galactose metabolism [PATH: ko00052]

Down-regulated genes reporting pathways
Ribosome [PATH: ko03010]
RNA transport [PATH: ko03013]
Pyrimidine metabolism [PATH: ko00240]
Purine metabolism [PATH: ko00230]
RNA polymerase [PATH: ko03020]
DNA replication [PATH: ko03030]
Aminoacyl-tRNA biosynthesis [PATH: ko00970]

Phenylalanine, tyrosine, and tryptophan biosynthesis [PATH: ko00400]

Sulfur metabolism [PATH: ko00920]
Mismatch repair [PATH: ko03430]
Cysteine and methionine metabolism [PATH: ko00270]

26 33 5.87E—17
41 76 2.60E—16
16 32 3.05E—-06
16 33 5.13E—-06
10 16 1.16E—05
11 0.000184
11 0.000184
11 27 0.00126
11 0.001732
18 0.002489
23 0.004422
139 143 5.19E—44
60 74 1.36E—09
54 67 1.58E—08
66 91 9.13E-07
26 29 1.33E—-06
26 30 7.04E—06
29 39 0.001011
12 14 0.003585
12 14 0.003585
16 20 0.003833
22 30 0.006042

The KEGG pathways for a given gene list were calculated using a classical hypergeometric distribution statistical comparison of a query gene
list against a reference gene list. The calculated p value goes through a false discovery rate (FDR) correction, taking the corrected p value <0.001
as a threshold. The KEGG pathways that fulfilled this condition are considered to be significant

# Number of up/down-regulated genes in this pathway

® Number of genes in this pathway

more significant than others (Fig. 4). The details of the
genes involved are listed in Table 2. The log2 (fold change)
of putative medium-chain alcohol dehydrogenase gene
BDH?2, glyoxylate reductase gene YPLII3C, putative aryl-
alcohol dehydrogenase AADI0, arabinose dehydrogenase
genes ARAI and ARA2, xylose and arabinose reductase
gene YJRO96W, and a-keto amide reductase gene YDLI24W
were 4.6, 2.6,2.9,2.5,2.7, 2.3, and 2.7, respectively.

It was reported that overexpression of aldehyde dehy-
drogenase 6 (ALDG6) improves the furfural tolerance of
S. cerevisiae [20]. While investigating the same aldehyde
group, we noticed that several aldehyde dehydrogenase
genes were also noticeably up-regulated in EMV-8. The
log2 (fold change) of hexadecenal dehydrogenase gene
HFD]I and the aldehyde dehydrogenases ALD4 and ALD6
were 2.8, 4.5, and 2.9, respectively (Table 2). Furthermore,
also attributing to the enhanced antioxidant capacity, some
antioxidant-related genes, including C7TAI, GPXI, CTTI,
SOD2, GRX2, and PRXI were significantly up-regulated,

the log2 (fold change) was 6.3, 4.3, 3.8, 2.8, 2.4, and 2.2,
respectively (Table 2).

In the pathway analysis, the genes in EMV-8 that were
up-regulated compared with the parent strain NAN-27 were
enriched in several energy-generating pathways. The citrate
cycle (TCA cycle) [PATH: ko00020], oxidative phospho-
rylation [PATH: ko00190], pyruvate metabolism [PATH:
ko00620], fructose and mannose metabolism [PATH:
ko00051], galactose metabolism [PATH: ko00052], and
peroxisome [PATH: ko04146] were up-regulated. In addi-
tion, the apoptosis pathway, which is usually up-regulated
under stress, was expressed at a higher level in EMV-8
than in NAN-27 (Table 3, Table S1). Compared with NAN-
27, in EMV-8, almost all of the cell multiplication-related
pathways, such as ribosome [PATH: ko03010], RNA trans-
port [PATH: ko03013], pyrimidine metabolism [PATH:
ko00240], purine metabolism [PATH: ko00230], RNA pol-
ymerase [PATH: ko03020], and DNA replication [PATH:
ko03030] were down-regulated significantly. This might be
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one of the reasons why the growth rate of EMV-8 is lower
than NAN-27 under stress-free conditions.

Discussion

Vanillin is one of the most potent inhibitors in lignocellu-
lose hydrolysates. However, compared with other inhibitors
such as weak acids and furans, the knowledge of vanillin
tolerance in yeast is limited. More information is neces-
sary to design a strain-optimization strategy. Three types
of strategies were commonly used to study inhibitor toler-
ance/resistance mechanisms: (1) investigating the response
of the strain when inhibitors are present under the culture
conditions [1, 2, 9, 21]; (2) studying the inhibitor-sensitive
mutants as selected from the gene disruption library [3, 6,
14]; and (3) comparing the difference between the inhib-
itor-resistant mutants and their reference strains [11, 23].
The first and second strategies mainly direct to the stress
response and the survival factors, respectively. In the pre-
sent work, we studied the physiological and transcriptional
characteristics of a vanillin-tolerant strain following the
third strategy to elucidate the factors affecting the resist-
ance to vanillin.

Endo et al. [3, 4] demonstrated that a higher intracellular
ergosterol level leads to a higher tolerance of yeast to the
vanillin. However, this is not the only factor; the vanillin
tolerance mechanism is more complex. The transcriptional
analysis of our vanillin-tolerant strain EMV-8 indicated
that the expression of genes involved ergosterol biosynthe-
sis did not increase; in contrast, most of them were down-
regulated (Table S2). This suggests that there is a different
resistance mechanism in our strain. As Fitzgerald et al. [5]
proposed, the vanillin can be converted to the less toxic
vanillyl alcohol in S. cerevisiae strains. Our results demon-
strate that the vanillin-tolerant strain EMV-8 has a higher
vanillin conversion rate. The transcriptional analysis also
confirmed an up-regulated oxidoreductase activity (GO:
0016491) in EMV-8, which could supply the reduced coen-
zyme or reduce the vanillin directly. This might contribute
to the enhanced vanillin tolerance of EMV-8. Furthermore,
the fermentation result also reveals that the vanillin is grad-
ually reduced during the fermentation. In other words, the
strain grows up before the vanillin concentration decreases
(Fig. 2). There are some other properties to support the sur-
vival of EMV-8 in a high level of vanillin. Nguyen et al.
[17] suggest that the damage of vanillin to S. cerevisiae
is induced by oxidative stress. Our vanillin-tolerant strain
exhibits a high antioxidant capacity. The genes encoding
the proteins involved in antioxidant activity, such as super-
oxide dismutase and catalase, were expressed at a very high
level, which has a positive effect on scavenging free radi-
cals and keeps cells functioning under oxidative stress. This

@ Springer

might be one of reasons that reduces the damage of vanillin
and supports the initiative growth of EMV-8.

Our present work gives useful clues for further work
to figure out the specific genes that are responsible for the
vanillin reduction, or supply the sufficiently reduced coen-
zymes. Further investigation is needed to design the over-
all solutions to construct a robust strain for lignocellulosic
hydrolysates fermentation.
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