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Review on molecular mechanisms of Saccharomyces cerevisiae
inhibitor tolerance during cellulosic ethanol production
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Abstract: Pretreatment of lignocellulosic materials for ethanol production generates inhibitory
compounds that interfere with microbial growth and subsequent fermentation. To facilitate
fermentation process, detoxification techniques have been commonly applied to remediate
these inhibitory compounds. However, these additional steps result in sugar loss and an extra
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cost in practice. To meet desired overall yields during ethanol production, it is of great practi-
cal importance to improve the inhibitor-tolerance of Saccharomyces cerevisiae. In the last
decade, significant progress has been made in understanding the mechanisms of yeast stress
tolerance. This article reviewed the molecular mechanisms of Sacchromyces cerevisiae inhibi-
tor tolerance focusing on its enhanced expression and pathway analysis of some key genes. We
also discussed the strategies for improving the fermentation performance of yeast.

Keywords: Inhibitor, Stress tolerance, Gene expression, Pathway analysis

[4]

) ) , (Furfural)  5-
(HMF) [61
(71
, Furfural HMF (Furanmethanol,
FM)  2,5- (2,5-Bis-hydroxymethy-
(1] , Ifuran, FDM),
, (D
“ FM FDM ,
(2]
DNA RNA Bl , :

QAOH Furan-2-carboxylic acid
(2-Furoic acid)
0 o

2-Furaldehyde 2-Furanmethanol 0
(Furfural) (FM)
| . .
Aldehyde reductases / k HForrmc Acid
\ L No+NADE)H /\@/\OH +NAD(P)*
5-(hydroxymethy1) 2-furaldehyde Furan-2,5-dimethanol 04 L
(HMF) (FDM) -Oxopentanoic acid

OH (Levulinic acid)

Bl 1 FREEFN S-RFRENREE E et (Lige®
Fig.1 Conversion pathways of 2-furaldehyde (Furfural) and 5-(hydroxymethyl)-2-furaldehyde (HMF) 181

http://journals.im.ac.cn/wswxtbcn



256 #®iHsER 2012, Vol.39, No.2

, (<100 mmol/L) ,
[14]

b b

5 6508-127

1.2 FREESES FKFE L& T

B

b 9 (
, HMF) ,
1 HBHAEEYWZES T EYF
AL | |
11 RS B R0 ) i i R , (NADH  NADPH)
1 Gorsich S. 'W. (1]
(PPP) R
Liu z. L. !9 ( 5- ;
), 6- (ZWF1)
, ( ) ,
Liu
Saccharomyces cerevisiae ATCC211239 )
30 mmol/L.  Furfural 60 mmol/L 16
HMF 10 mmol/L  Furfural HMF NAD(P)H
(11-12] , , HXK1 HXK2 GLK1
, , TDH1 TDH3 ( 2) 2
0 42h )
5- Ma Liu!®
, , TCA NAD(P)H ,
, , TCA
, CHA1 ALT1 PUT1
Larsson [ PUT2 CAR1 ARG1 ARG3 ARG4

http://journals.im.ac.cn/wswxtbcn



257

Y-50049

Y-12632

Oh 1h 16h 42h Oh

<«—— Repressed

0.01 0.1

02 05 1

lh 16h 42h

Induced ——

2 5

B2 AHREESGHEXEENREESEY

Fig. 2 Comparison of mRNA expression for selected
genes of Saccharomyces cerevisiae Y-50049 and

Y-126328

ARG5
HMF) ,
[ (NADH),
I (NADPH),
I,
NADH :

Z. Lewis Liu ["!

NADPH

b

(Furfural

, Furfural

HMF

, HMF

10 40

Song ¥ 7
, YAP1 YAP5 YAP6
PDR1 PDR3 RPN4  HSF1,
, mRNA

PDR

1.3 i 0 E AR5 R RS B IR

, (Furfural
[19] 5

HMF)

b

, HXK1 HXK2 GLK1

ZWF1 SOL3 GND1

GND2

http://journals.im.ac.cn/wswxtbcn



258 #®iHsER 2012, Vol.39, No.2

NAD(P)H,

Gorsich ' 7ZWF1  GND1

ZWF1 GND1 ,
ZWF1 Y1l Y4
,Y1 Y4 [22]
, GND1 GND2 TDH1 Yl Y4 24h ,
NAD(P)H , 96  88.2
ALD4 ALD6 ADH6 ADH7 5-
SFA1 , Y1 Y4 5-
NAD(P)H, 50g/L 7.0gL

NAD" NADP'
[20]

Bro 1!

2.2 E#IML

Liu Z. L.

2 PRSI AR B2 A R T IR B ’

b 9 b

, 30 mM Furfural 60 mM
HMF, ’

Y7 HMF

http://journals.im.ac.cn/wswxtbcn



259

Glucose-1.5-| SOL4

lactone-6P ™
6-phospho-

glyconate

GND1 | NADP

TKL | [y
<——Xyluiose-SP| |Ribuiose-5P|
RK11 :
Glycer- ‘ﬂz RBK1 [5
aldehyde-3P Ribose-SP
g — PRSI :
@Hz‘z NADR | PRS3
DH3 [ NADE/ PRPP
~ ,
Y
/f‘_‘-\
NADPH = NADP? c-rosseeosjoneee
CDC19
PDAl ADF ADH6 :
Pl PDBI  \_ADII/ |
dihydro- <7—| Pyruvate | |Furfural| ,l ml
lipoamide-E
coz PDCI
LATI PDC5 NADH
A COZ/ PDCS
Acetyl-CoA 02y
Etyj. Acetaldehyde |
ACS2
[ Acctate ] NADH ADH? NAD: -

L NADQH NAD(I’)H'/ SFAl
ALD2 [ HMF | >i;[:< >

ALD4
ALDS5 ADH7

ALDG NADPH ~ NADP-t

3 [BRBEXS NRRL Y-50049 #E{8igh@ A E"S

Fig. 3 A schematic illustration of glucose metabolic pathways of Saccharomyces cerevisiae NRRL Y-50049'

Y7 72h ( ), Martin 24
93.6%, 24 h TMB3001
Y7 3 g/L 5- , ,

http://journals.im.ac.cn/wswxtbcn



260 #®iHsER 2012, Vol.39, No.2

(75%) Larsson )
HMF , 74%  40%, PAD1 ,
22%  20%, R
83.3%, 100%
23 HETRNGERERENE NS : PADL
[25-26]
, 24%  29%
[27]
Petersson 2% HMF >
CBS8066
TMB3000 , s
TMB3000 15 , 1
HMF 15 Yl Y4 Y5
, , Y7
ADH6 ADH7 SFAl1l , HMF .o
3 iS5 RYE
Gorsich [ s
, 62 ,
-6- ZWF1 )
-6-
, NADPH R
( ) , ,
, Endo ¥
S. cerevisiae BY4743 )
76 s
Trametes versicolor 121,
1.25 mmol/L

http://journals.im.ac.cn/wswxtbcn



261

R NHIFI 2 E KA & B RE

Table 1 The performance of different inhibitor-resistant strains

Strains Inhibitors (mmol/L) Lag phase (h) Ethanol yield (g/g) Reference
S.cerevisiae ATCC211239 30 Furfural 24
60 HMF 24 Liu. ZL
10 Furfural+HMF 12
S.cerevisiae 307-12H60 30 HMF 8 0.3 Liu Z. Lews'”!
S.cerevisiae NRRLY-50049 20 Furfural+HMF 12 0.43 Liu Z. Lews ®!
Y1 52 Furfural 24
55 HMF 24 0.49 Tian Shen™
42Furfural+3 |HMF 24
Y4 52 Furfural 24
55 HMF 24 0.45 Tian Shen!®
42Furfural+3 1HMF 24
Y5 42 Furfural 24
31 HMF 12 0.47 Tian Shen™”
31Furfural+24HMF 24
Y7 42 Furfural 24
31 HMF 24 0.477 Tian Shen!®
31Furfural+24HMF 24
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)
’ Z % 3 K

[1] Luo CD, Brink DL, Blanch HW. Identification of
potential fermentation inhibitors in conversion of
hybrid poplar hydrolyzate to ethanol[J]. Biomass
and Bioenergy, 2002, 22(2): 125-138.

> [2] Palmquist E, Almeida JS, Hahn-Hégerdal B. Influ-
, ence of furfural on anaerobic glycolytic kinetics of

http://journals.im.ac.cn/wswxtbcn



262

wihGaR

2012, Vol.39, No.2

[10]

[11]

saccharomyces cerevisiae in batch culture[J]. Bio-
technology and Bioengineering, 1996, 62(4):
447-454.

Modig T, Lidén G, Taherzadeh MJ. Inhibition ef-
fects of furfural on alcohol dehydrogenase, alde-
hyde dehydrogenase and pyruvate dehydro-
genase[J]. The Biochemical Journal, 2002, 363
(Pt 3): 769-776.

Liu ZL, Blaschek HP. Lignocellulosic biomass
Ethanol by  Saccharomy-
ces[A]//Vertes AA, Qureshi N, Yukawa HP, et al.
Biomass to Biofuels: Strategies for Global Indus-
tries[M]. Bioenergy, 2010: 17-36.

Nichols NN, Dien BS, Cotta MA. Fermentation of
bioenergy crops into ethanol using biological ab-

conversion to

atement for removal of inhibitors[J]. Bioresource
Technology, 2010, 101(19): 7545—7550.

Boopathy R, Bokang H, Daniels L. Biotransforma-
tion of furfural and 5-hydroxymethyl furfural by
enteric bacteria[J]. Journal of Industrial Microbi-
ology and Biotechnology, 1993, 11(3): 147—-150.
Liu ZL, Slininger PJ, Dien BS, et al. Adaptive re-
sponse of yeasts to furfural and
5-hydroxymethylfurfural and new chemical evi-
HMF
2,5-bis-hydroxymethylfuran[J]. Journal of Indus-
trial Microbiology and Biotechnology, 2004, 31(8):
345-352.

Liu ZL, Ma MG, Song MZ. Evolutionarily engi-

neered ethanologenic yeast detoxifies lignocellu-

dence for conversion to

losic biomass conversion inhibitors by repro-
grammed pathways[J]. Molecular Genetics and
Genomics, 2009, 282(3): 233-244.

s s >

[J]. , 2009, 25(9): 1321-1328.

Liu ZL, Slininger PJ, Gorsich SW. Enhanced bio-
transformation of furfural and hydroxymethylfur-
fural by newly developed ethanologenic yeast
strains[J]. Applied Biochemistry and Biotechnology,
2005, 121-124(1/3): 451-460.

Liu ZL. Genomic adaptation of ethanologenic yeast

to biomass conversion inhibitors[J]. Applied Mi-

http://journals.im.ac.cn/wswxtbcn

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

crobiology and Biotechnology, 2006, 73(1): 27-36.
Liu ZL, Slininger PJ. Development of genetically
engineered stress tolerant ethanologenic yeasts us-
ing integrated functional genomics for effective
biomass conversion to ethanol[R]. CAB Interna-
tional, Wallingford, UK, 2005: 283—-294.

Larsson S, Palmqvist E, Hahn-Hégerdal B, et al.
The generation of fermentation inhibitors during
dilute acid hydrolysis of softwood[J]. Enzyme and
Microbial Technology, 1999, 24(3/4): 151-159.

6508127 [J].
, 2007, 27(7): 61-67.

Gorsich SW, Dien BS, Nichols NN, et al. Tolerance
to furfural-induced stress is associated with pentose
phosphate pathway genes ZWF1, GND1, RPEL, and
TKL1 in Saccharomyces cerevisiae[J]. Applied Mi-
crobiology 2006, 71(3):
339-349.

Ma MG, Liu ZL. Comparative transcriptome pro-

and Biotechnology,

filing analyses during the lag phase uncover YAPL,
PDR1, PDR3, RPN4, and HSF1 as key regulatory
genes in genomic adaptation to the lignocellulose
derived inhibitor HMF for Saccharomyces cere-
visiae[J]. BMC Genomics, 2010, 11: 660.

Liu ZL, Moon J, Andersh BJ, et al. Multiple
gene-mediated NAD(P)H-dependent aldehyde re-
duction is a mechanism of in situ detoxification of
and 5-hydroxymethylfurfural by Sac-
charomyces cerevisiae[J]. Applied Microbiology
and Biotechnology, 2008, 81(4): 743—753.

Song M, Ouyang Z, Liu ZL. Discrete dynamical

furfural

system modelling for gene regulatory networks of
etha-
nologenic yeast[J]. IET Systems Biology, 2009,
3(3): 203-218.

Liu ZL. Molecular mechanisms of yeast tolerance

5-hydroxymethylfurfural tolerance for

and in situ detoxification of lignocellulose hydro-
lysates[J]. Applied Microbiology and Biotechnol-
ogy, 2011, 90(3): 809—825.

Petersson A, Almeida JR, Modig T, et al. A
5-hydroxymethylfurfural reducing enzyme encoded
by the Saccharomyces cerevisiae ADH6 gene con-



263

[21]

[22]

(23]

[24]

[25]

[26]

veys HMF tolerance[J]. Yeast, 2006, 23(6): 455—464.
Bro C, Regenberg B, Nielsen J. Genome-wide
transcriptional response of a Saccharomyces cere-
visiae strain with an altered redox metabolism[J].
Biotechnology and Bioengineering, 2004, 85(3):
269-276.

Tian S, Zhou GX, Yan F, et al. Yeast strains for
ethanol production from lignocellulosic hydrolys-
ates during in situ detoxification[J]. Biotechnology
Advances, 2009, 27(5): 656—660.

Liu ZL. Genomic adaptation of ethanologenic yeast
to biomass conversion inhibitors[J]. Applied Mi-
crobiology and Biotechnology, 2006, 73(1): 27-36.
Martin C, Marcet M, Almazan O, et al. Adaptation
of a recombinant xylose-utilizing Saccharomyces
cerevisiae strain to a sugarcane bagasse hydrolysate
with high content of fermentation inhibitors[J].
Bioresource Technology, 2007, 98(9): 1767—-1773.
Jeffries TW, Shi NQ. Genetic engineering for im-
proved Xylose fermentation by yeasts[J]. Advances
in Biochemical Engeering Biotechnology, 1999, 65:
117-161.

Ostergaard S, Olsson L, Nielsen J. Metabolic engi-
neering of saccharomyces cerevisiae[J]. Microbi-

ology and Molecular Biology Reviews, 2000, 64(1):

34-50.

[27]

(28]

[29]

(30]

[31]

[32]

Almeida JRM, Bertilsson M, Gorwa-Grauslund MF,
et al. Metabolic effects of furaldehydes and impacts
on biotechnological processes[J]. Applied Microbi-
ology and Biotechnology, 2009, 82(4): 625—638.
Endo A, Nakamura T, Ando A, et al. Genome-wide
screening of the genes required for tolerance to va-
nillin, which is a potential inhibitor of bioethanol
fermentation, in Saccharomyces cerevisiae[J]. Bio-
technology for Biofuels, 2008, 1(1): 3.

Larsson S, Nilvebrant NO, Jonsson LJ. Effect of
overexpression of Saccharomyces cerevisiae Padlp
on the resistance to phenylacrylic acids and ligno-
cellulose hydrolysates under aerobic and oxy-
gen-limited conditions[J]. Applied Microbiology
and Biotechnology, 2001, 57(1/2): 167—-174.

Tian S, Zhu JY, Yang XS. Evaluation of an adapted
inhibitor-tolerant yeast strain for ethanol production
from combined hydrolysate of softwood[J]. Applied
Energy, 2011, 88(5): 1792—1796.

Attfield PV. Stress tolerance: The key to effective
strains of industrial baker's yeast[J]. Nature Bio-
technology, 1997, 15(13): 1351-1357.

Gibson BR, Lawrence SJ, Leclaire JPR, et al. Yeast
responses to stresses associated with industrial
brewery handling[J]. FEMS Microbiology Reviews,
2007, 31(5): 535-569.

AR R R SR Y R R R RY RY R RY RY R RY RY Y RY R Y R R R R RY SR R Y RY R Y RY R R RY Y R RY R Y R R RY R R RY R R R R RY R RY R LY LY RY LY

RitHERTE

WXPAIFIE, ®RBahhE

s :BamH 1 Mspl Sau3Al

http://journals.im.ac.cn/wswxtbcn



