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Abstract The process for ethanol production requires lignocellulosic biomass to be hydrolyzed to generate monomeric

sugars for the fermentation. During hydrolysis step, a monomeric sugars and a broad range of inhibitory
compounds (furan derivatives, weak acids, phenolics) are formed and released. In this study, we investigated
the effects of inhibitory compounds on the fermentative performance of Saccharomyces cerevisiae K35 and
Pichia stipitis KCCM 12009 in ethanol production, two yeast strains were fermented in the synthetic medium
including six inhibitory compounds such as 5-hydroxymethylfurfura (5-HMF), furfural, acetic acid, syringaldehyde,
vanillic acid and syringic acid. Ethanol of over 40 g/L was produced by two yeast strains in the absence of
inhibitory compounds, respectively. Most inhibitory compounds except acetic acid had a little effect on the
ethanol production, but acetic acid showed high inhibition effect on the cell growth and ethanol production.
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A A2 RFds) WAE 28l A5 tiA)
EAZA ulo] 2 AH (biofuel)ZE o] BAlo] Zoi=1 e
Aot} nlo| g = nlo] ek (bioethanol)S A&
(starch)A] == =2 (lignocellulose) ] H}o] Qo2 FH
AtE|o]d = 9loH, JIREAR wE A F71E 7R
A8-5 AME = e QAR EA AT R F3)
HjSo] 2o ) A8 AJA] R ¢lza = g
|8 & e S AYaL Ao [1]. JE (AFESEE (B
), S5 (F1=)Al vlo] Qg o] &3 Hlo] Qg
A Ee 83l R WE TS ol5sIslon,
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AR E ] A AT 7 o] HixtE EAREES 7
o 2y 58 (S 899 FESV)A vlelemiias
70% old2] F2 (cellulose and hemicellulose)= H-F-3)aL
Rom A9 Y= A2 R LAF o (Table 1),
A E8HA nfo]| ok Aatel] 3t FE AV M=
2] 2R EZA19] 715830 (lignocellulose hydrolysis)
7} a7, A B sl Soli =) ke
42 (cellulose-rich fraction)™} &0} U= Tl EikE
50] Zg]o] Stk HaikEE F71it (organic acid) AlD<]
acetate B FAk} e (furan) Z|€2) 5-hydroxymethylfurfural
(5-HMF), furfural, 12]31 #H= (phenol) AlE 2] vanillin,
syringaldehyde, vanillic acid, syringic acid 5] A3}
Ho} [2-8]. o]t BIREEELS nlo] oehe-S ALke=
o0 trlby 2 IEA] F Ao Q3RS A o]
LofERE Aitol] AE T Ut [89]. FA| AZI=e] A+
AL olE FHI] faEl A= A, a2
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Table 1. Composition of lignocellulosic biomass and derived-inhibitors by lignocellulose hydrate

Three main type of lignocellulosic biomass

Composition (%)

Derived-inhibitors by lignocellulosic hydrate Concentration (g/L)
of compound

Total 24-53 Levulinic acid
Cellulose Softwood 41-50 0.9%-2.6
Hardwood 39-53 - HMF Formic acid
Herbaceous plant 24-50 - 2.0P-5.9° 1.6°-3.1°
Total 11-38 Furfural Acetic acid ; . 'e 4
Hemi- Softwood 11-33 0.5%1.0° 2.4° 0.06-0.6 1.4~
cellulose Hardwood 19-36 - -
Herbaceous plant 12-38 1.9° 1.6%4.4°
Total 6-30 Total phenolics Syringaldehyde Vanillic acid Syringic acid
Lianin Softwood 19-30 3.1°-3.7° 0.017° 0.017°-0.034° -
9 Hardwood 17-24 25° - ; -
Herbaceous plant 6-29 0.7°-4.5° 0.024° 0.067¢ 0.022°

Biomass source and pretreatment employed :

@ upper values; two-step dilute acid spruce (Picia abies) [2]
® Jower values; one-step dilute acid spruce [3]

¢ dilute acid willow (Salix caprea) [4]

4 wet oxidation wheat straw (Triticum aestivum L.) [5]

© steam pretreatment sugar cane bagasse [6]

" steam pretreatment corn stover [7]

Table 2. Inhibition mechanism by lignocellulosic inhibitors on the yeast cell

Group of compounds

Main inhibition mechanism

CH (o) CHO o Inhibition of ADH (alcohol dehydrogenase), (PDH) pyruvate
2 5-HMF dehydrogenase and ALDH (aldehyde dehydrogenase)
HO \ / o iy
= Inhibition of glycolysis (either enzyme and/or cofactors)
Furans
O CHO > Same as HMF
Furfural
\ / o Cell membrane damages
@)
/ o ATP depletion
Organic acids HSC Acetic acid o Toxic anion accumulation
o Inhibition of aromatic amino acids uptake
OH
CHO
Syringaldehyde
R1 F12
OH . . . !
Phenol o Uncoupling, generation of reactive O, species
enois COOH Vanillic acid > Membrane damage
Syringic acid

E1 : Ra
0OH
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o] Aol gk okt
A77h @ds] I3 Foll Aok [10-12].
2 ATollde 524 vlo]QuiAE o] 83 vlo] Qolgks
o] 7BAIA ks 217k 71 AFEM FalhlkEe] A w5l
WE ollehs WA WA B A} rixls 93 H7t
StaAl 68HE (glucose)= B O Z g Fdulj ol 3|
B2 f714F (organic acid) Al 2] acetate9} T+ (furan)
Al€2] 5-hydroxymethylfurfural (5-HMF), furfural, 1231
#= (phenol) A€ <] syringaldehyde, vanillic acid, syringic
acid 5] AslEZo] EANA, Saccharomyces cerevisiae K35
9} Pichia stipitis KCCM 120095 o]-8-3F a3 ol|M F
] AT ollehE Aol mIXe FIs Rlskarat ok
o, o]& B3t HAAE] FHA| e E|ojol T i
2 A FEE HetRto =z FAIAR] A vlo|emjiiE
o] &gt Hlo| Qoghg At 7|2AEE Al Fslara} a3k

=
oft
i
:
N
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X, O
ot
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HE Y

>
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2 AdFoM e e a9 Aaded oS s
TF2A S, cerevisiae K35 2 P. KCCM 120097} A&
Itk YM broth, yeast extract, peptone 5-2] HJA|= Difco
(Detroit, MI, USA)olA FU3FAT}. Acetic acid, furfural,
5-hydroxymethylfurfural, syringaldehyde+= Sigma-Aldrich
(St, Louis, MO, USA)°l|4], vanillic acid= Alfa (Shore Road,
Heysham, Lancs), Z12] 1L syringic acid- Acros (New Jersey,
USA)IX L3I TE 0]9]e] BE A= experimental
grade == 71 o] £EF Zhe AokS o]&slith

AT

S. cerevisiae K359} P. stipitis KCCM 120092 YM broth
oA Zkz} 1821713} 36A17F B2t 30°C, 200 rpm Z75}A]
HjeFsted dA T (ODeoo)©] oF 10-149] ks ZEs S5t
B (seed culture) $ glucose 100 g/L, yeast extract 5 g/L,
peptone 5 g/L, KoHPO, 1 g/L, MgSO4 1 g/lLZ TAH
FHR)e FFE 5% (vv)E FESkL, 30T, 200 rpm =7
AN DA c R HslE x| AAE FHdt 484Kk
S widsiiem, 7] pHe Z4dsHA| %ar s stk
ofu FAH AahAe] W furfural, 5-hydroxymethylfurfural,
syringaldehyde, vanilic acid, syringic acid= 1 g/L9} 2 g/L
2)31 acetate= 5 g/L} 10 g/l T==2 3FATh

A2 oEF2 (ethanol)2] S U SFRIALA
(glucose)?| s &3

ujj kol A xiF 3 AZ-2 E53535A] (Shimadzu UV-1800,

Japan)E ARE-3I] 600 nmollA] TA|F-S SASIT Clgt
£ (ethanol) ¥ ZFFH 2 (glucose)?] FEZ =43}
91l vkl 5 mLS F3IaL 10,000 GollA] 154 F<F 44
TE71E olgst dAlE A F AFHS 020 uM
©] ZH (Advantec DISMIC 13JP PTFE 0.20 uM, Japan)
2 FHY3 $ HPLC 48 &S FHlskqink HPLC
+ refractive index detector”} B Agilent 1200 series
FdlS o]g3st3om, A (column)S BioradA}2] Aminex
HPX-87H column (300 x 7.8 mm)< AR&3IAtE oluf, A
o] &= 45C 3o, o5 (mobile phase)> 5 mmol
H,S0:992™, 32 0.6 mL/minZ 31tk

2 9 n
Ml EZo| Exlsix| ft= A2l US AEY

AeEdo] HA7V=A] &2 S. cerevisiae K35} P. stipitis
KCCM 12009¢] & (reference fermentation)A], 24A])7F
Holl 100 g/L9] glucoseS E5F AH|gow, A2 (cell
growth) 2] 7%, 24171 vljF 9] ODgoo Bt 217} <F 159}
12, 48413t viSF Foll= 242t oF 163} 209 k& BITh
S. cerevisiae K352] TAHF FEL glucosed] AH| Fo]9}
TEish B 3RS BHYom 24170l dAEe] HUE
HERHAAL o]F 73:7]0l] Hoj== ¥baA, P. stipitis KCCM
12009 48A1Z7HA] A2 Q1 ti7] 2ol AU A=
d7e] Zpol7t o= ollehE A4 FE-2 24A]71e]] B
T 40 gL oPde] FEE HYow, olF & Wiy} gl
o} (Fig. 1). o|F 7l&H YedXe == A7) 3
7V AES- 531 S, cerevisiae K359} P. stipitis KCCM
120097} 5 AMl2d7dol] gk -8 3] oleks Al

A= oJake Aoz AWE JehioH
ﬂ] Z] ju— g o= o 'u 75 = AT
120 L 20 r 60

— A —
i N H15 % g
2 o L] > =2
c 2
s °l g | s
g s S| 3
é 60 10 g F30 g
g &l =
o o _8
2 ® S.C - Residual glucose (g/L) © 5]
8 O P.S - Residual glucose (g/L) o E
2 A S.C-Cellgrowth (OD ) 5 15

A P.S-Cellgrowth (OD )

m S.C - Ethanol production (g/L)

O P.S - Ethanol production (g/L)

083 g o—Lo Lo
0 24 48

Time (hr)
Fig. 1. Cell growth and ethanol production without inhibitors by
S. cerevisiae K35 (S.C) and P. stipitis KCCM 12009 (P.S).

Fet (5-HMF, furfural)®7t Exljsh= Ae| ws Hst

F &9 5-HMF$} furfuralS =27 2] 7}=Ea)A]
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cellulose 2} hemicellulose 258 A H 68H (hexoses)Z}
5 (pentoses)E-2] 25 (dehydration)¥Fs-0l] 2Jal|A &4
= [13,14], AP B2A19 5 9 Axe] g o
g g2 4 o} 5S-HMF9] 739- 0.06-5.9 g/L, furfural
£ 0.5-1.9 g/L7} A3} [15,16]. 5-HMF= 845 0|83t
nlo] QoJer2- AYAFA] glycolytic enzymes A3 2 pyruvate
4] ethanol 2 Z3HA] A2 NAD'7} furfural S furfurly
alcohol 2 AZ3E7| 3l BAYZ o= A48 24 glucose2]
o]g 7 g olgkg A & AslE AW, furfural
o] Ao AR 712k Hou, Rrlzog AEH (cell
membrane)2] £4-8- Foial B EAY [17,18].

S. cerevisiae K359} P. stipitis KCCM 120095 ©]-8-3F
olekg wtgdl glo] FHF2 5-HMF <} furfuralo] v
S Felatdtt (Fig. 2, Fig. 3). Bl o] 5-HME7}
1 g/L 22 g/L EASH= 75, S. cerevisiae K35+ 24A|17F
A & 27 18.9% B 32.3%2] AhF olehe Ay
(relative ethanol productivity, %)< B X1, 48417t 743}
$-100.7% B 94.5%2] FehF ollghE Baks Bl vhd,
P. stipitis KCCM 12009% 24X17r A3} 3 7+2; 93.6%
9 84.3%2] JThA ollehe AMAMES, 4841 A o=
99.7% B 101.0%2] 2] ofekE Arkgs Bortk vy
o furfurale] 1 g/l % 2 g/ SR8 A%, S. cerevisiae
K355 24A17F A7 3 11.0% 2 107.0%2] 23] olgke
RS 487 AT T 102.7% 2 100.9%2] HThE
o gk A FFS HQl WA, P. stipitis KCCM 12009+
24X B3 T 747} 87.9% 2 71.3%9] g E olghe
RIS, 48A1ZF B2 F 102.6% 2 104.2%<] 23 A
e+ AES BHHYTE S. cerevisiae K35= 5-HMF
EAA MGG Al wrol MEGFEETT s
Aom, o]e}t A ke BikeFo] TrAshes AkS B
Q1 WA, furfural EA|A] MEAFZL] A= wgko} o
RS- ALk 2 JIS vIX A= ZAek °FA, P, stipitis
KCCM 120099] 7%, 5-HMF$} furfural®] #3]Feke S.
cerevisiae K35°1 W3} FiF o2 Aoy 1 kel 2o
= FA ¥tk

Delgenes 5 [19]2 glucose”} =712<1 gHdul ]l S.
cerevisiae CBS 1200 579 5-HMF7} 8 mM % 24 mM
A T FAS AE Barston, AiF o
ehe Aargke 747t 359% 2 15%E HaslgoeH, Z
mobilis ATCC 10988°] thejAx= 5-HMF7} 24 mM 3
40 mM EAolE Tl AE ko, FF olgt
& AYkFe 747} 87% 2 47%E YEREOH, furfural€]
735~ S. cerevisiae CBS 1200 T35l furfural®] 10 mM
2 21 mM EAA] A8l 54 AE Wekar, g
A oleke RS ZH7E 20% 2 10%S BHYeH, Z
mobilis ATCC 10988¢] thalA = furfural®] 10 mM 2
21 mM EXA] TG AE ko, A ofehs
YRS ZV2) 82% H 56%E As|Edo] EAISHA] e
735l mlsl AsFaFe] A= Harstgih

712t (acetate)0| Exi5l= A<l wWs HE

714k acetate= J|V|AEZ 2 (hemicellulose)2] &
ol Es} (deacetylation)RFg-ll <JslA A= [13,14],
ARFE HAAIS 5 2 AA FH w2t et 5
Ao} 1.6-4.4 g/L7} ZA)3HY [15,16], acetate= LHZ
9} (plasma membrane)= A& O E HHF £ & 4Y
A WollA 0] (lypophobic acetate)} Uo]-2 (proton) S
2 FEuo] ol 98AY Y 45 A7 54
F 50l glycolysisE Walisle] olghE Arks #alatA
ok FAl 938E WY dols AE BloE YR
Sl ATPE Anlste] A ATPILZS FLAIA A2
A g ek Akl AslE Friar Bl [20].

S. cerevisiae K35%} P. stipitis KCCM 120095 ©]-8-3F
oehe whgol Qo] acetate”} FIXE FTFS IS
(Fig. 2, Fig. 3). vl acetate”} 5 g/L 2 10 gL &
A= A%, S, cerevisiae K355 24A17F Ay & Zbzt
13.4% 2 2.1%2] Zh3 olghe ks Hlow, 48
AIRE A3 Foll= 105.4% R 0% hA ollehe Ak
S KOl ubH P stipitis KCCM 12009+ 24A|13F A3} 3
Z47F 0.2% B 0.2%9] olghE Aihes Halom, 4843t
743} Fo= 1 gLl W= {ITE S cerevisiae K359
P. stipitis KCCM 12009+ acetate”} 5 ¢/L 2 10 g/L &
AA FL38H acetate®] =902 Qg FAT AT
S HYPoH, S cerevisiae K359 7% acetate 5 g/l =
A 48A17F 7 & A FakellA] Hloju} FAFHo=E 9
ghgo] AAkEglom, 1 9 o= dekE il o]
FoAXA] &9yt ol 7|tz s As| gt A
pH7} 45 Z=HE ZolX9] e wa Ajo] o
3} A E52A npo] Quf29] A ¥ acetate s A7
she S48 g tigk A7 BeAdS AAskaL Utk

Keating 5 [21]2 glucose”} F71221 Hdufx]of &.
cerevisiae Y-15283} Tembec T1 5 T°l| acetate”} 0,
5.0, 10.0 B 15.0 gL EAA] o]23 A ofjghe A4k
ol 3t AFE E3) S. cerevisiae Y-1528 73-% 22+
72.0%, 78.0%, 81.0% 2 60.0%2] N4 oe-g ke
S HU3FH O, Tembec T1o thalM= 22+ 73.0%,
79.0%, 70.0% R 58.0%%] FHF] oekE AWikEsS Bal
St o= F wFel AR E W2 FE9 acetate
(5-10 g/L) EAIA] ollghE ko] F7lshe A3 Hol
V=& 559 acetate (15 g/L)Y] Al A=
W25 SIS

Hl= (syringaldehyde, vanillic acid, syringic
acid) &7} Exli5t= A< wUs Ast

=< syringaldehyde, vanillic acid, syringic acid™
2l1d (lignin)®] 53 2 4k 7lRe E1F gk
alol] ofsix FAEM, AR B2AY] 75 2 HAE
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gel] whet gefd 4= ot AAZAR HERe 0745 gL
7} AP Z2+e] 73$- syringaldehyde® 0.017-0.024 g/L,
vanillic acid+ 0.017-0.067 g/L, syringic acid< 0.022 g/L
7} EA)8t} [15,16]. Syringaldehyde, vanillic acid, syringic
acid2 §al=r} W2 EAZA E4A AA 2] vl EAY
skt FR713R #Hs7]d o e W 1go] Al
o ATt MEE &4 2 4 AE HINA ZE-
(uncoupling) 28-S FIAIA HAES] AS Asligitiar
dHA At [5,19].

S. cerevisiae K35%} P. stipitis KCCM 12009E- ©]-8-3F
oeke wHaol| 2lo] HEFQ syringaldehyde, vanillic acid,
syringic acid7} V]X|= 9 Q1A (Fig. 2, Fig. 3).
HA v syringaldehyde”} 1 g/ & 2 g/ E=A5k=
735 S, cerevisiae K35+ 24A17F 743} & 99.5% 2 98.5%
o] ZJthA clehs LS, 48R 7 3 99.5% H 97.7%
o] AhA oeke S Wl WhA, P stipitis KCCM
12009+ 24413 B3 F 242} 94.8% B 5.6%°] =]
olehe AAFEFS B, 48417 B F102.3% E 97.6%
o] Al o AAEFS BATE T HAIZ, vl
vanillic acid”7} 1 g/L 2 2 g/l EAISH= 4%, S. cerevisiae
K35 24A13F 37 £ 98.8% R 107.7%°] “3th] oleke
LS B, 482417 A3 o= 107.6% 2 100.4%
o] hA oeke A Wl WhA, P stipitis KCCM
12009 24A17F 733} 3 85.5% 2 0.4%<] A oe-L
S, 48213 733 5 242F 105.5% B 106.3%2] 3
A erE LS Bk riXEoZ wjete] syringic
acid7} 1 g/L 2 2 g/L EAS= A%, S. cerevisiae K35
24717F Wi T 108.4% 2 102.8%2] A7 ollghe Ak
S BAoW, P stipitis KCCM 120095 24A17F vjoF 5
Z¥7Y 9.3% B 87.2%9] FHF olleks AWLRES, 484171
Bl F-100% B! 108.4%2] g2 ollehe: Aibads Bl
t}. Syringaldehyde, vanillic acid, syringic acid”} Z+Z}
1-2 g/lL EAA] S. cerevisiae K35 AE2 0] EA3}A]
B R Hlg} FdiFoR A2 AEPES Bou
Neks S HISzS AU rRF STkske 58S B
o} ¥bA, P, stipitis KCCM 120092] 739, S. cerevisiae K35
o NZAGT oehE BLHA] HIzg B3-S RO
syringaldehyde 2} vanillic acid7} 2 g/l ExjA]oll= 24A|3F
o {Ago] FA3] AT A dekE AT A
3Ha1, 48417 7 & AsiEde] JlA] Blojuh 4
221 T AdeE-S ke A3S UERAITH

Delgenes 5 [19]2 glucose”} 71221 gHdul ]l S.
cerevisiae CBS 1200 ¥59] syringaldehyde”} 1 mM, 4 mM
2 8 mM EAA] 1 mMS AL)gE YA 24 @A
o2 AMEH] FE7t Folld wet Tl s
om A oleke ke 242t 74%, 46% R 33%
S BAth B3, Z mobilis ATCC 10988 thair=
syringaldehyde 8 mM Ex|A| Tl A& wrom 4
o7 ollghe: AR 83% 2 AHsllEdo] EAlSHA] e

wg o) vl As)ES Wtk B sl Ando § [22]S
glucose”} 714Q1 Sdull=|ol] S. cerevisiae Hakken No. 1
TFE ©]83}] vanillic acid % syringic acidE 22} 6 mM
251 mM EAIA] A oleheE kRS 98% 2 117%
2 Aaf|7dgko] wnlstAY ofekE Abes S7MAZITkaL
R 3}931, Klinke 5 [5]-2 glucose”} 71221 dHAdulR|
ol 8. cerevisiae ATCC 96581 -5 ©]-8-5}] vanillic acid
9} syringic acid7} ZFz} 10 mM ERJA] AE] oljeke: At
TS 102%, 102%=2 2% 718 & S-S Husith

120

N
IS =) ® =)
S <) S S
N N N
]

Relative ethanol productivity (%)

N
o

Inhibitors

Fig. 2. Relative levels of ethanol production of S. cerevisiae
K35 (S.C) and P. stipitis KCCM 12009 (P.S) in the
presence of inhibitors after 24 h.

I o © o
S S IS IS
I I I I
]
]
]

Relative ethanol productivity (%)

N
o
1

(162 Poeapuis) g4 -

Inhibitors

Fig. 3. Relative levels of ethanol production of S. cerevisiae
K35 (S.C) and P. stipitis KCCM 12009 (P.S) in the
presence of inhibitors after 48 h.
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2 o

EA4A vlo]Qujz HAE A WAk AsEA=HA Tt
7, 71, dleRE X33 dao o, S. cerevisiae
K359} P. stipitis KCCM 120097} oE-E- Aako] m]x)&=
B THOE ATE FHATE 2 ATl AREH F
TF B5F 24417 Hof] 100 g/L2] glucose S B5F AHIS1S
o™, 40 g/L o)) odlgke-S Akt Al=A=E F
2+ (5-HMF, furfural) {7} 1-2 g/L A A], S. cerevisiae
K35+ furfuralol]l B8] 5S-HMFoll 93 A Fee =3k
om, P stipitis KCCM 12009€ 19} ¥R A3FS B
Ak Acetate”} 5 g/L ©)% EASI= A%, S. cerevisiae
K359} P. stipitis KCCM 12009 5 ¢ E5l| A=
2 of|ekg ikl gk A=t 7S =0T 3, vl
¥ (syringaldehyde, vanillic acid, syringic acid)7} Z+Z}
1-2 g/L EAA, S. cerevisiae K35 BlalA] A& A%
Al P awF FUFshe odEE RS Bl ¥,
P. stipitis KCCM 12009 ZIHEH O Z S, cerevisiae K352
A ZAAGT e Ak Qlo] fARSE ABeks Baon
syringaldehyde 2} vanillic acid7} 2 g/l ExjA]oll= 24A|3F
o wAo] FA%] AT Al deks AT A
TS B, AR B F AEE ] JEFlA Blojut
AR MEAGT g Arbkele BeS Bk S
cerevisiae K359} P. stipitis KCCM 1200991 TY3 T=
o] Aol AN AeFPe] 2ol Hole AL w5
A Y] B4 zlol2 Qg AsiEdel dist =S JERY
= Z0F Rtk & AFE B3l 7 dFE ol8g Ho|L
oehE A ] HA R AfiEde] T A9 Soli

£ g 5 glglom, o) ) B wolenls 1A
A WA ASEAS) APEES FAF 5 Uitk

# A

B Ae 3N A A7 e 1A (08-01-013
2 2009-03002-0019-0)2] A2 Hlo} F=3E]Qjom o]d
AEHYL

020093 8¢ 22, AAEL 120093 10€ 22
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