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Abstract We established a strategy for bioethanol production using the hydrolysate of rape stem, in which the inhibitor
cocktail was added intentionally. The final goal of this study was to circumvent the detoxification process when
the hydrolysate of lignocelluloisic biomass contained the toxic substances in high concentration. When six
yeast strains were examined, Sacchromyces cerevisiae ATCC 96581 and Pichia stipitis CBS 7126 were
relatively resistant to inhibitor cocktail. Then, using strains 96581 and 7126, we designed a process strategy
for bioethanol production, assuming that the concentration of toxic substance in the hydrolysate of rape stem
was remarkably high. When strains 96581 and 7126 were inoculated simultaneously, it was observed that
strain 7126 produced bioethanol as well as strain 96581, although the concentration of inhibitor cocktail was
18.2% (v/v). Finally, throughout this co-cultivation of strains 96581 and 7126, bioethanol was produced about
6.0 (g/L), and bioethanol yield reached at 0.4 (g-bioethanol/g-reducing sugar) (78.4% of theoretical value).
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M 2 HHHS X851 o]2 3 toxic substance?] ethanol A§4H
™3} inhibitione AAS L AE3k k) [9,10].
Bioethanolg @%}7] 351 lignocellulosic biomassS 7} 1 53ke] A7 Azl viFo] E o), inhibitorE Al A3}

55l & wf fiuran F-5A) (furfural, 5-hydroxymethlyfurfural), & detoxification 37 HESF bioethanol A4 Z A3 ol
phenolic compounds 28] 7]4F} 2+-& toxic substance A Al FA ot AZE o)) 7] wjEof], B Aol A]
[1-777F ¢F 0.6-3.0 g/L A= WHEAE Aoz &dHA 3 = 349 HIAE A8k detoxifocation 332 AFs}A
T} [3,4]. BE3F o]#3 EFL a7 9] cell growth rate®} W, 22 detoxification 3HLE 3| 1nh1b1tor7]- A A=

ethanol production rate, membrane function 5ol £X] &2 A S A= 8|S, inhibitordl] A&HAdo] A= EF
AEFS Fo1A] bioethanol ALHIS A= A= & “_JL—’—F** AH/ER e AL A =S
24 A [1,7.8]. 28A Be AFAES detoxification E AFoMe HA 2T 22 HAE] W (1] o83k

‘erHEH Hﬁ:OHi"ﬂ A& 2 = inhibitor cocktall—‘ A7}
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£ 67149 inhibitor7} AAHAT, = I FEE FH
ok 2gjar B A7) AaAT Aol A ethanol ABAHS
= AR JAEE [12,13] 22 Al F74 Saccharomyces
cerevisiae (S. cerevisiae)S} Pichia stipitis (P. stipitis) 1=
PR AL AT, HEHOL inhibitorolH T 2
Y= S. cerevisiaeS} P. stipitis &% T2 242} 3k 714
A Adsle] SAEIFHE O Z bioethanol AJARS A|E=35HATE

Mz o U
B2 3FF

B AT ARE3 GRE S cerevisiae Al 7HA] T S
cerevisiae SC 1024, S. cerevisiae ATCC 24858, S. cerevisiae
ATCC 956812} P. stipitis A 7}A| T P. stipitis ATCC
58376, P. stipitis ATCC 58784, P. stipitis CBS 7126 ©]t}.
EFol| A= o]E 1024, 24858, 96581, 58376, 587843} 7126
o7 FAEH

i Z2slE M=

AFolM FERE FAjolA FAAE AT F, v
A fAl AAE GF Dx700A 40 Coll A 48413 A x3}
Ak AxE FANE BL2 g BEE vEo
ZrEE ol AR-SFaL, ol ofdt e A WS o
&3to] FA TEEeEe Axslen Ag 203
WS 2 A7EY ATl 71 dY [11].

Inhibitor cocktail =4

Inhibitor cocktail®] ZAJ-2 3.5 g/L formic acid, 4.5 g/L
acetic acid, 2.9 g/L furfural, 3.8 g/L 5-hydroxymethyl
furfural, 0.15 g/L cinnamic acid, 0.18 g/L 4-hydroxy-3-
methoxycinnamaldehyde©]™, 58] 33l THE % filter
sterilization S}t [2].

Inhibitor cocktailo] &7IE HiX[oiA E2MH flask
culture

Seed culture= 250 mL 22} flask®l] 50 mL YPD HJX
(yeast extract, 10 g/L; peptone, 20 g/L; glucose; 20 g/L)=
w50 30C, 150 rpme] F7 22 shaking incubatorol]A]
overnight BjFste] 1]t} Inhibitor cocktailol] H.o}
Aol e ERAES 93} flask culture= 100 mL
flasko| 4] 20 mL F-3|2 AAJslEoH, vixl= 1) 7}
FslEol 10 g/L9] yeast extract®} 20 g/L2] peptoneS
0|11 inhibitor cocktail S F-IHIZ H7}ete] A|ZsITH
S. cerevisiae2] AHL controlS E3$Fst] 11.3, 17.0, 22.7,

27.3% (v/v)9] inhibitor cocktailo] EFHH vl XA AA|
AL, P. stipitis®] A control S E$sle] 11.3, 14.1,
17.0, 22.7% (v/v)<] inhibitor cocktail®] 3ZgHe Hjjz]of| A
AR vl w9 10% (viv)] 2 mLE HE
sto] A12Fel1. 2™, shaking incubatoro A 30°C, 100 rpm
o] o= S35t

Inhibitor cocktail0| &7IEl agar platediirM 2 MH

WA FRFF stock vial (-70C B#Hol| A g wlFo] R
YPD agar Blj#|ol] =Usl] &2} colony = Al2HA| Sk
T3 A 71E5EsiEol 10 g/Le] yeast extract, 20 g/L2]
peptone, 12]37 inhibitor cocktail S 2] #|Z3F agar plate
el 25 colony S HBd oA E HE3skd 30Co
A kst oluf 14, 16, 18, 20, 22, 24% (v/v)<] inhibitor
cocktail©] 3Z3FE agar plateE AZ5td AF3HATE Inhibitor
cocktail®] EH agar platecl|He] AR T2 A Ax=
colony®] &l Z7|= A3t

Inhibitor cocktailo| E7HEl XA SAIESHHSL

T ERe) AuE BRI ABS 95t 1)
] 71238 E-S- rotary vacuum evaporator (EYELA, Japan)
S o]&sle] oF 3u| Ax FF3+ T, yeast extract 10 g/Le}
peptone 20 g/L, inhibitor cocktail 20% (v/v)7} 718 8=
= A|Z3Hnk olw 100 mL AFZ} flaskel] 20 mL #iR|S
Azt vlS at9aL, YPD viRlell A Zexl T F5F
o] A%E A7t 1 mLA A viRtT o] 10% (vv)ol H=
Z 2 mLE seedZ AET3I wokS A AStETE ez
el 53 flask ¥l FLstAT

AMury

HI

Cell growth= spectrophotometer (Spectronic, Thermo
Scientific, USA)Z A3} 600 nmollA SE=S =33}
o 3EAISFFAL, BRI 9] Fhe] Bl &2 dinitrosalicylic
acid (DNS) S ARS8t S8kt [14]. vl £
OerS- 8RS gas chromatography (8610C, SRI, USA)E
o]-g-ate] A5 AL, o|uf -2 Chromosomb 101 [L=6
ft, ID = 1/8 inch, 80/100 mesh, stainless steel tubing (Alltech,
USA)]& ARS-SIAL, 718F E421e ATl 7I=st
Gt [13]. 282 #iA] 52 glucose} xylosed] #2492
thin-layer charomatography (TLC)Z ©]&3}e] AAslAith
o]uj Partisil® K5F (20 x 10 cm, Whatman)E TLC plate =
ALE-519931, mobile phase 2+ acetonitrile £ (acetonitrile :
water = 85 : 15, v/v)S ARE-SI3 ) sample loading volume
S 1.0 uL o, 9L ethanol®ll 0.5% o-naphtol®} 4%
HS04S 3591 WA ek TLC plateS B 5, 80°Col
2] 15831 ovenollA] TLC plateS incubationdte] AA]5}
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Atk ol FAl] LAl U= FE9 glucose?} xyloseE
7o) TLC plateol] 4] 3R SH, TLC plate®] imageS
AlphaEase FC software (Alpha Innotech, USA)S- ©]-8-5}]
peakZ 2t & glucose, xylose?] standard curvedl] A
3t glucose} xylosed] WS AT

24 I.I:LI

247 b

= IFE
Inhibitor cocktailoll gt xgtd S MH

S. cerevisiae 1024, 24858, 96581 TT= AL&3dla] =)
] 71238E<) inhibitor cocktailS ¥A| &< control S
F3kato] 11.3% (viv)ollA 27.3% (viv)7HA H3kA 7184
flask Wik AX3F A7} Fig. 1, Fig. 2, Fig. 37 22 23}
E At olu) 96581 w57} AHF©Z inhibitor cocktail
o] Agde] o e Aoz FRIEG O o] uf, WAtE=
bioethanol®] ZIiL k& °F 2 (g/L)ZE Al &5 TFollA
AR, BHEAE 27.3% (v/v)S] inhibitor cocktail
o] H71E v X E 96581 FFE AQstaE MEA
o]l A dojyA= Lo, dFFE AHlsHEA
Oo|2FEo ZHsE AEY bioethanol S AT
o2 7359 g o] Agols avo SEAT inhibitor

o
°
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Fig. 1. Control flask cultures of S. cerevisiae and P. stipitis in
the hydrolysate of rape stem, in which the inhibitor
cocktail is not added. Data of S. cerevisiae and P. stipitis
are described in (a)(b)(c) and (d)(e)(f), respectively. (a)(d)
Cell growth, (b)(e) residual reducing sugar, and (c)(f)
ethanol production. Yeast strains used in this experiment

are described in panel (a) and (d).
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cocktaildl] &JallA] Al Wwrom = <13l TEUAE £
ethanol®] AH]7} ZHAslodA] doju= o7 FEE R
ot o3t A3 AHE AR B AFE Hsi AuEe
= inhibitor cocktail®] A&AJo] Q= S. cerevisiae TFT-ZA]
96581 TEISIITY. P. stipitis2] 73-9-oll= 58376, 58784, 7126
W5 ARSI fAld) 7123l &l inhibitor cocktail S
H2] 9F2- control S EESI] 11.3% (viv)ollA 22.7% (vIv)
7HA] HSIA71HA flask BIYS AAISHATH. 123 Fig, |,
Fig. 4, Fig. 59} 2°] 17.0% (v/v) ©]’32] inhibitor cocktail
FEoMe MEAZGo] o]Fo] AR kOWA] bioethanol
AT A Qe AFE AJE 283l S cerevisiae2)
7359} viRZIAZ 14.1% (v/v)S] inhibitor cocktail®] &%=
M= 2F 2 g/L9] bioethanol ©] AJ= S-S L1tk
B 2GS B3 P.ostipitis 73901 Al 75 7RE &
He) AJd oz o] Aol e 155 FRIT - ik

Inhibitor cocktail®] FEE WSA7|HA] HA|SH flask
Hj kA 3ol A 2] glucose} xylose AHIWA WH3l+= Fig. 6,
Fig. 79 %] TLC 418 B3l ¢ 4= Atk TLC 4
Aol A S cerevisiae= xyloseES A3 ABISHA] E3 O
™ inhibitor cocktail®] =7} S7}5PHA] glucosed] AH]
7t AFEE R = AUtk TS P stipitis HF-oll=
glucose9} xylose 4~H|7} inhibitor cocktail®] F=7} 57}
sPAA HaF Aoz AAdES IRIT & UATh
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Fig. 2. Flask cultures of S. cerevisiae in the hydrolysate of rape
stem, in which the inhibitor cocktail is added at 11.3%
(v/v) in (a)(b)(c) and 17.0% (v/v) in (d)(e)(f), respectively.
(a)(d) Cell growth, (b)(e) residual reducing sugar, and (c)(f)
ethanol production. S. cerevisiae used in this experiment
are described in panel (a) and (d).
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Fig. 3. Flask cultures of S. cerevisiae in the hydrolysate of rape
stem, in which the inhibitor cocktail is added at 22.7%
(v/v) in (a)(b)(c) and 27.3% (v/v) in (d)(e)(f), respectively.
(a)(d) Cell growth, (b)(e) residual reducing sugar, and (c)(f)
ethanol production. S. cerevisiae used in this experiment
are described in panel (a) and (d).
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Fig. 4. Flask cultures of P. stipitis in the hydrolysate of rape stem,
in which the inhibitor cocktail is added at 11.3% (v/v) in
(a)(b)(c) and 14.1% (v/v) in (d)(e)(f), respectively. (a)(d)
Cell growth, (b)(e) residual reducing sugar, and (c)(f)
ethanol production. P. stipitis used in this experiment are
described in panel (a) and (d).
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5. Flask cultures of P. stipitis in the hydrolysate of rape stem,
in which the inhibitor cocktail is added at 17.0% (v/v) in
(a)(b)(c) and 22.7% (v/v) in (d)(e)(f), respectively. (a)(d)
Cell growth, (b)(e) residual reducing sugar, and (c)(f)
ethanol production. P. stipitis used in this experiment are
described in panel (a) and (d).

1024

G - e .- .- -
G X 0 6 12 24 O 6 12 24 o 6 12 24(h)
1024 24858 96581
P et e e cee o-
.
G X 0 6 12 24 30 0 6 12 24 30 0 6 12 24 30(h)
1024 24858 96581
- - -
.....................

GX 0 6 12 243036 4854 0 6 12 24 30 36 48 54 0 6 12 24 30 36 48 54(h)

6. TLCs of the culture supernatant. (a) Control flask culture
(Fig. 1(a)(b)(c)), (b) 17% (v/v) inhibitor cocktail-containing
flask culture (Fig. 2(d)(e)(f)), (c) 27.3% (v/v) inhibitor
cocktail-containing flask culture (Fig. 3(d)(e)(f)).
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7. TLCs of the culture supernatant. (a) Control flask culture
(Fig. 1(d)(e)(f)), (b) 11.3% (v/v) inhibitor cocktail-containing
flask culture (Fig. 4(a)(b)(c)), (c) 14.1% (v/v) inhibitor
cocktail-containing flask culture (Fig. 4(d)(e)(f)).
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. Flask culture of strain 7126 in the concentrated hydrolysate
of rape stem. No inhibitor cocktail is added. (a) Cell growth,
(b) residual reducing sugar by DNS method, (c) residual
glucose and xylose concentrations by TLC, and (d) ethanol

production.
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Fig. 9. Flask culture of strain 96581 in the concentrated hydrolysate
of rape stem. No inhibitor cocktail is added. (a) Cell growth,
(b) residual reducing sugar by DNS method, (c) residual
glucose and xylose concentrations by TLC, and (d) ethanol
production.
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Fig. 10. Flask culture of strains 96581 and 7126 in the concentrated
hydrolysate of rape stem, in which strains 96581 and
7126 are inoculated simultaneously. Inhibitor cocktail of
18.2% (v/v) is added. (a) Cell growth, (b) residual reducing
sugar by DNS method, (c) residual glucose and xylose
concentrations by TLC, and (d) ethanol production.
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Fig. 11. TLCs of the culture supernatant. (a) Culture supernatant
of Fig. 10, (b) culture supernatant of Fig. 8. G and X
indicate xylose and glucose, respectively, as standard.

P. stipitis 73-3-°= inhibitor cocktail®] Xt} #g/Jo]
AJ=E TFE flaskv R T A &<l tf—-_l' T 7] el
S. cerevisiage 759} P. stipitis 775+ inhibitor cocktail®]
7} € agar platedl]A] FIsh= Zﬂ/é]?ﬂ% e
Table 13} 20| S. cerevisiae 733l flask WY} FL3}
Al 9658101 71 inhibitor cocktaildll &0l = T2
BR1EIAL, P. stipitis 735-0l= 7126°] AiH oz o A&
4 d= Li BRI =k 184 7126 TFE The AF
S 93 1ot A3 e P stipitis TTFE AT

Table 1. Cell growth on inhibitor cocktail-containing agar plate

IC S. cerevisiae IC P. stipitis
(%.vIv) 1024 24858 96581 (%,VIV) 58376 58784 7126
18 ++ + +++ 14 ++ ++ ++
25 + + +++ 16 + + ++
27 - - - 20 - - -
30 - - - 22 - - -
34 - - - 24 - - -

Inhibitor cocktailol X&d U= #AFE 0|25t
bioethanol A4k

o] AT A= B}F/h& inhibitor cocktail®l] W&}
B} o &atAdo] e 965813 71262 it 71is)
EZHE bioethanolS A28=d] oJE@A o] & 4 )
S g AT-E FPct Pichia ARE 68Hd} S
B3-S BT 0]831Y ethanolS THE 4= A& wFolY]
W&ol TkeF 7126 W= bioethanol AAFo] 715slch,
o] ARE o] g3l FAt 7HEalE ] inhibitorZ 13}
o] WAE 5 Q= BAE HE & 4 AL Aoleky 47
stk 1A WA 38 H=3 ‘ITXHEH TR ES o
83} bioethanol AR FTL P33 Th (Fig. 8). 1 Az}
Fig. 8(d)9} 72©] bioethanol A4Fo] oF 2 (g/L) B= Hlo
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=R o, TdFol tigh bioethanol &= <F 0.133
(DNS gl 41 A) ©F oF 0.09 (8% TLC &4 <A)
o] U] ekt olulf 3vl w53 FA) 7 alEoll A
2] bioethanol A§4+o] controlol|41] bioethanol A4t (Fig. 1(f))
o Blgle] zfo|7} gl AL 55l I3t inhibitor =2
Z7PF QIR Aoz FEHT B AFEHA gt Mg
Ay}l M= 5-hydroxymethyl furfural®] 0.2 ppm E)3H=
Ao = Bl AT} [11]. 22v} Fig. 89 Z¥= inhibitor
7}0.2 ppmEtE O & F S 7Fs8E Bol a1 9)
o & 3

&, 96581 &5 3¥ T3 AU THEEsl=
©0]8-3}] bioethanol AB2HS A3t AF) Fig. 99} o] whe
TEZ glucoseTHS ©]-8-3}4] bioethanolS Vv S
=} 28} o]wf 9] bioethanol 482 DNS 4] 7]
TOEZ °F 0.21, TLC &4 7IE2=& 9%F 0.12 A=E ol
T Hlstq A2 Zrol Atk RIRIARE olg ddE
3u)) F=S fA) 71=EslE k2] inhibitorel] 93 Ao=
AZtE|m,) o]l F531A] & AT TR eES AR
Fig. 1(c)°l1X19] bioethanol ¥R} 38| 53t F-A0] 715
HaE-S 2183 A9 bioethanol A4ko] ITHA] &3] oF
The 237} o8 & Ssia it

1A, ©] F TFE BEHOE o|83dl] fst, E=
07 ARSSkE Al BHrhks SAMIYS 53 bioethanol A4
2 10ksl] 1 84S =0)7]|E STt o= Taherzadeh
et al. [15]°] 3L =7 <A 3 Z 2= lignocellulosic
biomass2] 7}4=E-3ll oA HHAYS= furfural©] S. cerevisiae
oJsled 9 toxicet BRE HFEThs AFAHZHE 2t
Hk ol F o S35 IS v AdHE T 559
BEAS ERIs] 9k, Al 7EslES 3H 5=
sl v R0l S. cerevisiae T2 MEAAFL 7}Vs3h, P
stipitis TH5-2] M|EAJ7L0] B3 18.2% (v/v)<] inhibitor
cocktail S o 7St wiAIE wheo] F #8 A HE3)
= 23S YA (Fig. 10). Fig. 10(d)2F 2°] glucose
9} xylose A:HISFHA] bioethanol®] ¢F 6 (g/L)7HA] A=
= AL 31l EolsHIE glucose 3] ARH F
12X)ZH7-8 24A17F Atolell F 1.2 (g/L)2] bioethanol Tf
S Ik}, o= P. stipitisol] 2J51] xylose ZH-E]
ethanolo] T A= A7) wiolm, oju ©dFol gt
bioethanol &% 2F 0.4 (DNS 93 B2 ZA)9} oF
0.32 (A% TLC #4] 272 °o]= A% inhibitionS ==
sH= Ao 2 Yeldt). 3HA glucose ) xylose2] 4H] A4
2 Fig. 11(a)*]1¥ Fig. 8] 7126 =+ vl A2 glucose 2}
xylose 42H] 391 Fig. 11(b)ol] Hlgle] Bo| ZFHA|= AL
2 YUehdth o]AL Fig. 109] 71267} 965812 A HE
HjoFo] B} B inhibitor ¥ =S FH3ta Jths AL
HoF+= Aol st

S. cerevisiae™ glucose A% ol xyloseE A 4= §)
7] W&ol SAIHZ2FE 213} bioethanol A2 =71+= P.
stipitis ] xylose 2xH]ol 2]} bioethanol AJ2+HO. 2 3 =]

o o

Xt} A B3RP 8. cerevisiae7} A37EPAA] inhibitor
cocktail SFe] A=A E-4o] BalEo] 21 & P, stipitis2]
AMAZ/3743} bioethanol AJAte] 7Fs3sHAl B AOE FHE o]
A 9] A= F a5 359 TA JE sk Ao
A & e 3HAA 9= AT 5 AN T &R T
5 st AR 7] Wil 919 A FE0]
T o 2 ] Holx] ek 4 Utk 1A o= F 15
sty Ak Aler B3 Zlo g Azt ozt
B2 AFolA Al 7-ElEY inhibitorol] tgk A3k
Aol Q= F 7HA &R E A3 bioethanol AAHS
Al=gk A7} glucose”}t 93] ARE o]Fo) FrpH o=
bioethanol A4ko] o FoZIth= A& HHESITE o= dht
20 2 biomass 7EESIE MEAAFC Fafsk &2 o]
SHa-Eo] UL A9l detoxification B8 A= A
o2 dHA e, E Ao ¥s|Z F 714 inhibitor
A BRE AR & AFolle ol 388 A 73t
o & 4 A

il

(=)

Al
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