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Development of Pichia stipitis Co-fermenting Cellobiose and Xylose Through Adaptive Evolution

Dae-Hwan Kim and Won-Heong Lee*

Department of Bioenergy Science and Technology, Chonnam National University, Gwangju 61186, Republic of Korea

Production of biofuels and value-added materials from cellulosic biomass requires the development of a
microbial strain capable of efficiently fermenting mixed sugars. In this study, the natural xylose ferment-
ing yeast, Pichia stipitis, was evolved to simultaneously ferment cellobiose and xylose. Serial subcultures of
wild-type P. stipitis in 20 g/l cellobiose were performed to increase the rate of cellobiose consumption. A
total of ten rounds of the serial subculture led to the isolation of an evolved strain fermenting cellobiose
significantly faster than the parental strain. The evolved strain displayed enhanced ethanol yield from 0 to
0.4 g ethanol/g cellobiose. The evolved P. stipitis simultaneously fermented cellobiose and xylose in batch
fermentation. The genetic information of our evolved P. stipitis would be valuable in the development of a
microbial host for the production of biofuels and biomaterials from cellulosic biomass.
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ot FEH Y Y Ay o Had 5 Q= AR
o) Aol ol & % Ark.

AEAQ MEa aRQl Saccharomyces cerevisiae=
xyloseE AL =& §lou B9 glucose HAMI 5 &
ethanol AJAHG L0 2 ol8)] M-S AA Hlo|QujAZ EE u}
oleARE At ATl Y F&Ho fri6-8].
xyloseE AL 4= Q1= ookt n] A EZHE xylose thAL

8459, xylose reductase, xylitol dehydrogenase %

xylulokinase 5)& E3st1 FHAFES 23} xyloseZR
HE a0 g ethanolS AAtste #5371 EH B QL
6 M [9-11], glucose repression< 3} E3F hALE &
< =017] Yol celluloseE £3lT 4= Y= WA EZEH
cellobiose WA} A AE(Y,
intracellular B-glucosidase T+ cellobiose phosphorylase
=e i7]—E =93}t xylose?} cellobioseS SA] o thAlg
T Y= w7 AL EH = sFglvh12-14]. 22y o] 2%t
A 23t S. cerevisiaer= xylose?] WA} & xylitol Y acetate
S BaRo| MASHE BAHO] BuEo] $om[9, 10],

xylose?} cellobiose®] FA|HAF Fof= A|EZ U] cellobiose &

cellobiose transporter %
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HaAE9] H|Eo|Z <] 22| T A A o)k (transglycosylation)
of oz A7t dAbstr] A& thFe FH Y SHA S| F
AR E At EAIF ] BaEo] tH12, 15, 16].

ojof Bt} AAH O 2 xyloseE HPAIT 5= U= AR
Pichia stipitise +82F A2 7)eF 0§38 g F4#
=Y =d F7HAR A2 24 glol® Adf4aA vt
oM AR RE {fdts TS FRES HAE 5= ok
£ Aol AUtH17-19]. 22U oFFF Y P. stipitis®] -
xylose?| A= ¥&3t WHA cellobiose?] A= @A 3] =
2|7] W& M E2 cellobiose WAL A} $lo]+= glucose
repressione 3|9 3to] ALAA vlo] QujA &) thekst
FREs AH o A7) o HTH20].

L o AEY AT RS A e R AW
9] #-g-Z 3} (adaptive evolution) WHo] & &gx
ARG A Y B FAAEY HEY 2E E
A 429] ¥3} glol= n|AAEY S0y Azt o g
@, 7185339 A, &4 2EHA U D S
AsfA H7t )l rBES AKHLR EAA AZ7} &
282 §AA HolE doA AL FEL ATt s §
T3 5, EAWol A E0] BEY AA R 2o A
Aot SHFol Hreg sto] 35 NAsk= Wioltt
21-23

waha] B d1e 29 A Q] xylose tHAF &2 QI P. stipitis
of AZX3E FrEste] HFL4A vho] A R 3
32l xylose&} cellobioseS G120 2 ALt #+FE 7l
sl 12} 31Tt o] S 93 cellobiose 373 of| A 2|42 ¢l
A FS 3l P. stipitis2] cellobiose THAFRE&-0] SFATE]
EE 23l oH, o]F F3) cellobiose?} xyloses F A9
A = Sl P stipitiss 7HE8kaA} shglch.
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2%, 4gA3 9 Ashd F79] A
2 AFollA H-SZ13HE FE cellobiose tHAMS]
8 P. stipitis CBS6054 737} AH&-E qlth.
LAz APL Y8 P. stipitis Y F2YE 5mlY
YPD HJX](10 g/l yeast extract, 20 g/l peptone, 20 g/l glucose)
£ EZUT HAE FH| HF5aL 30T A 250 rpmo] o
W SE2 st AN 3 oA Fu) an
M EZE 343 = 25 ml9] YPC ] X](10 g/l yeast extract,
20 g/l peptone, 20 g/l cellobiose)S EgFs= ZaAT o] A
F3=(0Dgoo)7t 0.10] HEF HF3tL 30TeA
90 rpm & Wt £=2 BujFE WY 2ujt 5 o
F 29| cellobiose7} &R E|o] Zrojmw7t oF 1 g/l WJ7HA]
o= & W ARE I3t A2 YPC HiA o AlZ &

F2 9

t
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Fr7h 0.10] HEE FFstgon o] AL F 1030 4
A skt

A FE 3l dojx 10HA] v ¥ 20 g/l glucose
2 Z§e YPD TANAC] A S Hatel Eu 7
30T oA oF 2¢7E vigste] @Y F2YE FHE}G. °]
T B2 Z 40719 S2YE A™E3te] 20 g/19] cellobiose
7b ¥ YPC iAo Al Z FF =7} 0.10] HEF HF5
3 30T oA 90 rpm RA L Z S W33} cellobiose
2 H&E S ethanol iS¢ &0 & #5512 AEE
340 g/19] cellobiose”} 335 YPC v R o)A LU =4
© 2 vjoFS 335} cellobiose 2R EEQ} ethanol A AF
Lt 22 HFE JF At Eddo] 45379 A
S Y3 384 Tas g HY YT

T Ea

20 g/19] glucoseZ §H5-3F YPD v X|o|A] ZuljofF st a
FFES 3|43 T cellobiose®} xyloseS 2H2} 20 g/l, 30 gl &
40 gl A g3t YPCX B Aol Al Z EF=7F 0.10] H&
2 HE3 3 30Co0A 90 rpm 2ACE TG LEE A
Pt 2T Tae 247 250 4A BHE AEE 3

shc.

A3tE a2 #3379 A &

ALA3E S AW P. stipitis A3} F37F A O
2 A &st7] Asf 20 g/l glucoseS EFHEE YPD Hj
AofAl AZ FF= 0.10] H=F HFstaL 30CIAl 90 rpm
o] Wit £ 2 vigkS APt o, 24Xt & N ZE 3
F5ko] =& YPD HfA|o] 103]0] AA Athuigs 23yst
Gt ob&e Zt vjok GA Y FRAIHANA BR AZE 3
8 & 20 g/19] cellobiose® E3H3F YPC v R|of| A|E &%
= 0.10] H=& FF3F 30CoA 90 rpm ZHLE J|&E
A HaE JPste], FFNIE Fof AL 439
cellobiose TA7} glucose 1ol 4 o] At ol ofs) 3}
St &2st . P. stipitis A3t 59 532 A
= EQlsty] AT 374 A= 3 HA FFPsigict
Ay

Ia F AZAATS gest] el siddE As] 34
3t & UV-visible spectrophotometer (Biomate, Thermo,
USA)E AH&-8to] 600 nmol A 3 =5 AT Ha
F WAHEE S E4F Al A dH 25t Al2E
A Q)3 AHSN-G 31443t T refractive index detector (RID)
7} A2 AA I 2ulE T I (HPLC US/e2695, Waters,
USA)E 0|43l =& E43A . 2L Rezex ROA-
Organic Acid H+ (Phenomenex, USA)E AF&3}$0H, o]

Ho
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Z-$A5LE E3l P. stipitis®] cellobiose TjA}2] sFAF

P. stipitis] cellobiose QAIE &S &913}17] §J3}o] oA
o] P. stipitisE °F 20 g/19] cellobioseE ©HA YO 2 3}o]
S| EA Wa g AYPst A}, cellobioseE E5F HANSH| 714
160A] 7t o] o] &2 =™ ethanolZ A& HP=A ¢Fa &
23] N2z AR o]RojX = AL FRlstHth(ZE = Al
A|8FA] 9. o] o] cellobiose R A A X &2 02 A thuf
Fote 23} S E3) cellobiose?] AL &o] Z7}
H P. stipitis EAHo| #FE SRR FFAT

Fig. 164 Ko]Xo], ok H Y P. stipitisg ©]-&3 25
A5ke] A WA s Es dRE T 144470 AY=E
cellobiose”7} B5F AR EX| = 94O ™ ethanol?] YAL &
ZE A gt A-8713Y F AARE v HA wigE A
A o gt vp7E A 2 i F Al - T 1444 70] AUEE
cellobiose7} 57 AR E ] ghgton], oAl WA wjgol A=
cellobiose7} 144A|7F ¢to]] BRE AREQ oL} oA 3
ethanolZ A=A ¢F5F sttt 12 o4 WA
kR E P. stipitis? cellobiose JAFE =7 43 715}
of oAl WA i dte 2o 48A17F Qholl =& cellobioseE
253 oF 4.6 g/19] ethanol& AYAstE= Zo] TAEJLC
™ (ethanol AAFEE 0.1 g/l h, ethanol =& 0.29 g ethanol/g
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cellobiose), Y HA v o] A= cellobiose AR & X7} T
% Z7}3to] 2447 H9F A BE cellobioseS 4R35}l
oF 6.2 g/19] ethanolS AJAHst= A o] &5 ¢l th(ethanol
AAFEE 0.26 gl'h, ethanol =& 0.42 g ethanol/g cellobiose).
F7HH o2 £3% 8 HA I 7AE E =9 cellobiose
AR e BREA grort, A WAl vk v
wato] @ WA wjFol A= cellobioset B & 18A1%F ¢k
of B AHEo] oF 6.9 g/19 ethanolo] FAJEHS W23
Tl(ethanol AJAFEE 0.38 g/l'h, ethanol & 043 g
ethanol/g cellobiose). WehA & 103]9] cellobiose ZZ 0| A
o Ael gL T3 P FFET cellobiose®] HhARS:
= Y ethanol Aol @ATHA Fcd Aol &5 AT
2 ohwa 4 slgth

Cellobiose HAL7} FAHE P. stipitis A3} #5-2] A9
Cellobiose ZZoA HZAaE #+F JHozihH
cellobiose WA} B P. stipitis A0 @Y 7JAE A
Hst7] 9fstol E WA wjgolA I a2 AEZES
20 g/19] glucoseE Z3dt= LAH R o viFste] ek 350
N Az Z2YE gHd $ 40709 FEYE FLHE A
3l 20 g/19] cellobiose A A &4 HaE =33}
A}, 20 /19 cellobiose 2ZAA 40749 FFE2 AY H]
223t 239 cellobiose A} H ethanol AJAF FAMS LHE}
AOoH(EZF Fig. 1 ¥ 23 Table 1), 1 5 ethanol &%
Hlmste] 3709 #FEL ST 40 g/19] cellobiose 27 oA
3|84 HEE $sto] L4238 cellobiose AR &S K0

i
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Fig. 1. Profiles of serial subcultures of wild-type P. stipitis on cellobiose condition. Symbols: cellobiose (O), ODgoo (@) and

ethanol ().
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Table 1. Summarized results from cellobiose fermentations with the parental P. stipitis strain and three isolated strains from the
last culture of the serial subcultures. Fermentation parameters (ODgqq, ethanol, sugar consumption rate, ethanol productivity and eth-
anol yield from sugar) were calculated from the values at 24 h after fermentations. All fermentation experiments for evaluation of the

parental strain and the isolated strains were performed once.

Cult.u.re Strains ODgos Ethanol Sugar consumption Etha.nol Ethanol yield from
condition (g/1) rate (g/I-h) productivity (g/I-h) sugar (g/g)
Cellobiose 20 g/l CBS6054 4.1 0.0 0.10 0.00 0.00
YN14 8.1 8.2 0.82 0.34 0.41
YN16 8.7 8.0 0.83 0.33 0.40
YN47 8.4 7.6 0.81 0.32 0.39
Cellobiose 40 g/I CBS6054 5.1 0.0 0.17 0.00 0.00
YN14 1.9 16.6 1.10 0.46 042
YN16 123 15.8 1.08 0.44 0.40
YN47 125 16.1 1.09 045 041

= 435 AdsaA syl

Fig. 2& P. stipitis 25 4 37[%] Ed®¥e] 435
(YN14, YN16 2 YN47)2] 20 g/1 & 40 g/l cellobiose 7
Ml B84 SEPAE LRI ek 20 g cellobiose
2N A BT 7247 T oF 6 g/l19] cellobiosed 4
B3} O ethanol A& AAskA] X3k v, AR
HAFES AY v TaFEE Udetdiof 24407 53
cellobioseE BT A3} oF 8 g/19] ethanolS AYASHETH
(Fig. 2A-2C). $tH 40 g/l cellobiose ZANA EH#F+=
72X 7t 9 2F 10 g/19) cellobioseE AX3}e 20 gl
cellobiose ZA9] 8|3 2F7tF Z7}8F cellobiose AREEE U
EFf ot 93] ethanol A=A Fodtt vHH SAH
o] #FS9| 4% 20 g/l cellobiose oAM= Hl27t Ta
FAS e 9o, 40 g/l cellobiose ZAAE= 371A]
FEo| o7t o2 Ha s e loh(Fig. 2D-2F). &
3] YN14 #5+= Ta F 24417 5¢t & #FE0f 1|3
WZ cellobiose 2% W ethanol AJAF FAS H 7] wfj &9
YN14 F2E HEHo2 AEats P stipitis YN14Z 3
stgent ol F 2714 AP WYL, P stipitis =
w5 % 37HA] EHo] #F59] YEAI= Table 19] 4
Sarsc.

Z3}5 P. stipitis®] cellobiose®} xylose AT a
XyloseE Y&5HA A 4= = ART S. cerevisiaeol
F%o] F 2 cellobiose AL FAAES =YS APA+
| A AZG S. cerevisiae= cellobiose?} xyloseZ S0 T
Absle] 447 vlo] Q mj AR EE| ethanol® Z-E Hfo] L
RS avpF oz Pikeh 4= gl3o| Had vl Qlth12, 14].
St ofYF Y P stipitise A4 22 §l0] xyloseE €
gotA A 5 dow 2 AFoA HEE P stipitis
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YN14 3 cellobioseE ¢ W2 A Ak 4= Q7] fj &
o P. stipitis R#Z%9} YN14 27} EJ2L ainoz
YA 4= Ql=A] &2l A} cellobiose?} xylose &3 %=
oA B&4 HaE Ayt

Fig. 32 cellobiose?} xyloseZ} 2tz 20 g/, 30 g/l E=
40 g/7} =3he 3t RAA P. stipitis Zat3 X YN14
779 23 HaFAAES YEpf L Qi Cellobiose}
xyloseZ7} ZrZ}F 20 g/1¥ 3 H E3T AN BdFE
36A1 7t T9 xyloseE 25F A RS U cellobiose= 7 g/l
A "o ARSIR| EtgHon oF 8.3 g/19] ethanolS AYAt
SFEITHFig. 3A). 53] WA AIZF 3 24417t F<F xylosed] T
Ate YEetA gojdt BEH cellobiose?] A= A9 4o
YA 2 AL nEetH, BdFE cellobiose AL f
% =87 2ol xyloseS HA AL 0| cellobioseE o
Abste 28 Ql Ha 7S Holoka watd 4= qlok. E3F
EaFE cellobiose®} xyloseZ} 242 30 g/l = 40 g/1¥] E
TE 23 2AAAE B TaSS YErH T 3
a7 7 GAZA xylose= W¢ YA AR BHA
cellobiose= A 9] HjAFEFR] Foto ™| xylosed] WAL} &

L A o] o] 22Xk cellobiose?] WAL} o] FojA| &= W
Aol FAHh(Fig. 3B ¥ 3C). 211 HtFe &
Z 9E 5 HAE(xylitol, glycerol ¥ acetate 5)9] %37 9]
A9 dojuA] ghe Ao] TEE

31 YN14 752 7% cellobiose®} xyloseZ} Z+2+ 20 /¥
Z3E S5t A A cellobiose?} xyloseS ZFZF 2447+
2 36A17F ¢tol| mE AmFFOow T ABE oF 15.3 g/19]
ethanol& YAk AtH(Fig. D). LT 2ZAANA 9 HF
W Aol v E of YN14 F3E ZdFe Ao Fdst
452 xyloseE AN oo, o] gt A= cellobiose &
A4 AL AT VN4 78] xylose DAL FFE
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Fig. 2. Profiles of cellobiose fermentations by the parental P. stipitis strain and the three isolated strains from the last subcul-
ture. Cellobiose consumption (A), cell growth (B) and ethanol production (C) during the fermentation of 20 g/I cellobiose. Cellobiose
consumption (D), cell growth (E) and ethanol production (F) during the fermentation of 40 g/l cellobiose. Symboils: parental strain (O),
YN14 (@), YN16 () and YN47 (A). All fermentation experiments for evaluation of the parental strain and the isolated strains were
performed once.

X2 Fokthe AL Yulgith. ob&e YN14 o3& xyloselth oF7F WEA tAtE = FAto] TEAEOY, F
cellobiose®} xyloseZ} 242} 30 g1 g S9td 24 7HA] T2 A A& F 36A17F 5% HlE S22 2F o
Hop A9e 3T SAHAL Fs Eh Cellobiose7t  AbEQlem I A2 oF 23.4 g/19] ethanolo] A4 = 3t
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Fig. 3. Comparison of fermentation profiles of the parental P. stipitis strain and the mutant YN14 strain during the fermentation
with the mixed sugars containing cellobiose and xylose. Parental strain with 20 g/l cellobiose and 20 g/l xylose (A), 30 g/l cellobiose
and 30 g/l xylose (B), and 40 g/I cellobiose and 40 g/l xylose (C). Mutant YN14 strain with 20 g/l cellobiose and 20 g/l xylose (D), 30 g/l

cellobiose and 30 g/l xylose (E), and 40 g/| cellobiose and 40 g/l xylose (F). Symbols: cellobiose (O), xylose (A) ODgoo (@) and ethanol
(). All values represent averages of two independent fermentation experiments and the error bars denote standard deviations from

the two fermentation experiments.
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Table 2. Summarized results from the fermentations of cellobiose and xylose with the parental P. stipitis strain and the mutant
YN14 strain. All values represent the average + standard deviation from the two independent fermentations.

Cultgre Strains ODgoo Ethanol Tota! sugars Ethanol productivity Ethanol yield from
condition (g/l) consumption rate (g/I-h) (9/1-h) sugars (g9/9)
Cellobiose 20 g/l +  CBS6054 121+467  83+063 0.59+ 0.04 0.23+0.02 0.40+0.00
xylose 20 g/I YN14 11.0£290  153%0.50 0.98+0.01 0.43+0.01 0.43+0.02
Cellobiose 30 g/l +  CBS6054 11.7£396 11.6%0.60 0.77+£0.03 0.32+0.02 0.42+0.04
xylose 30 g/I YN14 1174113 2341056 1.47 +£0.07 0.65+0.02 0.4410.01
Cellobiose 40 g/l +  CBS6054 150+4.10 16.5+0.80 0.80+ 0.05 0.34+0.02 0.43+0.01
xylose 40 g/ YN14 13.0£1.13  28.0+0.53 1.39+0.05 0.58+0.01 0.42+0.02

(Fig. 3B). o8 SAe 27Ac| M9 BR% Sadnel v
ue o, YN14 #F= B9 A9 T4 £EZ xylose
£ fgakeigE Ax BE QI Cellobiose®t xylose?t Zh2F 213} P. stipitis®] 932 #o]9] ek A &l

40 ¥ 294d AT AN E F 7HA Fof FAIHA B oA E cellobiosed] A7} @A ] =& ow 3

FAAL FLsHA JEHUT. INI4 3= HFE AZ T gpitisE 0]23} cellobiose 2 AN A HLA3 i@"o‘]—
48X 7t ZoF H]%:3 £ 2 cellobiose®} xyloseS 2235 o cellobiose DIALE&0] AF&3t YN14 35 §]_Ei_31_ 9l
oo oF 28.0 g/l19 ethanolS A6} 4 th(Fig. 3F). 18 1L 9 o™, o] P, stipitis ® 2%} cellobiose T AF} el
YNL4 5 A Batop vl B9 HE 3 H*}% FAAEY BdHlo] B Ul $79] Wt gloj %ol
o] 248 A9 dojuhx] Agto} Eo|dAx Egto] o] L 3k ﬁoﬂ,ﬂ 222 SAA Wol2 QoA YNI4 73
7+ 30 g/l = 40 g1 Z3H 2 U= EAE ?‘ft&‘:‘ 2 Assgohs AL Jedth o}&d o3t Aak= YN14
(36 A 7F o] Z)H H xylitolo] A8k 0.7-0.9 g/l) A == FE= celloblose tAlo] BEE AEHAE SuElA] G
Aol BTk 2 EAY 2ANMY INI4 FF9 BN AR ABFHE B cellobiose At
ethanol AJA+4&3} ethanol A& E+ cellobiose?t xylose  H ZHE QIA}E o] ThA] H3lele] B FF&} H|L3 2302
7t 247} 30 g8 BRE AN 0.44 g ethanollg sugars B FE YL AATTE ebA YNIL FE7F $HA
4 0.65 g1'hZ 7H =9kom, ojg|gt A2 HE 2 ol o 2 oFA%HA] EQlsl7] 951 glucoseE T B4 Yoz
% 30 ¥ TP 270 THF FALES P BHA  sh 2204 F 10800] DA Adelre Astgon, 2
ol 2AYE & 4 JUT. P. stipitis 252+ YN14 o5 wjoF S 0] ERAH A 323 A ZE cellobioseS T

lo
(ot

T HE A= Table 20 A2 3Hgich.

_1\1

_1

fl

A 25 B10 C10

20,

Cellobiose (g/L)
0OD600
Ethanol (g/L)

L . \ . 0 L L . L . . L .
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

Time (h) Time (h) Time (h)

Fig. 4. Profiles of cellobiose fermentation by the YN14 cells harvested from the each culture of serial subcultures with glucose.
Cellobiose consumption (A), cell growth (B) and ethanol production (C) during the fermentation of 20 g/l cellobiose. Symbols: yeast
cells from 1st culture with glucose (O), yeast cells from 4th culture with glucose (@), yeast cells from 7th culture with glucose (H) and

yeast cells from 10th culture with glucose (A). All fermentation experiments with the yeast cells from the each culture of serial sub-
culture were performed once.
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HAaYgo R st 2 FEA] vjkE X Pste] YN14
79 cellobiose A4S B8}

Fig. 4= glucose 271 9] A el DA A A WA v,
ul WA e, 45 AR g 2 4 WA vk & 3
YN14 #FE9 20 g/l cellobiose A0 A 2] 3| EA] vt oF
A2 Yt Utk Glucose 270 A 13] vt & 34
3t YN14 #3= cellobiose TJARSE Q] A5} Qlo] 2447 <t
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