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H OE: ACERZABEROBRBESBEAZTKRE, METRSSSLANBOLAR IRHFARTT AT DAL .
H, AL LM A& B BER Kluyveromyces marxianus P 49 3 F 40 DNA A A4, PCR ¥ 3¢ H0 2% AL B inu, A1k
A AWl S B3 T A& 58 H % (Phosphoglycerate kinase, pgk) B3, MEETM LA F4 HO/p-inu A=
HO/pgk-inu. % Not I &K MA/E, KA &Kk ARIEBEE T L E Ak Saccharomyces cerevisiae 6525, 2311334 F 0 B
A 64 FEH AR HI6/1~HI6/10 & HP16/1~HP16/3. 544k R A W) HI6/6 & HPI6/3 ) FH8EE 45, 4 4% 86.0 U/mL
#7238 UmL, ZHLEWR 4.6 15F 1.54F, M MH FoEA A RYBATT TBELR, HIKEAH 200 gL, £
20 H Ak HI6/6 A= HP16/3 69 K B4 & LELIRE 51 4 55 g/L #= 52 g/L, ABBEEAELE 5] 4 0.495 F= 0.453, £ 3| 8648
49 96.9% F= 88.6% . KB T TAE AR A F A FRACEEEE T BIFeg ek,

Ethanol fermentation from Jerusalem artichoke tubers by a
genetically-modified Saccharomyces cerevisiae strain capable
of secreting inulinase
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Abstract: Ethanol fermentation from Jerusalem artichoke tubers by recombinant Saccharomyces cerevisiae strains
expressing the inulinase gene (inu) from Kluyveromyces marxianus was investigated. The inu native and pgk promoters were
used to drive the expression of the inu gene, and the inulinase was expressed as an extracellular enzyme. All positive clones
(confirmed by PCR) were able to express inulinase as measured by enzyme activity in the culture supernatant, among which
two clones HI6/6 and HP16/3 were selected, and their inulinase activity and ethanol fermentation performance were compared
with their wild type. The inulinase activities of 86 and 23.8 U/mL were achieved, which were 4.6-fold and 1.5-fold higher than
that of the wild type. Furthermore, ethanol fermentation was carried out with the recombinants and medium containing 200 g/L
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raw Jerusalem artichoke meal, and ethanol concentrations of 55 g/L and 52 g/L were obtained, with ethanol yields of 0.495 and

0.453, respectively, equivalent to 96.9% and 88.6% of the theoretical value.
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B, BEE R ATHFESR S, AR G BT SR 1
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B3 Jerusalem artichoke TS . THEho8 . P
BB, HEERS RN, HRET
HHY 60%~70% , tRBEFRIES: B-2,1 BEH BN KR
AR, ARy — A T, T LA I R A
F it S s AR A0 R 2 T R B R ME . 5 H A E
A i G T RS AR AR W AR L, AN B AR
TALEE ,  ELAKAR = Pt A 5 LRI A o ms g4,
S TR ERRL OB K A A My Al = AR 7 B AR
R

] AR FH 28 2E S ZE A 77 G RE AT T KR
SCRRARAE D, AP OR R 1 24 ) e e R —
AL RRET 20, 28 F B T A T8 1) H o 6 2 T
H&5Em, RN T WSef, 74 T ReRE A& S
AN g U E R e e R TR
FAREEE, H OB AR AT, SR PR R R
WERE 22, KW TR O BECRAL R 80% Aidy, #
MO EE 69%~7% , TEIEALT VER TR LB K
PRk B BEIE (H 909% LA b AR K 0 & Bk
10%~12% (WHARFE bR, IF H L TEHE 202, AR,
FEOR R A R BEARAG . Btk E i inAEE
el R FH R TRE 9 7 T B AR 8 R s R e 2 3R
77 I TR RO A A OB PR R O BE R K R T
], Hr SR A RO 7 R DA T P A v e TR
PRERE R SZ AR, A8 S BB A% w2 20070 D0 4 o it 11 R T T
TR P o

FERER LA T, ho A48 DL R Zr b A% iR N D)
fiti, HITSEMEEERE a BUFD o B2 [R5, MR AT
FEF 2R R R R Y R O R A K R
T, BN ho FEFAR LR mEEREA K, Warren

inulinase gene, integrative expression, Saccharomyces cerevisiae, Jerusalem artichoke, ethanol

SE S T L) ho ARG TE—2720~—1814 HZEH R,
+1 199~+1 699 AT A MBS HAR, SCBL T MR KL
DAL 7 RS PR o 1 35

AW FE LA Tl FRTE i REAE SN SZ AR R %K, LA o ir
SN LA, (2 R T S PR A TR R b AR 3
IR, A R R AR F B R Rk PR R A
FIRHER— 2 KRB R, A ERIRE
P ) Tl A= 7 B4 5 il

1 HHE7 %

1.1 #Rl
V1.1 F AL

ARSI o AR P R B R S BORLS TR 1

H AR B%EE Saccharomyces cerevisiae 6525 1
ARSI At AR w AR, BAT RAF R SR IR RE 5
PG P £ Saccharomyces cerevisiae 288c . o5 By
B YEWE R Kluyveromyces marxianus N K FTFH
E. coli DH5a ARSI 2 RAF BRIl ; HI6/6 AL
P ) 5 AT E B R B0 1Y 4 R T A A PR T
W ; HPI6/3 ARSI G pgk Ja 21 1Y %53 i
BB R TFEE ;. HO-2 (6 062 bp) ki kA 526
A7 BURL HO/inu (7 729 bp) & AN A 3l 7 1Y%
by Wl A S R IK AR, WA S M IR AR AE
HO/p-inu (8 349 bp) J&47 H B )i 3 F 1) 44 B il 5
)3 A FIREAR, AT H ; HO/pgk-inu
(8 547 bp) &7l pgh Ja BT 1Y 4 Ky ML A 1 B
REA, AR
112 T AMERIEZ 7

196 BRI 51 5 Z4E TaKaRa (Ki%) Al
8. Tag DNA REHE . FRAIMNUIEE . T4 DNA %
. DNA marker 5504 H TaKaRa (Ki%E) A H); 24
I A NS AR A ERAG RA R 350 A 1
REET, HRTHATHCT MR 0F 4 60 Hf, 205,
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Table 1 Strains and plasmids used in this study
Strains and plasmids Characteristics and genotype Sources
Plasmids
HO-2(HO-poly-KanMX,-HO) Amp', 6 061 bp Presented by Stillman
HO/inu 1 668 bp DNA fragment with inu in HO-2, 7 729 bp Our laboratory
HO/p-inu 2 387 bp DNA fragment with inu in HO-2, 8 349 bp Constructed in this study
HO/pgk-inu 818 bp DNA fragment with pgk in HO/inu, 8 547 bp Constructed in this study
Strains

S. cerevisiae 6525
K. marxianus

S. cerevisiae 288c¢

E. coli DH5a
HI6/6 Host of HO/p-INU
HPI6/3 Host of HO/pgk-INU

Our laboratory
Our laboratory
Our laboratory
Our laboratory
Constructed in this study
Constructed in this study

100 g MM &H 63 ¢ M. G418 A
Sigma v F]; DNA gifbilil & Bk e iudn &S
EEE IR & A Solarbio 23 H] .
1.1.3  BFHFEHE

YPD Kigidt (g/L): JoK#EZBE 20, BEEEH
10, FHFAM 20, 121 CKE 15 min, FTERHEK
P

YPD #EHREFRIHE (g/L): ToK#EABE 20, Bk
B 10, EAM 20, 121 ‘CKE 15 min, @EHEM
A G418, (HHAHE N 300 pg/mL, FT B # T
LR

LB ¥i3%3E (g/L): SAkfh 10, BERER R S, &
% 10, pH 7.0, 121 ‘CKH 15 min, FT E. coli
R RS

LB #3574 (g/L): AN 10, BEEEE R 5,
E M 10, pH 7.0, 121 CKE 15 min, &HJ5HN
A Amp, fHHZAWEE N 100 ng/mL, HTF E. coli ¥
b FRI R 9%

SRR SRAE (g/L): 45Ky 40, BERERY 4, HEEIR 4,
121 "CKPE 15 min, JHTRERFREALF 17 MR

FEEMR B R AL 60 H LLF RO 25 R I A
KK BE R K 7R3k, BRI 104, SN
126 g/L, TCHAMMAIEIN, ARKE, H TR

Journals.im.ac.cn

T H) B K B
1.2 A%
1.2.1 47 R A 7 5 2 A 9 1

YR 4 (GenBank Accession No. X57202)
FH, it 514 p-inu forward primer Fl p-inu reverse
primer, DA K. marxianus FERA Y 1Y p-inu
B GITFH L 2). PCR T : 94 CHIZAEME
5 min; 94 C 1 min, 63.6 C 1 min, 72 ‘C 3 min,
30 MG 72 "CHEfH 10 min, 4G pgk Ji 8T 7 51
(GenBank Accession No. BK006937.1), #it514)
pgk forward primer Fl pgk reverse primer, LRI [
1+ S. cerevisiae 288c Fe [ 41 AR Y 1 pek )5 5 T3
Po PCRFESF: 94 CHIZE: 5 min; 94 'C 1 min,
61 'C 1 min, 72 °C 1 min, 30 Mg ; 72 CHEAf
10 min, PCR =& I ifb )5, 4350 5 84k
pMD19-T %4 . BHYEFCRE S UBORL IS I R, 23501 i
%N pMD19T/p-inu F1 pMD19T/pgk., pMD19T/p-inu
2 BamH 1 . BssH I WU Y] J5 5 2848 W] #4031
HO-2 #4714 ; pMDI19T/pgk 4 BsiW 1 . BamH |
XY I 5 2 i FAE AL BRAY HO/inu AT 355 . 4%
FEYEEAL E. coli DH50 32 A5 40, 78 LB i HEHE 55%
R, PRGNV S BUTORL ) 4 E I
P47 DNA FFIIE, 8858 A HO/p-inu Al
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Table 2 Primer sequences used in this study

Primer name

Primer sequence (5'-3")

p-inu forward primer
p-inu reverse primer
pgk forward primer
pgk reverse primer
HI6/6 forward primer
HI6/6 reverse primer
HPI16/3 forward primer

HPI16/3 reverse primer

GCCGGATCCGAATTCTCAAACCGAA (BamH 1)
CGGGCGCGCAGATCAGATCAAACG (BssHII)
TTCGTACGACTGTAATTGCTTTTAGTTG (BsiW 1)
CCGGATCCTGTTTTATATTTGTTGTAAAAAG (BamH 1)
AGCTTAATTATCCTGGGCACGAGT
GCGAGCTCAGCTCGTTTTCGACACTGGA
GCAGCTTCCAATTTCGTCA
CCTCGTGCCAGAACACCTTA

HO/pgk-inu. 54 H#IH Pimer Premier 5.0 #/4:,
JECRE BB B RN E. coli i A 344% Sambrook
AUy AT
1.2.2 S cerevisiae 6525 H9F£ 1L

A AR HO/p-inu ., HO/pgk-inu, £ Not 1 fif1]
&, BT B R YK, B H B DNA R B, R
M4k S. cerevisiae 6525 B S0, 55 A
300 pg/mL G418 [ YPD V4R I i e f% b+ HFE 4
%% BIORAD 8+
1.2.3  FIETFHIGF

Sy IR EC HI6/6 Ko HPI6/3 Ak 1 1Y 3 K 41
DNA. K PCR E#ATHIE, HI6/6 (5 ikFir i
M5 #1751 M HI6/6 forward primer Fll HI6/6 reverse
primer. HPI6/3 MU IEFT i A5 19057514 HP16/3
forward primer 1 HP16/3 reverse primer,
1.2.4  FFIHF77 G0 HE

HLS. cerevisiae 6525 FI3#&4 T HI6/6 J& HP16/3
£ 100 uL, $ % 50 mL (4 YPD WA RE I3, 30 °C
3% 24 h e #2109 3R 2 35 Ky 15 97 2k, 100/250 mL
FEM, B 24 h BUREIU 2 AE Wi . S M0 G 1
1.2.5  FIETFLBEHRES 25

HLS. cerevisiae 6525 Flf% AL+ HI6/6 J HPI6/3
% 100 uL, # % 50 mL 1Y YPD ¥ 1A 5% 35 ko
30 CH;3E 24 hE, % 109% 4500 255 M0 & B s
FRHE, 100250 mL #29f, JREAUKRE, 5 12 h BURE
D E A Ry B s 1 R s . SRR RS R, &

P 4o} BV L ) AR = T R W — TR A OB )/0.5 11
1.2.6 Py

I JORE B SO 5 7Y« I SRR SR FH DNS 30
T, MBEZRRK RIS DNS JENE .

B MBS PO vk . BUE R EE VW, M
0.1 mol/LHAc-NaAc ZZ i (pH 4.6) ik, HL
50 uL F BRI 450 uL 5% 3583750, 1R 21, 60 C
KRR 10 min CRERATTHIE, 37 BPECHE 367K 5 min
K&, MR R ECGH 50 uL, fA 1.5 mL DNS i
F+1.95 mL /K, B2, WKIES 5 min, BKEH,
AR ERERE 25 mL, M ODsyoo X R SRR E
LRAT A RE S SN P ) B B (mg) . 25 FIR IR
HUR B LIS R BRI K 5 min X%, R LN, fE
Skt BRSO B PR R E L AT AE 1 pmol
W T B

CPEWET5 . Sl BRI SBA A= W% )4y
BrA (IR Bh 2= B AL WA 5T BT ) D %E

Az i R E AN B E AR AR
i 1y Lo 7/ O BTN s ST N e (R TR A A B
WK VRS 2 Wk, ARG & 85 CRYMEIRMEAS P4t =4
JRFRE

2 ER54H

2.1 FHMEBERESREAHKMEE
ey S 2 oy Al D S R A B PR A AT 1
7R o
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[ BsiWl  BsiW 1
~ BamH 1 BamH 1
HO Lpgk
Not 1 p-inu Not 1 )
INU
HO/pgk-inu BssHII
8 547 bp

1 FHEBEEE
Fig. 1

EHEHRER
Map of the inulinase integrating expression system.

Bl K. marxianus 4] DNA R, %
F PCR Y p-inu FEH, P38 e %0, K
ININ 2.4 kb, S5THEI—3; LS. cerevisiae288c Fk
K21 DNA Mz, KA PCR 914 pgk 5K, 37
RS PERE T . K/NZ00h 800 bp, ZEERANE 2 i
N, S8 4 Blast Hext, SHOMAIME A
100% . HO/p-inu £t Not I Y] H B 3.1 kb 1 5.3 kb
Wi 451547, HO/pgk-inu 28 Not 1 BU)HEE 3.1 kb il

5.4 kb W&, 45RAE 3 fras, WEIR G E A
1) 3 FE 2
bp MI 1 2 3
2.4 kb

2 PCR i D s & 4B £ A M Es 5 & A0 iR
BB 288c B9 pgk BN FEE

Fig. 2 Amplification of the p-inu gene from K. marxianus and
the pgk gene from S. cerevisiae 288c by PCR. M1: DL2000 DNA
marker; 1-3: pgk promoter; 4: p-inu gene; M2: 1 kb marker.

Journals.im.ac.cn

Not 1

B3 EHERKH Nor | BYIETE

Fig. 3 Recombinant plasmids digested with Not I. M: 1 kb
marker; 1-5: HO/pgk-inu digested with Nor I; 6: HO/p-inu
digested with Not 1.

2.2 S. cerevisiae 6525 BY¥ b R iR LFI0IE

Not 1 BV 24K HO/p-inu, HO/pgk-inu, 43517l
W 5.3 kb I 5.4 kb BZPE H B9 R B, mLdiikiefl, Ik
A 300 pg/mL G418 Y YPD B5 53, BRBGE ST
M L AT RV AT R 95 o AR R BRI AR TR
F7 LA A4 HUR PCR 973, HO/p-inu 54461473
4 BeA 16 HO (Y721 5, 445 Mtk P AL keam JEINT
TR BRI 50 09 BN 4.8 kb HO/pgk-inu f% 1k
TG B SE pgk B 21053 T8 4 Bl L A A
HIEAR Sy, BUBIR) A5 R 1 kb, T & TE
MRICHE A Bt , PCR 45500 M BATE . PCR By HLIK S
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kb

4.8 kb —

N WA W

4 #{LF HI6/6 #1 HPI6/3 # PCR &3

kb

N WA W

1 kb

Fig. 4 Confirmation of the recombinants HI6/6 and HP16/3 by PCR. M: 1 kb marker; 1: plasmid HO/p-inu; 2, 6: S. cerevisiae 6525;

3: HI6/11; 4: HI6/6; 5: plasmid HO/pgk-inu; 7: HP16/3; 8: HP16/4.

AR 4 R . HI6/6 FI HPI6/3 7= K /N5 Fil i)
FHAF, XF PCR #4707 Uk B AME BE A Bl HO
B 55 g o MR ) R DX k2 A T A B e A L
FEDR TR R AE T R ) R SRR 20 AALLE, 73
SRORFE G418 Bk, ULHARE A IS F Bod e iy .
2.3 HAFHIEEEIER

N T G TR T ho IR AT PRS2 15 4] %
R AR LEARR RS2 e S A ¥ i I o, 4%
FECRIT IS 1) 552 38 5 12 6 B R rP R 2 A 19 A= 4 R ™ il
RE AT e, 45N S fron . Al UL HPL6/3 4=
YEAE 24 h k%] T 6.4 g/L, 7F 168 h Bf k%] 9 /L,
JLP S AREHRAERK B, W HI6/6 BYAEY) & EAR
WA T K bR HPI6/3, (AL S e YT ok ok
#| 8.2 g/L, VLRI T 1 A= KRB 1A 52 B 5E i
TGN, LT HI6/6 BB S m Tk
DERE, 48 hAi s AT B AR, 2 T s A
5, TE 144 h A8 S G 86 U/mL, J& i & kM)
4.5 %, T HPI6/3 HREE S = T & Wtk , 78 120 h
RE R, A 23.8U/mL, HILAT LA, 12 K
LR B B HYR 3h5 L pgk S5 305K K 558 i
T .

° AA’\’_l "

TS
3 / | e
a

24 48 72 96 120 144 168
Culture time (h)

4

Biomass (g/L)
Inulinase activity (U/mL)

5 TBEFEMELT HI6HE & HPI6/3 MEKIERES
MEE AT

Fig. 5 Yeast cell growth and inulinase production of the host
and recombinants HI6/6 and HPI6/3 at aerobic conditions.

Biomass and inulinase activity: S. cerevisiae 6525 (® and <);
HI6/6 (A and A); HPI6/3 (m and O).

24 HUTFHAEER

TERE X 4L 7 HI6/6 M HP16/3 Y 2T 5 1%
PEREMEAT T E, 2551 6 in., HEIRTLLE W,
AL TFTERT 24 h, vk s SBE R R
BN R, R B AR E 3 g/L, SRR FERY
Bty 24h 5, CPEMRBEREINGENS, F] 48 h HA ik

j:/—\%rg}’
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A B
70 r 7 60 12 1 30

— )
3 604 450 ~ E)
) ) ~
N B0 =] —
§ 50 FOR E
. 140 § g 2
2401 g 38 z
g 30 § S £
8 30 g 5 e
5 2 g g
2 a0 % 3 20 e :)D g
2] AV < B
= \k\‘\_‘ = g g
° : 10 = z =
= 10 r b5

[

0 1 1 1 0 0 1 1 1 0
12 24 36 43 60 12 24 36 48 60

Culture time (h)

6 H{LF HI6/6 & HPI6/3 HIF EM T & FE 1t At

Culture time (h)

Fig. 6 Ethanol fermentation performance of HI6/6 and HP16/3 in the batch fermentations from Jerusalem artichoke. (A) Total sugar
and ethanol concentration. S. cerevisiae 6525 (4 and <), HI6/6 (A and A) and HPI16/3 (m and o). (B) Reducing sugar concentration
and inulinase activity. S. cerevisiae 6525 (® and <); HI6/6 (A and A); HP16/3 (m and D).

PNRMEL S, LR RS e, BB RA s ik
JEFAR IR AKF . HI6/6 5 HPI6/3 M L
BT A HIH 55 /L AT S2 g/l IR T b
49 g/L, B R MR CERR B R T 12.24%
H6.12% , WEBEFE AL A5 52 0.495 i1 0.453, Ry
WIHR 96.9% il 88.6% , MKk HPI6/3 A4 HI6/6
M2 SRR B, (R R RS 460 T 12 ho
FER SRR, 3 R B BN WG =, ) 60 h 3k
A bk El e b, Hih HI6/6 MBS J1d s, 5%
26 U/mL, W] i Tt K Bk . S22, HI6/6 1 HPI6/3
() R e R R A8 o T R TR PR, U ) 4 0 il TR A TR
B RE AR 2 TARGF RS, T HI6/6 1)k FEMERE
FLRT HPI6/3,
3 it

R T R S A 7 R 2 T ) B B TR R, B
AAKBEED ., OB BETRIEE. £Y
LA, Tz T E WA BEA
FHAERILEAHR . Sk PrR RSB i BT
R E R AR S WA = 5, — Mk, E
P18 PG e DAL AN 7 A 4 o Tl T AS B 02 K I 2 A
7= ES N R PR LA D TR AL 1
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J1,Z 0 (SUC2) MIEILNR ¥4 5 K. marxianus 11
BRI BIRERRIFIA 67% HIFIIPERY, R ER
SYSERYIENE ST, BT, ERIIG R AR A K A 45
O, BERABHEEGS, ANARTE R Tl fb Ak ™
T2 R, A SO I SR FH 48 W 6 S 20 R R
R 3-BE TR H MRS (pgh) T8 8T SCBOR IR
T K. marxianus 1% ¥ Btk 76 BRI B b A9 5 3R 08
SLEGEE R, WA S ST K& H L AE ho SEH A
SRS, ARWERNAK, BERREE S48
fit LR 5k o b gk 1 B 8 3l T RCRE R
R AR BTG A 3] 86 U/mL, J2&H A HRRN 4.6
55 M0 pghk 8 3 FRIRCREIS & T UL HItR, =2
KB TG Ry 23.8 U/mL, &t KRR 1.5 £
FEH 200 g/L M5 M i Ak R eSS SR, &
21 3% 3K 45 M T P TR T T R 1) 2 T R R e, ¢
WL OBERRIE TN 55 ¢/L RS2 g/L, 3 T AR
Pk 49 g/, BRI SRR EE Sy 4 T
12.24% 1 6.12% , BEBEE AL 535112 0.495 F10.453,
JBEISAE Y 96.9% F1 88.6% o MR i L FEWE
AT T AR R B, 458 R T B SR R 3 280 /L
W, LEERMREERTIAE] 10% L L, ZBERT7E 60 h 52
B B 575 SR %), e B T A 1 Tb AR 1 A (o
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