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Abstract:
in lignocellulosic hydrolysate. In this study, a xylose-utilizing recombinant Zymomonas mobilis TSHO1 was constructed by

Co-fermentation of glucose and xylose is critical for cellulosic ethanol, as xylose is the second most abundant sugar

gene cloning, and ethanol fermentation of the recombinant was evaluated under batch fermentation conditions with a
fermentation time of 72 h. When the medium containing 8% glucose or xylose, was tested, all glucose and 98.9% xylose
were consumed, with 87.8% and 78.3% ethanol yield, respectively. Furthermore, the medium containing glucose and
xylose, each at a concentration of 8%, was tested, and 98.5% and 97.4% of glucose and xylose was fermented, with an
ethanol yield of 94.9%. As for the hydrolysate of corn stover containing 3.2% glucose and 3.5% xylose, all glucose and
92.3% xylose were consumed, with an ethanol yield of 91.5%. In addition, monopotassium phosphate can facilitate the

consumption of xylose and enhance ethanol yield.
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1 MBET %

1.1 B RAAKS4)
KIGFFE DH5a B 3E BTk 3R 3K 1 SZ R T

E. coli K-12 $2{}t tktA . talA . xylA L J xylB 3L [H/08)
HEFRIN LB BF 25510 100 mo/L R R,
37 ‘C; Z. mobilis ATCC 29191 £t Peno F11 Pgap
F 3 FE 2, 7. mobilis 31821 1 i L
HMEIEPC AR ™= C B2 ;. BUkL pMD-18 Simple T
F1 pBBR322 KA HFk: pMTM (5% 1).Z. mobilis
RigR3h RMG (10 g/L BERERS . 2 g/L 1Y KH,PO,
PLE 45 20 g/L i ZHE), 30 CRRE SR,

F 1 RLEPTARYE PR
Table 1 Strain and plasmid used in this study

Strain, plasmid Relevant characteristics

E. coli K-12 tktA, talA, xylA, xylB
E. coli DH5a

Z. mobilis ATCC 29191 Peno, Pgap

Z. mobilis 31821

pMD-18 Simple T Ori, Amp'
pBBR322 Tet"

1.2 pMTM-talA-tktA-Pgap-xylA-Peno-xylB
B B H3E

SRS A 1 TR, Bk, Rl
Me-Ori-for Al Me-Amp-rev & . FiE51491, M
pMD-18 Simple T #fkhy 8 h & F &R
(Amp) LA & Ori & 5751, [Rlif 5] AJL
AHFYINL R EZ-Tn5 B BERFIT Me ¥ 515
TH-H 54 Tet-for Fl Tet-rev )\ pBBR322 Jitki -4~
B PUFR R (Tet) HUPERED . 20 50K LA B4
PCR /=#it47 BamH I +Nco I X)), DNA 4f
A5 AT R, PUME 1 H A 100 v R STk

PMTM. LA Z. mobilis ATCC 29191 %X 4] DNA
FtsHR, Peno-for-Nde I il Peno-rev-tktA A I |

TUEsI Y, Y% Nde I -Peno-3'H Bt; LU
E. coli K-12 JL[H 4l DNA Sm#it, tktA-for,

tktA-rev-Bgl Il 2 - . TUiFE5 14, ¥ 1515 2] 5'-tktA-
Bgl I 5Bt FIFHFTH 3ol 5 i HE T
b (# 2 FHAHST) #E1T overlap PCR, 147
Nde I -Peno-tktA-Bgl T #21ETF, WD Z 546 A
[k pMTM Z 1, #3EI50RL pMTM-tktA, 1]
ik, AFESY (R 2) BEISS 3 A ERAET
BamH I -Pgap-talA-BamH I . Nde I -Pgap-xylA-
BamH I #1 Xho I -Peno-xylB-BamH I .BamH | .
fiti1]] BamH I -Pgap-talA-BamH [ 2 J5 4k & [ 4
A B KL pMTM-tktA ,  §fi % 4K 15 1E # &)
PMTM-talA-tktA Jfiki, Nde I +BamH I X4
Nde I -Pgap-xylA- BamH I J5 /& [1 1 A pMTM-
talA-tktA JiT f, O 3% 2] OE B Y pMTM-talA-
tktA-Pgap-xylA Bk . i J5—1 Xho I -Peno-xylB-
BamH I #4512 Xho I +BamH I W] % [f)
i A pMTM-talA-tktA-Pgap-xylA JFki 2 i, fifik
P BN E LS A ARBEACIIAH A 4 /> F DAY ook .

pMTM-talA-tktA-Pgap-xylA-Peno-xylB.,

1.3 EHHE Z. mobilis TSHO1 BRI EE

F Apa I F§ 5K, pMTM-talA-tktA-Pgap-
xylA-Peno-xylB Z 5, 1&|MimEA Me JF5IHY
HR R R B, K 554 8 EZ-Tnb IR G,
IR 30~60 min, JEAUEE A G4, H1 pL
B AL EA Z. mobilis 31821 &2 5N , mE L &%
FZ BECHR[22]. 10 g/L DU R PiPE RMG F
M i , BREULASFRLR P8 3R RMGX (20 g/L #ij %)
BT 20 g/L AHE) ARG FR I, 153 LR AT LA
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Z. mobilis

E. coli K12

PCR gynthesis

pMD 18 Simple T BBR 322
PCR synthesis

Bgl 1l
Nco | {MelHAmpH Ori | BamH | BamH l Neo | I

Ligation after digested by BamH |

Nde 1

TalA

BamH |

xylA S

BamH |

Nco | and BamH |
4 Neo | and Bam L{Pg%;—{
Me
: Nde |
P i
Amp ORF Tet ORF L’;} i '—‘
Xho |

L

Xho | BamH 1

Subcloning

xylA PgapPenc

Nde |
pMTM-talA-tkiA-Pgap-xyviA-Peno-xyIB

1 ERRK pMTM-talA-tktA-Pgap-xylA-Peno-xylB 8943
Fig. 1 Construction of pMTM-talA-tktA-Pgap-xylA-Peno-xylB.
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Table 2 Primer used in this study

Primer Sequence (5'—3')
Me-Ori-for CGGGATCCCCGCTCGAGATGTGTATAAGAGACAGIGGGCCCTACGGTTATCCACAGAATC
Me-Amp-rev CATGCCATGGCGCTCT|AGATGTGTATAAGAGACAG|GGGCCCGACGAAAGGGCCTCGTGA
Tet-for CATGCCATGGCATGGAGCTCATAAGAATGCGGCCGCTCAGGTCGAGGTGGCCCGGCTC
Tet-rev CGGGATCCGGAATTCCATATGGAATTCCAGATCTTCTCATGTTTGACAGCTTATCATC

Peno-for-Nde |
Peno-rev-tktA
tktA-for
tktA-rev-Bgl 11
Pgap-for-BamH |
Pgap-rev-talA
talA-for
talA-rev-BamH |
Pgap-for-Nde |
Pgap-rev-xylA
xylA-for
xylA-rev-BamH |
Peno-for-Xho |
Peno-rev-xyIB
xy|B-for
xylB-rev-BamH |

GGAATTCCATATGAAATCATTGGCAGCTGATGC
GCAAGCTCTTTACGTGAGGACATATCGAAACCTTTCTTAAAATCTT
ATGTCCTCACGTAAAGAGCTTGC
GAAGATCTTGTCAATACGCATATCGTGATGCA
CGGGATCCGTTCGATCAACAACCCGAATCCTATCG
GTTTGATGCCGTCTAACTCGTTCATGTTTATTCTCCTAACTTATTAAG
ATGAACGAGTTAGACGGCATCAAAC
CGGGATCCTGTACCGCATCCATACTGAGTG
GGAATTCCATATGGTTCGATCAACAACCCGAATCCTATCG
CGAGCTGGTCAAAATAGGCTTGCATGTTTATTCTCCTAACTTATTAAG
ATGCAAGCCTATTTTGACCAGCTCG
CGGGATCCATCGATCGTTCCTTAAAAAAATGCCC
CCGCTCGAGAAATCATTGGCAGCTGATGC
GCCAAGATCTATCCCGATATACATATCGAAACCTTTCTTAAAATCTT
ATGTATATCGGGATAGATCTTGGC
CGGGATCCCATAACGATCTCCATATCTACCAGC

: Me sequence; restriction enzyme sites are underlined; sequence in italic is overlapping region with another primer.

AN = QB A B, O — BRI
PR BRI AT T 2 KB EAE, JR a4 N
Z. mobilis TSHO1,

1.4 KREERE
B % AE T -80 CUKAH N Y Z. mobilis

TSHOL, AR IR 4R T 50 mL RMGX #5357
Berfr, 30 CHE RS 1~2 d & ODgoo  2~3 ZJH],
VER—R B T3 B 1 mL —Zfh TR T 5
200 mL 33551 500 mL =AM, 30 ‘CIR A H

4557 18 h 2 ODegoo 2928 2, AIVE Ry M1
A RS0 35 R — 9 F, F% 200 mL —2%
Fl WA 4 000 r/min 54 F #5.0 5 min, F &
W, i 50 mL KRR K {5 R A ER R TR, BT
2 L 1 R AT KW o TS5 A0 2 120 r/min
Pidk, ANEE AT IRA LR, SRA 2 mol/L
1) KOH ¥ WA 5 A R ) pH

FORFEFF KA 5. EARBEFMHIES 2%
MRS, W 1010, 121 CARIE 1 h,
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g, R CaO sdidAn, iy, ¥ pH Z=rhik,
L FH s T e 28 R AN 4 6
15 54f
HEREWL P ) ST S AOM (3 EA 7
oW, TR RINAREE, AR IEN B s %
BiLORBE. CBR. W BRI R OB G
KPR B (gIL)

fre s o, @i Aminex HPX-87H
column (Bio-Rad USA) B F2c#tt, il
0.05 mol/L 1) H;SO4, Jiii# >4 0.6 mL/min, ik
440 C, RHARZEICKIES RID-20A (5 EA
wl), Al gRIEE A 40 C.

R /N W

LR = iy e 1009 (TR B B (L GO

o SRLER (g
Z‘@?q&$_%ﬂﬁé*ﬁé\§xo.51 (g/L)

2 HERE5aM4
2.1 REFZFHHIRE

W5 Z. mobilis TSHO1 A4 & e 4514,
VEEL 40 g/L A A EIFE RN 40 g/L M ACHE Ry & e 57
Fepyais, Bt PIKCERIESS IS, B
FEE (30 'CHI37 °C) FpH{E (5 H16) Xk
BEZE SRS . 3 3 N RMERIELE S, #m pH
FAFTT A B v A A R TR, T EL R R
P2, U pH RGN, £ S EUM P A HLER AL
TARBBERE, RAEBREMAEIIIRS X LB
AARIVER ;T EHARRNREE TS, 4 pH b 6 1,
T EABE R A S £ BRI pH 5 A2
w55 24 pH [Fy 6 B, 37 C AR AN F] H A
CFACEAL I 30 CRIBEI B R . 37 CHIFT,
Pl pH 2 6 1K BEEA SR I AR S A £
B, 705910 98.5% 1 94.3% , “NAS3 T = )
R, NI 37 °C, pH 6 Bk E A Lk k

.

22 “hHIEABEMR
2 Ak B SR p n] & B ) 8%
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x100% (] LA 1 o 6 R R0 7 £ I ) B AR AR R

WS 8% AKE . 8% A HEA 8% AMERS, KA
FHA Je 2T p i ] ) A8 Ak i 116
B WELH oy KR, AR R 52 4 A T I ) S
25 h, FIFH# %A 3.06g/(L-h) (5~14 h g PR ]
W, FHEARN 6.8 g/(L-h)); AT 24
72 h AREFIHTEEE CotEoR] ), R,
1.01 g/(L-h). TRA AR, MH%ET R w2
48 h, FIH#R N 1.41 g/(L-h) (16~36 h gt s F]
PRI, FIHE N 2,55 g/(L-h)); ABEAEE72 h
JEFIFH5ERE, FIHEEAR N 1.05 g/(L-h) (32~48 h
SR R, RIS 2.54 g/(L-h)). H—
WL oy R IERT, BRI IR/ A, A
J& Z. mobilis TSHOL X A 14 1 FH gk <2 B i AIK
THEFERT R IRA LB, B TFARE
s 7 HE AREIE , I AW P 1) 1776 23 400 1 A7 A%
PR, TS B0 B 0 1) P R PR 2, 7
Z. mobilis ", AW LE 1z fa ) 2 B 038 1 GIf
HENANBEN B, 22 H AL I 2R AHE Y
e, TS T A AT R 32 2 v X A A
G, ABEE AT B GIf 38 18 LA PRk B E A
L P AT AR
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%3 ARELEEF pH T Z mobilis TSHO1 A% B /= ZE2RYLE R
Table 3 Fermentation® results for Z. mobilis TSHO1 at different temperature and pH

Temperature pH Glucose consumed Xylose consumed Ethanol metabolic yield® Ethanol yield®
() (%) (%) (%) (%)
30 5 100.0 87.8 85.7 84.7
30 6 98.9 92.4 91.6 87.6
37 5 94.7 96.2 90.7 86.0
37 6 98.6 98.5 94.3 92.9

®Fermentations performed in medium of 40 g glucose/L, and 40 g xylose/L, pH controlled using 2 mol/L KOH for 72 h.
®Ethanol produced divided by theoretical amount available from consumed glucose and xylose.
°Ethanol produced divided by theoretical from total amount of glucose and xylose.
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Fig. 2 Fermentation of pure sugar. (A) Fermentation of 8% glucose. (B) Fermentation of 8% xylose. (C)
Cofermentation of 8% glucose and 8% xylose.
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AR T 3L AR R &
W . Joig R — o R, aREE,
BRI ZE AN K 5 (HJE 2 3 S eI 1Y) 22
WA B/ INTHR A AR, AR A E—Z1 o0 I
I . X — B HE R A E LA R L 1)
HMEIE R A GRS S, 2) AmA
BEBE . CHR . FLIR . ZAMIALL K RN R A5 R
PRI A 3) ABEBERGANG s TR A KBS
A 2 BRI N B 5 2 i AT e ARaEPY  AR A
Pl 2 FIER 3 B A3 BT (0 X U285 SR AT LA A A HE W -
TERHIRIE AN RIS FEALT -, AP RAREAE
TE—RE B BE A+ 5 IR L A A 2 Al 2 D o EACH )
AN o BT LIRS e U 2 i ey R ISR, 3R
T E A S BEIOR
2.3 ERFEFKBREAESH

VRN P R C B T AR BB F bR R BEE YD
AJRET A R R R R R o S 2%, AL 4% — RS
(OB 7> (20 A A W RACHE) A 2R L B vk i
REA WA o RS20 55K F Tl mh FOR AT

WIERA

# 4 Z. mobilis TSHO1 Zidf & B 2. BEM 45 R

R fie T 2P 8K i, HF95 T Z. mobilis
TSHOL1 X K FF i R /K S W 1) A T A8k o Tl
£ T ORFEFFAK S8 14 3 26 5 IR
231 KRB R

W A5 2 1 R /K A Y 3k 8 RS AT MR
Ai LRI R A A S O e B R — B,
A 10 g/L BEEERYFI 2 /L B9 KHPO,, il
JEVEN RS F 3k . RS RN 3 R, K
24 h FEBEIAIEFESE 4 5 72 h BEARKER I h
92.3%; LI 72 h M, T SRR
91.5% . K0 h HUFE, TSR . TR FORRE
M BE 451k 10.5 g/L . 1.5 g/L Fil 1.1 g/L; BEAk,
Bl & B UEAT I TR LR 3 ) Jo R 1 2 T2 ek
%, AU MR EERRAR S A SR, Mk
JEE WAV A2 DR S T e P ol A e A R 1 X Lk
R R TSI, 0 S R /K AT T A )
R A AR, Ui, Z. mobilis TSHO1
Xof 3 A R /K A TP AR (R0 10 /L 1)
ZTR) BA RAFTsZ 1

Table 4 Fermentation results for Z. mobilis TSHO1 of pure suger

Batch Glucose consumed (%) Xylose consumed (%) Ethanol metabolic yield (%) Ethanol yield (%)
A 100.0 87.0 87
B 93.5 79.1 74
C 98.5 97.4 94.9 93
*5 EREFBEIKBERS
Table 5 Components of corn stover hydrolysate
Glucose Xylose Arabinose Acetic acid Formic acid Furfural
Concentrations (g/L) 5.8 18.2 1.1 7.5 1.2 0.6
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Fig. 3 Fermentation of corn stover hydrolysate.
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Fig. 4 Effect of corn stover hydrolysate fermentation by additional components. (A) Without yeast extract and

KH,PO,. (B) With KH,PO, but yeast extract.
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TFEH Z. mobilis TSHOL, T[] st vy R FH %5
WERIARE P 2. B%, Z. mobilis TSHOL By & B
S TN 0.2% K,HPO,. pH 6.0, 37 'C. R
AR BT RS, AR AR
i, TRLIAE] 3.06 g/(L-h), TIAHEAF FTEE R AR
BAK, A 1.01g/(L-h); M SRR, R
FFHECR AR, AR #OR A s, i
U4 4 2 W VA E B AT 3] — o (S A HE B — A R
HIHFENT B, ZZ5 R KW, Z. mobilis TSHOL 1Y,
W CEER R AR, AR AR B
FEFESE 4 G, AV FEE 1Y) 3 4 S D o A i
W SR A YIRS B 16% (11 1),
HIAPHEAANE R 293500 98.5% F1 97.4%
ZTEARICR B35 94.9% o HIN T RS FFRR IR /K
FIEVR 72 D R TR SR - A R R AORE (4 1 %
4351 1009% Fll 92.3% , ZEEAR IR N 91.5% .
11 H. KHoPO, Xof & i ik A% rf A 1) A DA K 2 1
W e R AT B A AR

Z. mobilis TSHOL Xif T KFEFF- 7 FR /K fiff v
A B R AR sz, i ER R L REAL
RARE; RSN IRAAEE, TFhitE, v
IREF AR CRE DA AR P A, A ARG Tl
Ten; FHT 5

REFERENCES

[1] Rostrup-Nielsen JR. Chemistry: making fuels from
biomass. Science, 2005, 308(5727): 1421-1422.

[2] Stephanopoulos G. Challenges in engineering
microbes for biofuels production. Science, 2007,
315(5813): 801-804.

[3] Lee J. Biological conversion of lignocellulosic
biomass to ethanol. J Biotechnol, 1997, 56(1):
1-24.

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

[4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

Chandrakant P, Bisaria VS.
bioconversion of cellulose and hemicellulose to
ethanol. Crit Rev Biotechnol, 1998, 18(4):
295-331.

Saha BC. Hemicellulose bioconversion. J Ind
Microbiol Biotechnol, 2003, 30(5): 279—-291.
Taniguchi M, Itaya T, Tohma T, et al. Ethanol
production from a mixture of glucose and xylose by
co-culture of Pichia stipitis and a respiratory-
deficient mutant of Saccharomyces cerevisiae. J
Ferment Bioeng, 1997, 83(4): 364-370.
Kordowska-Wiater M, Targonski Z. Ethanol
fermentation on glucose/xylose mixture by
co-cultivation of restricted glucose catabolite
repressed mutants of Pichia stipitis with respiratory
deficient mutants of Saccharomyces cerevisiae.
Acta Microbiol Pol, 2002, 51(4): 345-352.

Kotter P, Ciriacy M. Xylose fermentation by
Saccharomyces cerevisiae.  Appl  Microbiol
Biotechnol, 1993, 38(6): 776-783.

Moniruzzaman M, Dien BS, Skory CD, et al.
Fermentation of corn fiber sugars by an engineered
xylose utilizing Saccharomyces yeast strain. World
J Microbiol Biotechnol, 1997, 13(3): 341—-346.
Zhang M, Eddy C, Deanda K, et al. Metabolic
engineering of a pentose metabolism pathway in
ethanologenic Zymomonas mobilis. Science, 1995,
267(5195): 240-243.

Deanda K, Zhang M, Eddy M, et al. Development
of an arabinose fermenting Zymomonas mobilis
strain by metabolic pathway engineering. Appl
Environ Microbiol, 1996, 62(12): 4465—-4470.

Dien BS, Hespell RB, Ingram LO, et al. Conversion
of corn milling fibrous coproducts into ethanol by
recombinant Escherichia coli strains KO11l and
SL40. World J Microbiol Biotechnol, 1997, 13(6):
619-625.

Eliasson A, Christensson C, Wahlbom CF, et al.
Anaerobic xylose fermentation by recombinant
Saccharomyces cerevisiae carrying XYL1, XYL2
and XKS1 in mineral medium chemostat cultures.
Appl Environ Microbiol, 2000, 66(8): 3381-3386

Simultaneous



BERE F—-HASRENAELERSYT ZEEHREMNLE R RENMEETN

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Rogers PL, Jeon YJ, Lee KJ, et al. Zymomonas
mobilis for fuel ethanol and higher value products.
Adv Biochem Eng Biotechnol, 2007, 108(3):
263-288.

Ad hoc panel of the board science and technology
for international development. Applications of
biotechnology in traditional fermented foods,
Washington, DC: National Academices Press. 1992:
9-18.

Jeffries TW. Ethanol fermentation on the move. Nat
Biotechnol, 2005, 23(1): 40—41.
Mohagheghi A, Evans K, Chou YC, et al.

Cofermentation of glucose, xylose, and arabinose
by genomic DNA-integrated xylose/arabinose
fermenting strain of Zymomonas mobilis AX101.
Appl Biochem Biotech, 2002, 98/100: 885-898.
Blattner FR, Plunkett G I1l, Bloch CA, et al. The
complete genome sequence of Escherichia coli
K-12. Science, 1997, 277(5331): 1453-1462.
Burnett ME, Liu J, Conway T. Molecular
characterization of the Zymomonas mobilis enolase
(eno) gene. J Bacteriol, 1992, 174(20): 6548—-6553.
Conway T, Sewell GW, Ingram LO.
Glyceraldehyde-3-phosphate dehydrogenase gene
from Zymomonas mobilis: cloning, sequencing, and

[21]

[22]

[23]

[24]

[25]

identification of promoter region. J Bacteriol, 1987,
169(12): 5653—5662.

Yanase H, Sato D, Yamamoto K, et al. Genetic
engineering of Zymobacter palmae for production
of ethanol from xylose. Appl Environ Microbiol,
2007, 73(8): 2592—2599.

Reisch MS. Fuels of the future chemistry and
agriculture join to make a new generation of
renewable fuels. Chem Eng News, 2006: 3.

Kim IS, Barrow KD, Rogers PL. Kinetic and
nuclear magnetic resonance studies of xylose
metabolism by recombinant Zymomonas mobilis
ZM4(pZB5). Appl Environ Microbiol, 2000, 66(1):
186-193.

Joachimsthal E, Haggett KD, Rogers PL.
Evaluation of recombinant strains of Zymomonas
mobilis for ethanol production from
glucose/xylose media. Appl Biochem Biotechnol,
1999, 77/79(42): 147-157.

Zhang JQ, Sun YY, Guan FM, et al. The study of
corn stover hydrolyzed by dilute acid. J Cellul Sci
Technol, 2003, 10(2): 63—65.

SRARSR, PhEE, SCRUME, AF. FOKFE AT B IR
WAL SR I LRI, AFAERFIF 5HOR,
2002, 10(2): 32-3.

cjb@im.ac.cn




