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Metabolic engineering for microbial production of ethanol
from xylose: a review
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Abstract: Discovery of an efficient bioconversion of cellulosic biomass and its hydrolysis to ethanol is the key to unlocking in
developing of a bioethanol industry. The lack of industrially suitable microorganisms to convert xylose to ethanol fuel has been cited
as a major technical bottleneck. In the past decades, many improvements have been made in the metabolic engineering of
microorganisms, including Zymomonas mobilis, Escherichia coli, and yeasts, for the fermentation of xylose to produce ethanol by
introducing genes for either xylose metabolism or ethanol production. The history and the current progress in constructing these
strains are presented in this review.
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FH I E B BB 2x 10" ¢, A 24 T Attt A3 4E 4R
BB 10 15 o DX SLAE Y27 i J5ORE 5 B2 45 Fh Sl
TR LAAS ) 4 5 =R i, HL v 4 4 R A
B LAY o R T St A 1) D N AR T
Y R AL I SR 5 7 A KR RS (D- AR
- L-BTRAAR) FISOREE (RZ0E . ~EFLBERH 82
W), HrhoSERBEZ) S 2/3, TS & 13, Tk
YR BKIGT Y, DR 90% . BT~
FEE WA RER SO R A, Ik, R e ™
HORAK, R PR R TR 4R
JEORE R AW A B AE 7= O, R 2 B P i T
A B3N 259% Y, I, SRcR AR
T AR BT 7= OB G — o AR R
B 2 T LT BIFE BT 30 4%, AR SCRbix J7 T 14
WS HEA TR

1 A FARREF CBRAHAEN

AN IEE B 100 ZFh A H AR I i1
Y, GIEME . EEMEBARE, Kurtzman 251511982 4
TR 3 B B BE K AN 77 B 11 I RE g A5 8 T B
Pachysolen tannophilus , F T BERFFE A& B ARE ™= 2 1
MIRE S CHA G AE Yo, MG AR 6. s
Moy B Z ] K BEANE ) ST RERE AR, 0 B
T-Ye v Wb Pichia stipitis, KWIER 2 EEE; Candida
shehatae . W WEL: Brettanomyces naardenensis . £1-4f
BB EE: Candida tenuis FFEVHEEFREELE Pichia
segobiensis'® . R ERE 0] Az PR AR 5 22 WO RS, H

F1 AERPEEIREETAR

S, XS B R I A A I B P O RN T T
A EAR T HR I B Saccharomyces cerevisiae,
H AR AL, e P R R, [R]i,
I FEAEXS 7K A ) PP AR BE S P U B YR
SEIn)d . H T & BE Y BE R AW A B 7 £ T 1) TR
W, BRIEERE R AL, AL AE A TR : 2 Sh4UAT I Bacteroides
polypragmatus . 550 SCIRATFE Erwinia chrysanthem |
W) 7 5 1AFF E Klebsiella planticola V& IR A L5
W Thermoanaerobacter ethanolicus . ¥Rk R 12 i€ {&
Spirochaeta coccoides sp. . T ZBERE Clostridium
phytofermentas sp.; BB : RI@H JJ W Fusarium
oxysporum . HUEEPKHLBE Neurospora crassa FIFHEAZ Hie
JIW Fusarium avenaceum 55 o {H 3% SETR AR F FHAWE %
b CBER 3R LA 2 45 TR R TESCRAIR, R B 3
It LR R, MERLN T CRE T A ™
A W 7 CBERT I E BT R IE . #
BERRLZ B R B o KIBFFRIRY )z,
EAR A, AR, [H R IR SR A & 1
PR BRI RE CREMN 32 R, XTEFER K
R TP AR BBt L (R R R AR B A R
TR T 5 R 5 12 B0 I R BE S T SZ AR pH 2R
BE, VRS L S SRR R, R ME— IR SR
fF T ED @k MR A BUEY) , (HERAR
REAIH oot . Bk 3 RRUETEANE AR H 1577
TEBRRGE , XELLN T QB Tl A, Kk, FiE A4
WHARR LR, ZHRNAT— BB TA KA H
wHE TGS FRGAEY, DU E T KA &
BE T ARA - B (GR 1)o
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Table 1 The studies of engineering microorganism for xylose metabolism

Object Method

Result References

Escherichi coli Construction of pLOI297 containing
genes encoding pyruvate
decarboxylase and alcohol

dehydrogenase II from Z. mobilis

The ethanol yield per gram of xylose was
higher for recombinant E. coli than commonly
reported for S. cerevisiae with glucose.
Glucose (12%), lactose (12%), and xylose

[7-10]

under the control of the /ac promoter (8%) were converted to (by volume) 7.2%

from E. coli.

ethanol, 6.5% ethanol, and 5.2% ethanol,

respectively.

The recombinant plasmid
pSE-pdc-adhB was transformed into
E. coli DH50 and induced to express
ADH II and PDC with IPTG.

Ethanol which recombinant strains produced
from 10 % glucose and 10% xylose was
separately 21 times and 5 times than that of the
the wild-type E. coli DHS50. under the condition

[11-12]

of 37°C and 72 h.

Journals.im.ac.cn



1438 ISSN1000-3061

CN11-1998/Q

Chin J Biotech

October 25, 2010 Vol.26 No.10

2R 1
Object Method Result References

Z. mobilis genes for pyruvate KOL11 (frd) progressively lost its [13-17]
decarboxylase (pdc) and alcohol hyperethanologenicity on xylose, indicating
dehydrogenase 11 (adhB) were genetic instability.
integrated into the E. coli chromosome
within or near the pyruvate
formate-lyase gene (pif).
E. coli mutant of AH242 Approximately 88% of the fermentation [18]
(41dhAApfIB)-SE2378 was obtained products was ethanol. The maximum specific
after mutagenesis with ethyl methane  productivity of ethanol for SE2378 with xylose
sulfonate. this mutant was mapped of 2.24 g/(h-g cells) was higher than that with
within the pdh operon. glucose.
E. coli mutant TCS083 was derived TCS083/pLOI297 phenotype for growth on [19]
from MG1655 which has eight 80 g/L xylose was similar to that for growth on
genes deleted(Azwf, Andh, AsfcA,  glucose. It achieved an ethanol yield of
AmaeB, AldhA, AfrdA, ApoxB, (39.22+0.09) g/L.
Apta::Km).

Saccharomyces S. cerevisiae cells transformed witha  S. cerevisiae pRD1 transformants were able to [20—21]

cerevisiae plasmid, pRD1(XYL1-XYL2). grow on xylose as a sole carbon source. But it

utilizes xylose almost entirely oxidatively.

S. cerevisiae strain CPB.CR4 was This shift solve the redox imbalance and the [22-23]
constructed by deleted GDH1 gene, ethanol yield increase 25%.
put GDH?2 gene under a PGK
constitutive promoter and
transformated with the plasmid
YipXR/XDH/XK.
Reconstructed metabolic network of Ethanol yield increase 25% on xylose/glucose [24]
S. cerevisiae by using a genome-scale  mixtures.
cell models. expressing xylose
reductase, xylitol dehydrogenase and
GAPN in S. cerevisiae.
The xy/A gene from Thermus The recombinant consumed 4.6 g/L xylose and [25]
thernwphilus and XKS1 gene from  produced 6.9 g/L ethanol, which were 43.8%
S. cerevisiae were integrated into the  and 9.5% higher than the parent strain NAN-27
genome rDNA locus of S. cerevisiae  respectively.
S. cerevisiae strain transformed with Compared with WT, a 20% increase in ethanol [26]
P. stipitis R276H PsXR mutant production and a 52% decrease in xylitol
(Y-R276H). excretion were observed.
S. cerevisiae Cen.PK 113-7D The strain harboring the XR double mutant [27]
chromosome was integrated C. tenuis  showed 42% enhanced ethanol yield (0.34 g/g)
XR in wildtype or double mutant compared to the reference strain harboring
form, XDH from Galactocandida wild-type XR. The yields of xylitol and glycerol
mastotermitis, and the endogenous were decreased 52% and 57% respectively.
xylulose Kinase (XK). Overexpression
of each gene was under control of the
constitutive TDH3 promoter.

Zymomonas mobilis Recombinant strains of Z. mobilis Recombinant growth-inhibited in the presence [28]
were constructed that carried the of xylose.
xylAB genes of the xylose catabolic
pathway from Klebsiella
pneumoniae.
The pZB5 plasmid was constructed ~ The recombinant was capable of growth on [29]

which contain E. coli xyl4A/xylB and
tal/tktA genes. And it was transfered
into Z. mobilis CP4.

xylose as a sole carbon source. Ethanol was
produced at a yield of 0.44g/g of xylose
consumed, corresponding to 86% of
theoretical yield.
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THCEE 0y 2 3 e AW e A Ry A TR 1 AR i A
TR FACHE o 7 — 6 200 T 0P 55 L B v A 3 3 R
SRR (Xylose isomerase, XI) (EC 5.3.1.5) {81k
JE AR ; MAE—LEFERE 2R |, K
Wi 22 K Wi 8 JR B (Xylose reductase, XR) (EC
1.1.1.21) AL AR BUARHERE , SRS AR I i S i
(Xylitol dehydrogenase , XDH) (EC 1.1.1.9) fEFI4 A,
AHHE, XR Al XDH 735l 2 NADPH il NAD'{f
Ry o AT BE 25 33 AR HA B (Xylulokinase , XK)
WEmR Ak A= B 5- W R ORI A, 3 AW IR B iR AR
(Pentose phosphate pathway, PPP). & V&L Y
H ] P4 6~ 19 2 M LA B 3R H b 1 3 ok T
TRARIE O A B oL = M P R R, PN T R T 5 4
SR T D T 2 O R Tl AR L B i i R I i
it H T EHT H WFF I Caulobacter crescentus H X
BT H A C AR, Bl NAD Ml p9 A B
Wil (XDH) i&f2. %i&E M D-xylose AN
M (xyIB) A 4 W D-xylonolactone , i 4
xylonolactonase (xyI/C) Jz Wi 4 i D-xylonate, F£513
JBE K (eylD) WK JG AR 2-Fi-3-JBi kiR, 22id
i — 2P WK B RN, B e AN ol R, i
A TCA fig3 (&l 1),

s D-xylose

NAD'
NAD(P)H
NADH S" | leyt B el ADEY
-xylonolactone xyld yli .
: NAD
v 0IC XYL2l<
D-xylonate
44444 : D-xylulose NADH
< :
L0 v wiD XYL3 ATP
2-keto-3-deoxy-xylonate
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Fig. 1 Main metabolic pathway of xylose.

3 MAAREF CERFNRHTE

Bt 5 ) ARBE G0AE 9 10 0 5 DL B R AR i i
AT IR AT G: 5 A 2 0 R e o A AR T
W5 F0 I K B e RO 2 ORI 1Y 7 £ B A T
R ARBROOERE A, FEMAEWA T 1) 5]
A WA AR B = 80™ SR b, AR B
S. cerevisiae . i3l K EEH LT Zymomonas mobilis ,
P RIEMFREHE 2) &R0 OB F A RA
YR HIRE T B RUE Y B A RIS Escherichia
coli, ¥ LA,

3.0 RiBEREEAEAR CEIRZRI MG

PR PR Tl AR 7 SRR R kR, SRR
AH FEHAG B ) BT 52 R B, W27 A R K At i
YA B P, (R, BERERNRER AR,
Kotter %' Amore 25U FRip RS o ki HE Ak
PR B (AR I I B L PR (XYL D) 5 A Tt It S
SR (XYL2), HEREFAL T TE A A5 T RERI AR
WL ORISR, AWHIEJEAEXT NADPH (425
FIRE ST X NADH & , AHERE I S B F H] NAD',
el A5 A il A AN T A, S S0 2 R T B e T AR B
1b AR ORI R L A A A A RS A R R B

R v TR R A A R
A%, Watanabe 55260 15 58 25 (1) K ol [Q R B A
WA (K270R Beffe ) PsXR) AT A 0 ACH Bz i
Mg (PsXDH) M, # A% S cerevisiae, HT
K270R PsXR MK T NADPH EFIAE Sy, flifgE4l
S. cerevisiae W) CEEF* BN T 41% , FEAR T AR s
PRI R (P 86%). Almeida P HES:, #ik
P. stipitis i) XR W E ] S. cerevisiae 1 , NMEREF H
AW, EREILFRRRE LS, W R EFEAEN, A
11T FE 8% ) FH 928 PP e 28 5 1 5 1) AR Jo 2 4 R /K A
KW= L 534, Petschacher 4574 € T I
S. cerevisiae 7 i 8 F TDH3 33k C. tenuis [ AR BHL
J5 (XR) = K274R-N276D W %€ 7¢ 1K [ £
Galactocandida mastotermitis 1) A Wi B i & i
(XDH) HH BRI T, 252 S. cerevisiae NFEH
Hrp, EHRIRELEAR (20 g/L) 4REY, &
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K274R-N276D XUHEAAR CrXR TR i 4 5 P AR Y
CIXR TR LB 3 42% (0.34 g/g), ARBHEE
FICHE I = 8 53 I BEAR T 529% Al 57% . Karhumaa
BRI P, stipitis 1Y) XR, XDH Hl Piromyces sp.
B XTSI, S A S cerevisiae ', 43k T
2 Bk TMB3057 il TMB3066, A& B 56
7~ TMB3057 £ 100 h NIHFEARNE 39.6 g/L, B A
BEP74E 0.33 g 2 ; TMB3066 £k 100 h PN IEFEAR
b 16.8 g/L, HIE AR "4 043 g LBE,

H T 40 G AR A B T D- AW AL D-AR
Wi RO T S, A2 DRI N L 5 ) A
#7033 Lonn ZECNSIEINANTE Thermus thermophilus
RO B ST BERE R xpld 5 ARG EERE S, cerevisiae
e, JFSE I EAL TR L 3RS K274R FI N276D iy
ARBE A, RETEWEREE B AR A T AR R
ik, HEEEHR SRR 9 5. WEEPk A
WHNTE T. thermophilus W) xylA &< FIERE B B
(1Y xksd BEPH i A BRI WEEE Tl Ttk NAN-227 B34
A, 2H TR A A S A i R A R R DA
Bim TR R AR, AR R B A R
7N AKEFI R & W7 A e R TR R A B R T
43.8% H1 9.5%
3.2 KEHEREZENNE

TGS B 14) AR R Mg = 2 e v 2 R ) A A
BHZ KT HXT4, HXTS5, HXT7 fil Gal2 /v S,
LK W 1 5 155 A2 A2 A R R 2 ) BT
LeandroP s i A] {22 | £} Candida intermedia %%
] A W AN ) o) 5 B DR 1) R DR S N B RS T B
AR AR mARER B s iy (L ERB 7 W % 18 AR B Y
Ko [H 2 15 50 K (HAY 1/10), Saloheimo %0
KR 7 > O 15 R - B PR A I RE 5 AR bR A
FE, SRR N 22 R LB Trichoderma
reesei ) cDNA CEF, Gk ®| hxtl . hxt2. hxtd.
hxt7 U erxle] W T RRBE S i R - BE D G SR B N 3R
IR T H B ARE R . TERERE D R
IKETH Orpinomyces RKWESAEGHE, 52 oRRELEHE
Feiz B (SUTL) FEDEFN A S (0 A H A B e 1]
P2 AR B 532 R 2T ) A 0
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41 EHEAEEMEANAAENZERIGIE

12 3 R WA MU Z. mobilis J&ME—F ] ED & 4%
R = CBERIEY), B SO L
R SE. [0 Z. mobilis IEYIFIFHTL I A, ARREF]
I RBE , HRTE A PR Z. mobilis T 1R K4 ¥
HIAARHA 1995 4, Zhang 5PV 3 R TR,
Bt E. coli W) xyld (KBTI | xyIB (K BEHL
Mt LN | talB (5 BB IR ) | thed (% TS Tt ity 2k 1))
S AZ Z mobilis W, i Z. mobilis HA5F| FH A 1 fiE
1, HBH%H 0.44 g/(gh), BFIFISIEY 84% .
Zhang FWIE 2003 4 SCK A EIRARHCEHE R M
FEP A BN T Yk LR i S L (Idh)
e, W TEARE TR AIE R, YT 40 A
K, RO RS mp i EA MY, [Fi,
TETCIEFE R NS 0N e 1 M IREE R A 38t A5 A
Moo ABIFSE 26 K FF B8 AR AR ) SR 3L
SIARizsh & WA b, IRA TR R R, &
2 TR R FH 0 250 RN AR BE A 1 2 B R 3038 43 i) 3 3 2
WIHAY 81.29% F1 63.19%14,

Y5 4 Thompsan 22 Z. mobilis 1T i R i 34 il
(pdc) FEH G N ENET B 2F fAF I Geobacillus
thermoglucosidasius ', TE 52°CEAF AR AT LI
KA R PDC, SRR R ™ CBEARR TR
BRAE R4,

42 KBFHEMARZENRETIE

KIGFFE E. coli & HATE N TR R 2
MR M B, HIKYR A ET, i
YAy LT BT A S . Ingram SRR O
A PET #RY\T (7171 Bh K I oP H T 14 T 1 e it
MO ARG R LE] E. coli MK, i H
Y E. coli M ERHRSAEACHIE 0L iR ——
R R R % 1) 2Bk ™ 5 T ALK I A B8 B o AW & T
TR 7= 5k 1o T L AR T R T A 20 M I
CWER . 12% WM . 129 788 . 8% AHE A& T
I IBEFSE 7.2% . 6.5% . 5.2% W I (V/V)™®], Ohta
SN2 By T A R 7 2B DR B A B T £
TR L PR R R R A SR (o) v, IR REBRTA
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Tl 1% - PP R 22 i A R S % . MR E 4 T KO11 A
BB R E P, Yomano 2517 it AN Kk hin 2 s
WREEXT KO sE Ak, RIGI S BER Sk LYO1,
AR R BEAKE (140 g/L) 74 10 2 B A PR
) 88.5% , @ T EA KOI11 (83.3%). Gonzalez
2SI 2 W22 78k LY 01 FISE AR T KO 11 78 Z B iy
NI LR AR EE AT A R R, LY 01 B
BB R 0 AR (B TR 1Y % A RN R SRR A AR
A, HE9R T XF A BT 2R 4 R K = v A 4 )
it 32 HE 1. Hespell 2511 Dien Z5£195% H e g LR it
ARG (ldn) FONERRR W IR 24016 (pfT) B9 RIBAT R
M E R, WHES per BRO\F FORAY E 4
(FBR1, FBR2 il FBRS), HiT-HtJe idh Al pfl )5, #H
MIABEIR A A4S, S AR BORL BRI & 4l L IR SR G,
13 A 0 = Rk SN, [FIRHAE IR AR T
WA ER . fEREEL R, &4 pde M adhB HEH
JORE 1) A DA R TS U N AE 28 A A st A% e A
LR, LRI RS FBRS, BEFIH &
KK, KEER A 0.46~0.51 g L,
KPR AR 90% LA 1o FIHIKMGHT 1 AldhA ApfiB
Z7EMR, Kim U EFIAE L, A ML
BEACI IR AR R AE AR, AT —IREEAE IR 5 T AR
K197 OB R SE2378 58 A5 (v B TE pdh #\ T,
538 H HAEA AR T A I T B T R e L
HIREKMTSE T ORELER:, RAMEBEARET
FEE IR 2.24 g/(h-g cells), LIERAE = BIL X
T o AR S v T 2 A TR

PEk, Trinh S5 H—Fp HAT e AR 41 i ) B
AR BRI R R AR SR R AR AR R kO™
B, WNKIBFTFE T 15 000 5% 0] GE Y ik 12
Pttt T 6 AR, ST ORISR 1Y i
T Azwf. Andh. AsfcA. AmaeB . AldhA . AfrdA .
ApoxB . Apta::Km 2K 5 78tk TCS083 ., F A
pLOI297 1 TCS083 41 14 & % 80 g/L i % B )~ A=
38.77 g/L LBE, il ALY 39.20 /L M H
PR, & T MGI1655/pLOI297 HY fx & £ 5 = 5
(36.53 g/L). HLEERAL# [k KO11, FBR5/pLOI297
F kR 6%, KT T 96% .

5 %

PR+ RNARBRF AR A" LR OB
Tolk & JEryfas . Tl Az CBERY A0 BT FH R 5
B UATER N RRE, AREAREANE; HRAHC
il v S8 A I 2T 4 328 Bl e T P R 0 R P T R
7, N 2 B BRI R AT i e A
W, (HRCBERRERCRAR, NI, JaPIRZEIT &
REAT ORI 2% bRl 28 183 280 A 0™ £ ) B A 0 T
o SR A P U E M AT LW R AR TR Bl
ARG KRR RD R HTEE L 2 LB R
, ABABAFAEE AR, AN BT R Y i1
TR AU TR AA QA R i A v 5 B St ok
ARETHIR A, R OB R R IA KA T, K
A7 20 M A QO O 0 5 LA P AT 3 2 | A A ik
G5, AL, Gl RN TR EOR S B i . T
ST e 75 RE T 17 LB ) R o L R 2 4
S W SR R = SR AR A — > S 7]
o TR, 3T T AT A A A A ) A
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