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A4z B F (FNR) for LB . %4 F 8 AL A5 (FDH-H) fdhF £ B, vA & NADH & 12 7 % A% 18 8% 4% B B2 A7 4% 90 B
(NAPRTase)#9 pncB A H, #MET 3 #F AT kA FHEH K HQ-3-fnr. HQ-3-fdhF F= HQ-3-pncB, VAAH Fl &
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Enhanced biohydrogen production by homologous
over-expression of fnr, pncB, fdhF in Klebsiella sp. HQ-3

Shuyu Wang, Jun Wang, Li Xu, Jian Pi, Houjin Zhang, and Yunjun Yan

Key Laboratory of Molecular Bio-physics, College of Life Science and Technology, Huazhong University of Science and Technology,
Wuhan 430074, Hubei, China

Abstract: To enhance biohydrogen production of Klebsiella sp. HQ-3, the global transcriptional factor (Fnr), formate
dehydrogenase H (FDHy) and the pncB gene encoding the nicotinic acid phosphoribosyltransferase (NAPRTase) were for
the first time over-expressed in Klebsiella sp. HQ-3. The fnr, fdhF, pncB genes were cloned from the genomic DNA of
Klebsiella sp. HQ-3 by 3 pairs of universal primers, and introduced into the corresponding sites of the modified
pET28a-Pkan, resulting in the plasmids pET28a-Pkan-fnr, pET28a-Pkan-fdhF and pET28a-Pkan-pncB. The 4 plasmids
were then electroported into wild Klebsiella sp. HQ-3 to create HQ-3-fnr, HQ-3-fdhF, HQ-3-pncB and HQ-3-C,
respectively. Hydrogen production was measured using a gas chromatograph and the metabolites were analyzed with a
high-performance liquid chromatograph (HPLC). The results indicate that over-expression of fnr, fdhF and pncB
significantly enhanced hydrogen production in the three recombinant strains. Hydrogen production per mol glucose for
HQ-3 fnr, HQ-3 pncB, HQ-3 fdhF was 1.113, 1.106 and 1.063 mol of hydrogen/mol glucose, which was respectively
increased by 12.26%, 11.62% and 7.28% compared with that of the control strain HQ-3-C (0.991 mol of hydrogen/mol
glucose). Moreover, the analysis of HPLC showed that the concentrations of formate and lactate were markedly decreased,

but succinate remained unchanged in culture media compared with those of the control strain HQ-3-C.

Keywords: Klebsiella sp. HQ-3, metabolic regulatory, homologous expression, anaerobic fermentation biohydrogen
production, metabolic end-products

B %5 REVR AR H 2528, AR BRI AT fdhF B[R A 7EIR EUR S5 45 . FDH-H
BR T RER ST A S . R R, R, i mFRGEMEIE FDH-H RHEME
SR SRR M A N 5, R HARNR AR B, A P R R A e R < R, for
o= AR, TR S AMEY B TR Gt i 1 7 S DR AR 4 JR) A i A 45 T
BN A RGERDT FNR (4 2 2 F1 A R 4 340 i 5 o o8 8 2R 1T )

SERIAREARIER T, 5 TR, K JE— N AT LR AP A B . FNR &
WpiE N PERR, 2RI R e ERY, HR FORTERAZM T AERARMER, B
AR BEAAAET RN S08 4 . — P IR 240%™ G/ o = o N B 9GS S v TE R S ]
A, HHIREAZAHE (Formate hydrogen lyase, FIF IR AE K B FE R Rk FE IR A& F T, FNR
FHL) RGMELHRAE " EES; 7 —FlE 1R () B O i 9 4 AT R T 08 TR 2 42 A HR T &
NADH 4% , A= 9 T4 ) FF 200 L Py 3 e f i gz b FECA KRBT EIRE %
Frpr A AR FHL & 4852 i R G & g B S sT, Rk for SRR BIRE AR
(FDH-H), %[ (Hyd-3) e -Freeshtdipl, FEA, I D I R R R R 1 IR AR AR B I 1) 9
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Peien el U Fan 25058 T FNR 45 1E
) i SR N AR KRB AF B P ik s, BB
1f PRIk fnr FEIE 9 EE 41 TR A LA B AR
5.5 1%

NADH/NAD' & B2 [ 7, TERED A
MNZ5T 300 ZAEAEIE Y, 4
T TR ME Y AN NADH/NAD R, &~
AT RO T RAE W AR A K, T LR 2 R

AR, Berrios-Rivera Kitdifft T
2219 Candida boidinii HH K #i NAD f8 H iz JIid &
W AE R IFF I Escherichia coli kAT 1 ik
ik, NADH 4 SR g 2 7 B4R m U, aiR 4
ST, bRk pneB FEREUE NAD (H) i
LR, B 24 NAD; T NAD B934, i
T A A, Az B NADH!"”, NADH
ARG 1 PR

NaMN
adenylytransferase NAD synthetase
NaMN — > NaAD —————> NAD(H)
ATP nadD PPi  ATP+NH, "E ANpappi
ADP+Pi+PPi : ! NADH
jaD
pncB | NAPRTase yjab | pyrophosphatase
yifE
ATP+PRPP ‘ y AMP
Nicotinic acid NMN(H)
1 NAD(H) &gl
Fig. 1 Process of NAD(H) synthesism.
pncB HE [K r 3k M MR He R BRI 1 g B

(NAPRTase) N4 M NADH) 3o Fef Gk, &
I B U TR P A L PN 1) AR IR K-, T RE
PR AT NADH A M AR = 4 i 4 Y
Heuser Z:P7E E. coli Hh[a] i} 5 £ 335 pneB KL
FI NAD & 3 A nadE, S EUE A NAD(H) i
RN 7 4%, NADP(H) RN 2 1%,

B H T, 7850 5 A A WA OGS
MIHIE . il , ASBESE LSS 5 0t 3 1Y s B A
i Klebsiella sp. HQ-3 x4, FIH 51417
R T o B AT R DR AR B SR R A 1 2 Fh
SRR, HFE RSB Rk, DI
Xof B B A TR DR AR e 7 0% | A L A A R AR
a7/
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1.1 E#HREERN

PR EAKE (Klebsiella sp. HQ-3) Hi
A S B0 % 0f k fRAF, E. coli Topl0 (F -,
AlacX74, /A(ara-leu), rpsL (StrR)) HIASZEZE
PR, FOME#IA pMDIS-T Iy F] TaKaRa 27,
Jiki pET-28a(+) M H Novagen A Fl, FFLIFRHR
%% (kanamycin, Kan) J5 370 pET-28a(+)
g T7 Bl ¥, WEE T E AR b R RS
SRS A ) {4 pET28a-Pkans
12 FZRFA. BERERME

Tag DNA R4 A ANTP Mixture W H
Fermentas 2\ ) ; FR4: N YIEE Hind TII. Sac [ .
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EcoR I , DNA Ligation Kit Ver. 2.0 ¥ H
TaKaRa 7% 7] ; Plasmid Mini KitI fl Gel
Extraction Kit ) H Omega /Al ; FRYGIL BE LR
H Sigma 2\ F]j™ b BEREEEECY) R R R
Oxoid 23 mlj" it s BUIEHE 7 GENE 22 7)™ il ; DNA
Marker DS5000 W4 I |~ AR A BSAE A BR 2wl 5 e
bR 1A [ o pr i, BTG 103 B AR
AW TR BRI 55 A7 FRA w5

WERE LB SR (L) WA 15.0 g,
BERERRICY) 2.0 g, AR 5.0 g, NaCl2.0 g,
K,HPO,4 1.5 g, MgCl,'6H,0 0.6 g, FeSO47H,0
0.2 g, MEICHEM 10 mL, 115 CHEHERK
25 mino i FHATHIA D 18 R T 09 A= W) 2R W
10 mL,

HL#4{% 617BR1-06510 3T Bio-Rad pulse
Xeel; “THIAIEL GC-9750 My 3K T RIS HE S50 HT

F1 AZLEAEANSY
Table 1 Primers used in this study

125 BRSO A B iE A R B SSI
2300-525, WL 3E[E SSIAH .,

1.3 RHEMABFEE HQ-3 &Y fnr. pncB. fdhF
EHE &

£ GenBank ™ Ky &R Mili R 3w H W
K. pneumoniae 342, KWFFi E. coli k-12, =
S W FFH Enterobacter aerogenes KCTC2190,
R ¥4 B FF 5 E. cloacae . B2 #r B IR A1 7
Citrobacter rodentium () 7= & & & AR 1Y 42 R
SEIAYEHF FNR Zifid 5L fnr, Bt F514
fnrl/inr2, [ARE, ARYE GenBank HP A R 55
B R MR (NAPRTase) #ifisJE[A pneB [#41
HITR I U FDH-H 4 fih BL [ fdhF 751 43531 15
P15 315149 pncB1/pncB2 1 fdhF1/fdhF2. 514
PIf Bl A TAY TREREARRSAGRARE
B, FRAIILE 1,

Primer name Primer sequence (5'-3") Size (bp)
forl ATGATCCCKGARAAGCGAATTAT 23
fnr2 TTARGCRACGTTRCGSG 17
pncB1 ATGACACWATTCRCTTCYCCKGT 23
pncB2 TTARCTSGCYTTTTTMAYC 19
fdhF1 ATGATGAATGCCATYA 16
fdhF2 TYAHCCYAWYGCGCTTTC 18
fnr-F GGCGAGCTCATGATCCCTGAGAAGCGAAT 29
fnr-R CCCAAGCTTTTAAGCGACGTTGCGGGCC 28
pncB-F GGCGAGCTCATGACACAATTCACTTCTCCTG 31
pncB-R CCCAAGCTTTTAGCTGGCCTTTTTAATCGG 30
fdhF-F CCGGAATTCATGAGTAATGCCATCACAGAG 30
fdhF-R CCCAAGCTTTTAACCCATCGCGCTTTCG 28

The introduced restriction sites are underlined.
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L) Klebsiella sp. 1 DNA Jy#iti, PCR 4" 1%
LM for ., pneB. fdhF. =4 RIS %4 pMD18-T
AR, ¥k E. coli Topl0 /&2 &40, W
100 pg/mL 2 N HE R (Amp) [ LB i FH
PerEbEF . BEYIRUE, 26 bR T, S
B 4> W) Ay 4 4 pMD-fnr . pMD-pncB il
pMD-fdhF.

1.4 FHRRHIHE

pMD-fnr, pMD-pncB 1 pMD-fdhF £ %}
U1, SRR FRBEIK pET28a-Pkan 4%,
FEIEEAL E. coli Topl0 SN, WA T
50 pg/mL RAPHRE LB “PRIEFRLHE, WK
PCR [ DNA J¥ 40l 564k, 45 2 8 46 5ok
pET28a-Pkan-fnr , pET28a-Pkan-pncB ., pET28a-
Pkan-fdhF, Fk MM AR AIE 2, KRR

#i pET28a-Pkan-fnr , pET28a-Pkan-pncB . pET28a-
Pkan-fdhF J2 25 2850k pET28a-Pkan 4351 B 4% 1k
Klebsiella sp. HQ-3 J&sz &4 id , LR AREE K F-t
P EPHYE L T, 7% PCR MOWMEUISIE, i
A A R Y L PR TR A

1.5 FHHRFHEMIAE

¥ 3 FPEE L B A BT R 2R LB
Regede, 37 CHiFE 1205, % 20% (V) I
BN T5% 70 mL &35 50 150 mL BB
H, HHEUKZER NG, FF2a@2i %< 10 min, DX
HER AR AT TR R TR-5-5 5 1 () AT R R AR
IRAGHRE TP REgs T, 37 CHEIRRE SR, R A
K2 B AR s, FIHEK 50 2 h s
— WA, BEEFEEeKIE. BHKRE 3
1, BFEL 3K,

Klebsiella sp. HQ-3 genome DNA

pet28a-Pkan-for

6411 bp
ori lac

2 RiEHIEHZELE

Kan

or1

pncB
pET28a-Pkan \

Pkan T7 terminator ~Hind III
W

f1 origin

pet28a-Pkan-pncB Pkan
6 861 bp

lac

EcoR | Hind III

HindIll ~ JAhF

pET28a-Pkan\

T7 terminator -Hind III
M

pet28a-Pkan-fdhF
7338 bp

Bgl 1l

Fig. 2 Schematic illustration of pET28a-Pkan expression vector construction.
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1.6 SDS-PAGE H k&

B R EER LA 8 000 r/min BS.0> 2 min, WAERE
&, WA 5 mL PBS 2, PR EBIE FiK
Wrp, EAREEE, 4 °C L 12 000 r/min 5.0 5 min,
B VS RIATRAY 2xSDS BERE FAEZE iR
5], KK 5 min, FF SDS-PAGE HLIK4MHT .
1.7 RERKHH=DSH

AL A= A L ODgoo OGIEFRIR o X EUBI I Fh
TLA1% (VN) WEEHFNT LB WA g5,
37 ClEEYEFE, 4k 2 h B R E ODego,
HELE 14 h, ZfilA K HhER, HAB TR RS TR
PRIPR A AE R o 7 S T 9 3 D 5 1 DA
3,5-filE KRR (DNS) &R, K pH
L pH 3 E .

FIFH GC-9750 RIS AH €0 354300 e & 1 <Ak
AR R, ARSI, WECh 55 mL/min,
O EFE IR K carboxen-1004, 80~100 H, #HT
913 X430, FEK 2 m, TCD Killgs, deke
iy IR ARSI 230 70 *CL 50 °CL 80 C,
NI 1 mL RS . SMREINE AT .

B R BER 12 000 r/min 2.0 10 min, W4 |
THW, 0.45 pm PUERELNE, DA SSI2300-525
ROBAH LTS (HPLC) A8 & vl AC s =4
HiR. 2. FLIR . BRI . 2,3- T "% m&
o ST AR AR AE BT C18 fE
(250 mm»4.6 mm, 5 pm), %WishAH 20 mmol/L
KH,PO,, pH 2.3, Wik 0.5 mL/min, “&4M&E
KH 210 nm, #HFEES 5 ul.

2 HERE0H

21 EFER PCR &K FFIMNE
Pl Klebsiella sp. HQ-3 JE[X 4 DNA Akt ,

PG RI 0 H B BN A2y 750 bp.

1700 bp 1 1200 bp, SHHAFF. DNA 34>
Hrai, MIhveres)| Klebsiella sp. HQ-3 H fnr,

fdhF . pncB 4K LA, HIF M EZHE (Open
Reading Frame, ORF) 4K /434lk 753 bp.

1 680 bp F1 1203 bp., 3 253EH P HI7E GenBank
MRS 535h Accession No. KC183718,
Accession No. KC183719 #1 Accession No.
KC183717,

22 BHRNBMESEIE

DLE ZH T H i Rk PR R AR, 4T PCR
Bk, ¥ NS BUREARRE (B 3A). L
Sac I /Hind TIIALAEFYIUE, pET28a-Pkan-far F
pET28a-Pkan-pncB #4 %l 1fj. EcoR I /Hind IIT#L
fiti 1125 W] pET28a-Pkan-fdhF #J & a2 (& 3B).
40 I8 Bk 4 e 44 o8 HQ-3-for, HQ-3-pncB,
HQ-3-fdhF J X} B #k HQ-3-C.

2.3 fnr. pncB #0 fdhF EEATEMARE T
Fzix

AR A . B0, SRR BIE
7 SDS-PAGE HiLJk 737, LATEF 1A HQ-3-C fE
R (K 4). fnr, pncB Fil fdhF LK fF #3500 H
AR LB A B, R/h—2, 3RB for,
pncB Al fdhF 2L K 478 Klebsiella sp. HQ-3 H15Z#i
TR
24 FHEHURAEEERES

TE 14 h LKA SR, BSR4k pH {H
Bl A T} (B2 B ReAT , L 5 iz .l AR A
TEFE A R AR A S YA FLER I A i, (R E 2
PG FR AL pH (B FRARAT BT RS o R E S
KB A2 pH 4EFFTE 4.7 245 .

cjb@im.ac.cn
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A bp M 1 2 3 B bp

5000

3000
2000
1500

1000

500

250
100

3 EHRRRYEIE

Fig. 3 Confirmation of recombinant plasmids. (A) PCR amplification verification. M: DNA marker (DS 5 000); 1:
PCR product of pET28-pkan-fnr from HQ-3-fnr; 2: PCR product of pET28-pkan-pncB from HQ-3-pncB; 3: PCR
product of pET28-pkan-fdhF from HQ-3-fdhF. (B) Restriction analysis of recombinant plasmids. M: DNA marker (DS 5
000); 1: Sac I /Hind Il digestion verification of pET28-pkan-fnr vector from HQ-3-fnr; 2: Sac I /Hind III digestion
verification of pET28-pkan-pncB vector from HQ-3-pncB; 3: EcoR I /Hind III digestion verification of pET28-pkan-
fdhF vector from HQ-3-fdhF.

B L2 e gy B TR DR A 1 30 S B AL
o I R A T Sl (R S B R B R AR
KRR SR, o E A A K

SEMAAT PR
7.5
—=— HQ-3-C
7.0 —o— HQ-3-fnr
L —&— HQ-3-pncB
65 + —~— HQ-3-fdhF
~ o 60 |
4 fnr. pncB. fdhF EEETHMEKEPRIEH a .
SDS-PAGE Bk 4 #f 35 ¢
Fig. 4 SDS-PAGE analysis of the expression of fnr, 50 L
pncB, fdhF gene in Klebsiella sp. HQ-3. M: protein L \%
marker; 1: supernatant fluid of cell lysate from HQ-3-C; 45 Lot . P : !

2: supernatant fluid of cell lysate from HQ-3-fnr; 3:
supernatant fluid of cell lysate from HQ-3-pncB; 4:
supernatant fluid of cell lysate from HQ-3-fdhF.

t(h)
N § N  E5 NEEKSEAREMENELN pH TR
PRI ER AEILIE 6. FATAPRIAER Fig. 5 Comparison of time course of pH between
FOXS R TR AR IS AT D, (AR ZZ 0 A & . ) HQ-3-C and the recombinants.
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FEDRAAHE R e, TR B & 15 B ] frg SR A
A 7 Fos. ATLUE R, B AR E] Y
JE, BB AR WAEANRE N, 7E & BRI
6 h PN, ARG Y™ & a5 X0 IR R T i 2 22 1.
XRRBARTE 8 h J7 BB Sl Thve, R
TE R A A s (1 R e A RE T, 12 h 5 B
AP RA R TRE. 3 TR a5
X BT bR HQ-3-C AH H A AN B 4 e .
e

4| > HQ-3-pncB
—— HQ-3-fdhF

0 2 4 6 8 10 12 14 16
t(h)

B 6 WMBEKSEAEKRMENEMABRERKIE
242

Fig. 6 Comparison of time course of cell growth (in
term of ODgg) between HQ-3-C and the recombinants.

60 -
[ —= HQ-3-C
—o— HQ-3-fnr
50 _a HQ-3—jp;ncB
r —v— HQ-3-fdhF

[\o] W S
(=} S (=)
T T T T

—
S

0 2 4 6 8 10 12 14 16
¢ (h)

=]

Cumulative H, production (mmol/L)

B 7 MEREKSEHEREREHRR=ESE LR
Fig. 7 Comparison of time course of cumulative H,
production between HQ-3-C and the recombinants.

BT E HQ-3-fnr p R A E KK, &
58.1 mmol/L,
25 Rig~IoH

B A O A A R DR SR R AR LI 8. DA
SR €3 43 RGN T Yok TR ik I FE A T PR
G TR R By, LA DNS B0 i JFORHIY
Feft .26 2 WoR TR 14 h J5 TR B R RN I 4
PR 3 7 s v ) 2 i 2 W S S AR W g
JEo MWHIRTLUE Y, 3 i TRE BRI 4 A B FE
AE 1 ¥ T B AR, HQ-3-fnr HLAT fi 8 A0 15 4
BERIRCE, B RREE MR H 21.7% .

[FIFE, AHRESMCIA = I A A KBk .
PR L T R, AR IR ST LR
A A N 2 Rl a2 2 TP AR
SAPTATAL, TREE HQ-3-fnr 5 HQ-3-fdhF 7E/Li4
T A ) P R B R R R, O R
 fnr. fdhF JER ) RaBfEHE T H R 240 A A
R, GUGFERE, AR T E U R ) R R 1 e
Ak, MU ER RE RGN T TR R B
HIR Y Je 28 B /b, U] AR A AR TR E
MRAE A, XSS h TREE 7S
FH—E

[ i el LLA ), HQ-3-pneB & BEH H 2 B A
BEHARR S A YN, mFLER M = . pneB
FH 5k F ki NADH) A0 W,
NADH/NAD-+ AT R, 1 87 248 e A 35 =
G SN (% (0 d U o L AW | B A E SR
& NADH EZrEis, CEEMBEIARAE RIS
T ELHFE 2 mol NADH, 1 FLER A AL #E 1 mol
NADH. it , A5 prfdi g sms , fEfeit 1
PR R, (A S e TG S BE AR FA R
J3 1w,
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Glucose
2 NAD" 2P,
2NADH <,
Phosphoenolpyruvate
2 ADP 2NAD* 2 Lactate
2 NADH
2 ATP « \
2NAD* 2 NADH 2P 20, /
2 Malate 2 Oxaloacetate e Pyruvate \V > a-Acetolactate
2
2002 CoAI-SH/ ’ A
21,0 </ % ‘ > o, </
M 2 NAD* v
2 Fumarate 2 Acetyl-CoA' 2 NADH Acetoin

2 NADH ™~ ATAMIT

2 ADP / 6 NAD* INADI
TCA cycle 2 NAD* D\A NAD* «|
| 2ATP 6 NADH Y

v N Y 1 oAD | | 2,3-Butanediol
. D A\
Biomass 2 Succinate \, - 2 NADH
e 2 FADH, ormate 2 Acetyl- CoA 2 CoA-SH
® k +2 NAD*
2H v LDl EizH N S 2 CoA SH
2 NADH 4CO, ¥ N 2 Acetylphosphate 2 Acetaldehyde
2 CO, 2 H,
2 NADH
2 NAD" 2 ADP
2 ATP 2 NAD*
H L MA1X + *
2
2 Acetate 2 Ethanol
8 REAHEFTEERELZEBAEEED
Fig. 8 Anaerobic fermentation metabolic process of glucose in Klebsiella sp. HQ-31"1.

26 BHHERFHRE~IFFERINE
DA S i, B AR TS RERY
HIEWEALTOR . & 2 RMFEIIERIK for, fdhF
55 pncB J A (14 T PRI 2 W T PR o EL VT BE P R
B BRI, BTN, B R R
fig 2= A5 NADH @42 = ar s, & 9
ﬁ%tﬂxﬂﬁHﬁ'ﬁ@ﬂﬁ%%%%ﬁ@%ﬁﬁﬁ
, RSS2 A i e NADH 12/~ a 2
I‘Eﬂﬂﬁa‘e%o MR LU H%% HQ-3-fnr

HQ-3-pncB il HQ-3-fdhF = & A 0 FE i bk
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BIfg i e mol Fi 24 h BB A
0.991 mol 437 $& =% 1.113 mol, 1.106 mol,
1.063 mol, 4il#E® T 1226 % . 11.62 % Fi
7.28%

[, TRETRE PR i B RR R AS LR Y

RO IR AR LA DR, RO for BEIAIE
[ il 5 R 34k - %0, T fdnF DR 4 ) FHY IR

i SR A T O TR S R M R ST FHL (Y E %L
oA R S U A . pneB 2R
Gt i MR S W R IR RE 2 2E NADH. 34



EHE B/EELHEE fr. pnos 7 fhF HEBEESSABAON

*2 MBEKRSIEEKRIEEERRRE DS
Table 2 Analysis of consumed substrate and anaerobic metabolic after 14 h cultivation of HQ-3-C and
various mutants

HQ-3-C HQ-3-fnr HQ-3-fdhF HQ-3-pncB
Glucose consumed (mmol/L) 42.92+0.83 52.23+1.12 49.82+0.61 50.75+1.33
H, (mmol/L) 42.50£1.72 58.18+0.90 52.90+1.62 56.15+1.41
CO, (mmol/L) 41.55+1.56 72.28+3.42 64.38+2.28 52.18+2.62
Formate (mmol/L) 4.88+0.06 3.25+0.02 3.64+0.03 3.44+0.04
Lactate (mmol/L) 31.66+3.37 25.7241.92 26.56+2.71 28.83+2.45
Acetate (mmol/L) 19.58+0.92 31.32+1.35 28.45+2.03 30.66+1.42
2,3-Butanediol (mmol/L) 7.74+0.05 8.94+0.07 9.26+0.13 8.48+0.04
Ethanol (mmol/L) 15.12+1.24 17.88+2.60 18.22+1.81 19.85+1.54
Succinate (mmol/L) 4.47+0.06 5.82+0.03 5.34+0.08 6.38+0.06
Biomass (mmol/L) 2.32+0.05 2.29+0.06 2.20+0.07 2.14+0.07
H, yield (mol Hy/mol glucose) 0.991+0.004 1.1134+0.008 1.063+0.007 1.106+0.008
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Fig. 9 Comparison of hydrogen production in wild
type and recombinant strains.
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