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For the biological production of hydrogen, a new fermentative hydrogen-producing bacterium, Enterobacter sp. SNU-1453,
was isolated from a domestic landfill. During the culture of this bacterium, pH significantly decreased with the accumulation
of various organic acids, and consequently this inhibited the production of hydrogen. It was found that the metabolic flux in
this bacterium depended on the pH and affected the hydrogen production. A butanediol pathway was dominant during the
fermentation when pH was not controlled. By controlling the pH at 7 this pathway can be shifted to a mixed acid pathway,

which is favorable to the production of hydrogen.
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7H8 @AY ol A43E = s ALE JUEHIA L §)
o} olgd FrLEe AHEEHE SR ARG A
23 24 @714 vAEE vH o Aed, B4 714 714
22 Akd Wid uzzrt wu wkFAe] w@eEsa
scale-upo] AohHe 3712 7442 .

BQ d7A —’Fi/‘g 2} vl ) & F Enterobacter sp.E& o] &

3 A7} A @33 A F) 3 gl thokdl Enterobacter
% (species) o] &3t FAaAIE A A3 A7 73
Zo|t}. Enterobacter7} 43} Enteric bacteria® Y2 072
T 7}A] fermentation pathwayZ w2 U}(Fig. 1). 3l1}= mixed
acid fermentation pathway £ 4], o] 2] products= 52 lactic
acid, acetic acid, formic acid, succinic acid 5¢ 7|4+
ethanol, H;, CO, 5©] AAtH T} o] pathwayo] & Ayk3 o
2 43RBT F7]4e B o] B ¥ (acid : alcohol = 4 :
) HAFE 71H e B9 COi Hy = 1: 19 W& ehdot
o] o] 3} butanediol fermentation pathway = -+ 7]4Fe] &2 &
73] 21 ethanol butanediol 59 & F-& 2] ko] HojL}A
acid : alcohol = 1: 6¢] H] &S Uehgo] S == 714 9 A4
CO;: Hy =5: 19 H&-& Vbt o] 2] 8 metabolic pathway
£ i 240 wef shifts 7] W&ol FABLFS Fo]7]
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s FAA] F2)3 WEoZ  metabolic fluxS 23 @
o7t B AT e AES 2 BA 8714 vy B
3l Enterobacter sp. SNU-1453-& 221 7] w & 2] E kol A] 2]
tHom, FaMate] FE v X & metabolic fluxdl] pH7}
oW A A LohE BT,

o
Az o

Iz

SNU-1453 #F9o| 22|

744 229 7] v B 2] £ 2 soil samples S 47 5] LB 1)
Ao A = AR Tt W g AT o] FA wiokE W FA 05
ml& tHA] 50 mM L-HPA (L-Homophenylalanine), 50 mM
potassium phosphate buffer (pH 7.2), 100 mM glycerol, 1 g/L
MgSO4+7H0, 0.2 mM CaCly, 0.1 mg/L ZnCl,, 0.1 mg/L MnSO
+4H>0, 0.02 mg/L H;BOs, 0.1 mg/L. CuSO4+5H,0, 0.05 mg/L

glycolytic enzymes pyruvate kinase
Glucose —— PEP ————

CO)_ ')i PEP carboxylase

OAA

; malate dehydrogenase

CoCl,, 0.1 mg/L NiSO46H,0, 2.0 mg/L NaMoO,, 18] 11 4.0
mg/l FeSO47TH,0Z 4 ¥ minimal mediumo] A F3s}e] 3
TCAA 24 ZoF Wl ksl ATt o] 8§t #2338 vt sl
enriched cultureES <=3 3} 94 t}. Enriched culture 3¢ 72+-& uj
A Z2X-& 7}7 agar plate$] ol A Hi &3} o] plate 9o F A=
7} colonyE LB i A o)l A | 3t HT}Q). o] FA LA
5 n| W ES 25% glycerolo] E3HE v Aol A -70T o] B
#st P

P
A

_1

SNU-1453 A 5=9| M3lsty EM 24

Strain SNU-14539] A58l 8 24 & QolR 7] 9she] %
WA 3} gram negative -t 9] 574 of] A& 5 = API20E kit
(BioMerieux, St. Louis, Missouri, USA)-S A3}, o]
FJIEE o] &3 A REHL saline £99) strain
SNU-1453-& dgdt %=, dxd 7]4o] &A= kity
cupulesoll 1% 3] 3% F w4 A ok2 B7harel 7149 o

lactate dehydrogenase

Pyruvate

Lactate

pyruvate-formate lyase

—> Formate

Malate \4 formate-hydrogen
E fumarase I
H Acety -CoA yase
Fumarate
E fumarate reductase
Succinate CO, H,
Acetate alcohol
Kkinase dehydrogenase
PEP: phosphoenolpyruvate, OAA: osaloacetat Acetate Ethanol
(a)
Glucose

glycolytic enzymes l

formate-hydrogen lyase

Formate — CO, + H,
Lactate «—— Pyruvate
lactate dehydrogenase pyruvate-fprmate lyase
Acetyl-CoA —

a-acetolactate synthase acetaldehyde
dehydrogenase
Cco, Active acetaldehyde v
Q-acetolactate Acetaldehyde
J' synthase
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a.- acetolactate dehydrogenase
A
a-acetolactate
C02 decarboxylase Ethanol
v
Acetoin
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1 dehydrogenase
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Figure 1. Two fermentation pathways of Enteric bacteria ((a) mixed acid fermentation, (b) butanediol fermentation).
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g Ao stz st ol o Anke o4
£ 54¢ 98 129 dolE o) 29 M2 A

SNU-1453 # 9| 3

729 4L 93] 16SDNAE PCRE 223 & 22y
3t 29 16S IDNAE DNA sequencer= M A 7]
MEE AR o HAAE oAFZRE Fdd
Ribosomal Database Project (RDP)¢} & 7| A &€& vl w w) & 3
08 ZETFY FARE A THG-8).

Dr YA 2N AU

T 2 35 glo] AR (1 L)ol A 37T, 220 rpm 9]
F714 =AM SdEAT Fay] e 714 20
208 St AATbA purgingS 3 ZA8tETh Seed

culture= ¥ A 7} &9 9l 120 mL serum bottleo]] °F 108 7}¢
AN, 7IAE EFHF H71H 20E e £ F buyl
rubber septum (12 mm-thick)¥® aluminum cap & 8 2-3}of &
713 2138 A ol FA Mg s Ao cellE F9)
G F FUT RO FV)H 2AE e F F 2N
o A 15A12F F3F 37T A 220 rpm . 2 wf &3tk 91k
e urygoz #7148 ZANA seed culturedt P| A &S @
xR 7 %3 Euds AFsg A8 g8 HA
= 10 g/L glucose, 20 g/L peptone, 3 g/L yeast extract, 0.5
g/L MgSO,7H,0 ¥ 2 g/L KH,PO,©. 2 T4 ¥ PYG 1} %)
E ALE3E T ta ] We pHE 2 N HCl# 2 N NaOHE
AL&8te Al o3t AT

u| & F X+ UV-visible spectrophotometer (Genesys 5,
Spectronic Instruments, USA)E A}-&3lo] 680 nm T3 o A
4% F o2 AXFF (dry cell weighy 39 BB BA 25
B #5t ZA3AT. Glucose $EE Ea4F WY
(Glucose HK assay kit, Sigma Chemical Co., Louis, USA)
g o] &sty BAs AT £, FAaVAH e B4& carbon
molecular sieves column (Carboxen-1000 column, Supelco Inc.,
USA)3} TCD detector’}t & H 71~ A ZupE 185 (HP
5890 Series 11, Hewlett-Packard, USA)Z o] &3} B A&}
AT GCEANZAL 2B 2% 30T, gdAF &5 120T, ¢
98 2% 120C 2 f Aoy, Hglo) 7tAe Ar 7t~ 8
57-58 mljming] f-&£0 8 E#FYa, 7t~ ME L gas-tight
microsyringe 2 0.1 mL& ®olra F3lHch nAE w) g A
Z 9] hAMALE 24L& Aminex HPX-87H packed column
(300 x 7.8 mm; Bio-Rad, USA)°] #3¥ HPLC (HP1100,
Agilent Technologies, USA)E %3 B3t E4z24
€ 001 N H80:& ©j5422 34 06 miming #%
o2 ZHPFYgon HHL 40TE 239 refractive
index detector (RID)2 =33} ).

2 1%

< 7} SNU-1453 T35 71328 7]
Yo 2 REH R} o) Y FHL A A
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384 HAE 9 16S DNA A4 G711 & o] &8 Hi ol
AH& 5tk APL20E kitE £3) 43 § 4314 H2E 4
Fa3, 8 1A 7120 g jAerEo] vEtgten 1 2
7} = Table 13} 2t} o] A3 Enterobacter cloacae$} 90.9%
9 FAEE YBES ¢ 5 A0 & U 92 59 9
3}o] 168 tDNA full sequencing2 E3j °F 140070 9] G717} 2
Ao o] ug o2 fAIE S 24 3 A3 E. asburiae
JCM 6051T (99.56%), Pantoea agglomerans JCM 1236T
(99.42%), E. cancerogenus LMG 2693T (99.27%)¢} 9% ©]7¢
9 FAEE YHeElen 23 F2E Fudd wE
phylogenetic treeE 3 Al 55 F AL 22 295 Ve
] 21 th(data not shown). o]#] 3 ZAH = 2 ZF (species) o2
sl 7]1EQA 95% o) 39 FALEE HolE ¥ (species)©]
o 2] & (species)o) B2 B &7} £3le & BEE 4l
Aol B4 7o) o Al Enterobacterdl] &3l dFol2
2 Enterobacter sp. SNU-1453 2.2 W3} 4t}

Table 1. Biochemical test of Enterobacter sp. SNU-1453 for
identification

Reaction of Enterobacter sp.
SNU-1453"
ONPG +
ADH +
LDC -
oDnC +
CIT +
H2S -
URE -
TDA -
IND -
VP +
GEL
GLU
MAN
INO
SOR
RHA
SAC
MEL
AMY
ARA
OX -
‘ONPG: ortho-nitro-phenyl- 5 -D-galactopyranoside, ADH: arginine, LDC:
lysine, ODC: omithine, CIT: citrate de sodium, H2S: thiosulfate de
sodium, URE: uree, TDA: tryptophane, IND: tryptophane, VP: pyruvate de
sodium, GEL: gelatine de Kohn, GLU: glucose, MAN: mannitol, INO:
inositol, SOR: sorbitol, RHA: rhamnose, SAC: saccharose, MEL:
melibiose, AMY: amygdaline, ARA: arabinose, OX: on filter paper
"Positive reaction; +, negative reaction: -

Biochemical Test"

+ o+ o+ o+

+ o+ o+ 4+

i 2kA| 20l 2 Bl F9 il 27 S (without pH control)

Enterobacter$} 722 fermentative bacteriax W a4 £ o
& 71N 9 {73k AAE 7] Wi w g pHYL §4
A 2ol AthO-11). et pH A A& 34A FkE A,
SNU-1453 #5771 o | Wl g A% & dell=A 23 3
. ®£3 pHE Ao3lx &S& A%, o/H fermentation
pathwayZ w2+ #A3s4 . Fig. 2& 7w %E Tl
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g M A E FE, glucose 5, pH, metabolited] W3 &
Bhe e zolnh ool AWl W} pHE A3
AR G7E TAT Fol= 238 pHYY EVletE AL B 4
A THFig. 2(2)). o] &1 & pHY| W3} vl ok 2wk 7]k
ko 2 w2 o] pH7}F F 43 BojA W pH7} 458t Al
Q1 TAIZF o] 3o = formate ¥ & 9] 7+4 7} Yoju} pH7F A
F5EACR 4% @ 5 YT} GebA SNU-1453 T3] )
] Y pH formate®] Fxof wj9 91743 AL o 5 AT
Fermentative bacteriaw= o} 9} 7Zo] NADH pathway$}
formate pathway®] 5 7} X =4 A Ak pathwayol] &3] =4 &

AT gE A vk, 12).

NADH pathway:
NADH +H' — NAD' + H; (n

Formate pathway:
C¢H1206 > CH;COCOOH — HCOOH — H, + CO, (2)

8 jv3
)

[ 10
% S
g 14 P
<l S
g \ 2
g ‘
g ! o
[} ‘.\ —_—— Cell 14 —g‘
H % \ ~ 42— Clucose =
[&] [} —— pH 1+ @
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\
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Figure 2. Fermentation profiles of Enterobacter sp. SNU-1453
without pH control ((a) profiles of cell growth, glucose consumption
and pH, (b) profiles of soluble metabolites).
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w}e}A] formate 7+A & 9 9] formate pathwayoﬂ o &)
5ol Hyt COy7t A =g AL EYS AL o3
o] formate®] 7+A A Hd pHE 4483 244

A3 BojuE AL 2R &% 4 SIthFig. 2(a), (b). 5
Fig. 20l A 2 5 Qe AAE |73 0e ¢229 A4
AbFo] B butanediol fermentation pathway = 2] metabolic
flux7t Y H = AL & 5 Aok o] A pH7L A=A &
SHg AL = A A S Z 9] metabolic pathway B Th= &
FE Ao 2 9] metabolic flux7} 3 7] W&o ¢ =&
Ta S @7 A pH A7 298 Ao g AzbEn.
ojuj o] W AME FrE 1.151 glo]H =AM Ae 325 m1E
e

%Y
=3
S
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—0— H3 r18
—o— Cell

o
o
S

r L6

(m)/V/hr)
Maximum cell growth (g/1)

w
S
L

Maximum volumetric Hy production rate

Figure 3. Effect of pH on hydrogen production.
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YE = A& AR Fig. 3& 8 @59 pHo #&
FaMEEG AETES YERE 28 Zolt). o]
o] A9 W2 499 pH 4750 M Fa4& UrE}‘;‘i °
W pH 794 7H4 & 175 mllhre] FaAE
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o) 38 Bl 18 ¥ 4 Al 3 1Al € o
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Siym i g el A S AS B+ At o
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Table 2. Metabolites produced by Enterobacter sp. SNU-1453 under uncontrolled and controlled pH condition

H TVFA SMP HAc HLac Hpor Hsuc HE[OH HButOH AlCOhOl TVFA
P (mM) (mM) /SMP (%) [SMP (%) [SMP (%) [SMP (%) /SMP (%) /[SMP (%) /SMP. (%) /SMP
Not controlled 138 933 7 2 2 4 37 43 85 0.15
controlled (7.0) 71.1 122.2 34 13 6 5 41 1 42 0.58

Hac: acetic acid; Hy,e: lactic acid; Hgo: formic acid; Hsu: succinic acid; Hgon:

TVFA = Hac + Hiae + Hpor + Hsu; SMP = TVFA + Alcohol.
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Figure 4. Fermentation profiles of Enterobacter sp. SNU-1453 at pH 7.0 controlled. (a) profiles of cell growth and glucose consumption, (b)

profiles of soluble metabolites.

acetic acid, lactic acid, formic acid, succinic acid, ethanol,
butanediol, CO,, H; 50| 4 5t} pH Ao} & 314 & 7
9] 5 YAIEL A LER DA 9 85%S A 3ATh
oo wrs] A 7]k (TVFA, total volatile fatty acid)-2 15%
Z )¢ A kS 2R EHT o] AL acid : alcohol = 1 :
5.72 ] butanediol pathway 2] Y43 Ql B]-& (acid : alcohol = 1
67§ $A1D AFE Ve Ao2 Wl pH Aol E
}A 98 799 & butanediol fermentation pathway S w &t}
2¢ 2 % Sl

Wl pH7F AJoJE Aol = 43 &9 v &0 2% =
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Bt wEbA o)== pH Alojo] 2|3] metabolic flux7}
butanediol pathwayol] 4] mixed acid pathway® H3}5) 0SS
BoEd ¢4 ABAld #d 3 metabolic fluxg F%53517] 9
StpH H 2 gt} g, ¥ & 284S Y= AN
¥, 2% 59 HAs7} FaEofof grh. EF mutations ©}
£ 3} metabolic pathway 2 &3 /A¢S B3 Bk 22 54
§ar A 10 4+ gl

ol

rr

S

[o -]
|

M8 7 o®A EekolA R Enterobacter sp.

SNU-1453-¢ Enteric bacteriadl] £ &} & (species) . 2 4] g7}
ug A gBRHoE $£48 PA34 Y. ©] 3 3 fermentative
bacteria= 8 714 97 8¢l 93] T E metabolisme 1}
ehfjo] Fa o] JgS Fot o) BETE Il
g} W) x| 9] pH7} FA 3] At v A E 4G FLaHL
3kS m X 22, pHol| W& metabolism W3S FA3FO =
W ¢oAte OB A8 A2 pH2AS A A
o @ast Ak & AFoNHE Aol tekpHe) K3}
2 pH A o}o)] w}E metabolic fluxE 439Gt AP AFH o
PaFFe i He 499 pH @750 % 45 A4t
st om, pH 7014 714 & 443 #F S e St pH
7% 9] #| o] butanediol pathway = 2E] 4 A2ke)] o g
3t mixed acid fermentation pathway & metabolic fluxE H3}A|

SRR

z A

£ A7E BEIERe) A2 $Y3kE 2147) TEE)
ATABAIG S| YBo 2 FH UG

REFERENCES

1. Das, D. and TN. Veziroglu (2001), Hydrogen production by
biological processes: a survey of literature, Int. J. Hydrogen Energy
26, 13-28.

2. Cho, B.K., I-H. Seo, T.-W. Kang, and B.-G. Kim (2003),
Asymmetric synthesis of L-homophenylalanine by equilibrium-shift
using recombinant aromatic L-amino acid transaminase, Biotechnol.
Bioeng. 83, 226-34.



Shin, J.-H.,  pH-dependent Metabolic Flux Shift in Novel Hydrogen-Producing Bacterium Enterobacter sp. SNU-1453 469

W

(=)}

. Saitou, N. and M. Nei (1987), The neighbor-joining method: a new

method for reconstructing phylogenetic trees, Mol. Bio. Evo. 4, 406-25.

- Elbeltagy, A., K. Nishioka, T. Sato, H. Suzuki, B. Ye, T. Hamada, T.

Isawa, H. Mitsui, and K. Minamisawa (2001), Endophytic colonization
and in planta Nitrogen fixation by a Herbaspirillum sp. isolated from wild
rice species, Appl. Envir. Microbiol. 67, 5285-93.

- Asis, CA. and K. Adachi (2004), Isolation of endophytic diazotroph

Pantoea agglomerans and nondiazotroph Enterobacter asburiae from
sweetpotato stem in Japan, Letr. Appl. Microbiol. 38, 19-23.

- Brenner, D. I, A. C. McWhorter, A. Kai, A. G. Steigerwalt, and J. J. 3rd

Farmer (1986), Enterobacter asburiae sp. nov., a new species found in
clinical specimens, and reassignment of Erwinia dissolvens and Erwinia
nimipressuralis to the genus Enterobacter as Enterobacter dissolvens
comb. nov. and Enterobacter nimipressuralis comb. nov., J. Clin.
Microbiol. 23, 1114-20.

. Dauga, C. (2002), Evolution of the gyrB gene and the molecular

phylogeny of Enterobacteriaceae: a model molecule for molecular
systematic studies, Int. J. Syst. Evol. Microbiol. 52, 531-47.

8. Gavini, F., . Mergaert, A. Beji, C. Mielcarek, D. Izard, K. Kersters, and J.
De Ley (1989), Transfer of Enterobacter agglomerans (Beijerinck 1888)
Ewing and Fife 1972 to Pantoea gen. nov. as Pantoea agglomeranscomb.
nov. and description of Pantoea dispersa sp. nov., Int. J. Syst. Bacteriol.
39, 337-45.

9. Oh, Y..K,, E.-H. Seol, E. Y. Lee, and S. H. Park (2002), Fermentative
hydrogen production by a new chemoheterotrophic bacterium
Rhodopseudomonas palustris P4, Int. J. Hydrogen Energy. 27, 1373-9.

10. Kumar, N. and D. Das (2000), Enhancement of hydrogen production by

Enterobacter cloacae IIT-BT 08, Process Biochem. 35, 589-93.

11. Oh, Y.-K,, E-H. Seol, JR. Kim, and S.H. Park (2003), Fermentative

biohydrogen production by a new chemoheterotrophic bacterium
Citrobacter sp. Y19, Int. J. Hydrogen Energy. 28, 1353-9.

12. Tanisho, N., M. Kuromoto, and N. Kadokura (1998), Effect of CO,

removal on hydrogen production by fermentation, Int. J. Hydrogen
Energy. 23, 559-63.



