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Summary of achievements

1. R&D on screening and breeding improvement of photosynthetic microorganisms
A mathematical formula to express hydrogen production rate by photosynthetic bacterium under
monochromatic light was developed as a function of the amount of light-concentrating

chromoprotein (LH1 or LH2), the cell density and the light energy.

Studies on light energy transformer such as chopper and solar cell were continued to improve
overall efficiency of the light energy conversion as a total system by defusing and/or utilizing

excessive light energy for something useful

puf operon which encodes the light-concentrating chromoprotein LH1 was considered to be
important. Control of expression of puf promoter, which regulates the expression of puf operon,
was studied trying to optimize cultivation conditions for suppressing the synthesis of LH! over a

long period.

Continuous synthesis of hydrogenase protein was confirmed in cyanobacterium which was
introduced with the hydrogenase of anaerobic bacterium. It was also implied with high possibility

that the introduced hydrogenase was activated by a mechanism of the cyanobacterium itself.

Enzyme level investigation was conducted on the mechanism of preferential production of PHB

over hydrogen by the RY strain in the medium with lower pH.

PHB synthesis negative strain, hydrogen uptake negative strain, and a strain lacking in both were

obtained by interposon mutation. Hydrogen production capabilities of these mutants were



compared with the wild strain. It was found that both hydrogen uptake negative strain and double

mutation strain produced more hydrogen than the wild strain.

2. R&D on large-scale cultivation techniques

It was demonstrated in the field that a scale-up floating photoreactor system, which hardly requires
the use of land, is capable of producing hydrogen under the natural sunlight. The scale-up
photoreactor used was 400 L in volume and 8 m® in light receiving surface area, and kept afloat on
the sea during the experimental period. The maximum light energy conversion efficiency

observed was 0.85%.

Basic photoreactions of the strain RV were studied in detail.  As the result, it was shown that there
are two classes in dark reactions; the synthesis of bacterial cell which is an energy consuming
reaction and requires light energy, and VFA production which is an energy generating reaction and

requires no light energy.

Light dependency of distribution of substrate to hydrogen and by-products such as bacterial cells
and VFA was analyzed by studying material balance. As a result, it was made possible to estimate
the amount of hydrogen produced in an outdoor real process based upon experimental data obtained

indoor.

Effect of activated carbon on hydrogen production from supernatant of a heat treatment process for
sewage sludge was investigatcd. As a result, both stabilized and greater production of hydrogen

was observed regardless the lot of supernatant samples used in the experiments.

Effect of direct addition of beta acids of hops in the medium was studied for prevention of  growth



of undesired microorganisms, and its cfficacy was confirmed.

A continuous experiment by using hydrogen uptake negative strain and an
outdoor photoreactor system was conducted. It was demonstrated that stable operation of more
than 30 days was possible. The amount of hydrogen produced was ca. 70% greater than by the

wild strain and light energy conversion efficiency observed was 1.25%,

5 Development of System integration
A bio-hydrogen production system was conceptually established by incorporating findings and
accomplishments of R&D on pretreatment system and large-scale cultivation techniques, and used

in analyzing feasibility of photosynthetic hydrogen production system.

Life cycle CO2 production (LCCO2) was estimated based upon reactors, and major and auxiliary
equipment required for the integrated system. In terms of LCCO2, it was shown that the
photosynthetic hydrogen production system is more environmentally compatible than the steam

reforming hydrogen production system.

6 Supporting studies
Screening of bacterial strains which are suitable for various types of wastewater and/or capable of
producing hydrogen under extreme conditions, and basic studies on photoreactor designs and

cultivation techniques were conduced as contract research commissioned to outside research

organizations.
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LEESEERLUTHEM2MEEI0EICHIT -, HEMIE. 30°CIZERLETZ )V
BROKEDPHWSs Nz, HEMEMICENTSIDICEEL

2. 1. 3.(2)Y.drEHEDO7OT FINITHWERZITS 2,

(3) RERUER
A BARBRER
97/8/26/~8/29. BLRZENKBIE LL2EEBIZODVW TR LE. IHEOHEHF - 2
L¥F—&iE. 3.2, 8.0, 4.8kW-h/m°TH o7z KBEAEZRALERRIIBNWTE., 2
L. SemD R W TR AKERERZ R L. T2RFHEIHRICIZKG60I/n° &> /2
(X2.1-10) » 2D1.5ecmDRE I PO - VICHUTKBRERDL2ZEBICERL 2.
ZHWOBMIZHE N KEREBEIELLRVREABEIZETHEHL L .
98/8/18~21, W7 VY DHRBHEDORERDIERET > A ICHED FREY
TOYERBEBLTENEODAERBIIODVWTRA 2T 2. V772 EED. 1,000cn’D
TN DT Y BEHAICERLUERRICHWSE (X2.1-9) , IHHEOEHFHZ X V¥ —
Eik. 2.0, 1.3, 3.5, 4.5kW-h/p° TH oo KRRICBEH L CIXRBERM Y= D DN
fizir->r- (K2.1-11) o HBEHMEUEZD (V7Y EBELEDICHMM) OBKE
HFAEBRTE., BEXEREZRITAERE2 PO =V ETFE-> =, LML, SHEBEHENL/2
CHRLLTWAICE DS 3, 2000 D THTOL/D ICEE 2o ~HOZNT A
WF—DBETHIZLEXRTERWICOEDLS T, RFRERE RLE. INEEYEZDOD
A CIE. B ORAE R A RIE. K1401/Pe kb, a2 N —VITHARLE L RS
= (F— Y AB) « BV P IVVUIBNTHEXRKOYRBBEREINE (F—F XK
ﬁ)o
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bBEAGEABEDTCERLABAORM
MONEOCENKREA VWS I LTKERLER - £HMHEPARALELEZ RS, UT Y
SANDEAARDOHFEIX. MPNOBRE ZABIEEBMCIE - BAET I LICEY
THHILNMBERINZ. T BXARIXABERPRERRLED DXV F —EBE
THERD AR E DS, BEARICIABEMERVWEBOKEZEAAE,
ABBHOEBNIBN I AN - LY AT AMBORTHEHINS, VX7 L
HIRBBROME, A o N—F K #IBR ZoMoBEROBRTRINS,
RICHREL TS RKBEMS R, BERKLI6~200 ZHEEZII~LTE. 7ENLVT7 7 2
8~13%TH 2, £, RELEBIXMEH» 51052 L= FHXETEIINLSDEDS
AEBHOMEEINE Lz, ABEWTHEBRLEENEEZHV L Z LTHIFOER
MEMEBSNE (F2.1-11) . IS, BoNFRMEREKEBLERBIIBRAL T,
BARBOZERICELE (K2.1-12) o > b —VICHBELTH2.2(5DKEDNR

ETIHRERSES

2. 1. 5 3%

BRHERICBLT, lenOMIVWEXKERWSZ LT, BB, EHXALZVRO
LAEIC ALz, &7, BHRAKERI L L CHPROABESREICHYT 2 ELRE
FUBWTERBUDHEENE LRV I LDHS IR,

BAXRRIBWTH, L.5cnftEOMVWEXKERWSZZ LT, EBHEI. 20 b0
— VB U TR MSICHML . BHREERIT 22 L TO.6kN/ D 2MAZEH FICH
WTKEREEESBEREET LE. HTOBRXETFIEBVTS, BEAEKEAVWLI L TH
ARMEIC L 2 HKEREDOHMAERE BT I LHAETH >

BB KB ERSRINDOAGELENFALT. BAKRBLERREGT S L. HE
BRAE & KBELORN LR RIZEYE.55L KEICHMU., U 7o 0N % E#T
ZOHREFTEENBRIANVE—EENTETH > o

UEDZeh o, KBHERWENRKRRERFTIB. U7 ¥ S H I % 5 H
THI L. RAREBEOKMNEZRBT 2N RFHETHL L NBERENE. T,
EHEE T RN X —ERATHERTEILICED, KBKOFMP LR LI L
HEETHHIEDPTRBINSE,

..30_



B & : Rhodobacter sphaeroidesRV

RIEZEE : aSyigith

/N BNa 36mM

R 7 > EZDJAT10mM
AIGE  gLigHh

#LB8&Na 50mM
VY I BNa 10mM

BEXEEzRAWCHKERE (ERSH)
IKTERERER : gLigh

—

JeilR - BIYE

JEIE C M-26, JEEE : TkW/m2 0.3-1.3kWw/m?2
BHRSEHR - 120504,
SJI,Radiometer M4090
LI-COR,LI250

E

kEFRES(/Mm2). KEFREEERE(/m2/h)
KFHE(0.D.=660nm). HHEELERE

u

RELKBZORBEL 2ILF—

BRI -8 100

H T I H —TIRNE(%) : =

w

2. 1—2 BEJSnNIN
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2. 2 RKZEREICBEIDREREFHEOKRS

2. 2.1 HBE
HEXTOAGHABOKEREERELZ, HEOENXKEEY /NI H (LHI £ ZLH2)
B, BBFBE, BLIUOAIRINIFT-—REZERELTRIAZMERL, COXEHROLT
LHI, IRBELHEEBXTOKZREFZEOEFEZRA L, COKR., LHIE 2 FLHIAH A
BO50, 10, ISICBALTHE, BEXT (10W/n°) OKEREERERIZNENL 3, 1.6,
L8ZIZEMT B2 no7 (EFELLHIRLIRZEROBADN., BHREOEFICLES RIT
IRVERELTND)

2. 2. 2 WE

HERMEOKEREEEANLZENEL T, HAEOLIISHREZRSTEBRKRZ(T
HoTWs, TNETRENABBHETRELAEP 3K (LHMIAHEKOBSICHDLEE
RH) 2%, 800, B50mMOBEXFCHERU LOKBEREREERT I ENFN> TS
Lo UL, KERAREOWMENHRBEIN-EEEKEKIL, ThETOEISP 3K
EITHB., LiEdo>T, LHBEARREEEOBMBIZ. BEAEIA>THRL, £
ZLHIZ ABHICH A I EE2EDICERLEZTOE—YHREET. EEXBEHKERET S
Ba. L2 CORECROCRBAEREEERA LT E2E, B5ALDHALMIILT
BLENS .

IO, B DDEXRBEI LAY THOILNEERERST &b, LHIAKICAE
HAREOHM LI EDEZAONS ), LALLNIBEAZRRAEFEOMFRIL, ThET
DETBESL Mo THRL,

ZITEAEED. BAXTOXECRMBEOKEREEEEZ, BHROEXRESY NI E
(LH1,LH2) B. BABE. B I RN F—HELZERELTEZILEZERL, ThzE
FLTLHL, LREEHEEXTOKEREFEOBBERML .

2. 2. 3 HBEXTOKRREREEZRTNOER

(1) KDEX
FERGELAEVT IVYOKREREEEZ, BHEORNART ML, BHERE, XT

ANF— BLRUABROAXRT MV EEBRELTERDIETNORE? (UTETFTIVER
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F. L) 2EC, HAXTOAERAFRELRIAEMERL 2, UTICEAEMN
BREEFERZRY, BRAHTHWTWVWSHS, B, BIXLUT IO ERZ.,
Mz2. 2-1F&D7,

ETNEETIE, UV 75 ICEBAZRBFELAEROKEREERE (L5He) 2. (1)
ROELITN RN ZARCHE L THHLAEBOKERELEEE (BBHenwn) ORIEL
TEMHL =,

900-1000
He= 2 400-500 H € (nv) (1)

LhLSEE, D775 ICRETLIHAEEAKXTHD, V77 FDOKEREREE (B
He) i3, BEATOAEREEE (LLBHe monw) ERBEDZZENS, (DANKII
T2,

patl]ly
JL

He = He mono (2)
2B, mono) 2L LZEFTIE. ThEFNEAXTOMEEERDT.

ENXCERIY O NVEHBBREOREZRNTH I EMNan->TH O, LHLIZ8T5nn. LHZIZ
50NN AR THH> V., LAEN>2T, INSOEREDOKED TV YICTBAL
ZHE. UTIIRNOK TR F-HER. HEICESENSLHIPLR2O&ICKE L TH
®#9%, £Z T RXiCRILanbert-BeerAZHWT, LHIBXVIHIORZEXDT Z &
EL7=Y,

b 2 = @ g X € XX (3)

DAPOaNEXBEI N VEORBRERTERICHET S, LALINETICLHIO
HONNHMBIN-FEXERZIP IR THIO., EOLHIBIZHIENT 2 0 ZFEHT
HZEFAFETH S, £I2T, ETHAEAKOHABRBRIIOmmOBEANLEZRHF L 7=
BOoXE@ERZQRITRAL, HI=10080BKDODazBH L, IS INEEES
CTCHEEDLHIBIZHIINT 2 a2 MK 2. BRI, BAEKOBEABREKRIZE50nD
DHEXEZRBHEL T, L2=10050BEKD e 2B L., ZHhE2HOWTEEOLLRIEIZHIE
T5a 2T RD I,

BEDEIZDWTETIVEREELFL., WRIIRTHBXATOKEREEEELRT
XEB/-.
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He (@ozo)

SXVma X g i1 KM ono)t @ gy X CX T0
- XC XL)
@ (nono)>< C Km(nono)+ a (nono)x CXToXe *® o)

(4)

(2) Km&VmaxDRE
Km&Vmaxid, 850X/~ 1387mmOBEAXTOREREEEEZ, SEOKX T I F
—RETERMLZM@ (LT, ERAFAELEYT) ZAVWTRELZ. BEMICTE, KZFRE
HEOFEHZYEHIC, AT XN F-—REOHEKZXBMIZTOy FL, BoNTmEHROM
= (Kn/VoaxiZTH ) &, Y#oOUWhH (1/VnaxicHiE) s, ThEnzRkdiY
UFICEHLULZKm&EVma x &xR7,

¥ & (nm) Km (W/n?) Vma x (mmol/(m®-s))
850 37. 9 0. 81
875 22.9 0. 66

TOKmMEVmMmaxZ 2@WRITRAL., 0~80W/ 0 OHX TR F—BREIZBITSHe (monom
(850mmB L UN8THmIc DoV T) #EELA. U, WRE2BWT KO AZEE2HFEE
X, FEEBIUVEAMEN2. 2 -2cxrL 7.

Q) EAERIUVNVABEKZREREOBE R
HXEAHNT, LH, LNEXBEP L EBEOKEREEEE I aL—bL,
2., 2-3RATFIF~AREZTONDELEHOKRTHS (FRBEOXTRILF
—BEORRKBENION/ R THEAE2IENS, ZOXATIRNF—EBELZERL ) . LHIE
D EBRO50%. 10%. RICE LT B L, BEXET (87 OKEREFREMNTNTN
CL6, L8EiIzmIT A EN Ao, ERIAEALEZHEE D, 850D K FE
HEBRENRBERM LTS &0 .

OB, AAOLHIRINENBA TS L., KERERENSNRDE I ENHER
17, ERLHIRHIOBAN, BEROAFTICEEBE2RIFIIRNVWERELEZEES. KER
A REERAKTLMEMLETZAZENAN o, LOALHEZR, £FNOZLENT
Manszens,. 4%, LHIPINNBZEZETRALDTEZ D, ZOTREZHESMICT

LENMRELEEZ SN S,

1

[V ]
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2.

2. 4 F¢&0

*LHl, EZRLHZAHAKDS0, 10, KBV T D E, BEXT (T0W/n°) OKERE

HEEFENENLI 16, LEFITWMTEIIENS oz (R LLHIRPLHR2ZED R
DY, BRDEBICREZRIEINVVERELEES) .

cKEREFEM EICRBEL, LHL, IRNBRORENFTROBETH 5.

2.
D
)
3)
4)
5)
6)

2. 5 PBEXHK

PR SEEREMMUKEREANMAMERRBRESE (199D
FROFEREAMUKEBERMFRMAERRERES (1998)
ek BIEH  ASRME (1984), ¥2HERE S —
C.Hunter et al., Mol. Microbiol., 5 2649-2661 (1991)
A N—O—-WEE (T 198D, EFEREFRA
Az IiE3h  BESHT(1984). BEFE
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‘REACTER

L: depth (m)
S: irradiation area(m?2)

To: light intensity at the irradiation surface (W/m?)
I: light intensity (W/m?)

C: cell concentration(g-cell / m3)

a : absorptivity (m2/ g-cell)

He: H2 evolution rate (mmol/(m3 -s))
He ., H2 evolution rate under band pass light (mmol/(m? -s))
He 000y H2 evolution rate under monochromatic light (mmol/(m? -s))

Vmax : Maximum H2 evolution rate per volume (mmol/(m3 -s))
Km : Reaction constant (W/m?)

K2. 2—-1 U775 0OER. ii=mHL
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0.6

= = 875nm

G t

= =

o] (o]

S £

E E
$K i
1) i
1H i

&R &R
< %<
Oh\ 1 i l O | | 1
0 20 40 60 80 0 20 40 60 80
HLRILFEEW/ m2) FTRILFEREW/m2)

K2. 2—2 HENXTOKEREERE (EHESFEED LR
O : ERE —  HEE
(RHITEAE, StEEE HRT]
E{ERE : 0Deso=1
V7 7% (M : len?, TS : lem)

I%ml




KEHRERE
(mmol/(m?3 .s), at 875nm)

X 2.

12 12
£
107 S 1.0 ¢
q M o8
08 I Mﬁ RS
" 06 F Hv 06t
B |
04 | < 04
®3 02
02 Eo
O 1 1 0 1 1
0.1 1 10 100 0.1 1 10 100
LH1& (%) LH2& (%)
2—3 BEXBREFUNNIJEEL

BHENXTOKREREEEOBR

[R] HEBE : ODeso=1
Fx RV XFREE ¢ TOW/m?
V774 (M : len?, S : lem)
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2. 3 Rb. sphaeroides RVIZ& (T 2BchIE B BFWOREFEHNT7” 70— F

2. 3.1 HE
HERMEOKRZRREENORLEAKE LT, BROEXABRY VNI BED—-DTH
ZLHIEEBE2HBOTHBERREITR DT WD, THETIC. LHHIOREREEEZ ABKICEHD
XELEHD. pf 7R E—FYEAVWETOE-YBEREREZELE L, COFUETHE/LE
BREIRMK (UT. pif 70— 2 EABLRLT) OFv 5278 ) E—Sarzeithok
MR, HBMTRE P Z2PLHIRERBORDIERI N LELLVY 725 —EEM (7
DE—YBRAEOMEDHEE) ORTICE RV, LHIBHEBEZSHITHML., REKIZ
XA BEEOM2EDLHIDEREN T LES LW HENH - 2o

ZITHFRRE. Vo727 —PiEMERMBMEFT 220, pif 70 E—F BAKD
AR ORELEXALZ. ZORHR. HEABEZ NEUEMPOMMOMET -EICRDH
MIEREDPAHTHE D0 D o,

2. 3. 2 #$E

HEMMEIZ, LHL, LH2E WS 2BEORXERY AN VEZEARAICRAET S LT,
RERBKLTWSY , LI KERLEESOMEZENE LT, BEAOLHIZHAEBZHE S
THEEHARETR>T DS, ChETIUHEARRBHETCIE LAP 3% (LHIXEFAKD
3BRCW L) 2HWT, COBFRAHOFENMERALEY .

ELHIORREZ ABKRICHLDIES20. puf 70 E -5 ZHVWETTDE—-F HE®K
BERELFLY K2, 3-1F COFETMBLEPTDE-SBEAKROEKRE. IV
v7xo—-EiEME. LHL, LRROMKIKFELE. NEKLHBR LR TH D (TR FER
BEHREBIICEHEA) o LNEE N 7 27— ELFEMHOERPS, UTOZ EBGDP LT
Wao
CLHIRESMEIZ N 2013, BEBARBEIPONVS 725 —EBEMPERIIRZ ETTOM

IR sh %,

CLHIRHE &R, Vo 7z 7 —E¥RBMOETICLdR>THEML, BRKIZIZNRKRDR

BICET %o
LED->T, puf 70— S 3mAMOLIIR R &2 RPIBIH T2 2003, Voo 25—
PEMEHBRILINEDHZEEZ ORI,
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FITHERR. Vo727 - PREMERABHER T2, pif 70X -V BREKO
WMRENHFORBELZAHAT,

2. 3.3 MEBXUAE
(1) DNAIR{E
DNABRIEIX, XHR3ZBHIC LTItz BB, 77 X I FHRICIZQIAGEN Kitz A
W, BREEHERZMAH LU,

(2) BRUARK. BEX. BLUTFZXIF
BHURKEDL, BEGBEETCTYIRIFEEECHEALTRELEY , hBEAKE
Ak, LBESHE A, 3TCTHREDH R L KBESIT-12AVEY o B L BRI R,
BLIUVELLBALETSRIPFEUTICELD S,

BN R Kk AR e BALETSTRIEK
RV(pPLuc-2) puf 7o E—4 &% R VEk pPluc-2
RV(pRKM-415) Xt 8 R V& pRKM-415

"PH 77 X I FpRKM-4151F. pRK-415DTeiftf &= F 2 Knit M B FICEBR L -3 0D
TH b, pPPLluc-20 B Fvv72KXK2. 3 -2IZmL%E,

3) #oNROBODH
BARICEEFNA22Y N T7HEBER., vME7PNVT IV R2EEBHKEL. BEEQ Y
vEA4F b (N ATy R ZAVTHEL .
HARILSEhL2E ORI NIBEE, "7 U4 2007 4)b (ML FBehlkidd)
BIELLTEBLEY . Behlig® 7R by -A% ) —)b (T:2, &KHBE) B Lk
®Y . XETESEBICEBEEHAY L,

(4) L7725 —tEFHOBME

WY 75— BEMOREIE. HkE MM L. Pronega Luciferase Assay System#
FHWTifTlolre BEHICBEOREIZEINI VXA —FEHEHL -
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(5) s &
AOKMABEA) 775 (LENSNA A VR AR2,000ml. 2| : oy o
L) REM L, HEEEIE0°C, MIMEEI00min XL, 260RY XY KL T
EHOWTUZ 7Y AORKBEROGISHE L. U779 AADaSyEH O RN E T2

5)
S/

2. 3. 4 #HRLEE®R

W 727 —ElEMEDNRERELERZ20E. BAOHEY x - XHBNBEMEBTHOVIATH
LZEIAHBL. HAOHME s —X 24 TCELHER ThbblEREREITRICL
TNV 727 —BEMORBRERPEREERSDES PR LE,

FFHZRXANVF—ERBEE100. H 2 1600W/m& LT, RV(pPLuc-2)#%k %2 /N v FI5& L /-
HR, Zh2hoX AN F—RETEINBEEHOVH O R KEEDND =1, H 20
i
2.2 BT EDIDPOSme FITHKEEDO0Deso=1(100W/ ). HBWIE 0Dss0=2.2
(BOOW/m )R B2 LI HFRELBHAL T, J0NMERKREERELZTR> =, KE %
£2., I-1UERTH, COLIREFHTERBERZITRO>TWEIHE. V7 2o —F
EMPIE-—COEEHBET LI N a0k,

EFINHEEEROBEKRICEENSBchl2 BB L AL A, HBEKICEHEXRTEWETH
D MNKIZERZITRDTWVWRVWEZOHSEZTERVWS, B2 o (RN,
LHIo R MElSh T D EZ Sh %,

2. 3.5 F&o
cpuf TOE - EEKONY 7 - CEME EHIMMET AT, EREE RN
WO DET B E D HERERDPENTHE2 DB o,

2. 3. 6 sEXM

1) W. R. Sistrom, J. Gen. Microbiol., 28, 607-616 (1962)

2) FAR 9 R BREAM R KR RE BN R REEE (1998)

3) J.Sambrook et al., Molecular cloning: a laboratory manual, 2-nd edit.,
(1989), Cold Spring Harbor Lab Press, New York

4) R.Simon et al., Bio/Technology, 1, 784-791 (1983)
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5) Atk 18IZH : HEHME (1984). ZadiRtr ¥ —

6) R.K.Clayton, Photochem. Photobiol., 5, 669-677 (1966)

7) S.Meinhardt et al., Arch. Biochem. Biophys., 236, 130-139 (1985)
8) J.Miyake et al., J. Ferment. Technol., 62, 531-535 (1984)
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_t;g_

#£2. 3—1 HEREEKRON I 7257 —EEEEBch]l 3FE

KT FLXME BHEBE SRR AT PENEY BhlGHE?

(W/m?) (ODs60) (™) (unit/mg protein) (mmol/g protein)
puf’’ nI-75E-EHk 100 1 0.14 505 0.9
RV(pPLuc-2) 100 | 0.14 673 0.7~0.9
600 272 0.18 935 0.8~1.0
HRER 100 1 — 0 1.5~1.7
RV(pRKM-415)

1) 5~10 KB ICEEE 7Y 7L, BE L7 {EDFEEE

2) 30 B RZOBEE THIE U {E




X 2.

SD

Kpnl
Clal

puf o

...TCCGGAGGATAGCATGGCTGATAGGATCC...
L

BamH1

OFR K

Sacl

pPLuc-2

15.20 Kb

3—2 7O YEBGERATIAIR
PP :puf 7VOE—%

Luc : )V 7z o—tHEELET (FTUutE—4 1L X)
T : $z54E | K i
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2. 4 EEFOBRAR

2. 4.1 BE

SDELH] (v v A > FNVHIN /BRI eRELEe FOyF—EBEFEID—Z2 T L
7=_7%7 % pKE4.9S. H&E A\ /= Z &2 & . 1§ L Synechococcus sp. PCCT942iC BT % ks tt
#id Clostridium pasteurianum ®v FoF+—VYEMHREMAGE RS> TS, Z0OE
foytr—torRERELTSEO. P T7ow b YRS Ty PO FHE
FIALTEFANCBI2e balr——EPoRBOKRTEBEEL. ZOANZILERIL
o ERBMAMEIZ LI NV —REMEHEEKBEBEORFOHETIT > o

2. 4. 2 *=5

STIONTFUTIEEEFEMERARCBEARENOLGHEZIT I I LICL D AR
FTHIRBRICEFURREZEY TH D, CORBEL S LRI NF— FIZABT A
Wx—MALEARDEEE~NOFNHOUEMEDPHRINZODTH D, KiFFHIE, ¥
7 /N7 5 1) 7 Synechococcus sp. PCCTI421Z KB H LM TH 2K MMIA Clostridium
pasteurianum DFe-SB bt Fo V> - L2 BER T LYW FEEAVWTEARHEIE LI L
WD, RERRTRETZ2ANVF—2BEHEMNALKSBIIL>TAKkKEZRLESIE LR
HMAMBEOHKGBKEZERLZOBELZHNE LTV S,

HOEBEEF T RMRTE. 7R M) Y oae FalyF—EEEFOSDES (¥
v A HIVHANWEH )R — LA RNASEASIAL) & Synechococcus sp.PCCTI421C B &
THLLI3CHEL. A Foyr—LERTFE 70— 7 L7523 FpKE4.9S. HZ
FWw3Z &2 &b Synechococcus sp.PCCTY42T DRI R+ —F¥DEMREE2 A FILE
AT ERAOEEYREEEICLOBRATZIICE> TS, EIAT. INETDELEIA
—fEic e Fo s - EMERE EMRR) CEZETRERRCHEERIAT Yy 72 L
BT 2EZI6hT0W%, Chid. & 2EFe-Nid A 7O FFrF—ETHNIE.
HRINTVWEEIFITH30Yy MU LOBEBFHPILBETCHIRAPSIERICHBRTE
Zo LI LEMNS, RADORMULETY—ZTIiE. b kX F—¥iE 2 OMEEET1. Tkbp
DAEID—ZVT LUTHVWTWARTEY, LerhbosTHEENRINTZLNWI L
HERICEEKFENVETH o RMETHOWEE RO S —EDEEERERFEDT THGE
ZHDH, BWIXE FETH B Synechococcus sp.PCCTI42H i 2 T\ I E D DHEEEE FI
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LTRERELTWS2DDZMB . SBKEBECRNTFTCL YOS F—FYORRZRE
LTS ETCEEREAS L PO -2 THsbeELIONE. FITAERRXBEATOL
FOY G —CoRNAR Y D NV BOEBEBE L. TORHEANZILE2ER TS L HICK
WHETOHMENESNTVWABRANEICLI S Fo > —EiEMOBERZ PO KARE
DEHGIT>EOTHET %,

2. 4.3 FRAEMRUBEAE

(1) ERAEH%
BESAMHE . Clostridium pasteurianum (BLF C. pasteurianum)
[ : Synechococcus sp. PCC7942 -curing (LA FPCC7942 i % /E4)
" -pKE4.9 B #akk (Ll FPCC7942/pKE4.9)
@ -pKE4.9S.H e BEEx#tk (LL FPCC7942/pKE4.9S.H)
K BB : Escherichia coli DH5 (LLFE.coli)
: @ -pKE4.9 FEa#udk (UL FE.coli /pKE4.9)
BUF. BEEEBmETERIIRS D
(2) BREE

a. 2% PCC7942 oxEm (BAFREMH)

HREBG-11E M EEA LA, MAEERSIZONV—7 5 2ad, i, 000
DIADAT 4 VAR MVICERSIZE L) O TESE L. 30°C. 15W/n° THERIE
BEITOF, BAET 7 —7 4% (0.2un Filter Unit. Millipore)% @ & &2t
F. 27— R TP EREFRDLZEIIIDIT o2, REGEBMKOERIZ., 7B
Jro(Amp)e 2o s A7 za—)b(Cm)EZzhFh,. 2.0ug/ml. 10.0ug/mliKEE
KRB EIDWMUTIT>/e 7L — MEEMIE, BG- 115 H1IZ0.75%(w/v)E D 7 H D
—RERMUTHER. HREFEREZEREELS Y —L OBENT 7 4 )V ATHE30C
I T2~3AMEEL =,

b.EJE PCC7942 OER (BABSEMN)

. OBHEZEWHTIHEBLEIEREO 20 L. ZHICHZRBG-1UFM %2 H0LE
EHBRFEOREAKEE (0Dsso)2FE L. Ar:200nl/min. CO::5ml/min®REH R %
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277407 0.2um)E B L CERLUIW/ D OHFHETTHEEL -,

c.KBEOEE
LB M2 fEA LTI & Lo AR &I L EIZIH U CARp:100. 0 g/nl. Cm:10.0
ug/mlEHBMUITCITTRFMAIRE SR/ L. 7L — MEHIZLBEEHIZ1.5%(w/v) iR
Bo7Ho—X&2HRMU TER. 3TCIcT—BIER L%, 4CICTREL =,

2. 4. 4 RBRHZE
(1) EZ/BROBELE
BERHES T WIE, I APIRE FCODsso=1~2BFICABTLEE &R ZH OO 8
(10,000 x g. 30°C. 15min)IZTEIUZ L. ODeso=10l2 72 2 & 5 ZBG-11 XX Tris-glycine
buffer pH8.45(Tris:0.6g. glycine:2.88gLL FTG buffer)ic HBW L /= (F&ix20ml) .
COBBHESMIBOH T AMICBE L., JLRO _ERIZTCEEZLZNVIBANVIETRE
RIZEN L2 COBTNVIVIELIDZHABEBREBAEZI0 D3 MO EL =,
30°CHDA »FaX—FTO~48REMiIRE S THAHBICIDBRALIEL Lz, WMHHEZ
2B BRXTNVILERERAADDY I UV TH 7 VERBERBIREMDMFAHLE.

(2) EEBMMARIH L & (Cell free extract)DiFH
I BN, R EE AR ILIT0Ds s o 2B DS R B EEH LT buffer’ A W T 20m]
(0Dss0=80)E Ciffi L. S0nlBBOMEANEIC AN, WMALHEERE L. 30°CRERMTIZ
T Wik ULi, BEBRE 7L F 7L 2 (KESEME) 2HVWTII>E. Yo
TNVDZL L FTLRALY UEFADRE ANZERABEANIC TV, 7L XK (1,200kg/cm®)
OHLTZNVOMIEFTLHEOO) Y /G E0omELFHATELIRRELCF 2 —TRFEHAL.
Fa—7ACT7INITLERERAADDFTI I TARRRIBIREEHFFLEZ. 7L
DFTLRARTHRABLIDPEERITID. Lo b eAEE LY -®EIAN(160,000 x g,
lhr. 4°C)L. 20 FLE 2 EHRBMEMHEERE LE (EFORBIZERKFABTIT o
) o
Native-PAGED vk ¥ > 7L & LTHAWR G & WM Lk : 6124 LT0%8 v A0
—2: 1EMZEHDEMAELE,
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(3)

C.pasteurianum MRS L & (Cell free extract) DR
C.pasteurianum OF X7V o F 7LV ATOWEPHHEE LD, HFLAFZFHETED S

DY v A RO e 4% (BRANSONSY SONIFIER-450 /U.S.A.) Z2FAL k. EE5mnd 7 v
7T 10~200, 504D 1 > & — X)L TI05 BB ER L%, M EEL (HITACHIR

himacCS120 0-%:S100AT5) 200,000 x g. 4°C. 30minx=.Cvor 8 U L5 2 S o fb K

t l/r:o

(4)

Erady+—-tEEMSENE

a. @B AFALEAOT VRMAE

(5)

KABBERAVBTHAFNVEA O DKEOKEERERETZILICLDE R
o+ —BiEHE L, KEERELIVALZHO P LUOBRKMEBLE) VBT MY DL
JNw 7 7(50mM pH7.5)ImlZ AN, PN I HRAEZWREAL, (1) THRBM L EBSOE
R (0Dss0=10)2 > ) > VI TInIKEM D ERELILABML, ZTOBEMTA
—274 R LE. SZWIMYFAF A bl IMATFVEA DT L 2201 DDK
MUKZEBLEZAE L. KINEBEEIZICCTHTW., BEKKEEZH S =OHDFEEK
FELUTEL.ONDOKEAZRZHER Uz,

KR BERET R

HAKRBRRBLEERET2HEG. LHFIRITEEEDE#H S VX =T RoON-26h0 T > 5
PZEFEHAL. RIRRIZEATFNVEAODT VD ERMETICHELZ. VF AT A M
BWLDBEMU =,

SDS-PAGEE » =z X% >T 0w b

. SDS-PAGE

ARl W (100~500u L) ic R LS RO LM /Y v 7 7 {60mM Tris-HC1(pH6.8). 2%
SDS. 20% glycerol. 10% 2-mercapto-ethanol. 0.01% bromophenol bluelZmMZx T
BAHIL. WEAN TS HHEBALMES €, 4CT15,000rpn, 1550 LT L& % SDS-
PAGE(Z#t U 7z SDS-PAGEIX Laemmlisk T4r\v. ¥k E/N v 7 7i&{25mM Tris. 0.192H
glycine. 0.1% SDS}Z2H W=, 7 & — NidBio RadRZFA Lz RV T7 27U N
TIRTNVEEEER (F) Hol0~2047 vy PV EHWE., ERIKE
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B, Y UNIZENC FOBRBIE Y Y —%EIC L DI (coomassiebrilliant
blue G-250 3g. CH:COOH 100ml. ethanol 300ml. H.0 600ml ; Jifaywk CHs:COOH
300ml. methano!l 100ml. H.0 700ml) .

bIRMBERIE (VX% 70y h)
O roTFF—thR$eonR
PCCT94215 A % ¥ 1g/mliz 72 2 £ D TBS-T/v v 7 7 (0.1% Tween-20. 20mMTris.
137mM NaCl pH7.6 with HCL) & L. 105°C. S5 mfiA — 2L —FIXH»hTr=ik,
AR K TOHMEICARL = AR E R Inl (-80°CHR{7) Z K280 WAKMIZMZ TEM L.
HE|T Mk S L. 4°CT8,000rpn. 154 ME O LT EEZTBS/Y Y 7 7 Tl0nliZ
L. 2ThaSOEFR 2R X o Jiilke L (4°CHRE) o

@70y T a0
TavFa T, kT X 7oy b (ATTOR) 2V, 7B vra v 7 RIEY
)7 7wy - PE (PVDFEE ATTOR) 2R L 70 v 574 U Ny 7 7iETris/
glycine/methanol (0.1M/0.192M/6%) 2 M Lze 70 v 5 14 > 7D FHIZATIOD v =
ATV EELlen® Y 2 D 2. 0nAD EBER TO0BEL 70 v T4 T EfTH
7o

@b rarr—FHks > NI DBRYE
Amershan® ECL¥ 4+ 57 b ¥ v b 2EH LI 2T 2. EHBEIEF v b
W TZa7Vildote 7B T AL VD ORBBIIELZETOROLEAEIT VK
QIEEMRHEEFELE R TIT> o

(B)&F b — 7 LRNADBERE / =Y > T DOy b
a.RNAse freeiiRE R UBREDHAR
¥ 9°. RNAse freed 2V QK% FHW T % /= &. DEPC (diethylpyrocarbonate) ML
Biror. BEOIVQKEBILADATA VAR MVICHE L, 0. 14DDEPCE FIIL
&, 3TCHA v Fan—FAT2heMEE Lz, 20%. A — b2 L —7(120°C. 20
min) UDEPCE BR % U LI DEPCALEE /K & LTHA L. Rk PTOV 74 VT FEL
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__Zg_

CETOERG? "MBT o (N CHBRECOEZOT/TEN ALK "2 H8HAL T
WS¢ HHOHMEE C£X q#E ¢ 24¥O N QEUING DF "wdIgo0 G113 A N\ B
NIYR RPN —CAN LAY LAY/ T O O & QESN XEZE N N QrEurmg
“O.F WdIQ00‘GTE @ T ¢ LIFGMUITOT 2 1T W P AN N — T ¥ A4 SUlugT 2
009N HB QP NL G & LAREW RN — 7/ T LIWBBILOTIT00§ N REDNL— T
£LMN, A AT CCITOSRIN L A LR AMHEZEL (FAHAGENFHT
NCEETOdAq YITA 1U0°6
[770G ~793%390% WNIpPOS KE

700§ 1t 145004%5 %071
T V10T He-O
4 £ 6\CH TEBEVNY
CYNBE N L £ 63BN L\ R I W E DY R 2
C(YELERAAUTRUEEHT LT
MGL—TLAHTQUIFOL—TLRITRESUBESYR R0O2D) Y1 4%
2200.08- 2R C UV LALYEOLE "ARFPNABIML-—TLACUL
COBBIGTANRZEBYROWG~e " FANTYFZLRT 1HBEOHLEP YN
S0 2 N ETOARAH — BN € A PEY UG ° (10/1109,01Hs¢ HE251=0+ 00
REHE) YNIBECHIGIOASHLNBE NI IGHERENEAVE 0
2 °HNEE G P (UIEET “O.p 8 X 000°07) WEVE Y HEL ROV 07
ST N0T 900 00T Y MBS CUNH RO YNEHL L WE B W AR D
FROWI & - QI UHBEER

CHMHEHEZORAVBLIINEMIIMIERNE "7 AN EA S NENY @D
He tHPRNORLPELVCHMERE — 1L OHMPYV L ERSEFREUEE
CHVNY 2T 4 @SV "M HEZFR L (HETRHCWM o EEE R AL R934]
OSYNUEI— AR °UN R LL00I] oSYNIN BT WM — 2 T WT0.06TRE 4 4 v A
— QYN CEANARYY CCYLC F—AORBY LK MOBELY L HIIEE
CUN T
B oeu] sSYNIR M O DT RIMOBEEL Y YN BELEE (LN
BB N EMOAICRI X)) WEHMIIO 22V ER BN LY —OKL L LT



— L EFMLU-80°CiZ1bminkl F BV, 15,000rpm, 4°C. 20miniE L. BHWEH %
BE. XLy N EEBIF0uIOTEN y 7 7 ICBE LRNAY V7V Lz, 0 7
DRNABERE 050 DIRHEEZJE L. GFHEICKDKRDZ (0D260=1D 35 &40 1 gRNA/1]
ELTHEE) .

2. 4. BHRLER
(1) e NOTF—-ERB AN X LDKRE
~REENC e oS —PIEERICEMRBRTH LI NTH O BIEME ST ENE
EHTARIIRIZETOEBHRBELEFHEPIBEZILETHAIPAONT VWS, T
HBEOLGSHEIRTWANI-FeRlt Fary+ —PIIRERAINTVWEEIFTE30
oy MU LEOBERFDBESLTVWDEINT WS, AHFETHWTWEFe-SBE F /s
F—BIEEHLTIESDEIA2Z0MRZEOHFHERLE FREABERAI L TR VD, &<
DEELBOVDRESIDPIRETCHS. LPLERBOSKXKMAOEEEI TCOERITRT LD
. 7R MUY YY LADFe-SE RSP oOBEERE FHS.TkpEdE I D -2 0
TUEBRIIEATH T Py —EBoEEREBERLEZ NS 2 DD 0EE
MhREhrE, 2Eh, Ae ForXF—LHio#AHEE FRE2ADE LY FHEE
BFYOARTHRRUIETH 2D, XITEROR M ELOBENEE Fnr -2 inMER
ROMBHELTVEENISDTH D, EFEEEMMLER -T2 IFCLBIRBED
EBEEERTE., o -y o R 3HAINEDPEERBREIESATEHES T,
CORMLERT DL, RO - PEMBBICEROBREDAA I TN S o gEM D
Gk EIoNE, BEENICEALEZOXN) Y7 AHEOE ROTFF—EDBEDL
SICHRBEL. BHLLTVWI2»E2RFFLEREZB/ZILEISERAEROHAE. SWiTE
#HILEITD LTEERRA L PO D2 THDEEIoNE, 22T, BROKTZEBE
L. ZOXANZ XL ERATE-OEENO L FOV > —LoRNAR K TS > 37 &1L
-, 709 R Y R TRy MIE-THEL .
EEERABRMETEA L., Do’ 0.5, 1.0, 1.5, 2.0, 2.50%BPMICEL
el ATHEBERD -BEENLUERFEICRALAETFHECELD b— 2 URNAD il ) % 17
Sfe 20D N — ¥ WRNAE S LRV L I ETHO - VIc L bikE, SEL. P
o2 hUYHLE RO F—PHEEREREF (2EKL1.Tkb) 27072 LTk Y
F+—VYoRNAD KR BRiro e ZOHR, K2, 4 -1 KRTIDICKGEFEME, M
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MUY 7NV THE-MBICHERNRNNY FEFERIL DI LI, 2O FOREOR
EPETHRAETIC DR (MENKELBZIEDN) THLIBR>TWLI EDBHLE ML R
Sk, T bbb Ry —FPoRNAOEDB LB HF>THEINLTWEZEE2RT
HWRTH-OF RIS ETRMOEKERAE L THLBEMEHMIEHEEZSISICLD
ERLE L., HFVARKRE (Y2252 709 N) BEBLE. 40ugd iiFEME 2 o 3
DEGZLY L TIVESIS-PAGEICH LE FOoyF—PHRERICEI>TREEZITS . 20
RRNAO B A EAHICEFICMH > bal+—ES o7 BHHWML TWE I & HHEE
EhEol (K2.4-2) o CHOEDHREDPSERIIEALEZODIMY YA RO
T —PRIEEDABIIEVWESHRINTWA ZEHePER > £ LR —
N7V ETRMEINEcat (705 L7z V7P F NI RAT7 257 —F) FHME
RIEOHBR S, PRIOVIARICEROEEICH>THEMT I ENERAINTED., ME
DEPLABRATHIEED oFELEREFANTZZITI CH . by Fr—EId&E
BHNTHERNICERENL T WD LY TE S,

(2) BRALBIZLZE Oy +—EEHOTE

AMETHHNTWSZ 720X MYy s ko - —PIIBMARZMTH 2. EEES
SEMAETEH, WMRAETOICULVERFNAEZHMINBIIROILDPERTH S
EDHERINT VWD, FLERSFERIC/T>EMATHR,. EEZHRAHFZNTTHEL
EEAciEe oS- EEERELRLZ LI RINTNDS, T IT. WAL
BCOHFHETEBVWTHARICELISDTHERITOIRTH L1280, BEZTHMBRNIZES
BRTHELCIBEDNGFLELTVWIETTHD, ZITCHMREEZEL2ICHRINREICRD I LI
b ralyFr—EiitEBEoL S8t T200REAL .

TIPSR TODsso=2.5FTHBELLEETEME., REEMKOZA TN Z (1
WL, ERFECALELDCDLBDOAIZAMCBLZ VI VICKSARERLERAE
BMOBT LIV BBRTOBMAERTRICEMDBRVLE, BILINERABRFICELSZ
PIZEDHIBEAOREERLRIRATELEEL -, BREFLIBLWEY YTV HISR
RpEBERBZREWMDAF VEZ DT (M) &Y FA T A B Z /MU 72 ETKERFAE
FREOZHELUEMEE K2, 4 - 3R T XD ICHMKILIE 2P L TH S 120 X
Tt roVF—CEMPYHOIERBEICETCHEINDIILIHN RS2, £2.
HEOEDIToBEROKRI TO IZMEERECE FO /- Bl PRANEZ THE
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INZBEDBRON:. AHROERE. LD HVEKRDso=1.5)BHWTHEBK L
EHBEICE. BUEPRRICEEINIE CILARHREZ2B T AL ER S,
. KD0Dss0=2.50HAELIAKIC. BEKTLIORBEREL P> TEMEPEEIN
TLBILotRIhz. BEK/KER - ONY -2 T Py Fr—E€@lE»FEIRT
XBEWIHBEEPS, BRLAEZOR MY YDA RO —EDEMIIC. EEBE
MOBEREDLDATWANEMENEZEZ NN CORICELTIERSDEIAFELWVT
o T WV, FEEEBRBICL T ROV - YEMFEICLE RIEEICED
EL2Ee0nSAICBLTEE ot dsfillanz. —Did0ss0=2.50EHFND
ZREEFRBLLILPPoFEERIEAN, AVEFRIILEGHBED 7 VIZEHG LT
ZIeBPREIN., COEDEREAAROBREBPZVDOTERNVDPEVIBDTH S,
FRAOAEEE L TRFVAKIBERENERICEZ > TH D, 0B O RLE
Ot FRyF—EBEry o RoNNEMLTWEEdEL HRHENE, £/ FoY
F—PEMOEBIIIE -0 EFEEL. ~EUFBRILERZEIT TIRIEIBLTE L0
SrEREMESRAED, CORIBRAUEILAFEADLEPHETE RO EHE L
TWd,

2. 4.6 F&o

PR 8EBOBMBEMEBICARLELIIC, BAWARNHCHER L AEEREGEATIIE
ForENEGIC >R FayF—ELEM OKERBERD) BEML. BRKICEEFRE
HFTEBLEFBDEH LA~ EREEEIERZIEVIHERIBONTEL., 5F
BEMBUAERTHECRABUEEZBE T &L 1 OFUEGEHEFENREI LI O
ARSI LS, BEOPKFAERIZLENA40~50FFT T Forr—EENE2EE
TAHIEDWARIZERSEDITTH %,

CORICEMBFE RIS EEEREAVWTAKRBEORFZRITITWVWED, ChETOD
LIAHBEREREIBOATLWRL, COFRKO -DZHEALEE FOTVF —LOBRERRK
SHIZIZOLHERH TN D, RHEOHK LT HEHKBERFLEIAERICI >THRET S
HPERHEE FOV F— PR ETILICLI>TRITIRTH DD, RARICL T
FIRICRETI2HmADN L POV Fr— P REEERETARSENEZOR D, COMERR
APRBEB UL D BRI TEEATRD ZN. YIHOBRBTCRIZINAEZY2—-FFS
Y27 —L (BERQYF—BF RN 0EZEEN) KLI2RH T4 ERERMK
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RREEVPERASINLTBD, ChEEFEZRAC T2 Re POV F—E€REETHIEEKRE
BEWFRETHAIL2ENITIIHERTH S, HEBETREE I DA NI Y DL RS
TP BAMMEEMN S TS FVWEIBEAMEOL Koy F—-—E2BAT I 0o HA
e kol F—BodMT LERIEPSHEFIIHNETH LD, SEROHRTESNE
L2 BRLEZ0A M)V OLE RO Y F—CRBEEZEPORNRFFHZZITITH
59, BHENTHERNICAKNINTVDEILPRAEINTNE 2D, BEEEEOHRBFIC
Lhe kol Fr—PERBREFHLILICLVERIURVARTHIEEI SN S,
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12345

lanel:0D=0.5
lane2:0D=1.0
lane3:0D=1.5
lane4:0D=2.0
lane5:0D=2.5

N7 45 —pKE4. 9S. HZE A L /=PC794 28k
TOHlased >NV Bk Z8AIL /-,
£477 MI40mg D v]IB I N 12 &0,
70— ATHIZERLZ
C.pasteurianumt RO —+tE4 )N
D—HEZHWTHEL 25D Z2FHA,

K2. 4-2 BEREAFIMHEOIEROTF—YY 2T BOHH
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500

400

300

umol/mg chl h)

200

H2ase Activity

(H2 production

100

0 10 20 30 40 50
Time (h)

B ek 0D=2.5 P R 0D=1.4
@ 4k 0D=2.5 & BjAkk 0D=1.0

22, 5175 U 7= BFAE BN O B M5 8 0 BE AW O
—ERI LT VT P IZ kD T A B AT B L THTICT
{oFano BLE, KEREREAFICADS STATA |
ZIITInMIRIN L 72 R TRKFEEBRZ FH W THRIE L 7=,

0Ds60703#T 1 5 Ui

M2. 4—-3 KHRIUWEBIZEXS5ERROory>F—EEEOFRE

lm@l



2. 5 XAABHMBORNVE FOFLREABREKEZREORT

2. 5.1 BB

VX UBAERBERIIPBBEROEBYWBETCH L2 7T INCAREBL TH2Z LMo T
BO., ZOEMBPHBEARICEE 2 RIETEELZ N 2, In vitroDKE D 5
Rhodobacter sphaeroides RVEROD 7 = > B OB B ZIINADPHIC Lo Tl EZ N 5 2 L H 4
B9 L 7=. R. sphaeroides RVEK#MHE N ONADPHEE DWW T L2 2 5. EidhopH L
CHESTERTIZIEHHHEHLE, ChoD#RIZ. BRI OpHD L5214 > /= PHB
ERORAD., MBEANIPHERE O LRI s 7 2 U BARBRBEEDOE TIZL > TE
57 FIVCOABEDLEIZL>TRI>FIEERBLT WS, PBERE ZMAIT 2
CIE O TKEEENEREEDDZEDIZ. HH0IE. KELPHBEHIIHE I SHEL S
HEDREBV AT LEBET D0, BT pHOI > PO -V BHEHTH LT LI

KR THONEBAGHOEHN SHHUT LI ENTE L,

2.5.2 #=
BMEMOEBYETH SR FOF O BBOPHB)ERLREM TENZTOLINS
BOoNBEARBENTHZ. COEF TORAEMPESBEMEZ. ARTZ2AF v 0
KEWE L TOMAMEEZZDTWE, ALEIERFMERhodobacter sphaeroides RVEKIX.
MEIRTVIAGEBMEDONTERIKEEEREDSVWVHKRD -DTHBE s Th i
512, COMIZPHBESEBKE LT o TWVEY o KXRELPBOESHK T O R HIC
HENOBRRZETHZHEETA2EDICFAETIEEZONTVWS, 206 "O2YHEDAE
CHRATEEICIETAMREIEX. SO0 EENERAETIEDOLEMTEN S 2T 4
EHETLLITRETHIEELOND, EEEETOHRRICBNT. HEHEPOpEZ L
REELELKELDULULAPHBOEREPBAINSZLERVWHLE. 2ZOPHIC LS 2D
ODYBLFEDDIL PO—VHEHMEHET -0, KK TE. pHOELHPHBER 70
%xt%ié%%b&»ﬁ@%%ﬁowfﬁﬁ?é:téﬁmtbto

2. 5.3 RBRAEE

(1) BRO#E
R. sphaeroides RVAkidgLigth (pH6.8)I26~8%(v/V)DEI & THE L. 2,000luxd #
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ABHETT, AEBRBERNIIER LR,

(2) X« 7o 4
HERWD O MKIC 5 X 24 REFHNDZ DI, YUY ANBEBEL 2 2 A
AVTIH (WBNAAZYVZPULT) BV, RICEHDOYORVWED., MK
pHTIZC O PO — W aNERUETHEBELEZ, EREIMNEH» S EFHMOIBCH»ITTOM
fEHAWTIT> . EEBFOpHO > 7 M, MK NBIHOK 3 HD LIcX Lk
el AT, 0.5NNaOHZ M 22 2icdh7iES< (1040MAIK) pHEI.0X T L&
XHBIELINESTIT oo BRI ZVENSAF )72 RsERL. HEICAWL
o

(3) A&

PHBER L L WHRERBIIFAh PRI IO TS 7240 - RUVEBHEIC L > TH
HE L. BB Ee) Y X2 L4 F F(NADH, NADPH)B 2 WidBtR Y oo X 7 LA
F R (NAD, NADP). ¥£7/. 75 = )VBE(ATP. ADP. AMP)% 0.5N NaOHZF /=i ZHCIT Zh Zh
WHLUEME»oMHLE. oMMz dRML, MERKEEDZ RO D
(10,000 x gL »TRHREL., #HIxHAY 7NV E L. X7 LA F RBUIHPLC (A5 4
7 3EA. Inertsil ODS; A5 L¥ 4 2. 5 x 250mm; 3.75%D A%/ — L& &EE 100 nMA
Do L-0 CREEEE (pH6.0) T Tk, W#E. lnl/min; 22°C) THAM Lo 24TV R
T L X UV(254nm) K UV EE e e HI B8 (420nm. TR ¥:350nm) % {w 2 2 B 10AZ B Wiz,

B ZIEVERIE D 1= 8 O FEAR N f H 1L . 50oM Tris-Hel (pH7.5) T¥& L /-#Mifaz
I (20,000Hz. 3min, 4°C)L. MFAABEMEELNMTRETSHILICL DT
fF7zo

EHBEDOEBESIMIZBioRad&E HE 7 v £ 4 ¥ X7 4 %AW TBradford ¥%IC L > THT
ok BETDTF— Y E2O0RBRERDOFHMEL LTH L,

2. 5. 4 HSRLER
(1) PHBEHMIC S5 2 ZpHO R
TA MNAF VP2 ERNWTPHT.0OTCHEE R XN /~R. Sphaeroides RVERIZILEE % ME —
ODRAZBRE LTHEHES =D T~ISOPHBBEER L (£2.5.-1) . BFEWFOpHE
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7.00563.0l0>7 b # 5 LPHBOERBITI2~14%~ LA L= PHBER XD L H L.
MREANRZRZZ v 2 20K, BEEMEO LR, 20k, tho@BER TORHEER
K32, PHBESMOEMENERIARBCHOHETH L E ISP, XL AF
FoaFRIZEHL. pHY 7 b OBEII DWW TRATE I L2 L,

(2) PHBRU XV LA F FOHMBAESHER

pH-2 % v FEB R CERBBEE T VA VA 7 P rEOZAZHOMET O E
VDO URXRILVAFRETPTFINVBOEREZ2ITOEMR. pHEGIC I > THEYEIIHEME R
HEE#ERT I EDHBEL A (£2.5-1, I2.5-1) , BBEBOpHET.0059.0lc>y 7 b X
¥2L7F VB FYy— V@K FLUE (£2.5-1) o NADPHOMBRI AL IZpHY 7 b B %,
WO RARETLEEDOD., 2. pHV 7 M 2frblabhoMlE AL RXIVETED,
zoBEMEIRSh P>k, NADHOMBIWEE IZpHY 7 P ERICIBITE T L 2 2.
Z0t., LRLE. —H. pHE 7 b 24T R RMBTEAEFTLLBIZRD LE, M
FTOHRIELD, BUDUX TV AT R, BiZ. NADHIZpHY 7 PO R EZZIT 52 & B
HIBAL 720 FCC. RIC, ZAF VXL AF FDPPHBEARBEERRICE I B
DWVWTHH L.

(3) ZaF>RHOLAFRICLZ2BFEFHMEE
PHBE DB R TH ZPHBY ¥ — ¥, RUPHBAERR LI EB I B W THFHRKIC
HL7 T CBEHNBREOEMICEZAAE IV UXILAFFOREBIZIODV TR L
(£2.5-2) o ZOHR., BUT X ZLAF ROWMICHES =PHBY > ¥ —EBiEH D&
BiIBgIhhor, ~AH, P BAERBEROESINADHC L - THESI N,

(4) %

AMETHON-FERE»S, pHO 7 MINADHOMBENEBEZH. Fio. LREE2G &K
T ZENHshER-E, £ NADHEE O ERIZ. 72 U BAERBRIEHONE %2
SIERIFT DA LE PO EEPSRENE, VT UBAEBMBEGFEEOX TIZPHBS
BOEBTH27F NVCADHIMARE 2 LHEE¥2EEION, CORETT VT
ADHADPHBO ERMZREI T EHRICBR>TWAEEI SN, pHODO Y b — )b
L > TPHBERMAM N AIAETH 2 ENNBMBBOB AL SR TEL I L PAMFE
DEBTH 2,
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2. 5.5 BEXH
1) Miyake, J. et al., J. Ferment. Technol., 62, 531-535 (1984)
2) Suzuki, T. et al., Biotechnol. Lett., 17, 395-400 (1995)
3) Braunegg, G. et al., Eur. J. Appl. Microbiol., 6, 29-37 (1978)
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%£92. 5—1 pHY7 MIXZHENT T IBET¥v— O

Cell constituents control growth, pH-stat 7.0 rapid pH-shift 7.0->9.0
early phase late phase before after

PHB* 4 9 5 13

Adenylate charge** 0.7 0.8 0.7 0.4

*PHBEMECGHERERY D ODER%STERL .
**Adenylate charge=(ATP+0.5ADP)/(ATP+ADP+AMP)



#2. 5—2 EBEUTPCIXILFAFREVYTTFZIVEN
I BEREER, PHBI 7 —FBIL5 X 5HE

Effectors concentration, mM residual activity, %

Citrate synthase PHA synthase

No addition 100 100
NADH 0.1 20 -*
0.3 0 -
1.0 - 83
NAD 1 , 99 55
NADPH 1 119 79
ATP 1 89 80
ADP 1 103 85

x
- Not measured
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PHB content, %

NADH concentration, £tg/ mg cell

15 0.7
10.6
10.5

10 .
104
10.3

s ]
10.2

—{1— PHB (control)

—— PHB (pH7->9) |
—O— NADH (control) 0.1

—@®— NADH (pH7->9) ]
0O 5 10 150 =

Time, h
5—1 pHY7h OPHBKUNADH®D

HMIENEBEICGZ 5%E
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2. 6 KEREBEOBGFHUHLAEGTFHAMIALLIAGHMBOETEAR

2. 6.1 EF
AL, ERIERZIC. RITEQ “4WMZRAREETOV I P CDOVTE/BI N

FSIMBFEEESIC OWTHRRS, COHBICEoNZEERERIFROLICENTE

%o

(1)#i#: % C.pasteurianum & FO 7 > —¥ OEBAM /WREC BT 2RBEB L BN
ERETAEOORRELRM L. RBEMLLE, BRONEHRE. LEREBERNFTT
OEAFBMM (T Ry 70w b)) BLOBEEFM OKERDAAB LI TEE
DFEHOWEMET IVELRRS) CHLTENEZHRMEDSRONEZEEZRLT S,

(2)LAHTC R. sphaeroides RV & 48t LU 7=, SMV089 (HUP< A + R ) L& IT=HWbDIAA
BARERKRIIODNWT., REVERFRB L T2 MEBWTILY 728 R TKRkEFE
DHKBREIT >

(3)3MDRMRAFKK, PHAV A F 2, HIPT A F 2 BL P _HERERKPHAY A F 2/
HIP= A F20OMiEE, AREMEZBEE L LTHWT, Ny FERZHETEMENK
DMERE - B L 720

(HIhosRAEBEMOMREEZ, HUAKRBEMEZEELBELE UTHOWTHERERT., ¥
Mk MEREE LbE L /=,

(5) ~ERRERMPHAR A F X JHIPY A T 22D WT . BEYE KK & 3 5 8555
EHOWCILY 72y ckELEDRREIT> 120

B)ZOBAEHESEROFEMICES T2 -2 b oYV —PHIEEBEFONEBL O Y
LAF FEFIREZIT S, FIC. MERHNBOHONHERKEFTH 5.
R.capusulatus D 5 O nifAdl Bz %. pucBd 7o — Y ORI FICREER 75 X 3 K
PSMB0IC 7 —= PV Lz COMEDE. HAWK LT, HIPw A F2RAKL MK
SMVO8QIZ B A U mo BERIMMEE D275 TdH % R. sphaeroides RVh & D nifR2/R1
Bizrao28L. 2R E2RELE, E.colli ODBRTFOY 70 —= 0%, 0
%D R. sphaeroides ~DBAD FHBEME LTI 2k

2. 6. 2 #E
ERRIOCEE T, “EWMPMAKREETOD 7 b OHEAANTEREL ZH2 DM EE
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Bid. Y. BERRR. sphaeroides RVD KR EERNWERET LI L 2HELTIRGA
EHRHBICET 2R ENAMNERTIETH -,

Zhi. SBEHFREIREZEBREREINTHALEEERRFMBEHFELZERNT S &
EREHBELL, £ FID, XORMBEREZEYHREHOHEAZERL ZEMKRE
EDNBHIIBIT2MEOME TS LHBORBLET D272,

I, RAOMEGEHIIUTORHEICERZE W 2,

(i) C.pasteurianum D6 O EM Y ROV >+ — ¥ HR.shpaeroides RV TRIE X 1 T #
fEEREL., —boSr—-E bRl r—-EPEMOMEHNRICL > TKELEERE
HENETELIREIDEHERT LI L,

(i1) BRAEEHMHIPY A F RABLUPHAY 1 F X JHIPR 4 F X D e AK B EPEICRE T
LB FME. REYHESHEAOWVTILAKE THEREREBE TSI 2L, Zhid.
ZOHONNA DY PTI LU MILIBRARBRTEEOMEL2 RTRALAKZ ERT
HI®IZiTo o

(i11) MAD DB LT ARNTORKELRELL (PHAT A F X HIPY 4 F 2B L UPHAR 1
FRX/HPY A F ) OMRERE. Ny FHEBEEREBONSTERERZ MW TE
flidTndlle CAEDRBROEKEHMIZ., $XTOBRMRENEUHERRMFTRR
ZHERVTEET—Y320VWERERLIVRAFTLTERBLEBUKTH AT —SLD
bR A[REIZ T B & TH >,

(IV)BEOMREERTRRALEMERARE LT, Fx bl r—EPHAKDOEMMIZHE
5326 HEETFERBBEI DL THEERNEZHEALZE HARDKE
BREEKEFEH T, M N RO HERE HiZ. BERRMEEICHEYS § 526
SHRDOnifR2/R] Bz & . BMERAMPEBO T LOKEIEBERFONIfAl BIRFTH 2.

2. 6. 3 R.sphaeroides RVIZB 1+ % C.pasteurianumFelt kO +—-FIloHEE
(1) BE
Clostridium pasteurianum » 5 @ [Felb Fo A+ —Hid, LLETIC. EHXMESIKII
DFBpuchd 7O E— Y OHIE TR YpSH813& r 00— =2 F LED, T OBER
2R LT, R.sphaeroides VO EHE b s —EFOMENERZFEMAHW .
HRREIIUEAETHMABRECIETEZ2 522720, MEYIC. KREFXY )7,
HiH2[4Fe-4S8]7 2L FF L U2 O0—- T 2EBRBFIED -,
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R.sphaeroides RVIZ B} % (.pasteurianup & R+ — VY ORIBIZE T 2H 2 DF
REBHORKRHEHKNE., COXGHMEOKRFEICHMS T AIBETCHLI=-_bnTF—F
DEMEREE Fo - P eMlAGOE THERNYRERLI LB TED. KEEH
THEMBAGEHRBTELIDEIPEERATLIIETH >,

R D £ A2, C.pasteurianum R AM e R 7+ —E 2 BIRLABARIROED T
b 5o

(DZhiZHEMEME (EEREIC) THH., AARBEEIOEBEERE 2 -]

T 5
(IDE/ > HBETHI2DT. BEDVBRTH S,
(iil)chix[FeloazpBELdIsernlyd-—-—EThHbh, COBMOBRTIE. BR*
RBICHANENTZRE L TEZLVWIHRREINETOEIAB/SA T RN,

ATAEEIZ. B2l EBCEVLARLVTEH > =M. AV / BHEHTTHAKZ
C.pasteurianum & R0 /% -+ — ¥ % R.sphaeroides RV(SMVOSI¥k)IC R I B A2 21T
NUe L. ZOMEBMEIERHT 2ICEESRDP 2,

ERI0EE T, RROHMIE., RWKMEC LI > THENRENEEICR>TWVS
EWSHEMESETLEDI. BEPOHBMOD I EREHEEITSIILTH -
PARS

(2) BEBIUER

FERIE . pucBA 7O T — % OHIH# FiZC.pasteurianup & RV +—¥ 2 RHET 2
e Z HRSMVO81 % 4 Gt /M &M LRGN/ R ON A THEL TiITo 2. AV R
WA L ~2 ¥ &St SHV083%k B L 8 C.pasteurianun % . Fh 2 HEMMAEB L CEME
MNEELUTHWE.

EHMEEARIIDpucBA 70 E-P BFEBRLEDN, ZOHAETRBERTCICHEAT
N2BAN / HEETHIESHLINEEDTH >, IS BESFELRRWI L
i&. C.pasteurianum t RO+ —¥ I DEMICODBERHETH 5, BIRL = EHE M
ZaSyTH b, TOEMTIE. b0V F-EHEKRT LI KREENBE NIV EDY
BEICL->THEEEINS, C.pasteurianum (&, 0.9%7 )V 21— X &20mg/1DFeS0« % il X
LB TIHEE L -,

R.sphaeroides #ifa % . % 3. 20mg/l FeSO0+B L ¥20ug/ml AF <A > 2HML
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FEmlomlicEE L. 30°CTHAMTI~3HEEELRE. CThoDiEEYE Htisthc10
~20E /IR, WURMTHEBELEZ, HEWME0MMORIEEEZEFRL LTEHEHL 2.
BREAMERIE, HAMERBPLBHELT. NUDLATZ I v a LEEHE VTTL,
IheDBERDEZHRL TEAWEE(0Ds00)23#0.05~0.21272 5 LD IC L, REET
WHEMHFTFTTICCTHRL 2,

BICHME LEL DI, M/ BRETIE. SHV083B L ' SMVO8LIZ HIAR D MM fE %
mUED. BEEM /BHEH TR, ML C.pasteurianup £ K0 F—¥ 2 BT 34
(SMVO81 ) & BEME AT B3 (SMVO83) & tE#t L T E WM EE 2 R L iz,

Zhix., 7L K¥xo v LidC.pasteurianum Ak RV —EWNEET I L
HEOHIRBMIMEINLZLE2ABLTBY., “O0MBZIEANESERL LTH
MEANDIEHDI2NVIEZOOMMBEZRY RTF RHFebSELBLTLEHIZIINSD
K f b R.sphaeroides RVD X EMICKI A TERI RS> TWVWAB I LB RLTWDADODEH
Nk,

RIMMEIE 7L > F 7L AR B EROABIC LI > THR Lz BERLESH
DODEEZEDEMEBITS-0. HREEF vy o NATHRBEERLZ LM TCHEL 2.
a.KREEHNEDHDEET LER KB

REv Forr—CorttillEzr> 20, JBLEIMIEYE 10%R 7))
TIFTNVICAR LU, EEMMRERS ZFLAEAWE SRSV O ERIL0.37
M Tris-Cl pH8.8% BZA THH . BWH T NVIZ0.1258 Tris-Cl pH6.8Eé?A/’C“L\7’:o‘
TRTCOBREEHFICAYTLTT7T vallz. BAKEIE., RAMF v D
ATITo> =,

FRKBHBRIC, TR, IMAF L EF 07 (MW)SHMNO50oM Tris-Cl pHT. 5% %
AN, 30°CCTI0~60ME L 20 IRWT, VIV E2.53BILM)72z=2VvTF FZ V)
TL(TIO)ZBLBWICANT., DRI BEHRELEZ, WEMENY FRFAVER
DO ERHEBSE LTHAS

COERBREOHBEMB L OREBZ. C. pasteurianun WP EIEE NS kB
AL (LIELIE, #HBON Y KBFEE L)  FBZPRSMV081T X k2 M A Ff 0 SHV083

ERBRICEMN Y FBHIN R o NI BRI > TEFHEINE (K2.6-1)
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b.KFEBRDVAABECLEHDEET N ER KB

X 5. R.sphaeroides Ml B I N /= C.pasteurianum &t K 0% + —¥ D#HE
MEIMT 2720, MbAAE Ry —PEMTYVERKBOIToR. 2hoDR
BRIE . CEREEdS DF TERMMER (D QIEH) B LEAECK>T.
EMEY R JINT I FEBRTIVTIT2 .

DK #EE. BYIZ. C.pasteurianum HHHEHNTEHELL =,

C.pasteurianum DHEFEIZ0.5%7 )V a2 — R +20mg/] FeSO.ZR_RMU LB T, ~
DY LAFHATFOBEHE L TiTok M T+ o NP TR ZERIRL, B0 8 L.
0.6g/1 Tris. 2.88g/1 7V > BLUI0EEE S EEW (MREBEREIZRLTL~
1.5ml) ICHBE Lz, M2 BEHRLBICI>THEBELE (HudoikBTLHOLE
B4A) o NPT LBRKREBEC I v 2 LTHAM R EZMFLE. X0 T R
BrmO5 8L (10,000rpn. 4°CTI54 M) « LR~ Y AFHEK T CH KRS
B LU E.

EARZ. PIVBHREEHE L HTAY DLATHISHMBRAL 2. T IVITEBREAM T
v oNATHBL . EXKEENIC. kBHEHEEZ LLDOLIITHREAL. RNT.
NUDLAKKET, InMEY F A BT MU oL EEBwE. L)Y —NNTF v o
ATz MBICL2E8 42 RIT 220, ERKBTICEREELZMAG L 2.
BAIKE®IC, AFLEADY L (0.075~0.125%) & TTC(0.1~0.15%) & & & Tris-Gly
EEMICT IV ERBELE, SHAIC, MBAREANVTLATLRSEBISDHB T 7 v
2L, MOT, BEMEF Yo NHICART, FY U NNATTIRF v IHEICHE L,
ZO%. MEMF v o NOHT. Y LVEANEHUEHEZKETTZ I v allk. IR
DAL FoV - —EiEMNGEET 256, BHRTROBRDPDORV N FHIHS
THNS, ThoDEBTIE. C.pasteurianum MEWIX LR L HSEFEATE. R
HFrfERBE"RO NS,

HHETS NV ATREVWEABLCEE NN FERONDT, MAEZZDZ 20T
HET VR EEE L. TNV OEEWIZ0.375M Tris-C1 pH8.8L8%X7 7 V)V 3
F7 IV EZATUL . WM IVIZ0.125M Tris-Cl pH6.8X4%7 Z UL TP I K7L &
ATV T,

RRERIT., ABOATREBGONLESENY FOBICIERENSRZVWI LZRL S
A EBBAEMLAEL -V TR, 1o Fax—a  y RHEIBLUT, —D0 KRR
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N RERIZEBONS Y KBNSz, CORBEI7—F 2707 M. &1EE. £
fBOBILRTCEMOFACERTZEDTHL. COFRHETETRIEI N, EHEN
vRERETELRNEIRBARE IS 2L S ICEDbN S,

RNT, WMbiAAE Fobr—EiEM e %, R sphaeroides $it¥ & M TH1 -
7= o Rhodobacter SMVO83¥LH L TFSMVOSI¥kZ . AT D L S5 IZaSyEHBTHE Lo )
CRIEMEERICM 2R L. C.pasteurianun WERY L RIBRIZAIE L=, R4 O HER
. B2 DB OREM X HSHV083 % AL LTH W pasteurianun Y &
BB E LTI om0 SHVOBSKRICIAER DIAA L Ko+ —BiEMBNRAD s hkdh o,
KO MREMNTHMZ C.pasteurianup & F X+ — NSRRI 5. SHV0S1KEZ AW
TREEBDE LU, BREMOPHEB LI UCHIEICHM 2RI L. 7,000rpnT 1045 4
LU, iR BTy o i T~ onl O BHESE W (Tris-7 U ¥ 2 +
BRE) CHBE L. BERLBICL>THlEEHE L 2RICKRZROTHEL =,
L EMABONAEDH LT, WOAAE Ry r—PiEMoARERH N, hE %
SDS#E i (2%SDS. 0.125M Tris pH 6.8B L U2%2-A NV AT ¥/ —)b) ICHEE
L. 'HERIUAERELE,

Bhilab boryr—LEMEREedT 220, 150ulo EE28ETERE) 72
VT LR IVIC AR L Tze 800nmT #I:E U 723K O FE (Asoo) (LH-TIH SR D 8K
KE—2 & —¥) i38.0~40.0TH >,

BLRKEE., TVEGROLS L LE, M2, 6 - 2B EMRERT,
A2 ARSMVOSLOD i HH I IZ R D IAa b RO —PiEME Ny RO I3, &
XHR O SMVO83 & [l Bk D /v H — L &/ L 2o

.R.sphaeroides RVIZ 81!+ 2 #8¥1 2 C. pasteurianum £ KD T F—-EFDHE
C.pasteurianum & ROV >+ —VY1IEL FORB %, R sphaeroides RVIHH®ID ¥ =
2570y bARTHML 2. ~EREHRIM /HREEEY > SRIL. Mgk
HHo FEEFAEEESONAFESTLE. AR 2SISEHBRICHARBL. AIFED
L & RV 4 % SDST VIS L. C.pasteurianum Y% BRI L LTH
Wio
BHRBBICEEE AL T8 L. SODRAY TS5 %, (C.pasteurianum & R
O F—BORTFRIZHTZRY 70—+ uimiE (Dr.MiyakeO FETHE) &
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oA > Fax—bFL7E,

Tx2F L T7oy MER (K2.6-3) . CoEERHFTIE. B2
C.pasteurianum t F Q%+ — Y WE, sphaeroides RVAIFE P IZ R I N 52 L &R L
Fo REBIZEFICEDP oD, 50U Fo&O BBt EsHIZZEh TV,

C.pasteurianup & R F—FoOoRBEMNMEHNOIZ. S0 &M, BHHEK
(Shine-Dalgarnofit¥l) O LMK W T & . C.pasteurianum & RB.sphaeroides 1
FoMMOED, BRNOAR L EMBLITHBA KO OB R LOEHRERNIZLD D
DM ENR N,

.GC ¥

R.sphaeroides Rl i RS /- M M Z C.pasteurianum & K 0%+ — O MG
P i & 59 ERE LT, WA/ HENFTHELEEEYO Y R AX—2f
DHZMIZDNTEAEIT > 2. 641213 XD, SMVOSIEk & £REL L
A TIIKEE- TV ERINTE RIS 1

BT, ChesoREBEFT—ViE. HLEERSFHETIZ., MiZ
C.pasteurianum & F X+ — ¥ hR. sphaeroides g HICHEEKICRE I hi W\
tERLTWVS,
EEDBRBEI N AP 2 8, MEERE CREDEN, MIBIBERTVL LA
XOBTHFv V7 OUBEBEOEM, ERIZAIOFNEYRESG, ENVECBRORK
LHELTZHREHRICIEIZMBNEBLE CERDRTICEMETIBATDH 2
R.sphaeroides E)VE V-7 2L R¥F Y VBLBE cBBLOMAERREREDH
OPOHBICERTL2OPHHNR

BodHAERICEEh2MPINENOLENE, AL Forr—EEs 7N
770 7 CHMEERICRRTES LWDARIZEL>TEEI N TV D,

6. 4 R.sphaeroides RVASMENRAHE KOV F—ETRATRK : BEEWHFKE
WERWBAZEAKELEERR

EE

FIEBIC. EPEMNV AN T AT M2 2—-F3 20y bRV,

AV 7azy b a— KT LERFhupl DAL F =RV RBRERICLI>T. #
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BUSHM AN "RWRE ACANL UV ENEHZEWNHIHTS OHW680ANS RlazE BB
B "YNHENQRAZLENVEENIORZIWUEWEC L TN ZHTENREN 258
WHEHT QLEMY MU WL DALY REE RPN Y Sl eI H ¢
CH R L T BBy
Q2R 2LYIFEIIEN "N R HCUURLIMNPNGHZURIAMOEH O ¢+
M ZYEBCMACROEYREINHE LAY Y002 "Ba¥ T2 ER2%9
LMY PO>WNTEZWHBGEY CERNIFENNENDNWHGEY R FEF,
HENNGE B CFWLOBREHAGY "Rl —L¥ 2NHANWOD *LC L@
UL PHELCRYLTANZEHO 2 LC PANMLOBEING Y QeI UTLEY
B R WA G HGEMEIM e 2 o U4 OWEANY U202 )2 ¥EZS
MEOUEHRGL AL DAL RLFHO%E0)I0BN "R P EI) 2% HK
CACL AU FLWWE "N@ACLZWHBI A2 £y
OWMHHFPGHEYH “ZLCON@ALTLMAEZETOHES0ANS "2 BEIFXEECVIT
FEANIDFLCNGEHBOG UMY FOGE#H G "REEOIUT AL ha(01:1)
FHERHLVH I LAV OBREFEH G DL OB "RZINQ T LT 14 TV "X HH
SO B YRV ENREN L C L DG IIHER0ARS T -9 T CT¥
BENPLEH (2)

CHCL OV S AN H AT WX AN ORI W OWE
YYHdQUEYT AN EHELHYEWEEOCLIE "1EHIWWE T HEERH T EN S
SRDMEELHEENIY DNEELLCL KL HFOTIZHOD “RIEH0I WA
(BB S MY
BEAeMA) YURBRHILVNEHIZMUBE AL 1LY LT URBKKYE "RR 2
MG YBG EERIENSE QU E "RV BEWEEF—£ L0 ALY
WRUH "NOR AUNHYLCPANEHOLWHOSBRIWE I cOL a4 TR
HUEHEFNTEIWDE OS0ANSHE TN " TURHH LA L LB - OLYEI U
LGOTHTIHWHOT LEZDEYHEL c TTLLY TRLRE VB Ok H
CHIHBY A - L0 ALY GE "BH2¥202% HULHEEIRIOCRLEH
FELUMNERGCERO? "AYRN O TLAHYOMYE a3 —+ 404 A
° L Z6B0ANS Y B I Y6 36NN SOPIOJoRYdS YN F R AWE Za— £ LT ALY G XHE A



EHAZAREREONAFICHELWEEERL, YtFEEEEINLIKEOREEMZ G -
5T TELERLTVS, INSDILHBEORBRTAVWERBRAB L THEL =08
TA=HEK2., 6 -DbIIFET b,

MoNFERLABRERMRICOVWT, UTO#EHTHLT 2. FIZ. BRRLREK
SMVO89 L BF Mk (Fikk & R U Ny FOREEYH KM TR L) OMEED LM
DFEHICHWE BEERE2, RO IO Ny FORIBEEY (51, 2. 3) 2HWU
PR RAKSMVOSID MRE B R T 2 DI H L = alBRAL. CIBLTER2OBERICONT
Fhd B,
a.SMV0BOtk & Ttk D AT B K ELEE DL &K

MEkZE, 70— VREEMKD S I0nloaSyiE iz #EE L. RV T, &N/
fF FIC30°CT2UMBR LI RWT, Hi&WME., 208D ~BE7EXS v FTH

WBHIGREYH KIS E ANEEH SN 7IVICHE LU TREM /BHRETIZI0CTH

HELl. HEAI2HMBIT> =,

BEEEMIT, THREVORESLRBIPORRXRT I8 LOABEZLI OV 7T

(PRTEEZDOLSCHAFFERRLGSH)  BEAKTLIOHFRLERETLORBERINZ

T2k

0.4g/1 KH.P0.;2.8mg/]1 H,B0.;0.75mg/]1 Na:Mo0:-2H:0;0.24mg/1 ZnSO.-TH.0;
2.1mg/l MnS0.+-4H:0;0.041mg/]1 Cu(NOs).-3H:0;0.75mg/]1 Call.-2H.0;

0.1g/1 MgS0.-7H.0;10mg/1 FeSO.-TH:0
CEMIZ0.22undMillipore 7 4 VA TREARE Lo

EREABRE. VA F IR —FEEZAELY) D MVDORNRNAF YT I E Tl

2 CERTERE OLSCH RIESH CIRBESR) o AN 2RI, BallCHARLTS

WEBAMISEEEEL ., BEBBRAZ VI 7o vva Lk, BEIZ2E DN

oy Lo 7 (Fh2H1007 v b)) T, MEE6.0kluxii& & L. pHIZ H#1H

IZIN NaOH F /X IN HClo@BMIC K> TTICHMF LUz, BELE/NA A H X2 Triton

wet testH 2 XA —4 TE&HKIZHEL =,

SEEWII N v FC24RF MR L. KEOEERBERICHRERICY DR /=,

B ORARFUEInl/BFICEELE. V772 OAEM(V)N30RITH LD T, #
FUR(D=F/V)IZ0.033/hTH > /= A EIFM(HRT=1/D)IX30hTH b. Thid. B
MR EBEO 2 ZBMIH T EIC IS 2K T %,
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BRI, IR TN TR 2 BBMEBTHEML =,

— 0 i % % (0D600nm) ([2.6-6)

~ i EE

—Bchl& 8 (AT75nm) (X2.6-T7)

—JLBEHEE (g/lU 7y 2. GCadTicL D)

—PHBE & (AH /UL 2BLUGCHITICLZ) (X2.6-8)

— LUKk E (BE) (X2.6-13)

—KEZRLHEE (/1) 72y E-de%EER/H) (K2.6-11.X2.6-12)

PHBZ BIZDWTIX. GCoMTid. MK TO-E FO X BBEO A F IV AT I ORE
ME--VDFELEERLE. M2, 6 -8ICmRT L3I0, PHBEI R RIETH . H¥
DEXAOTEIRALZRAKTIHBMEATOIHLBHTH > (LBREBXRX—-ZXTO
£18%) o LrL. RAEELEKETIE., ER2EKICBI SPHBERIIEHMEAIDEDL -2,
B EIMIISWTI, D harF—Ee7EFL L BB BLUMAHTHE L.
WA oy r—LEMEAFLY ZV—RBucETRHEL =,

i, =2 o F—EEMERRIROLDICIT >, PNVIT L FHEK FICHRLE
Nt AT A ERYE6RIEE L., 200l 0 ABREIC AN Tserunke THH LU =0
B 230CTHATHSICEAET (2000 b)) THHHEA »Fax—hLE, RNT,
i 7 FLYBMA. Ny RZIR—ZADS50ulOHZMERE 2 ORFRAICERL
(0. 5, 15 L T'204) . GCTHAM L. R LERZ LE. R&2n. EE1nnd
HayeSep® STH > f=o HlEiE, He ¥+ ) 7 —AZ(6nl/5)& L THWTECTITW,
HERBEIS T E L,

BohREIZ. KBEREEACIDEST, RAZEKTEBMEAL =S F
—EEMNED oI ERLT NS (X2.6-9) &

HoAsv rFal - —COEERETiE. Inlo20mM ) X EHEPHES L 120« HD
AFLyTN—%, RIANEELTYLERETZ 7540 R v 70V EMITZRERN
EHIZRFaRy MIARE, 2OFaRy b2BHL, JLRETS LICRALE
PN T KEEBWICSAMBER L. S0u |OBAMEEME I /0L )L VTR
AL, F2 xRy bREBIEANABHICRELE, STIMTHEEHLOHEBZEHL
o BoN-MONRIZEKEEME L EMHET 2, M2, 6 -10ICmRT LI, &
REBK T AR Faryr—¥EEkBgHah T 2 bo S F—EHEAGERICL
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STHEEINZKERZNVBINTBTERW I EWERINT,

FdebE Bz 20 Tid, BARAL EASHVOBIOMEREIZ TR AR TH D . RO FEH
RERE. VT2 D)y PAVRBEDBLICHREO TS AERHEDTERL AR
BREFEIIHTI2H0TH S, RALBRKIE., B ERAM2EKT, BUEAKI DS
WHRAESEEE L2 (M2.6-11BLUX2.6-12) » COIHBREERED LFIZ. BM
OB LTEOVAEFERKELERGIONZ S 25T (X2.6-13) o« ThoDHR
X, BEYGKEROR YO Ny FTHRAI N,

LRRoF—4h o, RBLRESHVOSIDHWAEEMIZ., = oy Fr—EEELGL
Zr&, MbhRAAL PO -EPHAFELC LD KABMHAERAPHEALTVWS Z
LDOERTHDLHERTE Do

b.EADN Yy FOHSEEWIC L ZSMVOBMKDO AT B KR EE

FAz, WEEMKBLLTHOLWEB2OTBEEDICHITLIEKMEEER LT, BRE
BARDOMRER ML . AR, LA THICRZEDEHLRBREHTII> 7,
Falp &2, SHOMH N v FTCHRL - EARLZ EASHMVOSITHEL X FEAKRE
EEREERT, Ffil. 2. 6 -2 V729 RAB Yy MV HEDOHEERL,
#2., 6 - JIEHNRELBREBT 2LHEDOMEHETT,

ChenF—%i3. DLEEOEHNELHZLO0., RAZERIKSHVO8ID & K H
LFERRADVERIL, BIEBLBLLTHWEREDO NN vy FICE T 2HEEKLROD
B THRIZHETH > 2o MURNHTOHBMKROBRXEYLTEIZEDP 2 (EFIZ.
EMOBRIOI~THB., V72 ¥ABY) vy bUH LD TIEL.2nl/H, CRER T 5 L
Hi=bhTixtl.8ml/H) o

2. 6. 5 AMEHERVDZN Y FEBRHGIZESS SR sphaeroides RVH S DRRER
230N A S E ]

B2 ORARERKOMEEM2 MK LB LTTI LD, L. BEEMERD G
MEMWT, Ny FRELEEEEZEONS CAERKEEERBRERE L.
(2.6.68H) .

ChSDKRBROBHREKIZ., TTOHMRAFAREVEUCERRGECRERIKEAVTH
EF—SH50ERREVRAFLTCHBLERALUKTELET Y LOEBREZARICITSC
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ETHole £2., 6 -4 AMFBHEAVWVTIN Y FEZHTIToRABHEKREEICD
WTmHRT,

NPl ALBEBOMKRTHWERBBENBITIELE2H IS A - E
2., 6-14ICFLO TV, RALEKRLLBMEKERB LR EROERERE
RIZDWTIZ. UFTiERT %,

R, KAEEDPBILRIETCER LR, AIH, SHVOTITIXTHRM. SMVO8TH L O
SMVO89T X 8T F. EFME4kSHVO4TTIZIOHREITH 3,

M opHid. BEHNIIN NaOHRMIC K> TTICEE LD, M LE T X TOKRTHER
ML LE (X2.6-15) o COBRRIE. RARE RKSMV08T (PHAT 1 F 2 /HIP< 1 F
Z) BLUSMVOTL (PHA= £+ 2) OBAICFICHETH D, PHAGKBE R RE & O HEM
TR LTWS,

Mg ®E (M2.6-16) oW Tid. FEH LT, BRERKSIVOT] (PHAY 1+ ) B &
TXSMV087 (PHAS £ F X /HUP< A F R) DODMEIZEFMEAk L b DD <. SHV089 (HUP= A
F2) OOMEIXA I <. KBRK FRF 00D B M4 & Lh B U THIS0MED > /=,

BchlZ BICEIL Tid. SHVOATH (WD) TR E L =fIX. M2. 6 -1 T RT LI, &
RERKI D&V, BT, SHVO4T(WT)FB L O SMV089 (HUP~ A ) IZEHEDEH % R L.,
PHEIXEEMEL D h, 2R A EKkSHVOT] (PHA~Y £ F ) & SMV08T (PHA~Y 1 + R/
AP A+ ) TREABOEDASCHE. COFEENIES CPHARRER BRI H S,
S¥RS. PHAEE LBChlZ BV HEHBE T2 L HEIATVWEDRSTH S,

Zharr—PEtEiE. FET. RAREEASMV08Y (HIPv A ) TEBMEKLIDE
S ZRR A RERSMVOTL (PHA 4 F R) 3 L FSMV08T (PHA~ £ + 2 /HIP¥ A + ) T
EHBICEW (K2.6-18) o 2D % 4 43— X (ZSHV047(WT) T & SMV08Y (HUP< 1 + )
THEHATH D, BREMHIIEREB P EFL (ZRh2HRH4IEB LTH67E) « — AHRA
£ REKRSHVOTL (PHA= 1 + 2 ) L USMV08T (PHAR £ + X /HIP= 4 F R) TIFELHH
SNEMo T,

BMORAHE KOTF—BEMIEHIP A F RAEE T CHELE. 4HB B X F5HE D5
HHRICIRI U 7= 230K D52 R & RAKSHVOTL (PHAT 1 F R) IEAMIS T 2 MM O AE £ 0 &
WiEZER LR (K2.6-19) o Jhid. DRV Z OB TIHPHAY A T A RRELBRKO
WhiAAbe FaoVFr—Eo AP KkZHFHMACEHNICES L TWSEZ 2R LTS,

PHB~ f F 2Bk TR & L =PHBE Bix. F#H . SHMVO4T(WT) B &£ L SMV0O8Y (HUP
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AT R) LEKTHD. RREBSETCINRETH o= (X2.6-20) o« COEWVWEDE
. BREREZERWESEAICKEESL LPIABEROBRAPES RNV L ZRLTW S, PHB
ERHOYALD—ANPERZIOIIFHICMHET %2, 2E¥RS, BMKTEIERMBEIET L.
HRERKTIIEBRFI BLTERELRTZDSTH S,

HBBKZLEERACODVTE, nl/(1) 727 % H)BLUnl /(g BEE-H)EMTX
LikZBRALEEOLRZZAZAN2. 6 -2 1 BLUOK2. 6 -2 2ICm-0L. BEH
2HBEEX2. 6 -2 3THEBELTWS,

EREHMEHNEN Yy FRETOMEDEFZITO . BHRIIODVT, BL2D/IT A
—YBEoMBEEREER L. M2, 6 —24~2TIKRLE.
CHhoDEBREHETHRON-RLERZRERELR2. 6 -5,

W F 2T LE. KEEERNDEZFIM T 2-00RBRMATIT RV, BB k2K
EREBTOAT, pHBNARET. BE LBchlSEMNK L, KREEHBREZ Z gD H
%o
SMVO47(WT) T & SMV089 (HUP~ 4 + ) THRHMEDBOKEDSRET B, FAEREIL
RREHRMEO D@ (10HD8HICKM) o Z2RE RESMVOTL (PHAY (4 F ) ZTHR
T. BMALIDLANLRWKREEEL. " ERLERLEKSHVOSTIZSH M T ML L b 24%
PIRWKEEEET B,

FTARTOERALRED., FHLT. BEAKIVEWEEERZ T ZNIESHV08I
(HIPw A 7 R) MiclERBLLSDBTIRED., ZORTIXODEDERPIZETL. ERKET
R S TUE B MERR L D E50%E Ve ZOO0ME FidMiEE ez v LI EHEII L5200
LRI W, COXHEMRATI2EDICISICHARZITILEDND %,

TRTCORRELEKT, THHAKREEHBEIBHEHE LD S0 FIZ. SHV089 (HIP=
£ FR) TRIDEMNTONE

2SR HARSMV089 (HUP~Y A S R ) FUDHMMAELBEULEEOKRERNEEZ R L., DMK
TIHEDE <. B I SMVOTL(PHA) TIZBIE T H %,

BpMERR C LT B k. LHLH KE L ERIESHV089 (HIPw 4+ ) BRTIZARICES
(#130%). SMV087 (PHA= 1 F+ 2 /HUP= 1 3 R) M CIXEMET. XRALRMKSMV0OTL (PHAS
1T R) OHEFEPPEY.

FORMMMEEIL DV TIE. FLid. ARIEMIZ X 28y F M4 Tk, SHV089 (HUP=
£ FR) KRIE, MUATIC TR EY A M e LTHWEERERETCH ORI E LI
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REEMNMTTCWED, o220 RREBGOMEITHMKEEAKTHZ. ThiE. BS
L COHBREMTIEPHAY A S R REAMDNKEZELERADICELTHAIZ RS RV EWND
BRIZILD, ¥R, KOWPHBESBOHBEMICL > TEMTFONRTVWELDICKEESE
CPHAZR DBEO PR BR LD S TH D (15K ).

2. 6. 6 AHEMERAVCIESISEREICEFT SR . sphaeroides RV 6 DRARE Rtk
O Lt & 3l

RO L5, B E B0 D AEKEEEREARS SRS T oo

#2. 6—-BILRTEREITO -,

REEERBLIVCHELESHN NS A—2IR2. 6 -28ICFeHTWWDH, RRLEK
SEHMEMEEBLTHONAERVABERRBHRIIOVTIE., UTTHELET S,

BRI KEFEDNBUIRLIETTERL. ZARL RMASHV08I (HIPw s+ 2) BLT
SMV087 (PHA= 4 + 2 JHIP A +2) oW T X ¥MAE Zh 20201 B LI8ITIT o0
ThiEEAFER. ITH LU REBD SR> BUMALI Y ZRZRINBLTIHENI L
AT 5, RKA BKSHIVOT] (PHAY A + R) ORBIZIEH Lsmb b ok,

M EICET AR (K2.6-29) . EHT. RAERKODEEX BN LD DT HMIC
B, WTFNQAMDY A LT —-RATHH, NwFFHFLITRERZD, HREEETIIRAE
S EESMVO89 (HUP= A + ) OMBEEIMOKLH L ARTH S, Thid. Ny FER
DEEENFTERL. FICHRLEKIIPCA FROAETRIHEETH LI L2 EMTIT
W Do

BchlZ @iz D\ Tid. SMVO4AT(WD) o JilEf#ix. K2, 6 -3 0Imd Loz, FHLT
RAERBOBEIDE V. I, Y1 L0223 TRTOKTHEABTHD., BRERK
SMVO7! (PHA~ A + 2) B L U'SMV087 (PHA~ 1 7 2 /HIP¥ 4 + ) DOBchlZEIIBERL
PR EAREREE RS RVWBETH, REREIVHELDE V. FHL T, BchiZ BT
NTOKRT NNy FEHELIDE OV,

ZhayF—CEMOEYMIERRE RESHV08T (PHAY 1 2 /HUP< 1 > 2) DED
<. SHMVOAT(WNT)TIZZH L D R0 <. RAREEMSHVOTL (PHAVY £ F ) B L
SMV089 (HUP< o« 3 2 ) TIX ATV (K2.6-31) o 2D ¥ £ A2 — 21X, SMVO4T(WT).
SMV089 (HUP<= A + ) B L XSMV087 (PHA A4 + 2 /HIP< A + ) TIZRETHZ. B
FZEMEIERBICE T TAMAND 2. COBAGEHORTEIBUERTIHETH b (-60%).
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Je R4 W RRSMV08Y (HUP~w £ - =) (-36%) Tk 2T L BHE Tld iz <. SMVO8T (PHA= 1 +
Z/HP A F2) (L9 THD TN TH B, 1. RAREHEKSHVOTL (PHAT A F R) T
EREEEMIZIEIE -EL T,

WbiAHbe kol +—EEMEICIRHIPY A P2 EFICO>WTH o2, EFH LT, B
FILSHVOAT(WT) Rk D 4 ASSMVOTL (PHA= £ + 2) L b iftEH @& ([¥2.6-32) o HLHAHA
ERkOY+—EDr A L0 - lKELAETH . DHFEHERBEBEELD SV, &
D VR T B AR T R932% T, SMVOTL (PHA= £ R ) Tk B I HIIRE M L b &
TORE LYo

PHB= 1 + 2R KB A EH T 5 THEC LEPHBBEROMEZDY £ Lo —R ik, BLT.
SMVO4T(WT) T & 22 8K 4 R FASHV089 (HIP< 1 7 %) ToAMTH 3 (M2.6-33) o & AfH
EERBREARICHES R (2%, 0%, Wik SPHBEEME T LTINCIR S, Sl
MAEFHLUEEBRTHICRREZLDIC., Ny FRETHIERTBRETY., KEAELL
PHAB MO O# (1 IX8 < R 1o PHBEM DS 1 L2 — 220 TiE, #FERICBT 2%
SRS LRSMV089 (HUP= 1 FR) O¥EHI Ny F R LR R LM, PHBEENALRETH
BILIIBETRETH D,

HHEEAFREERENCOWTIR. 0/ (172 4B Ll /(eHmER-H)TELE
KEREREDHBEEM2. 6 -34BLUH2. 6-35WmL. REHZAKREZ
2. 6—36THELTWY S,

RIEMER WA N Y F R TOMROBIT LTI D, HHRIZODNWT. B2D/8T A
— & BOMHBEGREZERL. 2., 6 -3 7~4 0I5/ L 7=,

ChoDKBERNHTHOMEROABRERMELZL2. 6 -TILELDF,

Gl ERA W EEREETCH O FXOEBRT - o U TOKMREZET S,

KEDBEERIIOWTIE, LHRERKESHV089 (HUP= 1 F 2 ) 3 L FSMV08T (PHA A
+ 2 /HP= A F ) . ZH2H20HBLCI8H TE MK L D60%B L 15%% VW KEZ
PEHE T S5, SHVOTL (PHAY A F 2) F16H CHMMA L b 36D KKREEET 5,

Ny FEMFLRRED, BHEERETIE., ZRLEKRSIV08Y (HIPT 1 > 2) & Bikikid
[l B8 O 7 2 M B % 4% B B (CDW) % 3 L. 2248 4 # 4%k SMV08T (PHA~ A F X /HUP< 1 3~ )
HLUSMVOTL (PHAY 4 F R) DEIERPEV e WTRICLTEH. TXT O TCONEIE /Y
vIFEHTHRZLEELIE N, JhiT. HEMABDEIERE LRV L BL T E KRG
BUAWEEERHEONAHCBEBRIS 20PN R 0, K. HRT (30MFR) (XS mu
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L b BV (8K, LUAIICADONEZEDEREL) o LENST. ZOMAIZDOVTIL,
RO ESiIC, Ny FHERIREEERETEIRL,

LK E LIS DWW TIE, 28R4 Bk SHV089 (HUP= £ 3 ) 3B L UFSMV08T (PHA<
4 FR/HP2 A5 2) D5, BB L CEBLEMEEZRLT NS, EB. FHHK
EAEEREIL. BEMKI D Zh 2R3 B L TI0EE e —H. ZREESHVOTL (PHAT
1 FR) OFEIXEMEL LD 24%K W,

BEEWKELERIZ S ERREEKSIMV08T (PHAY A X /HIP® 1 F ) THSN,
BPMERE & 2R A ERESMV089 (HUPw 14 ) TIXAMHDMME SN, SMV0T1 (PHA 1 F
) MIZREBWKEEEREZ R T

EHIHAZRAERIE. Bk LB T 22, SHV089 (HIPe A FR) TIZARIZES
(#34%). 2R & B SMV08T (PHAY 4 + X JHIPY A ) TRE UK. £RE RIKSHY
071 (PHA® 1 7 R) TEHARITEL,

LMo T, RRE RFKSMV089 (HUP< £ F 2 ) B L FSHV087 (PHA= 1 2 /HIP= 1
FR) Tk, EREREZHOTEMREB TR O M BRIEILUGCR SRR CHEESR
MELEBEELTHWIHhZDDYE BT 2, B, KRELENONZH. FITREA
45 WRRSMV089 (HUP< /4 +2) 0B AT/ s,

Ny FZETIT>EBOSR TR LD, Sz Az 5a, PHABREED
EHREEL2RARELHEIE. KREERINCELTEAMATERL, BLARALCRS, Z
hid, RICEBERFCHBREEYE2RETL L THVWIRADON 0D ERRE, BEDY
. REERTRHOPHBE EBME~254TH o WO B RICI->TEMITFONS L DI,
OO OBOBEEERND. AEERERHVAIHEGRINMATTH 5,

TSR EY R RS RSO R A TH o SRWMREICE DT, RRERK
SMV089 (HUP< 4 + ) £ L USSMV087 (PHA® A + R /HUP~V A + R ) O EHHEJIEIZ 2R
EEPESMVOTL (PHAS 7 ) OE#EIE AL WV RANTH I EBbh b, EBE. SHVOTI
(PHAR 4+ R) (HHOM AL, PHAZE R T A2RZFOLR VAR EZAHWALILEGRBETH

TR,
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2. 6. 7 R.sphaeroides RVHh 5 MPHA/ B DA b KOTF - E_ERAERK :
REYHFEBEAVWIATEAREESRR
(1) ®E

RIEMEIL., BEMILDAAL RO —E AR & PHAERE & 1T 2 12\ R. sphaeroides
RV ERAREEMSIIVOTE., KEZBRIEEKRDOSBEIIRDP D —HE LTHELE. 20O
TEEREBRME BB LY -RJ VRERRERCILI-oTRON, CORAKERII Lo
Tphal B EBRTFEWM VAR Py Fr—€¥ KT 72 =y bhupl BT h & s
IhTWwd,

SMVOSTH D B B L CHEHKRMEEL., PP 7oy MR EBLOB M TOERIC
LOTRFLE. FLT. B2 MIEOANF—FREEHKORNFICLEAD2ZDD
RAERCEET IS0 RARERNALHECEHRICFETELILERATE .

HBEMERhIAALE ROV F—E2ERTERVWI L. TRbb, T KEZHETS
FEADRVWI LR, AANBERILI>TAFLY I V-—BofllgeAVWTHERAILE
(THRIFEMRBREBSHR) o

ERRIOVEBIZ. COMREBILOKXNA TV 72 THRL T, RICKEREREIZHET
KZEEMEELTML. FMALILBL, MYOEBREHTHARLE, ThoDRM
ABRIE. LLANICPHASR A 7 2 B L CHIP= £ S 2 RIBHE M T 2 = DIZIT > =0 L EHE
L REYHRBEREROTITL, 220RARERDOHAGOEICL > THENRIE
LadEIDPERATE ),

(2) BRBLUEE
£2. 6—-8Ii2, SMVOBIK|RIZ DWW THT > BB KREEARE T T,
B, F2. G2, H2B L L2k, SO THEEWO Ny FERAVWTHRERREK
(1:10)Tfr»> e ZTHhODERRBRIE, THREEVOEALANRASDBEI NNy FTLICER
ZENOEEEERLUT. SMVOBTHOMAEZFM T 2720172 /ke AR LZLDIT,
BEEHKEHOZ NNy F I HBEFMETI 2D, BUEKTLIRBARET -2,
CEERERMKSHVOSTT Y. ERARESMVBITIT oD EAKIC. VI KK TO
AR (GBBLUL) 2RELFE. Jhid. HRHMTOEETY. ABBKREE
EPRETIEBENHEZFERTLEDICERBEL 2, WIHIMMIE, HIP< A F I RREREK
SMVOB9T R EN =L HIZ. PNV I v ARITHERRNBEAIRBRERBEORGICHE
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LWEEERL., LED->T. LEREEIRIKEOREEME LS T,

CHhOSDILABMOKBTAWERBREBLTHELEFR NS X -4 T,
2. 6. 4TRSS QLHELTHD. M2, 6 —SLXETTWD,

BONEROABERMRIIODVWT, UFO#EMTHERT 2, i, BRERK
SMVO8T &~ Bpth bk (MItk L @ U Ny FOREYH REM THERE L) OMEGED L BEE
DEDIZAWERBERL2, RoPIZ2BEONNy FOHBREEY (No.3B L W4) 2HW
F e KA BERSHVOBTDMERE A MR T A -0 D RBIZB L PL2OERIZI>WTHMR T B,
a.SMVOBTH E FMHKO AT B RKELEEDOLR

Midkz., ZUvoO— VEEKEDSI0nlDaSyEHICER L., RWT, FRM /R
FFIC30°CT2HMER L2, RWT, BEME. 20RO BBy EXY v NTH
WR ISR ER R R 2 AN EHNNA VLB L THREN /BHEMHG FIZ30°CTH
BELrm. HMAEIHBT- 1=,

BMEMIE. THREYOBEL R SHEXTIREXROAKREZL YO Y 7T
(PRTEEOLSCEE MG 5E) | BEKTLIOARLARIITILORBRME
frot=:

0.4g/1 KH:P0.;2.8mg/] HsBO4;0.75mg/1 Na.Mo0.-2H:0;0.24mg/1 ZnS0:-7H.0;

2.1mg/l MnSO0.-4H:0;0.04mg/1 Cu(NO:).-3H.0;0.75mg/1 CaCl.-2H.0;0.1g/1

MgS0.4-TH.0;10mg/1 FeS0.-TH.0

CoEMIZ0.22undMillipore7 4 VA CHAWE L.

ERERARE., RV AF 9IRS —FREAEL) Yy PVOKXNALIFT YT I HTIT-
= (PRTEBRBREBESMR) . HHEMNZI &S, BaCHNLTBL EHRAM
HRYEEREL, BEEBE VI LTS5 vialk,. BRHIE2EO OS> S
7 (221007 v b)) TiFW ., BEIZ6.0kluxiZf& & L. pHIZH #HIC 1IN NaOH
FERINHIORMIC L > TR L= BELE/NA A HZX%Triton wet testh
ZA-FTCERNIZAIZ L 1=,

RTINS Y F TR L. KEOLERGERICERIERIZTOBE =,
B H AR (F)IX3nl/BEICEE L. VP2 ¥ ORBV)HI30nlTHE0 T, &
HR(D=F/V)iZ0.033h ' TH oo WA ERRE(HRT=1/D)X30hTH D, Thid, #
MENCIEEBO X BMMIMHMILICEIZ I LERKT %,

BiZ., TRl A—Y 2 RBEREATHEML .
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(K2.6-47TH L TX2.6-48) o L L. EMI~SHEHOBEEIREKTH 5. £DHIX,
BYMMOKRREFRBIZE L, _ERALEBKOMII LA L. &f2 L b RIGMHHE
FLOEKTRICTS P—I0ET 25, RESRNBEOERLIHEERZEDOHEMIZL -
T, BAEBE KR EERVPBMERE LR L THML & (+223%) (X2.6-49) o
LidDF =2 U - RRERKSHVOTIS L SHVO8ITH S W =R, =
BERALBEMESMVOBTO S WWAEEMD., bV F PRI THRELEKEEZ HHNA
TERNDEPHABEREITON LI EZRET —DORAKXEROMEHROBERTH
LEMMTE D,

FELAONYFOHIBEEMICL ZSMVO8TH DX BBAKFLEE

R, BREBELUTHWEBLYOHBREEVOSHRMEZERLT. —ERARER
PRtz ML =, REARIT., L THIIRREZEDLRAUERENHTIT SR,

£2. 6-9KUEX2. 6-107T. HBEREVEHO2OD Ny FTHEARALET
ERALEMGIMVOSTIC L 2R UM OB CHE L AFEKELERERILB L=,
o, £2. 6 -9l VTV ABU Y MLHEDOMEERL, £2. 6 -1 01k4
MEZIBERT I LHEDDHEETRT,

HBELLEBEDOENWD SABRMENEE TRICHICHEERELEGDA SN D,
INLDT—HICL->T, —ERRERRSNBTOGWKREERIDVHEASI N,
¥k, AUBBRGTHERELEBHKAOED. B 2IEREKRT. FkED
Moo THd, 6. BEMOAREKEEEOFHFEIBIZ. —EL THD
>,

e LT, JHRRARKSHIVBTO KAREREORSER. FHL T, B—-%R
REBRKSHVOSITHE I WL D ELD, BIIHMKLDEY (—BIC. BID4
~THEORMTIX. V77 ¥ER) Yy b VHEDHNL.20l/H., CEERT S LD
n1.8m1/H) o

_96_



_L6_

® =LY B D1680ANS ¥ B
FMLL £V 2H2CTAGHZBEHOT 2P "4 A= — 04 088RSAH
LELBHRILBBOs—FOL Vgondg RS DE [8JIUQ 9 G snyeinsdeay
°
CLRBLAT 04 L4 0N 1027720 YL QY F O soploderids J Q¥ YT
TR EEWNETY CNBE IS TE [4/24F10 O 9 CAY soprodoeyds g “ 2144 ° Y
NLERZLAT—O G LHNTEIANN " REOFIERWOC @2 "REDLY
CURILPWE LWV QS LB [§FIU G GAY Soplodeeyds g R S L F [jIUY;
FO GG snpernsdeocy 2P NEEAN AL L2 NCAVNAT L S BB A
CELRLIUY TN 2LURER > RY
DNBHIWHECEHEFFTUENOZ "AHEFO X "H N ME ZWEB0ARS 1\ L4 Z &
—f Lo ALY QM "R4% C2VNCATEO@ALOMHKBEFOL JEWHoUT
L2 RLFIEIVIIU
CLRLS MW IhOEOINHFEWC LERABEOLTOERFF —£L 40 =F £
KNEREH "REDE /YU RLEMOC - ORHINBEE £ 582U TN
EHOEHAA —LLON DAY NINPHLLT T AL "RNETEREOENIEY
CHNWERZRI 2 EHY IWHIRHOYHN - ENECCEFLNIOR 21
AU EHEEIYLAL N BZRPOYFEL L L L (K PNVCHBHTT 2N 23U
CTRLEHY
VO — "W RAMFEREHPNH—F U ET "RNEROIH A —FL O ZOHEBYWE
W OB GQLTRL MM IO YA R RUEH D seplodoryds 3 a4 — £ LT A
anuerine)sed ) ¥ P VLYW OMIIMB¥BEOFDEWM < £ 5520 WY
GBa—+fL40d =T "HWOIEORALTHZIWHT WG EN 9 Ay soplosaeyds y
"Ra¥M CLYMABEOREIURE A Y ORI WHEAN LAY I & ENEHHEY
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(2) ERXRBIUZEER
a.R.sphaeroides RV nifR2/R1 BIEFOOHE L URYIRE

HMEER, Lo b2 F Y o F S - P BIOBTEMER FERMEBRD 29I
MHETE2 LD ZnifR2 @i & nifR] #HLF% WM& TR sphaeroides RV /) L7
ST AL FPEPCRICE > THEETZ2ILE2AAED. I LARP D,

R.sphaeroides RV¥6 D> & D ¥ —nifR] Bl FERIICE IS IS 4AvE2HWE. &
CNERPREYZHETL2-2ODE D ~DOPCREEBICL > T, Krid. 5 G
Nyr&axoa—- K3 %5nifR] & O R (#800bp) % R. sphaeroides RVH & 4 f
T5Z LRI =,

OB L N —HOENERPs) D 7 7 I URIHEN I T 2 A B X e
KB CEINE., Bon~PCREYIZ. 2EBPT7 » IV OB TH 5nifkl O
N-RHBHO - HEHRFINL B, GECRGFINEZHAFEHOREEZZTATL B,

nifRl BIZ Y OBRYIREZRITI O, FF EBRHRTHLN2YHIBEIC LN
E. FOT R ERICHAETAERDNZNIfR2 28T 520, [PCREIGEIT S,

PLATIC SRE & 1= B. sphaeroides RV nifRl OEFICETNWT, DD HHEORR
57T AXEGTBRUE.

R.s.RVnifRIFwlH L R.s.RVnifRIRVIE &t T~ DDH L WT I A4 X Fad D@
hTHbo

R.s.RVnifR1Fwl : 5° -CTTCTGGCCGACCATTTCCTC-3’

R.s.RVnifR1Rv1 : 5’ -CACCGGCGCGCGGCGCTTCAT-3’

FLo 7L —bre LT, EOMA(Clal, Pvul. BamHI. Pvull. BstEII. Ndel.
Stul. EcoRI. Mscl. Sphl® L FApal)THI¥r L /= R.sphaeroides RV>' 2 L\DNA%Z Fi
7o

IPCRAz ) id . MasterAmp PCRE & (L » b (Epicentre Technologies)® JH\» THri,
Yikr LT H Ok & X =R sphaeroides RV 7 L. DNA(500ng). 50pmoled B 75 4 =
BL2.58fOAnplithern DNAK U XA S - P B E2 R BREOUuIIZZA TV,

COBETOY S AR, BYOIBCTTIHDEN. 95°CTIHOMEDEME. R\
TBOCTIHD 7 =—V T BLUVI2CTINDOMETH>lo 20 DBEY 1 7
BiTor. FHRIHBANBPRBELTIPCRIE, HIEHSRWRD, WFhEIhoDR

BRI ->TITo> o
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FHO =T aH (K2.6-50) (. Pvul(#92.9Kb). Stul(#1.1Kb), Pvull
(#70.8Kb)YiZ L 2 UMW DG & - TR B IPCRPEW 2 sk L. EcoRl. Mscl® L UfSphlTy)
Wr L7727 LDNATIZHEEEDEIESh R o2 Pvul(2.9Kb), Stul(l.1Kb)iZ L -
THEIRFEINATZ S 7 AL P ERIRLTEFIRERIT o/ ZH 520D ICPRAAK %
SRUT. BUEEZS A2 WAIEEBERINRECHERLEZ. TORIFHICE D
C. R.sphaeroides RV nifRl Bz O HHDOLEF L5 FIHO KBS DB % &
ETER,

R.sphaeroides RV nifRl B OB REHEHE2ERET S -28. X5 ICPREE
BAT oMo nifRl BEFEDVWTTITCRRESINERINICEDSHT, Stulimz T2
HoMEWNael BLUPstI )k Fido 7> (4 v&2HAHL =,

R.s.RVnifRIRv2 : 5° -GGAGGTCGCGTGCACCTTGCAGC-3’

R.s.RVnifR1Fw2 : 5’ -CATCGTGATCTCGGCGCAGAAC-3’

FHOT =73 a8 (X2.6-51) . NaelH b TIEEAL. Kb IPCREY &2 /R L T W
L. PstITUWr L7272 LDNAZ HI W54 130.8Kbd 7 5 7 XA b BEHRPstlZ H
WEBEIRAL.2KbD /N FE R LE,  BWIPCRZ Z 7 A > b (1.9Kb NaelB L
1.2Kb Stul )2 IR LT, B UK 7SI A v 2HWAEBREIGECHLE, 20O/
FINMIZ L > T mYNInifRI OB ERETE, RWT. FREDnIfR] DT
FRICHET 2nifR2 Bl 70O MIBOBRIT Z2RETE =,

W, 1.9Kb Nael$ X t81.2Kb Stul IPCRZ 5 7 A > F OB HIE &, BRI
INTWBEINAE G E DWW T TS L LEHLWT A4 T,

R.s.RVnifR2Rv1 : 5° -AACTGCTCCACCTGCTCGAGAA-3’

R.s.RVnifR2Rv2 : 5° -ACCGGCGCGTCGATCAGGATCC-3’

R.s.RVnifR1Fw4 : 5 -TTTCTCGGACCGGCGGACACTG-3’

COBRIFRERIGY A ZJNVIZE T, nifk2 Bl FLnifR] BEFOMAZZE
R.sphaeroides RNV L7 3 7 AL N 2KOBRFI ERETE 2, I 5. nifR2 O F
Q EWMICHBnifR3 Bz Fo-HigoRy E2REL - (XK2.6-52) .

COERFE. T/ 2ABSYITEI8D FICEMBLRX 7L A F FF—¥ 514 75 ) iCiR i

L7zo
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b.R.sphaeroides RV nifRZ2/R1 BIxF & & U R.capsulatus nifAl BrFORI %
pSMBIO~AD Y 7o O—-=> 45

E.sphaeroides SMVOS9ZE A E Rk D2 O D HIH B FO BRI REER D = IZpSM830%&
KNI H L UTEIRL 2,

CORENRT VI HEpucBd 7O E—F BEFF L. pSM809 (CERRSEEMERE H
) Mo LT, 244bpDPvull-Sfil7 5 7 A > b #60bpDEFEI/I D —= 0 T
NTEEMZIDZIEICLI>THEEINRE (K2.6-53) .

FEpucBd 70 E—AOHIMMIE. HERICLBEREERE T - R 38R T O
EERIC, ERICBETHD., " OORERAH, MHBALMBCRHLTEI S
Do BEDLSBENMEOVERMET, puchd 70 E—F OIEMHEDNBRKBIZR D,

OO0 E—FEFEIRL-EHBIZ., #HIEER 7D, R.sphaeroides I BT 5 HFHE
KELHEDORBRENHFTH 2N/ HEAHTHRBBEINLIPSTH D,

R.sphaeroides RV nifR2/R! ¥E1{z 7 (2502bp)B L X R.capsulatus nifdl &= T
(1686bp) D~ 7 H pSM30~NDY 7270 —= > Fit. IPCREE i L/=710 h 22—
WHHST. T ANAD SO T EZINAZ T VAL MRBIRT A2 EICE>TIir> 7o

Lo 70— VEMERSBICT 228, HIKEERAspT18F L v Xbal D a8 # B Az
EZNPNRNETS5A4ATBLVH TS5 4TDRIZEZD =,

nifR2/R1 BE T & nifAdl BREFOEBIEHAWEZSARIEZ. TS5 DERBTDOH
HEBELTZLIICFY A L=, BB, —DdDShine-Dalgarno(SD)ES 2 ZF &
L5z L. SDEATGREs o Ko oo LR REL L 2.

R.sphaeroides RV nifR2/Rl Bz FOY 70— 70D 754 DOES I
TilOBBOTH >

R.s.RVnifR2Asp718Fwl : 5’ -CGGGGTACCAGGAGGGGGCCGCCGCATGAGCTTCCGT-3’

R.s.RVnifRi1XbalRvl : 5° -CTAGTCTAGATTACATCAGCTTGCGGCGGCGTGTCAC-3’

R.capsulatus nifdl BEFOY 7 70— 70D TS 14 O TRLD
BHTHO,

R.c.nifAlAsp718Fwl : &’ -CGGGGTACCGGGAGACGACACATGCGCTTTACGAGATCGCGAAGACC-3’

R.c.nifA1XbalRvl : 5 -CTAGTCTAGATCAGATCTTGCGCAGCTCGATCTCGAA-3’

PCREME Iz, MRISAMIZ DLW T 7PHO - V2T, PEEDDOY A X
DINATZ ST AL MNDGFHET AT BHRALE (nifR2/R1 iz FTIEK2,500bp.
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nifAl #{& F7TId1,700bp) o

KNT, AR E2pSMBIONDH T2 0~ T ORDIZUEL =2,

Tz — )iy ) — VK HIIC. R.capsulatus nifAl &1 FI2H 4 3 BDNA
737 A bOKEEBIRMEFZRASPTI8B X KXbal TYM Lz RWVWT. <27 5 plCLY
ANOFBY T 70— 0 FREBELEINEFRECLZHEADOERRIC. HEHER
T nifAl #F B pucBA 70 E—Y DOFHIME T THERT Y pSHBI0NIZHEAL 7=,

BeKDNAZ SV AL b KERY A XIZKRIKT S, R.sphaeroides RV nifR1/R2
EIEFICHY T APREYOT 7 70—V FTOERBORED =0, 5l OEKEE MW
o COHEE. EBIZ. pCRIINZ % (Invitrogen) 2 F Mt 770 —= 0 TERE
ULTHW., AspTI8B L U XbalfIRBEAEZFEH Lok TOHK. AP 2 DNAR S
REWC L > CHER L. FEpuchd 70F—5 OEIE T ORIE XD ZpSH830IC B AL =,

A DEBEEYEAVT, BAHIFLEICL > TE coli XLI-BluRinfilE % B4
e, FEGEBRYOEREEZ0ug/lhF <A L 23BLBRERKRXTITo 2,

HMBAYOHIRBERSTICL > THBEYOREMEID—-VZ2HELE. TheDD
O—2EHWT., BAHAEICL > TE coll SIT- UG 2 EEGBRI L, B56
=27 o—iE. R.sphaeroides RV nifRZ/R! B R F2HRE#FHITHAREELBYOESIX
SMC516 & #{\f1F. R.capsulatus nifdl Bl FERFE T L BEEBEYIISHCSLI8 L A ()
T

c.E.coli SMC518¢& R.sphaeroides RVER D AH E KOF + -t RAZTEHERSMV0BDES
R.capsulatus nifAl Bz FE2HEFET LR Y »pSM830m R. sphaeroides RV
SMVORIM AN D AT HE ST L > T > =0 E.coli SHC51853HLGA XY & R. sphaeroides
RV SMVO89D mELAKI LA L., Mg 2 EFaSytic &M L. 39°CTOMMMKE LT
IR, AR, IlRE2ED. V7Y U (150ueg/nl). hrw o1
(20ug/m)BL MU A MTUL(251g/n]l) 2 ETaSyR RTHEGEKEEIRL =,
JOCCTHAICZHMMB LEZIC., L— M LZZHOESERBER I, 10HD
0= ERLUT. FHRBERTZITO 2,

d.R.sphaeroides RV SMVIO1D 9 8 & L UK R
EIRLAODZ—%, B¥IWC., V77 y o (150ug/nl)ehr< A v (20ug/
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p)ZEZHaSy 7L —PIB L. RWTHRAMN /BEETTICTERLEZ, RWVWT,
hF=A4 v (20ug/ml)2 B0 ALBEMICERL., HURNFTIZHHEERLZ. X
WT. 2ODE&ENE,. WTIhshF <A > (20ug/nl)2MA THW = HIKaSyH i
ERBREKBRBEE M CHmRAM /HEFTICB LR, HEE, 30CCTZHHE. B4
BREEHOEETEALE, ADZ—PoDT> A3 FHHIHBICEL->T. PEY A I0E
EMDOGFEDNERI N,

SMVIOLE AT IF 7o —2 28R U T, HHREYHRERZHA VT, ILAKEON
AAVTIITCONFEKRLEEDRBREIT > 2o

2. 6.9 & =

Hipg Z HBEMGTIToERL2ORBRAREBAOLLEFMIZ. R#Z2BHL-FEEEHE
THI D, BB AKREERNIHETIHEROMEEZAET 2/-00RIBETEHEY
B THLIIELERERNICALTVD, EB, LT, #ELLHERIEBONA T
R.sphaeroides RVD XF G K RLEMREERET LI LIZRIIL =,

COMNIE. BArOR, Ny FBIUERERTITVL., BEEYH KIS E - X E E N
DEMRERE AN,

Bio, G RENHEEREPAVCTILEBREE CITo B4 EHIPef F 2 ERER
BOBBICL 2T, CORREEMRTRAKEREEEDHRICEL. TRICHFE->THRKE
BH505E< RAH5ZEERLTVD, ZOEEMERIE., S b s —ECHEEEKEM
LAEHMAEIORMONAIZRERT 2L EbN 5,

AUEZERMCTCOPHAR A F 2 /HIPZ £ F R RREBHKOMEIC DV TR, REE R,
COBEIF. TODORAREROMEAMBC LT, KRREEB L ALFEKELEOHF
BEORADNRBEINREZLERLTV A, BRI, COREBIXHBEMHEOTINER L
BKEZESEBO22INEMICHE YT 2,

ERBEBEAVTIN Y FEBERGFTHEOWEERT /TR, RO RARLEEKOHE
LOMEIZESAMIC LRI RP>F, ZThid. B <. B ITHEEBRME. WICPHA
CAFREBMICERT 5. Ny FURT AR EBRIE. KREERNENET 2200
BHEENCER V. ¥R, Bt KERENTOAT. IBSFLET. BELBchlg
BHE, KEMESRIATEMSDIDETH 2, IHIL. COAMEHZHNS &,
PHAR f F 2 ZBEBEFFEACRRL. TLARAII RS, R¥RS. EWPHBZ BT ENMN T
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ENBLIDCKERELPHAZEHOBRARBIRL RWHESTH S, ZNTE. HIP< 1+
ZRARERGOMERIBMKOZFAI VI 2RICEWIEEED SN, BB F0EY
Ik ZEHEBIIBHRLIOVTIEE V., Chid. HIPP 4 F R BARAEEKRDPEALBOKEE X
DRIMTRESEAILEEKRL TV %,

“F. BUEMRBMERHOWTI > @S R&ICK > T HIPw A SR EPHAY A 7 X/
HIPv A4 > 2ZDMHTHELWERDI I, @HkiZ. EE. BEKL D Zh 216008
LR E WK ERLEL, EHIHEERESREIBEINE, LEDNST. 2hH5D
TBREHTHON-HSRE, HHBEEVENEEBE L TCHVWTIHEOAESDE KT %,

HHBEMR KIS GRIEMON S TR ONE 2RMECETFIE. ERHEERC
FHT 250 HIPv A > 2BLUPHAY A F+ 2 /HIP A F 2D A MPHAT A S 2 LD E
HINTHD LR TE D, PHAR A T A RARELREOMAICE T 28 Rk, PHAZSE R T 2
KEREZGCRBAEHVWIBGFETHETH D, COHBEHTIE. ERE. 200RHHE
L EHER -KTHED, ROLBEOGKRKEIS S,

VIGBRENEFHWTILHM TIro B KELEERARBRICL T, KELE)ERENZZ S
KHELES " MRORRLEHEKOABOREKE L THSBRENTNEIEROEALERNZ
ERTELLIITRSE,

hid, ¥ by F—-PHAKOEMIMIZBE T 28EFO ~DOHIHERE FOER
FHICL>TERI NS,

IHS TODH LORRERAMBRIEODNWT, THREREYHREREZHBRETLLTHNT
FREBMEO NS A VTS ThBBRKELEORBEEIT D, T O RALHLKDOMRE
HRZOHBIZEZZDEFELTWS, KR, =tV F—EGtodEN
R.sphaeroides ¥k D K EZRFENEZSI SR T L-D0H -OERETH S, EE. B
e kol r—tvE2BERECEIUEMEIHRAATEIERBIIRVWEISICEDLN S,

B2 OB UEME R TIE. R osphaeroides RVIIIC REL L /- fl#: X C.pasteurianum & F
oy F—PHE, BEM/ HENTOZORELHEN LTI T 220D0RETD a2 —
NWEBBEELEZZ WD T. AENETHLIIEBRBO SN,

ZhOF—F -k RO F—BEM DN AENRIC L B AREFERRD DR E D 6
ZANF—HRICEEIOBNIKTH LD, FVKREEOAIBICBIT 25RO MRMETD
TSLTEBMINILEND 5,
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2. 6. 10 BEXW
1) J.Meyer, et al., J. Bacteriol., 136, 201-208 (1978)
2) S.Takakuwa, et al., Arch. Microbiol., 136,20-25 (1983)
3) C.Pedros-Alio, et al., Novel Biodegradable Microbial Polymers, p.263 (1990)
Kluwer Academic Publisher, U.K.
4) B.Masepohl and W. Klipp, Arch Microbiol., 165, 80-90 (1996)
5) V.Zinchenko et al., FEMS Microbiol. Letters, 147, 57-61 (1997)
6) E.Morett and V. Segovia, J. of Bacteriol., 175, 6067-6074 (1993)
7) J.M.Pemberton et al., Microbiology, 144, 267-278 (1998)
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*£92. 6—1 HUPYATFAK (SMV089) IZDoWTiTle-o 7=
KEEET A&

DATE 1L-scale  Dilution of market waste Batch
Bioreactor (from acidogenic step) of waste
11/25/1997-12/6/1997 1 1:10 1
01/21/1998-2/02/1998 1 1:10 1
2 1:20  +NaCl 0,3% 1
02/17/1998-03/02/1998 1 1:10 2
2 1:20 2
(03/09/1998-03/19/1998 1 1:10  + NaCl0,3% 3
2 1:20  + NaC!0,3% 3
04/01/1998-04/09/1998 2 1:10 3
05/05/1998-05/14/1998 3 1:10 under vacuum 3
06/08/1998-07/09/1998 3 1:10 under Ar flow 3
09/16/1998-10/05/1998 3 1:10 under Ar flow 3
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%£2. 6—-2 HUPTATFTAE (SMV089) DOKELAETANMIBITS
B R & KFEAEEERE (nlH. | reactor/day)

ml H,/ | reactor / day

SMV(089 SMV089 SMvV089
DAY Batch #1 Batch #2 Batch #3
1 1.689 2.088 1.784
2 1.334 1.502 1.675
3 1.279 1.523 1.656
4 1.148 1.293 1.637
5 1.502 937 1.553
6 1.400 629 1.319
7 1.789 308 911
8 1.621 198 ] 443
9 1.453 235
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#2. 6—-3 HUPYTFTAKE (SMV08Y) DIIKFEAETAMIBITA
BrihfE S K EAPEHRE (nlH.. g dry weight “day)

mi H,/ g dry weight / day

SMV089 SMV089 SMV089
DAY Batch #1 Batch #2 Batch #3
1 2.963 3.236 3.023
2 3.090 2.442 3.221
3 2.891 2.496 3.312
4 2.185 2.068 2.321
5 2.945 1.498 2.465
6 1.750 983 1.638
7 1.195 387 1.118
8 486 232 454
9 254 235
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£2. 6—4 H[EEREAMIIOWTEREBHIZ T > 7=
IKFBAEET AN & Ny FHER)

DATE STRAIN
07/15/1998-07/24/1998 SMvoaz
SMV089
09/16/1998-09/25/1998 SMVOT71
SMVos7

£2. 6—5 HBEEHAERHWENY FEEIIBITLERERKE
B R D PR BE O L A

Comparative evailuation of the performance of the mutants versus
the wild-type strain in batch conditions using synthetic medium

SMV047 SMvoss | sMve7i SMVO087
(wild-type) (HUP-) (PHA-) (PHA-HUP-)

H, TOTAL AMQUNT (mi) 3260 3258 1965 2488
AVERAGE COW (g/h) 0,74 0,55 0,59 0,58
AVERAGE H, PRODUCTION RATE (mlday/qg dry weight) 489 846 555 513
H, Yleld (% of SUBSTRATE CONVERSION EFFICIENCY ) 30,67 30,74 17,97 21,74
AVERAGE DAILY H, PRODUCTION (mi/day) 362 465 328 355

{COMPARATIVE DAILY H, PRODUCTION (%) 100 128 91 98
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#®2. 6—6 HEEALEKIIODWTHEREICTITR-o7
IKZBAFET AN —& (EEiEE)

Exp. DATE 1L-scale STRAIN
Bioreactor

K 07/08/1998-07/27/1998 1 SMV047

2 SMV089

J 09/16/1998-10/05/1998 1 SMVo71

2 SMVo87?

®2. 6—-7 GHREHERNWZEERMEICEIT D ERE Bk S EEKD
T BE D LB A
Comparative evaluation of the performance of the mutants versus
the wild-type strain in continuous cultures using synthetic medium

SMY047 SMV089 | SMVOT1 SMV087
(wild-type) | (HUP-) (PHA-) | (PHA-HUP-

H, TOTAL AMOUNT (ml) 13502 21561 8608 15479
AVERAGE CDW (g/f) 0,81 0,82 0,73 0,67
AVERAGE H, PRODUCTION RATE (mVday/g dry weight) 1042 1384 786 1359
H, Yield (% of SUBSTRATE CONVERSION EFFICIENCY ) 31,32 30,66 20,95 36,00
|AVERAGE DAILY H, PRODUCTION (mUday) 844 1135 574 911

[COMPARATIVE DAILY H, PRODUCTION (%) 100 134 58 108

£2. 6—-8 “HEEREF (SMV08T) IZDWTIiTl-o7=
KFEAPET A &

Exp. DATE 1l-scale  Dilution of waste Batch
Bioreactor (from acidogenic of waste
step)
F 05/05/1998-05/14/1998 2 1:10 3
G 05/19/1998-06/04/1998 2 3
3 1:10 under Ar flow 3
H 06/08/1998-07/09/1998 2 1:10 3
L 11/09/1998-12/11/1998 2 1:10 4
3 1:10 undar Ar flow 4
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&2,

6 —9 “HETEK (SMV089) DKFEEFETAMIBITS
HEMRE S KA PESRE (nlH. 1 reactor /day)
SMV087 SMV087
DAY Batch #3 Batch #4

1 0 0

2 1159 0

3 478 1177

4 601 1252

5 930 1566

6 1260 1523

7 1526 1739

8 1396 1558

9 1589 1447

10 1326 1343

11 1119 1409

12 915 1577

13 813 1192

14 712 1253

15 625 1036

16 491 1024

17 468 1108

18 173 905

19 244 940

20 197 832
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£9. 6-10 —FLEHKE (SMV08I) DKEAETAMIBITS
Brpifl b K FBAEEE (nlH. g dry weight/day)

SMV087 SMV087
DAY Batch #3 Batch #4

1 0 0

2 2414 0

3 659 1499
4 791 1716
5 1235 2145
6 1680 2086
7 2049 2399
8 1925 2512
9 2253 2756
10 1842 2510
11 1805 1854
12 1146 2022
13 816 1528
14 487 1557
15 992 1079
16 682 1154
17 637 1149
18 212 962
19 307 1020
20 246 902
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.3000 H
.2000 4
c
]
1000 &
T
>
I
k‘ l \ \ C. pasteurianum (positive control)
.0000 J - ~

Recombinant R. sphaeroides RV

T 1T
05 10 15 20 25 30 35 40 45.50

time (min.)

GC analysis performed on the gas phases of cultures of C.pasteurianum
and R.sphaeroides RV recombinant strain SMV081cultures.

2. 6 -4 SMVOSI¥kEERIMDI AT ORHTHER



s FURBMEN TATION CONDEITIONS

PHOTOBIOREACTOR: 1 L

LIGHT INTENSITY: 6.000 lux
CULTIVATION: continuous flow

TEMP: 30°C

MEDIUM: market waste-derived
flushed with argon

FLOW RATE: 30 ml/h

pH: automatically stabilized at pH 7
by adding 1 N NaOH

= ANATS FHOAL PARAMUETERS

H, EVOLVED (total volume)

H- EVOLUTION RATE (ml/l reactor/day or g dry weight
/day by GC analysis)

CELL DENSITY (O©})

Behl CONTENT (Ay-4)

LACTIC ACID consumption (g/l reactor by GC analysis)

PHB CONTENT (by methanolysis and GC analysis)

ENZYMATIC ACTIVITIES:

nifroesnmse (by acetylene reduction method and GC
analysis)
upiake hvarogenzse(by methylene blue dye reduction
and A 570)

Fermentation conditions adopted and analytical_ parameters me.asured
during hydrogen photoproduction tests of HUP" strain SMV089 and wild-type
strain SMVV047 with market waste-derived medium.

2. 65 FRERMHE- - DHNTA—F
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10 20 30 40 50 60
I | | I | I
GCCGGCCCTGGCTTCTCGGACAGGTGGCCTCGGCGCTCGACGGGCGCGCGGCACCCGAGG

R P W L L G @Q V A S A L D G R A A P E

70 80 90 100 110 120
| I | | | I
TGCCCGAGGGAGAGGCGCTCGCCGATCTGGTCGTGGCCCATTACGAGGAGATGCTCTCCT

v P E G E A L A DL V V A H Y E E M L S

130 140 150 160 170 180
I I ! I I I
TCTACGGGCGCGACCTCGGGCTGCGCGTCGCGCGCARGCATCTCAACTGGTATCTCGAGG

F ¥ G R DL 66 L R V A R K H L N W Y L E

190 200 210 220 230 240
I | I I I I
CCGCGGGTCTGGCGGCGCACCGGGGCCCCATCGTGACCGGAACCGATCCGGCACGGGTGG

A A G L A A H R G P I Vv 7™ G T D P A R V

250 260 270 280 290 300
I I I | ! |
TGCGTGCGCTGCGGCAGGCCTTCGGCGCACAGGAGGGGGCCGCCGCATGAGCTTCCGTTC

M S F R S
VvV R A L R Q A F G A Q E G A A A -
— nifR2

310 320 330 340 350 360
I I I I | |
GCCCTATCCCGTTCCCGGGGTGATCTGGGCCAGCCTTCCGCTTCCCGCGGTGCTCATCAA

P ¥y P V P G V I W A S L P L P A V L I N

370 380 390 400 410 420
| I I | I |
CCCCGACGGCATCATCATCGAATCGAACCCGGCGGCCGAGGCCTTCCTCAATGCCTCGTC

P bp 6 T I I E s N P A A E A F L N A S8 S8

Nucleotide and aminoacid sequence of nifR2/nifR1 from R.sphaeroides RV.
2. 6—52 RVHKXODnifR/ nifRIDXIVAF R ET I /BRECS
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430 440 450 460 470 480

J l l | | ]
CAAGAGCCTGCAGGGTCAGCCCGCCTTCGACCGGATCCTGATCGACGCGCCGGTGGACGA
K s L. ¢ 6 ¢ P A ¥F D R I L I D A P V D E
490 500 510 520 530 540

I | | | | l
GGCCCTGTCGCGGGCGCGGTCGAACCAGTCGCCCATCTTCATCAACGATGTGGACGTGAC

A L S R A R S N @ s P I F I N D V D V T
550 560 570 580 590 600

| | | | | |
CTCGGGCGAGCGTCCGCCGGTGCAGTGCAACATCCAGATCGCGCCGTTGCACGACAATGC
S G E R P P V Q C N I @ I A P L H D N A
610 620 630 640 650 660

| | | | | |
CGAGATCGTCATGCTGCTGATCTCGCCGCGCGAGATCGCGGACCGGCTGGGGCGGGCCAC
E I v ™M L L I 8 P R E I A DR L G R A T
670 680 690 700 710 720

| | | | |
GGCGGCCAAGTCGGCGGCGARATCCGCCATCGGCATGGCCGAGATGCTGGCGCACGAGAT
2 A K $S A A K S A I G M A E ML A H E I
730 740 750 760 770 780

| | | | | |
CARGAACCCGCTCGCGGGCATTTCGGGTGCGGCGCAGCTCATTGCCATGAACCTGTCGGT
K N P L A G I S G A A Q L I A MNUL S V
790 800 810 820 830 840

l | | | | l
GGAGGATCGCGAACTGGCCGATCTGATCGTCGAGGAGACGCGCCGCATCGTGAAACTTCT

EDRETLADTLTIUVETZETH RIRTIUVIKTILL

X|2. 6—52 (\}L%)
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850 860 870 880 890 900
| | [ | I |
CGAGCAGGTGGAGCAGTTCGGCAATCTCCGCCCGCCCGARACGCCGGGCGGTGAACATCCA

E @ v B ¢ F G N L R P P E R R A V N I H

910 920 930 940 950 960

| | | | ! l
CGATGCGCTCGACCGGGCGCGGAAATCGGCGGCGGTGGGCTTTGCCGCCAAGATGCGGAT
b AL DR AR K S A AV G F A A KM R I
970 980 990 1000 1010 1020

i I I l l l
CACCGAGGAATACGACCCCTCGCTGCCCGCGACCTATGCCGACGCGGACCAGCTGATGCA

T E E Y D Pp S L P A T Y A D A D Q L M Q

1030 1040 1050 1060 1070 1080

; ! [ i f l
GGTGTTCCTGAACCTCATCAAGAATGCGGCCGAGGCCGCGGGCCCGCAGGGGGGCCGCAT
v F L N L I K N A A E A A G P Q@ G G R I
1090 1100 1110 1120 1130 1140

j ! % i l I
CCGGCTGCGGACCTTCTACGACATCTCGCTGCGGCTGCGCCGGEGCGGACGGGETCGGGGGEG
R L R T F Y D I S L RLURURADG S G G
1150 1160 1170 1180 1190 1200

; | i f [ f
CGCGCTGCCCCTGCAGGTCGAGATCATCGACGACGGCCCGGGCATCGCGCCCGACATCGC
A L P L Q V E I I b D G P G I A P D I A
1210 1220 1230 1240 1250 1260

! ! f | | |

CAAGGAAATCTTCGAGCCCTTCGTCTCGGGGCGCGAGAATGGCACGGGCCTCGGCCTCGL

K E I F E P F V s G R EN G T GG L G L A

2. 6—52 (B =)
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1270 1280 1290 1300 1310 1320

| I | | l I
GCTGGTCAACAAGATTATATCCGACCACGGCGGATGGATATCCGTCGATTCGGCCCCCGG

L v N K I I S D H G G W I S8 V D S A P G

1330 1340 1350 1360 1370 1380
I I | | | [
ACGCACCGTGTTCCGGGTCTCGCTGCCGGTGGCGCCCCGGGAAGCGGCGTCCAATGACAT

R T Vv F R V s L P V A P R E A A 5 N D M

1390 1400 1410 1420 1430 1440
| | | [ I I

GGAGGTGAAGTGATGGACGGCACTGTTCTCGTGGCGGACGACGATCGCACGATCCGCACG
M b 6 T™ Vv L VvV A DD DR T I R T
E V K -
- nifR1
1450 1460 1470 1480 1490 1500
| | I I | |
GTGCTGACGCAGGCCCTGACGCGGGCAGGCTGCAAGGTGCACGCGACCTCCAGCCTGATG
vV L. T ¢ A L T R A G C KV H A T S S L M
1510 1520 1530 1540 1550 1560
I | I I I I
ACCCTGATGCGCTGGGTCGAGGAGGGCARGGGCGACCTCGTGATCTCGGACGTGGTCATG

T L M R WV EE G K G DL V I S8 D V V M

1570 1580 1590 1600 1610 1620
I I I | | |
CCCGACGGCAACGGGCTCGAGGCGCTGCCGCGGATCTCGAAGCTGCGCCCGGGGCTGCCG

P D G N GL E AL P R I S KUL R P G L P

1630 1640 1650 1660 1670 1680
| | I | | |
GTCATCGTGATCTCGGCGCAGAACACGATCATGACGGCGATTCAGGCCGCCGAGGCCGAG

v I v I 8 A Q N T I M T A I Q A A E A E

X|2. 6 —52 (B x)
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1630 1700 1710 1720 1730 1740

I | I I I !
GCCTACGATTATCTGCCCAAGCCCTTCGATCTGCCCGACCTGATGAAACGGTCGGCCCGC
A 'Y DY L P K P F DL P DL M KR S A R
1750 1760 1770 1780 1790 1800

| I I ! I |
GCGCTCGACATGAAGCGCCGCGCGCCGGTGAGCAAGGCGGCCCCGCCGCGCGARGGCGGE

A L DM KU RIRU APV S KA AP P RE G G
1810 1820 1830 1840 1850 1860
I I | I | I
GACGACCTGCCGCTCGTCGGACGGACGCAGGCGATGCAGGCGCTCTACCGTCTCGTGGCA
OD DL P LV GRTQAMZ QA ATLYRTULV A
1870 1880 1890 1900 1910 13920
I I I I I I
CGGGTGATGAACACGGATCTTCCGGTGCTGGTCACGGGCGAATCCGGCACGGGCARATCG
R vV M N T D L P V L V T G E S G T G K S
1930 1940 1950 1960 1970 1980
I I I | | I

CTCATCGCCCGCGCGATCCACGATTTCTCGGACCGGCGGACACTGCCCTTCGTGGTGGCG

L I A R A I H D F S DR R T L P F V V A

1990 2000 2010 2020 2030 2040
| | I | | I
CAGGCGGTCGACCTGCAGGGCGTCGAGGGGCCGGCCTCGCTTCTGTCGCGCGCCAAGGGL

Q A v DL Q GV E G P A S L L S R A K G

2050 2060 2070 2080 2090 2100

| [ | I | I
GGCAGCCTCGTCTTCGACGAGGTGGCCGATTACGACGAGGAAACGCAGGCGCGGATCGTG

G $ L v F D EV A DY DEUETQAIRTIV

X2. 6 —52 (Bt )
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2110 2120 2130 2140 2150 2160

[ I I I [ I
CGGATGCTCGACATGATGGGCGATAACGCGCCCCGGATCATGTCCACGAGCCAGGTGGAT
R M L D MM G DN AP RIMMST S Q V D
2170 2180 2190 2200 2210 2220

I | I I I I

CTGGCCTCGCGGCTGGAGTCGGGGGCCTTCCGGCAGGATCTCTATTACCGGCTGGGCGGC

L. A S R L E S G A F R Q D L Y ¥ R L G G

2230 2240 2250 2260 2270 2280

| I | | | I
GTCACGCTGCATGTGCCCTCGCTGCGCGAACGGGTGGACGACATTCCGCTTCTGGCCGAC
v T L HV P s L R ER V D DI P L L A D
2290 2300 2310 2320 2330 2340

I I I I ! I
CATTTCCTCGCCCGGGGCGAGCGCGATCTCGGCACCACGCGGCGGCTGTCGAACGAGGCG
H F L ARG EIRUDILGTT®RRIL S N E A
2350 2360 2370 2380 2390 2400

I I | i I |
CGCGACCTCGTGCGGGCCTACAGCTGGCCCGGCAACGTCCGCCAGCTCGAGAACACGCTG
R DL V RAY S W P?» G N VR QL E N T L
2410 2420 2430 2440 2450 2460

I | | | I |

CGGCGGCTGATGGTGACGTCGGCCGAGGCCGAGATCACCCGCGCCGAGGTCGAGGCGGTG

R R L M V T 5 A E A E I T R A E V E A V

2470 2480 2490 2500 2510 2520

I I I | | |
CTGGGCAACCAGCCGGCGATGGAGCCGCTGAAGGGAGGCGGCGAGGGCGAGAAGCTGTCG

L 6 N Q P A MEUP L K GG G E G E K L S

X2. 6 —52 (vué?)
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2530 2540 2550 2560 2570 2580

l l l I I !

TCCTCGGTGGCACGTCATCTGCGGCGCTACTTCGACCTGCATGGCGGCGCGCTTCCGCCG
S S vV A R H L R R Y F D L H G G A L P P
2590 200 2610 2620 2630 2640

| | ] | | |
CCCGGCGTCTATCAGCGCATCCTGCGCGAGGTCGAGGCGCCGCTGATCGAGATCGCGCTC
P ¢ vy ¢ R I L R E V E A P L I E I A L
2650 2660 2670 2680 2690 2700

\ | | | l |

GATGCAACCGCCGGGAATCAGGCGAAATGTGCCGATCTTCTGGGGATCAACCGCAATACC
b AT A G N Q A K C A D 1L L G I N R N T
2710 2720 2730 2740 2750 2760

| 1 | 1 | |

TTGCGCAAGAAGATCACCGACCTCGATATTCGCGTGACACGCCGCCGCAAGCTGATGTAA

L R K K I T b&iL DI RV TR RIRI KTILM -

E!ZZ. 6'_'5 2 vaég)
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Psti S Nrul 174
Cial 208
BstE!l 7535 Smal 391
Narl 7253 Pwul 517
d Hindlll 635
KmR Dral 913
repC Hair1
M
a Apall 1354
A
* ORI C\ﬂ Notl 1796
BspMil 1844
SM830 L
p PR pucBA —
u
Belt 5502 7792 bp Kpnl/Asp718
Balii
Dir Rep EcoR|
Scal 5441 repB Sacl
Sall/Hindli
mobC? Sphl
SgrAl 5079 Xbal
ng 7 mobA mobC? Sl
EcoRV 4501 1obB
o —-53 HBEAZF—pSMEINDAESIKX

Xhol 115
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FIE XKEEEBRWOMREER

3.1 HERERAVIASHEROXNBEREN

3.1. 1 gBE

BEERS LT OEREZREL. a2, REFMEZAFBL-HOEAMUE TR
-~ AR TR TAZREEZHEBET O ATACBWLWT., XERIBOEPORFZIT- /2,
BHOERIRO -—HTH 5,

1) MRBEREEIEMUBE L - EEARTIAREIEARKICESL., A 740
HERTETHHAINSHEGHRME & L TEF XN /~Rhodopseudomonas palustris
R-IBKOKHZIABICERT B I &,

2) BELEEMZRIEACHAETICAGKMBEICL D KEREEZTASEHRANLAGRY
TOIONEE, AN T v T LEBTEIRT DI L,

EBROHKR. R-IKE. MEMSCOKERERNICEN, GHEBENMENWEHECHEAET
THHBHMEWKEREENEZRTLODEABOE VWK THD ZEMERI N, £, F
HRAXEERY TV HE. TAEMS. BHEILETAS— VT y T LBLETRRLE
M, BRKTO.8L/(L-d). BIB40L/ (n*-d)DHARE (KFEERTISEL TEHLYE
0.85%) ZHRTE/z. MRILDVWAYROKRBRELS DL ZTY L IF=oN
wmon/., Ubko, WBREICSIHMLUZEREBKIZERENSOBEERT LT SHE
o, BEBMZRDEOTICHEELZAMAAL T, EYMFNITKELZRETE S AR
MAEBRWIC RN,

3.1. 2 %8

FPRIFEETLET VI TRAEZHEAERNTELN., AT SR-1IKOFREFAHE
EEUTIVYTORNERITINAEDODO. ZORFHABRILTLOBRSESALMND
2o R—IKZEHT AU L., ZOEHENBEREELVFMITRL THLEND
., ¥ BHERY T VVCHBNTE. BLBBEMBELLTVSH, TROEEE TR,
Zh2BELAEAERLAEEBEL T I o, ERICELEICVFZ V¥ 28RBL TAERAE
HBETOORERLI OFECREBTHH -,
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3.

1. 3 XKEEEICEIIHR-1HOFH

(1) RBFE

a. L H Bk

AMFEICIE., FEBIIERBRIENAOMFEOB YD ORIFABEFTOLBHNEXE
fkL7=miAkhsn#ansBEMEMERIodopseudomonas palustris R-1¥k % A

Wiz,

ORBEERORT

DEERORTICIE. BEBEF MU T L0 5g. KH.PO4 40. 4g. K HPO. 0. 7g.
MgSO.-7TH.0 0.2g. (NH4):S0. 1.0g. NaCl 0.1g., FeCl,-6H.0 0.005g, CaCl.-2H.0
0.05g. BRI F20.2g. EAF 0. 0lmg. HEF 7 I 0. 2ng. BRgEHXZEK
1,000mliC & Ik (0. 5N-NaOHZ F Wy, pHE. SICHE) 2R WA, ChZE2hUORR
EHIZEAL. Bk, SHOIASKREEERE (BRFE#HE) L. 30CT5~THME.
B8 (HZT)I—/T7 527 600 100V) 2ZANWT. 10TIuxOBETFT THBE
#L, TO®., ERTHALATZHNT, WITFIxORBRETFTTRELZ., #KRE. 1H
AE\IZiT-> 7=,

HEROME

HAAEBROAEX. BEEOHIMDIIHRITOIRKEZRAND I LICKDTTDbNZ., &
B.ORNEL ., ALAEMAMBER- 1K T, EAERL0 354ng/nHiTHL L /=,

KBEEDOLLOOEERNIBERE

KEEEOREMEL T, BEBE S M) A0 8g, BREF MY 7 40.8g. JoEA >
BeF hUDL0.8g, T — L0 4g. KEAKEFRNY T L2 0g, BETEDT L
0. 04g. K:HPO. 0.15g. FeSO.-7H.0 0.03g. MgSO.-7H.0 1.0g. CaCl.-2H.0 0. 1g. &
BF7 320 0lng. EAF >0 lng, BEA T F X0 1gx KZEAKL 0000 iC & D%
pHT. OIZFRE L TH W,

B, LTFTICRRE2EEROFHREIT. XKOXDICEEL 2.
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(2)

EBR I —HR i AT R F— BECC) 0D B

a. 0. 2L FHZ 350Wn 30 1.1 G L 5
b. 0. 2L B 350Wn’ 30 1.0 G L &t
c. 1. 4L [ 350Wn® 30 1.0 TR
d. 1. 4L M# 350%n’ 30 1.0 %= BE K

* BEICELD —HMOFKE, T/ —IL5xk<,

KEREBOREE

BHOOHE LD, KERERBOHUE ZTIT > 2,

RE. BRRURRER

A REBASBBRRKERE

INEFTIZH RV LR TNAS LS, Rhodopseudomonas palustris R-1#k (EA
BB, R-1KK) I3, BBEDD TN ETETHAEDAREZHETITH, FIAIEHREL 2 KEF
RETHEREBRBPIZABEOSEE (FIZEBREIFA. XTMVE) BGENLRVE
. KA SEBRPIDETADERTOERZEEL THERICEFTI DI NN
STWwd, ZOLE, RFIKOMIBPICR T TICEEBEICARLEBEbOY
—tEhty hInTna, ZOBEDL BERPOZBRFENRMT L EEERP OMH
q (GBEaE) 2EBTRSELLTHALT. KEAXAEZRETSIERT SN TY
B, Wo T, ELHOBEHAEM - DERRELTAEALEMBZZOEE, kHE
TERIZALWAE., POy bSOy UM SHIRRICAKENEET A EE
ABGNBHTEMS, ZhOS T —VOREERDODINETOHKICHNT, $HRELS
KENEEZIND EEZONZ, BAOEBRENTOEBABOMENS D, KK
KXoT, DENBRKFEELATLANBRETESAREEDREINZ. £TI T, 20
HIEIL LD " HOABRBRBORELDEL T AATL2E KA TS O MNCEHT
2H/EG, FHEEREFEEL TEELEAREZIOEERSE, FIESEHNEORED
RAELTRONENICIKZRENDTDODNDIDEHRNTL, TOMHR, MREZIZTHEER
EHEREMENPRERET OEENSEHBIC. RbAVWKREEESRDONL
(3. 1-1)

-173-



b KFEREICBDBR-THKOBFENMRICONT
IHIF AW SHEBEKR OB BEW®IZ. Rhodobacter sphaeroides RVERZIZ U ®
ETR2EDMAEMBMENINEHBICKEZRETSILRE L2, TN
ETOHREORER. AIBRERPICHHBENLBOMFELZTIEITLIERRIIEATVS
K, RVERZRCODZOMOES DEKRIEIHEEZKEREDOLDOBETHESARLL TE
BICRAWSAIENTERMo A, LT3N, R-IKIEIEEREH OB FHEKELT
KEEFRETDZIENTE L, £/, RVENRKBERZICHL TBEATH o 2DITHL .,
R-1BRIZE (Fe’!tH) RZBEBHAPTHLKRKEEZRAETDHIIENTER, T 51T, R-1KIIF,
RVER AR ERAELD buptakeb FOFXFF—FBIC L5 KERRMN EBI>TLESEED
T<HPAFHTIIBNTH, AKERENARTH S E, TEKEREITHL THE.
MO AFEMERE S EBEL TOIRHESEEERLE, £IT, SS5LCAKERED
PLERDZPOTF—EOEMPLICHFLETEIEY TT COR-IKDOHKFERE
EZXAZFEBIIONWTHENAZ. TOHER. R-FIKIBHFTOTY TF BEICHEER<
KFEERAEL., BB TRV I T ONERELRVWEEZDBEY T T U v FORERL
LD AKFEEZREEL L (K3 1-2) &

CARERELFHRBAROBERFRICIONT
HISXATHOVLWIERBEORKREBBETIZE, BHICHE. JoUdt B, BMEOD
SEHEOABEN TN TNB L F300ng/LOBETEENTNS, —RICHEWAE
HOBHEZAATEH., VNI ZAHROLSCHEOEAMNHRBRINS E TR, fit
OBEBEIHBEINRLWIDREHSENA SN SN, ASKRMEICLDZAKEREDLED
DETHSEHEHEBIBNTE, 3 LHbTOLIREAENANDZ LIRS W, £
T. RFIBHEOFHE. AARKEZELEEDOFEB P ZISTENI3BBEOAKESTNTNL
DHEBHBOLEEZL TSN, FL3BEOABEZINTNHADOEEL2EHE
DEREOHEABDELI>TIIHREDRZFOELILBENLZIONEDI N ZHET DL
DORBEERLZ, TOHE. TTEARBRBTHWEZEBEGE., ThTOFR
BICHIETD2KERAEELZTNICESABBEOMBNER N (K3 1-3~X3.1-5) .
Frr, WTNOBERIZAVW-AREOHEEBRIIBVWTHEOHEELDIZ, YIROER
FICRBETELRY S THMEERBERE TN, WITNOBEGOKERENILETZETIC
B, AREN/-BEBRIBUOHEBEINL, KIZ, JOEFCBICKE. BME2HEA2ED

(3
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CT2REOHRBEREARBIIBIDABRBROBEEDOLNZITDNTHANL., TOH
B, WTNOoBELETRACTOES CBOBMBHEENBESLEDHITETOMD
FHRE (BEBEEKUKE) OBCHORHESHBED., JOEFCEBENURBE DL
T3 L—D0FRBEBEORBMBHEHENKRES LS REHEMNER I N

(3. 1-6~K3.1-7) . INSORFOEAREZEMTHLEZRESOLIITHED
EREDHEENEREI N,

SHIIRMBORRENESTAEERIT TOARBRREREORILZHRNZ, TO/K
B, ETRNIITOEACEOZRBHEENEZD, JOEA D EOBENKTTS
L. REEFBEOZEBERMEE -7, BREIEERBRLOEPHICHEB I NEIT.
BUMWTHWZBHEIE, 5~6HTZRICHBINRSLAEN, SHEOARRBEAIKE
TRERICHBINIETIKBELZ2HEO1I00MAEEL AL (3. 1-8) . HEKRBEE
BHEERBNMAOSRAIZEED., SEHEOHGHEE LT RTHELRSINZEE
IO HBEIIER EWEE (K150ng/L) IZEL. TORIE., RAICEBENES LD,
KEFREMEELZBEERG I 7 HEEICIE,. KBV HESZNTLE- 2,

REKEAOVEKEREER (BARMFEEROERAR)
EEETICEREIN/-EZEREFMABR IO T, HIZEORBRBERPIZRES
NEERHEOBBEEBICEIIAREOERIT. ERAPICHEAET IHIEME
ML TEIAZBEOERBERBICLZDBDEEZONE, TOBRE. MEEET
CHEONTZERBERICIE. BIMMEHOKEAFELMAMEN TV A DT, ST
R-IBKDOKXERICEDABFRET -V EEZFS0HEHL, 22T, AEMEDICEIS K
EREEMADEZDIZ, ERKEA—-F VL —TE2HWTI2ITT] 5 7HERKE
NWEEBLZHOE2E>T, BlBRZEZAAZ, TORHERI. 1 -90KDIT, BE
EEELZEARBEULEEZHL TOWAERWESGLZERBEOKERENERINZ. £
OMOAFEEBRELHERI. 1 -1 0XRTEDEN., KERECHESKGRED
HELSHBIMAEINT, ABRBEIEEHMERAC TRIE-ELNIVITRkIENTZ,
ZOEEMNS, HHERXAMREH T 2ERKIIERBEKEIIRAED, ARESDRMNIC

R-IBRDNERAFREECUB T IMONOBBOFEENRBEIN-.

-175-



Q) £&0

INETOMEER? SR-1KIL, KEEECBOWTHOIABIEMIME S IIRRD
MEZHODEKTHAZEMHSHIZEI N, FNiT. BFEOFBAME. SXOHNAHME.
EVITTOPRBEFEONERAKBZREICEAARLEEDN S EHERICEI2A M 2K
BN ENTNG, AEMAKBREEEZERARAETITOBEICARNICIHSHEANMD > T
WadesEzoNz., £/, RFIKAERKEEEIUBNBEFENIBVLTHEER
TEMS, BERTU-OFE (EEK) 2HAVWEEFEROBEICLDAEELZEA
RAUTEKRBEEATLANARTHO, TNELELEOR-IKOKEEEIZBITSHERE
EHENEER. SVETLABGEIACOKELAEL AT LEZERTESARBENE
A6 5D,
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3. 1. 4 ZFHEAXAERUTIS
(1) LI

FROFEIILEHE, BILBAEMSOHKPICEETN 26 BEEEFHREHLL T,
ABHICIDKFZERESEIHBET L, FFEL, JTOPz IV FORKEETH
5T EMS. BFHA0L GRIE Scn) OBERBEFHRAV T 7€ a—-I)lzANW3K
FEERBREERL, 227U TFT-YOMBEAE L, 20227 2
TF—SREGOFREAEK3. 1~ 1 1KnrRd, 3. 1 — 112, 2000l )l — %A
EBRAR,NSIOLOEY 2= VERBIZ Ay — I 7 v 73 5BORRBEEZMBL. 20
SOFRRBE D —DRERTHIEICKD, BECIEFTH EHZRL TS,

IHIRETE, BLRERZFHRKXI T E a2 VOHEEZEBEELL TNVWEDT,
705 28BETHHR. VI VINBEBRILDDEEZHERITAIEPIEETH S,
FZ T, I0LAEE (FHES 150 OBBEMEFEAKLY TV IICEZENEBKT. AKX (N
a7y >5>7) 2ZHWTU T VYOBERVIU T IVINBROBEROAERBIIKDHAREE
WAL

TSI, U7V AT LAOEREZRBEL., RIAMOHWERER) T 75 OKMH
ERBFa—TITARUNy FROKBEZHEL, BEAXVBLEEAREZEBL .

W &2 REAKICIIRQERERUEKE W,

) ZAHERVT /4. BLREBVT7 /I RVEBIBBOBRE

BEHNABR T, BRECKOBRICKXABENKEREIGZASZBEANRDL D, &
B5. L7 70y T oSy ER WL, RIRICAW O > S>3 702 b
DEBHTHS, ZOUTIVIOBIRET, MEEORRBEHF CaBL/ZOTIIT
SABT S,

mLEHEERY 7 HE, N2, 000nmX 4, 000mm X 50mn, FEA400LT., VT 75 FE
KIEISUSHE, ARIZARUA—FRFx—F&- (RKEb6mm) TH3d, U7 7T ITHEBDZH
BricESE, BERER. BAKBUTIVYXRAERABOLOIHSZRAEL 2, 1L,
H,EAEREBICASTFFAHOEBRER T /=, EHEICEIBENEZBLTHARNL,
7S TRELEAZR, VLT Fa—TIE0ELOBRIZIA-FIZENT,
HABEFBMEL, ALRNF-EB2RAHFNGFEZHOTHERAMELCRL 2.

Fa—T7S5RUTVSOMER. BHEETF a2 -7 ORE 5200, NERITIBLT.
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ZAMERIHIN®TH 5,

¥ N RUT7 753, REIMOKEZHBEED Y — M EMEBEEL TN Y
JRICLZEDODEHWL, BFREIIMEKKETH6L, ZHAEAREININ®THS, FhzeHx
5D, WTNHLYADHEEE THBEZEA, HEEERICBEELZHEERO LICEE
TEELE, HZEBEOBEIZ400LY 77 & EREKICL TiTo 72,

(3) RB%RH
a. & B Ml B K UK B R AT IS RS it
R W= Bk, Rhodopseudomonas palustris R-1 TH D, FiEHICHEHL /=5
3. £33, 1 - 1R IHREETFEHMTH S, MBEEHMEIINETORBERICDH
EDOEIHMEL TWS, BREIIKHITIZHR- .

b. A (MTMEBWEILEK)

HABENPSOHEKRPIISENIABEARICAU S BRI BREBELE K ZEH
L7,

ZOMMAEZR3. 1 —21TRT. K&, BB, OS> 8B % &800ne/L.
I/ —)&400ng/LEH. 7o EZTE2RLAEGERVWIENFEHTH S,
£3. 1-2a5N5E5I. FRACEHELEEEERZOEI»ICEEBEBER.
Ey 31, BEIFAZZ2EHEIETLEN, TRETOMRTINSHMANKFESE
FEOHRFEROVDEDTHZ I EMNDN > DT, REE HNaHCOLIS O & B EBE
M. B93>, BEBILFAERBRWVWE, ZEL, oy F—EYoRBHCCHIOTIN
YICBFTRNIDTLERMT S EITLE,

c. U7 o9 BERM
BENARBR T, 8. BLo7 7V N8y 7520w E, —ARBEEZKREE
250mm, BHT7 IV UINBO_EHRET. NBICEEYORZEZ., iz - HmEIZE
EEHEKEH WS, NELABOMICHAKEBERS Y. WREZHERE GEEI
35C) IR, BHEIELIHER. BEFE-FIZED, -V —D&S5rmmT
V7 s ESHEIER. CARKOZNENIIRI AT IHEOMSHZHT X
2., B—LTBAHTAXA—% (FHT7H, ¥-NK-0.5) ZzR#BLATAHEEIC
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BN, -, HAA—FIDORODIZAZA DY 2 ZEZHWEKEERKXOT A HEHE
HHVE,

¥, U709 NBEERBRIEAHET. NEBBRER T (ZHEHE, PMD-121)
EREL., COBRIMI>OFPICpHERLORPEHEZHEAL., pHEORPZE
L7z, U729RNOKEBE &R Tat#lL 72,

U775 EELOERBERICT TN OBHRANERE L VWESICNET 72 (F
LT B, R8TF-AIA) ZEMEL /-,

HWIZHAWENOSY ST GEE 740Uy 7 X8, IDR-110V-125W) X,
DY 74 EEIZ& T R—LA1224 (35 X8E) . HE#ENInO¥HRIZEBL 2. W
THHENyFHBRELE, COHE. MBERICENSTH LU CEAZFEKICESL
THhSYTIHITHEAL T,

WL 777 k2@ EABRTRIN Yy FBEOAEER L, S5 MU DRELETH
KENY RAR—ZAZEZERTLO400LEDEFDARDITHKALE, RWT, FilgELE
DIRL ., BOPEEEER., S9XTTRAEL TBWEERBRBEILZFE KD —HIZERZ
LThBUTIZICHBALE, Z0%, IV L —>TYUT I8 E2H0 LT, TED
BEICEELE., U7 TRELEHAR, 190> Fa—7iI2&0EFOBEBAHN
AA—HIZHENT, HABEZREL =,

Fa—T75RVTIY (BHEBL) RUNy Z7RUT2H (FHHL6L) 3. &6
400L 7 o5 0l LB EIFFTHBHICHE LICHEREL, Ny FEELL, UT 75T
RAELEARR, ¥4 T2 Fa—TIEDBLEDBRHZ A -5 T8N,

DOIEREOEHGE T
A EE, BHPICERGETS7 272U T 7 CHAERVWED., BRZELD
SEELTENL, BINLEZEGHEESSHALOABL TV RIMESEBRLHEAKITE
BLTHS, VDTV FICHEALE. A0LERTRIXREORANLE LB DD, 4L
DORIEHEEZ4EITY,. EHORLSHERZANEERICEHL TERE, ZERTHRA
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KBXEFAOL00LABR TIE, 2 RKRHAHGE (HEABBREMS-80D) ZHW, XTI xRIF
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M-5SRUNY > 7EMAE-235) . A8&E (M., ToEFT B EAUKE) ZHE
L7, AERERA IO N 57 (BRBEMERE, LC-10A, 14 #Rrox b
74— RAMHT LpHEEE /L=, Shim-pack SCR-102HH 5 4. BKECEERKEH
B) KknAEL

(4) RRERRUEER
L ZEAMBERY T OOILELIDEDIREIHR
ARRINMBERIHHROWILA s HEEZELIBEL. EKIEHBLTMSUT VS
WHEALE, B3Ny FELE. HEEE5AAHEAE. Srp T —V—0LK S IZHE
EHEHIUR, BREFSARRVWESRU T VY EAEIZLE, £77. BRITNER
TERL, KERITL/nin&E L., #EEEX3. 1 -3IRYT., “EHBEIR>TWVD
U7 7R RICHAARERLAEZOT, S&HLHY TV YAOERZIFE-ETH -
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CRELVIEDEVFEEN SO LB NAREHEN NS
CERLVEEDMIILBEN DO LB N AREFENKEWN

OFRENES EHBERVLINITARERENKREW

HEtoZ &Ehs, U7 79NOEDOEHIIAFTRT, BILIREBTHERBFLTHH
ARATDELS, WBOLRICLXPEFORBEEFRS ZENTFHRIEINS, €5 T.
DY 29X BREE5X, ROREZH L., HETHBEOREKICILLSHAHREMN
MHFETEHZHBERBREOUT VDAY bRBHSRAITRDL., BIRCHRADOLZD DO
hELEELBWIEHEHINTI N,

kEEREE. BLRBERIFAAYT IS

ERNBERY T Y TAREEGEEERNEIZERILLZOT, THIPEELTH
BELTWEILHEBOERIY 7 79 L5 LETOKREFEEIZROMAL. 7O
TV POBRKEEICYLSD. RROXE, BKRKIL2BADRERFL P27
DTS OHRBOHEL .

D7 07K EISUSHET, KBXZRODANS KKRITE I onDESHAR Y H—FR
F—h®EL 2, BRICENM, £EACTF A0S, UT 75 EHBIZHREZ XK
BL, TOPICTAZ2MD., 2RZFMESZEEL, AMABEBRICEREL
SON—EOBMIIHRBEREROMN T, ARFOJIREZHNBIALT HEGITE. Fiai
IOV HEIEDEBRRERLICBNT AL EMELL, RERGEAMNELET
L2ENBoN. HLAEBREOMAMMNHD, 20l THEEFHROFEBIZETRZS R
Mmoo,

U708 %M LiZkBL THEEPORMREZH3. 1 —121CRT, £/, UT U H
D#ETEKI. 1 - 13RS, UTZTI7FITIIFIBEFEROAMNT, U7 75N ENE
BARBERTRIBREZEHFAETLR L. BREHNAB YT I Fa—T7Z2@8> THE
FOBAHAA-FizEE, H2ABZAELAE. U7 05YRNOEENET T2y bR
STIZEDBRIEEMN, ROTOMHENDRSHRETENA> /=, DLAKITKD
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BRETHROBERNEZD, BERVBREOCH kN TERE, ABIT. FRI0ESAIH
Mol FALBHICKT L/, EERFRMIZK0BMTH>7-. HBEFOWRESR
B IE130DI20. 32, SSiL166ng/LTH 7z, TR DODIZL. 49TH-> 72, RBRAM P
DEKBHAIFINF-CRERENZABOHBZEZR 3. 1 —14I1T7RT., 200 HLIE
CHARERNEML, MM0BBBICRRAAREFEE? SL/L-d¥BEoNn., 20L&
EO1HOHBFMAE 8B (7:50~15:50), HARAERIOIL, KEBETXEL T,
HKILEXNF—DKENOEBRDEEZRD D E. 085N/ oN/-. BRDEEZRD D
F—&2—hrE2£K3., 1 4R T, CNEBRENZBETHSH, 7o b0H
EE08YEFERTHDHOENL >/, [IRIF30~33C. W/AKIRE2C., UTY 7 ¥ NKE
1226CThHo7=DT. BRKIZLZBADRERIH-7=EEZSL5N D, 00BMLUED L
B KERTARERENRD N, LMALABNS, £3. 1 -5ICR"TLIIT,
F—=N—A =) OEBHERIT0.30¥E NI NDHBDER T,

RICHABABROV TV YNBEAEBEBELARA VO N ST TRIELZOTED
HREMRIIRT,

Bk | B TR (BRAE®
BF & (mg/L) 647 271 58
7oEA >k (ng/l) 766 115 85
n-F$ & (ng/L) 821 306 63

B, BRMROFEHIZEHEEANSCOKRELEROEBEHRRICHTEIREL ZKFEFDK
RTRETEH ELHD., LA T FNF—RXR—AITMATRHREN—Z2M 5 OEKHR
BROBEHbBHA AT,

(647/1, 000X 400/60X 4)+(766/1, 000X 400/74X 1)+ (821/1, 000X 400/88 X 10)

=83. b5mol-H:

MMbh O ARERERI62L, H B A ET0%,

MR (1,062X0.7)/(83.55X 22, 4) X 100=40%

IhiZiR, HEBIZEDTWRERLWIY ) —)IoFs5sebmARTnEReRR0wWO T, *E
BIADRNISICKEISRD, HRINIRZELEDNS.
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Nz, BABECHESIES. DRDVDICHATIMAL S LD, EEOD
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EORKRBICEESEM - I,
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S ZHXEEARV I —FF—FTHEAMLETELTWSOT, BT nE
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1. 5 XK

T. Fujii, A Nakazawa, N. Sumi, H. Tani, A Ando and M. Yabuki,

Agric. Biol. Chem. , 47, 2747 ~ 2753 (1983)
REAMBMKZMEHMNAXTHELROEERLRESF p. 178 (1998)

Sasikala K., et al., Advanced in Applied Microbiology, 38 211-298 (1993)
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3. 1 —1 §JiEEEHiERk

Sodium Acetate 0.5g
Sodium Propionate 0.5g
Sodium Succinate 0.5g
Sodium Malate 0.5g
KH2PO4 0.4g
K2HPO4 0.7g
MgS0O4-7TH20 0.2g
(NH4)2S504 1.0g
NaCl 0.1g
FeCl3-6H20 0.005g
CaCl2-2H20 0.05¢g

Distilled Water
pH

1L
6.8
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£3. 12 BRSIBRLE KK

Sodium Acetate 0.8g
Sodium Propionate 0.8¢g
Sodium Butyrate 0.8¢g
Ethanol 0.4g
NaHCO3 2.0g
NH4Cl 0.04g
K2HPO4 0.15¢g
FeSO4-7H20 0.03g
MgCl2-6H20 0.82¢g
CaCl2-2H20 0.1g

Distilled Water
pH

R Sodium Glutamate(temporary)
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#3. 1 -3 UTIHZEE- HERYE
5.75L reactor, Halogen lumps:24, continuous irradiation, Run 27
Temperature Circulating Gas
Liquid Roof pump ON/OFF | production ORP Remarks
rate

Much gas production when the liquid
is circulated

35~36 C|39~40 C ON 197 mL/Hr | -541~-555 mV
Much gas production when the reactor

Moving is moving even the liquid is not
circulated
S5rpm

36~40 C|39~48 C OFF 125 mL/Hr | -559~-608 mV | Less gas production when the reactor
is not moving and the liquid is not
circulated
Most gas production when the

35~36 °C | 39~40 C ON 125 mL/Hr | -568~-605 my | reactor is moving and the liquid is
circulated

No moving
Much gas production when the liquid
(horizontal) is circulated even the reactor is
34~36 C | 40~47 °C OFF 38 mL/Hr | -572~-616 my | Ot moving
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£3. 1-4 AXF)VF—dHzh®E (Run HI0- 4. EH)
Energy of Lamp Area (conversion) (constant) Period Period
W/m2 m?2 1W=0.239cal/sec L/mol(0°C,1atm) day hr
4~725 8 0.239 224 1 8

Total Light Energy

kd/m2

12886.716

H2 Volume per Area

L/m2, Estimated period

8.592309783

Total Gas Volume Total Gas Volume H2 Content | Total H2 Volume
L(26°C,1atm) L(0°C,1atm) % L(0°C,1atm)
107.55 98.19782609 0.7 68.73847826

H2 Combustion Energy

Combustion Energy of H2 gained

kcal/mol, constant

kd/m2. Estimated period

68.3 109.6378728
Efficiency |period: 7:50~15:50, Aug. 18, 1998
%

0.851
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®£3. 1-5 AT F-fzhg (Run HI0- 4. E#)
Energy of Lamp Area (conversion) (constant) Period Period
W/m2 m2 1W=0.239¢cal/sec L/mol(0°C,1atm) day hr
4~ 989 8 0.239 224 25 602
Total Light Energy Total Gas Volume Total Gas Volume H2 Content | Total H2 Volume
kJ/m2 L(26°C,1atm) L(0°C,1atm) % L(0°C,1atm)
36092945 1062.5 970.1086957 0.7 679.076087

H2 Volume per Area

L/m2. Estimated period

84.88451087

H2 Combustion Energy|

Combustion Energy of H2 gained

kcal/mol, constant

kd/m2, Estimated period

68.3 1083.126359
Efficiency period: Aug, 4~Aug. 28, 1998
%

0.300
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#£3. 1—-6 Fa—TJ3U7r5TrIIF—lh® (BN, i)
Energy of Lamp Area (conversion) {constant) Period Period
W/m?2 m2 1W=0.239cal/sec L./mol(0°C.1atm) day hr
165 1 0.239 224 213 510

Total Light Energy

kcal/m2

1240266

H2 Volume per Area

1_/m2, Estimated period

63.73105802

Total Gas Volume

Total Gas Volume

H2 Content

Total H2 Volume

| L(20°C,1atm)

L(0°C,1atm)

%

L{(0°C. tatm)

90

83.85665529

0.76

63.73105802

H2 Combustion Energy

Combustion Energy of H2 gained

kcal/mol, constant

kcal/m2. Estimated period

68.3

194.3228242

Efficiency

%

0.268

period: Nov.20~Dec.11. 1998
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Volume of Pre-culture
in 200mI Roux Flask

. 1400
¢ —e— 20
= 1200
x —-— 40
2 1000 & 60
d 600 —— 100
£
-‘8’ 400 —— 120
TE 200 —%— 140
qui 0 —— 160
3+
© 01 2 3 45 6 7 8 91011 —— 180
Incubation time(day)
—-— 200

3. 1—1 RWEBRPTOEXEXKAGEREDPR — 1 KROKEFREIC
HA5%E

< Condition of Incubation>
Pre-culture : 3 LReactor. Medium : G L. Incubationtime : 3days,

Organisms : 0.D.=1.1. Light Intensity : 350W/m 2x2.
Temperature : 30C

Hydrogen Evolution : 200mIRoux flask, Medium : G L
Light Intensity : 350W/m?. Temperature : 30°C



-661-

700

e ) I 7 B - N 0 B e )
O O O O O
O ©O o O O o o

Gas evoluved(ml/200ml Roux flask)

X 3.

Concentration of Mo(mM)

0

0.06
0.12
0.18

L

0 1 2 3 4
Incubation time(day)

1 -2 H\ERPOEVTTEBENR - 1 ROKIRREIC
EZ5%E

Medium : GLiZi#h
Temperature : 30°C

Lighting condition : 350w/m 2
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700
600

(mg/L)
HLY w
o ()
O O

300
200

Organic acid

100

600

400

nN
o
o

Gas evolved(misL)

1

X 3.

2

® 0
3 4 5 6

Incubation time(day)

1—-3

—8— Acetate
—&— Formate

—=— Gas evolved

R~ 1 RROBEEEHIC BT D KEFE
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—o— Acetate
600 . —6— Propionate
—
~ —4— Formate
(o
400 ‘5;» —=- Gas evolved
e
200
3
0
— 0

1

2 3 4 5 6
Incubation time(day)

3. 1-4 R—-1oO7TOEF MBI KERE
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900

800
g 700
o 600
3 500
® 400
Q
€300
&)]
S 200

100

]

800
600 ¢
400

200 &8

1 2

3

4 S 6

Incubation time(day)

X 3.

1—25

—— n-Butylate
—&— Formate

—+3- (Gas evolved

R — 1 RO HUC BT B K FERAE
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500

450
400
-
S, 350
E 300
2 250
(3]
© 200
C -
S, 150
S 100
50
0

1000

800

600

400

Gas evolved(ml/L)

200

Incubation time(day)

2—
7

0

-o— Acetate
—6— Propionate
—— Formate

-~ (Gas evolved

1 -6 R—-1HKOEE - T OUES D EEHICHITSHKERE
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450
400
350
300
250
200
150

Organic acid(mg/L)

—
o
O

50

—o— Acetate
800
_ —6— Propionate
-
600 —= —— Butylate
=
@ —— Formate
400 % —&- Gas evolved
a“;
200 ©
00 B
S 0

O

1 2 3
Incubation time(day)

K3. 1—-7 R-18%O7OCAE—BREEEEHICHIT DKERE
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Incubation time(day)

3. 1-38

LE SN

234 567 8 910111213141516171819202

2000

1000

o

3

£

as

2

IvedimlsL]

-#- Acetate

-#- Propionate

—— Butylate
Formate

—— @as evolved

R~ | BkOEEEE - 7 O 4 > — BREBEICBIT 5 KERE
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1

—0— RPEKIIRNE

— B REKCEREBLEEL

2

3 4 5 6 7 8 9 1011 12 13
Incubation time(day)

X 3.

1 -9 R— 1HROEBEKNSDKERE
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Organic acid(mg/L)

180
160

N MO 0 O N B
O O O O o O O

o

_ —o— Acetate
—@- .
1500 ) —o— Propionate
. E —— n-Butylate
“\ﬁ\A o
/ 1000 E - (Gas evolved
2
QO
1y
500 5§
0

0

1

2

3 4 5 6 7 8 9

Incubation time(day)

X 3.

1—10 R—1KOHEFEKIIBITIDLKERE (AERREZOLNL)



Acquisition of engineering data for photosynthetic bioreactor development

———>y

Batch expenmems 200mL s};éle amrmal 1amp.g-:_

2

Improved efficiency of H, production

Yes

\

Batch experiments, 10L scale,
artificial lamp

Continuous experiments, 10L scale,
artificial lamp

L

'éycle of - ‘Length of HRT Move/StandsnIl

hght/dark hght pass 4
r
>
I !
' : i Batch experiments, sunlight,
Study for merits & § 20L scale, floating-type
demerits of batch - }

or continuous © ¥

Achieved the target, 0.8%, No

efficiency of light energy conversion
to H,

Module on the sea experiments, sunlight, 400L plane & 38L tubular, batch
Acquisition of H, production data § Acquisition of hard vare data. §

JJ S TY et SNNETIROSIE TS I TR ox
v

Acquired of engineering data for photosynthetic bioreactor development

3. 1—-11 FHREOEGRI TV IREDIZHOT T Y T
T — & WEFIE
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2,100mm ESmm
N
T ]
= /
|4
# ' # Working area
l‘/
/ 4,100mm
'5% = Light F
/4 penetrating
plate
e Aok ---- S == S SR e
Water surface
Gas collector B
(half-cylindrical) uoy

Reactor body

L[%;;';‘; Emm R B\“"_;_;ﬁﬂ

Gas collector
(half-cylindrical)

Reactor body

Materials Body : SUS-316, Plate thickness : 6mm

Light penetrating plate : Polycarbonate 2,100mm X 4,100mm X 12mm(Thickness)
Size 2,000mm X 4,000mm X 50mm (Depth)
Volume 400L

3. 1—13 400L#LEREREVFRSEERY 7Y 7 Y80
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1200

a‘ 5

§ 1000 |

< 800 } » |

s | L1

g 600 B 4

@ ‘ |

= 400 FA 04 T

L .

- 200 F{t 1 S L

o AL L

~ 190

= I -

3 f Y Lo

§) 100 .:A‘, et e e e ,‘;..w. —

> [

S 50 | R . pEsw

£ i n

3 : -

< 0 b . W SN : : L

0 100 200 300 400 500 600

Time (Hr)

Light energy and Accumulative gas volume, 400L plane reactor, on the sea experiment
Run H10-4 August 4 ~ 28, 1998

M3, 1 - 14 KBPETARLF— & ST A TR G L5



A A

Accumulative gas (L/m2)

100

80

60

40

20

0 200 400 600
Time (Hr)

XI3. 1—-17 Fa—TIUT 05 REHTAREROEBEL (W)

38L tubular reactor, batch
Halogen lamp 165W/m2, continuos illumination
November 20~December 11, 1998
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Indoor, 35°C

Indoor, 20°C

Indoor, 20°C .

Outdoor,
on the sea

Triangle roof
5 75L(Dep=50mm)

Semi-separation

Tubular
38L{Dep=50mm)

Pre—culture

No separation

B
g QOutdoor, on
461 (Dep=20~100 P4
the sea/water
mm)

O H, production

Qutdoor,
Plane on the sea
400L (Dep=50mm) |

Outdoor,

on the land

3. 1—-19 U705 KETIHIKFERAFHEE

X H, no production




3.2 tAO—-RBEEEBLEERKEBLIABEMMEBELRLUXAAKMEOASES
P 7

3.2.1 #E ,

H2ld, HEBMAEICLSRKBZLEEDNKZEOLAREBERRIGDNS AL DD L
STW2ELEZZNHMBHARKERBLEZ. ARETIE. KHEAERHTE P B EHINS
D77 S INEHARRE Y 0 DX -KBEREMRDS. BEAEZRICBVWTIIHIZT I0EDLZ
MarL/o £ AEGBEAERICLZ2KEEELZRAA. ZOERPSBENI L KR
AR T oy VWV OBEROBIT. IS0, SEIEFREBEFMICLZEBEYZD DN
KELERBEDPEDISICEMMTIDEREL 2o

Z D &5 % . Rhodobacter sphaeroides RV¥k (LA FRVER) L HABE - Vv % I VB2 S TGL
HEEHWEERIBWT, R TI2HBABLCHETOHRBELELZA. VT2 S
NIEHER S D ORBREZOBN A I L F— T (M/(°-HINZDWTKEEEHR
E V (Nom’-H:/(m*- 1)) OBRALKHE L CidlewisAZ2HEHIT 2 EDARETHLI D
S0 V=1.09%tanh(0.0018x ] )~ 0.19% B /=, AAD» 6. TORIIBIT D HFHMEMR
T AN F-IEHNM/(n® H)eHEI NS, BAERT -V RREKRICHBITLEZEI A, X
SKBEERMBIIBAERRT Y ICL B EFE-HLE, £/, C/NitZ -EILRE
LEZERELZEZABMLEERROMSR. B ToEKBERMNBELL., BREKED
PRERICRBIT 52/ S4g/LIZBEMU DI LT, KEFEEREIHI-EERERE
Bole CHRIEREZFROHMICH VW, BEREMICLLZ KEZERERT Y VDT v 75 A
DB HREEAON D, XS CHOBEMSIBEES. HLDERRATIIN
fEdiZyn, HREOHMNUNZOE EFKEHECHTMADPBRV EBNRARINZ. RNVT.
RVER E RIgE T oIS 2R 72 2 VIBKEHOWERBRRICHIT 24 KA LK
NDHETZ TV —OREERFI L, SERBRAMGLHEBROR T 7 = VREAKIIERER & BER
BEERAKEEREEER-oTBY. ChEAWTKRELEERII>DELEZ A, K-KELE
PEdER EIRA L LT V=0.99xtanh(0.00054%x J )—0.13 . ¥@EATANLF—HELLT
£250M1/(n* - H)EE7m. Thid. CLSMEH L ERICH LT, CORRATIXEKLE
CHETE2KET7 v 7T A4 7RIFEAEEDRWE, KREEEILHBRAZANF —DH
DEALTVWSEILERLTBO, 257 x L BEAFDERIDKELERD7=DHD A G D

RKEVYETH 27200 R BAKTOEARDICL D ABANHES N ZZO L

-210-



EZoho £/, PHBGHBERIEMT S 2 SHVHEZ ATV TOLESHIZ BT K EEE O H &
B4 o=, RV OPHBE R & 7% K18meq-H:/L(100mg/g-cell)TdH - 7= 5 [B D 1% & F
Tix. PBBERMBIC LD KRHEBEARBEE DRV TR SN EDP 2Tz

3.2.2 %8

A, MREBRLORRN LR —BIERAELAEREPEAVTREAPSBRELLD L
TERADBALERINT WS, 25 LEHT. ¥ IHIHARICL D0 2EEL
TN20h, FhESWREAHKGIZLDCOZHRBELTVWZOPICELT. K&k
LhoTWd, ZRIFHRTE2RIGH MR EBRDZRMICHEE L. £DO)NT ¥ ZAMBEMIC
LD EDEIIIEDLSTL 2DODERITTEILHREEPSTH I, ZDLI. KA
L BC:FMEOBRTHAEORBRANGET 2B OMITICIE. M X ZLlewisDi#
ANEMTHLY .
ReDTERTEEOREMESEL DRIEBL TEEAMBEARKCLNIE. KEDO R
FoEERGIZ. FHROKEERKREE INEFTERINTIRDP>EKRHBERIED 2
DL BD ToTWE EBBEINDZ(X3.2-1)" Y, COEZHIE. BEER LD XS
BRI & BCO.EEMEDRIT I LevisAMEHIN 2R L EoECALTH 2. Thbb,
KEDEREBEBD2ODOKIGELNEKRD KELEREGHKEHBERIGE b o> =
ORIV T IIPSIIEDPIT EAEDNEEIN DI, KEERRISEHICHE REFLTH
BREDIC. HOBORETIIKEERREDETFTLTLE S 202, EhROKEER
RIGHEEPKZOHBRIGEELHDE->TLES &, BT L. VP2 o0 kEE
EDELT 2, COLEOHIINF—DRKREECBTIZLHHEATH D, £, BH
FRBRETALVF DL OOR, ZO48EHRY 728 TRKRRILHEEE O A DPBE
INZILIBD, COEDBRBEROMIIIE., LewisROBABENTHZEE X, Ll
TOEEEIT> o

LRF— VOB IIBNTHELR->EDON, (T XLVF—OWMBVWTH 2, KOHEE
THERIGIE. THREMYEDOXTANE—(I/(0*-H))OBEBEL LTWMOEI Z LB
hETO—BWLFHETH S (X3.2-2) « ZORBHRME L TIZ. FIZIEABEMBI
Y2 BRI ANX—FMEETFLILNTEE, ABEBTIINERY-OXT
FNE—J/(DH)E, BELEELT ANV X¥—(VA/(n*-H))DHBEM 2 X -BLKEEY
KL LUTHITLTW %,
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WA UTHREBRNSA )P 2T KERERKRIGTH S A28 ERE ()
kET 2L EZ o020, BELREMEDOBEICEEEDOIAT - FREETDELO
NI2A=F R T2 DERBE T E27 705 —Thd. > T, EDOHMELARHK
TREBLEKRHBRIEDS HITRELZODKIEEZEND EHET S L. U LAKREN—
A THEK R 7 70— L THZANF—R2RIBN EIT->RAD. ChETHEET
ERDPOLEBATORKEAHLKRARERHTEIEDEEZIONE. F2 T UFIKFT X
S BEROBMRAEERBAN—RATH - TL2HRITFHEEHBELE,

(R bokEEE] = [EokAEEE] - [KEHE]

S AL F—F, KEYEDORT RV F—T (J/(n'-day)) & Les ZHE
MU ANVF—Ts (J/(0°-day)) D S DEHFEHEEIUTOED TH 2,

s (J/(m*-day))x (S+L) =1 (J/(n’-day))
S U Uy ZHmME ()
L:U72 9B EED)TH %,

EIClRzz@ED, CRETO MR AEEGRMICHEITICBTI 2N ANVF DRI K
BEMOEGLEALCTHD ., AEYEIOLGHBEITTH L, TDHR. )72 XA
BOWTHEIAAKRRIRET A2z ANF—OREEBEMBRITT 22010, BT HRAIZHED
MmO MK ERDIIETEREZERTZ2IED -HHNTHL, CHIIHTLT, KK

FODOKERFEREBIFTHRRICh S I RRIBETH LD, KEHKRRBHOH
ERTLATAN I RB B Tlewis R BARB YA D O - KA EMBRICHE
HLUTHMITLERERIZCDWTHET %,

3. 2.3 ERAKXK

(1) B8 - BHER
BES TEHWR TG L ENR o 2V F -SRI FERELD 05 I = ALEJE W E L
L% d Rhodobacter sphaeroides RVFK (LA FRVEK) =M w2, 2. PHBSGHR

ot

B¥k % 2 Rhodobacter sphaeroides SMV¥k (L4 FSMVHK} FRITE==+7 "o ¥ —;
LD rERTE,

BTHE BITITASYIEH . KB TH I KERENERTIEBRE AL L TLER KR EN
HEE LULGLEM, BL, GEBAQUREFTI T 7z BKEHOE ERES A
BRI, 21 ~3WnHT, AglETIE. #REL Tk EREANICHEL T
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ASYHEMIICHEE L 720 CH 2 1,6000LADNV —F > (EX6en) i RBIE L. 32+2°C 18 i
i & 23 (YAMATORY . IS82)AT. L 75 > 7 (2. RF110VIS0WN)IT T ¥ % % #)40W/n®
(850~900Lux) TT2¢MI B L C W BB R ZHF /2o KEERERTCIZ. CORHBERBR %
GLIEFHIC 13D HI A TR Lo ¥ AR IX 130~300mg-dw/L(0D 660nn=0.26~0.60)
Thbd, FEGEEMEBRCRIGLERZEAE L, C/NIbkE -EDFEFABE VY
IVEORFE XL1.5, X2, X3, x4LEMILLERERVTKREERERE T
o E. KEENKEETHAIABODAZE X 2, X3, X4 EFMIPEEHOHL
o B, KESEBEAERTCIIEIInDEREY 77 ¥ EZHWE,
KEKEHOEKAERERTIE, BRIHOR 7z ITEISHEEIE D2
B UARL THO . WA LRI FERGE. 7 EEICTHRE LSBT
HBH. KLHIZ LD, AERMEOKREREBELRD S 288, BiEL2 FARELA
HEERPERINTED, CORERIUBEAD R T 7 = L EKIZ. 1/38 D ASYH]
ERBEEBRMLABIUBRALEZOIVEARICRILISOCEREL2FRANL £
(£3.2-4)

— P
27z

(2) XERIVT7 0%

BANERTHOEXRYD 779G, AR EE25cnD HEH R T, X1, 3. 5.
0. 20em 7 7 VKD 7T ThHh B HMBEU VI YEBICHEE LEBABP AL
STl KEEWRERICBT B WIc@E N 0752 7(HAZ 49 v 7, JCRLLOV
125 E MWk, V=7 =y Ta b =Y (LENIF LY, BRABLEHAERRESR)
TEANTT LD TR RNy bR LR ES, BLUBES ESATIE
TOHBE I 0 12- 1205 18] T A KBRS LRW/mE 0 ESE ISR RIS R B b T B B A K KB
B LTUT Y LEICEH L,

HEARBRICB T S AGWRI) P78 E Y2 —by A7 40, ZOEEMANICABRKK E Fh
=rHRKEBR T ET 2OV 2BAERA Y72 TH S (X3.2-3) » AR
MOPERIE., 7 IVIEBICKBELAEYA RN SIS AMMELRRE L, L
ﬂu%@U70§%@-%m@7wi>~hKTW§b\%@ﬁ@%%mEoA%%T
SEHERNTEZ 2 5-DCZHARANDIMNE - A KOBBRICL DEEKEAN, &
Z30Cimm A LD IHIEULE, EAERERY VY EY 2 ViE. RAEBORLER
MARIZE&BEL, U7 9RZAKEADHACHEBTLZLCREAEEZHABLE. KA
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BIIMHEALEY 72y S ER & KEH FiiZ TLI-COR® @ Pyranometer Sensor LI-20
0SBZ W T30 HIRTHERIEL =,

BB, BUEFT2OKBTANF—-AGHJ/nol)DERLREE>TWVWE DT,
RELSEDO AV F -2 T (J/(p’-day)) TRAL L. BRRBRERO NIV F—L
LTERLE, AEYDORTINVF =IO TIX Is(kWh/(m’-day)) L R L. BT
—YORRHHABICHEMNERADEDEHAROTANF - A>TV E DL L,

(3) MBERLMITH &

a. iR
KEEREBBRICTRELEAZARERAS PSP PO L F 2 —T7(6X 100 )% N
LTARBAOHZ NN Y (ELA K7 —Y—EX, 2L wI2YrT75—) . £
d. K EBHEMBICTHEL, iz A27a~x b5 7 (BEREAMR, GC-94) 2T
DL DDA EL F2 55— — 754 (60/804X v a) Ao uk, C0:DH
FIZEES NS w2 Q (50/804 wira) T LEMUNE. H4FIZ L HICTCDRIEEH
W, F ¥ )7 —HR (Ar) #H#EIFZ30mL/mink L. SBRERSAI Y23y, A
SLA—=Tr, RHEE. 2h2N50°C, 40°C, 50°CICHE Lo £, MERESH
B LTHRTF Yy VRINBICL29MEHEAHLE. COLEOH-BEIRIEBLDE
Shr-C0. 8BS, tMOAARAPEELELBRVW DL LTRHEL 2o
B, HRAEBEOHEIIFI0C, KAKSEDPFETH2REBICTERL TV B D,
F—H QNI TREERERAL-ZHACE [ (VIR HA— V) No’-H:]
gL (2=l bV) NL-H] E£RZEL .

b. 15 %K
OHtith &
HRBmEARASuUnD 7t VY TRBE., 74 VIR EBREZLHASRL
TI200CT 2 MERIE IR L. BAEKRER(z-dv/L)E Lz ChESSELTHTT %0
Fm. FAMEIC L ZEEEE. HE60ICH T BEEEEHE L L.
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@7k 7 X % BRAT

ABBLIVES FEABBEOST OO, ERBBEZAFES5und 7 1V F I
THB®R. @af@Ek 7o~ 777 (BHRMAEFR. LC-10A) I THEWBKS O oI & 17
oo AHTRIIEAHT A S LIZShin-pack®. SCR-102H(8mn @ X 300mm) % 37°C. # &
A0 8nL/min T A L RHEE36CICEE L B BEEREE(CDD-6A)TIT > =,
BEAEIZOOM p- PV D AN KR B TH . sFHMITEFRTEERRREEZSREIN
=\

KENEZBITICBIT 2 ETEEMBE L TiE. M. BEB. oA Ui, BREE.
i-MM. 55 -FEM, AT CE I-ATOUBRBITILVSY I URBREREH
WCHWE, afflcd>CHoh2FhZ2hoENEE (nol-H. /L)X LT, O T &
Dk FAb it (Hydrogenation) (Z L2 KEASBEREHITADLE LI LT, &S
BKEZEFRE R(meq H /LNCHE L 2o KEMKIBIC LD KEZSBHEE (KEXRT
Uy )OVIRE) & ZICIXR. K. Thauer (1977) oML ZMI REBMECO = 2
F-FKAAUCHTIRIEA HE2B3E&LE £3. 2-5CEEMDOD
KEFBFHERE R T, /2. RO KASBBRBOMELITIZK. Sasaki(1980).
J. E. Bailey(1986)iZ & 2l mfREBR RICH D EC:H- N0 2 H W, UTFToRAkkr&Eh 2
LI KEFRFBUTILEE U (X3.2-4) T,

5C0: + 11.5H. + (N)—> CsH.NO. + 8H.0

LUTORIFTIX, MIHENRCBI2ABOKEFTREZI00%E L. EIP5HMYT
HLKEAZLBEYBLITHNERDOKEFRBEGIVWTWE, ZD 3 WA UANT
Uk #E%S#(Lost-Hydrogen), BADHE KZFBLEEBERMNLE, MEDE
BELWHBEIE., S5CRVOBEARYDP S TERSL LTFR. ONTBRESD
MUREICMA e RBSEDOKENLIZIE. TV I VBOKEERERT Oy
BHEIIMATVWS, 2. MFORIBAICRTLIIC, IV IV BROKEER
R¥IZ10.5TH %,

5C0: + 10.5H: + (N)—> CsHsNO. + 6H.0

ORENZTDHF

HRUEEERIT. EREBHOE E CHEREMTOC-50004 (BREBHBRATHOA 7
vavEty b)) CIVHETEROLRER(TC: Total Carbon) & MR & & (IC:
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Inorganic Carbon)Zz #l @ L. TC~I1C=FHMix £F&(TOC : Total Organic Carbon)&
L. R, BMEMEHLYB L THNE LERZEKRICAON L, BFEE2RER
{S-TC : Soluble-TC). A ML EE(S-IC). BHEAMKAR(S-00)E L, 5T,
ABBRE LHEooED 2%, HA2KER(C-TC: Cell-TC). R (KM K R &
(C-1C), HKEHMRFAR(C-0C) Lz UFTORRNZBFTE. C-TCR2 A<
Z2LLT, S-0CEEFBHMROIEMERRAEL LTHRBIEHAWE, 272, ABKED
DREERWIT. A DGas-C0 2S-ICTH D, BB, kEADHEAIZ(mmol-C/L)TH %,
RENZEUTHHEREBL RO ERIDPED LS REAT. /N1 4 = 2(C-0C,
C-IC) L TR (S-0C) & DM PEY (Gas-CO. L S-IC)ICEMEI N D EREDTEILK L
LTHEHLE (X3.2-5) ,

OF -+ 355k iy
BRERUAERERE, ERBROZTI TV Y - LaezB8lhn, ARBHOLZE
#ZE (TN : Total Nitrogen)e 7o E=7HEERB(NL-N)Z2HE L. TN-IN=AKE
Z # 5t (TON : Total Organic Nitorogen)& L7=o RERIZBI Z2MARHFT TR, £
ERBEZRIZLAE Y T2V EZANL-NTHL2EELI 6N RIZ. BH
WEELABEL TSNS PR EBRICOT L THEGF 22 EZR(S-TN : Soluble-TN).
BETZUCEZTVERBAR(S NN, BIUHEGFHBEAER(S-NE LE, 512,

s

=

BB LELOEDPSEHRKSYO 2EAB(C-TN: Cell-TN), P EZ7VEZER
C-IN), BAUAGHBERRRA(C-ONV L2, #HADHBM I anoi-N/L)&
L. FLT. BAWNKZEL TYHOEGEMBRER(S-ONBL NAGRBERZ A
CSNH - XD kA REAS T EIK(C-ON, C-NHa-N)icEfiah -2 2R o/t

FELTafrLre (K3.2-6) .

3.2. 4 #£28
1) FRERABRY P2 I E T — L RFAICELDRNER
a. RVER CGLIEI T DR A
DEARRIZE T 2R kFREEHR ORI
HORMERVER. LB E FRKREERT L U ROLE M (BBRAK) 2H L RN
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KEAEERERZR3. 2-TIERT, SCTCRY TPV EEYEDDOKELEER
BV (*-H/(n® BNy FRRICBIZIEEAFBNISERDOEENME TOF
PKRKEZEEEREDOR TR R E L 2 5KEZ L ERE (EMER : Effective Maximum
Evolution Rate)Z2 RLTHD. HHEBIEMICH T 2BMHMRZ K KREERE IR
NWZEICHEIRLEVL, RICAINF2,1340J/(n®*-H)» S5 10T/ (0 - H)D = 2 )V
F—EEHNLESAEDT TP L AEBETTICKRENREZRELEY 70K
BUY-hoKEEEERE V(N -H./(n°-H)) EIEHAR Y ) ORBREZRO B
KT A2V F— [ M/ (0’20 TLlewisKEYTIIDEEZ D, KELEEERE &

LTUATOA R/,
V (No°-H./(m*-H)) = 1.09 x tanh( 0.0018 x I ) - 0.19
AL b, BEYEDOHMER: o= 95 WJ/(n°-H)

ALY =D OKEMEBEE : Vo= 0.19 No*-H: /(n®- 1)
BB DR AKZEEHRE © Vpax = 0.90 No’*-H:/(n*-H)
Mo rEd N2 LA, E-KREEHRCEI X ANF-LEIHALTIDD 72— X
BHoIehrhid, §hbb,
. ADVBREHIANTHWTOKREPEEIRRL (KEAHEBPERE LEboTL
%) o
. ¥ T2 FEKEELEEIT YT T 5,
[T D EM U CKEAERZFET BICR S,
D3P 7 z—TATHib, ¥, MIFIL.OT7Tz-XTHZINF-DBELOOHAED

KARBGERE 224, NEIEBRYZSHETETH 20 KEAZXDBEFTAND
AEHEEBRERIILSRNVEDICTE20DCEF, PROVBLUIUREIBEH LA K

FHAEMKSIGTLZILDDETH L, MTRIAFROFEEERLTWVEH., EBOD
T2 TENAD A KEEBALRVWOTKEEERER A FRATRL, Bl k.
TEREBRE DY L TIROIRS RS, KEERs A LF—Ic L, [.EII.O7
T—XEHF LR RANF b, BB, ILEIIL.O7 ==X &5 5 A0
PEMREDH ORI BVTRO - KBEEDEBRNEDSVNRAELRSED, IO
GIZDNWTIZERICEMz2LRT %,

LO7x— A TKRBEALEALBILToRELTY, HBEMICL->THISZ
EDTERVWKREEHEORKED Voax TH 2, 27 L. TITIEHRHAMAEICL
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ZKRELECDERTHPEISRVWERELT WS, /2. CITHRIEBEYEDDOKRE
AEEERBITETIE., V77 AORECEKBEESAEN My —HPREE
RELTHEY, ARNRPEELBIKGFEL-HEREBOHK ) 7 7SI ZDE £H
ATszeldTtEnrneFEIONLE, FEROBITTRI 7 VIOHEE - HESIZ
LIOTHHRKMHEMNER LD, BSAMTONBEOS Y- RY., BIUHEELRK
ezvRedT2AREPE. CCTRY-HBRDOADHETRELBITEL L.

QBRARRBRIZBIT DN —KKRLEEHBOBSHE
FEHRBRIDBoOIET SR AL, BALEBRTCOERM Y P2V ED 2 —-VIZH
A2V T7 Y HEUE DD EIH I ANT—HEKREEERE OB EZRITL
BEZberD }) 77 BITEZ2EARRT —FIE2ALPRL. ZOMEAOEE Y -
DON-KEAEMBELEHEBUY DO - KEEENBRICEBRLAELOEFE > THBL
7= (M3.2-8) o BMAFUTIZRTEBOTH B,
V (Nm*-H:/(m*-H)) = 1.09 x tanh(0.0018x /7 ) — 0.19
IIT. ZAERBYEDOKZFINLF—:Is (J/(n*-H))
SZHEHERUEDDOKKREEEE : Vs (No°-H./(n*-H))
VoY O%NERK: S(n*); HHEEE: L(n®) &335&
D77 45%%E :h(n)=0.050C&H % »5
I =Is xS/L=1Is /h
V=Vs xS/L=Vs /h
Vs /h=1.09xtanh (0.0018x Is /h) —0.19
- THESSenDERB YT IOV ICBITHHEBE LD DN —KELEHRIT.
Vs = {1.09x tanh (0.0018,0.05x Is ) —0.19} x0.05
ALb., HEIScnD )7 VI TOHEBYUED OXHEEA: Ic =1.8kWh/(n°-H)
MIZENRBROXIEFXEFRXKETDSen) P77 ¥ ICBITE2KEZFLEXEEANER
7Oy MLEDBDTH B, B, KBEYUEDOHZFNF - T (J/(n’°-day))
FBMBREEON T AN F—L LTRLLAED, ARYUEDDHTFILF—]s
(kWh/(n*-day))iz. KE&F— VDL XHHEBIHLEH I 2 AHDIIHBE IV X
A2TWBHDE L. £l KEFERBIIZEREBOKEAZIBICHEL TS,
AARICICcDDERSI DY 77 FEDNTHHBEEZVOKRELEXEZFAREL. MT
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L7 (38.2-9) o
BEE3emD PR 775 TCOHEHMY D DN —KEEEHMK
Vs’ = {1.09x tanh (0.0018,/0.03x /s ) —0.19} x0.03
RED. FE3c0D V72 H COHEM YD ONMBA : Je =1.1kWh/(n* - H)
TSI FEIDVTIHEDVTHHBE YD OKREEERE 2FRICEREL
Krd % (X3.2-10) o
WE1L cnDERE) 7O TCOEHBEYED DN —KELEEHR
Vs> = {1.09x tanh (0.0018,0.01x Is ) —0.19} x0.01
ARLb., FXlep V77 TOHEBEYNED OB Ic =0.36kWh/(n°-H)
lem, 3cme5cn Y 7275 ORME & LewisK 2 AW FHIthREE®E T Z L. 20
DELE2EEHZ230D. BRELUTHEIIROVHEEMIEON =, FI 2. EX5
em® )7 I H TR RIFCEGWKEEEERT LR, SHEDOHFTEREIZL D ARE
FEODKRT BLEEROEILGVWI P HAMEAZRALF—DLBEPSERHICHES
hb, £, FEX1lenD ) 727 % CIEERKERFICHR O EE. 2kWh/(n® - H )i T X
MEREILTLED, BARCEA - KREBYEBETTLII LS FTRIN S,
COLEESHMOIVZ2HZICBT2ZCER Y00 - KkREERKRE, V7D
YIEBULEDON - KEAEMBE L TEED-L0EK3. 2-11I1CnT, BA
HEBETHON-HAEEERICEBENEDTRITLAELZAS, ERNERRTHELOALK
U D DN - KBRLEMBEICIEE B LE. 22T, BARRTOKESEERH
HETIEABMEBIAUTOREORICKENZERE LRG> 20, XAHESALTET
BEhZ2ESI0caD ) 7Y TDKET v T AV DHENTERP>E, 2. B
B HBROUEZRETCOKELERERNT — I DPHENFOMENH D, LewisA 2
FOEFHEAT A EDNTERDPO>E, L2 L. #X30cnD V77 & 2R <ES Len,
Jem, SemD ) VU A TORAFEAE R R/ “REBECIDVERMLLELEI A, KKHYE
hDOKEFEEEV (No*-H. /(2 HDELTUTOR G, Mo HKRBEYED
ORZTFNF—MITFEDPEAIZBNT., EICERBRIROKEEER PP RKED
VPO I TORBEEEILEEFHTLS> 260 LRI TELE,
V =0.0013% I —0.14 (=7 L. 109< T <500~700 MJ/(m*-H))
ALH. Ic =10MJ/(m°-H)
Vo =0.14Nm’-H./(n’-H)
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COREBEBRELLOEEBINT

C/Nitz2 -0 ABE2SEEL (AL RAGLEOXx 1. 5, X2, X3,
X 44%) UCTIONJ/(n® -day) (AL KBS %7.7kWh/(n?-day). UV 7 7 ¥ % X 3cn) R
HIANF-—TORBROMR., KAREDTH L KEHNR, BIERARK. EAD S
L, HABEOHEMP - E L, BARKBENRERBICBIZ2ERBETH
228/l o4g/LIc Lz CHICH LT, KEAEHBRA T --HNERI R
= (I¥3.2-12.13) o ThIFXBEAEFOMMIZHE N, KRERET > v VDO EEA~AD
VuTFAIDBEALRBRTCHEEEIOND, BRBETHI I NVY I LB SHE
NOKEZEBEMAZHEETS L. UTDLDITH B,

C:HoNOs (7 0% 3 U @) + He - CsH-NO: (BEAHEIRR) + 2H.0

LD ADISKEBRBOWMICHE N, KEERE T Oy VORKANDT v 7T
17D RREINT,

T, KEARBETHZ2ABOAEEMI B GG (XX R Z6LEMDOABED
HX 2, X3, XAE) IOV TH R RN F—=TION/(n®- TN TEEREIT - 7= H5
HAEBEIE -ETHormics b s 37 KR EEREIZ580ND’-H. /(n° - H )FEE T
Vo BTN IR, o, L L. ARBEDNIFORIBLWT TRV F—
22,134MJ/(n* - f)ICETcME L2 A, AXREEFHEIZL. 18280 -H. /(n®- H )i
BMAKLE. LENSTHARBOAZEMEGTTE, LRV F—DKkKELEHER LD
FHBRE LS. EHOBNAFOXZEKAHEELIH ARV EDBRBIN
o

C/NIEDW--EoHAEAMCBANLEZMITLELEZ A, 3. 2 -1 21ZnRT L
Bbh. BREPHIANF-FEIIEDS T, RALLHEE - AREZLADITIEALY
ETHRBICEBRINTVWSE, CHRREEIT>RRANZIPKEFEN LT KREL
R bMATH S,

Thbb, CLIEMICBTZ KEAERNE (X3.2-14.15) DRAM L (43.2-16)
LB RENLZICBOTIRBALAERREDD BEMEKICH ZHESE 3, S 4 HIF
YT THD. ROMS-0C (AHEAEBIKE) DR PIC (EERE) CARIND
PEHATANF ARG T Do COMAIEKEFTRN L OV TEAMTH Y. £
FANVF—EEZTHEEEMO 6B KEERET o P vy VDR AKICHZ ZEED S
FT.RBODKEERET L v ADKEHARIZRDDEIERAGEEEIC R 2T R

-220-



WFE—IZKIFT 5. LU, BRANICODLVTRERBECHDLSFHBICRALRLSA
B BBEZRDIELACDEEKIIEBINTNSZ &5 (K3.2-17) « HARE
DB/ KEZLEICEL, UTFEIDRKRFERIET S,

CNETRBEALEKRERBEAPS ENETOKEHIDBEESN L D2 HR/E
BEARKEEM AT > 2+ )L P[Hydrogen equivalence (eq-H:)] & L. KFEILKE
(Hydrogenation) B R IC LA KEZFERBIIAESWTKELEEREZ RO TV, C
NIZRLT, BEMCOKREFRERICIDVEEDHRATCEEKEHNIBERBRNE KK
EZHEBRAT v P leq-H: ] & LTHIELTWED. ZOPEP O MHBEBERIZEA
HTIZRProle B2, GLEHIZEBNT, Inol 0B IZHRKICIEbnolDKEE E
FLETTHLN. EROCEH AN —ROREETIIOIRELLEESNT.
EREBHIFEARCEABHINIZIIDEEZONTWE, 22T, HAOEBERZHLD
TWALDDERIIEENTVWAIBEDEBTHHERETSHE, 3. 2-18KR
TEOIRFBUEDNEIOND, Thbb,

LRk () WEENTW2BEAREAN. ZOEHER  Ns(nol-N)» 5 KA

MEOFEMEECH N L L THABRORKIEHEREZHET S,

IT.3898 5 0 FARM AR CsHA N0 & B & 2 ZH. 8 :Ps(eq-H )23 E 9 %,

K EF &R

#FEL LT 500 + 11.5H: + (N) - C:H.NO. + 8H.0 : 11,5
EBREZHEDH : CsHoNOs (I NyIvEE) + H. —> CsH,NO: + 2H.0 : 1
Ty EITHESE & ¢ NHs + 5C0. + 10H. — C:H.NO. + 8H.0 ¢ 10

CITLBEK (i) & ENn 20 (CHEET) :Pi(eq-H)icDWT
Hydrogenationz4riv, 8 & U THBMNE NKKEERTT > ¥ v )b P(eq-H:)
EiET 5,

P=Z(Pi)
IVORIR LA 0 5 RO KB ERETY Dy LEHET S, COMEEERNE
RKIKBEEWAET L v WP TR LEEBDIFEE -T2,
P’ %P —Ps
B, COTHOLAONABRAR, RAFIESICMEDCL D RATERZRS & L.
MMM IIRAL T2, ZOXIICHEK () IS Fh2BRK. RAHFOD
KA EFOEDPSKEHZE LTHETNRRERBRPHMEEHELE, EL. 22

® OO
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TFHINEP EATANF D+ HMRINEBEOLEERTH D, KT RV ¥
— OB BIIL o CTHAREERICOMBEDETT 20 MR, SITRLEKHR
AUFORT RN F— LSRRI NE, KEA IR BT OKEERKT >
S VARG EBIRTLEN., CAEFY 729 b MEE LT E KRN0
EEREO LRI ENABENG,

RVEkEZAF T2V BEKTDIBE

RNT, BV RBETEIP SIS ERT 7V EBKERNERLE LT, E72 705
—DOHN-KBLEEHBANORE LRI Lz, BEHBRIAMILEZORT 7 = VEKIE
Eif B T BRAEEREETHLD. ChE2AVWTERKREEERS -2
DWW, BHARYLEYORBRREBOERN LIV F T (W/(@°-H))IINLT
Lewisz2H T THEEI A, ULTOAEHE (X3.2-19) o

V' (Nm*-H:/(m°-H)) = 0.99 x tanh( 0.00054 x [ ) — 0.13

AED. KHEUEY OSBRI = 250MJ/(n*-H)

EELEDDKEREEEE : Vo= 0.13N0°-H./(s*-H)
HEIFBFO B ANKELEESEE : Vipax = 0.86Nn°-H./(n®-H)

CLISt L RIEFEART 7 c VRKELRE T 2L, 2E2RZBERFFICEVETH
h, BEBRZXOFMUEPLFRINZEVEFBEEIZ28/LERL XV TH o, GLEEH
L BF =S L VEEL LewisXE LB U TEREABBEIIHRTZKRAT v 7T
A 7FIEEAEEDLSTIC. KEALEIDRARAZANF—DADBBRT LI LB
Pho ZHIFCLEEMBSIBERTH Z2DICLART, AIEEART 7 = v BB ERE.
BEE. 70X CBOELDIEKEBERDOEODAGHREVRFE>LZOP, .
EBEKPTOECRFIIZELDABEBEDNHEINZEDEFEL SN,

SMVEE S Gl T ooig &)
PHB AR GERIBM T H A2SMVE Z B LW COLIE I BIF A KREEDOLLE BT,
LewisR 2R WTHBUEDDOKREEREZBIFLAERE. U FToRX% B

([3.2-20) *,
V'’ (Nm®-H:/(m*-H)) = 1.11 x tanh( 0.00085 x [ ) — 0.12

AL b, EEUEDOKHER: 7 =126 MJ/(n*-H)
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EEY =D DKEMEEE : V7= 0.12 No*-H. /(n*- H)
KBIFE DB K KA EEEE : V' max = 0.99 No®-H./(w®-H)
CHIIRVERIC L 2 - K REFEMRBEITTIEASROMEBMTH b, MSVKRIZ BT 2PHBE

RIMENZ X B2 KAHBERBEEDOHDIZBD Shah o, BAKRKRE LTREE
SMVEk OPHBH: EERER 2T >/ & 2 A, GLEHMICE WV TH T RV F—D82,134~107
MI/(°-H)DIE&RMETIX. RV OPHBEM B II B KT & 100mg/g-cellTH > /=
(X3.2-21) ¢ ZOPHBEREBEZKASEICHMHE T 5 &L 18neq-H:/LTH % H%, GLEEH
BT DEEIEME E1E200meq-H /LICHSLTHED, SEHOHERZHTED LD LRV
PkOPHBE E LDED - = - DIZSHVARIZC BT 2PHBER ZHH LT H. KEHBRIE
HEDOH LD ED REDICKEEELEOEMBBEN I P oEbD e RBEH
Zo

3.2.5 E®
(1) KEEEIZED 3 RGET ORI
A MERVE P L OSMVEE W T KEEEEZITo . COLE, HARHBR TS
v BRI 2L LT, RIGHTHEOYE &Kt T 2V ¥ — DD & 2K 2 KGO EST
EBERICIE T2 e afETh 2 L EZIOND, ZOEDIZIE. 9. BRRE,
SHESNEHERBMOEDOKEASZROBHSLEL R,
DKEHERBY A Ta. : ABE - TRLF-FRE
FaMMEIREAR () P EN2RAERERDIFLACELTEME>TH
KEHEBEIB TS, COEDIKRERET Yy VELBETZERELE. &
hET. KEAROAMATERDRINTHEEOBMEIAD Sk oI D5,
MTFOL I, ¥ELBELT LI RANF—HENOKERNEGHEEIN S,
HKF K : 5002+ 11.5H. + (N) — CsH:NO. + 8H:0 (AG= -2 kJ)
Er. ADPBORETHERTICESDBRHEIA T S, JRIIKBAICR D HED
SEAFOBTADVEORTREIRTWELEELI SN,
JNa—32 :6C0:+ 12H: = CeHi206 + 6H:0  (AG= — 2 kJ)

QKKFEERRE : P AR
EEDPEESRETS FOKERERR TP VEERL, Az x NV F—2FHL
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THEBIE DRI LI ETHAMERKEEAET Yy VEEDHLTWS3DE
EZX25L. LT RTAKBMERBRADLDIIZ, CORIGELANETIE D20k
TRANF—REDET., FADPSFTIOHHTANF —EME Z2LENH 2,
[. GLEMIC BT 2 FERKRERKIEGEE _
Lactate : CH:CH(OH)COOH + 3H.0 — 3CO0.+6H. (AG= 51 kJ)
[T. REKELTRAF 7z VEKERLELELZO TERKELERRICES
Acetate : CHsCOOH + 2H:0 — 2C0. + 4H. (AG= 75 kJ)
Butyrate : CHsCH.CH.COOH + 6H.0—>4C0. + 10H: (AG= 223 kJ)
(Propionate : CHsCH.COOH + 4H:0 — 3C0: + 7TH. (AG= 151 kJ))

QkZHBRIEY A Tb. ATE - TRxLF-HEER

CHRIZNLT., MEBOREBIZHLBLELIIC. KEISHMEZ LR T 24
RIGHBEHEIN TS, 2O 1 7b.ORIG. ThbbkEIPAHBEEERT Y
1 7DOKZEHEIRIGTHE., RINVPETTHHEB/CFTXOEBHEZANFTF -2 RHT S
DTHPABETHD, A NVF-BEBUOKEHERLTH D EWVWZ %,

2C0:+4H: — CHsCOOH (Acetate) + 2H.0 (AG=-75 kJ)
3C0.+7H: = CH:CH.COOH (Propionate) + 4H.0 (AG=-151 kJ)
4C0.+10H. - CHsCH.CH.COOH(Butyrate)+6H:0 (A G=-223 kJ)

Fr. BEDSBEEREZHETEIR. 2N BROERSADONE, THhE T,
KELRABEZ QEEMMITNIEKREHECHETHSOTIEROVIEDHHGE H - = D5,
HEBEOKH R, BAINZH T ANF P -~EOFETRAEOAEWMRKLTE., LRI
RTLIWE. KERF LDy LV EHBT2RIRNBEBEZI 22T TRKAEEICED
RS RWI ENHLEM RS,

€0:+ H. -> HCOOH (Formate) + 2H.0 (AG= — 2 kJ)
4C0.+7H. —> HOOC(CH.).COOH(Succinate) + 4H.0 (AG= -130 kJ)

DOKZHBRIGD > B, FRGHRICEDLZIORIBRBICIKEFEL. BHRKVKEE
WAEF 2 v L (P) S EWIKICI B (Ps) & E LGV ESRRKZERBT > o
TIW(P)ERAHIEVHERINTZ. QOKEFEERIBICLD VT 7D oEESNS
KHEZEHN 2B (Pgas) L @D KEAFBER I LD ERAEB(POHEOHFIT N FVF
—HRELTED, XAV F-—B oI TWE Y P75 TIIKEA R A
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(2)

EN2EEHEL. KZFAVF—DPEFLTILZLAIERARBEOR G RD,
KEAZGEEEN RS RS>TL 2, ZOKEHNZADHEFHIC E Lewis X2 H W
KEY7ZDDON-KBAEEREMBICLL2BIDPEL TN, M2 Lb, £7F
MBI KBEERR T > Y vV SEKICESKBEERERT o v VEFE BozR
FUUYIURLEISIIKEHRELTHEINLZAEZSIWEERDDKBEERKRT V¥
vOUD, BIEREMEEE LT 77 Y CRET I PRI D,

P> =P-Ps
Pb=P-—Ps—Pgas
Pgas=f (1)

COKAAROEEERBEERZANF —OMBELUTEITLEDS D DLlevisK &2 A
WEEE YD DN-KRFEEREMBCH L. eI nLewisA» 5% 5 ZEMER
CLTOKERFEEREV (eq-He/(n*-BNEHWD &, U724 NGB HRT(H))
EPL V ORICIZL T OBEBMRILT %0

HRT<P’/V

ErELU. FEREBONTESTHRITZ20EFICR2DIE. 770 —FFI10002 LTT

Ho, EBIZ7Z 70 —F RE FIFTRIEHRTIZP /V L h RRNhETWEE R S,

H-KFERMER LD TEEM
3. 2-22 50Kk ERISTHONLEBEY D OX-KERLEEMBOE

fEE R L. RV EGLEEIIC BT 2 pRlldh 2 A RKIZE L R & RO LD RrlgEMD

X6 b,

D I RAFEHEOLAGS. ABSBELRBORRIVHEET 2. kA
D7 TTFALIBEELEODKEHNZIANEDZHDBELT B,

@ A AEADPELI oD, EEDHydrogenationd AGH K E W4, Bl iLIE
FARTF 7 BAKRBROBRLVEEET I L. IO AT FNVEF—RBERT 2 K
CRIXERT B,

Q@ FIEMDPEABICLIDLKELREFT L S P LOMBERS LA, PHBE MM
HIEBOERE VT2 L. KkFELEEHRBOERSKEREDFMIZL T M T 5,

CALEEERELDEL. UTOLSRMIEENET SN L,

T BERZOZ. KREEBRTCORHKEMEEZER 5,
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@ KAEBAEZVITLIWERL. REORAKNERZHO L. KOMAEREZ LT %,

@’’ HydrogenationTD AGD /NI WRHEDODHBEEEZ 5,

Q@ TUTTFAVERIMERERFELTCBIRISENZ %,

Lewis AICESIFIE, RV 75 A VP RVWESORKEMMBEFHRAIGEE 25D,
FOEOOREBLUTIER T, £/, RVKEGLERICBITIZERST YLD 77T A2
PRV EORAKREBRY K  knaxz it H L =0

KB Y7 b dLewis : V=axtanh (bx I) —¢c &LT
kmax=a X b xsech2 (b x I)
—aXxXb (at I=20)

RV OGLEEHIC BT 2 a=1.09, b=1.83x10 *TH2ZH. ZhigV »
(n*-H:./(m*-H)). Rz x NV F-—M/(2* - UNDHFETHH. ThiiX-—KELBRY
L LUTAHETI2EDICEKADKREER T O ML R (285.83kI/mol JICHBE LS
NiZhehin, FIT, BREREBONX T ANF -S5O KET RN F — LA KIILL
FTOEEIS2.6%L o,

kmax=1.09x1.83x10 °,/(22.4x10 °*)x (285.83,/1,000)
=2.55%

Tl BEYEDOH-KREEERESE £ T LewisA Do HEYEDOKALEEMKR
EAHTIE, CRNETOUTIIMITTREZEISARPSEHEY v TDFEEE R
bNhb. Db,

KR Y 7= b DLewis®k ¢ V =axtanh (bx ) —¢

P, a. b, clFlevisRITBT 2 EH

KL D DKELEERXRE : V (eq-H./(m°-H))
TEEYEDORZEZVF— T (J/(n*-H))
FHEE U O DKBRLEERE : Vs(eq-H:/(n*-H))
ZHERUYE DO I NVF— 1 Is(J/(n*-H))
ZHEBINTZ VT I7IOES :d@ET %o

B 72 0 LlewisRICEBRT B L.

V =Vs/d B, I =Is/d
S Vs= {axtanh (b/dXxJs) —c} xd
THMEEU DD —KBEBEE  k =285.83%x10° X Vs+ Is
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FLGAARALOD YRR AR UM IFHENTHERLAALQAYTOEY
DNGHZBHCNRE WA UYL *TRLORANEPFIN—T AT G4 L0 TRMA
OV OWZ AWEM "L L) LOIVITICTOD YU NELRRIA—T 43
&440@&i9@§2mﬂgﬁﬂéf%%lﬂ?29@@%@§%&?:%@%&%
WP IRYM - B YR CGRIMEIRI@UC AT INBWHU IR I VB CHEY
DRIXEH G RC CYRLORAYNICLRRHBIUECET IWHBN IR 2T
CYRRYFALAUY ZHENHEQ &4 L (PUVET CHRENM- YYEZRRE
BOREYRIVIT ‘4 4L (FEHFDOHRVWN I — AT K AN BB IH L 6 Xk
°g Y
5R0CLUEY 2L OVBNUYYRCIIRNOURNBERZ 4 ¢ L (1 > i
BOYEHYINHEE RN Y RN 2L 2HEINE N C PO R > RURN DG BB Y
NMUINEABSACT IR OMHUR I MGEY (L2 IR HEO HE
~Z¢LdH WYRIEEOR LYWL HMAR LG AL EQANHG P
WX INMG YU R G4 L0 YR IBUHRURLEE LN MBI >
NEREEHAFEN AN ALEOMER LD AUWHN S 4L (OF "HUUG YT Z R
MEBEOE 4 L0NCTIRINENHEOUEINEE QU G AR EHTE 2 W

CHRA- =

Y +:0Tx€8°G82x {20~ (YxQq) yueyx ®} =

(P/SI) +:01x8£8°982x {2~ ( (P/S[) xq) quesx e} =3

AYER (- 2NIWE) =P /]
CCT QMY QL YTR
CERHBZEUANVFEUP L NVUNIUD “RIYCAFEYS] G T NEZEY N
@ NN CUCYRGN G ES R AT F G OEHT D ¢ LR YERW T LR
ARG RQOEEHYENN>UIUD *CRN2LNOFRINZA WOKEHELT 9
GET "RIYNVEEUSI GPABYREL L L0 "RCEVL@WRLIIPIZDP
NCPOHSEE () w@HTEN -H PR3 (5]) BHIITR "GL2UT@
VILNRIJEE (P) RRLNIAHERMO &4 L (KU Y TR3022UD

(P/SI) +.01x€8'G82x {9 — ((P/S]) xq) yueyx B} =

S] +:0TXE8°682X Px {0~ (5] XxpP,/qQ) Yueyx e} =73
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(M) B BARBRIBISZRAOELFHLVWOIAEEERIINL, ChETREH
f)(passive) TH > AEKRY 77 &2, EEK (active) RAIRME 52 % 2 & Dol &
é:f;cjftl\%o

(3) BHRLEBEZBBROKESE
AIHETRPMER I AN F—OBRE I XNTAEGHRMERVEBROBHE L LTX
HLTW3, LhL. UP2PERELTVWIbI TR, VP2 Y BRETHRIAMM
EONAMEBEZERLTWA L+ EZIoND, 220, HAEEDILH I RHiE
WARERT, E2TNIEALERMEOEMOEBR 2 E. KELELz#MEI 20 %
E£Z %o
BWIKENSEFRE LT3, 2 -2 3ICHMHE9I8)DEBRLANIERBREDKESIE & X
YUONRECEGFEBE RLENEEZERLEY,, CONZ. REOMAEDLE LK
IANF LD AY U EREDPRELTCHET DAEGRANMEEINZ VWS DT
HHo WILEAWE. HA2BRBOHAGOLRBICLINIEIAI L EZEETAHI PR RN
F—HBUIBEDPDVOWREDREH D, FLARLCBHMEYDPREELTVWTSH, FDS5H X
YUEREBENBENIIERINZ LN I LIk b, IS DORICI AT, HEdhs
KEAFEZRS>TWS, DF b, ZoMO EBIZKESELIatn=1atnTH b . KkEE
BEICBEUEREERDZAEENEZ 0N, CONOKBMIE X 7IOHEHAT XL ¥ —%K
RERSTEHED, Lo~/ F 2D, FAPSZANF—EMEIRLT
ORIEDEATT H2MAMMEAEC LI L2 KEEEFEETHY., Lo s 77 /B EFD L
IRFAL LSO ANTF @K ELEL TI2HERMEOKREERTI & R 5 AT g N
=W,
CCTREDDIRFhRE RS RV E. T2 7DIFEALEDHA 2 HO S KENTE
PHEVWZIY 7OFLETH D, CORFPIBERBHEOKRICKEZEZEELRW I VT
BEHEERSTOVRAIERMEDSH D KERV T 7IRNEEVWTHKREEFED © KHE
EEEFE B SEEPERTAMBEADNEZIONE, UL, U775 ADEEHK
RKFEEREIBESME KD LD ICERLEE/ ERYREAE R TPNIE. KHEEE
ERENOBRENICIEDNTELLHNFING, LEDST. XY VERBICL2E
KMEBMEMALLELIIC, 2T LOMPBREFMBELRITE, TXANVF—LEHD
BfRoar o —LEERBLTWIHTEKAEREZESBEE L TLENRNNS FHE
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3.

3.

U7 IVIIBETELZ DL FREINRE Y,

2.6 F&o |
BAEROY -7 =Y 12— YAV THEINEGHYE DD —KEEER
iz, BARBRIZBONTIHWD Io -,
ZEBILIOVFEAEAEMBIREL, UTOADLSICZDHDOHERAT L ¥ v )b
EPHBLTW:,
C/ N +H.—>CsH:NO: +mH.0

BRFEPHEGORMICEI D, BAEYUE DO N - KREEMBRITIELL 2. RVEE
GLIBLIC THWRE EE, L. P9 7T A 70DIFEAYERLICT A ENTEN
EH-KEEBRNEIRARZAETLHTELIDBDEARI N,
4. FH. RE. AT AVXF—0FRGES5ZIDZILT. V70 7DIRRDPRKEZ BIMH
ERRADPSEZETIENAGRIIR S =,

—_
.

Do

%]
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#3. 2—-5 HZ&%FF neq-H:E= L] 2O T

[ PATORAED 1 = 3 [ e ] < H, Z B HH)

kKFBEFZEETOEET
B RASE e ro | EEHEIR
7D E# ‘/@ C3H6OZ + 4H20 - 3C02 + 7H2 7/
E%&* C4H802 + 6H20 - 4COZ + 1 OHZ 10 @ﬁﬁmfgiﬁi}iﬂ(
=R CsH100, + 8H,0 — 5C0O, + 13H, 13 (* iso-EBHREIL)
A7O # | CeHi,0; +10H,0— 6CO,+16H, 16
7L.B& C3H603 + 3H20 - 3(:02 + 6H2 6 —QG Lﬁﬁ}il}(
)aA—R | CeHq1,06 + 6H,0 = 6C0O, +12H, 12 —RALIE T2

<RBKICHEIFDITE> [ wpnm

wz |

¥ETE Ti5 Bk — HIIREREEK SR FEHEEK
(& )ba—RPE) BEES - BRER BEREY
_ . BRIk G LIS FTEREHG LIS
<tREEFEKIC L DR EEER> = P
KA REHDRIEORESD i BEER
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strain SMV (PHB negative)

16
140 F M 3 7
| (MJ/m”/day) # 14
= 120 L —* 1cm(2134) 1
3 | —m—3cm (711) 112
B0 150 L —a—5cm (427) :
% L —%—10cm (213) 1 10
o § 20cm (107 T
o 80 —e— 20cm ( ) ] 5
E ]
= 60T 16
b - .
= -
S 40 [ {4
m ]
T 20 {2
P - -
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Time [days]

K3. 2—21 RVHESMVEKRIZEZAGLFBHTOPHBAEED K

PHB content [meqg-H2/g-cell]



Apparent H, production rate

(1)

I-H, P curve

Light energy
=

/ Predicted shifts in I-H, P curves
If...

(M more N is available

“ @ less light penetrates and/or a substrate has
( ) greater A G for H, produced

3 less Hyis required for cell and. or by-products.
svinthesis

3. 2-22 HABBESHCZIBZEBYSED0
IKFEAEFERAR A D B
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Gibbs DEHR I XILF— (kJ)
10°60 40 20 0 -20 -40 -60 -80 -100 -120

107"

@ HPr — HAc @ HBt — HAc ®x%/—N—HAc
@ B8 — HAc ® CO, — HAc ® CO, — CH,

@ SO2 — 827 SO42"= 82"  @HAc— CH,

0 s R T O HAc FIA

K3. 2—-23 BHIUELEREOKEDTE
(FH 5 (1989) » 551 H)
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3.3 TXBRERLBZAAMMED X BHBERIN

3. 3.1 BAOEEZOEMHRLEBHEICIOVT
TREEOHANEEBRIIZAERBRER,PS. AOBRMEOEB L LTHL WS 2%
WELED, Dv b BOMBMOBOVICL A2 KELEERONSYENH D, DBV I 5N
MEFE->TWS, CORKELTIX. KEEEBIEIEL A M7 EZTHREL
THWAD, KOy ME>TIEEBEEEDNLE . KEEEICLEREBBEISIEMEIC
FHHINSEWORBERADNH D, IHIRABZHETTVWELEO. LBEEAMEDPEERKLD
TENWEOHER DD, ZITINSEMIRT D28, AU FEW OV R LHE % H A
EOTHET %,
(1) RUBEBOEERNDS LUBERFORE
BUHERENE L EMERLEST 2720 474 MLEREEUH D L @MW AE
BRI L7,
a. REBAHE
ORBRKBE
HTZAAZ L (950x500mm) (I BRARWEMER (& 7 7 35ME KX-T000) % 500mLss 3 L\
R OKLTHWBBEM L. £AEMICE AT ZIASLOFAM S, > 7 (EYELA
RP-1000. ¥V a > F 2 —704.76x7.%4mn) THI< HEEH W,

QB R FH
Fid By 72 AOWSVIE (@O H#HE =@aKgn’/h-1Gtx &n’) ZMHRH(SV=
2.0, 3.0, 4.0, 6.0)THWEL . WHEZIZ /L 3a>aL V¥ THRRL =,
777 vary--AKEN20DLTITw., FhPhER. A8BRE. 22 R8E. ¥
N7 BB L TOCEE 2R L 7o,

QAL
1. FHBRERE
N7 L : SHIMADZU Shim-pack SCR-102H

7 LEE 40°C
& 1 A cp-hP AT U RIVE L 0.951g/L
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]

REIRY cp- Mz 2B 0.951g/L. Bis-tris 4.185g/L. EDTA 0.029/L

i : 1.6nL/min (¥ 8940 - 2 =50 : 50)
K 2R D R B A
REREE

SEEE (VA X THEEN YD 7 L 15g& NaOH20g % A B K500nLIC A L =& D)
EEUMBBEECHERLET > VEERA L. 121°C - 30ind A — b2 L =TT D
FEETHROY L T VinLE BEKE (L NI VRYE ERBIHMEB AL L
M%) Ssnlz A LS nRIEHMER. WES (2 I VHR%E BERAS
HC-1000) ICTHMBREEZJET S, BonEEPS TV JEZELIGI VLR, &
REZHITIADERBRERE L L,

.TOCEE

BRI AR L =Y > 7))L & SHIMADZU TOC-5000% AW THIZE L /=,

N EERE

Lowry-FoliniEic X bW ¥ & 17 - =6

BE

AR A X D 430mmO W E RZHIE L Zo

HREEE

AV DOEIETH T LABEBEEITO, DisonakT0C, ¥ O NIBEEEE 72V V3
CTHELEER., CO DoEREFECII MR E/MS I DD o2
(3.3-1) ¢ TRIZHNLTLBEBAE(T-NEftho =on¥EgeEirb, BWHh7 o7
varmpe R LMK (25%) 2B TWE, £/2£&3. 3-1dXbh, 28K
WAESVIHIC B d, 3 - OREHMETHL2Ien s, TOCSL D 3 AR
AELEB LT MRS ULSRERESRYETH L B PRI N D, KA
YL NEDREEISNELTEILICLD. ARREBEEPRDLTEZEFHELTWE
B, TOREDRSY NV BEUAOBRFENRBRBRICKEIHESLTNE LD
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ah o,

WMERRALIEIE TR BAModRE) TAKELEEROBMOMS 2 QEL LE2EHRE
EORM, 2EKELTWS, EMRLHEIFRAS RN (SVE/ME W) FEZ04RIE
KTH LD, HWHREHPRR2EDV AT LNEDE FEERE, KEEELCFE
REMBEOREI T TLEI, BBEARCIIFB OB L T FEBRKE N (BUKMED
W) 2D, MEBEPSEVEEMRIIBREINLZZLNER AP DTS,

RICKEEZSY, M EEE (Diona) ENRELELEZ S 723V HTT 7%
fEER L 7= ([X3.3-2) o 2B HRBESSVIIALGEIRARVWED, LEAMERTEET
PEEMHERANTI2E. COV 7 oSV=800RICBMEHENGNI EDBHH
ofe TNEDEMRATLEMNEMILBEROUIPEMG £ SV=3.0ICHREL 2,

(2) BHERLBKIZEZKERLEE

EMRLHICIDEEPR2B2RABEICHEDRONEDOT, REIZWLEKEAWEK
AL BERAN L.

REIIIEVERLEZ L TR VAL EE RN 2 L AL REREEHRE L. A
DHEKREZEZTREALLEZBDEH O, BSWNICTKEEEN Yy FEREITD ZLICL DA
MROHMRERS L,
a.REB A&

Ot Bk
Rhodobacter sphaeroides RVik (BE/KEIEE)

@i &4

1. RIS ® (1B%)
2.0nLo W LB BEMAEZ FadDEMA T4l U OKBRBICTHEMI L, K
WTHHBTTLoRA L DEBEEZH W, ALKXKSENTICICTHESELE. &5
BN RERE LA A PLE L, M7 > =7 L %20.55g/Limek. pHE 7.0
PR L R IC T, TO0LV — 2 S X2 3B AVATARBANTICCTHERL =,
F7/ ATAKRBIZEYELA FLI-30INHZ Al W e a8 & ST AT L 7o
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(A )

WEE7 T A 1.25(g/L)
Yeast Extract 1.00(g/L)
INIEEF MU YL 5.88(g/L)
(5B )

W7 =LA 1.25(g/L)
Yeast Extract 1.00(g/L)
FEBE - DU T L 2.74(g/L)

TovA L8+ b  1.31(g/L)
chepiEfiizA—b27 L —7(120°C, 20nin)iC LY BEL THW -,

0.XER (KKREE)
A= 7L =T UEALERERELS A P AZLIEBL (CERS FRERS
Fifs - 7o b4 o BEFh201,300mg/L. 1,000mg/Lead K5ICHABI L DR
A e Uz,

ERF E
QoK M E (IR U HETIEMNRNE L - BRLEERI.SLE . ROLE DA
ML EEW (FEALHD) 3.5L8 % L. EE % 1.5ng/LAmMk,. WHEZ&RI. 3 - 21
TR ELIICEA LTSRN KA EEE LU,
LALBE D N ERKS.6cad L — Y T, XiiEnor v 5 > 7N-26% A, 580
W/m* D% TR AKMIZL DIOCTHEL =,

@D FH %
{HREDEE

S HEENIT TO60nmD M A E R JE LTz,

0. EMBIRE
3. 3. 1 (Ha.@rEULAHEEML .
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bRERCER
#3. 3-2lRLELSRINDI B, ALEIZDVWTK3., 3 - 3ICERKELLERL.
HRMEREZRI. 3 -3, AURBEBRENELEKEEETIE. EHERL
BOLEDPFWIEEKREERIVEI TBD, KEBRPLEEVHRIBONE, &
nidK3. 3—-4hs, AMEBREBNLOR ERKBEEEORM EIZ DR SEED &
EZXAoNh 3, BHMHPCEREFRDLLZIEZEN2ITY. REFRL LU CHEMEEHBL THE
W50, AEBEOKENODERYNELIIKR B2, SHOERTIIK3. 3 -5
Rohzd2. 2B2RAERLERRBREILLAEE A, 2E2RBEOE D MK
FEEEZUZELELEZ 5. L LIEMRUEIZHAZEM D KELERENET 25
BEOLEIEMBEEWRELTLE S L. EE R EAYDIE S I 2 ULIERO HH
DEEFNDS, FOLHEMRULUER., 2Z2REEDMVBEONTSEETETLELE &
(22 ZLEDPEOLELE) 2REDROMNE L T2, XEEPEAKEEFSOER
FHECL>TREEHIELT 2, E-BKOMRICL>TOELTEE20. £28%K
BEIEMRLERZEOEBRELTHOWEADBLIWEHKLE,
ErEMRLHEOHRO -DE LT, BRUEERD v PCX->TiE S5 D0 T WK
ZEEBRODRENPRONZ, ChBZE2BHREEO LML, FLEERMICKD 20
BRTOAMBBELZHNZ2ED0HREEIONS, L LT LOEERLHEIR
VEREORUEEFETE R, AUNERBRIZEERLEBLEZLDE LTV RV D LK
FZLEEBRDEBIFTILAERONBRVWEAED S W, > T, VAT LAIHARTHAR
A7arelLTHbOES,

3.3.2 MABBHAETS21-LUTIPICLIAKREEER
EEEDERKERAWEERTIE. KEELEEDROON RIS, 20RO KEEFER
3. 3. 1 TaA LAEMRAMERCIDANERERELEL. ABBEAEY 22—
D77 7@ Lz, TZOMRKREEVPRDONEZDTHET 50
(1) BEXK (FKRBSEORULEER) ERAVENY FXREEEE

a. RER A&

OHBAE K

Rhodobacter sphaeroides RVHk (FE KEIRE)
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QB RMG

A EE 3. 3. 1(2)eHLTH 5B,

KFEEHERIZFI Oy PEONSYF RSO, €454 MUEZIT - EFREK
CEERE - 7obEF CBEZRZNL,000mg/LIC R D XD ICHABL., KR L ZEMER
HIOLELDMERT o FAMREREZMAB L2, CRICEH 21.5g/LiNMK. piz
TOCHBLE DR KEEEEBLE L =,

QERAE
AL TS E A EAREEL S B (T,000rpn. Smin)ic K D E S WEMERL
HEKIALICBEBI S THE L2, HERICIEABEDN KNS . 6cndl ALEDNV—E L %
B, tEE oy > 52 7H-26&8 Hu, 580W/m’ DR CIHEBEKMEIZELDICT
HMELE.
FI20ME ] DI %, KELERBALELALLV—ELSR(TL)2REEHRAD 72
KL, ERBGEELE. BEHFEEIN Y TFAATH %,

@B *E
HAEE, SEBREBEOIHEIX3. 3. 1(2)a.@rHUTHb,

OXRREE
KEREERIT., NBHEEAE 2 V)72 2HWE, 2OV 7 7Y EEERE
KRIELELOT, ANLHEBREKICIEZILOY 7275 2RWED, REKIERICLD
HBAMEOE FORH2-0TLO 728 2HWE, TOTLI 727 % Otkk%ELLTIZR

RS
7K & :d 1 89 xEEH 30 0mn ([FEHA)
5 AR R 7L

T Aoy ME#S D SHEEZERE Y

M = v b (CERR T FREEEER)

B2 R AR (PR 7 R RER )

B Y- (HE., pH. DO) (FmR7HEEEER)
RAKBEAIT 0 TIT
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Z N 1 & 0. 3007m* (DEbHZHH)
FrRIOUP2%D0FTEEXK3., 3 -6 mLES
(IOLUV 722X PO EEREREES. 3. 68H)

b BREEER

HEHBRDP O AEELYCHHL T AERLEERIZ. EFLERbERIELL
THED., KZEEEBECRHDEVBEBIRVWRETH > BEATHIRARETIIBNWT
., CNEFTORNEERE BT LIEEFUTOKELERTH >, LD LG
RILEETZILICLD2BREBERESEL L. ABBHRAY 779 ThRREEEN
RonzdLdkolk,

Lt cHEEBREEITo 2D, KRICETA T, JWHEREVPB o> 2. W
BN 72 3EEZEXLDPANHTERLWED, FEVOKRETEY 77 IRAND
ABNEBIIIZEAEQIIRDEVWSHERDD 22O TH D, ZOHTHHBDOAT
BEH 20, KELEPRDONEHENE DT, TOHBHRROBRELLZXKS.
3—TIZRLEe HAEEIED o =20 THELTRY., HENLRETHHET
Eho IBICAE3. 3-4F. BV TIYERAVWTHEERE T >~ A LEE
BEKIZLDERE, KEBEOEBKILIHBHREMILLE. BEKIIODVWTE=
AT >~ EBEROEHMEE AL T WD, ZOME. XAEBRBEIT A THEEREKIZIZ
EhrRns, EEKEHWEEARROPTREISVWELE RS

3. 3-TWATEIICHEBEYNHO JHEIEZRIBICEENKEDIREL T BH5,
CHEH»SOHHRHEBEAZIC LD ZOHROE NP R DEBLAATHED, HEED +7
RREBUEESTHEBEL TR N, EFHEDO ATHBEREAEZAVWEERIIBVTS,
THMOHBREFEZRICEREREORTERD SN TWE, 2O &S5 -H—H
ODHHREHOE T KEREICEEBRIRSARWS, “HEOHHBRZ X EH DK
TFlIZRELHEETELELELI OGNS,

()BBFER V7 27I2DOD0WT

a. AMBERNV TV 5
EWRARV 72V OHRBELHABENECHAETINTWIHA, EXb5end ) 77 51T
FHEFRUAAIAEDRNO AR S AR TIEH. U775 BEEICScnD B RERD
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DTEHRLS, AKBOMBIZID KHBRPEHL, ScdldmIFOVLIFDONHRLEE LS
ND, ZOEHEBIEADPBEIELSVIFHMDBH D, HADKDPMHIZLDDBEL B, #
I LAEBEHNL) T 2505 E FHT2EEAORB ANV ED., EIE
RELEAREDGOND. ZOLRENKPEFLEREZSBELTNDE =0, LBED
SEEVWIREEL D, DD, EEALPAATERVE VLS BELARD M. K
THRMEOKRERRECE LU EAREZEDELPT W,

BEHUVLRERAK~NDOEA

BX (KBE) 5ecn 7 7 O NVHERY 775 ERWT. ABXTKALEESES
Frol-8ER. ALEBRBEKTIINSBRHRAV 7 7IICLIEERBERI DSV LERY
ERBFoNEZOIZHNL, BEREATEIECABKRAA) 7275 0hBEWHEZE L (£
3.3-5) o MHAEMIIN T IHBRBEERAIANF—RBRTRELE, TLOANBEH
ARV7I7 2 ERAZIFZERALTH D, AEBRYERIABHRNAV 7750 LN L
B> T b,

CHIETRBEZEDHEMLEES. 3. STHRELE TPV RBREFGKERE
RUOAEALOHBA] PoitBET 2L BV TEIABEPE D KL DA
LIOFNREHFIISZ5AD. LORMEICL>THRPIRIRLEDESEI 6N
5o

D2, AR ) 727 ORED T2y CABLTHKETEL) 2LTH
L1, CEHRUERKEHWA ST VIPRALDABHAAD ADBAFEEZ SN
%o

Fho WERRNAD) 7275 BAKOBELEABREICIL D AEBEMDNLLLT 55
G, DERIRERFIAT LI L TABREORANL, 2E D RAAREEORELIKN
HIEMWTES,
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£3. 3—1 BUHBEROEERLEN S LZBITS

S VHlRESR
SV 2.0 3.0 6.0
LERBREE[%] 24.7 25.8 21.1
TOCKRZ R[%) 37.6 25.7 23.8
SN ERRER[%] 45.0 38.3 34.6

FBRERIITTZI 3 NO.50(1,000mL BEE)IZBITAETHS,

£3. 3—2 BULHHBEEMROEV RUEKOR HE A b

&% A B C D E

bR ~100:0  75:25  50:50  25:75  0:100
TEE R LR 1. 4L 1.05L  0.7L 0. 35L OL
TEPER LAY OL 0. 35L 0. 7L 1. O5L 1. 4L
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#3. 3—3 EERNEKERWZKELEREMR

SERRE | KRRER | AERHE | FHBRER | HIERE(OD660nm)
[mg/L) [mL] [%] $hR %] ) LEEN
A 660 5,005 0.414 56.8 3.45 4.15
B 588 5,575 0.461 64.3 3.12 3.72
C 516 5,827 0.482 71.2 2.59 3.01
D 444 5,841 0.483 72.7 2.35 2.73
E 372 6,016 0.497 77.1 2.08 2.40

&x3. 3—4 WEHBEENXNU YV YITKEKEEE/NY F

R RS
Culture  Av. Gas production  Conversion
Date Volume rate in fine day Efficiency
[L] [mL/h-L] [%]
Artificial .
wastewater /10 10 1.9 0.80
Real '98.5
wastewater ,ggg 7 8.7 0.54
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3. 4 AJIZAVLIAESHHEBOKRSERRXMN

3. 4. 1 EE

RECHRICEZEZEFZFOHFERNERNRBICNMZASZ 2B EL-BYBESEE
ERLEZBET, KBATTREMNKERENEI S Z E45~100mmB & K 150mmPA £ O ¥
U705 TR TN/,

BAXDOMRBETHONTZROAAEFOYF—EREBEALREK (HPY 1 FR) #H
WTIHmmNBED R T 79 2BBLIEEIA. b ELERERMNEONE, ZOEEE
AnwTHEBEamEZ21g/L-DELLEEG. BEBEXR., XKZFELEEOEINEERBLUTNALHET)
T, FNETN0%. 405B LKL 1%, KELAEIRFREBLIVOREEKEELEERE
B30, 30LH./(L-d) B L T 2LH/(m?-d) TH 5,

INSDT—F0D, LAIICERERBETERBRLIZEESE - XEWMIHFE S X7 L (APCS)
DA =7 v 7Z280RFENTH., BIUOAFIZTFMWCRFE L -ZIFEFNEEOER
KE->T, #IHAEL TOKFEDOBREDMAE (1. 000Lit/No®) DK 3E DK RIREMIE % T
Lz, TOBRER. U775/ 0MEEZFEEINFEIEZER NS (1, 650Lit/Nn?),

CORBOBMTIE. TEMODIZMRIEZEBEBADOBRETH S, Zhid. FEEM
BEEZAVLEZDTHD, £, MM THREENRXOMEBTTI NI 2FHKATAE
LTHAHL THRBENZODEELUEREDKERERE L RE2HBHIEDTHD . ZORH
BEFZBANTED DN, ATHEHANORF TERTHIEIIE > THRETAHLE
N5,

WINIZE L., REEZEME (1, 000Lit/No®)id, REBRDERLIVOARAV T VS IARNE
BETHEDICEMLIZEK/R, DOD2VIIREDLUENLS OKEZMA (100~150Lit/
keREM ZHLE LT D,

3. 4. 2 WS

BAanBRONELLBERICEINE, FiIFEETEREINEEYWENKEAEICET S
MAEBLEBRBVNEFRIEEKENODOTHS., INSOMER., LFEFEREEE. A5
RERAXEEBLIOXAARAREERICEHTABOTH S,

BYDOU 7 ACET H5MME & U T, Enterobacter aerogenes 7%, # 3. Rachman et al. V
KR TSNz, Ko, ERV 7 V7S TORERROERZMRAL -, RELEMII.
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UASB(Up flow Anacrobic Sludge Bed) EL THIG N TWNERAKDOEIBEUBICHEHAINT
NWAHBBDERBKOY TV ERETHIETH . oL, EHITNIWHIAHHY Y
% (EFE2 Ten, @S1Tem) 27 AL T, EBCHEREREGZ, MBREORE
i, ERB, EFICENTWVWAEDICEDN, 0.67/h OKEHZERE. 1 5KHE) £TOH
REICELE., COFHETIR, KELEEFEER. A CEEFREMSHS NI XA BEK
TiE3immol/(L-h). FTUNTHNI-—NERE LT D N CEBREEHVTERLZRRLR
BTiE58mmol /(L-) THo7k. LEDKBREREEREL, REOHKIME LS RME O 4 E&E
BELE L TIHBICREWLU~IL/ LD 17~31L/(L-h)),

BEMBBEa»5 13, P AERXERORNIEFTCEVWI EAER I Nz, (LFAEX
BRI THEBICHEVWEHETHBEL., RRONIMFUT IS TEREUETHS. AL
OEADSE. LEEBEERINENELS, EELR 0GR NF—MOBTHEKE
HEETEIEICE>TRAMNSSIEEDNS, LEOHBRI. VNI —A 2B Tt 5K
ELTHESNTHO, VLI —XEL nol/mol OIRFTKRKIBICEHRENDS, LML, (k¥
HEBEREBHINAATANSESNDEIAIELILIO-—ZAR LD —ZEZFOMKITEDN S
KEEZEETDHIENTELZLEZZERBLRTNERSRW, HL, AZEIINO—ZATIE
TNIA=ZAXORBHEN . TEHEALZITOHSORNELLN I RIAT. HMONAH
MELEZEN TN LR ENSERNTSIEICK>THATZES, ZTOHMTIE.
COEORBYNECEREEEHRETHY. /5 MMERHEL THRETESDAFIT
ATWICEMTEL I EE2ERLARTNRERSZAVY,

HEREEEREATIE, 27 /NI FUT7TEICHEIBRITENTVWS, 2T /NI T
ND7E. KEEAELZTTERSBALEBTHERZNTWS, #l XX, Veisman et al.
. BT HFORKOUBIZAVWSZIEZ2BMNEL T, 8FBIVY CORKCEREER
Ui Fischerella (LLRT D Mastigocladus laminosus ) DFHFEEEEZREL TWS,

KEZEEOESE., 7/ NIJFUTREBMONIF U7 EHRITERATHIIENEZI SN
7%, Bagai and Madamwar®' id. JERBHMNES T /S NI FU T THDPhormidium
valderianum =B HiPE D Halobacterium halobium 3B K W Escherichia coli &3
THIEEZEATWS, Y7 /N5 07E, RN 73— 2EMTELIRFICK
STHBENESLSGFALBAVWRETEEEEZITS>, COMIBE, EshzrVa—7 >
ODRBILrSBEONDIELHCEI DT PO F—HE2XEBTHELVIEKEHETOKRESE
EIZHRTA, CORAYATLTIE. Hhalobium ZRHWTTO N Z24M U, E coli
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FICEET D EFOrYF—EiICLo THRIGEMET S, 5, A AT LTOAEE
PENXP valderianup ORETHZEERL TS, FEFHEEZISIIKELVW LT EL
THZDIT, BoBMBOBENLDIT> /o, BEAMB (LEEE T, P valderianun .
H halobium BEXE coli ODEENI:1:1) TiX, 2.5L/(g cells-d) WD KFEEEE
NESN, CORMER. BEEZATRMETHONTVBEICELS, FFHICHKREN,

COMBILL>TETY /NI TUTORNMBHERINZ, BERS, C0HBEFAKMKIC
KEZEEZEETDHREN, £/, MOMBELZHALZBEIC. FVI—AREOEBEBHAT
E, BEAAXCHAHABELRARICRAPSHTEVEZRETOIENNDD20E5TH S,

HEBREBEHCETHIHEIT. BREMNIC, ATKEBRAAORSFTZOREZFMT S
TEEEBMELTVS, BRYOHTIX. Tsygankov et al. ” 1X. Rhodobacter capsulatus
DEHEEBIUVIERBEEONS T, KEXREFENIHPOKEREOEBEH<
FIFBIEEMRELE., BIZ. H5iE. D=0.06/hTEMBL ZHELKL 33U v RILENLFY
TUIERNT, KEXIOn/(L-DIZHMTBIEZ2RALE. CO¥HEFEERHD
A HLH, BELRS, EHER MEBERoSyS B boFyFFr—-FHEFIZL DK
EROABOEEBERATIHEICEMNA > TS, ok, SEPDC0/H. e F/213C0.
BEZEALSENEDRNESNINDANTBLVWERBLTWS, BERLS, 0.0
R capsulatus XD KFBAEEEZRERBETDIEMNRBRINTVLEINSTHD® .,

WEOBANS, Bold, BRAKEEEAETIE, EFHRSELLTHEALEZAEMN
INETARREEICHEAIN, 50BN SI AT AARKMEAZINDIELE2RALE. Z0K
iz, BYENSHEBRARERSE L /-Fascetti and Todini® O R & &L THBITE
Wk SitEbh3, HL., HSEEHICHAVW-BEBEHOFTFSEZEAL TN, WY
NIZEEL, KBEATTRABEMBRIZMEN, £, Kitajina et al. ' &, Ny FETER
BL3 5BELTIenDEETDOD T L - MNENAAYT IV FIZDNTEFENEFNIS 8%, 17. 7%
BEUFENWIEEREL TS, ok, MBREMHOEZDOAEAMARIIIFED
XUT7 25 EHBERMUTHOZTHY, RARKRICERZINTIC, K., Yo+ >
B, BB, T RBBILUVITOCEBEREDEBEELL TEETLS, CORBIIHKICTKEL
WIS THD, LEN>T, BV T IZ7VIEZEAEIZEIS (30, 5BKK3IcndFESD
U779 TENEN40.8, 5. 4BXTETH) . BWUT I ZRAVWTSADHERWABAT
TEBHLTHLVEORNEFET DI LI, HROE A\ I/ NICE> TEPIERTSC
EERLTWVNS,
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AFOENWTHBELZ THTHICE. BBIC, ANAFTUT 7 FZCHTIMADRES
NTWVESIZEEEFEHL TR TSR, £IiZ. Hu et al. "2, BEHAZIHSD
CHAEREHABEOEZDIC, GEOC.BMEZATH5HEMIERBEChlorococcun
littorale i F T H2EDOERENI AUV TV ZE#MEL . TOMEITIEFICHEK
B, LS, HOREFEIHELVEBAPIUREMAREE (TR EN80B XL~
20g/L) EREXLTHD, LAhd, B0C0:BE (KMHPT2%) THLEREETASZNST
HB, LhL., T3, EnHEUen) EAHWRNEEEE (2,000umol/(s-m?). £4358/m?
OEFENITERBEICHY) 2LEEL L,

EROBELEXHBECL> T, AMEAARMEINGEVIROERALLICEDEL 27
MTHB I ENEREIN, £B. BIMEAGRMBE CTRIAREERMEFABRRER L
DEWN, BAPUITENSIEHRBERDIFEEFREASL THNHTE, LFEEXSE
BIIEELI2RHATER L, ABIC., >7 /NI FUTTEREELTOREMORH %
RELZINEAR ST, BELATER., EXMEEDO -DTL2RN,

MIUAEREBEBOKBEFHICE T2 ELMBRAEITLOBED TH B,

- KBEXUT 75 ORFBLTHER

KB TTOXRY TV YOEMBHICEL 2 HikDER

- HEREOIANEMAS O DEEHNEEOFA

ERETIE, AIBROREAEZRRTHEDICFERIFEEE THHEE TEREINZHED
WwWRERL, EET S,

B2, ANIHEHRHAORE TIT>ERBIIDODVTERS, ALATOERIIERED
FURCFHREOKBTIT oA (ZOXBOEMMBHHBIC DOV TIIERSEES X UNIFHE
DEREBEEFSR) . ARKTOERE, fIFEOREETHRUALLZED 2 -V AT A
T, HLWFa—TYUT I VEBEL., XM T EREREZ2HEYICKRBRL Tiro 7z
(3.4.488) . ZOYATALTR, BRAOMARTH-MORAAEFOT F—ERER
RERK (HPTAFR) ZHWE,

ALK TFTOWEZ. FIZ. Rhodobacter sphaeroides RVOIEEEWE R ICE THHOT
Hd, COHWT, "y 7OMBEMIIEENL2HRI FTHRI VL0 ET N EAE
B, AYCELBEPLUMBEECHORRMHEERANLL THVEZ. IThid, BRIIKIOH
A TIIDWTERZITo ~Liessens and Werstraete'® WE#E L AR - 7=,

TOMEEEAL THEBIZCONZAZMALE, I3, ZBIEREEZAY CELRE DR
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g (BB, Desulfovibrio ) R EDHKE LKA A TIRIZIERHIEREETD 5%,
Rhodopseudomonas 2 EDEEENERMEICL > THREFHETLHEAHF THLH—-DRER
ELTHERENAMSTHB Y,
COMDAAOBFRETLORIBICEDITVNTND I EE2EBL TBRETHS'Y,
CO+H:0—>C0.+ 2H" + Ze~

TIT, ZODOXHERICE-T. BEALABREIPSCORFHAEZMHL. KFERELZK
ETEZLH0EENHZIENS., BEICWEAND I LEEZRFL .

3. 4. 3 H¥
() kELEEDEHDEKR

FIZABEEEE KI: 10, wwWEIDREYMEKELEEDEDOBETHEHRLEILT
Bz,

i &M URIC, HEREVRIE<ONTB TRELSN SN EZEEBLIUVHROBES
RENHOEONS, BREARBORIC, FRBPHEIBELEE2BRE T 20
EL-BLRBUBREZIT> . COUNBICHETAEM. o UVRTOEADBEETO
AR LHEBEEZADEBRKEOERIT. TRIEESIUSEEOREREBCEZ®KINT
W5,

Q) MM ASHREE

REAEDERIZ, TEREMREMITFTEERMARER (D<EH) oG nk
Rhodobacter sphaeroides RV%& W\ THT o 7=,

COMRIBRVMATc BTz ROFHRBORBELEDa - IVERXICIDSERTHE.
EniTecnologiettS. Donatoff AT THAZMVAA L ROYX F—EY RIBERLRK (HIPT
1 F A, SMV089) ZHWAEHELDH D,

(3) fkF2ES

TARTOERE, PHEYFERGFICEHINTNEIBOEFEUUEEEHKREACTIT
7=

AEEIL. Germo S.p. A (Cornano, Milan)iZd&k - TGermocid Plus& 5 F g4 TR
HEINTWHBIEFREFMEZE 2 INVICEIDPERBO-DIIREFEL THWEZ, TO#
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BRI, RICRTILEMOREMTHS : 28607 NI FT— T NTER, 1gDho-7x =
W7 /=, WA TOELTIINI—INBIUPHESF EREEEA.

1V Ls0 ESD Ry THEH OO DR B IEIWigand Products Lm. td
(Worcestershire. UM gt iz,

BEANOREIZ4O S BEIUDHBEN TH D, BLOKBIILEOIKPAATD
o3 A

BEEAKICIFFECHEFTIICL, FERODTFHRERKI. 4- 1080 THS (RiZ
Vo, alyrar, TRAZor, JLILTOCBIUVRAMNLTOCORENT
H3)

(4) FEELNRE

TRTOMZ, MEEORECLBEEINTVDIHIKRIWK > T .
H—-OBVWIATIHEICERTS2HDTHS, MEREKRET S 2DICHEFICI0,000rpnT
HWAELDHEL TV EEERYMORE 2, BEUHES (DR MEN T S RBEEFR
., HiEBES30BICH > TEESN L=, 24id. Total Organic Analyzer Mod
5000-A. Schimatzu(Milan, Italy) ZH W TIT-o/.

TREEDOEELETHONE, KEREDOEDOEBREBIIOWNWT., 2BBEOS
RICHBERMBEROBLHRT LD, €BOAHEIT >/, ZTOHEMT. EPASLIE
BE30501CE > TH500mgD a2 MM L, 75 X <455 Jobin Yvon model JY24TY)
L,

3. 4. 4 2B
(1) RBRERA
3. 4. 2TRREZLSIT, ERBEHEOERIT, BEEH. A HHBIUHREE
JTLH7L E DR sphaeroides CMTHBREFEOHENEICEHTZIBOTHS, ho oM
HOEFEAER., BREVOBEED CHRTIKEELEEDEDOHEEPIZZTENTV S,
EREIUTOPOZRAWTIT >, DREMEELDIHMII K> THERERWETHRE
LTHEORHEHBZ. (200ppnd H F4 > &2 FEMHE HEM494N. Nymco Groups.
Cormano. Milan, ItalyO#FE FICHMEBELABMEBZEBE ; FMICIOVWTRERTE
REEREZESHB) . BSTVRIDACTIVRE (FRIEFERRREESR) LT

it
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R sphaeroides RVEEREL 7z (D THRNRTZHB Mo HKITLI2EFHAESHFER. Zhid.
WHEEELE. R sphaeroides BB X UBELE &R sphaeroides OREEHITHT
SHEERMOREELZHMAT DD TH> /=,

LA E, 3. 4 - 1ICH->T. HAE. BBMABBLITCOTHRL .

EEYVOBREENSBONTABBRZABAKTERL TXR3. 4 -1 IZRTERR
el KT P TLTHMLUE, ABRESIBICUT. BEMIC, BRAEL 1O
MR EEEL TREZI0NV/vELTH»7m, MBESBLUTIIEEEZ
20%v/VIZHEEL /.

AoEOoKBEMHZAD LD, FIREGZEZTY ) —JVICHEMRL T8e/LEL ., BEY
TOTLEY /—INBEE—EIZTSEY. SBABDIY ) —IVICERL THEREETOR
EamE—i1zL 7k,

MEEOMBIZKE> T. R sphaeroides RVOEEMICUL TOBLOEE/ICHEML TS
Wiz o 75mg/L MgS0.-7H.0. 5mg/L FeS0.-7TH.0, 0. 75mg/L Na:MoO.-2H.0, 1.25g/L
K:HP0.3 L TAKH-PO. 1. 128/L.

BEHOFRIZ200mIE L, BHIT. 35CTOKBICANLISWIONT AN 7L T,
M3. 4-2ICRLEZBEBZRHVWTII»Z, Wihd, 3. 4-1IKRTEEREY
RERIKBIKERTZEDLDIC. ZROXKUT VI EFTU,

M3. 4-2AMIFRTERBZAVWTSEOHBRZIT ., K3. 4-2BxdREZLM
WTCORBREIT> 72, BAOERBEIEAMNIIKBE, XUT V5, 3IOHTAEHSD
SUHNZBEDZDHDL ) I THERINTVS, HLOEBIZIE, C0OEANLHOH
AEBRBVHYD, COFBENL TR T VYV OEEMABIAINS, INE. k#E
EEUDERMECOE2 BTS2 2EHMELTHD, HEPECOOEMEKEL., (028
B3, RKUTVYEHABRBOMOD TSI AF v 7 ICLbERIL. KEHEEEZRNR
WWMA 57912, Tygon F4040A(ENCO s. r. 1.. Venice. 1taly) Tiro7e HAREBHOD
KigNaClTfus ., TOBEBMEBEELLTHAEERZBE L. R sphaeroides RVD
gL, NDO4F 5 7 (Sylvania 125%, JDR 110/125 E/N)iC Kk %584W/n* THWEH K
BMLAEXUT VA TEELE, XiZ, XUTIOABEATHEL 2. JAEBLUHK
A EZEHREHNBTHERL, ZhhETOLDIC, KEBLUC. TR, pH, ERMAIE
EEGVFORE, BE, REBRBIUTICORHTEITH =,

HVT7 o7 EFEHMEIZCTIOAMA - L —TUABLAEABIIARESS |
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(R34-1BHR) Ziro /=,
MEBESS 1B X VEBHMICT LI ZMENICARR[ILERIZTr > /2, —B{Lik#
DEFEEFORRBRIL, BHAZOTRUNSEZEZITT >k,

(2) RUFHRE

TFEE TR, VY RIFBLIVSEFEDEXRE A IZaHENT NFTIT2RERDOH
ORIz H i, DATH (EREBIUOND FHAB) CARE (£ 2 I)LE#E)
OREFTHEBTL2HL WVHARBKHEAEZERET 220, 1DEP2—NIIEBTLEOIZL
WL R sphaeroides VB XU EFOWDAAE PO F—ERBEALTREK (HIPT 1 F
. SMVORY) OEFE RO BTN T AL, BONIHD PR IERENKE LN

a1

S

B EirS Tt
L IKFERED-HOBBOLEE
H200keD BB HIBREYORE 2 A ERICEMI O/, Y OFEBIZORIZIT D,
KOWTGHIZf w720 3. 4. 3Tl REXDID, KEMEM, AREZ2E0>0v 7
DR, BXURMEOLDOBREZBFEDITD CFRTEES XU FEE ORI

HB M)

b EZa—NDIEHOEBYMOEE

R sphaeroides RV (BHEESM04T) S FOR DAL ROFXFF—H RIBZERET BB
(HUP= 1 3 A . SMVOBY) Ol ff &5 # L 77,

SMO4TIZ ) 7 7 #RA (PR & 3cm. KEEMABGL) TH#EL ., SMV08%IZ YU 7 7 #RB (i
X3cm. HEEPHFMAL) THEL -,

INSORYT I, BEVOREALDPSOREEZRFRLEL TEFLT77A3T
BELZA) vy MLOFE EAEEL, COBEEARYAKTI  4HRL. Tong/l
MgSO.-7H.0. 5mg/L FeSO.-7H.0. 0. 75mg/L Na.Mo0.-2H.0. 0.4g/L KH.PO.% A /=,
e A2 KB M) DL THRML, 30CTHRU FTICEMWBAEMNIENITAR S ETH
#FL/7Z, 3. 4. ATHRREKBEETAZNDOTY 7 75 EEWONERBHITHWL
7o

TSAADHBEBOHI FINF —1E584W/ 0 TH o7, BEPOEZTIL5 send L
7= (7 A3, W&14 5¢en. & 17, 5¢cm) &

=217~



(3)

=

RitE#MIT, RICRTHOEEEL100m] ASYHEH (10 v MILIZDE) THELER
BB S L THBL /- 1. 25g (NH) 2S04, 9. 8g3/\ 7 . 1. 0gR R
#. 0.75g K.HPO.., 0.85g KH:PO.. 2mg EDTA, 2. 8mg HsBO:. 0. 75mg Na:MoO.-2H.0.
0. 24mg InSO0.-7H-0., 1. 6mg MnSO.-4H.0. 0. 4lmg CuSO.-5H.0. 0. 75mg CalCl.-2H:0.
0. 2mg MgS0.-7H.0, 10mg FeSO.-TH.0, T 5 DiE#EME. 30C T, HREMHFTICH
AT, 10mlT)LL > A v —T7 5 XTIk RIEREL =,

NCFHBEOXY T U YRABLUIBE, THREEVMOREENSHILAHZREK
THA2OERN6~LIOTHRRLEABRZHANT, MBS/, —hodF
—tYOERERETL/AADICLERBFEOMBEREZEMITMAZ (3. 4.458)

CPROGHFEBERNKREESR

BT, LEOBOELFAUKR. KU TV IBIVRERERVWTH 2. ZOHE,
HUTIZFIMABEEO -8 GARIZI0%) 2. B0 GEEIZ4FICIE) | JEE
W &ML T

COEMIE, THEEMORBEADS., REGLHEMYERLIBII> TEHEDE
BRLWABICEE Oy TTHB, T, - WCTRELTBVWE Oy TERERL.
HEEATLIOHERL, b0y F—tEORICLERHBRERZREMA THZ (3.4. 4
ZH) . ZOEMAERRE FICHURBREL T, BELEEZHEEIE. ROV T4CTK
7L, ERBSICEAL &,

BAAXTOE 21— IER
EP A NIEENIRBOBMAESTNICFOBREIZIDNTIE., EFREEERERSE
ABEINTS, FIFEICBESN-HBIIKEH- T, FTHE2DODZIEZANELT. ZTD

Era-IVEREBEZRRL &,

WA ERLEES L
KBE2ARTHRETSZ L
CHVTIVIYOEREIKT A&
HI12, BEAME., 8Fa—TVEEEERL T DOKER I — I RETHT S Z

ERXEXDTEASEZ, RUT VY ZHEBRAL V7, AXHBEBLIUOHEKERO 70—

TEEGEHTWARERBENRT 72, b0 EEBVWEHELEAT L A{EkiES

,llm

WCEAT=,
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COHJETNRA TOEEERL IS, RAWEZEREZA L., EFBCHEMBR T2 M2
HEL =,

INSOREBROED2—IVOEANEMI. 4~-3I2FRT, ZOKIZE->T. A&
EFEUEBE DY TEERERNTP-1 A-B-CTT I M-z, HEIR, BEL0 8
R TP-3 A-B-CIZ &> T, BATHIEE-1 A-B-CHIUHY 77 FRA-B-CICEMBEL /-,
pHRAEI D7D DINKEEA T U T LEERTRR S TP-2 A-B-CTEHX VTV FZITMA T,
HAZRK@RY-1 A-B-CORMTHIEREEY» S B Y-, HEAS Qatn, 1200) %,
VEZHEIZ, TS ROBKBICHUMWMICE > THREZTo . WBERICT 5> MK
B7 NI EFREL -,

AEEFTREHLELEAYT IV ZETVOKRE2-IVORZHAE & K
M3. 4—4ic% T,

RBLEXVTZVYOFEREMEXRI. 4-210xRT. ZORICK-S T, MEEIZIZ
NEI0cnB XL I5cnDHFH L NHKY 72 & ENEL 50D EHY T I YORETERELT
o7, TOBEAUTIAE. BHEMIC, BEHTOAREOREZES TSI LITE-T
KEBFREEREZERANILELTSEDIZHWE,

EHWLZARDO -BEE2.3. 4—-3CmRT. TOXRKK-T., XUT I 5hO#MRBIE
A LTI LI TAKERREEREADD DI, MBRESUN~UEFEBL .
COHMTIR, BEBEEEL 5~8 5g/LOBMEICHELL, ICEMNT. XUT 250
NE%45mn (GRBRES21. 22, 24) »5100mn (GABRBEFL3) WHATHIEIZEH-T
bk Lz,

INSORBTIE. BEVOFROEREZENMNEICHASZ0IC. 2<OREHZH
W (REBREEFMY YL, AABLXUTHREEAD .

EBEFLHBLU6/E. KBEXTFT T, S.DonatoWf /A THRSNIZWMOAAE ROby F
— U RIBEARERK (HUPTY -1+ A, SMV089) 2B I H7-0Ilfro/k, ZOro—>
X, NEImmO YU 72745 GRRES) &b EHNEOKRZENVWU T4 (NE1500n,
HBEFL6) ONAHTERLE. TNH5OERIT. SHERMNSIHIIM T TEERKBEX
FTiFo7z. TNSOHFELVWKREENHT. REBEBLEERRT LD, T<OHER
Mmhsk (. IHODEBAORMMMHERETICLELERE) 2B,

REOIDODERIZ. XKOZEH#HMEL T, MBRLPBIVICOBICERL BB E
ETir-o7. DRACKBREHELERACRY T VY T2EOREKEZ LK TSI E (RBR2TH
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X8 L ST IDRSABFEOKREVK YT S (150mn. ABEEF29 OfEHZE
T A5 &,

TARTDOERT, 3. 4 -3l AT ROABEEMZARD TV ZITHERLZ., 205
DRI EYIE, 3. 4. 4 THBEXREHEIZR > TR FRETHEEL ., SEEHOR
A3, 4 -6 RT. AEBTHETREKEZALSHEBE-1 A-B-CICHBRT S Z
AT Z o T3CITHAE L 7=, K> 7P-3 A-B-COWMIZI00~150L/h& L=, XUT VS
OB E3~5nH0& L 7,

3. 4.5 B
(1) EBRETORER

HUHMEEYOR LB, URREVORELD SEHERLRAENSRELIENA T AR
O¥MEMI. 4 -5 LK. 4610 xF, M3, 453 BILREGFLFIC
ro kB, M3, 463Ky THEIMOEEFTORBRTHZ (BBDIFMIC T
2. -l ARIBEIBR) . ThoOHERMNTAELUTFTDODIENHERTE S,

CCOER ey TR O SR TR S B SFN AR GTEEEROIGEEZNH

R

COOEBIEIFRLULEABOLHDNHEF TH AN, Bo<, mPOBHBEMNEKNLI & &
FERDBENMEODI EIIERRET S

CH Ry TS EY P BES OppnTHEMERL, AP OKRy THISIZ
Wppn THIEM 2R T 2y,

#3., A4 RT TS, NAAUYT275FTHEH, MATEERBHORME
AZREMORICE ISRV BBEMEHEENEISLHERTE S, COMEAL.
AEHEEBIN, PHAK Fd 5,

Lol MBITEEINAEANATAAOERBIARITED SNZHD LFHCTHEA

EEEHML BRI RERS L., ThiIF, UTIIRICEENSIHME RO
BEaZHNET 2@ MAEMFNAE LK IT, 5BROEBELELET D,

Ry THHEHPIZEETN DS B8 DR sphaeroides RV T A X EBARATEH2D 0K
NORAIT. HBBOBE Z50ppn& L T/, W3. 4 -7 RTHRIE, Ticd
ZEEBRLTWNS,

- BB RBLAEBET. KEREZ2E 71
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CHEE. KFICESEINT . BELEFREGOICHEEERRICEASEINS,
INSOMBIZEDHT, Ty 7HIHHREN S - SO G BEEHEE TKER
PHMEZAENE DD AR T A EEHEMELEREIML - (ABRESD

KE, ABNED I RAMIENBE TN TSR 2N 3. 8B LU
3. 4A-91i2nd. ZT0IDORERATLE Pl I RigE g,

CFEBRHEE TKEEENEIDRS,

CHALL e BTG S M R T

CH A RMIEERICAR SN A0, KECSRONS TEESIN S,

ZDOREE NIRRT B0, R osphaeroides RVEKGRELWOYHIMBHLZ & - L4
FLLHDIDL T MRERA ML TOUMNT, ABASOD Oy TEFRL T
DOdgH /LU R osphaeruides BRI AE20S/ VTR L 7D (HUBESS A3 I-1E
Wy

KFEAFEIZH L THON 28 BRAK 3. 4~ 1 00l AMEE-MESIRME
FEIZIE TSR3, 4 -1 LiZmd.,

INSOIOOKE., KO EEEMITTHS, DIFFELEY S KEREDE T
DHES, PRXIDEBEEBEZONHoh, 2aOT70EAS DB oBESERINZUa @
HEREEHL > T A,

B3, 4—101F,. ENAKEEHONENDI~IIVOHEBETHAZ EHR/L TS,
IOWTRE VDT, EESHamD WK T 7 A D TIr o /2R sphacroides DFEMERGEE
SWEM T A SN I ER i GRS IR R ESBK) O IS0 AFTALT
ORFEFEOIFIE, YBHAMBRBECIL > TR LA, 30~H5OHMHTH S,

BB, EHLEOB A2 SE., H0pmO SERBREOCLHMIFRLLEEZIZTNER
Sy, HEE, K3, 4 - 100k, ZOBETIE. R sphaeroides O g) T 1T
(Beo < IEHGRREEBEOEMES) ZE VA, 3HETITHE FICHEL BB XLEEK
MEBEBRMOBEEZIEH L TLWALSICEDN, KEAENMHBEMABKIZIEI S,
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() RUFREA
AL KEREDLHOBHADEE
3. 4. ATHBRFZEDIT, B2keDEHETHREDORB ERFFEEICH N,
BEELERBORBICBONT-ABORN. EIRBEBEEWORE, BLUVRHEFZ
3. 4—-51Z77,
TOXRTR. MEEICAELLRABLAERYMNSHEHRAL TVWSHBIZDVWTOR
rHRLU
IORIZRLETF—IRROIEEZEMITITNS, DEEINZEBEOMENIEE
WLELTWDZE, iIDURPHABREOERER, ROV SBEBEREOARIILE
BBBEXRZEOSENMAROEKNI &,

b ELa—ILDEHDOEEYOLEE
3. 4. ATBREZIEIHS> T, EVa—VILERBEEPEIIRTRNCFEE
THELRE. TOEHNER, ZREOEEVEZHBAL L LEBARAR T A VI TEMROR
TN ENEENETS I ETHo (FRIFERREREESH) . X2F
LETEEL., EVa VLB LOERIIHAVLEEZEYORKEEZEKI. 4 -6
KRS, ZORIE, BHBESNREZFFROBELREICHBE TSI L, RS5TITRDRA S
ERDYF—EYRIBEAREZRK (HHPY A F X)) OFNHEBAENBWEHNH B I &
ERLTNS (AFEEOSIMIEESHRESE) .

3) EXa—-INVEiE

RAOBEZ LT2 I L TAREFEEERZLETHLDORNORA S (KB
BFH2) OMEEE3. 4-TIZRT, Z0OXKIF., IOHEBICRAKEEEIIELLEIL
ZRLTWVWS0.29L Ho/(L-d))e LML, ZTOMEIZ. BIFEECRDSNEHD &KL
Thian%5d, £/, AENPSHEREBEIBANOEBRRL LS, INS5DO I EEFITANT,
SHEICEZ - HFEL<ARLVRAEEHICERT L., EE., BRXRMETOR sphaeroides
DOWMMBIIA+T 7 THD CEPRIFERREEESR) . ERMEBEVBERSAIEYEL TE
EEND,

K72 FOMBREECSTADIZEL DI EA2RAICEAD ST (BHE &1
AHOEER) . +2RKkRRERIERTE R, AEBBEEME-IRERESE
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HREERICBRRELZEEZ SN,

Ik, REEABEEEL. EXa -0 TERKGKEL. XU T U FENACIO
DKBEHRTHEL, NIHEEYERNEL L, TOBIC. ILLWERET L,
#3. 4-SBIRITHEMNESNT,

ZokT, LEOBEFHOERANKEZRELEOTOLAXLHIELWEEZGALIL
FRLTWVWS, £, 8~12BHIC. KFEEERH0. 23~0.39L H./(L-DEL . LD
L, 2o DEHAMEDOIABIKITA 0. 5L Ho/ L-dDIZH/ R KMEXDIZEN > 2,
X5ic. 1IABEIC, BEMPICTOES D BERESRN, IREEOETMNRD S
nr.

INSOERCETNWT, SSICTDO0EREZFELE, WITNOHEGD, BEEUA
DHADBBEZBHDIZDIC,. RAOCKV T I7ICMASBBEEL 4g/LICT T, M
MEMIIN T2 ERARP CHEREBPENOERIUMTIEEZHARDI LD, IO
NRIA—FDEEERDICELL LA, 512, BYUOER (RRE523) Tk, FE4E
EEREEDDHIEDICKZRE (NEL00mn) 2FDONKUTIVFEAN. BIOER GAER
#H24) TR, KEHEEET MY LORD DI EREHR (3. 4.3828) 2H0ik,
TOBRERT. BBBFOERICHES TS KB TRV,

TSI, MERT. BEFHEZ2ESGIITH2OREHZHRERNIIMA -, ZOEABE,
HAROHBE YA 7N TR, EHEEAMNMCX s THELRERFHEZEGDLIENERELNS
TH 5,

INS2ODHBOMRER3. 4-9BLUER3. 4-10IKRT. TNS5DEMN
S5THOIEEZHBTE B,

- RSN (VFA) DO FEEIL. ENIZHERHAE TOR sphaeroides ORBFIZERT S

LOTHY, FHRABOFEHIC LIS O TR, EBR, VFAIZ, ZEBHELAR
DRKEEWVWHKY TV TRIDBRSEETI N,

CYIHAREBEIEECEETH S, EB. NEIOmMOY Y 7 ¥ Tiioc —EiEE
(REB23) k- THIRMEMNEEZIN, oW UTIH (RR24) TED
SNEHDOEABOKERENFTL N,

CIOBEOHRDORERELT, RBRUTHAROEENERIILDEN 2. TORK
BORBTIE, BBPBEWEHEMNMETRDOONZEHKELAEREITLIS Onl
He/(gdw- D) TH O, FHIIHL THBR2ITRD SN/~ fEIZ11. 68nl H./(gdw-h) TH
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> 7

CHBEOREAMEMHL THOKEFEEERINEL A>T, EBE. BRRBREZ
b8/l L, SISO HEARKREZNCT ZETHEHARMNEZ LTS & WAL

B EHL TAOEEMNER L. MREELEORLESEML =,
CHERMAKEAEROB ST NEIOmOY T VI MBRENTVWS ZEISHET

FAHGRBESISTIHAMMBARKEELEELITI A/ (") THO, dBEFUITH

SO4LH - /(m -d) & DA S g

IHEGEHRIIHTLT, EREEEKBOREOEMNITESS. YO~ 2 SMV089E
Bl zadllr, e 3~/ 20 70 FROMUAHTIr 272 2T8aE. B
HTrrli, K3 4-3BMHD

RBERBREEAAE TSSO DR B EL T, KELNUT VY (NEe, ABF
e, AS 1-3BH) B LS, BOMMAERETZLD. ZTOUT Y YIIDOLTIE
BT

3020 0MEBOREEY AR 4 -1 1 Ek3 4 -1 20FEE0TOAE, TDOL
CRGIZE Y TRO I aMpr3Ing

S RALUEEE. VoA L EBIUREBECGEBEZNEINnD ) TV YO AR <.

HOBEBENE OIS TR sphacroides OB REHNEEI IR I/ &2 EN

05

CRRI0mED K Y A TOMMEREFRRLEERINZEINmMONY T I ER G

55 ORUETH » 72 (0.29~0.37 & 0.09~0. 23LH./(L-d)).

CQREDNS T U TTAS IV E M RRIE ST E U TH > 2Hv (0. 88xf0. 9gdw/L) .
T TILMEDHENLETH > T,

s AR EHRAEFEREAZIOOmD YD T OO E Mo 2 (14, 443546, Shml/ (gdw-L)) .
CO2ODERBRTIE, KFLEMELELETLHLDICHKLREERIMEEZRARL /-,
#3. 4-3mLAEL I, EFRIZEEHOFERLMZAEMIZE > THIL, EHI
B iCdEmEfT >, COFHFTTRHEFIZLELZHERERNES N, AEI0mO XYY
7Y TIRMBEBED EEMED N (K3 4-1281) . KBREHRETOKREEZENNT
B, I0BBIZZOX Y T 7Y TR SIBRETOEKEMERBL . ZOES
FEMIZE-> TKBEEERENPLISEFE AL, TOHEKRKBUHAERNDNETL 2

o
il
&F
-

-

(M3.4-12881) , TOXDREEHII., HE L CHEHENICHL I NZEEOHREESR
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X200 THA5, ZOTEMS, HILTEBMIDUTTHEELZHR TS, b H
BRI R EBERIE (K3 4-328) 2#HELAE., COBBICK-> T, KEELAERT.
M3. 4-12IRTEIOICHHEPSMHHBETOHMICIKERELFHEZRL L. BIC
COHBITIZ. REOBKERIIAKELEEDORABBELENEZ 2, ZHiIZL->THhIC
BMARZBREICLEIZEFLEVIRBAERTE 2, Lo EMNS, TEHEOBHDEDIC
HEEZRICIBIEHRITL & ELA. D RELREHICHRBBEO-DICEELZHE
THEZ, i) HPOBERABAL T THRERAYEZ KEEECHERASIED, ZOHIKIC
-2 TK3. 4-12024HBUBIZAREINSGIINBREEL R KEELEENEERL 2,

0 BEIC. EREIBEMNEZELLELTHETLE, COEHOMME (VA20HAE) T
3. K3, 4—-130RFEI0mMOIEITIVIDEEIZALND LD, BEYOIEH
MIEFEIZEOLDOITEbDN -,

NEIMmO KXY TV TR DOHBEHEEZHVWTHELSN OO ERBKOMAEN. A
FHmnD AV T IV THED SN (K3 4-14B8) . FI2. ZOKIF. HiC2EmE N
SHERNAEMKBICX> TSHEMSICHBE TOMMIZE I > KERELKERL,
F/m HEZRIIHBELAEARARICHABLPSHBKRTETOMBIZHY 77 5 DOERED?
DOETHAIKERBAEREKEZREEENNTITNDBERLAEZLEZRLTNS,
ECa— I EBRAVWEREBEOMBIZIOR ABICHB L2, ZORBIE. NELI0mD LY
TIFT, AULRBEFHETICLLORAE#E FEZH VLT, POy F—ERBRAL
Bk (HUPT A+ X, SHV08Y) & ZDIEREBE (HIPT 1 F A, SMV04T) R HEET 5 2
LEEHMELE GRBEST. 28, £3.4-38HW) . 51T, 70— 2 SHV089icD W T
3. MBREBEBIOREZHMET S0, ARInO XY TV Y TORBREBFBET
= (RB&ZH29. £3.4-328H) .

INS3IDDOHB TRSELRLIREHEZERL T, XOFBMHZEHED D 2D
2.5gB/LICHERLAE"EZH WL, 510, 7oA LB, BREBLIUVERBOREE K
FIZEMT S, SHELURBIZIZEEINSGKEZIZIL U THBREZRML /-,

#3. 4—-13. 3. 4-14, 3. 4~ 15RLAKRIXROIDCENTE S,

CHEOBBEEES LAKER (3.4~4 45 52 5gl/L~. %£3.4-13,3. 4-14, 3. 4-15

BRI A1 3 4-120 hee) | WRBEMETLAEOD=15~1.8 & 2.5~3. 1),

CFEREBYEFFRAEIIL T, TO3DOEEYTIIMEHEENKETLAE (BK

WAEMNKL LS, TR L THEBS25, 26TE2.5~3) .
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#£3. 4—1 R.sphaeroides RVICH T 2EARICHKT S

FHEME D el
Testing of inhibitory products of R. sphaeroides RV competitors

Test R. sphaeroides RV Inhibitory Conc. Organic Acids
n. competitor product (ppm) g/l
1.1.1 Acidogenic Control - 5.4
1.1.2 Bacteria CO Saturation 5.4
1.2.1 Control - 10.8
1.2.2 CO Saturation 10.8
2.1.1 Acidogenic Control - 54
212 Bacteria B acids emulsion 1 54
2,13 B acids emulsion 10 54
214 B acids 100 5.4
221 Acidogenic Control - 54
222 Bacteria Raw B acids 0.5 5.4
223 Raw P acids 50 5.4
224 Raw B acids 50.0 54
3.1 Control - 34
32 B acids emulsion 50 34
4.11 Acidogenic Control - 54
412 Bacteria + B acids emulsion 1 5.4
413 R.sphaeroides RV B acids emulsion 10 54
414 B acids emulsion 100 54
421 Control 54
422 Raw B acids 0.5 5.4
423 Raw P acids 50 54
424 Raw P acids 50 5.4
5.1 Acidogenic Control - 23
52 Bacteria + Raw P acids 5 23
53 R.sphaeroides RV Raw P acids 10 23
Raw f acids 20 23
6.1 Acidogenic Bacteria + Control - 23
6.2 R. sphaeroides RV CO Saturation 23
6.3 co Saturation 23
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ABR L 72 EIROE ) 7 7 F DT KA

Main characteristics of the tested tubular photoreactors

REACTOR A B C
Number of tubes 9 2 1
Inner diameter (cm) 452 10 15
External diameter (cm) 5.12 10.6 15.6
Lenght (cm) 100 100 80
Total external surface (m°) 1.44 0.66 0.39
Total volume (liters) 144 15.7 14.1
Surface/volume (m*/m’) 99.0 23.6 27.6
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-€6¢-

Testn. | Clone | Starting | Sterilizing | Photoreactor | Inoculum Substrate Feeding
Agent ID, mm Yo v
Lactate Acetate Type HRT, h Total Loading
gl gl Id’ gAcids1'-d"
21 SMV047 ;20 March|NaClO 45 10%x 3 7.63 0.8 C 30 35 1.7
22 SMV047 (28 May |NaClO 45 14%x 2 7.63 0.8 C 30 35 1.7
23 SMVO047 | 30 June |Steam 100 13%x 2 4.05 0.35 S (N 3.7 1.04
6.23 0.54 S (1 3.0 1.29
37 1.60
4.7 2.03
24 SMV047 |3 July Germocid 45 13% 4.05 0.35 S (1) 37 1.14
(see Section 6.23 054 S (D 3.0 1.42
2.3) 37 [.75
4.7 2.22
25 SMV089 |20 Aug | Steam 100 27% 3.0 0.36 S (n 47 1.01
38 0.30 S-C (2)-30 4.2 1.1
4.7 0.34 S (3) 2.5 0.8
26 SMVO089 {27 Aug | Steam 150 30% 3.8 03 S - 42 1.22
4.7 0.34 S - 1.5-2.5 0.54-0.89
27 SMV047 | 12 Oct | Steam 100 27%x 2 23 0.20 S 3) 4)
28 SMV089 [ 12 Oct | Stcam 100 25%x 2 23 0.20 S 3) 4)
29 SMV089 | 12 Oct Steam 150 25%x 2 2.30 0.20 S 3) 4

SMV047 R. sphacroides RV, SMV089 hydrogenase uptake deficient mutant, C continuous, S semicontinuous, (1) Feeding performed in two steps (9.00 and
11.00 in the morning) half of total substrate per step, (2) Feeding in single step (9.00 in the moming), (3) One feeding in the evening, (4) Feeding proportional to
the produced hydrogen.




&£3. 4-4 COBIXUKRy 7THHYOFE T DOIFEHEED S D
NAFHAFEORER &M pH., BREBI VLT CO.

Experiments of biogas evolution from not sterile substrates in the

presence of CO and hop extracts. Final pH, acids removal and CO, in the

gas phase
Test n. pH Lactate CO,
Removal, % %

Control 58 - --

1.1.1 6.8 -- 6.5

1.2.1 6.4 - 7.0

Control 6.3 - 58

2.1.2 6.5 14.8 59.8

2.13 7.0 11.4 67.1

214 55 9.90 25.7

222 7.0 22.0 62.3

223 6.0 294 62.5

224 5.0 2.6 26.1
Control 6.5 28.6 673
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Analyses of substrates used for hydrogen production

SAMPLE, n. 1 2 3
ORGANIC ACIDS, g - 1T
Lactate 493 48.0 50.0
Acetate 47 4.7 6.0
Other Acids .04 0.8 0.9

MICROELEMENTS, mg - I’

Barium 3.0 3.0 34
Calcium 292 363 332
Copper <0.5 <0.5 <0.5
Ferrum 71 52 158
Magnesium 107 152 350
Manganese <0.5 <0.5 <0.5
Molybdenum 1.5 <0.5 7.5

Nickel -- -- <0.5
Zinc 9 12 18

NUTRIENTS, mg - I

Total Nitrogen 600 800 750
Sulphur 64 92 240
Phosphorus 88 188 360

1. Produced in fiscal year 97, 2. Produced in June, 3. Produced in September.
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&3, 4—6 ANFEEBTHEEL., EZa—ILR) T ITIAD
HERICHWZEBEMOUOE
Optical density of cultures produced with the bench system and

used to inoculate module photoreactors

Test¥ Clone Substrate ODb
(n.) g Acids - I'!
21 SMV047 8.43 4.1
22 SMV047 8.43 4.1
23 SMV047 4 40 2.1
24 SMV047 4 40 2.0
25 SMV089 336 3.1
26 SMVO089 410 25
27 SMV047 25 1.5
28 SMV089 2.5 1.8
29 SMVO089 2.5 1.8

MGee #3. 4—3
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#3. 4—25 BR.sphaeroides RV (SMV047) Zdt FOr F—EBRIBEAL ER
Comparison between R. sphaeroides RV (SMV 047) and its hydrogenase deficlent mutant (clone SMYV 089).
Tests 23 and 25 (see Tables 3, 9, 11, 18 and 20 loading rate 1 g acids Lt-dY

(/13— SMV 089) DB, HR®23, 25(%¥3. 4—-3, 3. 4-9, 3. 4—11,3. 4-18, 3. 4-200
FMBIgEEL 'd 'O EHBM)

. Acidsin “Cells H; Evolution Rate H; Specific Yield Light Efficiency
gL - gdw/L LH;-L'.d! Production Rate % : o
- v _ R o mle.g@'l.h'l L (3
SMV 047 (A) 4.4 1.03 0.31 11.7 36.5 1.13
SMV 089 (B) 3.4 0.77 0.37 200 47.7 1.25
- - -- 19.4 70.9 30.7 .
(B AA )+ 100 10.6




Lupulone

Colupulone
Adlupulone
Prelupulone

Postlupulone

OH

HO

Hop Beta Acids

_CH,CH(CH,),
-CH(CHjs),
-CH(CH,)CH,CH;
-CH;CH,CH(CH),
-CH,CH;

3. 4—1 Ty 7B
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Laboratory systems utilized for testing inhibitory products of R. sphaeroides

/
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RV competitors. Testing of B-acids (A), testing of CO (B)
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REACTORA (46 mm 1.D.)

VOLUME: 1 6 L - DIAMETER: 45 mm

— e e e e e mmme e St s e

FITTINGS: 10 mm

1000 mm

REACTORB (100 mm L.D.)

HEAT EXCHANGER
E-1A

H!
o
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NaOH PUMP

FEEDING PUMP
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YOLUME: 7.8L
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1
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o— |
|
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!

/ 9 1 |
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\ | w-ic |
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G2 |
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|
J HEAT EXCHANGAR ’
800 mm 1C ]
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i |

X 3 .

4 —3 45,

|
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‘ >~ |
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P-1C |
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4. 1 FEDRREGOERBHR

4. 1. 1 #|E

A7 7 hTHEH, INXT8FERHOMEHMITENT., REHEKDLSEINARELREA
HYEOREZT>TE. AFEWE, NMAKEBEE AT LS RINAELZERNE
EZOEIINFIEBICDWVWTHEL ., MERROKEZITT /=,

4. 1. 2 HS

KMV TIIMNSRET HREEAZEDIMNAL. FRAPVEEZRNT KN ORI,
VATLOMMBEEEZSO IAFEHEEBET DR E. BREHNANTAKRREE S X T L
EHRETLLETEERBRETH D,

4. 1. 3 FHIEDRERROELY

Fa4. 1 -1, TABREZFEHREEDELENIFKRFEESXTLORBEAR LD
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-330-



£4. 1—-1 NAFAKBEIATLCBITZ2ERBEY

B¥ I HE et
B4 : —| PHB
43 By | ETAF | Jruggn | heF AN

E i% >"{< 5 5
8 X 6 X . . .
Mg%@%¢]18 107 0.6 X10 0.45 0.08 0.02

FEPER™

3.4 1.1 86,000 | 15,000 | 3,800
[t/4E ]

X FHEEBREMEETKEREEG2UE vy)ZERICHY
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5. 1. 1 #E

MEVEZRWEZKFEHEZATLEBNT, HOXAMBIUEHMHAIKEBRLES T
LEBELE, EEHELTEIHEEZERZETHARE THBEKEZRY, FREEAMERBEICX
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BAL., £EYOKRICOVWTRAWBHBRE L THRHBRERF LE, £ ZXAFL0
XTUTNNSRAOH., 752 FREORBEERL =,

5. 1. 2 H&
(1) FLHIC

KEREL AT LIZER. BERE. £EMEVIIEEISBRINZLELEZISN
L, UF. 40— MBEZ2ELL., [HIVAFLIBWTEELTEENEEFOHE
HEBRND,

(2) B#
HIFINF—ZRVWTHAEHICR > THETDHAEORE OkFEHEE) &L TE,
RE. KEABYENBTONTVWS., A70P 27 b TRASHMEBICLL2FRY N
SORKFEEICELSZLETTLSED., REORHIEBYNENR LS, kLD
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5,
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CAHLTHSS B THRHMKAHAWLIONEBDHENTH S, QIZIRETH, HBHRERLOD
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3) BEBIE
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IHI AT LTHEHELRODBOEREREL /=,

ORINEE : Bk - BMEAEBICILSFRRL

@O} EmRME DRFE : Rhodopseudomonas palustris R-1%
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@a>H Pk XEREFRCIVICYIHOWMMERDNET D

OKEREUTIY  ERE, BLUOENZ2KAETFTICFLEEEEZRRIT VS

©KFE 7B RAE (BLEFERM)

DEIEYEN : REEEREZZOELEAOME LTS
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QKESHRIGU LOH 2 : MifgRlERL L
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MEIBrmEL T, AR, LPG, LA A (AZ BEGOYLL L), N1 FHA, &
EABERENSAREROBL., AIATELZEIITR L TWVEY ., N1 FHAERE &
L7-ReEm (U CER) 3. FRIVECAMSH Yy RODE—-INTEHL TWVLSHMNDH
522 ey ROE—-ILVTFEIHETE, THRAULUEBRHENSCREETOINATHR
(AZHR) ZREBICULTERBERONEEBITKRIL T, FTIR. THEAN
EMORETAIANATHAOLEB IS AN EEBLTETNSEN, SEEHEALLIA
FLARIOHMBEEIRILLWIS AV IILIRLF—EBELTHEBEOTSNATWLS,
COREBBEBMIIRERIONT., THORBRKLUBENSREETAIAY CHAZRBEL T,
BE-BIXNF—2BTnS, BREHEROY, AFANELLL LS ME S
NTW3, KKLBEROBFERELLAHNx., SxzRERESHDZ LA, BEDEDLEN
o0 bMETEILICARD, BRERAMMIATFTLEVZADTHED, N1FHAE
BEIZCLAERHBHORBIEATHDTTHD, BIRXNF—PREFRENOHZL
UG A 2N T RNF-—LL T, SRENRDBELIOVBATHREBINS EEDNS, &
OF TR, AV HAEKHEL, KREIZEAENAZ OKES0%. C0. 20%) ZFEEIHT.
BELLTWSE, NITAKETR, COREIENFETHS. ZORBEBERZZOEX
FRHTSE, NAAAKEISOND®/hr T, BERIKV/HZHHT S,
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5. 1. 5 2£&FME
ULERRIEATLABREBSBEROREEEAMNL T, RALET I bEFEL &,
5. 1-1LEBERFOITUTINT CAT70-EBBHEREZABHFLEDOE

M5. 1—-41Zx 7.,

ELITHBERY T IVIOLERS. 1 —5XRELAE. 2hid. 2, 00m°/d& S k%
REBICHL T, 272<EH200 0000 E WS BHABRBEERZOTHERNENLDI TH
5. RFHAOBLEZRATHIENTEZEDLENSRANH S, L. EANDUT D
YRBEIZ, AERME (BE0RE. AL AZES, BHBALTHEMBIISBMTEIH
HICT2%) . RE. AAMEEYOBEREEOLEMENSH D, BEBEK-> TS, Lh
L., BHOKTUTZ 7 YOBARNTABHILETESLI L, WEBEILINLI L, BKEH
ER L THRAMOKEZEREZTHEAETE L ERE, BEMNFEIEINLHIZ, ROAFTv 7
KT TFHERS,

EZ2FLARBERTRA DY VAAMEBTEARTIEL VWA, FRkOBARADHOR
MEMRICED, KOBEENERIEEEZFT S,

5. 1. 6 SEZX#f
1) EZHR—L~X—2 :www. toshiba. co. jp/product/fc/pc25¢c. htm
2) #EEsA N CECO INDUSTRY 3, 12 (1998)

3) HwiROvE—Jbik—L X— www. sapporobeer. co. jp/sapporo_news/news/
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Sugar 102.000 6,800
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5. 2 EBBXATLA

5. 2. 1 [FLBIZ

HMEELETOMRBEETENEED, BESRFTLRENvFAADORY 775 2H0
WHRBENTBDh., ERERKDLSAORICEL KRS FRARME 2 L ET 2 SBEEMN
RIS 270, KVTOIDPLDHKOEBELEBY 2T LEKR S, KT VI DERS
HE L TN FHRXERALULAER. Ay PEEZODVWTIF., FRIOEERERESCR
NEEOTHDY

SHEBIZ, ChETORRE LD, BETERK (RF7x 0 8K) 2HBET3K
AEFERLOOND /HEBON A A KEEE 7O LR ZR/EL. fiLE 7O, XU 7
7%, BAKEBELETZODLZ2E2EL —EOYAFLACBI2WENLEFOICKRE L,

5. 2.2 HMBERX
ChETORBICETE, HEFHHZ 2V FX—%23.5kWh/(n* )& LEHADKESE
WHMEEZROWTUTFTDOEBEZITOE, B, BER WAFARIILILIBHRLIANF—D
ZREERL TRV,
(1) FIREH
#£5. 2112, KIABETHWERNEF, REERT, AR, BELE»sHan
L2277z BEKEL. FHKRKEZRREL LTUTOHBEICHWE,

(2) BPETHRF 7 x> FEK
SHOKBETHEUEBKIRELE» oHHINDIRT 72V BKTHD, AT 7
U BEARKOMRIZES. 2 -2 RTBEITHIN. EODNBREI AR CPREDE
BEHEBIIENED., PHEROBRICESE, BIMEZKICT20EICHRL TS
HI20LT D, AIEEROERKICLZRRIZ. 2TIO20EFHRR 77 = U FH
(LB, A7 7z BKEAE#HTZ) ZAVESDTH %,

(3) MAETOLR - BEMAMMESRE -

BEVATFLATIR, AT 7z EKIEEETFNIBEE2 EARLTIE58YD S E5HM
BICLA2KEZELRICEL-ESFRESMEBZIEZDIC. IV RAMPoEE LR
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MR TR ED Y —> 7 L (Thermohilic Anaerobic Acidogens) T X 2 aifLi 7
Dt 22MALE. BERIMBERKISTIE., BKTOE#YDP KL, TREMBEICERS
N2 EERICH TFTROKZLRYET S,

FIERE TOMRICINIE., @ SRR R 7 0 & 2 T A& RS
0.5~3HBREORMTITEY r2#HAMBO LR RICKERBEVWIIBREILT. LR
HRIC > THE LEABBOLEEBERIN LI EDBHSPIR>TWEY s #2T.
HHRIEESRLA RNE, BROZAF 7 2 BEKENUET 22D LEREEMNMREIR
HIl FREAYCHEFTOMBDIEHET 2 0EMEIEG RLZILENFHINDLIL
Mo, WEHEME LTOHERA LK,

£5. 22l 27572V Rk SERAMBEERGIE L 2R ONE W (A LHF
BkLE#ET2) OFPHMRKELHLTT AT RBE. KV TV FICEALIEERKE
SHLIEFRKLEZLO (FRALEFRKEGGKT2) 2BAT LT D, T
F. L@ D AIEEEATORRBE S TICEAEIE L. KEBRMEDH
ERLV T IINNDHROEANDNENT LI EDPERBNIIBHBESINLZEDTH S,

£5. 2-2HobRED., SRBIHEBFER7OEICBNTRE. 7oES »
BMPELUBBEOBESERALTWDD, ABIAHBY - AHRBROES FREADETLE
R, BEDNHDLLTWDS, £, AEBRESBERLUALLZOHEEFL TV S AH
W7ot 2 CHOWEBERMED Y V-2 72T 2K HOEBIIHLS A TIE R
DAY CHIEOMMENGE T 2200, RIVEAOPHZ KR S RDZ LT -IZHL)
THb, . KIDMAREEZL0~60CICHFTLZILICED, BETHEERIN S RE
DHKELEZOLRICBT 2 @RBERMED 2V EZOMOEBRBEY DAL &
MRICIMA S dAETH I PRIN D,

(4) X KkFEETOLR

A7t 2k, 2BOEH7 7 UNVKBERERD) 727522y b (E&len) 2HE
WAENREOZBELTVWSD, CITEMSELRRRER (ZHEHE) RS TICHRAM
DHEEHL

FEEETCOHREFTRNEFAD, Ny FERICBTL2EIIcnDERI 7 VY DE
MEBEAKEEEN R, BRI AN BN/ EETERIN S, &
~HOZH 2 V¥ —£3.5kWh/(0*-H)T L RELEHE. FRATLEFEKD Y
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TOIYAHELENBZ2HE TH S, B, REK (FRATLEEFREK) 2HNEE
AEBERICLZE, HERETTRENKY T IVIDBERMTHI I ERRINTN S,

L L. FIZABBNZANLNF D -ETH>TH. Ny FHIERICBIT 2 KZDORRFEK
BRFEAEMENE R TERS1IHBE2HATRARES R RS, 2. RATHIEHR
BMAMBAER TR 27 LEE FOBOGMOBBEIE LS, £22C. 1HYED
DKELEREVHLTZLIONV T 2VEBE 2RI L, R TLICERREE 1
Hee LEBEREEEERHET 2, bbb, 1 HHOKHEE TIZRF LI HRAT0HE R
HEkEBEAL., OHBLUV2HHOBBICKZZEELEZEZ. 2HHOHEMS 3 H
HOXRBIZDIT TRAKOHER - BizkailEFEKOBEARITS>, A, RF212iF 2
HEOXRBETCARANLMEREKEZEALZ - SHEORMIZKAREE, 3HAD
H&» S 4AHHORBEE CICREKP ., k& RILEEREKOEANETSI KL T
%o

BB, FHIRATLIEFBEKIEZS0~60CIREDEB®HE U CHL X 2 a7l ¥ H#K %25
~30CHEEDKTIEART 220, BRBESLITEEE BYRMEIZRD LRI,
Rhodobacter sphaeroides RVHKDEMEHMERFIZ i L /= 30°CHi & DMRIC T IF LI LM TE S,
CNETCOERT—HICEDE LI NHFHIIBI 2 LM R KREERFEEMZ LRI
L (£56.2-3) . KZEDOEPERL 00D’ /HEEMR T S DI &AL ZBREKEA
B, KUV RBRKRER (XK . BEFERBSEEHLUAERE, £5. 2 -4

N

(5)#MB7ot R

KT OHIHEINBEAK (K77 VEKLLBTE) k. $EPRD O
WO CENERAFEOHARELERIZZATHY., S EAKLEEBT HERD 5.
IoCiR. BEBAIC S Ao FREEKLE Y o2 282 L. 5 HEU LD
WEMMERET 2. 8. LARMEOEKIAEAMFENERL LCHAMTSE 5 a4
MNHEDOT, BEAMAOERNES AF ALV LBEENTZ2EDE L, £/5.
EREEIN. BRASHMATZILICLD. RUTIZIEKLE IO (LR 7D
t2) NOEBWARIEINRIBERI N D,

ST, HAYOFE LTPHBO IR R E B LA b, KEDEEME kL PHB
DEARNERBUMRIEE T80 TH D, EEE. KELEMM LICHEL - RIFCHE
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LRV OPHBEARIE DR D DR, RRTFT VI NETEKARERILT
BA~10RETH o720 2T IV KROBVWHKKZELEY ZF LDPS AT E SR
HEANOPIBRBEIBOD TPV DETFTHREIND,

(6) #ou/ZTL\

UER2FLO 2070 ACBII2MERZELEIOEXNS. 2—-1I1C77T. ¥
fEiE. AT RS E DI, KEEERELTL 000N/ HERBEDICRT 7 x VK
HUBBESTESEHELUAERTH S,

MiIZ g LI, K> RF7 v EKZUETAHZ LT, 2HMETL,000
N DKEEBLIEDNTEL, KELEERBILHWULTRAT 7z VEBKOLERDEDRD
PVWH. AT 7 BAREBOBE LHEPOHHINEEROREREZ20MGHRL 2
YOTHL-H. A7F7x VBB LTREAMY/HTH S, X7 7 = VRMBIZFEFE
BEHTHD, ZO0FEARHEL AT LRIEATLIZLEIRNETCHAD. VHKICHHL
EHHE> S HMEKEZINETILERDAHAICIE. EEISETAEFNTH %,

2577 BRI Z SR MM BRI LT A28k b, MEMMEZ B
LT LHEM2.Tkg/ARET 2, VTV TCOMBEHEMBY LoBALSIE., £IZA
NELINIDOHERERETAVLEILTLERNIOEEZIONED, BRETODNE
EMEHETLIIENEOVWLS, BEBKIC T2 URNCHEHR T2, £, gill 7o
2D SHEARBRICRETEZKEAREIZIS2.22MTH AN, —BEREBLIVEE
HAFEHEEALT WD D, KEBE L L TIEMNGE3E (N4 4 A& &L T289.2N0°)
THbo

AL BRI SICHFRINKL, 000 /HOBRETUHEFREKE LTHI 7751
BAINEN, VT IOXENyFELETHH70H R AT FFE KO — R BT 8 M D80
Bligbdo

HZoNERFHCBTZKEEHHEERME. eS0T 720545 2 HF
THhbd. -oT. LRFIULELOKXY 7V RKREM (ZJEH) 1295,880m (9.6ha)
THO. 2RIID SRV AT LRKTIXI9.2hal R B,

DT I TCRETEINAATHRAPOKBEREILIS2ZNEFEHFIIE V. . KFED
EPERILSLT.8N0/H (2 RWOGEHEER) ThH b,

BILE 7O 2 CRETEINA A AR LEDLEZ L. KEBESDNNA A AR L L
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T1M4E01,3080/H (1&IE, 30°C, KAKBMMAZLELT) OERLERBER/DZ
EMTES, 20 KV TV HEAFICENLE00kgDBEEDZTENRT VWA D, D5
EEIREBRABWRSBECID2EZNL., 20 -BIEXRbBONy FEEOZHOHERE
ELTRITIIERET Do BB, 1,600kgDHEICETENSHPHBRE. RRT -5 (12
EOWTHET S EK35kefEETH 5,

U T BRKIZIEEEMKRZE (T0C) & L T#450ppm (CODc-T#91,200ppmiZ #4)
BEOHEBYDPZENTVWAIDOTEISIINHERZB T LENH L. KEEKFHIEHMS
HfM Fofgbi e 25,00 0ARDPLEE RS, CORODEMYARANEIZ
0.24kg-CODc./(m*-H)FEE &L 12 2,

5.2.3 #®#®HR

B LGP o HEIN SHERMERERKTHEL 277 b FEKERBE LTHRRS
PEERERRATL I S X5 L RVERE H WA EIRBEXR ) 72 8 v 27 heBE L. EA - B4
TEBLUEERT — Y ICESKHEBEZMWVT2AROMBER L 2RI L. BEDORTE.
EREK - HRAEFETFTIEBIEIHTANF— - KEGBRGEPF R, - TEANRE
HEREDBEETHZLATLAIIROIEEFRVERER S,

L L., SEORBERIE. Bad, BLAPERBREE/BLTVWIRIIBOTRERERTE
ZLRIVOMEICEILEDTH Y, 5. BRUMEDHRERIBOTANWRSZEED
HRTEDZHEDTH D,

5. 2. 4 &EXM

1) PRk 9 FE RN KRRERMNI AL HRRBEE, (1998)

2) Yoshiyuki Ueno, et al, J. Ferment. and Bioeng., vol. 82 (2), 194-197 (1996)

3) Yoji Kitajima, et al, Proceedings of BioHydrogen 97, June 23-26, 1997,
Hawaii, USA (in print)

4) Yoji Kitajima, et al, Proceedings of the 12th World Hydrogen Energy
Conference, June 21-26, 1998, Buenos Aires, Argentina, vol. 3, 2025-2033
(1998)

5) LB M, EBEINM R EHR, 465, 193-202 (1998)

6~11) Tk 3 ~84FE BEMMA KEREHMHARERE RRHEHE, (1992~1997)
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#£5. 2—1 WHEICEIEORHRMRERMN
B A & B
R ER
JREHBE R R LEREIR (AT 7z FK)
[FEHLER 277 =z BiRE 2005 IR
ATALEE (7 F B A BB AR 7ot X)
#HHK E IR R B B
DEERE 60°C
EERH AT (K BB 2 B BF E R 1 0.5 F)
AL EETS JE [N 2R
VT2 Z (KRAKRBEETaER)
B WRE IemiES, FEERE
JEIR Kt
piot- St 3.5 kWh/(m*- B) | BHEEE #1285 14
KNTOFRE 30°C
EER R ANy FROKBERE B 2 A )
BIALEREBEKE10EFIRLUTEA
L R
BB YT 7 2 BEARLE T v X)
VT 725 REYL BIERMER (IR L L TR %)
FH F AR AR LR
EER AR E
7K ER B 1 B B SHERELE
HFMEREANE 0.25kg-COD../(m*« H)LATF
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£5. 2—-2 AT 7z BEKOMEIR
(iR e R UL R 12)
F B ®  E (mg/L)
AT 7z BEK*  BILERERE K+ VT IIEEK
— XK EHEAE
LHEBIKE 16,700 12,000 453
VEREMECOD,, 34,900 29,400 2,120
R 10,800 560 107
TN —VEFR 1,680 1,560 n.a.
ToETHERER 14 23 n.a.
E5fiAees 20 550 1,850
R
[543 1,040 3,390 0
A=l 4 : 1,140 112
9. 15 4,640 0
FLAE 5,240 trace trace

* AT 7z UEEE20EHFRLILD
¥k AT 7 xR E SRR EBAEL LD
(VT ZHFITIT, EBIT10EFRLU A RITA R FEKE M)

5. 2—3 EHUEITOBZABLIORITIZZICBITS
TS A BFE AL
(Nm°-gas/Nm>-§&4)
VT IE
IH B AiALER - -
FHIRGTALEER LYY BIAE N
H2 1.90 0.853 8.53
CO2 1.11 0.016 0.16
N2, fih 0.001 trace trace
K FEFLE* 63.1% 98.2% 98.2%

* HEHABECTHEH
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£5. 2—4 HEREBLITUTIVIEM. ZICHHE
OKFEAEEEL 000Nm’ "H%D)

B B VEE BRE%

W 1E

277 =V R 4.8 m®

27Tz BER 95.9 m®

FIR7KA(L) 91.1 m®

FIRBTLERR 958.8 m®

FIRAK(2) 862.9 m’

FVT OB BEHR 958.8 m’
K| B '

7K % 1,000 |Nm®

SNAFARCREZIAFD): 1,308 m?

TREREE 89 %
ES¥iZs)

RTALERIE R 52.7 kg

HVT 755 1596.3 kg

(N. PHB&) (34.6 kg)

VT I BEFE

AT LBk 47.9 m?

S VT 7 Fekk 1,918 m?

1% A0 B kkok 4,794 m’
=OtEHE

F VT I B xxkokk 19.2 ha

* 30°C, 1%/E
#*x JKERFEHGHEEREME]0.5R
*kk KRR 2.0 B
wekx KSR 5.08
sopkkk )T IIEEX  1cm
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7k3% : 1,000 No'/H

k& £ 182.2 ¥o'/H e - 817.8 No'/H]
"Mtk 106.4 No'/H TRtk - 15.3 No'/H
ZDfth : 0.1 ¥n'/B F Dt : 0.0 ¥o'/8
A
IRk
i
91.1 m'/H 862.9 m’/A :]
. HrERNERA0.5H L wen%Rg2.08 WRNER > 5.0 P
6 0°C - 30°C K
1 —’ 958.8 m'/[]
m wox (BR:15%63ke/H)  ag
| SELIER
R 7 o+ 2 . ot [t 3 Uil =l oS
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5. 3 OVREIIATFT A

5. 3.1 HE

VAR ATLIE. KA OABBERTH S FRGEZEHE L. KB AGEME
BHMMLUEKRIANFEEYRTLTH D AV AT LEFEROFEKLBIIHALAL
LIZED. =ANVFEEEZ RRMA LBEKLEAGERS 27 L0MB2ZEELTW S,

5. 3. 2 JRFLDEK
DR 2FLOMENERS. 3 - 11T, 7RI HETEH, HEERADORZ S -

R 250 AL RATFLD2DDYZAFLIZDVTHREL 2,

(1) REEEDY

HAZIEAETHL L1000 Fo FAKRBEEMSFAL., FPAREEEKIELZHML TH

o ZRAIMHWRETZ T RKGERIELEMLUTED . FT E/ICIEBEIC /G
BERBMI2ERICELTVWE Y. TRSDFKBEEREIE., ZOMREBHEDITUS I N
THEH, BEHRHEINTWDL20REDPTH D, T/KIGIEDOKRDIEZDRKIBRDIKS TH
LM, BOOK2ADOEEMHICHSIOEMYI BT EN L, o T FEMO00tIEED
HHYDPAPHOABYERE LTHBTRETH . KV ZXTLTIE. CORFNHAE
MEBEFRTH S FRIGERRBKFZLERME LTHHT 2,

(2) TKEBRDPHE

MUHIE T KGR BDOY X BEEHMLENEL, MAMEZRETSHKNTHESINE
HETH 2o AV ZATLTIE. FKERETOEEME TR L. EMELIENTEYICE
MY LZEHNTHRLER2MAT L, BOBICLI-THONZBHE R (BRLIEER) &,
150°C~170°CTMIEMBLIEINTNWE LD, REOHREMWATHED., 3245 32—
arEWETAZLEVoEMAEMOHBELE L TOBMEAEALTL S,

L LaDs, FTRKEREOBRULHEERIT, KERMEOKZRLEEEEEZHET S 7 o
EZ7 B H300~400mg/LEH LT W2, KARMEE. HW80ng/Lo 7> EZF#HL FT
KETENRERIHEZNS ) O, RULEBEWREKEEESRTLORMELUTHO
BILE T VEZTOREBFTARTH D 7 EZTOREABELTEEL S/ M &
HWFIREREERRHT S, ALBAHEICLID, €454 D22 P RFHERODL
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HEOMBADND 2D, BEICHLIPERD S KERMEOHEREULTICY Y EZY
EREATHIEDNHKD,

(3) KERVUT V5 RT A

REGHMEOKREEES 27 L E LTI, @%@%h%tmiLEﬁ SEEL -
R ZAF LD BN THE, AL 27T L0R UL KREEMIIAE D SEEKER
B2 ELLZED. KEFEEBACBOWTEHAOMMEEZES REMRL. LIATHE
KODAw a7 FOLEPRVWO THIREKER KRICEET 2N TE, KBX
IANFEAMIFABATEZHAIIH D, L L. “HMARF7LICIE., EMEEEKEE
EMO2HBLELRLED. &ECHFERO2MHLELRS, TITIRIF=ET
X, ML KEEEE IMATERICITODE 22 LICE D, RiEHSIDREMICRD . #
BEBOVBEH LR, HMAL 2T L0RMEIT>2. ZOR. C/NII & HREZ
HydIrizdhzoy2Falafeezo2", HU, -HBARFLTR. A
WTHEEDIM L KREFERRMNETIE 22D, BROMMBEEESHEBRTFERD,
UA Y AT MRRILZIEDS, ARKE _MASIATFLDL/3EULDPRETE
R T,

KELEEVZ720ERIT. BEEBROGEREREZMNALE-ABEAA ) 7?25 %
EELE. NEBEERAUV 7243, ERACEL SRV P VY ARTCEHEAGLERZ TS
HSAREERD, BAEERVEEAKELNET 220, XKEXORADENZER D 2K
BRHFEIZCESTHMBRBREDAERIRWICHAT A EBHEKESE, 2028, NEK
HAU 725, HBEABROEELFE2HEL. WAZKBELEE LRVWAADLH S
5. U727 DERCPEERMOFEREZITICSVWHEEEALTED, iTD LD
REEZERKBEBAHNNTERWEFRICBOVTLREHKRLZIFHRED %,

5. 3.3 LRTFLOERMLEH
IR SRETOMHRRBIIEDE, AT LARTHEMAL X7 LICHT 2 &MIL
BERA L, |
(1) — X7 A
a. kKEREREM
ANLHEEEKEFERR) 7275 (AR3L, ZNHEM0.060°, 727 J)WVR) ZAIWVE,
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BAICBITZ A 27 L TOEBRKELESRABRLD.

HUARS D OKELEER : 0.148Nn*-/K & /(n*-V 7 27 #» -d)

M ZHREEH D OKEEER - 0.0074N0° -7k &/ (0’ -2 6 H i -d)
EVIDIHRPBGONT VD, 720 ALEREKEBRLERBOKREERT Vv
WHIFERIULTH A ehadr->T0EY, 2oz, LidD#EGAREERE
ABAERIT. BUEBERZAVESEGICOEATEZ LTINS, AREHA D7
D ERWLIEAE. KEEELRT U v ViE, BRALRERVEREBEDO KN EBEHEIC
KET D, VRIDETOEY 2~ VRBRICHVWEREEBRUOEEEBEO KT
HIZ30G~40%FEE (AF O FE) THAHMN, BETRKZFOK 2HEE DEEMEER
DEBOLHBINDDOH D, Mo T, EVWFRICITNEEZEDOONREE O EHF
FEREIC B L HEZ N2, UEDZ b, AL ZAFLLEBITIRMEEOR
ELBETHLIERKEHOVEABBRAR) 77505 EBKREERETOKE
BERBMNELTOLDICEEL 2,

B EABB L OO KBELER :0.148%0.6=0.09Nn°- k& (n°-1) 72 % -d)

M ZAEEH D OKKRLEER : 0.0074x0.6=0.0045Nm° -7k %& /

(m* -5 K [E A -d)

AR T 0T DR

NG 7 7% D&% HEEL,3300° /dOKREEBBEONIHE L T B L&,
DEZHEAMELE) 7O YERIZ. a. TROEKEBEREMIOUTFTOLIIZR
Do DB,

PEZYTRE . 1,330,/0.0045=296,000m*

HEY T2 YRR 1,330,/0.09-14, 800n’

FHDE DI LEZHEEOERIZKRERAYZATACBNT, B3 IZ PO
DO HEREE (7 740N) Thb, #EoT. BEIXPORBERSITIX. &
KBEBL )72 IAKEZEYICEEL., GELEEELBERNRIITIIEHHELR
o FITAYZFLTIR, M5. 3-21RT LS R, ZIEMI00D® (12mX 13m)
DIRARKEL, 6051, BERAMSIOXBR YT/ 5 2% L AT ORE LEAHEHN
RV7752=0 FDORERE S,

TO YA TONBBNRI 7 ZICL B FHER LD, BXE (E£0.01n,
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£&0.3m) LACHL, 0.03m° DR KEDOZRNLHMEBA, 5 o 2 LT hifitlas h
IRE. 2OAEMEKRE (BAEZW DAL MFER) 32.15LTH 2. KLY AT AT
A (E£0.0ln, RX0.5m) 1 AHED ORAEHZ0.086m° L KELTWD I
O, B RARIE4L.3LERD. ARV T2 Y 1 EH D OLEEAEREIZ
1,1624 (5,000L/4.3L) &= b. AKX, W5, 3-3nRThirLI. &
FAEEOMBEYZN Z200.096n (A% +£0.048n) LR B LIICHET S,

El-. ARV 7P OFEREIZ, a. O ATHEEREKZHWEBATO#EEKEL
EEARERLD. BEI(12MOADOMHIB T0.24/de B ET L2 ENTELZ, ZOHA.
WHERRIEH S HMERD, 1HH 01,8 DRBEABBEE RS,

A A NLEBHS LDHEH

PUEBEWR T OZH Y > =7 BE #£350mg/L (£20oM) » 5 85mg/L (#15mM) LL
T TE2BERINIOBRMEI T2 M5, 34107 PlRERMRLD, €
AT A4 VLA LOWMENIUTOLIIIKRDEN S,

By KALFRAE /1 10L-BE/K/kg-¥ A4 5 1 b

WL I8 5 SV=3.0/h

ChosDiRPe, 1HIZHEZEKELSSW 2UEBTLIE-HDOEA S 1 M OH
NI LDODREIEFHTEEUPOKIIR S,

(1,850m°/24h) /€A Z A4 b AT LB5E =3.0/h

YA P AT LER =25.5m° (=25.5t)
Fh. A5/ FOoBRRUHEEgEHLD, 255t T 4 MOV T X 5 BEKEIE.
256mM° TH BHo M- T, 1HYU-=H1,850m°DBEAKEMNIET 5ICi1F18tDEAL T 1 b
DBRETH D

XX TFLOT70€R 70—

BIS5. 3-S5 —MMANSAKEBEEELZTLOYTUTZN 70 -1 T, 7z,
5. 3—-6iik. M5. 3-5m=5F0 770 —k Fida,b,cofRERIZILE
AN A KBEEREGLY AT LD70 2R~ bERT,
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(2) L2274
a.KERERBA
BANTOR BEN BT S0 7288 L) 7075 TodikkER S pEL
FUEBER L. MAUTssTE BRVTYZSERRA BAUY TP ER
PO RIEROKREEDBEREIN. o7, “MALXFLBI DK
ERFREMI. UFOLIC()Da. iR LUAEKEREREMO 3HERET S,
BT ARED DO KELER : 0.27Nm*-kE/(n*-) 727 % -d)
A2 kRS- OKEEER :0.0135N° -k E /(0 - FHH -d)

b.XERY T V5 DL
()b, EEARICKEAFERMEZ1,33000° /de&E L. a. TRO KRR LR HAL
IO, DEZNEMELE) 7 7IAEMEULTICKD =,
SHEZJCHME : 1,330/0.0135=100,000m°
LE) T A 1,330/0.27=5,000m"
EELLEROMIE. KREEMOATH DHBBEIZATHL RN, £/, HAEKE
LBV TV ORE L TR BAAROEE & EHKIEZ(DDb. LRAKkE T 4
Ypa. 0 ATV TOEBEKREEERHERI D, B FEROHGE A
MROFERKTEFR 2N, B @AR=3 1, FRE=1.0/dLXRETELH, DY
. FERBEO2HB. LHY2 00 pERKER1,870° . LEEAKRIZ. 6250°
L%,

c.IBTEIE OB
FADMMII D EREFEHHNEIHNOOMTH 2. o>T. KEEEHIZIHSH-ED
625m° D F A E HHES T 2 ITiE. 625m° X 6=3,750n° DIMBABB L BETH S, HIE
R TPHRAZEATLZE, BES0HIRBREH 2D, EEE LA -VOERZ A& &
HEEBHIENAUEEE D, DE D, HHMAKM 230’ (EF400XFX0.3m) & T3

b GAFIOEDEME N LR ER S,

d.t4>54 NLEH S L DLk
THYEDOLERKBRON, T4 74 MLENDELRS DIZKEEEMICHE
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ELTHBEINZL,8T0° LI TH L, o T. EA T4 PUEAT LOERIZ(1)D
C.tﬁﬂ*&tjﬂéo

e. X AFLDT70€ AT O~
@5.3—7::#Aﬂffm$$E/ZTA®vTU V7o —%kRT. Fi=.
5., 3-8iiFZ. 5. 3—-To~x7U7Ihryvo—t tida~do#RE2HEIILEZ

BAONA T KEFEREVRATLO70 2L —FEMRT,

5. 3. 4 XHEHEBEIXMOHM

5. 3. 3o(Hod. K 2)De il mah-BALXAFLE B ZXF L0700k
Z270—FIl, MIYRATLEBILKEAREIZMDHRAREZITL, BAEVRFTLELT
O Ffi 2 EEL 72,
(N—8XL T 4

5. 3-1K. AT LCIBIAE 7D LXDIERE&ZMBIZX MIDODNWTE
e, COXRLD, AL ZAFLEHNT, 1,3300n° /dDO KK EERDE SN DL T
SUMERRLEEA. ZOREBIE. ARGk, KEH®, THEHEOBRHAE2ZOR
BALKRIOEH K BI N e COBEED KL (K97 &, HRICEE (2,746 1)
CimkE@E (7,33148M) thHEH SN b,

Rz, HEAVZATFLACBIL2REEBE2AE T2, FHISHHIBE FRRAMED
REEfT D &5, 3-1&b, 1 HYMEYORMAE/IXL,600kvhe o520, 7
7 NOEEBEERETON. B HEME 14 /kvhe LGS, EHE HBIZHNSTINHE
ABIN. FAFERENRIE. 3,578 EMBEIh. ZOREBELT S A MLH
N7 LOBFBAEZLERNCLEHCIOBATH D, £5. 3210, ML AFLICH
DAEMBRBIODVWTELOE. M. 77> NOEMNBIERGFBIHZEZEDI0%E L.
0EMEAE Lz ZOMR. CHIRBORBIIMNL, MMEMLABRINE. &/ £H
BARKELEBRIROHBELD RO SN %,

1,330(Nm°/d) x 365(d) x0.7=342,370(Nm°/y)

DtoZbhe, LA 27 LAD0KEREDZ ML, 333,037TH /N’ LB I h 7=,
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(2) ZBRX2 X T L
#£5. 3-31. AL RFLORTO L 2D EEZHBIZRMIODOVWTE D=,
CORED, AT LAEAWT AL 27 A LRABREDL,330N0° /dd Kk & 4 P
ENBONETIL NERBLEBA, TORARIE. HAAME. RENE. THEE
DEREZORENS2BHEABEINE, CoER. (DTHBEZILE-HATR
FLOHM3IND1THD, MR RAFTLTIE. KEREHBALMNIGSRICE>EOD
W, DEZAEELSBL L. IXPORERZHDTVWIRKEELREEENL 3
DL ROEEZDTH S
RIZ, AL AT LB I2REGCBOABRERT>2, £5. 3-34L0, 1HY
EDDORMHEENIZL,T8kvh kb0, —EADRELEMKIC, 75 MEHEETOL.
BHEMAEI4M/kwvhé T2 &, EFEHBHHBIIKSTHEARIN D, F-EEIC. F
MR BRINGBIIMERBEINE, COLDC ATV AT LTI EMEOMHRFE
BTEMNDZ2D. B 2FLLHBELT, LB, REBLL - ERENS
{lrbfRezo =0
£5. 340, AL ZAFLICHDLIEBRBERIIODVWTELDEZ, 77 DR
fEAMEFE AL LR, 20K, FESEBIRENISTEMERZD., FH
KELEREZ - HALABEE LT 2L, THEACVITLEBITZKERED R MZ
113,270 /N i H&E L 120

(3) A&EBEIX b OFFME
£5. 3-5ic, (W, (2)THABEL-ABBHATCO - 2702 By 27
LOKZREIZ MIOWTELEDE, BB gBE LT, ERAL V77V I F LA
TOKERBEIZ POKBRREHL L. ABBHADOKEREEY R T LTI, B
BOKITNEIRAKB L GEEEDHOTHED., ZOEZEDP. —HMAL AT LTHIK
60, AL ZFLTHHISIIBAEERITHEHTH D, 20O, KERED
2 &R L T333,037H/N° (M) RUL13,270MH /Nm° (X)) L EKIZE
CIDo 2T, MAKBELGRREBEEZAMATLIAMBBHAKKREEY X7 L DBKFFA
CHBITLZEHMIELWEEDNhA, £/ RAKBEPLBEREZH VRV FERA DK
EHEEVRATFLTOKERBEIA NI, £5. 3 -5 CmandLDI41,152f/Nn’
CHEXINS, BEDOKEZEREI R PBHIS~40M/N° TH R E2ERTHE. KT
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27 L, WBBHRACZAFLEAVWLIEHAGE I E2A, MARBRUGEEEZ AV
BROWERAS ZFLIEBNWTIZ, 2R M EHLOEMLARNVETCEL TRV E
EZohd, LEoZehs, ROZFLEEALLARNVIZEDIT TV, &0
2RSSV aR b ERBICHELEET, BECKREEREZEREINET S
HOHMHARWUBETH S, FO - -HlE&LT. REIIRDBETFOND, £T. K&K
TERREOKRERBLRZIAARMEBRO NN ERDFLORBHURBARTH S, 20
EFOCEERFLERNFEEAVLWEAOBRBEOMEREOMIZ. BERRD S DOKREK
RAEENBETHDLEELZ DL, LT, 020722 NOAREREEDZEL S A
MEIZRDZ7 U EZT7REENOBBICLZ S 2V VIR MORBERBIFES KER
RETH D, £, KEREIX MABOKBERDO -2 LT, KEUADOBEERY D
FREEZDLENS S,

5. 3.5 RSP IDRTLOREBMEFE
CO.RLEBEHEELLEDATHAINLT7LRAAL METH BLCCO0HEEZRH WL, ZRFZN
A A KEEEYZATLORERAMM DN M 2T ok 2. FRADIV 7 75IIBT 3
LCCO. B i E WITLTITW, TARFEEERMETZVRFLELTOFMET >,
(1) — X IFLIZBIFZLCCO.EDRE
M5. 3—6070tAv—hdb, 770 VERXRICHEDLIE _BIELRAEASFHERIZN
21885577 kg-CO. LB I N B, 22T, 77> FOMAERE220. BEBEKE2T0%E T
Br. 1HY =00 bR EHHBIINIGGkg-C0. 225, ZORBIDIRAERE L&
EREBICIKELTWZ, L7570 P EGICELIB _BErkAELRBE, 77 M E
X ERHEBEEN RO LICEH LA, 5. 3. 40(1)ED. IHYZVOLEHE
EIRNHL,600kwhTH 2D T, BEHD ZBLRABEHREA%0.497kg-C0: /kwh& 7
2. 1HYFDO 75 PEGRICELLIE _BILRAFERTHNTITke-C0: &
2o LCCOMEIE 7250 PO REBLEZIIHMDLIB " HMILREFHBER KELERT
BlorbDTHBEDT, MR RFLICHT HLCC0: (I, #31.2kg-C0:/n°-H: & 3K
Bxnr, |
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(2) ZHRATLIZBIFBLCCOEDRE
M5. 3-80p7ntXs—hEb, AL ZAFLLAKRIZTS Y MERKVEEL
bR Mk AREROKERII o2, AV ZXFTLTR -BARFLLLT
WLUTHESZHEMET ) 72 YEBEPBELT 2280, 770 FEKRICED % /1L
REHHEEHL,/3DT,2007kg-COZ@ VT D, 7T NEGRIIEb R
LR BHH BT, MEMOEREHITRENEZCNDY, LTHYZDOLERHEE)
731,785kwh (5.3.4(2)BM) IZWM UL~ £188Tkg-Co- WML U LD &
5, THAL 25T LICBITFALCC0MIEALL.3ke-CO/n°-H: LB I NI,

(3) RIFBANUTHEOE LS

(1), )T - #HALRF LAY A Z2FLIZBTILCCOMEDRAKRELD .
BADKRML AVTOWNEBN L) 772 EMWENS A KBLES 25 L. LCCO.
M RKEL, BEANMICZ LW EWNWE b, Fhid. KAIHEKXETOLCCO: 1D
#11.0kg-CO. /0" H: TH A L B ERLIELG. N1 AKREES R 7 LITBIF 2LCCO.
WX DR L ORIEREETILENLL-2DTHDH, 22T, BENIZAERE
A E S ZAHEBROGEEEBEZHOVROERA) 72745 OBEODLCCO D K
BRI, FKBERERE TN AKELES T LOBREFRMVEIZ D0 T HEG
Bifof. FOR. ERAU P2 Y0855 OLCC0 2L E#H130.94kg-C0:/n*-H. &4 b |
KAELRKERLI DB hEIREERFLE, 5. 3- 606U EDOMEZFELED . TDZ
e, FKBEZERNETZ7RY 274, )7 2P IEORIIRE THITAX
D BEFAMNMICENLEZL 2T LRI ENREIN T,

—~f. AN L) 72V BHWENA A KEREY T LD, BITELD BRIEH
HMOBRELRF LRI, BN - WEREOABAIEDO RGN Lk EDN
— FHTORMEFLHRTRBEDO T 2N FEBYLO RN 2m LI KB KEE
EBOBARREOY 7 FPETOH&MEFHVEEND

5. 3.6 F&&

KERBEIZ VAERVERERMNMFEMOSERLI D, NBBHA Y 72520z A
AKEEESRTFLOBRAEDHEML XINVICHBTZ2EMEERETCH LB S, Lo L
s, FARKEEREBEELUEASZTF LG 77V REOERRKEIZ CBiTE (K
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ALWHEE) LV KARMBE IR MIKASTVLODOEBERANMICEN S AT LTH D,
FRPEINWIREREMUHETCORAMMMORBLESH I L2 R T I ENTE =,

Fr-. HAREO FTRKOUEIB LD BLET 2R ERBTEMNICE’THD. ThiaLR
TAKRFBHEERME LUTCHHA LSS, EMKREERIN2.3E XTI NS, Zhit.
FAOKERFEERBOM2UCHE L, KAUBREE LTEMETH S, (t>T. KX F L4
LB RBBRI AN F—EBIEAEETH O, FRKLBEREROE LERAUEADT
ANF-HBEOKNELEO—ANS 2T LELTOMNMOREETCHZLBDN S, OF
D K ZAF L FPRKMUEBBIZHELEREE LEESG. SEINZKERANVF T
KMIEBHATOHFABIZLEF LD TRINS, OISR AT LIEE. XD T
KAMHE Y 27 LAZHFRL., TARUBIANF-DANERRTES THT 2B FKUIEY
27Fhy D—HELTOAMBATEL0EMIH I LELI SN D,

5. 3.7 &EXH

1) FRTHEER FAESKG -THEE -, B52501, (1997), HATKEWH=
2) FEKS R REBEFHMAKAWSEMMAHELRREE 3.3.4 (2)

3) PR 6 FE BRIERAMEKRRELIN A HHERRESE  3.3.5 (1)

4) Pk 6 FE BREFAMNAKRRE RN R RS HE  3.3.4

5) Frk 8 FE REEHAMB KRR ERLNAAHREMREREE 5.3.2 (1)

6) Tk 6 FE REMMBKAXBERMARMBRREEE 3.3.5 (2)
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%£5. 3—1 —HRIATLORMEREREIAR
EB4 ik ¥E | &% TH
1 | BABRRRTY % & 600m®,<F{k 10.5m X 10.5m X H6m 1 30,000
2 | Ewy v =& 80m%h,As} 30m,*-5 22kW 1 938
3 | T ETAAERNGA SUS MM BRI, v 415/ EMI7A 6 22,500
~+iE 0 1.6mxH5.0m, t 17/} AMP1.6m X H4.3m
4 | REWLENTA SUS MM B BRI, TEHERFTHENTA 6 33,720
~HE 0 1.6m X H5.0m , EHERAEN O 1.6m xH4.3m
5 | PH S5 #kETHE & 5m®~E01.9mxXH1.9m 1 660
6 | HClEAY 7 %% 0.1m%h,Ay}' 20m #-§ 0.1kW 1 700
7 | RO RTIE =& 1,400m? % 14m X 14m X H7.5m 1 70,000
8 | XERRICH SUS MM RAN A& 5m®E ,~HE€©3.6m XH0.7m 2,960 14,432,960
9 | BkERE U S F N Ay A E S 1 274,620,000
TR A A MR8, B EM 296,000m?
10 | mRER K770 ~mEF K , 27RO 1L.0mm 6 Hrv v R 1 733,132,800
TrAN =F=7"%  3,409,92 X
HARTIVAEENE BT I B
‘ © 10mm X 0.5m X 3,409,920 & , 774{n" -FiEH & B4t
11 | & 7 =& 80m%h, Ay} 10m, %7 7.5kW 2 1,876
12 | 4" 2 B4 AAX , AR 840m®, s ©12mXxXH7.4m 1 117,000
13 | RISHERITH 2 & 500m®, 5T 10m X 10m X H5.5m 1 25,000
14 | XHEY /7 #& 80m®h,~y} 10m,t-% 7.6kW 2 1,876
15 | 22)-v7" V2 =& 20th, ¥ 55kW 2 30,000
16 | BIEBEY /7 7% 1.4m%h,/E 7 32kgf/cm? 1 10,000
V7 BERht-) 5.5kW,7 (-5 BEEhE-5 2.2kw
17 | @& A& 12m? 1 0O3mXxXH2.2m 1 600
18 | {REHEI5TRE A& 320m?,~Hik 5m X 15m X Hom , 73778 ERA 2 32,000
19 | Bt ILRN % 50m?, 11k ©8m X H3.5m, P R BEEh AR I R IR F i 2 96,000
20 | EHESEEBE7 07 | AR 480Nm*h, ~st° 3,500mmAq, -7 11kW 2 960
21 | IREBRY /7 &k 21m%h, ~/} 20m,t-9 7.5kW 2 6,000
22 | RIS RY /7 =k 0.2m%h, Ay} 20m,t-7 0.4kW 2 1,240
23 | BERHERE V77 BAGR A B S5l - R D 26% 3,728,507
24 | SRS V7 IBAR B RR R - BBROD 16% 2,237,104
25 | T HARH 7R BLR R bR < ER - B3RO 50% 7,457,015
5 ¥ 1,036,089,456
%5. 3—2 —HRIATFLOERREE
BB & 1R +H %
<BEE>
AR 46,624,025 | FAF @ ffi 10%, 20 FHEH
&% 20,721,789 | BIRE D 2%
wHiEg 25,902,236 | BIERED 2.5%
Fofh (R E) 20,721,789 | BEREB D 2%
—EER 2,146 | EIR D B5%
BERAR 113,971,985
<EBHE>
JFELR 35,751
hHE 5,735 | ¥14/kwh X 365X 0.7 X {§&E /]
AN 8,000 | 8,000 FH/&- AX1 A
ERE 573 | i HB D 10%
TEVRSH 50,059
SEMEREEH 114,022,044
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3—3 WA ATLORMEEREITAD

#5. 3—4 —HWRIRATFLOEHKEE
BB &% FH Lk
<EHER>
EHE 15,839,923 | F77#& (M 10%, 20 FHEH
G F| 7,039,965 | B E D 2%
HWiE & 8,799,957 | B E D 2.5%
Z O ((RERA &) 7,039,965 | BB D 2%
—EBRE 2,253 | EEE D 15%
EE®RSEH 38,722,063
<EEVE>
BRI E 43,312
BhHE 6,386 | ¥14/kwh X 365 X0.7XHEEH
NEE 8,000 | 8,000 FH/&E- AX1 A
ERE 638 | By HhED 10%
EERSEH 58,336
FERIERKEH 38,780,399
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[ &% [%EB% i % S e
L1 | BOEBERATE | A& 600m’, 1% 10.5m X 10.5m X H6m 1 30,000
2| EiER VT “8& 80m¥h,Avt 30m,t-7 22kW 1 938
R T | SUS MM fEE2BIME, 454 b F N4 6 22 500
FE®1.6m X H5.0m, t 45/} %@ 1.6mxH4.3m
4 | e SUS ®IPI SRR, TEHER FEIENTL 6 33,720
L TP 1.6m X H5.0m, EHEREMP1.6mxH4.3m
| 5 | PHRBEKIS R 5m’HEP1.9m X H1.9m 1 660
6 |NaOH@EAL 7 | FR0.ImYh~yb 20m -4 0.1kW 1 700
|7 | HIAERRTHE A& 1,400m° TiE 14m X 14m X H7.5m 1 70,000
n 8 YRR SUS B HER N A& 5m*E,~HE03.6mxH0.7m 1,000 4,876,000
9 | EOLEE wF MESFHEXF A Ay TN E S 1 92,777,000
B TR R MBS RS, S EHE 100,000m’
10 | =R KT ~mEFRK , 7RO LOmm 6 v VR 1 247,680,000
T74n =774 1,152,000 #
BTV R S M B
® 10mm X 0.5m X 1,152,000 A&, 77{ - ssEe & 84
11 | 5E8|F v A& 80m%h,Av} 10m,E-4 7.5kW 2 1,876
12 | 5 2BFERY) HAX , ER840m®, 1#E  ©12m xH7.4m 1 117,000
L 13 | RUGHRET 8 500m? <t{E 10m X 10m X H5.5m 1 25,000
14 | 5ifd o7 Z & 100m%h,~Av}" 10m,%-¥ 7.5kW 2 1,876
15 | 2007 b3 A& 20t/h, -7 55kW 2 30,000
16 | mEBEL 7 ZE 1.4m'h )T 7 32kglcm? 1 10,000
| % 7 EEE-Y 5.5kW,7 - EEENE-5 2.2kw
| 17 | BRI AR 12m*, & ®3mXxH2.2m 1 600
18 | &G A& 320m’, & 5m X 15m X H5m , €73y 78RN 2 32,000
|19 | B#Lm & 50m? < © 8m X H3.5m, 1 L EREH % I RV IE # i 2 96,000
20 | EVEERBEK7 eV | AR 480Nm*h, ~y} 3,500mmAq, ¥-§ 11kW 2 960
21 REBRE VT =& 2ImYh, ~v} 20m, -5 7T5kW 2 6,000
22 | BEEIETRF VT FE 02m%h, ~yb 20m,3-7 0.4kW 2 1,240
| 23 | RRikK 7 Z & 50m®Mh, ~yt 10m, #§ 7.5kW 1 938
24 | H{EIS SUS WA HeE R A& 375m®/&, 1% ©40m X H0.113m 10 715,000
| 25 |HCLEAK 7 A& 0.1m¥h,~y} 20m £ 0.1kW 1 700
i 26 | PH Bkt dingi] EE 5m’ HED1.9m xH1.9m 1 660
i 23 | BREHESRK ITISRAR A bR < B - BB 25% 1,518,592
24 | BBEHE ITHRAR A BR < H B - BBED 15% 911,155
25 | TERE I7rRAR 2 bR R - B3R 50% 3,037,184
L & & 351,998,299
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| (RA-EEEE) (1,007,752,800) (340,457,000) T
BB 35,751 43312 35,751
LWk -1 5,735 6,386 5,735
EEE 113,971,985 38,722,063 344,687
rHE 50,059 58,336 50,059
FHERELH
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X 5.

1.850m*/d
(24hr)

3—09

SE 4 a) <
b-4170- 1,850 m’
TOC 3,500 mg/L

Higd 2,300 mg/L(100%)
-

b—4470- 1,850 m?
TOC 3,500 mg/L

YA bh LA GEMERNIL)

ik 2300mg/L
-!

F=4170~ 1,850 m?
TOC 2,500 mglL
HisE 0 mg/L(0 %)

EOSK
b—470~ 1,850 m*
TOC 2,500 mg/L

BB 0 mig,(o %)

b-4A70- 1,850 m?
TOC 2,500 mgL

BB 0 mgL(0 %)

LRABE

F=80 02
K¥E
CO2

ERHR

1,660 m?
1,330 m?( 80 %)

330 m¥( 20 %)

&

ODggonm

=2.0
Wet cell weight 6.59 g/L— 12t
Dry cell weight 0.6 g/L —1.1¢

— RN AKBEELATLDITYTIVING

i
| sEEEe LRI
(o] 6

o9
R

oA

1,838m%/d
(24hr)

o,
Jr

900m¥/d X 254>

oG

_ A (24hr)

! 1 79 m¥d

i : 1.838m¥%d (1zhr)  (24hp)

! I SS 20.000mg/l

: : AWM  Oomgl

' | BOD 200mglL

! |

. . | 12m¥/d
LRRRBARE : | (12h)
I | P BUY. 133 197)
o . P HERW
LEBRYT  RemAA Ty BT
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LM ERTN 2. XMMN T ERSE S2E3 22 4 REDEITL 5 AL EAETE 8. XM N T 7.pH ME BT 8HCILEAR T
600m? 80m*/h x 30m 8.5m*x6 & 8.5m’x6 ¥ 1,400m® 80m*h x 10m bm® X 2set 0.1m%h X 20m
10.6x10.5x6.0H 22kW  x 2get 916x6.0H $1.6x5.0H 14x14 x7.6H 7.6kW X 4set ®1.9x1.8H 0.1kW X 2get
EX-3.%1 § 10.%7+4n - 1 2@ 12 8RR 13. S 1458 H T 16.278-77 V2 16. Wk BEL v7
VI M 88 5 K 27% ®lmm 840Nm? 7m* X 2,960 % 500m* 80m%h X 10m 2.0t/h 1.4m%h
2 ¥ 296,000m? | 3.409,920 % ®12x74H#HZ) | ©36x0.7H/ % | 10x10x6.6H 7.6k W x 4set 5.6kW 32k glem?
12x13*1.5H BT R N 7.7k W X 2set
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17w 18 EIERNE | 19887 20 EXERE 7 | 2L RATRN 20 MEERE /7
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®3.0x2.2H 5.0x5.0x16L 3,600mmAq 7.6kW X 3set $©8.0x3.5H(H M) 0.4kW x 3set
11k W X 3sst

X 5.
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TAGERE DR BE &K
F=3L70- 2,500m

TOC 3,500 mg/L

HHE 2,300 mg/L(100%)

~

£ AL GEIEERNTA)

F=3170- 1,875m
TOC 3,500 mg/L

A 2,30%

F=4170- 2,500 m}
TOC 2,500 mg/L

B 0 mg/L0 %)
e

F=4070- 2,500m>
TOC 2,500 mg/L
AE 0 mg/L0 %)

i

F=4070- 2,500 m’
TOC 2,500 mg/L
ERB 0 mg/L(0 %)

X 5.

B NaQHIAS V7

2,500m*/d
(24hn)

3—7

\
-~

1.pH h H

LRBHUT 3ti(hIh ARBRBIZL

F—3170- 625 m’
TOC 2,500 mg/L

ik ;)

0 mgLO %)

ERAR

L
¥
co2

1,660 m?
1,330 m3( 80 %)

330 m3( 20 %)

0OD660nm=2.0

Wet cell weight 6.59 g/L.— 16.5t
Dry cell weight 0.6 g/L —1.5t

W M) @ 19 Ef§H RN 07
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BEYY
900m’/d x 234~
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Y o
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S 20000mg/l
I. 2,500m%d (12hr)
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5. 4 IZVARATA

5. 4. 1 ENRX

(3. 4 AdIZHVWASIEHRMEOKRREERN, Ao, WHNRZORHNIZLER
FTHROF—yZ2EHTES (WERI0MDOHKEI T T H)

- RERE4~5g/L

- R IHRERAT. 8%

- K FEAEEOEIVILELD. 2%

INLOF—FhS, TROIEEAEEL THFEICRELEBREE - XEWHE
25 L APCOHMENRZEKS5. 4— 1ICRTEIICEEL =,

- BIBE  4g/L

- RBEHER 60%

- KFEEDEININE : 56%

M5. 4—1ICEDHE, WIBLH/keREWNEE I N, ERETF Iy h5HE5N D
5LH/keBEEME WS BE LIRS (AMIFEOHHENIBHE) . ZHiZDOWT, UFDL
DICEET D,

5. 4. 2 KEB\AXVT L%

ITE. AR BELEZAV 775Dtk (FREEEICIT > TR 7O AKE
W) £, 5. 4. 1 TRHARLEYWENZIEEZ 22— (REIWmDOHXI T I H,
K3 4-14BHR) THONEERT I RRK->TEEL .,

LEio 70 AR TIAT 500keEEM/hOULBEEZZRL Tz, LEN>T,
K3. 4—-152&NiE. RUTIVHFICHEMT2ERAQHDIITLOED TH %,

rEZE keBERY)
F = 0.023 £ 7,500 O
Q 0. 023 koS /7

% B ) K ot i B B T (HRTD o 1 R A2 D2

A o
- 247 = 4140 - K
d d B

pli:]
: VY S —4— .23
(HRT) =[5]m ' 4.7 L
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RKEEAV T 75 DOREMV) I TRLOBEDTH D,
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3

m
Vis = Q - (HRT).,, = 4140 -(—j— - 3.3d =13.660 m’

Fil O X EBRBEHFODE -2 -l 280E 2 VEBE2EHITBHEEETHE.
(ERRS8FEED 7O AREFERW)

HerxDFa—TDONE 100mm™ "’
EPa NS Fa-—TK 160
Fa—-—TDOEZ 50m
BAOFa—T7TOEHK 392. 5L
EPa-IIEEHE 62. 8m?
22— IV HEE 2, 512m®

1) FRSEEO VO AABRTIINEZ0 ThmEEEL &,
VERBBELAOED 2 —IIVEBHFOEND B TFEOLDIZR S,

S =

1
Nm = 13660m® - = 218
62.8m

COXRIVT I T,  HERMAERPRUVURAMAEER (VpBXUSDE FREOED T

Vp = 5.00072 L g g5 2t
P T roow T U wed
sp = 5.00022 ! T2 ! 10002 = 9.1 —£—
P00 7 o512 o 28FE U a— L i d

INs5OF—4id. 0.3LH./(L-)BXUT LH/(n*-d) A FEs Nl BISTED SN
HbOEXLS —HT B,

5. 4. 3 gENHTA
(3. 4 ETJIZHVWAAARMEOKBREREEN) THON LT -5 ZHVT, F
RIFEICH->ERANIHEELEL - (ERSFERESR) . o R Z
L5, 4—- 179, ZOXRTIH. SHRERKOEKREFEMEDSEN TS, BEEZEKT
500 INSORRBEOMER, MCEREAE CTHRVETZIRENITITDR TN S,
IORIZOVWTIEH., UTFOZL2HEBLTHErzTNE AL RN,
cETa-NTHONETF—FICENE, BRLEKERBFMHEBIZ. REOMATAEL

-369-



TOKEDOHBDOUETH 5,

R, ERERETERLAZN, AXATTRERL TR L,

- ERE3T. ERERETTRERZIT 2N (C0FEALR3Fy THEHZRHNT) .
HMANLETH S,

- BRBAZ. IEEZBELTHY T 7% KO GLH./(L-)DIAEAHEERB LT
I5LH/ (n*- ) OARBEAEERTEM TSI LE2EKT S, TS50, 22—
TRHDENEZHODIFEMETH D, TS5 OEREHICOZEILTNRES O
5, TOEK[ICEL> T, DERAOMEBTTFHMICHRLEZEDBDOLRAIUCKENES
N’ SIMtEFEHORESH) . "IDREFEEAFNEISICHEHEZNS., ZORH
WHEBIIBINTHELIN, BLURERIILLIEEINLETH 5,

DTN OHETH, 1L 000Lit/Ne* O BERBMHEIE. BEMICEHLEDROF WY
O-2FEE3REVLENSORAOEMICE > TERTDHIENTES (BIRES

ZH) .

5. 4. 4 £
FHEEFTRLAEFET ISP TEHOLDIICENTEIENTES,
-HATORSENAKERLET. ARSI, 100mnB X XI50mmD N T 7 ¥ TE LB E

GHEEZHOWNEAIRETH S,

- lOFHR. REEZIBIRRICEMTZEESGOFEMETHTED, ZOFERD
RMCE-o THRMEREPOMBEMBIREEZHBEIET T, 7>EZT7ICERT HHH
HBEERBITLIENTE S,

- LAEOEOXR DT IIDOOE, HRI0mOHOERLY OWERE T/ ROy F—
TREEARERKESGDETHWNE., IDHELETHEEEDLN 3,

- IDXUTIIT, FlgkB/ L-DOEHME (BBEAE4~5g/L. HRT 3.3d) . #5050
MEBBELINOEINAFEENENEGON-, I HEBMAKELEELB L UVERTHEK
FEERIT, 0030 LH./L-DB XU 2 LH/(L-DTH o7,

RO T—F A5 —NVT v T U THMEL 2KERBMBEIL3, 700Lit/N*TH -
7=

- ZOEIE, HEOHMHZAELTOKEDOMBED IETH 5.

LML, TEROMIZTTASIENTES,
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+ 3, 550Lit/Nn’, BEFEAL - HAEWMHKHE L AT LUPCH ZHNWDS I LITH> TR, TN

BEBREHETRENIZRBRLEY, BAXLT THRITDILEND S,

- 3,200Lit/Nm®, FEMEEE (RQBEEZMAHLZRYL) ZRVDL I EICEK> TARE, Z

N3, EREHAETrMOCRFLE Ry 7AW 2 VLR -BIERFZFOHFIEFOD
HH#E) .

+ 1, 650Lit/Nm*, KFEAEMEISLH./kgFEEH D S 45LH/ ke EPHICHR LS8BT &1

Ko TAM, CNRKYT VS OBEEES 2 — L THONAMEDLUEIIH EX ¢
BLEEED, COHBEERTHADOARMEOH S TR, 2V 4 —THADH
M. KTINFE—FADRERV T/ VOB ERET B0 5 BIEF&E
ENEEKOEMBETHB.

- 1, 000Lit/Nn®, BEEMUB OB EWANREY 1kgd 72 D 100LitAS150LitIC EFT

5.

D)

5, HAVEIKBEINAERERDOEENE R ARRICENIBZERITRETD 5.

4. 5 BEXM
A. A, Tsygankov, et al., Actual and potential rates of hydrogen
photoproduction by continuous culture of the purple non-sulphur bacterium

Rhodobacter capsulatus, Appl. Microbiol. Biotechnol, 49, 102-107(1998)
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®5. 4—1 KEOHEEMmE

Hydrogen transfer price

Lit - Nm™
. BASE CASE 3700
. APCS 3550
. APCS without sterilization 3200
. APCS with increased productivity 1650
. APCS with increased revenues from waste disposal 1000

Clone SMV089, once through photoreactor 100 mm ID, scale up of module results,
stable H; evolution through the whole year

From 28 to 45 LH; - Kg waste™ (CO + gas separation membrane system)

From 100 to 150 Lit - Kg™', or genetically improved clones



FOE MEXERE

1 OYRYRRIZEBIFIHEIRER

HEET AR ENT & B AR FE A 0D 43 F 0 R USRI A T 12 BE 9 2 AR ieE

I.

Studies on H: photoproduction by Anabaena variabilis ATTC 2943 and its

nutant PK84 in a bench top photobioreactor (PhBR) were continued. Earlier
observation that the mutant PK84 is able to produce H: during growth under
2% C0. + air was confirmed; the native strain evolves only when under argon

or in a micro aerobic environment.

. At its maximum rate of H. production in air + 2% C0:, PK84 utilised only

13% of energy derived from oxygenic photosynthesis towards H: production.
The actual rate of H: production by PK84 in the bioreactor was only 33% of

the potential (maximum realisable) rate by the cyanobacterium.

. A computer-controlled rooftop (outdoor) photobioreactor (PhBR) was

assembled during summer (July-0Oct) 1998. H: photo-production rates by

A.variabilis PK84 grown in C0O0: + air in the bioreactor, in batch and

chemostat culture mode, were measured together with other parameters such
as temperature, irradiance, pH, dry biomass weight, and 0: and Chl a
concentrations. A maximum rate of 80 ml H: per hr per reactor volume
(4.35 litre) was obtained on a bright day (400 Wm ?) from a 12 day old PK84
culture grown n batch mode. The total H: evolved per day per reactor varied
with the insulation on each day, which was quite variable from day to day in

London.

. The maximum efficiency of conversion of light to chemical energy of H: in

the outdoor photobioreactor was 0.33%. Under optimal conditions PK84 cells
grown in argon + CO. in a bench top reactor can produce H. with a light to

H. energy conversion efficiency of 1.17%

-374-



5. Day-night and night-dark experiments demonstrated conclusively that the H:
production by PK84 cells was dependent on light.

6. The unicellular cyanobacterium Synechococcus Miami sp 043511 evolved H:

only under an argon (anaerobic) atmosphere. The actual and potential rate

of H: production by Synechococcus 043511 were only a fourth of the rates

obtained from A.variabilis PK84 growing under argon.
7. The presence of an uptake hydrogenase was detected by biochemical /
physiological studies on H:. production and confirmed by polarographic

analysis in a H: / 0. electrode.
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6. 2 RRRIKXZIIBIBZHRRKR

BRFHAABIBLEMIIX D KEREY 725 —DERORE

CRET, Y70V =2 PCRBEARMAEICBITIZEKBERUOR ) -2 T
BRI ) —Z 0 T INLRRICDODWTOKKZREREDOFMRIT>oTCESE, £/20 R U —
VU ENEMROKEEREDN L. RO OMEMWEKEERY 722 OMEL2HiE
L. BRI RBNEIT>TE -,

TR A EREIE. BREAONHEAMEOE R TEAROMB., GRKEER) T 7Y OB
e Ul #E 7 74 N — LICEEE L ERKICL B2 KEBEREITo FR D ERE
. KB XERM U - ENA MBI X 2 KEER. EMWAEE. ROREKILE % [FH L
AT e BAEER S 2T L OB EI I, FRGTEE. TEER. HAIlEBHEISR
) — L XN EKE ¥ Rhodovulum sp. NKPBL6O4TIROD IR A & R+ — B %8
BRENRLE, S50 COLRKROKREREDPBHEKRIZERTESHNI EEZRLUE,
Fm. P8 WL, nifH BIZFOMIBEIEREE U BEEPCREICLZ2EHRAD S DI #
M OHMEOBIEE KA. TR 9 #EIX. Rhodovulum sp NKPB1604T1RD 7k & 4 Al %
fEFICHRNT, BERREITOEATPL RNV Z2EMI T2 LD KELEREED R F
BRAAT. FOME., MBOBAORNEITD 2T KEEREEITRATN T DKE
HRICHARTH EF 22N REEE, T8I0, RN ORI TELZ L
EfERIN T,

EEREER. B/ BEHEoELET S HAD 72 Y 0ERIT W, Rhodovulum sp.
NKPB1604TIRIC K B KAZLERIIBI B0 77 4 Diffli 21T >0
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6. 3 NUAKRZEZHEIFBIHRRR

KAMNERER AT ZiiEM AWMt womEBs L2 ) -2 0

The goal of this study was to identify strains with superior hydrogen-
producing capability under RITE-proposed conditions and standards. Strain HCC
2205 and HCC 2037 demonstrated superior hydrogen production capability during
previous tests of 205 photosynthetic bacteria from the Mitsui-Miami Collection.

In addition, we tested HCC 2206, a hydrogen producing Hawaiian isolate, and
Rhodobacter sphaeroides RV, which had been proposed by RITE as a standard strain.

Hydrogen production capabilities of these strains were compared using lactate,
acetate, butyrate, succinate and propionate as substrates. HCC 2037 produced
hydrogen from all the acids, but production rates were highest rates with
lactate and acetate. Four RITE-specified simulated industrial wastewaters,
containing mixtures of organic acids, were used to explore the potential for
practical applications of hydrogen production by photosynthetic bacteria. HCC
2037 and R.sphaeroides RV both produced hydrogen from all four simulated
wastewaters, but maximum hydrogen production rates varied according to the
strain and wastewater tested. Overall performance of HCC 2037 compared
favorably with that of R.sphaeroides RV in these experiments. HCC 2037 was used
to examine the effects of reduced glutamate concentrations and periodic lactate
addition on hydrogen production. When initial concentrations of glutamate and
lactate were decreased, hydrogen production was increased 2.5-fold by daily
lactate addition. Hydrogen production by HCC 2037 was also enhanced by

immobilization in agar.
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6. 4 RPAFCIHITIBZHAERKR

FRAREFTTALB T2 AORMEORR L Z D KELEEANDFA

WARMEORENEZR M LU KBRS ETHIKBEIZLE >TEE LV XAFLTH DB,
FORTEANVF —EHHRIIEAMBOL RIVIEE> TRV, TR F—FHKEHE
TL5-D0H5KELT, FRAMAGHRMEZERL., ZRLoZMAHLTWHAS T LOW
SIRWKEREREHETZIEDNELI SN S,

EROEBERIARDER LI VIRE LERSBROBMBERMEIIOWTHITEITo 2, 1T
AYDBEMNAO~4CICAEBTERBE2EH L. 46CTOREFCEBTZIENTELIHRGT
HLEe 2D B, 16KRICDODWTKEEERDE — WM %17 > 7= 5. Rhodobacter
sphaeroides RV¥ kD 30°CIc BT L kZ /L EREAE, Hr0WidFNU Lo ERERL R
FROGFEA Lo A0°CICBITA2EPERBTILE LB GICE. HBRIZRVER S T EEBIC R S 2
WIEEEWKERBEEERLEZ o T I SH#MORHIZEID, BAII R FNKEL
il E b e ffI Nz KEIGIEDHMEOKZELERDS - REME KT 2 & 1L
. BVWKERFEREEZALAKRIIDODVWTIRISICENEZ2EZA TR RIT R, E125 140D
WRD 5B SN -55°CT RN T % CM55 strainsiZMish THIAC MR BE T, MBI L
TR, EREBOZRNFICLVEETZ2HELGHRMEORE DR DHERT LI ENT
EO. KBRICL B KBLEZIT>THES
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6. 5 BAAEREE

6. 5. 1 XKERWHAE (N4AT75/02>0RIVA)
(1) Purpose
Scientifie exchange of current information about different aspects of

opiimization of light energy conversion to biohydrogen.

(2) Period
4/30 (Thu.) - 5/8 (Fri) 9 days

(3) Researching Items
a.Presentation and discussion of our results in Conneclicut University
b.Poster presentation and discussion on the Symposium on Biotechnology for
Fuels and Chemicals, Gatlinburg
c.Discussion with Dr. Greenbaum and visit Oak Ridge National Laboratory, 0Oak

Ridge

(4) articipant
Lyudmila Vasilyeva, Ph.D
(National Institute of Bioscience and Human Technology, Research Instifute of

Innovative Technology for the Earth, Fuji Electric Corporate R&D, Ltd.)

(5) Schedule
4/30 (Thu.) departure from Narita, arrive to Detroit,
departure from Detroit, arrive to Hartford
5/ 1 (Fri.) Connecticut University, visit. Presentation on interdepartment
seminar, "Photosynthetic bacteria: applications for
biotechnology”. Discussion.
2 (Sat.) departure from Hartford, arrive to Pittsburg

departure from Pitisburg, arrive to Knoxville
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(Sun.

(Mon.

(Tue.

(Wed.

(Thu.

(Thu.

transportation from Knoxville to Gatlinburg

20th Symposium on Biotechnology for Fuels and Chemicals
20th Symposium on Biotechnology for Fuels and Chemicals
20th Symposium on Biotechnology for Fuels and Chemicals
Tour of Oad Ridge National Laboratory

20th Symposium on Biotechnology for Fuels and Chemicals,
presentation of the poster, discussions

transportation from Knoxville to Gatlinburg,

departure from Knoxville, arrive to Detroit,

departure [rom Detroit,

arrive to Narita
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6. 5. 2 BARKIEE (HRAKRIXIF—2R)
(1) BEEM

TOETNYCFL, TIZ/ATALVACTHEZNSGE 1 2EERAKEL R F—
2 (Hydrogen' 98) 2L . #— N KUV RAY—REEZTV., EVMHKERER
WICETIMARRBACOVTHET S L &6IC, BAH - HH2EBU T, HEH
MOWNEZT .

(2) AEHEE
a. FIETHAR
Ek10#6AH198 (£) ~6H29H0 (A) (11HM

b. HEIRE
Bl 2EMARAKEL R F -2 (Hydrogen 98) &M
BT Escuela Superior Tecnica del Ejercito
Gral. Div. Manuel N. Savio

Buenos Aires, Argentina

c REEME
KA F FEMER (IHIZRE)
e - EEHER (RAXLE)
t&¥ = WEA (&5 =E)

d HEBE
6./19 (&) kBX -

(L) Buenos Aires #&

1 (B) Bl 2EMRKEIRIILF—2E ¥1H
(B) Bl2E#EHFKkFEIRIF—2E H2H
(k) B12mEAKRKFIRILIF—2F H3H
(K) Blr2EHRAkEIRINF—2E F4H
(R) Bl 2ERAFLRIF—25% %650

<

N NN NN
|92 Y SR VS N AN
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(B) mRHEE
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6. 5. 3 HMMBEWHHAE (BRXAak2H)
(1) AEBEM

BHIINAHY—, THIRIAMNITHEINGEL 1BASKEBRKKFICSML, K
AL —FEETV, EPHKEREEMICETIHERBRHIMCONTHET S L LD
i, BRRH - REEC THEBRONEZITS.

(2) BEME
a. BREMME
FR10#8H16H (BH) ~8A24H (A) (9B

b. AEIEH
Bl 1IEEREBRB2FBE~NDOEM
B TIYRABNEEKXRS

c  HESME
# Ui
Khatipov Emir
B 5

=

(T & B 5 2)
(Zxtn=E)
(BEL&ER=E)

=
S &
I

&
pi

. BEBRR
81
1

(A) KBER — TIXRZALME

(A) Bl 1EAGRERZE H1H
(K) B11EXGHRERR#E H20
(K) B11EEEGRER2HE $30
(K) Bl 1EXAaRERZE %40
(&) B11EXSRER2E HB5S5H
(1) ®B1 1EXAEGKERZ#E %60
(H) 7H¥RZALHE -

(R) BH*E

NN NN —
_hw D= OO 0N o
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6. 5. 4 HMRHFAZE (REBRLARODOHRFEERRIID)
(1) REEHN

WAL AT A M H 9 W B £ 5% (4th International Conference on Greenhouse Gas
Control Technolegies) TOMEREKRUNF I, 74 2T RIZBIFBKEELRINF
—HAEBRRERHEAREET D,

(2) REBE
a. AEHME
TRR1O0FESH29H () ~9H9H (k) (12HM)

b. HEIEH
WA BT A MBI ENERESEANOBMEERVCBADOAETI RN —HEHM
HEMOMAE

c HEZME
Al ERE EEMER (RATADE)
HlBE EEHER (RAANHE)
KEHFH HRB& (%2 4fr B8R

d HERE
8,29 (f) RRHFE (SR168) — Fa—Uwvk (R1R) &
30 (H) Fa—YvwvkRE — A25—5—7>2F FIETHEH)
4th International Conference on Greenhouse Gas Control
Technologies 51 H
31 (H) 4th International Conference on Greenhouse Gas Control
Technologies 52 H
9., 1 (k) 4th International Conference on Greenhouse Gas Control
Technologies 253 H
2 (/) 4th International Conference on Greenhouse Gas Control

Technologies %4 H
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6. 5. 5 HEMBEHRE (TL-RZBHAARAIFEIHN)
(N REAW

AV TDODLRBZHBEL T, Lo AT LM - REFL., MRITEEHFTDE
BRHNEFEZHEEGDE S, TO®, 1FUAOOT L ROKEE2FHML THEOESS &
665085,

(2) REWME
a. k% (R¥F - BIEN)
(DEni Technologie
00016 MONTEROTONDO (ROMA)

via E. Ramarini 32

@Eni Technologie
20097 S.Donato Milanese (Milano)

via F. Maritano 26

@®King's College London
Campden Hill Road
London W8 T7AH, U. K.

b. KA R
1 0F7HSH (H) ~7812H (B) (8HM)

C. A&
FR1OEEI-_NDEHESL - O RORFEHMBTEEDE

d. AESZME
rEERHSE FEMAR (B 7 %)
AEE HER (7 RE53%E)

iz FEMKE (RHAZHE)
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BEICES L EERIK

2. 2 RKEREDBITHIERREKFHORKE
AHFITHHEBATOXNERMEOKREREEEEZ, BAROEXEHESY /XU H (LHIX
FAdLH2) B, EABE. BIUOKXIxINF-REEZERELTERIAXZMERL. 20X
EHWTEXBRI N VEELHAENATOKRFZREEEORBRZRA L., T I THERK
LeXiE, TORREARBZEEIIRELLDBOTH S, LAMALBGoNLRRZISHL. &
REFHYEEELTSZILET, AEKRABICLI2VHELEEORRIBOMAEHRICITS
TE3ELE23%,

2. 3 Rb. sphaeroides RV [C&IFSBchl SFBHAOREFENT 70 —F

AF TR, XERMBEOBMEGTREEHOR LS., XERANZXLOBEEEHEL -
MEBBCZODWTHELZ. INSEAGHKMBOCOEKRE L ILOEEZMALLL. BWE
HRE, REBLMREOBRNAFAOICHAZSHIIBEE, ERLEZDBOTH .

3.1 BEREROVOAIASHRHEEORBIERIT

3. 1—-11IRLELDIC. KETORRBHKRADU 7V ZH-EL. KELEER
BAERATE, BEEEIIHAED, EWTRIENUTIFITLOREEEDODAER
FLHOT, M3, 1 —-19IxRT., HICEKFEL. 40LY 7752, BLERART
KEEENTERIERINETH-72. TNETOELKOBARBERDE> THDB L,
BEEBROLEMEVERENS, EEORE. BRENEELERHRBE THL2EE LTS,
S, Barsbdhid, KBUTZ7I75ICL2BLETOKRBEERBRICHEBL THRZ W,

3. 3 AJIZRAVSASHRHEEOXNRERER

B2 NUTIFICKDKEEEERIT, NERDR LKV BERETH 2N, EE
DR 004X Tho. INRERKIIBITBZT—ITHDN., ANLEBEREKTIT>2H#
BETH 0.8 I VHEBRIERTE WAL, NEEBHFAU 77y TREENLL MFIH
TERWVWEZDIZ, KBEOEHRETZIDARBICHDST, AERMEORENZERIC
SlEHETVWRWIENRFEREEZ SN S,
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NATKEEEL AT LTWEHAEZ ELEYELIEEZEZT OO, TORME KD S MH
NTZ2HMAEEMIRSNS, FFEEISFEMOMRRROBELL T, ZOFMHPE
ZDWT, TOEMAFEROMEZIT >/, TOMKE, £4. 1 -1 R_THAHAPEIZDOL
T, FORWNAEBIZIDOWTHET S EMNTE,

5. 3 JKILRATA

LHWOBERD, SHEHMOMARRIIHEDTVELENTITKEBEE AT LOBRH 21T
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L5 EMTE,
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SECTION 2. RE-ENTRUSTMENT PROGRAMME FOR
FINANCIAL YEAR 1998.

The Programme:

1. Assemble Hydrogen photobioreactor outdoors
a) Study hydrogen production from A. variablilis mutant PK84
b) Compare the outdoor photobioreactor with the laboratory scale photobioreactor

for hydrogen productivity and performance

2. Compare A. Variabilis mutant PK84 with cyanobacterium Synnechococcus Miami
BG-043511 for hydrogen productivity.




SECTION 3. SUMMARY OF RESEARCH-1998

1. Studies on H; photoproduction by Anabaena variabilis ATTC 2943 and its mutant PK 84
in a bench top photobioreactor (PhBR) were continued. Earlier observation that the
mutant PK 84 is able to produce H, during growth under 2% CO, + air was confirmed;
the native strain evolves only when under argon or in a micro aerobic environment.

2. At its maximum rate of H; production in air + 2% CO,, PK84 utilised only 13% of
energy derived from oxygenic photosynthesis towards H, production. The actual rate of
H, production by PK84 in the bioreactor was only 33% of the potential (maximum
realisable) rate by the cyanobacterium.

3. A computer-controlled rooftop (outdoor) photobioreactor (PhBR) was assembled
during summer (July-Oct) 1998. H, photo-production rates by A.variabilis PK84 grown
in CO; + air in the bioreactor, in batch and chemostat culture mode, were measured
together with other parameters such as temperature, irradiance, pH, dry biomass weight,
and O, and Chl a concentrations. A maximum rate of 80 ml H, per hr per reactor volume
(4.35 litre) was obtained on a bright day (400 Wm™) from a 12 day old PK84 culture
grown n batch mode. The total H, evolved per day per reactor varied with the insulation
on each day, which was quite variable from day to day in London.

4. The maximum efficiency of conversion of light to chemical energy of H; in the outdoor
photobioreactor was 0.33%. Under optimal conditions PK84 cells grown in argon + CO;
in a bench top reactor can produce H, with a light to H: energy conversion efficiency of
1.17%.

5. Day-night and night-dark experiments demonstrated conclusively that the H, production
by PK84 cells was dependent on light.

6. The unicellular cyanobacterium Synechococcus Miami sp 043511 evolved H; only under
an argon (anaerobic) atmosphere. The actual and potential rates of H, production by
Synechoccus 043511 were only a fourth of the rates obtained from A.variabilis PK 84
growing under argon.

7. The presence of an uptake hydrogenase was detected by biochemical / physiological
studies on H, production and confirmed by polarographic analysis in a H, / O, electrode.



SECTION 4. HYDROGEN PRODUCTION IN
PHOTOBIOREACTORS.

4a) Introduction

Research carried out in the previous year (FY 1997) had demonstrated that
Anabaena variabilis PK 84, a mutant of A.variabilis ATCC29413 deficient in uptake
hydrogenase activity, had better H, production activity under argon and the capacity to
evolve H, even in a CO; enriched - air growth medium compared to the native 29413 strain.
These traits made the mutant the choice cyanobacterial strain with potential for use in
photobiological H, production systems. So, further studies were done in the current year
aimed towards optimisation of H, production from mutant PK 84 in a lab-scale Ph BR with
particular emphasis on the effects of irradiance on the reactor surface and of
photosynthetically evolved O,. The conversion efficiency of light to hydrogen energy was
determined on the basis of the fraction of photosynthetic energy generated by the
cyanobacterium that was channelled towards photoproduction.

The final objective of the project is to assess the feasibility of assembling and
operating the PhBR under natural environmental conditions for long periods. To achieve this
objective. albeit partially, the helical PhBR with all its computer control accessories was
transferred from the laboratory bench to the roof of the building in July beginning and H,
production studies with PK 84 strain were continued till October 1998, when there was
reasonable warmth and sunshine in London.

Previous studies on H, production with the wunicellular cyanobacterium
Synechococcus Sp 043511 by Mitsui’s group in Miami and by us in King’s College London
(refer to RITE report 1997) has shown that this strain evolved H,, periodically, when grown
under argon but very little H, was evolved in the presence of air. One explanation for the
absence of H; in air any H; evolved by the nitrogenase activity of the cells would be
consumed in a Knall gas-type reaction (2H, + O, ----> 2H,O + energy) catalysed by a
membrane bound uptake hydrogenase. As there were no previous reports about the
occurrence of an uptake hydrogenase activity in Synechococcus sp 043511 we decided to
investigate for the presence of this enzyme in this unicellular cyanobacterium. The objective
was that if the uptake hydrogenase activity was detected then to generate mutant strains
(with the collaboration of Prof. Shestakov. Moscow State University) which are deficient in
uptake hydrogenase and which may turn out to be better H, producers compared to the
native strain of Synechococcus, a phenomenon we already observed in A.variabilis WT and
PK 84 mutants and which was utilised to our advantage in H, photoproduction.

A summary of these experiments are presented below and in these experiments are
presented below and in the two MSS, Tsygankov et al (1998) and Borodin et al (1999)
appended to this report.



4b) Hydrogen Production From Batch Cultures Of Anabaena Variabilis
Atcc 29413 And Its Mutant Pk84 : Further Studies

1) Experimental

A. variabilis ATCC 29413 and its mutant PK 84 were grown in Allen and Arnon medium,
both in flask cultures and in the Ph BR (see Tsygankuv et al, 1998a); to induce the synthesis
of V-containing nitrogenase, Na,MoO4 in the medium was replaced by 2 micromolar
Na;VO4. The helical Ph BR, 4.35 | in volume, was made up of PVC tubing of 10mm
internal diameter. To start with the reactor was sterilised using 0.5% NaOCI, washed
repeatedly with autoclaved distilled water and then filled with the medium. The computer-
control system of the Ph BR, with built in sensors for monitoring [O:] and regulating pH.
temperature and optical density of the reactor contents has been described before
(Tsygankov et al, 1998b). The cultures were continuously sparged with 98% air + 2% CO»
gas mixture and illuminated by an array of fluorescent lamps; by regulating the number of
lamps switched on the irradiance incident on the Ph BR can be varied during the experiment.

The potential nitrogenase and H, production activities of the intact cells i.e. the maximum
activity the cells can exhibit under optimal conditions was determined by withdrawing 2 ml
samples of cell suspension at intervals from the Ph BR and incubating them in sealed vials
under argon (for H, production) or Ar + 20%C2H2 (for nitrogenase) in an illuminated,
thermostated water bath. The actual H; production rates in the PhBR were calculated from
the measurements of the H, content of the effluent gas mixture from the reactor. Hydrogen,
C:H: and C;H4 were measured by gas chromatography. Other measurements were as
described (Tsygankov et al, 1998a)

2) Results

A.variabilis ATTC 29413: The specific rate of H, production decreased with increase of cell
density presumably due to light limitation. Providing the culture with saturating light
intensifies allowed maintenance of high nitrogenase and H, evolution activities upto a cell
chlorophyll concentration of 17.5ng/ml. During growth under air + CO; by argon + 2% CO;
also did not result in H, evolution possibly due to the presence of photosynthetic O; still in
culture. H- evolution started when the culture was flushed with pure Ar. Under argon the
actual and potential rates of H, production were the same, 25 to 27 mih"' Ph BR"'. At a H:
production rate of 26.6 ml per hour the computed O, evolution rate was 21.7 mih. Thus,
(26.6/(21.7*%2)) * 100 = 61.3 % of photosynthetic reducing equivalents were used in H
production by the native strain.

A.variabilis PK 84: The specific nitrogenase and H, evolution activities of cells grown in
argon increased with culture density provided saturating light was supplied to the culture.
The most important difference from the native strain was the capacity of the mutant to
produce H; when grown in 98% air + 2% CO,. In air + CO, the maximum H; production
rate observed was 43.3 ml h' Ph BR': the calculated rate of photosynthesis and this
condition was equivalent to 165 mlO;h”' Ph BR™. So, (43.3/(165%*2))*100 = 13.1 %
photosynthetic reducing equivalents were used up for H, production by the mutant when
grown in air. The actual rate of H, production by the mutant when grown in air. The actual
rate of 13.1 ml h"' Ph BR under argon.



4c) Hydrogen Photoproduction By Anabaena Variabilis PK 84 Mutant In
An Outdoor Photobioreactor.

This search constituted the final phase of the project. The bench top 4.35 1 volume helical Ph
BR used for H, production studies in the laboratory was transferred to a table on the open
roof part of the terrace of the building. The table was kept under a temporary slanting cover
3 m wide, 3m high at the top and 1m high at the bottom end, which protected the bioreactor
and accessories from rain and wind. (see figure 5)

e The cover was constructed with clear, transparent plastic sheet nailed to timber frames.
More than 95% of light incident on the plastic was transmitted to the PhBR.

o The medium reservoir, peristaltic pump heater, and sensors for light intensity, pH, OD
and temperature were either inside the reactor or on its outer surface.

e The ‘PHOTOWIN’ computer control system, gas chromatograph (Hewlett Packard
5890 A, UK) for H, measurement, and gas cylinders for supply of air and CO; to the
reactor were kept in an adjacent room on the terrace.

e Gas, water and electricity connections to the PhBR were provided through ports on the
wall of this room.

To start with, the PhBR was sterilised by washing with 0.5% NaOC] followed by sterile
distilled water. Allen and Arnon medium, modified by replacing NO, MoO4 with Na3VO4,
was pumped in to fill the bioreactor. The medium was sparged with a mixture of 98% air +
2% CO; inoculated after one day with an exponential phase culture of A.variabilis PK 84
grown also in the modified Allen & Arnon medium. The ‘PHOTOWIN’ computer system
was turned on to record continuously the pH, temperature, O, content and optical density
(OD) of the cell suspension, and the irradiance on the PhBR surface. Chlorophyll a and dry
weight were measured by withdrawing aliquots from the reactor at regular intervals. H;
content of the effluent gas mixture was measured using the gas chromatograph.

Experiment 1: 18 days from July 8 to July 25, 1998

This was the first attempt to test the performance of the Ph BR outdoors. The weather was
reasonably sunny during this period, with cloudy intervals. H, and O, production rates,
chiorophyll concentration, cell biomass determined as weight and the physiochemical
parameters of the culture are shown in figures 1a and 1b. The average irradiance was 300
Wm* and on cloudy days fell down to 100 W” ; on one or two sunny days it went up to
400 Wm™ and on cloudy days fell down to 100 Wm™. The chlorophyll concentration
increased gradually up to 10 days after inoculation and then rose at a faster rate; the dry
weight increased in a parallel manner. The maximum rate of H, production, about 80 ml h'
PhBR', was recorded after 12 days of growth when the Chl a concentration was 7pug ml’
and irradiance about 400 Wm™ . The O, concentration in the culture during the experimental
period was about 300p molar; the pH of the culture increased gradually from 7.0 to 8.5. The
temperature of the PhBR was maintained in between 26 and 33°C.

The data shows that the rate of H, production increased with the cell density and chlorophyll
content of the cells. To a certain extent the H, production depended on the incident sunlight
although no direct correlation between solar irradiance and H, production was noticeable.
The reactor was emptied after 3 weeks to start a new experiment since we had to test
different characteristics of H, production in the PhBR during the short summer time
available.



Experiment 2: 18 days from 1-18 Aug 1998.

The main purpose of this experiment was to test whether there is any advantage in running
the reactor in a chemostat mode rather than in batch mode (studies in our laboratory on H;
production from Nostoc flagelliforme has shown that this cyanobacterium evolved H, at
higher rates when grown in a chemostat mode). The data on H; production, O; content and
other parameters are recorded in Figs 2a and 2b. The cells were grown in batch culture for 9
days and then switched to the chemostat mode at a dilution rate of D = 0.01/h. As can be
inferred from Fig 2a there was no obvious advantage in switching to chemostat mode as far
as H, production from the cells was concerned. However, the results are not conclusive as
we observed that after the 10" day there was a rapid rise of chlorophyll and biomass
concentration, which was not reflected in H, production. Contamination of the culture by an
alga (possibly Achromonas sp) could not be ruled out. This was a sunnier period compared
to the first experimental, the incident light intensity on all days being greater than 400 Wm™” .
The maximum H, production rate, 50 ml h"' PhBR was observed after the 6" day of the
inoculation with PK 84 at a Chl a concentration of 3 pl mI" at an irradiance of 450 Wm™ .
Due to the higher light incident on the PhBR, the O, concentration of the cell suspension
was also higher (300 to 600 p molar); this high O, may partially account for lower H;
production rates.

Experiment 3: 36 days from 19™ August to 23" September 1998.
This experiment was designed for testing:

(a) H; production from PK 84 cells grown in the chemostat mode (repeat of experiment 2),
(b) the sustainability of H, production in the PhBR, and,

(c) the light-dependency of H, production by the cyanobacterium.

The cells growing in batch culture in the reactor were switched to the chemostat mode after
10 days and the culture was maintained in this mode till the end of the experiment (Fig 3a).
The data in Fig 3b show that there was no drop in the volumetric rate of H, production
when the cells were switched from batch to chemostat mode of growth. The H; production
rate of 25 to 35 ml Hy/h PhBR™' was sustainable through out the experimental period. Also,
there was a noticeable correlation between the density (dry weight) and chiorophyll
concentration of cells and H; production.

The light dependence of H, evolution by the cyanobacterium was demonstrated in two ways.
Firstly, H, evolution from the PhBR was monitored continuously for 36 hours for two day
and one night period in between, from 7 am. 26 Aug to 7 pm, 27 Aug. The data in Fig 3b
show conclusively that there was no H, evolution from the reactor at night and also that the
amount of H, evolved during the days was dependent on the solar irradiance (26 Aug was a
cloudy day and 27™ a bright sunny day).

In a second experiment (Fig 3c). at a time when H, was evolving continuously from the
PhBR was covered completely with black plastic for a short period. It can be seen clearly
from Fig 3¢ that during the period when the reactor was covered completely with plastic
there was no H; evolution from the cells.

Experiment 4: 22 days from 23" September to 14™ October 1998

The main objective of this experiment was to test the dependence, if any, of H, production
by chemostat cultures of PK84 on the dilution rate of the culture. The PhBR was inoculated
with A. variabilis PK84 and grown in batch culture for 5 days after which the growth was
switched to the chemostat mode at D = 0.02h" and maintained at this dilution. On the 12"
day, the dilution was changed to D = 0.03 h"' and kept at the same level till the end of the
experiment. The results are shown in figures 4a to 4c. Unfortunately, on a number of days
during this experiment, the sunshine in London was poor (Figure 4a) which resulted in low
rates of H, production from the cells during those days (Figure 4b). However, from the data



4d. Estimation Of Light Energy Conversion To H, Energy By Anabaena
Variabilis Pk84 In The Outdoor And Indoor Photobioreactors

Combustion energy of evolved H;, EH

Conversion efficiency =
Energy of incident light, E,

Energy of light incident on the PhBR:

The energy of incident light was taken as the sum of the direct light from the sun, Is, falling
on the reactor and of the diffused daylight, 15; both light energies are measured using light
SENSOTrS.

E; = (Is x Sps + Is x Spd)t where Sps is the surface of the PhBR receiving direct light and
Spd is the PhBR surface exposed to diffuse light; t = time.

Sps = Dhcos a + D sin a x Dtga

Where D 1s the diameter of the PhBR (55¢m), h the height (32cm) and o the angle of the
sun (0 at sunset and sunrise and 51.5 grad at midday on 21 March; the value was assumed
to be approx. 55 in July when the measurements were made).

Spd = 3.14 Dh for all outside surface of the reactor.
Units for light energy: 1W per hour = 3,600 joules.

A. Calculations for a sunny day, 20 July 1998

The PhBR produced 652.3 ml H; on 20 July; the energy of this H,, EH = 6,610 joules.
Measurements were done for each hour; when H, measurements were not recorded the
values were interpolated on the basis of the usual pattern of H, evolution.

Total light energy incident on the PhBR on that day = 4,669,000 joules.

6,610
Efficiency of light energy conversion = ———— x 100 =0.142%
4,669,000

B. Calculations for 21 July 1998

On this day there was no bright sunshine, yet the temperature was mild. The culture was
still active in H, production.

Total vol. of H, produced during the day = 254 ml
Energy equivalent = 2,938 joules
Total light energy (measured) incident on the Bioreactor surface = 863,540 joules

2,838

Efficiency = x 100 = 0.329%

863.540



The conversion efficiency, as one can expect, is higher in low light compared to that in high
light insolation.

We feel that the above efficiency values are underestimated. Firstly, in recording the
radiation falling on the bioreactor surface we assumed that the light passing in between the
PVC coils is incident on the PhBR. Ignoring this may increase the real efficiency by a factor
of 3 to 5%. Secondly the transparency of the PVC tubing decreases gradually as the time
progresses (due to the UV light action on the PVC and minute amounts of cyanobacterial
biofilm deposited on the walls). This particular experiment was started on the first week of
July and the PhBR was in operation for more than two weeks. It is possible to more than
double the efficiency using a higher grade (if available) tubing and eliminating completely
biofilm adhesion on the inner walls.

Note

The outdoor photobioreactor for H, production by Anabaena variabilis PK84 was operated
under normal day-night conditions and unlike the bench top bioreactor was never optimised
for maximum H, production.

Efficiency of light utilisation towards H, production by Anabaena variabilis PK84 in
the indoor photobioreactor

Hydrogen production rates were studied in the laboratory PhBR under various experimental
conditions such as light intensity, cell density and most importantly the gas phase. For
comparison with the performance of the PhBR outdoors we will consider only the data
obtained with Anabaena variabilis mutant grown in air + CO; (the same gas phase used
outdoors). When grown under air + CQO,, the mutant PK84 utilised only 13% of its
oxygenic photosynthetic energy for H, production (see Ms. by Tsygankov etal 1998,
attached). Assuming that the energetic efficiency of plant type photosynthesis is 9% under
optimal growth conditions (Bolton & Hall, Photochem. Photobiol. 53: 545, 1991) the
maximum efficiency of light energy conversion into H, in the indoor bioreactor was 0.13 x
0.09 x 100 = 1.17%.

As can be seen from the Ms. this value can be exceeded in the laboratory by replacing air
with argon and choosing the optimum light intensity.



Fig. 5 X-Section of Outdoor Reactor & Housing
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SECTION 5. REPORTS PRESENTED TO THE RITE GROUP

[

N

DURING THEIR VISIT TO KING'S COLLEGE
LONDON ON 10™ JULY 1998.

5a. RITE Photobiological H; Production (1992-98)
Re-entrustment Contractor: King's College London
Fundamental research results on cyanobacterial H: metabolism

Immobilisation of cells on polymers and hollow fibres. Physiological and
morphological characteristics of free and immobilised cells of Anabaena and Nostoc

Spp.

H; metabolism and nitrogenase activities of cells cultures in Mo M8, V+ and no Mo
or V media. H. metabolism of 4. variabilis mutant PK84 - possible explanations
for increased H, evolution by the mutant.

Engineering aspects of photobioreactor design. (a) Horizontal vertical/tubular
reactors enclosing hollow fibres, (b) 'Air Lift' mechanism for nutrient flow, (c)
operation of 'chemostat'-type bioreactors, (d) assembly of helical tubular
bioreactors made of PVC or Teflon, (¢) Biofilm formation in the inner walls and
technique to prevent the cell adhesion to the reactor, (f) withdrawal and
measurement of products from the reactor, (g) correlation of optical density of the
cells and chiorophyll ¢ concentration, (h) development of ‘twin' bioreactors for
comparing activities of cells grown in 'specified’ nutrient or 'ambience’ differences
etc.

Factors aftecting H, production in 'batch' and 'bioreactor’-cultured cyanobacteria.
Cell density and age, dilution rate, light intensity and duration, temperature, pH,

ambient environment e.g. partial vacuum, argon, enriched CO,, N'C’ starvation etc.

Development of computer-automation of the bioreactor operation. Hardware and
software, data logging etc.

Method for determination of light conversion efficiencies in bioreactors.

Collaborations and Funding other than RITE:

The Royal Society, UK

INTAS, Brussels

King's College London Research Fund

IEA, Annex 10, Biological H, production

EU COST Action 812: Hydrogenases in Biotechnology & Agriculture



5b. RITE Photobiological Hydrogen Production (1992-98)

Re-entrustment Contractor: King's College London
Milestones in R & D on cyanobacterial H- production

1992:

1993-94:

1994-95:

1995-96:

1996-97:

1997-98:

1998:
(In progress)

Introduced the concept of using cyanobacterial cell immobilisation on
hydrophlic and hydrophobic hollow fibres for the development of
photobioreactors to produce H,.

Demonstrated the potential of Anabaena variabilis immobilised in
hollow fibres in the construction of photobioreactors and in the
continuous production of H, coupled to CO, consumption. Continuous
operation of two-phase system of H, production/biomass synthesis
achieved for more than one year.

Determination of the efficiency of conversion of light energy to
combustion energy of H, by A. variabilis immobilised on polysulfone
hollow fibres in a minireactor enclosed in a light-integrating Ulbright
Sphere; calculated efficiency = 3.2%.

Culturing and isolation of free-living cell filaments of the terrestrial
cyanobacterium Nostoc flagelliforme from the polysaccharide sheath of
the dry cells. Demonstration of the high H; production capacity of this
movel' strain of cyanobacterium.

Development of chemostat-bioreactors for H, production by filaments
of N. flagelliforme.

Culturing of A. variabilis ATCC 29413 in V-enriched medium.
Demonstration of enhanced H, production performance of V-grown
cells (with V-nitrogenase) compared to the normal Mo-grown cells
under identical growth and assays.

Assembly of 'air-lift' bioreactors for H, production using free and
hollow fibre-immobilised A. variabilis cells.

Preliminary studies of H, production activities of mutant strains PK84
and PK17R of A. variabilis 29413. Mutants deficient in uptake
hydrogenase.

Construction of a bench-top automated helical tubular bioreactor with
computer control of growth parameters and data collection. Sustained
H; production in the bioreactor by A. variabilis PK84 under anaerobic
and aecrobic conditions. First report of H, photoproduction in air
environment by a cyanobacterium viz 4. variabilis PK84 (presented at
Biohydrogen 1997, Hawaii). Suggestions for scale up of the reactor.

Optimsation of H, production by PK84 in the continuous flow helical
reactor. Comparison of H> production rates in argon and in air + CO,.
Comparison of H, production activities of Synechococcus strain Miami
BG043511 (Hawaii culture collection) with A. variabilis PK84.

Determination of hydrogenase activities (H; consumption and H;
evolution) of Synechococcus 043511.  Possible construction of
chemical mutants with impaired H; uptake activity.

Assembly and operation of the photobioreactor outdoors.



H. production by cyanobacteria.

5¢c) RITE Photobiological H, Production (1992-98)
Data obtained at Kings' College London 1992-98.

Organism used

H; production rate

Comments

Reference

Anbaena variabilis
(Kurzing)
Nostoc muscorum

1 ml/mg chl a/h

H; production under partial vacuum glass reactor
containing cyanobacteria immobilised in hollow fibre.
Production phase lasted 6h.

Markov e al 1992

A. variabilis

0.2 ml/mg dw/h

Maximum rate, hollow fibre reactor, partial vacuum, lasted
for 5 months.

Markov et al 1993

A. variabilis

20 ml/g dw/h

H, production coupled to CO, (5%) consumption.
Photobioreactor ran continuously for 1 years.

Markov ef al 1995

N. flagelliforme

84 mmol/mg chl a’h
43 ml/g dw/h
510 ml/day/litre

Maximum rates obtained in chemostat cultures under
optimised dilution, temperature + N and CO;
concentrations

Licht] et al 1997

A. azollae

13 ml Hy/h/litre

Suspension of culture in a photobioreactor

Tsygankov et al
19997

A variabilis

1.6 pmol/mg protein/h

A. variabilis ATCC 29413 wild type (WT).

Sveshnikov ef al

wild type and mutant PK84 | 7.0 - ditto - A. variabilis mutant PK84. 1997
3.1 - ditto - A variahilis WT under N, starvation.
12.6 - ditto - A. variabilis PK84.
A. variabilis 45 pmol/mg chl a/h Cells grown in the normal Mo medium in a cylindrical PhBR. Tsygankov et al
29413 64 - ditto - Cells grown in Mo deficient, V-enriched medium in a 1997

PhBR.

A. variabilis
PK84

81 umol/mg chl a/h
190 - ditto -

Helical tubular bioreactor, continuous light in air + 2% CO,
tubular bioreactor in argon.

Borodin er al 1998

Synochococcus
Miami 043511

320 pmol/mg chl a/h

Non-synchronised cells, continuous day/night cycles in
argon. Rates compare with 540 pmol/mg chl a/h obtained
by Mitsui ef ul.

Borodin et al 1998




SECTION 6. CONCLUSIONS AND FUTURE POTENTIAL
FOR BIOHYDROGEN.

A summary of the basic information gained, milestones crossed, and key data collated
on H; production from different cyanobacterial strains, under various experimental
conditions, during the past 6 years of research at KCL was presented to the RITE
Technical Experts who visited KCL on the 10th July 1998 (section 6 of this Final
Report). In the past 6 months research was focused on the assembly and operation of
the 'outdoor' PhBR. Although London did not enjoy a good summer in 1998, our
results from the performance of the outdoor reactor show conclusively that PhBRs
erected outdoors have the potential to photoproduce H; for long periods of time. The
essential requirements arc rcasonably fair sunshine (300 + 100W m) and temperature
(30 + 5°C). Operations such as sensing the internal (pH, [O;], t °C) and external (light,
medium flow rate) parameters of the PhBR. and data storage were done by computer
automation. We have purchased a sensor for online measurement of biomass in the
reactor: it is possible to modify our gas chromatography to measure continuously the
H, content of the effluent gas from the reactor. It is our objective to introduce these

modifications in a scale-up PhBR and operate it in a sunnier climate, e.g. in Spain.

The low efficiency of light to H; energy conversion (approx 0.3%) obtained in the
'pilot’ outdoor PhBR is a drawback for the immediate adaptation of the H, PhBR for
commercial application. However, further improvements in the PhBR construction

materials and design would undoubtedly improve the efficiency for outdoor operation.

Previously H, production. in any significant amount, from cyanobacteria was observed
only from cells grown in argon or in a microaerobic environment. Our finding, in early
1997, that 4. variabilis mutant PK84 can evolve H, continuously in CO;-enriched air
was a 'breakthrough’ in cyanobacterial H, production research. This discovery
considerably reduced the cost of biological Ha production in "Economic Analyses" of

the Project.

What future for Biohydrogen? There are two diverse groups of proponents for

biological H, production via the use of oxygenic photosynthetic organisms. One

group, which includes us, advocates cyanobacteria as the choice of organisms for



water photolysis to H,. In filamentous N, fixers, H, evolution is a by-product of
nitrogenase activity; however, the H, evolved is mostly consumed by a membrane-
bound uptake hydrogenase. Future research should concentrate on the procurement of
strains with higher nitrogenase activity (either through screening the natural population
or by genetic modification and breeding of existing strains). Genetic engineering of
nitrogenases is in progress in a number of laboratories. Our studies with 4. variabilis
ATCC 29413 mutant PK84 have shown that blocking (by deletion or inhibition) the
uptake hydrogenase activity allows the cells to produce H; in air in a photbioreactor

rather that in much more expensive argon.

Synechococcus BGD43511 photoproduces H; in argon (but not in air) at rates more
than twice that from A. variabilis PK84. We have identified a reversible hydrogenase
in this unicellular organism and have, in collaboration with Prof. Shestakov of Moscow
State University, initiated studies to generate mutant strains deficient in H, uptake
activity. These mutant strains of Synechococcus and mutants of A. variabilis other
than PK84, may prove to be better H, producers in air than PK84 which we have used
in our PhBR.

An interesting line of research which is in progress in Japan is to introduce the highly
active "tron hydrogenase" of Clostridium pasteurianum into cyanobaterial cells by
genetic transformation and grow successive generations of cynabacteria incorporating
this bacterial hydrogenase. Research on genetic engineering of cyanobacteria should
precede or at least coincide with those for solving technical problems such as

separation and storage of H; and costing land and water availability.

The second group of proponents advocate the use of green algae; e.g.
Chlamydomonas and Scenedesmus spp in biological H, production systems. A
singular advantage of green algae over cyanobacteria is that the algal H, production
from water is catalysed by a reversible hydrogenase. This hydrogenase is induced when
the cells are grown anaerobically so no waste of photosynthetic energy occurs as is the
case with cyanobaterial ATP-dependent, nitrogenase-mediated, H, production.
However, against this advantage should be considered the relatively lower H,

evolution activity of algal hydrogenases and their extreme sensitivity to oxygen. Still,



we should continue this line of research along with H, production from photosynthetic

bacteria until we identify the optimal system for large-scale H, production.

Simultaneously, in conjunction with biological H, production from phototrophs,
research on hybrid photobiological (PC) and photoelectrochemical (PEC) systems
incorporating isolated biological components (photosystems, chromatophores,
hydrogenase, etc) coupled to semiconductors (Ti O2, CdS, etc) and photosensitisers

(ruthenyl dyes) should also be encouraged.

There is no doubt in our minds that considerable progress has been made in the last
two decades towards our goal of producing biological H; as a supplementary fuel. We

should be able to reach the goal within two decades.

Organisations such as RITE (NEDO) Japan, DOE (USA), EU (through their
PB/PC/PEC H, and renewable energy programmes), IEA (Annex 10), and other state-
wide R&D programmes have provided financial support and encouragement for H,
research in the past. The Scientific Community hopes to receive continued support in

the future from these organisations and also from industrially-oriented organisations.
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EU Cost Action 818 Hydrogenases and Environmental Biotechnology
Annual report for 1997-98

K K Rao/D O Hall UK Management Committee Member
King's College London Member Working Group 5
London W8 7AH

Research on the biotechnology of H. production by cyanobactenia was continued using

Anahacna variabilis ATCC 294132 and its chemical mutant PK84 and Svwechococcus.

1. Assembly of outdoor photobioreactor
Following our success in sustained H- production by A. variahilis mutant PK84 in
automated benchtop photobioreactors, a similar photobioreactor was assembled outdoors.
H: production was studied in the outdoor photobioreactor during the summer months, July-
October 1998, The mutant PK84 cells were cultivated in Vanadim-enrniched medium, in
CO--enriched air and the H; evolution was monitored by gas chiromatography. Hydrogen
evolution rates were dependent on insolation and varied with ambient temperature and cell
density. Sustained H; production, in light, was observed for a number of weeks. The
photobioreactor can be scaled up and the whole process has potential for mstallng H.

production systems

2. H: production by Synechococcus sp. Miami BG 43511 (HCC 1134)
The unicellular aerobic marine cyanobacterium Syiechococcny sp. Mianu BG 43511
{Mitsur collection) was obtained from the Hawan Culture Collection (HCC 1134) and used
for studies on nitrogenase and hydrogenase and associated H. evolution. This organism
has been reported to have a very high H, photoproduction capability during the
svnchronous phase of growth. Our studies showed that Syiechococcns HCC 1134 during
its growth exhibit reciprocal 24h cyclic changes in net O, and H, evolution. H, production
was observed only m an argon atmosphere. The presence of reversible and uptake
hvdrogenase activities in the organism was shown by biochemical (London) and

polarographic (by courtesy of P Lindblad etal. Uppsala) analyses.

We are grateful to COST 818 for awarding a short-term scientific mission fellowship to Dr A

A Tsyuankov, ISSP. Pushchino to work on this project

Other researchers: Dr V' Borodin & A Fedorov, Institute for the Study of Basic Biological

Problems. RAS, Pushchino. Russia. Supported by RITE. Japan



H; PHOTOPRODUCTION BY ANABAINA TARIABILIS ATCC 29413 ANDITS
MUTANT PK384 IN INDOOR AND QUTDOOR PHOTOBIOREACTORS

K K Rao. A A Tsygankov, V Borodin, A Fedorov. D O Hall
King's Colicge London, London, W8 7AH, UK

Helerocystous No-fixing cyanobacicria cvolve Ha as a by product of their
nitrogenasc activity, during photo-autotrophic growth; this proccss has potential
for the development of large scale photobiological H. productlion syslcms.
Anabaena variabilis ATCC 29413 and its mutant PK84 (gencrated by L E
Mikhceva and S 'V Shestakoy, Moscow State University) impaired in uptake
hvdrogenase were used for H, production undcer Jaboratory and outdoor conditions.
The studics were performed with cclls grown in Mo-deficient. V-cnriched medium
in automaled compuler-controlled helical photobiorcactors (PhBR), 4.351 vol,
madc of polyvinyl chloride tubing. Indoors the cultures were illuminated by
fluorescent lamps while outdoors (during July-October 1998) the cultures reccived
only natural light

During growth of the cells indoors in 98% Ar+ 2% CO-, 61% and 66% of
oxygenic photosynthetic energy were realised in Ha production by the native and
PKS84 strains respectively. Tn contrast (o the native strain, the mulant was able Lo
hiberate H:. albeit at a lower rate, during growth in COs-cnriched air.  The
maximum rate of H: production was more than onc litre per day per reactor
volume. H: production rale was sustained in the indoor PhBR during months of
conlinuous operation.

H. production in the outdoor PhBR by PK84 grown only in COs.-cnriched air
was dependent on davlight, temperature and cell density:  these data will be
presented. The PRBR was maintained in continuous operation during summer
weeks.

Supported by RITE. Japan and COST 818,
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Abstract

Nitrogenase activity and H, evolution were studied in two mutants of the cyanobacterium Anabaena variabilis ATCC 25413
which are impaired in molecular Ha-related metabolism. Evidence was obtained that mutants deficient in uptake and reversible
hydrogenases were suitable for biotechnological research on Ha production. H, production by the mutant PK84 in continuous
cultures was 4.3 times higher compared to the wild-type. Enhancement in H, evolution by all the cultures under Ny (1.8-1.9

times) and CO; starvation (1.4-1.5 times) was observed.

Reywords: Hvdrogen metabolism; Anubaena variabilis: Mutant form

1. Introduction

H, production using biological materials is one of
the goals of renewable energy technology. H, evolu-
tion is a conservative process inherent in most Na-
fixing microorganisms and involves the two enzymes
- nitrogenase and reversible hydrogenase [1]. Cyano-
bacteria are suited for biotechnological H, produc-
tion as they are the onlv photoautotrophic N,-fixers
capable of producing molecular H, with H»O as the
electron source and thev are stable towards various
stress factors [2-7].

Several species of cyanobacteria are presently
being used in H, photoproduction research and de-
velopment, Anabaena variabilis among them [8}. In

* Corresponding author. Fax: +44 (171) 333 4500.

addition to simple selection of the strains, genetic
methods are being applied to create mutants with
altered nitrogenase or hydrogenase systems for en-
hanced H, production capacity. Furthermore, phys-
iological manipulation can be used for optimising H,
production [9].

Nitrogenase activity and H, production in three
strains of A. variahilis (the wild-type and two mutant
forms) are presented here using continuous cultures
during the exponential growth phase in a steady-
state mode. This phase is characterised by the high-
est activities of the enzymes involved in H, metabo-
lism and is of interest for the practical cultivation of
various cyanobacterial species [5.6,8,10,11]. In the
present research CO, or N, starvation was used to
establish the possibility of regulation of the H, me-
tabolism of A variabilis both for basic knowledge
and as a background for applied biotechnology.

(378-1097/97/S17.00 Copyright © 1997 Published by Elsevier Science B.V. All rights reserved

PIISO378-1097(97)00005-0
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2. Materials and methods
2.1. Bacteria used

Three strains of the cyanobacterium A4. variabilis
ATCC 29413 were used: the wild-type (the initial
form) and two new chemically generated mutant
forms, PK84 and PKI17R. provided by Professor
S.V. Shestakov and Dr. L.A. Mikheeva of Moscow
State University, Department of Genetics. The mu-
tations affected regulation of the enzymes of H, me-
tabolism, thereby enhancing yields of molecular H-
evolution. Reversible hydrogenase activity was im-
paired in the mutant PK84, and both forms were
deficient in uptake hydrogenase [12]. However, phys-
lological parameters such as nitrogenase activity,
growth rates. heterocyst frequency, etc. were similar
in all three forms [12].

2.2, Growth conditions

Continuous growth of the cyanobacteria was car-
ried out in thermostated 350 ml glass bioreactors
equipped with a pH-control system and permanently
illuminated with daylight fluorescent lamps at a lim-
iting light intensity of 90 uE m~" s7! [13]. The dilu-
tion rate was 0.03 h™!. The gas mixture contained
23% No. 2% CO,. and 737 Ar. Total gas flow was
250 ml min~!. Metabolic stress conditions were
achieved by lowering the N, content to 5% or
switching oft the CO, supply. Modified nitrogen-
free Allen and Arnon medium [14] was used for
N>-fixing growth. A pH of 7.5 was maintained au-
tomatically by addition of NaOH.

Tuable 1

2.3. Heterocyst frequency, assays of chlorophyll,

protein and enzyme activities

Heterocysts were counted visually under a micro-
scope taking not less than 500 cells at a time. The
frequency in Tables 1-3 is given in percent related to
the total number of cells counted.

Chlorophyll content was determined in methanol
extracts prepared by incubation of cells in 90% meth-
anol for 3 min at 75°C [15]. An optical densityv
(ODggs) of 1 corresponded to 13.4 pg Chi ¢ ml™*
of the culture.

Protein content was determined by the method of
Bradford [16]. One unit of optical density (OD;q:)
corresponded to 1.3 pg of protein ml~1. All the re-
agents were the highest grades commercially avail-
able.

Enzyme activities in whole cells were determined
by assaying H» photoproduction and C-H» reduc-
tion. The gases were monitored by gas chromatog-
raphy (Hewlett Packard 5890) after incubation of the
samples in glass vials at 30°C for 30 min under day-
light lamp fluorescent illumination (140 pE s™! m™?).
The gas phase for H, evolution assay contained only
Ar, whereas CyH, was added at 10% (v/v) for the
C,H; reduction assay and the CyH,; produced b:
nitrogenase was detected.

3. Results and discussion

Continuous cultivation is often used in biotechnol-
ogy for maintaining cultures in the exponential phase
of growth, obtaining higher vields of biomass and
higher enzyme activity. We have chosen this method
since the maximal activity of nitrogenase occurs dur-
ing the exponential growth phase [8], and it 1s known
that hydrogenase activities in the mutants increased

Growth parameters and enzymatic activity of continuous cultures of the wild-type (W.T.} and two mutants (PKS4 and PRITR) of Arn-

Fuvna varihiles Grandard deviation did not exceed 10, of the values)

H, production

Sirain Heterocysts Chl Protein Dry weight CaH; production

() (ug ml7h) fug ml™h) (g ml™hH (nmol g prot.”' h™Y)  (nmol pg prot.”F h™+
W.T. 6.4 273 44 151 1.62 234
PKS4 6.8 307 RRA! 143 691 3.66

6.6 293 335 148 224 325

PKI1°R
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Table 2

Maximal effect of nitrogen starvation (5% N,) upon growth parameters and enzvmatic activity of the wild-type (W.T.) and two mutants
(PK84 and PKI7R) of Anahaena variabilis measured at 48 h after starting the treatment (standard deviation did not exceed 10% of the

values)
Strain Heterocysts Chi Protein Dry weight H, production C2H, production
(Vi) (ug mi™") (ug mi™h) {ug mi™H (nmol pg prot.”' h™!)  (nmol pg prot.™! k™)
W.T. 10.2 1.93 284 121 3.07 6.32
PK84 10.0 212 28.2 116 12.60 6.44
PKIi7R 10.0 203 29.3 118 4.10 6.32

at later stages of growth [12]. The wild-type and two
mutants were maintained for not less than three dou-
bling times in chemostats as light-limited continuous
cultures in order to establish equivalent conditions
for the cultures before the treatment with low levels
of N, and COs.

3.1. Growth parameters in continuous cultures

The data on biomass accumulation (dry weight).
protein content. chlorophyll concentration and het-
erocyst frequency showed that both mutants did not
exhibit any noticeable changes in their physiological
properties compared to the wild-type while growing
as continuous cultures under the same conditions
(Table 1). The results were in agreement with the
preliminary data obtained for the strains in batch
cultures [12] and confirmed the viability of the mu-
tants.

3.2, Hydrogen merabolism

3.2.1. Nitrogenase activity of the cells during
continuous cultivation
Two aspects of the reducing function of nitro-
genase were studied - the reduction of CsH» (as a
substrate equivalent to molecular Ny) to CoH, and
molecular H, evolution.

Table 3

The data showed clear differences between the
three strains of A. variabilis in the quantitative yield
of the gases produced by nitrogenase in continuous
cultures (Table 1). Both mutant forms showed higher
rates of H, evolution than the wild-type. The most
pronounced differences were obtained between the
mutant PK84 and the wild-type: this mutant evolved
4.3 times more H, than the wild-type (Table 1),
whereas the amounts of H, evolved by the PK17R
mutant strain differed from the wild-type by 1.4
times (Table 1).

In the case of CsH» reduction (Table 1) the differ-
ences between the enzyme activities in different
strains during continuous cultivation were less pro-
nounced, although the nitrogenase activity in the
mutants was still slightly higher than in the wild-
type (about 1.2 times). The impaired H, uptake ac-
tivity of hydrogenases [12] is thus the probable cause
of the higher H, evolution rates observed in the mu-
tants.

3.2.2. The influence of nitrogen and carbon deficiency

Stress factors (including starvation by the main
nutrients — carbon and nitrogen) can lead to a tem-
porary increase of the activities of enzymes involved
in the main metabolic pathways. This hypothesis was
tested by placing the cyanobacteria under nutritional
stress of N, and CO, starvation.

Mavimal effect of carbon starvation (0% CO,) upon growth parameters and enzymatic activity of continuous cultures of wild-type (W. T
and two mutants (PKS84 and PKI7R) of Anahacna variabilis measured at 24 h after starting the treatment (standard deviation did not ex-

ceed 107 of the values)

Strain Heterocysts Chl Protein Dry weight H, production C,H, production
() (g ml™") (pg mi™) (ug ml™h (nmol. ug prot.”" h™'y  (nmol pg prot.™" h™Y)
W.T. 7.2 1.76 30.9 136 237 4.77
PK84 74 1.93 295 13§ 10.85 5.30
PKI7R 7.0 1.89 299 133 3.39 5.52
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3.2.2.1. Nitrogen deficiency. After stable growth
in continuous cultures had been reached the Nj con-
tent of the gas phase was decreased from 25% to 5%.
This decrease in N supply produced its effect after
24 h with a maximal response after 48 h (Table 2).
The nitrogenase activity increased rapidly with the
patterns similar for each strain. H» production was
1.9 times higher in the wild-type and about 1.8 times
higher in PK84 and in PK17R. The patterns of CoH»
reduction were also quite similar: 2.2 times increase
in the wild-type, and about 1.8 times increase in both
mutants (Table 2 versus Table 1).

All the other features — dry weight, protein con-
tent, chlorophyll concentration — decreased consider-
ably 48 h after the beginning of the N, starvation
treatment (Table 2 versus Table 1). All these changes
were reversible upon the addition of N, to the gas
phase and the cultures could restore all the measured
parameters to the levels shown in Table 1.

These results show the possibility of the regulation
of H, metabolism in cyanobacteria by N, supply in
order to improve the efficiency of light energy con-
version for H, production.

3.2.2.2. Carbon deficiency. The procedure for
changing the growth conditions in order to study
carbon starvation was similar to that described for
N»>. The carbon stress effect reached its maximum
within 24 h after stopping the CO, supply, but the
rate of H, evolution and C>H» reduction (Table 3)
was somewhat lower than that achieved after 48 h of
N, deficiency (Table 2). With decreased CO, the H,
evolution activity increased about 1.5 times in both
the wild-type and the mutants. The CoH, reduction
activity of the nitrogenase increased also. but to a
lesser extent than that observed in the absence of N»
(a 1.3-1.7 times increase in the wild-type and in the
mutants). CO, depletion effects after 24 h resulted in
an irreversible decrease in the other measured phys-

N

iological parameters (Table 3 versus Table 1).

3.2.3. Conclusion

A comparison of the physiological effects of car-
bon and nitrogen stress on H, metabolism in three
strains of Anabaena variabilis indicated that the
PK84 mutant is the most appropriate form for use
in photobioreactors designed for H, production. De-
ficiencies in N, and CO, resulted in substantial in-
creases in H, evolution activity. Continuous cultures

with optimal nitrogenase activity can be established
for long-term H, production.
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Abstract

Hydrogen photoproduction by growing cultures of Anabaena variabilis and A. azollae did not occur under air+CO; or
argon+CO, atmospheres at saturating light but did take place under argon alone. It was shown that CO, inhibited
photoproduction of H, as a result of the photosynthetic production of O, whereas photoreduction of CoH, by these
cyanobacteria was not inhibited by O, concentrations up to 20% in the assay gas phase. In contrast to the wild type of 4
variabilis and of A. azollae, H, photoproduction by the hydrogenase-impaired mutant A. variabilis PK84 showed only a slight
dependence on O concentration. Thus, in the wild-tvpe Anabaena the decrease in the observed rate of H» evolution at elevated
O, concentrations could be the result of an increase in hydrogenase-mediated uptake of H, via an oxyhvdrogen

reaction. € 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.

Kevwords: Hydrogen metabolism: Anabuena variahilis: Mutant PK84; CO, influence on nitrogen fixation: O,-dependent H, uptake

1. Introduction

Much interest is being shown at present in devel-
oping biotechnological systems with cyanobacteria
for the conversion of light energy into H,. However,
for optimization of the process. the influence of gas-
eous substances present during growth (e.g. O, and
CO,) on H, photoproduction must be understood.
Oxygen inactivates nitrogenase which 1s the main
enzyvme system involved in H, photoproduction.

* Corresponding author. Institute of Soil Sciences and

Photosynthesis RAS., Pushchino, Moscow Region 142292,
Russia. Fax: +7 (967) 7905321 E-mail: tva issp.serpukhov.su

However. cyanobacteria have developed ditferent
mechanisms for the prevention of this inactivation
{1,2].

Carbon dioxide assimilation by heterocystous c¢va-
nobacteria occurs in vegetative cells whereas molec-
ular nitrogen 1s fixed mainly in the heterocysts {2 }.
Nevertheless, the concentration of CO, has a com-
plex interaction on nitrogenase activity and on H,
production by heterocysts. Photosynthetic assimilu-
tion of CO, by vegetative cells of filamentous cyano-
bacteria produces the reductants which are ulu-
mately required for nitrogen fixation and H.
production [3]. However, it has been found that

CO, starvation lcads to enhancement of H, produc-

0373-1097/987/519.00 T 1998 Federation of European Microbielogical Societies. Published by Elsevier Science B.V. All rights reserved

PII: SO378-1097(98)00361-9
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tion and acetylene reduction (equivalent to N; fixa-
tion) in Anabaena variabilis [5). Moreover, elevated
concentrations of CO,, much above ambient, inhib-
ited H, production in cyanobacteria immobilized on
hollow fibers [6].

The aim of the present work was a study of hydro-
gen photoproduction by Anabaena azollae and Ana-
baena variabilis in a photobioreactor under different
gas mixtures. We show here that H; photoproduc-
tion by A. azollue and A. variabilis did not occur at
saturated light with argon+CO; in the gas phase due
to the presence of increased O, in the medium. This
O, effect was not, however, seen with a mutant of A4.
variabilis which is deficient in uptake hydrogenase. It
thus appears that the decrease in H> photoproduc-
tion at increased O, concentrations seen with wild-
type Anabaena results from enhanced H. uptake
which occurs simultaneously with H; evolution.

2. Materials and methods
2.1. Cyanobacteria

A. acollue originally isolated from the symbiotic
association A:zollu pinnata by Hoa (National center
of Scientific Research, Hanoi, Vietnam), Anabuena
variabilis ATCC 29413, and the chemically generated
mutant A. variabilis PK84 (provided by Prof. S.V.
Shestakov and Dr. L.E. Mikheeva of Moscow State
University) were used in this study. The mutant A.
variubilis PK84 is deficient in uptake hydrogenase
and impaired in reversible hyvdrogenase activity [7].

2.2 Growth conditions

Modified nitrogen-free Allen and Arnon medium
[8] with replacement of Mo by V {9] was used for
growth of the cyanobacteria in continuous turbido-
stat culture in an automated helical photobioreactor
made of PVC tubing with 10 mm inner diameter and
4.35 1 volume {10]. Mo was replaced by V because V-
nitrogenase containing cells showed high activity and
stability in hydrogen photoproduction [9]. The cul-
tures were grown at 113 uE m™2 s7! using daylight
fluorescent lights, pH 7.0 (controlled by automated
addition of 0.2 N NaOH). 30°C. with a gas mixture
of 2% CO,+98% air (0.5 1 min™"). The steady state

concentration of biomass corresponded to 12 pg Chl
a ml™' (0.8 mg dry weight ml™}).

The rate of hydrogen photoevolution in the photo-
bioreactor was calculated on the basis of the H.
content in the output gas (measured by gas chroma-
tography) and the gas flow rate.

2.3. CaH, photoreduction and H, photoproduction
assays

Acetylene photoreduction and H, photoproduc-
tion assays were carried out in glass vials (14 ml
by incubation of the sampies (2 ml) under daylight
fluorescent lamp illumination (140 uE m™?2 s7!) at
30°C. The gas phase contained Ar in the case of
H, photoproduction and 20% C.H, in Ar for
C»>H, reduction. The CO, and O, concentrations in
the gas phase during the experiments were varied as
indicated in the text and the figure legends. The gas
phase was monitored by gas chromatography (Hew-
lett Packard 5890) and the rates of H, and C,H,
photoproduction were calculated on the basis of lin-
ear kinetics for the first 30 min.

Simultaneous measurements of H, photoproduc-
tion (or CsH, reduction) and dissolved O, concen-
tration were performed in a chamber designed for O,
photoevolution measurement (DW2/2 unit, Hansa-
tech, UK) closed at the top by Suba Seal stoppers.
with illumination by a halogen lamp (200 4E m™
s7h) and run at 30°C. The volume of the chamber
was adjusted to 1.7 ml; 0.2 m! of cyanobacterial
suspension was used. Simultaneously with monitor-
ing of the gas phase for H., the concentration of
dissolved O, was recorded. Before the measurc-
ments. the chamber containing the cells was flushed
with Ar for 10 min. In order to assay CoH. reduc-
tion. CoH, was added to the gas phase at a final
concentration of 20%. The reaction was started by
switching the light on. Since the dissolved O» content
changed during the course of the experiments. the
rates of reaction were calculated for the period
when the dissolved O, was constant for I3 min.
Standard deviation did not exceed 10% for C.H,
and 15% for H, measurements.

2.4 Chlorophyll measurements

The chlorophyll a content of the cells was deter-
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mined spectrophotometrically at 665 nm in 90%
methanol extracts [11].

3. Results and discussion

During batch cultivation under air+2% CO, or
argon+2% CO, atmospheres, 4. azollue and A. var-
iabilis did not produce molecular hvdrogen. Even
under the argon+2% CO, atmosphere. the dissolved
oxygen concentration in the culture was not less than
130 uM (data not shown). After the replacement of
air+2%. CO, by argon alone. A. azollue started to
evolve hydrogen (Fig. 1). The pH increased. evi-
dently due to CO, photoassimilation and degassing
by argon. but stabilized after about 1 h. The dis-
solved O, concentration decreased and stabilized at
50 uM after pH stabilization. Hydrogen photopro-
duction increased rapidly during the decrease of dis-
solved O, but after stabilization of O. it increased
slowly (Fig. 1). A similar pattern of H, photopro-
duction and O, concentration in the photobioreactor
was obtained for 4. variabilis ATCC 29413 (data not
shown). It 1s possible that the absence of H, photo-
production under air+2% CO, or argon+2' CO,
was the result of increased levels of dissolved O-
due to photosvnthetic CO; assimilation.

In order to check this possibility the influence of
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Figo 1. H. production by the photobioreactor incorporating 4

wZellae grown in turbidostat culture. At the start (0 min) the tur-
bidostat was switched to the uncontrolled regime (1= 30°C) and
the gas phuse was changed from 98, air+27. CO, to 100w ar-
o (0.5 Lrun 7). 12 Hao 20 dissolved O): 3: pHL

180

- 160

- 140

- 120

H,, mih' 1" suspension
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Fig. 2. H, production by the photobioreactor incorporating 4.
azoflue as a function of light intensity. Gas phase: 98", ar-
gon+2% CO: (0.5 1 min~!). Points indicated by asterisk were
measured at the rate of argon flow 10 I min™!. 1: H,: 20 dis-
solved Oa.

light intensity on H, photoproduction by A. azolluc
under an argon+2% CO, atmosphere was studied
(Fig. 2). At an irradiance of 20 pE s™! m~> there
was 22 uM O, in the medium and no H, production.
Increasing the irradiance resulted in an increase of
H, photoproduction and dissolved O, in the me-
dium. Increasing the light higher than 70 pE 7!
m~- resulted in a decrease of H, production and
an increase in dissolved oxygen. After increasing
the gas flow rate (2" CO, unchanged) from 0.5 o
1.0 1 min™" at 140 uE s™! m™ the O, concentration
decreased due to increased dilution by the gas mix-
ture (Fig. 2. point with asterisk) and the hydrogen
production increased. This indicates that hydrogen
photoproduction by A. «zollue was inhibited n the
presence of CO. due to photosynthetically produced
O, but not by CO, itself.

In contrast to H, photoproduction. the rate of
CoH, reduction by A varichilis ATCC 29412 und
A wzollue. grown under nitrogen-fixing conditions
with V. was unchanged under atmospheres with 0
200 CO. (data not shown).

The rate of CoH» reduction by A. azollae was con-
stant with increasing O, concentration up to 280 uM
(Fig. 3). However, the rate of H, photoproduction
decreased when dissolved O, concentrations were
higher than 30 uM and at 280 uM it was only 18%
of the initial level.
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The measured rate of H, photoproduction by cy-
anobacteria is the net result of H, formation by the
nitrogenase system and H, consumption by hydro-
genase. The inhibition of H; production by O, is
probably due either to inhibition of nitrogenase-cat-
alyzed H, production or to an increase of H, uptake
activity catalyzed by hydrogenase. To distinguish be-
tween these two possibilities we compared the influ-
ence of dissolved O, on H; photoproduction of A.
variabilis ATCC 29413 and of the hydrogenase-defi-
cient mutant of this cyanobacterium PK84 (Fig. 4).

Hydrogen photoproduction rates by A. variabilis
wild type started to decrease at O, concentrations
higher than 40 pM. At 315 pM O, the rate of Hy
photoproduction was 7% of the control (no added
0O,). Similar data have been reported by other au-
thors for wild-type Anabaena {12]. However, in con-
trast, A. variabilis mutant PK84 showed H, photo-
production rates not less than 75% of the control
even at 315 uM dissolved O, (Fig. 4).

V. is fmiportant to note that the rate of CoHo re-
duction by cells of both A. variabilis wild type and
mutant PK84 did not depend on the dissolved O,
concentration up to at least 315 puM (Fig. 4), thus
supporting the conclusion that H, uptake does not
protect nitrogenase from inactivation by O, in Ana-
baena [13).
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Fig. X The influence of dissolved O, on photoproduction of
C.H, (1) and H. (2) by 4. usollue. The suspension contained
12 g chlorophyll ¢ ml™!' in each case. 100", activity corre-
sponded to 103 ml h™! 7! suspension (385 nmol h™' pg!
chlerophyll «) for H, photoproduction and 35 nmol h™! pg™*
chlorophyll @ for CoH, reduction.
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Fig. 4. The rate of H» photoproduction (1. 2) and C-H, reduc-
tion (3, 4) by A. variabilis ATCC 29413 (1. 3) and the mutant
PK84 (2, 4) as a function of dissolved O, concentration. 100" .
activity corresponded in the case of H, photoproduction: ATCC
29413, 12.0 ml h™! 17! suspension (39.4 nmo!l h™ ug™! chloro-
phyll a); PK84, 10.5 m! h™! 17! suspension (32.3 nmol h™! ug™*
chlorophyll @); and for C;H, reduction: ATCC 29413, 10.8 ml
h~! I"! suspension (35.6 nmol! h™ ug™' chlorophyll a): PK34.
8.3 ml h™* 1! suspension (25.4 nmol h™! ug™* chlorophyll a).

To conclude, our results show that the apparent
decrease of H» photoproduction by wild-type A. var-
iabilis (and most probably also by A. azollae) in re-
sponse to increased O, concentrations (in photobior-
eactor and vials) is the result of increased H, uptake
via hydrogenase in an oxyhydrogen reaction [1.2].
Evidently, at low O, concentrations the rate of H,
uptake by cyanobacteria with hydrogenase is limited
by O, availability. The O, concentration may be in-
creased by direct addition of O, (Figs. 3 and 4) or by
tllumination of the cyanobacteria with CO» (as in the
photobioreactor). Our data provide an explanation
for the light-stimulated H, uptake activity found in
cyanobacteria [14,13].
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HYDROGEN PHOTOPRODUCTION BY THREE DIFFERENT
NITROGENASES IN WHOLE CELLS OF ANABAENA VARIABILIS AND THE
DEPENDENCE ON pH
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Abstract—NMo. V and Fe nitrogenases were induced in Anabaena variabilis. The influence of neutral and alkaline pHs
on nitrogenase activity and rates of H, photoproduction by whole cells was investigated to establish the optimum
activity for H, evolution under varying growth and H, production conditions. Growth rates in batch cultures at pH
7 with Mo- or V-nitrogenases were three times higher than the Fe-nitrogenase cultures. The Mo-nitrogenase activity
decreased from pHs 7 to 9, and at pH 10, the culture was unable to grow. Fe-nitrogenase cells (no Mo or V) showed
similar behaviour over pH 7-8. Cultures expressing V-nitrogenase exhibited the highest resistance to alkaline pHs
and grew even at pH 10; H, evolution was practically independent of the culture at pH 7-9. With cells grown under
more alkaline conditions. the pH optimum for the H, production was more alkaline; the maximal rates of H,
photoproduction were observed with V-nitrogenase containing cells. T 1997 International Association for Hydrogen

Energy

INTRODUCTION

Much interest is being shown at present in developing
biotechnological systems for ecologically clean fuels.
Cyanobacteria are able to evolve H. in light catalysed by
nitrogenase activity, with water serving as the primary
electron donor. Tsygankov er al. [1] showed optimal
values of pH. temperature and light intensity and also the

interrelation of these factors for maximal development of

in Lo nitrogenase activity in Anabaena variabilis grown
in a continuous culture in the presence of Mo.

[t1s now known that 4. rariubilis can synthesise three
types of nitrogenase: Mo-containing. V-containing and
an Fe-nitrogenase that contains neither V nor Mo in the
actine centre [2-4]). As with Azorobacter vinelundii [5) the
Vonitrogenase of A variabilis is synthesised in the absence
of combined nitrogen and Mo. but in the presence of V.
The Fe-nitrogenase is synthesised when there is little or
no Mo or Vin the medium {2]. There is evidence that
the cultures of 4. rariahilis, when synthesising the V-
nitrogenase. are capable of higher rates of H, photo-
evolution in comparison with the cultures containing

¥ Author to whom correspondence should be addressed. Fax:
+34(171) 333 4500,
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Mo-nitrogenase [3]. Thus, cultures with V-nitrogenase
should be preferable for use in systems for the biocatalytic
production of H, using solar energy. However, there is
insufficient data on the stability of V-nitrogenase con-
taining cultures under potentially unfavourable culture
conditions such as alkaline pH levels since high light und
rapid carbon dioxide assimilation can induce con-
siderable increases in pH. It is also potentially important
that Fe-nitrogenase synthesising cultures have yet not
been studied in this respect except that such cultures of
A. variahbilis were shown to grow at a slower rate and had
a lower nitrogenase activity [2].

The main purpose of the present work is a comparative
study of three different nitrogenase activities of 4. ruri-
abilis in whole cells and of their rates of H. photo-
production at pHs in the neutral and alkaline range in
order to establish an optimum rate of H. evolution for
both growth and H, production conditions.

MATERIALS AND METHODS

Batch and continuous culturing of A. variabilis ATCC
20413 was performed in Allen and Arnon medium [6]
in 500 m! photobioreactors comprising cylindrical flusks
equipped with connecting pipes for the titrants, medium
and gas mixture supply, and for pH sensor installation.
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The medium contained 0.5 uM Na,MoO; for cultures to
express Mo-nitrogenase, 1.0 uM Na;VO, for cultures to
express V-nitrogenase and neither added Mo nor V for
cultures to express Fe-nitrogenase. The cultures were
bubbled with a mixture of air and CO, (250-300 ml
min~'). The gas mixture contained 2% CO, in the air for
growth at pH 7, 1% CO. at pH 8 and 0.2% CO,at pH 9
and 10. The flasks were placed into a thermostatted water
bath and illuminated by fluorescent lamps (90 uE s™'
m~3). Continuous cultivation and the adjustment of pH
level were achieved by connecting the flasks to pH-meters
and peristaltic pumps for control of the flow of medium
and titrants (Fig. 1). To create identical conditions of
medium flow rate in the two photobioreactors. a two-
channel peristaltic pump was used. pH was adjusted by
automated addition of 0.1 N NaOH to the medium. The
volume of added alkali was taken into consideration
when calculating the specific flow rate. H, photo-
production was assayed when the optical density of the
culture (750 nm) and its nitrogenase activity had
remained constant for at least three days.

The rates of H, photoproduction and C.H; reduction
(equivalent to N, fixation) by cell suspensions were
assaved by gas chromatography. 2 ml of cell suspensions
were incubated in 14 ml glass vials closed with Suba Seal
stoppers in a thermostatted water bath (30 C) mounted
over a magnetic stirrer and illuminated with day light

J gas supply I
| R S
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fluorescent lamps (140 ¢E s~' m~%). When assaying H,
photoproduction, the gas phase was replaced by argon,
whereas in the C,H, reduction assays, the gas phase con-
tained argon with C,H. at a concentration of 10% for
the cultures grown with Mo and 20% for the other two
cultures. The different C,H. concentrations were used
because the Km for C.H, is higher for the alternative
nitrogenases [7}.

Atregular intervals, gas samples were withdrawn from
the vials and injected into a gas chromatograph (Hewlett
Packard 5890) fitted with a Porapak S column and ther-
mal conductivity detector for H.. or a molecular sieve ’
column and flame ionisation detector for C;H, and C-H,.
The amounts of gases formed were calculated in com-
parison to calibration peaks. The heterocyst content was
assayed microscopically. using not less than 400 cells.
The chlorophyll content was measured spectro-
photometrically in methanol extracts at 665 nm [8].

The pH dependencies of C,H. reduction and H. evol-
ution were determined in buffers containing 0.05 M MES
(pH 3.5-7.5). 0.05 M HEPES (pH 7.0-9.5) and 0.05 M
TRICINE (pH 8.0-10.5). To study the nitrogenase
activity of the cultures grown at pH 10 at an assay incu-
bation lower than pH 9. the concentrations of MES and
HEPES buffers were increased to 0.1 M. It had been
observed. in previous experiments. that the chemical nat-
ure of the buffer and its ionic strength (up to 0.1 M) had

pH-meter
pH-meter
PhBR | PRSP p— PhBR 2
pH-controller @ pH-controller
I M p ]

(&)

h medium !medium2>

&

Fig. 1 Scheme of the apparatus used for the culturing of A. carivhilis ina chemostut mode. PhBR = photobioreactor.



HYDROGEN PHOTOPRODUCTION IN ANABAENA VARIABILIS 861

no significant influence on the C,H, reduction and H,
photoevolution rates. All the reagents were purchased
from Sigma (Poole, U.K.), and were the highest grades
available.

RESULTS AND DISCUSSION

The growth rate of A. variabilis in batch cultures at pH
7 was 0.04-0.05 h™' either in the presence of Mo or in
the presence of V without Mo (Fig. 2A and B). Similar
values were obtained previously for a continuous culture
of this cyanobacterium (0.044 h™"), grown with Mo at
saturating light and optimal conditions [1]. At an optical
density (750 nm) of less than 0.8 units, the cultures were
considered to be growing at non-limiting conditions.

Cultures grown without Mo or V had growth rates

about 1.5 times lower and their growth started only after
a lag period (Fig. 2C). The formation of ethane during
C,H, reduction by the cultures grown in the presence of
V without Mo (Fig. 2B) and without both metals (Fig.
2C) provides evidence for the synthesis of V-nitrogenase
and Fe-nitrogenase, respectively [9].

The nitrogenase activity of 4. variabilis increased at
the beginning of the exponential phase of growth und
then declined independently of the presence of Mo and
V in the medium (Fig. 2A-C). Such a phenomenon is
usually correlated with the rate of reductant supply to
the heterocysts which, in turn, is determined by the rate
of photosynthesis and glycogen accumulation and its
breakdown [10]. The maximal nitrogenase activity in
growing cultures of A. variabilis was achieved during the
metabolising of glycogen, which had been accumulated
in the course of the first 10 h of growth [11]. Glycogen-
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deficient cells show low levels of nitrogenase activity but
this increases after the addition of an exogenous carbo-
hydrate e.g. fructose [10, 12, 13].

The correlation between the rate of photosynthesis,
glycogen accumulation and metabolism, and the rate of
nitrogen fixation is also confirmed by the observations
on the C:IN ratio in the cells of 4. variabilis [14].

The maximal nitrogenase activity was obtained with
Mo-nitrogenase containing cells (74.7 nmol min™' ug™'
Chl vs 61.4 nmol min~' ug~' Chl in V-nitrogenase con-
taining cells), while minimal activity occurred in Fe-nitro-
genase containing cells (54.5 nmol min~! ug~' Chl, Fig.
2). At the same time, the maximal rates of H, photo-
production were shown in V-nitrogenase containing cells.
These observations are supported by the reported ratio
of C,H. reduction and H, photoevolution in V-grown
cultures of A. cariabilis [3).

To obtain a comparative characterization of the stab-

ility of the cultures containing different types of nitro-
genase at physiological and non-physiological pH levels.
A. variabilis was grown as a chemostat culture under light
limitation at different pHs. The cells were not carbon-
hmited even at the lowest CO, concentration because at
high pH, the overall level of inorganic carbon remains
high due to higher dissociation of H,CO,. Since it was
important to use the same specific rate of dilution for all
the cultures, a lowered rate of medium flow (0.01 h™")
was chosen for experiments at pH 9 to enable the Mo
cultures to reach a steady state. It had been shown pre-
viously that below pH 8.5, 4. variabilis was able to grow
at a rate of 0.014 h=' {1}.

The increase of pH in the medium, from 7 to 9, lowered

the rates of C,H, reduction and H, photoevolution in the
Mo-grown cultures (Fig. 3). It was also noticed that the
cells grown in the presence of Mo at pH 6.5-7.0 exhibited
the highest nitrogenase activity [1]. Cells with Mo-nitro-
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genase were unable to grow at pH 10. In the absence of
Mo and V in the medium. the rates of C.H, reduction
due to Fe-nitrogenase decrease if the pH of the culture
was mcreased from 7 to 8: there was almost no H, photo-
production at pH 8. while at pH 9 the growth of the
cultures ceased (Fig. 3). Cultures expressing the V-nitro-
genase showed the highest rates of C.H, reduction at pH
8 (Fig. 3). As distinct from the cells with Mo- or Fe-
nitrogenases. the rates of H, photoproduction in the V-
nitrogenase cells depended only slightly on the culture
pH in the range 7-9 and also showed higher rates of H.
production. Additionally. these V-grown cultures
adapted to pH 10 in the process of growth. although the
nitrogenase activity in cell suspension was considerably
less than at lower pHs. Therefore. V-nitrogenase syn-
thesising cultures appear to be more resistant to alkaline
pHs than cultures containing Mo- or Fe- nitrogenases.
It was also observed that the cultures grown in the
presence of V are distinguishable by their higher hetero-
cyst content (9.3-11.4%) as compared with the cultures

containing Mo-nitrogenase (5.6-7.3%) and Fe-nitro-
genase (8.0-9.0%) irrespective of the growth pH.

To examine the short term influence of pH on the
activity of the three types of nitrogenase of A. variahilis.
the cells grown at different pHs were assayed in buffered
solutions at pHs 6.5-10.5. All the cultures were able to
reduce C,H, in this pH range independently of the pH of
the culture medium (Fig. 4). At the same time. the maxi-
mal rate of C.H, reduction and its pH optimum depended
on the pH during the culture growth. Optimal pH values
for C,H, reduction in Mo-nitrogenase containing celis
grown at pH 7 was 6.5-8.5. whereas for the cells grown
at pH 9 the optimum was 7.5-9.5 (Fig. 4). The cells with
V-nitrogenase grown at pH 7 had an optimum for C.H.
reduction at pH 6.0-9.5, whereas the optimum for the
cells grown at pH 10 was 8.5-10.5 (Fig. 4). Thus cells
that are cultured at more alkaline pHs adapt in such a
way that shifts the pH optimum of the nitrogenase
activity to the alkaline range also.

The rate of H, photoproduction in A. variabilis with
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Mo-nitrogenase was maximal in the cells grown at pH 7
(Fig. 5). The cells grown at more alkaline pHs showed
lower rates of H, photoproduction although the optimal
pH range (6-10) for the reaction was unchanged. The rate
of H, photoproduction in cells containing V-nitrogenase
was practically independent of culturing pH in the range
7-9 and decreased only when cultured at pH 10 (Fig. 3).
Hence, the optimal pH range for the reaction was 6.5~
10.5 for the cells grown at pH 7.0; 7.5-10.5 for the cells
grown at pH 8.0; 8.5-10.5 for the cells grown at pH 9.0;
and 9.5-10.5 for the cells grown at pH 10 (Fig. 5). The

cells containing Fe-nitrogenase were able to produce H,
only when grown at pH 7 (Fig. 5).

These results show that the pH optimum for C,H,
reduction and H, photoproduction in cells of 4. variabilis
is dependent on the pH at which the cells are grown and
whether the cells are grown in the presence of Mo or V
or in the absence of either. Maximal rates of H, photo-
production were observed in cultures grown without Mo,
but in the presence of V in the medium when a V-nitro-
genase is expressed. These cells also possessed the ability
to grow at a wider range of pHs, while the rate of H,
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Fig. 5. Influence of pH during incubation reaction for assaying hydrogen photoproduction by cells grown (A) with Mo, (B) without
Mo in the presence of V, and (C) without Mo or V. pH of growth is indicated near each curve.
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photoproduction was practically independent of cul-
turing pH in the range 7-9. Consequently, the cultures
grown under these conditions can be recommended for
further research on systems for biological conversion of
solar energy to produce H,.
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1. SUMMARY

_ A laboratory-scale, helical tubular photobiorcactor, made of polyviny! chloride tub-
N8, was constructed to study photobiological H, production by cyanobacteria catalyzed by
cellular nitrogenase. The photobioreactor was connected to a computer, with specially
written software and hardware, for automated control of the biochemical and environ-
mental processes regulating H, evolution. A basic photobioreactor unit with a photostage
*olume 0f 4.35 L and containing Anabaena uzollae grown in 98% air + 2% CO, gas mix-
ture produced H. ata rate of 13 mL H,h"L"' culture suspension when the gas phase was
\

Abbreviations OD optical density, PIBR, photobioreactor, PVC, polvviny fehloride
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changed to Ar. The H, production was sustamned for 6 h. No L, evolution was observed in
the presence of photosynthetic O.. ’

Techniques were introduced for keeping the cyanobacterial suspension in a turbulent
state and for scrubbing the inside walls of the PVC tubing during the operation of the pho-
tobioreactor. A method for scale-up of the bioreactor is proposed

2. INTRODUCTION

Photobiological H, production processes make use of the photosvnthetic and enzy-
matic assemblies in eukaryotic green algae or prokaryotic cyanobacteria and photosyn-
thetic bacteria. While green algal H, production is catalyzed by an inducible h)’drogenz;sc
the H, evolution from photosynthetic prokaryotes is catalyzed mainly by nitrogenase. Cy:
anobacteria are ideal microorganisms for solar energy conersion to the chenncal energy
of H, because water provides the protons and electrons for H, formation (Bothe and Ke}'—
temich, 1990; Markov et al., 1995; Hall et al., 1993). H, ph;)toproducnon studies 1n our
laboratory have been carried out using the aerobic, filamentous, heterocvstous. nitrozen-
fixers Anabaena and Nostoc spp. H, evolution in these organisms is calal_\'?cd by the m:(ro-
genase located in the heterocysts. H, is formed as a co-product along with Nllx'durmu the
ATP-dependent reduction of N, )

N, +8H + 8¢ + 16 ATP — 2NH, + H, + 16ADP + 16P

Although many advances have been reported in the tast few vears on the technology
and yield ot H production, the overall consersion efticiencies of light to chemieal cncr:‘v
are sull much Jower than the theoretical (Rao and Hall, 1996). The tactors that afteet s:s'—
tained H, production include oxygen sensttivity of the mitrogenase and the photosynthetic
apparatus, photombhibinon of photosynthesis, oxidiation of the L tormed by an llpl'.ll\c hy-
drogenase located i the heterocssts, ete The eyanobacterial strain selected and the age of
the culture are also important for better yields of HL This paper desenibes the (I\.‘\IL’I: and
assembly of i bench-top photobrorcactor (PhBR) for the contmuous production n!'li. from
water, catalyzed by evanobacteria )

3. EXPERIMENTAL

3.1. Organism and Growth

Batch and continuous culturing of Anahaena variabiliv XUCC 29413 mutant PK34
(Mikheeva et al, 1995). and 4. uzolfue Strassburg were performed in Allen and Arnon
(1955) medium (30 °C. pH 7.0y The medium contained 1.0 1M Na, VO, and no added
Mo. In the batch culture mode. the photobioresctor was flushed with a mixture of 98% air
and 2% CO. (250300 mL:miny. The pH was adjusted by awtomated addition of 0.1 N
NaOH to the medium.

3.2, Activity Assays

The rates of H, photoproduction and € H, reduction (equivalent to N, fixation) by
cell suspensions were assaved by vas chromatography in a Hewletr Pachard 5890A. A 2-
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Figure 1. Tubular helical PhBR made of PVC wbe: (A) mamn unit

nection of any number of units in series. ;

(B} two main untts connected in series; (C) proposed method for con-

2
mb cell suspension was incubated in [4-mL glass vials closed with Suba Seal stoppers i a
thermostated water bath (30 °C) mounted over a magncetic stirrer and tluminated laterally
with daylight Muorescent lamps (140 pE/An’/s). When assaying H, photoproduction, the air
in the gas phase was replaced by Ar, whereas in the C H, reduction assays, the gas phase

inside the vials contined Ar with 20% C,H,. The time of assays was 30-45 min with 5 10
min of measurement intervals,

3.3. The Photohioreactor

A hetical tubular photobioreactor made of PVC tubing with a 1O-mm inner dianeter
was used i this study (Watanabe etal, 1995) (Figure Ta). This PhBR has a very good sur-
Free/volume mtio (200 m ' without gas exchanger umt and can provide unitormaltamima
tion to the cultures. The main disadvintage of this type of PhBR lies in the separation ot
the process of photosynthesis and gas exchange. During eyanobacterial photosynthesis. O
accumulates sand CO| decrcases inside the photosynthetie section of the PhBR. Henee. the
scale-up of this PRIBR by enlargement of the photosynthetic section (the length of PAC
tube) has himitations: accumulation of O and-or deerease of CO, tand pH shitt due to CO
changes) atong the tube will inhibit growth and product (1) formation by the cetls when
the length of the tbe s too preat

The maximal length of the tube (1) that would cause no inhibition or linutation ol
cultures can be caleulated on the basis of the Hincar flow rate of the calture (VY and nyaa-
mal non-tnhibiting concentration of O, {(minimal non-limiting concentration of CO ) C 1
= Vi, where tis time of culture flow along the tube with accumulation of a non-mhibiting
concentration of Ot = €, -C PXP where € is the concentration of O, (CO,) at the gas
exchanger, X is the biomass concentration, and P ihe specitic rate of photosynthests by the
cufture (rate of oxygen evolution or CO, fixation per unit of biomass per minute).

Thus, for any culure concentration with a known rate of photosynthesis, a manvimal

length of photosynthetie path exists (Frgure Ta). The scale-up procedure must use amods-
fied type of PhBR for enlargement. The PhBR ilfustrated in Figure 1A was used as the
main unit for scalimg-up. Two of these umits were connected as shown in Frgare 1B Usme
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this method of unir addition in series, it 1s possible to construct a PhBR of any volume
without causing a decrease in the specific rate of the process (Figure 1C). All the photo-
synthetic parts of these units can be coiled together into a large, hollow cyvlinder. Thus, the
large-scale PhBR 1s similar to a single, helical, coiled PVC tube with one difference: it has
as many separate gas exchangers as therc are units connected in series. This PhBR has
only one technical disadvantage: it has many inlets for gas mixtures and many gas ex-
changers.

3.4. Prevention of Biofilm Formation on the Walls

The culture suspension flow in this PABR is luntnar and, thus, with ume bioltlm for-
mation occurs on the walls that prevents light penctration inside the twbe. Also, with the
biofiim deposit. it 15 difficult 1o control the parameters of the process due to differences in
environmental factors inside the biofilm and in the cell suspension. To prevent the deposi-
tion of culture on the inside walls, balls made of polyurcthane toam were used. The balls
were inserted into the PhBR made of two units (Figure 1B) and they circulated (an the rate
16-20 cm’sec) conunuously through the reactor, thereby scrubbing the walls. 1t s essen-
tal to keep the inner space of the PhBR unitorm and to make the balls with precise diame-
ter to ensure continuous circulation of the batls inside the PhBR

3.5, Installation of Sensors

To control the cultivation parameters, it s necessary omtroduce sensors instde the
PhBR. The most tmportant plice for pO, control i~ at the end of the photosy nthetic section
ol the PhBR because oxyueen accumulates theres The pO L sensor was inttoduced o the
loop mcorporating the cell with an inner diameter greater than the anner diameter ol the
tube. The circulation of the balls was not stopped in the celland due to pulsed movements
cven cleaned the surtace otthe sensor. Howeser, sensots tor tempetatare, phl and optical
density required maore active anti-sedimentation treatment because they prevented circula-
tion ol the balls. To overcome this, the sensors were introduced ina special bypass be-
tween neighbormg foaps. The Tincar rate of suspension Tow mside the by pass was equal
to the rate mside the Toop cannccted with the by pass i pacallel To present the balls pass-
g nto the bypass, o gnd was added at the entrance of the bypass, To prevent the sedi-
mentation of culture on the sensors, a spectal type ol shaker was mstalied i series with
the chamber ol sensors (Figure 2)0 Pulses of air pressure through the shaker activated
pulses of suspenston flow through a stheone tube iside the shaker and prevented cyano-
bactenal sedimentation on the surtaces of the sensars,

Shaker sbcene e

1 presaire pibes

Fivure 20 Shaker o cnecrad wet hanber ton sensor, temperinoe optical denan, phhn senes

An Automated Helical Photobioreactor lncorporating Cyanobacteria 438

3.6. Continuous Culturing

For continuous cultivation, a constant volume of suspension inside the PhBR 15 es-
sential. Inlets for media and titrants were installed near the gas inlet of one of the units for
better mixing of fresh medium and titrants with the suspension. On addition of the me-
dium, the level of suspension in the gas exchanger increased. The gas outlet was through a
tube introduced from the tap of the gas exchanger (Figure 1A). When the liquid fevel
reached the lower end of this tube, excess liquid together with the gas mixture was pushed
out into a culture collector.

3.7. Computer Control

Using modern 1BM-compatible computers, it is now possible to create very user-
friendly hardware and software for computer control of the culturing of microorganisims.
Markov et al. (1997) were the first to report the design of a computer-controlled photo-
bioreactor for H, production from Anabacud variabilis. The system we have now set up is
much more advanced and versatile and can be used for the control of PhBRs to produce
H, or for the cultivation of any phototroph.

3.8. Hardware

In the present system, computer control was realized at two levels: low-Tevel and
high-level. Tow-level control was achieved through a device tor automation of photo-
biorcactors comprising a digital measurement and conteol system based on a standard
AT286 motherboard. This control system combines preamplitiers of the signals from the
sensors and digital processing ol data, Ttuses its own sofiware and works independenty ot
the high-level computer. 1t is progrnnmed for: ) measurement of signals from sensors

PhRR

a

Contral
device

Figure 3. An automated heheal photobioreactor meorporating ¢y -
anuobacteria for continuous 1, production
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and transformation of data into digital form: (b) storage of data as mean, minimal, and
maxunal values for every sensor tor cach hour; (¢) realization of several modes of culiinva-
tion: uncontrolled regime, batch culture, chemostat, and turbidostat contmuous culture
(the regime is predefined at the start of the experiment and can be changed by the high-
level computer), (d) control of pH. temperature, and opucal density (in turbidostat regime)
at the set level by switching on and oft the pumps to control mode and intensity of iHlun-
nation: and (c¢) transfer of the information about the process to the high-level computer.

The high-level computer is programmed for: (a) calibration of sensors and pumps,
(b) altering the characteristics of the operation (settings. modes of cultivation, mode of il-
lumination. tuning of sensors, etc.), (c) continuous visual presentation of data of the proc-
ess as a graph, and (d) quick storage of data as a table of digits or as a graph. The
high-level computer is connected with the control device via a RS232 port,

3.9. Software

The software has two closely connected parts: low-level sottware (for the control
svstem) and high-level software for the high-level computer. Low-level software, written
in PASCAL. allows the measurement and control of the cultivation parameters to store the
data about the process of cultivation and to connect (if necessary) with the high-level
computer. High-level software for the computer with Windows 3.1 or more advanced ver-
sions is written in DELPHI and enables the investigator to recalibrate the sensors, change
any parameter (or regime of cultivation), monitor the operation by visual display unit as a
graph or a table, store quick data (with discretion between the points Irom 2 sec). and file
as a table or as an image. The main program has less then 400 KB volume, is [riendly, and
easy to use. It is possible to use the computer to operate the photobioreactor simultane-
ously for any other routine application.

3.10. Control of the Process

The control deviee has outputs of 220 -240 V and controls the pumps by switching
on and oft the power supply. It is possible to use any kind of pump. including the simplest
type without facitities for flow-rate regulation. In addition to pumps, it controls the valve
for cooling water (220-240 V), light (220240 V) and the additional device inserted spe-
citically for arr pulses (24 V, 0.5 A).

4. RESULTS AND CONCLUSIONS

4.1. Batch Culture of Cyanobacteria

A PhBR was constructed of two bisic umits with 20 m PAVC tubing in cach unit with
was and heat exchangers ot 0.5 L volume cach. Tubes of both units were coiled mto one
cvlinder with a diameter of approximately 30 cm. The overall volume of the PhBR with
connecting tubes and accessories was 4.35 1. Inside the tabular cylinder. four 55-W and
o 32-W Auorescent lamps were introduced. By switching the lamps on in different com-
binations, !hg light intensity incident on the surtace of the tubes could be changed from 0
to 230 pE'm- sec. Ata gas flow rate ot 0.3 and 0.2 L/min in unit 1 and unit 2 rnpumuh
(Figure Ib), the hinear flow rate of the suspension inside the tube was 22— 24 ¢m/sec. The
time for an overall evele inside the PhBR under these conditions was 6.5 7.0 min.
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Figure 4. Ratch culture ol 4 azollue grown in automated PhBR. Down arrows indicate the times when hight in-
tensities ek isec) were changed

A typical growth curve of the vanadium-culture of A azollae in the PhBR is shown
in Figure 4. In preliminary experiments, it was found that strong illumination at the start
of cultivation inhibited the growth of cyanobacteria; thus, a higher light intensity was ap-
plied only fater to more dense cultures by switching on additional lamps. Exponential
growth was obscrved up to 15 pg chlorophyll/mL. Kinetics of the OD (at 670 nm) mcas-
ured on-line by computer wis well-correlated with the OD (at 750 nm) of samples simul-
tancously removed and measured with a spectrophotometer and with the chiorophy!l a.
concentration which was determined separately. We conclude that computenized measure-
ment of OD is a very usetul tool for the control of culture density as it can be recalibrated
in terms of chlorophyll a. concentration.
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Figure 5. H, production by automated PhBR incorporating A azoflae grown in turbidostat culture. At the start (0
sec) the gas phase was changed from Y82 air + 20 CO, to 100%, Ar.

4.2. Enzyvme Activity

Specific nitrogenase activity measured at two intervals did not change significantly
during exponential growth (Figure 4). but decreased dramatically after the exponential
phase. This differs from the data obtained with bateh cultures growing under constant illu-
mination where specthie nitrogenase activity had a sharp maximum at the start of growth
(Tsygankov et al. 1997). Thus, addition ol saturating hight to the colture prolonged the
maximal nitrogenase activity up to the end of the exponennial phase (Figure 4). As a result
of high specific nitrogenase activity, the potential activity of whole PhBBR in H, production
reached 57 mL/WPhBR (13 mL/h L suspension). Compared with other data available (not
higher than § mLh L suspensiony in the hterature (Kentennch et al, 1991 Kentemich et
Ll|: 1990: Ni et al.. 1990; Yakunin et al.. 1991} A, azoflac grown in the PhBR showed
rather high specitic and nitrogenase actisity for H, production

4.3. Hydrogen Production by a Photobioreactor

To investigate the possibility of using the PhBR for sustained H, production, A. a2 zol-
lue was cultivated in a turbidostat with an OD of 0.7 (computer- monitored) and maximal
H. evolution (Figure 4). The culture showed stable growth with a rate ot 0.03 h'' (data not
sho\\n) Nitrogenase activity measured in the vials was essentially the same as in the batch
culture. Thus, the turbidostat regime allowed the culture to be maintained with a high ni-
trogenase activity for a long period.

After a change of gas phase from 9825 air + 275 CO, to 100% Ar, the oxygen partial
pressure decreased (Figure $) and the pHnereased. pmlmhl\ due to CO, loss by the Ar
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flush and by consumption by the culture The presence of H, in the outlet gas was ob-
served 10 min after the switch to Ar. After 1.5 h of exposure of culture under Ar, the pH
stabilized at 8.9, and the pO, stabilized at a low level (showing a lack of photosynthesis
due to the absence of CO,), and H, production reached 45 mL/h/PhBR. The rate of H, pro-
duction further increased and reached 56 mL/h/PhBR 6 h after the gas phase change,
which is essentially the same rate as that measured in small vials (57 mL/h/PhBR). Thus,
A. azollae produced H, under Ar in the PhBR at the same rate as in batch experiments in
small vials, indicating that the method of scaling-up from 2 mL to 4.35 L did not cause
any decrease in specific or volumetric activity.

After H, production under the Ar for 6 h, the culture was bubbled with a mixture of
98% air + 2% CO, (Figure 5). The culture then exhibited stable growth (data not shown).
After 20 h of turbidostat growth, the gas phase was replaced again with pure Ar and the cul-
ture showed increased H, production at approximately the same rate as before (Figure 5).

It shouid be pointed out that 4. azoliae did not produce H, after replacement of air +
CO, with Ar + CO, (data not shown). In the presence of CO,, the partial oxygen pressure
was not lower than 60% of air saturation (100% of air saturation equals 6.3 uL O,/mL sus-
pension). Taking into account the high nitrogenase activity of the cells, it is possible to as-
sume that H, was evolved under these conditions but was oxidized by the uptake

hydrogenase present in the cells.

5. CONCLUSIONS

(1) A method for scaling-up the PhBR without a decrease in specific rate of H, pro-
duction is proposed. (2) Connection of the tubular helical PhBR to a computer with spe-
cially written soft and hardware programs for automated control of the process is
described. (3) Model experiments with this scaleable PhBR showed the possibility of high
rates of H, production by the PABR (up to 13 ml /b L suspension).

Future investigations should be directed 1o research on: (a) selection of cyanobacie-
rial strain with the highest rate of 11, production, (b) optimal interval between time of It
evolunion and timve of culture regeneration, (¢) optimal phH, temperature and light intensity
during regencration of cutture and during H. production, (d) adoption ot the process for
natural light conditions (high light intensity in the day and darkness at night), and (¢)
studying the possibility ot scaling-up this PhBR to hundreds of liters.
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Summary

Hydrogen production by Anabaena variabilis ATCC 29413 and of its mutant
PK84, grown in batch cultures, was studied in a photobioreactor. The highest
volumetric H, production rates of native and mutant strains were found in
cultures grown at gradually increased irradiation. The native strain evolved H,
only under an argon atmosphere with the actual rate as high as the potential rate
(measured in small vials under optimal conditions). In this case 61% of oxygenic
photosynthesis was used for H, production . In contrast the mutant PK84
produced H, during growth under CO;-enriched air. Under these conditions at
the maximum rate of H, production (10 ml h™' 1), 13% of oxygenic
photosynthesis was used for H, production and the actual H, production was
only 33% of the potential. Under an atmosphere of 98% argon+2% CO, actual
H, production by mutant PK84 was 85% of the potential rate and 66% of
oxygenic photosynthesis was used for H, production. Hydrogen production
under argon+CQO; by the mutant was strictly light-dependent with saturation at
about 300 uE m™ sec’'. However, the rate of photosynthesis was not saturated at
this irradiation. At limiting light intensities (below 250 uUE m™ sec™) 33-58% of
photosynthesis was used for H, production. Hydrogen evolution by PK84 under
air+2% CO, was also stimulated by light; but was not saturated at 332 uE m™
sec’ and did not cease completely in darkness. The rate of oxygen
photoevolution was also not saturated. A mechanism for increasing

cyanobacterial hydrogen production is proposed.

Keywords: Anabaena variabilis, hydrogen photoproduction, photobioreactor,

nitrogenase activity



Introduction

Molecular hydrogen is considered a suitable fuel for a future climate-
constrained world. An important advantage of hydrogen is that it can be
produced from water and water is also the end product of its combustion.
There are different ways of hydrogen production from water with
photobiological water splitting being one of them (Benemann, 1997; Kentemich
et al.,, 1990; Rao and Hall, 1996). N,-fixing cyanobacteria are promising
candidates for the development of photobiological H,-producing systems as
these microorganisms are able to generate H, under autotrophic conditions
using solar energy as the driving force of the process.

Reviews on the physiology and molecular biology of cyanobacterial H,
photoproduction have been published (Hansel and Lindblad, 1998; Markov et
al., 1995). The efficiency of light energy conversion into the energy of H, has
been reported (Markov et al., 1996). The preference of V-containing
nitrogenase for hydrogen production has been established (Kentemich et al.,
1988; Ni et al., 1991). The optimal pH and temperature for this process were
identified (Lichtl et al., 1997; Tsygankov et al., 1991; 1997) . The influence of
molecular nitrogen and oxygen on cyanobacterial nitrogenase activity and
hydrogen photoproduction have also been studied (Fay, 1992; Gallon, 1992;
Lichtl et al., 1997). However, all the data were obtained in small-scale vessels

using short-term experiments or immobilised cells with the data showing the
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potential capacity rather than the actual productivity of cyanobacteria in
hydrogen production.

Native strains of cyanobacteria usually do not evolve H;, during growth
under ambient nitrogen and oxygen concentrations due to the recycling of
evolved hydrogen by uptake and reversible hydrogenases (Hansel and
Lindblad, 1998; Kentemich et al., 1990; Rao and Hall, 1996). A chemically-
induced mutant of Anabaena variabilis with impaired uptake hydrogenase was
recently generated by Mikheeva et al. (1995) and the advantages of this mutant
over the native strain in nitrogenase-mediated hydrogen photoproduction were
established (Markov et al., 1997; Sveshnikov et al., 1997). However, a detailed
analysis of actual hydrogen production in photobioreactors with a volume
greater than 1 liter of cyanobacterial suspension has not been reported.

The aim of the present work was to compare hydrogen production by the
native strain of Anabaena variabilis ATCC29413 and its mutant PK84 under

controlled conditions in a photobioreactor.

Materials and methods
Culture conditions.

The filamentous heterocystous cyanobacterium Anabaena variabilis
ATCC 29413 and its mutant form A. variabilis PK 84 were obtained from
Prof. S. Shestakov (Moscow State University). Both strains were maintained

in Allen and Arnon (1955) growth medium under sterile N,-fixing conditions.



To induce synthesis of V-containing nitrogenase in the microorganisms,
Na,MoQj in the medium was replaced by 2 uM Na3;VO,.

Cultivation of the mutant cells in an automated helical photobioreactor
(PhBR) made of 10 mm internal diameter PVC tubes with volume 4.35 1|
(Tsygankov et al., 1998) was performed in Allen and Arnon growth medium
under N,-fixing conditions. The computer-controlled system of the PhBR with
built-in sensors for pH, temperature, optical density and pO, allowed the
monitoring of oxygen and the control of pH, temperature and density of the
culture using a thermo- and pH-stat system. pH of the culture was adjusted to
7.0 (8.0 for the mutant) by addition of 0.2 N NaOH and temperature was
maintained at 30°C for native strain and 36°C for the mutant. During growth
the cultures were continuously illuminated by fluorescent lamps and sparged
by 98% air and 2% CO, (500 ml min™"). The gas mixture was sterilised by
bacterial gas filters with 0.3 pm pore size (Hepa-Vent, Whatman, UK). Before
use, the photobioreactor was sterilised with sodium hypochlorite solution

(0.5%) for one hour and then washed 3-4 times with sterile distilled water.

Actual H; production by the photobioreactor.

Hydrogen production rates by the photobioreactor were calculated on the basis
of H, content in the effluent gas mixture and the gas flow rate using gas
chromatography (Hewlett Packard 5890A, UK). 100 ul gas samples were

withdrawn from a gas sampling port positioned at the outlet of the PhBR.



Potential nitrogenase and H, production activities.

In order to determine the potential nitrogenase and H, production
activities in intact cells, i.e. the maximum activity the cells can exhibit under
optimal conditions, a 2 ml sample of the cell suspension was withdrawn from
the PhBR and transferred to 12 ml glass vials. The vials were closed with Suba
seals (Freeman and Co., UK) and the gas phase inside the vials was replaced
by argon for assay of H, production or by argon containing 20% C,H, for
assay of nitrogenase activity. The vials were then incubated in a water bath
(30°C) kept over a stirrer and illuminated by fluorescent lamps (120 nE m? s

" for 45-60 min.

Chlorophyll content and dry weight.

The chlorophyll a content was measured spectrophotometrically in
methanol extracts at 665 nm (Tandeau de Marsac and Hourmand, 1988).

Dry weight of biomass was determined by filtration of 10-80 ml of the
culture suspension (Whatman no.l filter paper, England), washing the filter

with distilled water and drying at 85°C to constant weight.

Light measurements.

Photosynthetically active radiation on the surface of the helical tubular
part of the PhBR and on the surface of the glass vials was measured with a

quantum meter (LI-COR, model L1 189, Lambda Instrument Corp., Nebraska,



USA) and was expressed as the photosynthetic photon flux density (PPFD).

Determination of the rate of oxygen photoproduction by photobioreactor.

Changes in dissolved oxygen in the liquid medium of the PhBR (OL) can be

described as

dO.

- ¥ . +
dt K.a (C*-Op+PO

where K, a is the volumetric mass transfer coefficient between gas and liquid;
C’ is the dissolved oxygen concentration when liquid is saturated by gas
mixture; PO is the volumetric rate of photosynthetic oxygen evolution.
During growth of the cyanobacteria the changes of dissolved oxygen due to

changes of biomass concentration were very slow, so

dO. _
a '

Thus, when the PhBR was sparged by 98% air + 2% CO,,
PO:KLa (C* 'OL)
When the PhBR was supplied with argon, C'=0 and

PO=K;ja OL

Determination of K;a

K, a was calculated from the fitting of experimental data on degasification and
aeration of the degassed photobioreactor filled with medium but without

cyanobacteria according the equation:



dO. _
dt

K.a (C*-0Op

During degassing C'=0 and during aeration C'=240 uM.
Fitting the data from degassing the PhBR gave K;2=1.913'107%5.817:10°¢ 5!
Fitting the data from aeration of the degassed PhBR gave K;a=1.51810"

+3.824'10° s'. In subsequent calculations we used average value

K a=1.715103 s

Results

The rate of hydrogen production by 1 1 of cyanobacterial photobioreactor
(volumetric rate) depends on the specific nitrogenase activity of the culture
and the biomass concentration. However, many investigators have noted a loss
in the specific nitrogenase activity and the rate of hydrogen production in the
course of batch cultivation of different strains of cyanobacteria (Lichtl et al.,
1997; Ni et al., 1990; Tsygankov et al., 1997). The present experiments also
showed the decrease of hydrogen production activity of by biomass of 4.
variabilis ATCC 29413 containing 1 mg of Chl a (specific activity) at a Chl a
concentration higher than 3 pg ml' in PhBr (Fig. 1). At the same time an
increase of Chl a concentration on a logarithmic scale showed nonlinear
behaviour (Fig. 1). We suggest that the decrease in the specific rate of H,
production was due to light limitation in the dense culture.

A. variabilis ATCC 29413 failed to grow at a continuous irradiation 240 uE m’



? sec’'. Hence in order to check our suggestion we cultivated the

cyanobacteria at varying irradiation (Fig. 2) and observed that the Chl a
concentration increased linearly on a logarithmic scale up to 17.5 ug Chl ml’
(at 100 h of cultivation). The specific rates of hydrogen production and of
C,H, reduction decreased slightly between 24 and 52 h of growth. When the
irradiation increased both H, production and C,H, reduction increased up to
100 h and then decreased sharply. Thus, the decrease in specific nitrogenase
activity is a result of light limitation of the culture. Supplying the culture with
saturating light allowed the maintenance of a high specific hydrogen
production activity at culture concentrations up to 17.5 ug Chl ml™.

During growth under air the A. variabilis native strain did not produce
molecular hydrogen.' The replacement of air+2% CO, by argon+2% CO; also
did not result in hydrogen production by the culture (data not shown) due to
inhibition of nitrogenase by photosynthetically produced oxygen. However,
after the replacement of air+2% CO; by pure argon the A. variabilis native
strain started to produce hydrogen (Fig. 3). The potential rate of hydrogen
photoproduction measured in small vials and recalculated to the whole PhBR
was 25.4 ml h"' PhBR™!. Thus, under argon the rate of hydrogen production
by the PhBR with A. variabilis native strain was as high as the potential rate.
After 70 min of argon sparging the concentration of dissolved O, decreased
and was stable for more than 30 min (Fig. 3). The rate of O, evolution by the

PhBR under this condition was 21.7 ml h”' PhBR™'. Taking into account that
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during water photolysis 2 moles of H,O produced 2 moles of H, and 1 mole of
O, we can calculate that at the maximum H, production rate (26.6 ml h’
PhBR", Fig. 3) 26.6/21.7/2¥100=61.3% of photosynthetic reducing
equivalents were used for hydrogen photoproduction.

Batch culture of 4. variabilis PK84 grown at higher irradiances also showed
high specific nitrogenase and hydrogen production activities measured in the
vials up to a high culture density (Fig. 4). C,H, reduction and hydrogen
production was higher in the mutant than in the native strain (Fig. 2). In
contrast to the native strain, the hydrogen production activity was higher than
the C,H, reduction activity at any stage of batch growth. With both native
strain and mutant these activities decreased sharply when the dry biomass and
Chl a concentration increased non-linearly (log scale; Fig. 4A). This supports
our conclusion that the decline in specific acetylene reduction and hydrogen
production activities occurs under light limitation.

A. variabilis mutant PK84 produced hydrogen during growth under air
enriched with CO, (Fig. 4B). The maximum volumetric rate of hydrogen
production corresponded to high biomass concentration and specific activity.
At the maximum hydrogen production rate (43.3 ml h”' PhBR™) the rate of
photosynthesis was approximately 165 ml O; h'' PhBR™. In this case
43.3/165/2*100=13.1% of photosynthetic reducing equivalents were used for
hydrogen production. During the growth period this value varied from 3.3%

(just after the increase of light at 25.5 h) up to 13.1% (at the highest hydrogen



production rate). When the culture produced hydrogen at the maximal rate the
potential hydrogen production recalculated for the whole photobioreactor was
131.1 ml h"" PhBR™. Thus, during growth under air enriched by CO, the
actual rate of hydrogen photoproduction was 33% of the potential
(43.3/131.1*100).

The rate of H, production by the PhBR incorporating the mutant PK84
increased when airtCO, was replaced by argon (Fig. 5). After 2.5-3.5 h of
argon the actual H, production was 78-85% of the potential rate. During argon
sparging the dissolved oxygen decreased and the pH increased due to the
depletion of CO, in the medium. After 2 h of sparging the pH was stabilised
indicating the exhaustion of CO,. This is in contrast to native strain since the
dissolved oxygen concentration was not stable thereafter. After 3.5 h of
incubation the rate of photosynthesis (calculated on the assumption that
dissolved oxygen concentration was unchanged) was 43.9 ml h™' PhBR™". The
rate of hydrogen photoproduction was 57.8 ml h"* PhBR", thus 65.8% of
photosynthesis was used for hydrogen photoproduction. This value was very
close to that calculated for the native strain (61.3%).

Hydrogen production under argon+CO; by the mutant was light-dependent; in
the dark hydrogen was not produced (Fig. 6). The rate of hydrogen
production was saturated at approximately 300 uE m™” sec’'. However, the
rate of photosynthesis was not saturated at 330 uk m? sec”. At different

irradiances (lower than 250 uE m™ sec™') 33-58% of the photosynthetic



energy flow was used for hydrogen photoproduction (the higher percentages
were observed at lower irradiances).

Hydrogen photoproduction by the PK84 mutant under air+2% CO, was also
stimulated by light (Fig. 7). In contrast to hydrogen production under argon it
was not saturated at 332 uE m™ sec’'; the rate of photosynthetic oxygen
evolution was also not saturated. The rate of hydrogen production by the
PhBR was 18.9% of potential activity measured in vials under the argon.
Surprisingly, there was some hydrogen production in the dark probably due to

energy supplied by respiration.

Discussion

The nitrogenase activity of 4. variabilis was highest in the exponential phase
of growth and declined thereafter (Fig. 1, 2, and 4). Such a phenomenon is
usually correlated with the rate of reductant supply to the heterocysts which
in turn is determined by the rate of photosynthesis and glycogen accumulation
and its breakdown (Ernst et al., 1984). The correlation between the rate of
photosynthesis, glycogen accumulation and metabolism, and the rate of
nitrogen fixation was also confirmed by the observations on the C/N ratio in
cells of A. variabilis (Yakunin et al., 1995). Thus, light-saturating conditions
are important for high specific nitrogenase activity and hydrogen
photoproduction by A. variabilis.

Only a few heterocystous cyanobacteria are known to produce hydrogen



during growth under air (Kumar and Kumar, 1992). Hydrogen produced
during nitrogen fixation is consumed in the oxyhydrogen reaction with
participation of hydrogenases (Rao and Hall, 1996). Replacement of air by
argon inhibits hydrogen uptake owing to absence of oxygen. In our
experiments under an argon atmosphere approximately two thirds of the
photosynthetis electron flow was used by native strain of A. variabilis for
hydrogen production (Fig. 3). However, these conditions are not appropriate
for long-term cultivation of cyanobacteria because of the lack of N and C
sources.

A. variabilis mutant PK84 produced H, under air+CO, conditions at a high
rate. Yet, only 33% of the potential hydrogen production capacity was realised
under these conditions and not ﬁore than 13% of oxygenic photosynthesis
was used for H, production. Assuming that the energetic efficiency of
photosynthesis (defined as portion of incident light energy accumulated in heat
of combustion of biomass) is 9% under optimal growth conditions (Bolton and
Hall, 1991), the maximum efficiency of light energy conversion into H, in
mutant was not higher than 0.13*0.09*100=1.47%. However, this value is
probably overestimated for several reasons. The reported photosynthetic
growth efficiency of 9% was calculated for the case when all photons were
absorbed, i.e. for light-limited conditions. Under these conditions A. variabilis
exhibits low nitrogenase activity and, as a consequence, low rate of H

production, as seen from our results. In addition, oxygenic photosynthesis



does not take into account the light energy absorbed by heterocysts for
anoxygenic photosynthesis.

Under argon alone the actual H, production rate was as high as the potential
rate for A. variabilis native strain and approximately three quaters for mutant
PK84. Two thirds of oxygenic photosynthesis was used for H, production.
However, the portion of photosynthesis used for hydrogen production under
anaerobic nitrogen-free conditions was higher than under air+CO, mainly due
to inhibition of noncyclic photosynthetic electron transport (as a result of CO,
depletion) and was only partly due to the actual increase of hydrogen
production.

Hydrogen production by A. variabilis PK84 under the argon+CO, atmosphere

was saturated at approximately 300 uE m? s

while photosynthetic O,
evolution was not (Fig. 6). At this light intensity PK84 mutant showed
approximately 90% of its potential H» production activity. Evidently, at 300uE
m~ s, in the presence of 2% CO, the rate of photosynthesis (approx. 95 ml
O, h™' PhBR™) in the vegetative cells was sufficient to provide the heterocysts
with saturating levels of reductants, and due to lack of N, all nitrogenase
electron flow was directed towards hydrogen photoproduction. The PKg84
mutant exhibited higher light saturation of H; evolution under argon+CQ; than

did native strain of A. variabilis (Gogotov et al., 1976) or Oscillatoria sp.

(Phlips and Mitsui, 1983); we did not observe any light inhibition of the



process in the range of light intensities used. Possibly, an inhibition of
hydrogen production by strong light reported for other cyanobacteria
(Gogotov et al., 1976; Phlips and Mitsui, 1983; Rao and Hall, 1996) was the
result of increased dissolved oxygen concentrations and, as a consequence,
increased rates of the oxyhydrogen reaction catalysed by hydrogenases.
Oxygen evolution and hydrogen production by 4. variabilis PK84 under
air+CO, was not saturated even at 332 uE m™s' (Fig. 7). Due to the presence
of N, the actual hydrogen production was only 18.9% of potential hydrogen
photoproduction activity. In the dark aerobic conditions mutant PK84
produced hydrogen, albeit, in low quantities. Since the nitrogenase activity of
A. variabilis heterocysts can be supported by respiratory metabolism (Ernst et
al., 1983), we suggest that the dark hydrogen evolution by PK84 mutant was
catalysed by nitrogenase.

Thus, in terms of biological H,-production systems, 4. variabilis PK84
exhibits much better characteristics than does 4. variabilis ATCC 29413. This
indicates that generation of cyanobacterial mutants can increase the efficiency
of H, producing systems. Nevertheless, our experiments show that only a
small portion of photosynthetically generated energy was used for Hj
production by PK84 under CO,-enriched air. This assumes that there is an
energy potential in this organism to maintain significantly higher rates of H,
production than that was observed in our experiments. Such a higher rate of

H, production could be achieved by an increase of the nitrogenase activity of



the cyanobacterium due to an increase of heterocyst frequency and/or by an
increase of activity of each individual heterocyst. An additional means to attain
higher productivities of H, production would be the avoidance of light
regulation of the H, production system in cyanobacterial cells. Generation of
cyanobacteria with such properties, by using A. variabilis PK 84 as the basic
form, would be the next step in improvement of the overall efficiency of
biosolar H, production systems.
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Figure legends

Fig. 1. Batch culture of 4. variabilis ATCC 29413 grown at a PPFD of 110 uE
m~ sec”. (1) optical density as measured by on-line sensor; (2) Chl a
concentration; (3) specific rate of C,H, reduction; (4) specific rate of H,
photoproduction. C,H; reduction and H, photoproduction were measured in the
vials as described in Materials and Methods section. pH during cultivation: 7.0
Fig. 2. Batch culture of 4. variabilis ATCC 29413 grown at increasing
irradiation levels. Arrows indicate the time of switching of irradiation from 44 to
110 uE m™ sec™! (first arrow) and from 110 to 240 uE m? sec” (second
arrow). Symbols and numbering as in Fig. 1.

Fig. 3. H, production by the photobioreactor incorporating A. variabilis ATCC
29413 after switching the gas flow from air+2% CO, to argon. 20 min before
the measurements the light was switched off and air+2% CO; (0.5 1 min‘l) was
replaced by argon. The experiment was started by switching the light on. H,
production measured in the vials was 25.4 ml h"' PhBR"'. (1) rate of H,
photoproduction; (2) dissolved oxygen; (3) pH.

Fig. 4. Batch culture of A. variabilis PK84 grown at increased irradiation.
Arrow indicates the time of switching of irradiation from 110 to 332 uE m™
sec”. Fig. 4A: (1) dry biomass; (2) Chl a concentration; (3) specific rate of
C,H, reduction; (4) specific rate of H, photoproduction. C,H, reduction and H,
photoproduction were measured in the vials as described in Materials and

Methods section. Fig. 4B: 1 - dissolved oxygen; 2 - rate of oxygen evolution; 3



- rate of H, photoproduction. For calculation of oxygen photoevolution rate, see
Materials and Methods Section. The pH during cultivation was 8.0.

Fig. 5. H, production by the photobioreactor incorporating 4. variabilis PK84
after switching of gas flow from air+2% CO; to argon. At the start, air+2%
CO, (0.5 1 min™") was replaced by argon. The H, production measured in the
vials was equivalent to 77 ml h”' PhBR™'. (1) rate of H, production; (2)
dissolved oxygen; (3) pH.

Fig. 6. Hydrogen and oxygen production rates by 4. variabilis PK84 under
argon as a function of irradiation. The potential H, production rate was 58.5 ml
h™ PhBR™. I - H, production; 2 - dissolved oxygen; 3 - rate of oxygen
evolution (consumption). Measurements were started at the highest light
intensity with subsequent decrease of irradiation. Each point represents the
steady-state rate of H, evolution.

Fig. 7. Hydrogen and oxygen photoproduction rates by A. variabilis PK84
under air+2% CO, as a function of irradiation. H, photoproduction measured in
the vials was equivalent to 35.4 ml h'PhBR'. 1 - H, photoproduction; 2 -
dissolved oxygen; 3 - rate of oxygen evolution (consumption). The PhBR was
kept in darkness for 3.5 hours and then the irradiation was successively

increased.
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Summary

Hydrogen production by Anabaena variabilis PK 84, a mutant impaired in the
utilisation of molecular hydrogen, under simulated outdoor conditions has been
studied. The cyanobacterium produced H, continuously during cultivation in an
automated helical tubular photobioreactor (4.4 l)under air containing 2% CO, and
alternating 12-h light(day) and 12-h dark(night) periods for about three months. The
maximum H, production by the continuously aerated culture was 230 ml - day’ -
PhBR™ which was observed at a growth density corresponding to 3.5 — 4.8 ug Chl a -
ml"' (1.2 - 1.6 mg dry wt. - ml™"). Anaerobiosis during the dark period affected (?) H,
production by A. variabilis PK 84. Replacement of air by an argon atmosphere
enhanced H, evolution by a factor of 2. This stimulatory effect was caused mainly by
N, deprivation in the cell suspension. The specificity of H, production and some
physiological characteristics of A. variabilis PK 84 during cultivation in the

photobioreactor under the alternative light-dark regime are discussed.

Keywords: Anabaena variabilis, hydrogen production, photobioreactor, light-dark

cycle
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Introduction

The feasibility of photoproduction of H, by cyanobacteria-based systems is
therefore at present under theoretical and practical consideration (Hansel and
Lindblad , 1998; Rao and Hall, 1996). In order to reduce the cost of H, production,
these systems should operate under the outdoor conditions, i.e. under the natural
periodic light and temperature. Although H, production by biplogical systems has
been extensively studied, there are no reports of cyanobacterial H, production under
outdoor conditions.

Thus we undertook a study of H, production by Anabaena variabilis PK 84
during cultivation in a helical tubular photobioreactor under the outdoor-simulated
conditions. This organism was generated by Mikheeva et al. (1995) from the
filamentous heterocystous cyanobacterium Anabaena variabilis ATCC 29413 using a
mutagenesis technique. It was impaired in the utilisation of molecular hydrogen and
was able generate H; directly under an air atmosphere. Earlier it has been shown that
due to the mutation A. variabilis PK 84 had essential advantages over the native
strain in terms of H,

production (Mikheeva et al., 1995; Sveshnikov et al., 1997; Tsygankov et al.,
1998). It also steadily evolved appreciable amount of H; into CO,-enriched air during
long-term cultivation in photobioreactors under batch growth conditions and

continuous illumination (Markov et al., 1997; our unpublished data). Results of our
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A. variabilis PK 84 had essential advantages over the native strain in terms of H,

production (Mikheeva et al., 1995; Sveshnikov et al., 1997; Tsygankov et al., 1998).
It also steadily evolved appreciable amount of H, into CO,-enriched air during long-
term cultivation in photobioreactors under batch growth conditions and continuous
illumination (Markov et al., 1997; our unpublished data). Results of our study are

shown in the present publication.

Abbreviations: PhBR, photobioreactor; dry wt., dry weight; Chl a, chlorophyll a;
PPFD, photosynthetic photon flux density.
Materials and methods

The filamentous heterocystous cyanobacterium Anabaena variabilis PK 84, a
mutant impaired in the utilisation of molecular hydrogen, was obtained from Prof. S.
Shestakov (Moscow State University). The cyanobacterium was maintained and
grown in Allen and Arnon (1955) medium in the absence of fixed nitrogen. Na;MoO,
in the medium was replaced by 2 uM Na;VO, with the aim of synthesis of the V-
containing nitrogenase (Kentemich et al., 1991; Tsygankov et al., 1997).

Cultivation of the cyanobacterium was performed in an automated helical
photobioreactor (Tsygankov et al, 1998). The photobioreactor (PhBR) was
constructed using PVC tubing (10 mm ID) with a total volume 4.35 1. The volume

and area of a illuminated part of the PhBR were 3.17 1 and 0.53 m?, respectively.
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Materials and methods

The filamentous heterocystous cyanobacterium Anabaena variabilis PK 84, a
mutant impaired in the utilisation of molecular hydrogen, was obtained from Prof. S.
Shestakov (Moscow State University). The cyanobacterium was maintained and
grown in Allen and Arnon (1955) medium in the absence of fixed nitrogen. Na,MoQO,
in the medium was replaced by 2 uM Na;VO, with the aim of synthesis of the V-
containing nitrogenase (Kentemich et al., 1991; Tsygankov et al., 1997).

Cultivation of the cyanobacterium was performed in an automated helical
photobioreactor (Tsygankov et al., 1998). The photobioreactor (PhBR) was
constructed using PVC tubing (10 mm ID) with a total volume 4.35 1. The volume
and area of a illuminated part of the PhBR were 3.17 | and 0.53 m’, respectively.
Circulation of the culture in the PhBR was provided by an air-lift system. Before use
the PhBR was sterilised with sodium hypochlorite (0.5%) for one hour and then
washed several times with sterile distilled water.

A. variabilis PK 84 was cultivated in the PhBR under air containing 2% CO;
and alternating 12 h light and 12 h dark. The cultivation during the light/dark periods
was performed under the controlled/uncontrolled conditions. The temperature of the
culture was 36°14-30°C (light/dark periods). During the light periods cells were
illuminated by fluorescent lamps (manufacturer, type, wattage ?) and the pH of the

culture was maintained at 8.0 by NaOH. The culture was provided with sterile CO,-
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enriched air (500 ml - min™) via the air-lift system. Growth conditions in the PhBR
were controlled by a computer system connected to built-in pH-, temperature-,
optical density and pO, sensors. When necessary 1-2 polyurethane balls were
circulated along with the culture in the PhBR to clean off the inner surface of the
PVC tubes.

The actual (net) H, production by the culture was calculated on the basis of the
H, content in the effluent gas and the gas flow rate in the PhBR. The H, content in
the effluent gas was measured by a gas chromatograph (Hewlett Packard 5890).

The potential H, production by the organism was calculated on the basis of the
rate of H, evolution by a 2-ml culture in 12-ml glass vials. The continuously stirred
culture in the vial was incubated at a PPFD of 120 pE - s - m™? (type, wattage ?) and
36°C for 45-60 min. The cells incubated under air+2% CO, were directly transferred
from the PhBR to the vial. To avoid alkalinization of the culture due to the lack of
CO, under incubation with ordinary air, Ar+20% O, or pure Ar, the cyanobacteria,
were pelleted, resuspended in the fresh growth medium (pH 8.0) to the initial density
and then placed in vials. The H, content in vials was measured by the gas
chromatography (Define specific and volumetric rates of H, production).

Heterocysts frequency was determined visually under a microscope counting
not less than 600 cells. The chlorophyll content was measured

spectrophotometrically in methanol extracts at 665 nm (Tandeau de Marsac &
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Houmard, 1988). Dry weight of biomass was determined by filtration of the culture
suspension (Whatman no.1 filter paper, UK), washing the cell mass with distilled
water and drying at 85°C to constant weight.

Photosynthetically active incident radiation was measured by a quantum meter
(model LI 189, LI-COR, Nebraska, USA) and expressed as the photosynthetic

photon flux density (PPFD).

Results

It has been found in preliminary experiments it was found that cell adhesion to
the inner surface of the PVC tubing was significantly reduced during cultivation of 4.
variabilis PK84 at pH 8 compared to pH 7 (data not shown). Therefore to ensure
normal operation of all sensors in the PhBR and correct maintenance of experimental
conditions, the long-term cultivation of the cyanbacterium in the current work was
performed at pH 8.

At first A.variabilis PK 84 was cultivated under alternating light-dark cycles
and continuous aeration. Transition of the PhBR from the light to darkness was
accompanied by switching off the thermostat, pH-stat and light systems in the PhBR.
Under darkness the oxygen concentration in the culture fell rapidly due to cessation
of photosynthetic O, evolution and consumption of O, by the respiratory system of

the cyanobacteria (Fig. 1a). Similarly, photosynthetic CO, consumption was halted in
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darkness, resulting in an increase of dissolved CO, concentration and acidification of
the culture by extra CO, (Fig. 1b). In darkness the temperature of the culture was
determined by the laboratory ambient temperature; its minimum value varied from the
dark to dark cycle in the range of 14 - 30°C (Fig. Ic).

Hydrogen production by the continuously aerated culture was not constant
during the day. It increased gradually during the first 3-5 h of illumination and then
either kept constant or usually slightly decreased thereafter (Fig. 2a). At the onset of
the dark period the rate of H, production decreased rapidly down to a very low level.
The potential volumetric and specific rates of H, production measured in the vials
both under CO,-enriched air and argon were significantly higher than the actual (net)
H2 production measured in the PhBR, but the time courses of all three parameters
were similar (data not shown).

The dependency of H, production by the PhBR culture on the growth density
are shown in Fig. 3. In this experiment illumination during the light periods
corresponded to 332 pE - s - m? Regardless of the gas composition, both the actual
and potential specific H, production rates depended on cell density in a similar
manner. They were both greatest at the lowest cell density and declined significantly
thereafter as the concentration of cells in the PhBR increased (Fig. 3a). Time patterns
of the actual and potential volumetric H, production rates under the gas mixtures

were also quite similar (Fig. 3b). However, in contrast to the specific activities, the
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volumetric rates of H, production increased as the cell mass of the culture increased
and reached the maximum value at a growth density corresponding to 3.5 — 4.8 g
Chla-ml" (1.2 - 1.6 mg dry wt. - ml™"). Further increase of the cell concentration had
a clear negative effect on H, production by the culture. It is interesting that the ratio
of potential rates under argon (curve 1) to those under airt+2% CO, atmosphere
(curve 2) was two. The ratio of potential (curve 2) to actual (curve 3) rates under
air+2% CO, atmosphere was two as well.

The heterocyst frequency did not change very much during cultivation of A.
variabilis PK 84 in the PhBR at various cell concentrations. It gradually declined
from 11.5% to 8.5 % as the growth density of the culture increased in the range of 3
— 7 ug Chl a - ml"". As with the heterocysts, the chlorophyll content of the cells
changed somewhat. It decreased from 4.4 to 2.7 ug Chl a - mg™' dry wt. as the grthh
density increased from 2.8 to 6.7 pg Chla - ml™.

Fig. 4 demonstrates the importance of the light factor for H, production by A.
variabilis PK 84 under the alternative light-dark regime. A change of light intensity
from 332 to 223 pE - s - m™ led to more than a 2-fold decrease in the rate of H,
production by the PhBR.

Since the use of nonaerating conditions with the culture during the night would

reduce the practical cost of H, fuel produced by outdoor systems, the effect of the
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absence of aeration during the dark periods on H, production by 4. variabilis PK 84
was therefore further studied.

After the cultivation at various concentrations of cells under continuous
aeration, the culture in the PhBR was diluted by fresh medium to a density of 4 pg
Chl a - ml"' (the optimum density seen in Fig. 3) and the continuous aeration was
replaced by periodic aeration. Fig. Sa shows that in contrast to continuous aeration,
the oxygen concentration in the culture in the absence of aeration during the dark
very rapidly reached zero levels. Meanwhile changes in pH (Fig. 5b) and temperature
(Fig. 5¢) in the culture after transition from light (aerated) to the dark (nonaerated)
periods were similar to that during continuous aeration. The dark-induced decrease of
pH in the absence of aeration was the result of saturation of the culture with extra
CO,, as the gas flow in the PhBR was always stopped several minutes after
switching off the light. Similarly, the sudden change of pH at the beginning of light
periods was the result of the transient increase of CO, concentration in the culture

until the system reached equilibrium.

The time course of the actual H, production by the periodically aerated culture
during the light period (Fig. 2b) was similar to that of the continuously aerated
culture (Fig. 2a). Typically, however, the former reached maximum H, production
activity over a shorter time interval (within 1.5 - 2.0 h of illumination) than did the

latter (within 3 - 5 h of illumination). During the dark, since sparging of the culture
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was halted, it was not possible to determine the actual H, production by the

periodically aerated culture.

Fig. 6 shows that the transition of 4. variabilis PK 84 from continuous to
periodic aeration did not affect actual H, production instantly. However, after 7 days
of cultivation the negative effect of the periodic aeration on H, production by the
organism became evident.

Fig. 3 shows that CO,-enriched air inhibited H; production by 4. variabilis PK
84. To identify factor(s) affecting H, production by the cyanobacterium under CO»-
enriched air, the effect of the gas phase on H, formation in incubation vials was
studied (Table 1). Rates of H, evolution were similar both under the pure argon and
argon containing 20% oxygen. However, there was a reduction in the rates of H,
evolution under air and air +2% CO,, indicating that during cultivation under air
conditions H, production by 4. variabilis PK 84 was mainly affected by atmospheric
nitrogen. Table 1 also shows the 2-fold decrease in rates of H, evolution by the
mutant in the presence of atmospheric nitrogen when compared to its absence. Table
1 also shows that the high CO, concentration in air had a slight stimulatory effect on

H; evolution by A. variabilis PK 84.
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Discussion

The present study revealed that A. variabilis PK84 continuously sparged by
CO,-enriched air steadily generated appreciable amounts of H, during cultivation in
the PhBR under alternating light and darkness for about three months. The
microorganism evolved H, both during the light and dark periods.

It is well known that certain cyanobacteria can fix N, during heterotrophic
growth in the dark as well as to continue to fix N, at a decreased rate in darkness
after autotrophic growth in the light (Fay, 1992). A. variabilis is among them (Jensen
and Cox, 1983). Dark N, fixation in these organisms is O, dependent, indicating that
the requirements for N, fixation are met by respiration(Donze et al., 1971; Weare and
Benemann, 1973; Jensen and Cox, 1983; Markov and Krasnovsky, 1985). Hence
nitrogenase-mediated H, evolution by A. variabilis PK84 during dark periods could
have been expected but, in fact, it was negligible compared to the light period (Fig.
2a). This allowed us to neglect dark H, production in the present research.

The maximum actual and potential specific rates of H, production were found
at the lowest growth density of the culture (Fig. 3a). The value of both rate
characteristics decreased as the growth density of the culture increased. This inverse
dependence of the specific rate on the cell mass (Nostoc flagelliforme) was also
observed earlier (Lichtl et al., 1997). It was ascribed to the progressive light

limitation of cultures due to self-shading of the cells.

January 8. 1999 12



As in the case of N. flagelliforme (Lichtl et al., 1997), there was a gradual
reduction of the heterocysts frequency in 4. variabilis PK84 (from 11.5% to 8.5 %)
as the growth density of the culture increased from 3 to 7 pg Chl a - ml”. However,
the change in heterocyst frequency was not so pronounced as the (%) inhibition of H,
production in the cyanobacterium under the same conditions (Fig. 3a). It seems
therefore that the effect of the cell concentration on H, production was exerted in 4.
variabilis PK84 mainly via regulation of the nitrogenase activity rather than via
regulation of the number of heterocysts in cyanobacterial filaments.

There was a decrease in the Chl a content in A. variabilis PK84 from 11-15
to 2.7-4.4 pg Chl a - mg™' dry wt after transition of the cyanobacterium from the
continuous illumination to the alternating light-dark periods (the PPFD in both cases
was 332 pE - s m?). Owing to this reduction in the amount of chlorophyll, the
microorganism showed a high rate of H, production under argon (272 umol - h'' - mg’
' Chl a; Fig. 3a).

Since the rate of H, production by the overall cyanobacterial system depends
on both the specific activity of the cells and the total cell mass, H, production by the
PhBR increased in our experiments as the density of the culture increased (Fig. 3b).
The optimal cell concentration for both the potential and actual hydrogen production
rates by the continuously aerated system corresponded to 3.5 — 4.8 ug Chl a - ml’

(1.2 - 1.6 mg dry wt. - mI"). However, a further increase in the cell mass had a clear
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negative effect on H, production by the culture, probably due to light limitation. The
maximum actual H, production by the PhBR during continuous aeration of the culture
was 230 ml - day" - PhBR™! while the maximum potential under air+2% CO, and
argon atmosphere were 430 and 810 ml - day™ - PhBR !, respectively.

Light is an essential factor for H, production by cyanobacteria, however, too
high a light intensity including natural midday illumination was found to suppress
generation of H, (Markov et al., 1995). It has been recently shown that exposure of
our PhBR to the light higher than 70 pE - s - m™ resulted in an inhibition of H,
production by A. azollae during sparging with CO,-enriched argon (Tsygankov et al.,
1998). Similarly, the inhibition of H, evolution in 4. variabilis (Gogotov et al., 1976)
and Oscillatoria sp. (Phlips and Mitsui, 1983) was observed at light intensities higher
than 2.5-6.0 W - m (about 12.5-30 pE - s> m?) and pE-s'- m™, respectively. H,
evolution in 4. cylindrica (Kosiak et al., 1978) was more resistant to high irradiation
but it was saturated at as low light intensity as 40 W - m? (about 200 pE - s - m™).
Although the optimal light intensity for H, formation by A. variabilis PK84 is still a
matter of future investigations, the more than 2-fold increase of H, production after
the increase of PPFD from 223 to 332 pE-s-m? indicates one advantage of this
mutant over the native strains in terms of construction of outdoor systems.

In contrast to the light periods, the actual H, production by 4. variabilis PK84

in darkness in the absence of aeration is unknown (Fig. 2b). As there was no oxygen
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in the culture (Fig. 5a), an activation of the fermentation process in cyanobacterial
cells was presumed in the dark periods. It is well known that some cyanobacteria are
able to fix N, in darkness in the absence of O,, while others do not (Fay, 1992).
Requirements for N, fixation are met in the former through fermentative metabolism.
However, in accordance with the oxygen dependence of the nitrogenase activity
(Weare and Benemann, 1973; Jensen & Cox, 1983; Markov & Krasnovsky, 1985),
H, production by the cyanobacteria in the absence of oxygen should be less than
under aerobic conditions and can be therefore be neglected. Meanwhile utilisation of
previous products of fermentation would accelerate light-induced activation of H,
production in the beginning of the light period (Fig. 2).

Although the absence of aeration during dark periods reduced the above
mentioned induction period and would also decrease the future cost of produced H,,
it had a negative effect on long-term H, production by A. variabilis PK84 (Fig. 6).
This implies that anaerobic conditions are unfavourable for H, production by 4.
variabilis PK84 and should be avoided during operation of outdoor systems.
However, the mechanism of action of the “nocturnal” anaerobiosis on diurnal H,
evolution is not clear.

The reported H, evolution activity of 4. variabilis PK84 depended on the
composition of the gas phase and the means of determination of the activity. Fig. 3

shows that rates of H, production under CO,-enriched air in incubation vials (curve
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2) were generally about twice as high as those in the PhBR (curve 3), indicating
some limitation of H, production in the PhBR. We attribute this limitation mainly to
the extent of the nonilluminated areas in the PhBR i.e. two vertical air-lift systems of
total volume of 1.18 1. Transition of cyanobacterial cells from illuminated to the
nonilluminated segments of the PhBR slowed down overall H, formation by the
PhBR.

The rate of H, production in A. variabilis PK84 was also enhanced about 2-
fold by the replacement of the gas phase in vials with argon instead of air(Fig.3,
Table 1). This stimulatory effect was caused mainly by N, deprivation in the culture
(Tablel). However for some unknown reason it was almost twice less than that
predicted by the stoichiometry of the nitrogenase reaction:

N,+8H +8e +16 ATP > 2 NH; + H, + 16ADP + 16P;

In addition, there was a stimulatory effect of high CO, concentrations on H,
production by A. variabilis PK84 (Table 1) probably due to the activation of CO,
fixation in vegetative cells and subsequent increased flux of freshly synthesised
carbohydrates to heterocysts.

In conclusion, the results of our study are consistent with the idea of hydrogen
production by cyanobacteria being based on outdoor biosolar systems. Growth and

development of A. variabilis PK84 during cultivation under the simulated outdoor
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conditions for about three months was accompanied by steady production of
appreciable amounts of hydrogen.
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Figure legends
Fig. 1. Changes in O, concentration, pH and temperature in a continuously
aerated culture of A.variabilis PK 84 after transition of the PhBR from the light to
dark conditions and vice versa.
Traces were recorded at the growth density of 4 ug Chl a - mI"! and PPFD of 332 or 0
nE - st m? (light/dark periods).
Fig. 2. Time-courses of the actual H, production by A.variabilis PK 84 under

COs-enriched air.
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(a), continuous aeration, curves 1 and 2 were determined at 4.0 and 5.6 pg Chl a - mI’
! respectively; (b), in the absence of aeration during dark periods, the growth density
was 4 ug Chl a - ml"'. The onset of the light period (332 pE - s+ m?) was at zero
time. Vertical dotted lines indicate the onset of darkness. SD (n=3) less than 5%.

Fig. 3. The dependence of H, production on growth density by a continuously
aerated culture of A.variabilis PK 84.
Curves 1, 2 and 3 are the potential H, production under argon, the potential H,
production under air+2% CO, and the actual H, production under air+2% CO,,
respectively. (a), specific rates of H, evolution determined after a relative
stabilisation of H, evolution (9 h after the onset of the light period); (b), volumetric
rates of H, production were calculated on the basis of H, production only during light
periods.
During the experiment the growth density was changed gradually from the lower to
the higher values. At each indicated density cultivation lasted for 3-5 days. The
PhBR was irradiated at a PPFD of 332 pE - s™- m™. SD for potential and actual rates
was less than 5% and 20%, respectively.

Fig. 4. The effect of light intensity on the actual H, production by the
continuously aerated culture of 4.variabilis PK 84.
Bars represent average values of H, production during successive cultivation of the

cyanobacteria at the PPFD of 223 pE - s m? (11 days) and then at 332 uE - s m”

January 8, 1999 21
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(3 days). The culture (2.0-2.2 pg Chl a - ml'") was aerated with air+2% CO,. Error
bars are + SD.

Fig. 5. Changes in O, concentration, pH and temperature in the periodically
aerated culture of A.variabilis PK 84 after transition of the PhBR from the light
(aerated) to dark (nonaerated) conditions and vice versa.

Traces were recorded at the growth density of about 4 pg Chl a - ml"' and PPFD of
332 or O uE - s - m? (light/dark periods).

Fig. 6. The effect of the absence of aeration during dark periods on the actual
rate of H, production by A.variabilis PK 84.

Non-aerating conditions in darkness were applied to the culture at zero time. 100% is
the rate of H, production by the continuously aerated culture (230 ml - day” - PhBR®

'Y at the same growth density. The growth density and PPFD were 4 ug Chl a - ml”

and 332 uE - s - m?, respectively.
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Table 1. H, evolution by A. variabilis PK 84 under the gas phase of
various composition.

Time after the H, evolution, (umol « h™'e mg™' Chl a) *
onset of the
light period Air Air 80% Argon 100% Argon

+2% CO, +20% Oxygen

2 hours 68.0+12.0 81.0+10.0 148.0+4.0 149.0+11.0

9 hours 106.0+7.0 — 190.0+8.0 191.0+11.0

* - H, evolution was measured in vials.

Prior measurements the cyanobacterium was cultivated under the
conditions of continuous aeration at the constant density (2.0- 2.4 ug Chl a
. ml™") for 9 days. The PPFD during light periods was 223.0 pE.s" . m’.



SECTION 8 APPENDIX

HYDROGENASES AND HYDROGEN PRODUCTION BY
Synechococcus Sp. Miami BG-043511

Hydrogen production under argon or under air enriched with CO; by the unicellular
cyanobacterium Synechococcus Miami BG-043511 (a gift from the Hawaii Culture
Collection) grown under batch or continuous culture conditions was studied using the
computer regulated helical photobioreactor. Synechococcus, like Anabaena variabilis
ATCC 29413, did not evolve H, when grown in 98% air and 2% CO,. A comparison
of the H, production capabilities of Synechococcus BG-043511 and the A. variabilis
mutant PK84 is made in Table 1. Even under argon the rates of H, production by
Synechococcus cultured under continuous illumination in argon was significantly
lower than that by PK84 grown under the same conditions.

Hydgrogenases in Synechococcus 043511

To determine H, uptake activity of the cells, Synechococcus cells growing in the batch
culture mode in the photobioreactor was incubated in closed vials filled with H; in a
shaking thermostated bath. The H, content of the vials was measured, at intervals, by
gas chromatography. The incubations were carried out both in light and in dark
conditions. A typical activity determination is shown in Fig Ia and 1b and the data
from a series of experiments is presented in Table II. H, uptake activity is maintained
by the cells both under light and dark incubation, the rates being slightly higher in the
former case. To confirm the presence of uptake hydrogenase activity the cells were
incubated in the reaction chamber of an oxygen/hydrogen electrode and the change in
H; concentration was followed polarographically. In a typical experiment (performed
in Peter Lindblad's laboratory in Uppsala) two levels of H, uptake was observed the
initial 1.13 p mol H, mgchl' h™' lasting 5-10 minutes followed by a more stable
uptake of 0.38 pu mol H; mgchl™.

Thus we have established the presence of uptake hydrogenase activity in
synechococcus cells which may explain the lack of H, evolution from cells grown in
air; any H, evolved will be oxidised (by O,) in the presence of uptake hydrogenase.



Table 1.
The maximum rates of H; production by A.variabilis PK 84 and Synechococcus sp. 043511 in our experiments.

Growth density at Maximum H; production rate
the maximum (ml. PhBR' . day™)
Culture Light conditions volumetric H,
production Actual Potential
Regime of PPFD Under Under Under Under
illumination (uE.mZs") (ug Chl,.ml") air+2% argon air+2% argon
CO; CO,
Batch  Continuous
A ;aéi::ilis illumination  332.0 150-19.0 1056.0 2851.0 — 3360.0
Continuous Continuous
A. variabilis \lluminati
PK34 ' ation ? ? ? ? ?
Continuous Day/night
A. ;aéi::ilis (12/12 h) 332.0 36-44 230.0 — 430.0 810.0

Continuous Continuous

Synechococcus  j]lymination 150.0 36 trace 650.0
Sp.




Table 2.
Maximum H, uptake activities in Synechococcus sp. 043511
cells grown in the batch culture under continuous light.

1. Incubation of the cells under the dark conditions.

Experiment Growth density H, uptake
(ug Chi(ayml) {umol/mg Chi(a) h)
1 43 32.0
2 3.9 36.0
3 4.6 21.0
4 4.2 27.0

IL. Incubation of cells under the light conditions.

Experiment Growth density H, uptake
(1g Chi(aymi) (umol/mg Chi(a) h)
1 3.5 39.0

2 1.7 78.0
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Fig 1a. H, uptake by the Synechococcus sp. 043511
cells under the light conditions.
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Top, photosynthetic activity of the cells under growth conditions. Bottom, H, consumption
by the celis in testing vials under light conditions (40 ME/m2 s) at the same period of time.

Growth cond.: air+2% CO, (~150 m/min), 1.7 pg Chi(a)/ml, 30°C, PPFD 120 pE/m’s.
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Fig 1b. H, uptake by the Synechococcus sp. 043511
cells under the dark conditions.
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Top, photosynthetic activity of the cells under growth conditions; points represent
mean values of O, concentration for each hour of cuitivation.
Bottom, H, consumption by the cells in testing viais under dark conditions at the
same period of time; error is Sd (n=3).
Growth conditions: air+2% CO, (~150 mi/min), 3.9 pg Chi(a)/ml, 30°C, PPFD is
120 pE/m?s.
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£2% M. RO 7 7 ¥ — & H v 7z2Rhodovulum sp.
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2-1 #5

KA MR DOKFEERIL, FRBRFOSHBIZINVBONTESF
RLBELT L, BONLBEFREERGHLTHEIALF -2 L
D&, N7 UYF 72 F74F>, 7L FFT 2, 7R
FE¥ Y VEOBTFEERTEL THRAMICZ barF—EInES
. 78+ OBRTICE D KRFERRICARR 5, Z DKRFEERK
i, BMEREHTTEI 24, BEVHFETHAIEHT TR, Ei2=
NarF—YDOFey V7 EDORFEZELVHESINDLY), 2D L)%
BRI T A= POy —EDADP) R Wb H 5,
ZhayF—¥DFed YT EDOT I X = VREIFRIIC
ADP-Ribose 7554 L. BE I L CEELRREREET 52 &2°
HESNTWEY, TokE, —FMIZ= s+ —EBIdAEHLEY
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WEINTWABY, ADPY RV IMALIZ, Ty EZT AL T VRBED
FAET, BERAECBWTHFESNSL, L L, XEBE F7-13PHB
(poly- 3 -hydroxybutylate) D fEAE T CADPY R L VLB &N b 2 &
DG INTVEY, IFREELH T 5 0E8ME L. oMo
SHFEEH & FARICHREALOBRELHETHZ L TRETEZK
CRE, = baXF—CEREZHEFT LI EAFTRTHLEERS
N5, Fig 2-UATBIERH LA BME OBRFAFE T TOHMEEHEIC
B AHMRMABZ TR, ALEIFREALCHMARE T, BRETRELH
L., #OMRICEELRFREE2H-> T A 03, WIREOKFIAIE
§ Acytochrome ¢, TH A, Z D, cytochrome c,td. F&E BIEH L
BROMRIZBT HBRENDOREETH/-GHRTDH )9, cytochrome c,
HEDOIFRIE, FICREEE TR 225, BHEMFIIBW TR, Rick
0 #3E X 15 Quinol oxidase SR DITHR D < Z L AFHE S Tw
B, BREHEERE AT VRS T Tld. IS OISR EEABRD
RIGASE R Z#E Z A9, Rhodospirillum rubrum Bl & LT, KR &
HEBARVFERICB TV ARET TORMKIE, e - BEHOR
RIZHER, 105 EOATPIEEIET A2 L HE SN THDEY, F
72, IR - BRG CEB SECREICB W THHA - BEHFTE
B EEREEICIER, HaEDOATPIBEIET A Z LA HREEI L TW
51,
FESBMEOAEERRICIIZ, = b a ¥+ —EBADATPO AL AT
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FEEOMFR L D HMEOREDORMAKELEEDE LIZDOGRH 5L
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Fig. 2-2 The distribution of light intensity as a
function of distance from the surface.

Cell concentration : 3.1mg dry cells/ml
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2-2-1 HAER U= E
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LI-189 K% UFSA% 4 T > — 2 LREE L 12 H AW DHHT I

A 8EFRBOT A 707 7T 74 —16481 % w7z,

222 1HKXK MY T 7 5 — D%

ER L 72KEERY) 77 5 —OEAR R VEE % Fig. 2-3. 2-4 L
7z VAHNY 7 27 % — 13 4 XHE30cm, i 10cm, ES2cmé b L9
BEX3mmD 7T 7 ) MRz RWER LTz, )7 7 5 — D4FHEI2600ml,
HREI3500m], HREHEEAEIE250cm2 e L7z, 72, U7 7 & — R
WCRASE A L, RS, BEREVFET L2288 72 5 — % 1F
B 72, KREEBSM % Table 2-1127R L7z, L L CHBHEBT %
v, 54 L7KRFEORYUIIIK EE#E, KEDREIZIZHT A S
O 7771 R,
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Fig. 2-3 Schematic diagram of the one and double phase reactors.



Table 2-1 Experimental conditions

Reactor volume
Culture volume
Cell concentration
Temperature
Light source
Irradiation area
Light intensity

: 600ml

: 500ml

: 3.1mg dry cells/ml
: 34°C

: Fluorescent lamp
: 250cm?

: 34.5W/m?

ERAERR—



2-2-3 EXKEENE L BRIKEERE L OB R i
AEETESI R T TREEL-EAT ZOEE (5590Xg, 4min, 34
T) L. BREADKEERLHDORCVBNE # (L-malate:4.03g/1, NH 4
C1:0g/1, NaCl:15g/1, L-glutamate :0.29g/1) 500mlIZF & L. HKEE
%3.1mg dry cellsmllZFREL7C, €Dk, K. 288XV 72 4 —
AL, FHFPISTE TV RATERL 7%, FBE L REEL

A

6FF ] = & 1220 4 mol/reactor DR T = RN L 72 LML R V5%
HIZBWTREEE DT A I THEET 272, TDE EDKE
ERE & EREL DB T 72,

2-2-2 FEMAEEHICIBIT B KEERD L
HARDRERE S 3 Table 2- 11T/ L7z, 6FFH Z L ICERFRZ ML, 1
A, 2R 77 8 — IS K BARFAREAT o720 KEEREZ DR
AR 6 N7 #£127.5mmol O L-malate & AN L. 7K &A= BH BE O HERF
Rlarz, 720 BONTKEERED O KFABERE R OH/KE
IANF ARG ELEHR L7, BKEZ AL F-EBRYHEFI
Miyake ? aFifli i (Efficiency(%)=(combusion energy of hydrogen/Energy

of light) X 100) % FI V> 72,



2-3 RRRUEE
2-3-1 14, 28X 7 27 ¥ — % F > 72 Rhodovulum sp.
NKPB160471RIZ & % /K FE A B

RS T R U6 B Z & 1220 w mol/reactor DER & % VI L 72 &1
BT AEKREEREOHRZIT > 72HR, 1I8HEK, HRSRHTIC
BIAIMERXIV T 75 —-RO2HRI T 75— oDEKEERE
1£53. SOmmol & 7 Y K FEAEKEDEFHME I3 L58.6. 55% & % o7,
F7-, 6B T L D20 u molreactor DR X ML 72E&HBHTIZHBNWT
X, TRV T2 RO 2HERI T2 5 — 2o DEeKEEREIZ
46.1, 36mmol& 72 V), KEABEDOERFMEIIH L. 51.9. 40.0%L
72 - 72 (Table 2-2),

BRESENT OKFAREOHRMEIZ, LTIIRTHS S ImolDL-
malate D53 f# TomolD K FEEZ BT 5 LIRETE S,
C4H60s5+3H204NAD*+FAD* ~* 4CO2+5NADH2+FADH2

¥ 72, BRSNS T3, Fig. 2-5127R L 72 & 9 12 1mol P L-malate D
SEIIIB3mOlOBEEF LE L T 5, T, HITERFL 2Vl
ThHbLbHEBEETFRIZE AL-malateDHBE TH 5, LT, EKREER
BEOEBEEIRMLI-BREED» HSHE SN SL-malaez BH L. A
FHCBITEEKREEREDHFEIGELFIVIZHEE RS,

R 7275 —, RUOAR) 727 4 — 1B TKREERPEFIET

14



Table 2-2 Total hydrogen production and H: yield by Rhodovulum sp. NKPB160471R
under various conditions

GT

ces H: production Theoretical value of H: H: yield
Conditions (mmol/reactor) (mmol/reactor) (% of theoretical value)

anaerobic condition

one phase reactor 52.7 90.0 58.6

double phase reactor 49.1 90.0 55.0
micro-anaerobic condition*

one phase reactor 46.1 88.7 51.9

double phase reactor 35.5 89.2 40.0

*: 20mmolQ: was added to reactor at each 6h



HETITHMUZ-BREEIZ, 0.66. 0.39mmol TEKEEBDEHMEIL,
88.7. 89.2mmol & 7% o 72,

BASU TICHRBEEY RN LSO KFEERBEOKTIE,
Fig. 2-5\2R" T iF R B %% L-malate D 73 Tl . BEXSMHGET O 5 THR
T 5 Acetate FDOHRHY DA X EH T, CO2. H20IZE THHS
Nz, $7:, L-malateD R L > TH SN EFOBE~OMESE
PEKFERBEDVERTZRVWAERO 12 LTELLNL, LA
L. COEREHBOMEIL, BKLELHAGDETKREEEAT
ITELTHRETEDLbDEEZ LN,

2-3-2 FEWMBEM BT BKEERNOEE

RPN ERE AR L CORFEERZITDbE /2R, 20 72
5= O DRFEBEEIL, BEASEHTICBIA2MHA T2 5 12
HATH 4 51270 B U 72(Fig.2-6)0 BRESRME TIZ BT B KFAE R
I—ETHH, REEFEOREIZE > Twhnt#EESHh, #£E
DRAZ T DR o7z, EEOMEEITo 2R 727 4 — RU2
R 77 5 —DKFEABEEIL. 0.4%TU70.6mmol/ reactorh & 72 72,
Fo. MARFZLANF-EBPRIT, TNhEN46. 3.1%E LT
(Table2-3), AR 727 & —ICHRTCUEKX) 77 ¥ — TRV KFEAE
BEEDSBOSNEBHD 1 2E LT, BEAETHSMICATPE AR L
AR TI NS OKREEZAR LD RELEEZLND, 2
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Fig. 2-6 Hydrogen product.ion by Rhodovulum sp.
NKPB160471R using one phase and double
phase reactors.

Arrows indicate injection of 7.5mmol L-malate
Aerobic conditions (addition of 20umol O2/reactor at 6 h intervals)

—O- one phase reactor
—@— double phase reactor

Anaerobic condition

—/\— one phase reactor
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Table 2-3 Hydrogen production rates and conversion efficiencies
of light energy to hydrogen by Rhodovulum sp. NKPB1
60471R using one phase and double phase reactor

Conditions Ign %ﬂﬁ%ﬂgg&'ﬁ;&? Efficiency(%)

anaerobic condition

one phase reactor 0.15 1.1

double phase reactor 0.20 14
micro-aerobic condition

one phase reactor 0.41 3.1

double phase reactor 0.60 4.6

*: 20umolO:2 /reactor was added to reactor at each 6h
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Search and Screening of Marine Photosynthetic
Microorganisms Capable of Hydrogen Production

Abstract

The goal of this study was to identify strains with superior hydrogen-producing capability under
RITE-proposed conditions and standards. Strain HCC 2205 and HCC 2037 demonstrated
superior hydrogen production capability during previous tests of 205 photosynthetic bacteria
from the Mitsui-Miami Collection. In addition, we tested HCC 2206, a hydrogen producing
Hawaiian isolate, and Rhodobacter sphaeroides RV, which had been proposed by RITE as a
standard strain. Hydrogen production capabilities of these strains were compared using lactate,
acetate, butyrate, succinate and propionate as substrates. HCC 2037 produced hydrogen from all
the acids, but production rates were highest rates with lactate and acetate. Four RITE-specified
simulated industrial wastewaters, containing mixtures of organic acids, were used to explore the
potential for practical applications of hydrogen production by photosynthetic bacteria. HCC 2037
and R. sphaeroides RV both produced hydrogen from all four simulated wastewaters, but
maximum hydrogen production rates varied according to the strain and wastewater tested.
Overall performance of HCC 2037 compared favorably with that of R. sphaeroides RV in these
experiments. HCC 2037 was used to examine the effects of reduced glutamate concentrations
and periodic lactate addition on hydrogen production. When initial concentrations of glutamate
and lactate were decreased, hydrogen production was increased 2.5-fold by daily lactate addition.
Hydrogen production by HCC 2037 was also enhanced by immobilization in agar.

1. Introduction

Dr. Zaborsky’s laboratory at the University of Hawaii (UH) has been engaged by the Research
Institute of Innovative Technology for the Earth (RITE) to conduct research on the biological
production of hydrogen. Specifically, we have been charged with investigating the potential of
photosynthetic bacteria for producing hydrogen. The fourth phase of the re-entrustment project
ran from April 1, 1998 to December 31, 1998.

2. Goals and Objectives of the Study

As given in the original re-entrustment contract between RITE and UH, the overall goal of this
study is to isolate strains with superior hydrogen-producing capability under RITE-proposed
conditions and standards. The overall scope of the study is several fold:

» Transfer photosynthetic bacteria in Mitsui’s collection to Hawaii and initiate screening for

hydrogen production (Fiscal Year 1996);

« Optimize culture and hydrogen-producing conditions for isolated strains (Fiscal Year 1997);
and

« Complete the evaluation of the most promising strains for RITE-proposed conditions and
search for new photosynthetic bacteria in Hawaii (if screening makes good progress) (Fiscal
Year 1998). Tasks in previous years have been pursued and reported.



For FY 1998, the following tasks constituted the scope of work:

* (a) complete evaluation of most promising strains in the Mitsui collection for hydrogen
production under RITE-proposed conditions employing RITE-prescribed substrates;

* (b) complete comparison of Mitsui strains to the Rhodobacter sphaeroides RV strain; and

* (c) investigate key aspects of biohydrogen process factors of photosynthetic bacteria including
the growth-enhancing agent (Ala Moana extract or AMex), the effect of glutamic acid, and the
immobilization of the most promising strain(s).

3. Experimental Methodology

General protocols for maintenance of cultures, media, and conditions for the production of
hydrogen are after those of Miyake (Miyake et al. 1982 and personal communication), and have
been described in the 1996 and 1997 Year-End Reports. The strain Rhodobacter sphaeroides RV
(Miyake 1994) is used as a reference strain.

Bacterial strai
The Mitsui collection, now housed at the University of Hawaii’s Hawaii Culture Collection
(HCC ) served as the major source of photosynthetic bacteria for screening. Two strong
hydrogen producing bacteria were selected from this collection by means of screening for
hydrogen production using GL medium. Also, photosynthetic bacteria isolated in Hawaii were
evaluated for hydrogen evolution. Of these new isolates, HCC 2206 ( M0O06 ), isolated from a
canal at Ala Moana Beach Park in Honolulu, showed the highest hydrogen production rates.

Growt it
Basal medium contained 866 mg KH,POy4, 733 mg K,HPO,, 200 mg MgSO, " 7H,0, 75 mg
CaCly, 20 mg EDTA(disodium salt), 11.8 mg FeSO, ' 7H,0, 2.8 mg H3BO3, 2.1 mg MnSO4
4H,0, 750 pg Na,MoQ, - 2H,0, 240 pug ZnSO4° 7H20, 40pug Cu(NO;); * 3H20, and 0.15 pg
each of biotin, thiamin, p-aminobenzoate, nicotinate and nicotinamide per liter. Culture
maintenance medium (aSy medium) contained the basal medium , 0.125 % ammonium sulfate,
0.98 % sodium succinate and 0.1 % yeast extract (pH 7). Stock cultures were maintained

anaerobically in an illuminated, controlled temperature incubator (30 0¢, 81 puEs'm?,12h
light / 12 h dark). Anaerobic preculturing of selected strains for hydrogen production
measurements was carried out using 300 ml BOD (biological oxygen demand) bottles filled with
aSy medium under 5.4~10.8 p Es'm™ halogen illumination at 32°C.

Hydrogen production

Early hydrogen production experiments utilized GL medium. This medium contained the basal
medium plus 50 mM sodium lactate, 10 mM sodium gultamate, 0.15 % sodium bicarbonate (pH
7). Cells were cultured 1-2 days in aSy medium, then harvested by centrifugation and washed in

GL media. The cell pellets were resuspended in GL media and 35 ml of this cell suspension was
put into 70 ml flat tissue culture flasks. Experiments were performed aseptically. The initial cell
concentration was adjusted to approximately 1 mg/ml dry weight. Dry weight was measured by
washing 1 ml aliquots of cell suspension once with distilled water and drying at 102-104 °C.
Turbidity was determined by optical density measurements at 660 nm.



Each tissue culture flask was sealed with a silicone stopper fitted with a needle for gas evolution.
Flask headpace was evacuated and then filled with argon. This procedure was repeated more
than five times. Hydrogen production was carried out at 32°C under continuous unilateral
halogen illumination (180 p Es"'m™). To measure the amount of gas produced, one end of a 15
cm tube (volume 11 ml) was connected to the needle, and the other end placed into an inverted,
water filled 100 ml glass cylinder. The volume of water displaced during the experiment was
equal to the volume of gas produced. This volume was expressed in terms of production per unit
time. The hydrogen content of the gas was determined by gas chromatography using a Shimadzu
GC-14A gas chromatograph.

Hydrogen production from various single organic acids was measured by the same protocol,
modified by the substitution of the appropriate acid for lactate in GL medium.

Hydrogen production from simulated wastewaters

With a view toward practical applications for hydrogen production using photosynthetic bactena,
hydrogen production from four simulated wastewaters was examined using HCC 2037 and
Rhodobacter sphaeroides RV. Composition of simulated wastewaters was specified by RITE
and was designed to simulate various industrial and food processing wastes. SW-1 contained 0.8
g sodium acetate, 0.8 g sodium butyrate, 0.8 g sodiurh propionate, 0.4 g ethanol, 1.5 g sodium
bicarbonate and 1000 ml basal medium; SW-2 contained 2.46 g sodium acetate, 3.3 g sodium
butyrate, 1.5 g sodium carbonate and 1000 ml basal medium; SW-3 contained 1.37 g sodium
acetate, 1.25 g sodium propionate, 1.5 g sodium bicarbonate and 1000 ml basal medium; SW-4
contained 4 g sodium lactate, 0.4 g sodium acetate, 1.5 g sodium bicarbonate and 1000 ml basal
medium. Hydrogen production of strains was estimated using the experimental apparatus
described above.

4. Results and Discussion

205 strains of photosynthetlc bactena in the MltSUl Collection were evaluated for hydrogen
production using GL media. Hydrogen producing photosynthetic bacteria are shown in Table 1.
HCC 2205, HCC 2037 and HCC 2090 produced hydrogen strongly from lactate, as did the
standard strain Rhodobacter sphaeroides RV and Strain HCC 2206, isolated in our laboratory by
Mitsufumi Matsumoto. However, growth and hydrogen producion capabilities of HCC 2090
aare variable. Four strains were therefore selected for further screening and comparison with R.

sphaeroides RV.

curther evaluation of of hetic bacteria with |

Hydrogen production capabilities of the photosynthetic bacteria tended to vary in early
experiments. We surmised that this related to nutritional status of the cultures. Two methods
were used to improve growth and to recover and stabilize hydrogen production capability.



Table 1 Primary Selection of Hydrogen Producing Photosynthetic Bacteria

HCC Number Original Number Max. H2 Production Rate*
(ul/ml/h)
HCC 2037 Miami 22711 64
HCC 2090 Miami 26611 44
HCC 2111 Miami 28011 11
HCC 2205 Miami 25320 71
HCC 2101 Miami 27520 7
HCC 2099 Miami 27420 3
HCC 2105 Miami 27640 1
HCC 2045 Miami 23110 1
HCC 2121 Miami 28910 1
HCC 2206 MO0006 36
Rhodobacter sphaeroides RV 75

*Maximum hydrogen production rates were calculated
on the basis of initial dry weight of the cell suspension.




1. Addition of 1% AMEX (a sterilized water extract of sediment collected from the Ala Moana
Canal in Honolulu, Hawaii) to aSy stock cultures. Unamended growth medium was used for
subsequent transfers. This caused enhancement of growth and hydrogen production in several
cases (data not shown ).

2. Unstable strains were spread on aSy agar and incubated anaerobically in the dark. Large
reddish colonies were then picked into liqud aSy with 0.5 % yeast extract. This method has
been successfully used in the Miyake laboratory (J. Miyake, personal communication).

After these procedures, growth was stimulated and hydrogen production results were more
reproducible. Ten replicate experiments were used to evaluate hydrogen production from lactate
by the four selected strains (Table 2). The Mitsui strain HCC 2037 produced the most hydrogen.
Rhodobacter sphaeroides RV and HCC 2205 also performed well, while 2206 performed more
poorly. It should be specified that rates were calculated on the basis of initial dry weight of the
cell suspensions. Fig. 1 shows the time course of hydrogen production by the four strains from
lactate in a typical experiment. It can be seen that Strains 2037 and 2055 produced hydrogen
rapidly compared to other strains and started to produce hydrogen before16 hours.

Hyd Juction of f s § ; i acid

Hydrogen production by the four strains from lactate, acetate, butyrate, succinate and propionate
was compared (Table 3). Clearly, although lactate was the best substrate in all cases, the strains
differed with regard to their ability to use the other acids. HCC 2037 produced hydrogen from
all carbon sources tested. Acetate was most effective, followed by lactate, succinate, butyrate
and propionate. On the other hand, strain RV produced hydrogen from lactate, butyrate and
acetate, and to some extent propionate, but succinate was not effective. HCC 2205 and 2206
produced hydrogen from lactate, butyrate, and succinate, but not from acetate or propionate. We
concluded that HCC 2037 surpassed the other strains because of its versatility in producing
hydrogen from all the tested substrates and because of its high maximum hydrogen producion
rate from lactate and acetate.

Figures 2 and 3 show the time course of hydrogen production by HCC 2037 and Rhodobacter
sphaeroides RV from the five acids. HCC 2037 produced hydrogen rapidly from lactate and
acetate, but only after 64 h in the case of propionate. On the other hand, Rhodobacter
sphaeroides RV produced hydrogen rapidly from lactate and acetate but showed a long lag time
with propionate and no production from succinate.

Hyd uction f nulated
HCC 2037 and Rhodobacter sphaeroides RV were tested for hydrogen production from four
simulated industrial and food processing wastewaters (Table 4). Both strains produced hydrogen
from each of the wastewaters, but their relative capabilities varied (Table 5, Figs. 4 -5 ). HCC
2037 produced the most hydrogen from SW-4, containing mainly lactate, and SW-2, with
acetate and butyrate. On the other hand Rhodobacter sphaeroides RV produced the most
hydrogen from SW-4 and SW-1, containing acetate,butyrate and propionate. SW-3 supported the
least hydrogen production by HCC 2037; we speculate that propionate may have been inhibitory



Table 2 Maximum hydrogen production rate of 4 strains from Lactate (i 1/mg/h)

Strain Mean Largest Smallest | Standard deviation
HCC 2037 102 136 76 16.9
HCC 2205 83 134 71 18.8
HCC 2206 53 90 35 21
Rhodobacter 89 122 61 18.3

sphaeroides RV

Table 3 Max. hydrogen production rate of 4 strains from S carbon sources (u I/mg/h)

Strain Lactate Acetate Butyrate Succinate Propionate
HCC 2037 136 171 67 116 22
HCC 2205 134 0 59 25 0
HCC 2206 90 0 48 66 0

Rhodobacter 122 69 73 0 5

sphaeroides RV




Fig. 1 Time course of Hydrogen production from lactate by 4 strains
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Fig.2 Hydrogen production of 2037 from organic acids
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Fig.3 Hydrogen production of RV from organic acids
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Table 4 Formulas of simulated wastewaters

Simulated wastewater* SW-1 SW-2 SW-3 SW-4
Sodium acetate ( g / 1) 0.8 2.46 1.37 0.4
Sodium butyrate ( g/ 1) 0.8 3.3

Sodium propionate ( g /1) 0.8 1.25

Sodium lactate (g /1) 4
Ethanol (g /1) 0.4

Sodium bicarbonate (g /1) 1.5 1.5 1.5 1.5

*Organic compounds and sodium bicarbonate were added to basal medium
in quantities shown.

Table 5 Maximum H, production (1 1/mg/h) by HCC 2037 and
R. sphaeroides RV from simulated wastewaters

Simulated wastewater SW-1 SW-2 SW-3 SwW-4
HCC 2037 35 63 14 131
R. sphaeroides RV 63 13 30 79

11



Fig.4 Hydrogen production of 2037 from Waste water
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Fig.5 Hydrogen production of RV from Waste water
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in the absence of glutamate. Nevertheless, HCC 2037 compares favorably with Strain RV in
terms of overall hydrogen production capabilities using the four wastewaters.

Although the lactate-containing SW-4 supported the most hydrogen production by both strains,
rates were lower than in previous single-acid experiments. We attribute this to the absence of
glutamate from the simulated wastewaters.

The eff; f AMEX on hvd ucti F strain 2037
As previously stated, reisolation was used in some cases to stabilize strain performance, which
had been variable in early experiments. During one such early effort, we isolated two colony
types from Strain 2037. The dominant type (2037 A) was red, while a minor component
(2037B) was greenish brown. Figure 6 shows the effects of AMEX on both types. Hydrogen
production commenced before 18 hours and continued as a linear function of time. AMEX had
the effect of increasing hydrogen evolution by the less productive strain 2037A, but had a
slightly inhibitory effect on the more productive strain 2037 B. The maximum hydrogen
production rate by 2037 B was 128 pl/mg/h, while that by 2037 B with 1 % AMEX was 89

pl/mg/h.

Expenments were performed to optlrmze hydrogen productlon by stram HCC 2037 Clearly, the
addition of glutamate to the reaction mixture is not an absolute requirement, since the simulated
wastewaters did not contain this compound. We speculated that limiting growth by reducing
glutamate concentrations might cause lactate to be used primarily for hydrogen production rather
than growth. Adding lactate on a daily basis might have a similar effect. We therefore examined
the effect of low glutamate concentration and daily lactate addition on hydrogen evolution by
strain 2037. Initial glutamate and lactate concentrations are shown in Table 6. After 24 hours of
incubation, 0.2 mM glutamate and 10 mM lactate were added daily; controls received no
additions. To prevent settling and allow more prolonged hydrogen production, experimental
suspensions were magnetically stirred after hydrogen evolution commenced.

Results are shown in Table 6 and Figure 7. Daily lactate addition enhanced maximum hydrogen
production rates when initial lactate concentration was 10 mM, but had little effect when initial
concentration was 0.5 mM (Table 6). Total hydrogen production was enhanced by the daily
additions in both cases, but especially when initial concentrations were lower. Lactate was
nearly exhausted in controls, but remained at 19 — 33% of initial levels when added daily. In
controls (0.2G10L-C and 0.5G50L-C), hydrogen production stopped after 50 — 66 h, but daily
addition of 10 mM lactate and 0.2 m