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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 LH1 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 RV 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
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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 m2 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 investigated. 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
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of undesired microorganisms, and its efficacy 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 C02 production (LCC02) was estimated based upon reactors, and major and auxiliary 

equipment required for the integrated system. In terms of LCC02, 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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M (680AWS '%-A>2LdflH) ' (UOAWS
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# 'QT:)^ (3H^a/:</fY%4) '##9%^^

WWBUCPaWatf^VS'Tri V*«»iSS5?»ttiS*Q>#a^afi*^ -a

m<TY '^E3>0)^^^aHd-V c*}2j#T0)Hd 'X^M

_^#Tfj^#H(ivNOM^#my?^#$4 Y^7\m(i wyzra0tim% °^u$#

^8Hd °^'ll$:i^»

^9Hd Cl T#)K? ^!#!^HdO^^#gm%Aa sopi 0J9vqds J9} ovqopoqy

59!SS»09 5^^a*--^^a H z\ 'l&U#^*Sra>&K ' ? <k$rQ<£ ^WMCDXU^
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tl/x tzfz, tgi6®ae, (/Vy7, »»c)

sn. F0S8f^«iT, ?^l:SW«'STS5.

*fc. % h oyf-f o*a/uT

*5 0 . 4-|alX®M#i#Gf x#«^#&U:X 7 7*7 HE?i|<D^e$^

(2) *Sie8i$i60E3EBflS

a. tss«$fflt'5 7t6fiE«B©**tS*

ignxh, & BSL^Eattluffla

Xg-7£-&fijclST**Rjfi£gfg'f7X7AIC:)3®T,

• LfcXS tfi81"5 W#KS*#EICji6-L, 

)fcal5$;XST'fi’ffldtl67tn')$SBMXLTS6S tltzRhodopseudomonas paluslris 

R-l#®#tt£Bfl$tlCEi$T££.

• b ± *t # £ a t a, n ffi ffl ■& r c * ■&.« « m ic x % * * m a £ fr a s s # s % £ ® u

7 9 5' ®tt|g£, X7-,V7-'7bfc»f*8Lfc.

S-lttti. 6tBA>b®**?i!£«6*IC«n, »*, X V X77##g^g®A#^# 

ytTTXtfc&BtJi* A*S%*lfc7l£ffiT-£>Slffltt®fl; A#T$>£ X X^SE-StAt, 

Ml:, WWKrofiJffl sn-^l-srojefmyn b"xh>K, SK, BSE, i8K®J6T$>5 

b b. ifi ft fr z> tz *

S^SyKeritU 77 711. STtSaSm2. 81W400L* T X >-* 7 -y X" A, SXT 

a#Lt;*l, **T0. 033L/(L-hr), fill X 1. 7L/(m2-hr) © # X Jg * (**S*^70XX 

UTE*8bB0. 85$) £$83ST#£ = 0X77X7

V 7 Xx-7A;#6Xlt. 1UXX D , l*lf« & X 1C M L 7c *I*§ * X *' b ®

i: * * £ s :e t # s m te tt ** ii »i w tc x 3 ft„

b. t * o-%#$##

7tx*)|/*-A7tRfGX#®*M)S®##£#RA, 9g*frT$EMl:7j;5X#x 

Ail-5** (**#7 7 7 7 X) «»S)Sli. x***-##mx*x*

sxi"5a*^e6ssx, x*)t/*-##mx76x*)i/*-&^gxw&b^mmx
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c^U:j;0, )^U

7^7 j;^#(D7K#^g#^7K#

###^@ALTW6^6:, ^##^a±(D^%7;i/7-^^#676C

L^Lewis^&m WT7-7&##f L&<b C5, 

AZ#7##7-711^^fH: j; 6 7N-t7;i/l:7oTm#75 c a^W#T$>o

&X7/-7(D^<I:&, (GibbsO@A%7;i/7-) ^#61:

^7ot7##cra]#/:-##^aLi:, c^i^To^mcm-y#, #w###7K

&m#(hT6. (2)%u777, (3)#ma^6^6#m#

(7K#B7##l,000mW (D r/^^-/K#^#yDi:Xj t-(D##7D-

(C## L

c. T7k^:Mzmi'z>ft£j$.mm<D*:m%m

g#^fO±L/:o ##T#

a #$#%#; o &&#&#;%_ ^

Wo %oT, y7TAcm^^tr#^^^-yy3>aLT%(3#3^o 

^$m#f7L^mg;m#^U777 (tv:L-;i/V7/77) ^mw. ^m/Kemw 

^7K#^m%#^^o/Co ###m#7LTAm%&fWLf:o #A^^

##$0.54%^#^ca^T^^7)^ CfUl
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STfcgetfsssBStXLA'tifflTsr,

«tV>Cii!ESi^^.?>n5. LA'LO. 54X(i. gfttfflfgi'J 777£fflt'£ 

*ss=k o in(j*s@a**^*?iess«TiD o. ytaaazm^z:#

ic, ?7^7ca 

fr'-Citfcififrns. iffli7*S#^%7t#;roEET-«$ 

?ea#a&#o. p*4Ss§Msu77i'^igLTn-s^

d. £=f££ffll'*)t£(£«ll«©*:»i§«

;nit, t^s 0S!*45S»ICi5*Iffl«S#gi Ltu, *«ic=tsjp*sft 

S5UB, 7-f;l'7ICJ:5>;5ii*££m>T£?c»s, <fc 9 3 X p- $A,/S * ffl 69 & 1. # 

±9, i6Milc*@.it#BiaC (*SS£)t£6£>MBy.^©$IS©SS) tco

##WL. *-y 7 0K*^#»T*-5 £ £ « 9i L fc.

l»iya-JH;3l>Tll, 90 © S*#>S(£ 3: Site L ft * -60*7?. *

MOMSE^S^SBoaK / 7/\ 7 ;*'# e> ti .

^Zc. «swa©ef%o*T#e,n/cHUP7*7-xzs«efflor. gESfi-ofc. 

f OM*. 30BH±O$$US:ae^iS^Sfl. Settle# L- tg|*(# ^ fc 0 ** 

(S70*O)SiP, 25»7jes££hfc.

(4) M»to0iRi$$BrolS«9l%

$$* (T*mmo#ma*#) sjsn/c**&ee*->x7Aio*ejB#J:00® 

sjiE/j:9je«jicooT. aiz-->3

> LZcIS*. t' 7 5 >B > 2 ti3. 4 (t/y), h'*7>lil. 1 (t/y). 7 □ □ 7 -f M186, 000 

(t/y). * Df / -T Ffil5, 000 (t/y). PHBtt3. 800 (t/y) £ & o/t„

(5) e^vXxAOgaS

i»@s«. 7: ###*$## ©W%BK* 3 "7-XI: *#%*&#£*&

/t'f**SKig7D-feX$#$L, 74—/t-|Jr7 X?T7 Og##£ L

L/c h-7;l2-7X7Afc-7^T, • WisSSdS

L*SMSn X hS.W^ac02#Eii»acC02)©jS»S:ffofco LCCO,*'6 ^ZtSlISRl 

ttlcdsurtt. Sfc**©*S8i&KCJt^T«nTU-5 ^
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(6) w%$ais$

iHj^SC5ISScS, of;. RflKICj; 0 , ^04f “^CCH'TS

S W ?£ S' ff o tz o

r#@f *#A7teaa±%t: =k6*#%t v 79 9-0gew##j

j;U:% 9 'J ~->ifi
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s 2 s Ttsssasiamss ■ wmetAro

2. 1

2.1.1 «$

* e-aa a & m © t * ?k & is. * s t, t##

KOj / U -j hT-feSo U6>U, #»#&($(: tij-6 *%*#}&!: Xe*S*$tttt

ill U *i*;i-#-*l»i*iK>fU«Tf5. i-t, **%$*•» se#»*e«"F dr

ttc. %i cm « f -s it © ® -s « ® si % *5 a r- 6 3 o {;ta»tt,

« t &§*i£M ® © T I&I4£M o T V- 3 (02.1-1) o

kWlfitH;. ;i 7' •? £ MigeaSS l, -S $1 tc * Bg t 6 S llfl 6(1 ic S- K • «)■(:$ -ti-

3 *&K® t„ JtfirtCill'T, fc. XM£*Sfln>fc#*X

*g£Kife*#i*feo 3 > h t C ffizkH«£**5it)jD bt. St.

Bfi.1: S;©T t c t L. -$#'®#$<isi6i± Ut = dr e> C

2.1.2 ##

#&««■««*> *»Meeir.*>4F-*kvr.

3 # 6s T- § 3 „ f 0t®. MSjC430-t»t®ffi?ESJ;t>s*S£tvTV'3o L6> L. Ml*)*

#(: lb-.. * ffi )te $: m v' t« S- Si li # S tc '> * v' o Mo. = r •; >?%#!&&&*

KS*«k«:*»*$*Jffl L t #MSIli 'J>fcv.

*»Jfe«ffl©IO«A©-ott. x*;t.*-«|&©|**cfcC*.5. 1 

M$® 6)186Ifl^&t 16^#8pC;£6 £n. g# * S611 SMb 13» f C t. BrMtKl'Tffi 

i i * 3 -omrae.'±ui. »#

»B*B615SST-$i 3= #B8#©ASf 1.0k*/m'%#A«t Lt*6'

$lbST3 (B12.1-1) „ Vfr V. gS]^©*it$SS)D» 6 !<=f 81®*!!^®$ 

l.OkW/mMi. >t nBJcffl 8® 6;/k* %.$lcliia Mr-$. 3 ® i: & 69 »Mb LT © 5= Sot. 

a*ffi®Tfli, m 6oi7k*o®-$#)** *SSL <ISTt3.
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2,1.3 mmiz&it

u) mm

f C-r, gutT?

#Sf^Zk*^, #fa#:#.^^ D^(i6 < b-efrc^o

"rmsam^/zo^-DWT^hb^L^o #m%&a&mT2#ac: & &<%

(2) msamfF

Rhodobacter sphaeroides RV#fc & b tz 0 tt'FRWhB&'f OH2.1-2) 0

s.ftMs

^mc(±, RiTEzKmmmpj.0^#mcm^^fi,i:i^&#-y;!/^z:T%m(7)M-26 

(ig2.i-2) o M-26&,

M-26(±.

m m zc * )l 3= _ cd $J fe iz it . SJIttM CD RADIOMETER model 4090 £ ffl U fz

(E12.1-2) o ^#^^;i/^-cD#^(±, #m';7^^ma±^5A(Dqz±%,#^L^o
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0 5llSSfflXeiiSB6#(Lt«l/ggm©$§g£fMU LI-CORttS©

LI-250*ffl^T9lSift (02.1-2) o

8SU 1 B©a*#®&1.0kW/m\ 12NfM©^Bf t fc. St. *®S©

HHr 14. 0.3~ 1.6kW/m!®Mtll#L&o

c.ggSSSS

lJTXi’CI4. S*H**s70cin\ m@#*:200cm\ )tBft6s2.5cm©^-7 7 X 3 

fcffiMt (02.1-38. b) „ ;i-77X3li, €> © Jtffl US * K <* SC. S*

Hfci.^©a5»*Mfeffl->-b-t-aofc„ vTX^s^aas. s^o.5*^6.ocm©fe 

HT-. «■£> L < i4#©X by 4 XtUcjS* U t (TA 5 x-X£ffi$) . X*f*©E 

ai4, s^aatoi/aicissvfc= iv-xxx^ti;. 3o-cc@s utTkefcgau 

t„ utaseii. ^gB^e,©*©B#6K<-aic.

Lt7ki*l4. X x -> U fcfiil U X XV U >y©i® 5 SMtsZ kr#8£M£

SlSU/i,

30»Ml$C-y->XV *#%&# (l/m2) . *&m® (W/h) .

*S (0.D.=660nm) . lg%f ©#-####&& M^Lt (02.1-2) „ 

%3lLfc7k*«*s#-D7n^;v4:-*$aAUfc)l63i^;v^--t=^L. 

bt (02.1-2) „

RVttti. aSyiglfeSriSft bt 15ml$MfflSit® ££H'TSMit-X X15:ir*-fttg« 

bt = -J2'5(;*tr. X-X Ix^x bvX h S: 0.2w/v%t© K*D ^-a-fc aSy±St*Xf

ig#f %©kr. 81*Sfi»t>'7k*lgSSffi©0«S0ofco St. -SUSmcti:.

aSy V«tg*±r KrStt# (a d^Ck'RfiSTMWtcWBJr) £##bt.
RVttli, K#mC37\X#t h V »A©g*#l:m#7Xf ^XA&AtraSylgl# 

£ffH'Tffilgli£fiH'. KJRiBtclLSr b U £ A. 5 >®t 1'J

S6tr7kS#g£ffigLlglt6&ffl VT*lg#6 2 @ff o t (02.1-2) o *%##©##: 

£#®. 7k#*&MgLlg*(C*8 b. BsfeftTf 12H#f«lg®^. -%kl±©7k**&
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(3)

Tted-BltMem/kSftWr-li, BiskftTCHSl'T uptake t K d f -f--t? C J; 2 zkH 

tov&Usi&j&p® ztiruZo iot, S^gPfl-tjS^Sfl-ctki;

J; or 7kS®%$¥ii;bsSI&-S rHES^S b-5o f:t\

5 fc to 1C , *tc-B§)l6/je7lfi0#tt®UT^j' SfSV't ft 7k *&£***&*«*& 

(02.1-4) o iFe®*yfc D7kS%£»l±. V T^togft/eftMfllttClSlHd 

T% -Jgr-&ofe„ S?H«S LTUfc7k*l®lKSt6ttKSd:n6 61oteo ioT, *

*t;aa«tti: isiliUio

1 : ltogft/iSftHSltCjb-V'T, a&^fi®«$SB7l6{*&§)l6HlciaS VT*K 

&7km*tmi±. %ft*S## < (02.1-5) o 1.0cm®Bft

♦BtCitV'Te*to7k*#g$#l±to701/i!6 51 Ufco l.OcmmMTktie* L&lz'Mtcy

Lt, 7k*«S*6sl.4<gtcii* Vteo gft##& < &&(:*!,', 7k*%$*l4. X

ft u&i'»tmfsxctr-m^bTe. iaj tgftsa-e&gfttsc £ o 7k*^it*t*

4!4t5C 6sBIST- *6.

feo fct-. wm®K#&gi4%®*m®Xft*i:^®T*Xft*a$glb^ftT%# 

£fi=oft„ *$e®Xft#:(c8n'T£>, ##im#l:Xft###b0.5cmlcK® T, #* 

7k#*&m%7n L/6 (02.1-5) o

d. «l 7? 4- ft 3$ Jg TI; 3311 2> ji ft ft ® a *

x^te&sev&vMctfc^. 7k#*&#®m#*t^gA^o&icm®

Lft. Xftf*«LT-t4, 0.6kW/m'WT®#ftT?l4Xft## D I: 

tt^. 4tiS'<®7kS$#g^$bfe (02.1-6) „ U»> U. S*B#®*B*®£6klsl 

13, 7kJSf8£**sSb < «'J> bfeo TkXMM#

i*'>Lfc®(4, *® k@.bilfe, -A, Xftti:$l§:E L-ftXli, 1.6k

-27-



W/®2U±m«7le5S)ST(;jb-V'Tt), • EStiS,6>n66^te

e. IK**Ufc V 7 5 7 1*1®* Sill* 5^ 7k

###®%*##l:)K*M**w k c :tif^, IK*

*l:Za*®0#Tt:Z6*e$®B#*#%5jt*. #P§® U 77* £flb

ZiSmilEt *J* L *»-* iisife. ***©$»£«!;!) !*Ht*tt**Sft***

b * U /k*#£4***(fc t-5BSC & 

3 kH^ii-E.#****^ fflgi* ft&*o £ (02.1-7) ,

2.1.4

d) m

2.1. 3 tCj3bT. V 7 7 * § * B C )K * 1* & IS Ik £ ® k T-. PScfiBe®*ffii65fi$ 

i:(sst5S*«aTi:jii'tt. *^-5%am®7k#*&m##amb£b c k &# % * 

Cbfc (02.1-6) „ ?;t, U77*l:)K*f*&ISgb, HiSK

^feo 'J 77 *§*B6¥*eoT ^ikSM-MAMST b&lktitib IK * (*£**« ft

® k-cm^aa*®

(2) HM&fF

a.ftStKtt

2. 1. 3.(2).a klsJ#®EI*6W6ELfc,

d.*k, ssisa

SE*Bo<tfi» ( c#B • KMli k) C-tii'T, ****«« Ufc***S*$

*#&)7 o £. hCISM l, bf-#(kW/m2). *#f »

(A E/s/m'), !R*(luxK *%E("C). 'J 7 7 7 rt (DUS. CC )fc k & 1553-151 S «j|f 

i»L. u >tf i-?T-StfLt (02.1-8), ^71V jr-Etli. zk ¥ B k V 7 7 7 ffl IS 

mmc ab#T3omcmi7i:t® 2 asRiu:,

MTHtBtib 1996* b 1998*®*$12It ofc„ V 77 7tib g*m**159cmb A
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miSs700cm\ >m#A4.5cin©A-:7 5X3 ( / - A" A tt $ ) k, § A B E A 

225cm2, |*)S#6sl,000cm\ * B M A 5 . Ocm® T A V AS ® V © 27 t, £ {$ © A

(®2.1-3c) „ A—7AX3, V T A #2612,15 cm k L. # A 1.0.

1.5, 3.0. 6.0cm©famr-. X h 5 A LA (g!2.1-3c) „ fegL, 'J7?

7 syeia®. l/zcaasvfco u 7 A Ait. sstesr,

ita«fS#l*fr)9fitS^#S30itMtffe. tESflli. 30°C£tSfiLATA U A

$i7kii6sm©fafiwiisciHwr-s±acijsla.,

2. 1. 3.(2 ).dklBl@©7n 5 3 Alc%©l@#&e^ A.

(3) ensues? 

a.mftmmnm

97/8/26/ — 8/29. J: SiStcutltm/t. 10#®S«x4

i-A-ftO:, 3.2, 6.0. 4.8kW-h/m2Afc-3 A., k S % Z AI ffl L A HSUC £ 6' T * , S

* ifg 1. 5 cm© M 1C R © T # A * S % A * £ A L , 72B# fm « 1C li^SOl/m2 k & o A 

(HI2.1-10) , (2 ©1.5cm© Mid: 3 > h D - A tc/t L T/k A*6S 1.2{$lcii A L A „

§A*S©t@inleft©, A*f6A»tiiEAL&©M klsiflKleiiT-ilSA'L A« 

98/8/18-21, V r A A©86B*z£©S&-5XSfc£fi1oA„ Ilf tz (cMfflMM U 

■7’A A £86* LTigA{*©Wi(l:©VxTttW^ff ofc„ U 7 A A8S»A 1,000cm3© 

7 A ij A '1 7 7 A A left® LXgHem'A (1112.1-9) „ 1B#©M^M AA- 

Eli, 2.0, 1.3. 3.5. 4.5kW-h/m2T-*oA, *H»l:iLTIiSBB*St Dffl#

• efrofc (132.1-11) . 86gB# 63 A D ( ') 7 A A f*H S tz (3 (2 * ffl S ) <9**S 

4SXfiT-&, S)t#iil)fcia3>bD-jliT[!lofe0 LA L. $*B#Al/2 

ic * A L T © 3 1C 6 A A A L X, 20%©*A? A701/m2lc^ X 3 A. — B ©5/6 xi A 

AA-Alk¥iSfctfc^r{£i'.tc*tJIA LA, AS&&SS&S L A = «#B#mA 0 © 

fffiBT-li, iE A ft £ 86 It A M14, ttl401/m2 k & t>, 3 > h d-Ale tt ^l .5® k * o 

A (r-7t#) o mm U A A A le AU'-r £>)EAftfflSSSIAWI?. A ft. A (A - A * 

«) 0
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b.ig*<*Sr*mmifc-e<fBEuy£»ir®K*

trfeJibWUflf:, St.

T-(*j£tfpJfg&© kfr?>. X*f*C*®««*ffll'teP§®KS6K»fc0 

*®**®S*®ii!SI>f^*;v4:: —k'>x?A3b^®a"e*ttisn-5o 

*11*®##©##. -f wt-j-a**, ##*. -e©ffe©*I£©HT-a£ft£o -Ha 

MtCiH bTV'-5*®e#8b*ti:. Sif6S16~20%. £*6 S13-17*. 7€H7?3 

8~i3%r-*^o s t. s*5fe^tticst^*»6ioxt bt. *i$STii®jie,©e6ie. 

*®##©%*69%k bt„ *®«?fe"e(*fiitbt**(*£m'.5 © fcT? **)3<g®

(»¥#?# 4> tit (02.1-11) o #ttit%*%*67k$%&mt:##bT.

B81*®6®iKMtcS L-t (02.1-12) „ 3 b b D - A-tc ttR b T 4, 2.2fg©7k*6i4g 

ttsist&ofeo

2.1.5

Sl*J*^C*n'T. lcmfflM(,'**(*£(§ l'-5 © «, -$'$86¥li. **b*l'3i© 

1.4fSCiS* bto St. **(*61611-5© kT-HiitiBe©*®iW3liKCtlSl-.5i6*8i$ 

Tt;*n>T i, *!£«"?>* ®#*s^ b&l' © kt4#6A4©%ot.

#**#(:#!©-© 4,. 1.5cm(tj£©fflH'**(*£m'-5 © kT-. 8g68b*ll. 3 > h d 

-Aktt« br»1.4fgl;ti)H b to **(*616(1-5 © kT-0.6kW/n2£@;t -5 3&*Tl©t3 

i'T7k*#6S»)S6s**(t67S bto 0<*©®*Ttl3V'T*. **(*6ffll'5©*T-* 

*5,*7jc*46tffl*®SI6lflba*-5 © k 6s nTtgt= $> o t „ 

**(*aa-(:*m##%*9%©*®#*6#mbt. k. *-&

aKW# k*®mm©^*%#8b*il?%5.5%k *#(:(#%b. v t?*©*®®*®** 

5©^*: 4> n#86<]6:^*;Mr-£e»sor|gT-Zfe o t«

H±©© k#6. *B*6(Bvt*7k*%^6ff 3?s. V 7(7 l'S*m(©**(*6#m 

* -5 © k 11. *7k*%$®*@ffi6EiE1-5, Wa6^ST-fe5 © k*i*issnt. St. 

%*(*& jf-&#(*T(*i7K*'5 © k I: * 0 . *®*©ft(B8b*6|Si±^-ii'5 © k#

'sjfgr-S, -5 © k*s*i»£tit o
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E# : Rhodobacter sphaeroides RV

Suig# : aSyigite
37\^#Na 36mM 
VSBkTl/^—OJx 10mM

*±S# : gL±g±6
?L#Na

5 >ENa

(mm%)
l

7kSIB^SIt: gLtS±ih

50mM 
1 OmM

y

• LIJt’c/S

: M-26, 7*63$^ 1 kW/m2 0.3-1.3kW/m2

SJI,Radiometer M4090 
LI-COR.LI250

’/

-----------------------------------------------------------------------------------------------------------x

7kS%^»(l/m2). 7ks!2g£iiJ£(l/m2/h) 
^iSJS(O.D.=660nm), ^

LfzJkMO
X100

1-2 %#7°0 hzuk
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2. 2

2.2.1 ##

(LH1^^(1LH2)

LH1. LHl&;t#LH2#e^

#(7)50. 10. (70W/m = ) (7)7K#^^mmH^^l^^ll.3. 1.6.

l-gecmAO-f^ca^^^o^ (^/cLLHl^LH2#(7)M^^. ##(7)^WK:B#&%#

2.2.2 $SS

^CoTW^). (LHl^e^#(D35%l:M^L/:^

##) 800. 850nm(7)#6^TT^^#a±(7)7K#M^Mae^Tca^^^3TV^

' L^L. zK#%^M^(7)fo]±^#m$^l^W#%A#ll. ca^T(7)aC6P3# 

L^^oT. LHl#(b7K$%^)g^(DM#^. &

TcLHl^ L/zy O 6

#&. LHl&^(D@mi:Me)#^7K#^^m^^lol±T6^&.

$<5C. &3-3(D#%&#y>/'S/7T&'5LH2^##&M6TC<b'b. LH1|#1#(:7K#

(D<bC5&o/:<#a'oTW%:(,x

^cT*#wa.

(LH1.LH2) #. ##:#^. C^l<&

m^TLHl. LH2#a#G%T(D7K#%3[M(7)M#&#ML;t.

2. 2. 3

(1) it(D#tic
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<bE7) j^T(:##:%

|g 2 . 2-liC^6#)/:o

u7/7^cm^^&m#L^#(DzK#%^m^ (E^He) $r, m

(E^Hechv,) (7)%&L

T#mL/c.

S 900-1000
400-500 H e (h v) (0

L&L^MkL U7^7(:M#75^^#6^T&0, U7^^(D7#^^m^(E# 

He) (E#He<mon,n) (2)^:X)^M:

75.

He = He (mono) (2)

(mono)^#EL^E#H.

#7^^#7>/^#^#%(7)7i6^%4%75C^^^^3T^O, LHH1875nm, LH2^1 

850nm^%4%#A^^T&5' L/c^oT, C^l6(D##(D^eU7^^(:m#L

7b#^x ##:(:^^^5LH1^LH2(D#(:##LTM

^75. ^CT(3)^(:^7Lambert-Beer^^mWT, LH1^7l/LH2(Dm&&7,7C^ 

^ L/: " .

ln = a (mono) x C X X (3)

(3)^(#(D >/^MO#&^7^8U::fBM575. L^L C^l^TCLHKD

3 & 0 , E#(DLHim(:#^75 a $:^#j7

3#(D^^A$e(3)^(:ftAL, LHl = 100%(Dm#:(Dae#EL^. ^ 6 f: 

LTe#(DLHl#^*^75a&f8M69(:AR^^. t^#C, #^*(7)##:m#%(: 850nni

LH2=100%(D##(7)a&#mL, C^^mUT&#(7)LH2*(:^^

75 a

!^± (DAC3 7;i/gm&#iE L, (4)^:^^7#6^T(D7$^^A^&^7
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He (dodo)

S X V m a x (eono) Km („ono)+ o; (eono) X C X I o
“(,o.o)XC " Kma (1„„)X CX I oX e' (“ <>»»>xc XL)

(2) K m t V m a x

Km<bVmax#, 85O^/:11875nm0#6^:l:0zK#%^7A^^,

(Km/Vmaxl:#^) <h, Y#0^1t (l/Vmaxl:#^)

^TluItHlfeKmiVma x ^yjk'f 0

fr 6,

!&# (nm) Km (W/m = ) V m a x (mmo1/(m3•s))

850 37. 9 0. 81

875 22. 9 0. 66

Z0Km^ Vm a x (4)^l:ftAL, O-8OW/m"0^%^;i/4=-#^l:43lt6He (mono,

( 850nm^j;U:875nm(:3V^T) J^#,

Df,$<c 2-2(:^L^.

(3)

g| 2 . 2-3 ^^%^;i/^-^^^70W/m'(b

-^^0#A#^7OW/m-T&^C^^6, . LH1#

^):#^*05O%, 10%, (875nm)

1,3. 1.6, 1.8{ei:i#tDT^)Ca^^^3^o 85Onm0zK#

C0=k^f:, ##0LHl^LH2#^M^'f6(h,

^L^:. &^LH1^LH2CDM^^, zK#^

6 ^ 6^l6c
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2.2.4

-LH1, 10, IXCM^aa, #6^T (70W/m')

3, 1.6, 1. 8{&lHf jbn-f £ d ttfttfr-D tz (fc/i LLH1^LH2S(DM

2.2.5 &m$:M

1) f(1997)

2) (199s)

3) im : yt'Bn&mm (1934),

4) C. Hunter et al. , Mol. Microbiol. . 5, 2649-2661 (1991)

5) #ft%-:X-0-#m<b#(T)(1981),

6) BM;M±8:&:#3§##f(1 984),
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■REACTER

L: depth (m)
S: irradiation area(m2)

Io: light intensity at the irradiation surface (W/m2)
I: light intensity (W/m2)

C: cell concentration(g-cell / m3) 
a : absorptivity (m2 / g-cell)

He: H2 evolution rate (mmol/(m3 -s))
He (hv): H2 evolution rate under band pass light (mmol/(m3 -s))
He (mono): H2 evolution rate under monochromatic light (mmol/(m3 -s))

Vmax : Maximum Hz evolution rate per volume (mmol/(m3 -s))
Km : Reaction constant (W/m2)

2. 2-1
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a

o
B

ov

o
B

> o
5

»
9+

m »
$0 Pt

Pt
» mli

o #
ocn03 Pt
o

II fV • •
h—1 *jti

a #
c* PF

DC

DO
I

DO

[»

"H

tS
m

*

pt
(V
nijjj

#
S
Q
F

*3S58±ilJ£(mmol/(m3-s))

7kS#§±i$®(mmol/(m3 • s)) 
o opp o o

O —*- iv> GO 4*. Ul 0)



£• 1.0

tH'm 0.6 -

0.2 -| 0.2

m2. 2-3

[#{#:] S#W : 0D660=1

: 70W/m2

U : 1cm2, m$ : 1cm)
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2. 3 Rb. sphaeroides RVI: Alt3,Bchl#S##im©ae#to7 7a -9"

2.3.1 «t$

)tt-ai$iEB©7k*%$fK*cD|6]±6 i to j; IT, B*®**®*^ Wi^*©--3T-$> 

3LHlSWM&M‘i'f'W83cSS:fi;&oTV'-E>» TtlSTtl, LHl©#g$ga: Sr AS to (T i$'J> 

£ ■» 5 £ to, Euf7Pf-7

WMSAffi («T, EufT’D^E-j'6£iB'#i:IBt) © * 7 7 7 7 'J -t? - -> 3 > £ff * o fe 

jig*, e*8r<T-li6^> *sLHl%Sg®*'>As$tgSti/i„ t ifi b 1b -> 7 x 5--£ffiffi ( 7 

Bf-i'MgSfflasroM) ©isTtTfc'fe&v', LHi%iseiisaiTtiiav, m*toc 

likfB#©to2<g©LH16!6'fi)(d:nT UW 5 i:V'-5 ra«*sfeofe„

? ® T-4*)Sli, n-y7i5-i?g(4sailSi#t«fe», pufT-p^-j-M^tt© 

tg»*ft©*iSftSa»/i„ f ©8S, B<*aiSS:*t»ifMrofflWfflftT-gUft-p# 

Stg#*sTf«n?fe^ C tlfiftfr-otzo

2.3.2 »W

lhi, LH2kW9 2mm®**&#r>>7^msm*mi:*#f-5ca?,

Tte^lSHSiUTV^ " o #7l±7k#**#A©to±&@to2:LT, Bf*®LHldWS6«e> 

tlljimMiroTl'S. C #i ?(:#*» = #&?%# LtP 3# (LHI tf»4#(D 

35%C«A') SfflUT, C©#8S*©S*R&#mLS" .

$ £; LHI © %$gg $ AS to IT «'> ;* -£ 3 fc to, puf 7 D ^ - 7 S ® fc 7 P *- f> 

i#IU:A S2. 3 - 1 li, C ©*&?%# LSpuf7Pt-f%^#©B##, A 

->7^5--lrrStt, LHI, LH2ffl«Rg*ftS, »5®t* t tt<R Lfe*6*T- fe -5 (*&9 $K6% 

S«SSC8*S») o LHlgkA->7xp--tf?Sti©HfX»1'i, HTfflTirMfroT 

l i -5 o

• LHl%a*sto®]Sn^®li, tg#Mtei*6^;Vv7 I 7-TfrSttAseA(T6 5 $T-ffl*9 

KCI^dJ.

• LHl%a*(i, ;v->7x7--e'rStt©fSTlTk*6:pTti*DU, #Kto(:Lt#«#©to2 

(a IT 8 f -So

L £ »5 p T, Euf7,D^-7®^»©LHl^a»®ft5filfflW»]1''5> fetoCti, ;Vv7xp-

■fe'rSffiS*ii#$Li'^*S*sS> 5 bixtz2)„
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?Ai'7x5-i?sffisgissm&tztzs>), Eufyo

2.3.3 ti*lfc=fcUt*';i

(1) DNAKS

DNASHtli, LTff6o A, &*\ 7 v * i F ttS C14 QIAGEN Kit£ffl

L, #SliSi8SK£(M LA,

(2) #±, K

wessttli. g^fi*at77X5 K$S$l:SAUT8tf#bte"= 

tit, LBigtft*. 37-CT-Sk ?tg# LA ABSSlT-lSfflUfc31 „ 3m L A W@&At*. 
*5 ■£Wt®ifc#A LA 75 y 5 F'SttTCS tB5o

em #AL/:77^ < M

RV(pPLuc-2) puf 7 D f o'# R V# pPIuc-2

RV(pRKM-415) TASS# R V« pRKM-415

& £ A 5 y 5 K pEKH-415ti, pEK-AlSmTcittiigti 7 £ KmEttilfi^ 1C g«6 L A * © 

Afe-5o pPLuc-2©*(5 7 T \y A £ gl 2 . 3-2tStA.

(3) 5- >n’y K©##f

lf*icd$n5^j'>^^KSi±x >£*itp}g«AL, «PS6T
(/W A9 7 PAiN) £iBl'Tifflg L A,

W1 AHli, AJf(JilTBchlASBI") 
£11131: LT5£* LA sl , Bchll±fgT3z h >-1 £ y -A (7:2, ft*it) Cffitti LA 
ft'1, Sctt7£##C)g®£#m LAo

(4) )l->7 4z;gt$©;»]$

-> 7 i -5—S’rSttfflSISl±, #(££## L, Promega Luciferase Assay Systeffl£

fflv'Tff&ofto »t3SA®Sffl«5Stcit;v s y y -£ £figffl la.
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(5)

Ttti-emits *ffl V 7 » (ibS/H;gfi2,000ml, 7%m : ;\oy >7 

> 7) SffifflLfco tg#figti30°C, tififiagttlOOlin-'k L, 2£© ^ V * * * > T” 

6tm'TV7?^f*l®l<*ES?$®-jl£t6£fcx 'iTfi1 [*l^x®aSytgyfe©Sto&ff& 

O fc Sl o

2.3.4 $g£i:*$

;v -> 7 ^ v --tz'fStt*5*** k & 5 © 14. ##©t##7 i-X*5*f3&lf5iSH©fflMT-& 

JltCIBl, H*©te*7 ^-X6ffli@T-#5tg*x 1"&:fo *>i$Eig*6ff& 5 © i: 

T-, ;v->7 i 7--tf rStt©#tBREAs*ISiti*-E.6^-o 6^14 VSc»
$f y6x^;V^-5SS6100, fc-5 ®600W/ni t IT. EV(pPLuc-2 )# £ / Vy 7 fg* U £ 

$ss, ffieA©%r$;pf-@m?i±#»t@*m©M©if*#*#oD««o=:L fe-s® 

14

2.2i: & ^ © t feo -6 © T- 1*S$*S0D6 ,o = l(100W/m ), $>3V'I4 0D»,o=2.2

( 6 00W/m ) t & & 4 -5 (© #R$ ft fflffl L T . 3 0 B# Ffi * *c *S # & ff * -3 fc . IS * 6 

a 2 . 3 - 1 C/gf #, ©©4 A ^*ftT-ieEtg#&ff^-3T®-E,Rgi4. IV 2/7 X 7-4? 

rS ffi *s IS a - 5S © IS & «J# f -5 © J: A5 29- fro fc o 

$ fc30B#Pfltg#f*©g{*t:S$4l5BchlS:S?eua k © 5, 1Ctt^TfSI©fitT-fc

oa. gB#it4i;^*$:tf&oTi,'^©a©»fat4r*^«, < %Ktg#f 14, 

LHl©%#*m$iJ^4bT®6 A©k#X 6tl-5o

2.3.5 $ fcto

• Euf7‘n^-4'$8^tt©;p->7 j; 7--t?ffitt$#*9lS*)e4"5tc:4. !##%&*# 

tg#M©MK©#? -^C'K'0a © 4 A^A^oAi,

2.3.6

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

2) ves 9 ^sismffisi/jcxMKEE^MfejsaifHee (ms)

3) J.Sambrook et ai., Molecular cloning: a laboratory manual, 2-nd edit., 

(1989), Cold Spring Harbor Lab Press, New York

4) E.Simon et al., Bio/Technology, 1, 784-791 (1983)
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5) jb# (1984).

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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2. 3-1 -tfS-IttbBchl SW

)^x-tvvdr5t$ ®{*S$ Bchl^**2)
(W/m2) (OD660) (h-1) (unit/mg protein) (mmol/g protein)

puf7° 100 1 0.14 505 0.9
RV(pPLuc-2) 100 1 0.14 673 0.7-0.9

600 2.2 0.18 935 o\ooO

RV(pRKM-415)
100 1 — 0 1.5—1.7

1) s-ioBtrflSt'Sfr^UyT0'! y?"u ij®LfdS©¥^rtit

2) 30 B#R.lig#EL/de



2. 3-2 p
PP : puf7°n^E—7

Luc : ;L77x7—(7°nt-7 77) 
T :

56



2 . 4 ESSSroSa&A

2.4.1 «5

SDE^iJ (->W >S>*©Hy E?'J) 6 8t$ L tc k F D S' A-fifi? & S d - - > S' L 

?-kS SpKE4.9S.HSm©6© SCZ D , E $ Synechococcus sp. PCC7942C **y 5 ES.14 

Iffl E Clostridiua pasteurianuw fflk F D S' A — -tr r56%il As rJIb k fe o T V' 0 C © k 

FaS'A —S©*IMS#Mfbf6tAx y— Ifyy'DyFx l)x7l’>7'D’y1fflfaS: 

I'Jffl VrE$l*JlCj=5l4--B k HD S©y A^XASKMU

fc„ $ fc#g#lCJ:5 k F n-yA--l?SttMSi:*S#8$©t6»f -Dfe,

2.4.2 ##

y y y /ss^ u gm^TSBKSfSS btciD, 6?5LSft

TT'itfc Vz^e^CSWnieE^grSStJTS D . tll:*S|x4

A/*-s*'jfflvfc#ffliB*9:.e^©#iJffl©nrtgtt6s*flsaFn.56mTfe3o ->

T ©57r V 7 Synechococcus sp. PCC7942C zk*#g ? fc 5 Htftttffl E Clostridiun 

pasteurianuM ©Fe-SSk F n S* A--t? & *1EyP I ¥?£ 6 © T ag Afgil£ 4P 5 C k 

I: =t D , Wk4P#C Z OT *#&#&&#-SIS

& mmk u?©6.

H 9^)$$TCffDfeeP%T-l±. 7DA F V y7A k F n S'A --kite? © SDKSiJ (-> 

k y > y IV A A/ y IB S'J : V zFV — ARNAfcq-agmi) & Synechococcus sp.PCC7942(Ajg^- 

tSi^CSIb, rsi k f Dyy-k'afiyS^D-xyybty^^ 5 HpKE4.9S.HS:

© -5 3 k (C j; t> Synechococcus sp.PCC7942? © SsJ k H D A* A — -ti'fflStt%IlSyA7Hk" 

tfDS'vSm'fcfiffiSfefeiSIcJ; 0«ISf -5 KSoTHi. k C 5?. C4k^?©kC5 

k FDS'A-SI±##g*m (St$358) i:M5rEt#SkSiS:7f y7SS

sh-r-s s#x e,nr mil. fesxtfFe-Nis y y© t hds'^-st-*jxif.

ein^tir 3 0 S y F W±©«l5?g# AS? A 6 *##!:*»?#

a. L 6> L & 6* P,. asffltow L/2©-X?li. k H n S’ A-S'tis ©tUSite? 1.7kbp 

©59-SSn—->S"L-TffiV'TV'5tCt"#Tx C6 6)6>tiP>'fStt6sffStktei:V'A^k

*a%?m'fck fda*a—s'*sf»a*e^eit?«fgt 

3*©*A 8U' li E $ ? £, & Synechococcus sp.PCC7942*sti * "C l'3 fiJS*® #Ib Sfijffl
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LT%IHLT©3©;tP6»3C,hti:, |6)tfT h K P B--t? ffl4gtl £ ® *

fbun»<±T-a5 64i'f> f © tr*^@iiB£p‘gr-cD b

H ny©--t?inRNA^X >v-ixe©teS£B6 U t

ibSTffltoaisf# tbnrv-BEatoilic =t ^ t KoyB-B %«©##& **(:*#*& 

ffl t&M ilTotCt'ip t -So

2.4.3 ftfflatjxt/etsa

(1) ttfflB#

#%+$## : Clostridium pasteurianum (J4.TC.pasteurianum)

Km : Synechococcus sp. PCC7942 -curing (y.TPCC7942Xld:MS)

: [HI -pKE4.9 »m&»ft (JiiTPCC7942/pKE4.9)

: |5j -PKE4.9S.H (JX TPCC7942/pKE4.9S.H)

AK# : Escherichia coli DH5 (JJiTE.coli)

: Is] -pKE4.9 (tX^E.coli /pKE4.9)

biT, SBKC##ld:Kmi:& 4. 5

(2) ig*2r;i

a. II PCC7942 ©tg# (#*%*#)

ig*l4BG-lltgt66®ffl Lfc, «i*ig*l4500mlS©;P-7 X X3 6v i$U|41,000 

HVtbiiiOI-Sil UfcX V Vx 30°(X 15W/m: T" iSSUS

*Srfj o „ aaii^T-T-^ (0.2Am Filter Unit, Mi 11 ipore )&bssb: ti

lt. x7-4!>7i^?aja^;itBK$z##©t@#i4. r>b-> 

!J >(Aip)t7D7 />7 ixn-)KCi)4f ii-fti, 2.0Atg/ml^ 10.0/tg/ml©$l8iS 

^omnLX'u^tzo XV- htgttli, BG-lltg*|:0.75%(w/v)@g©7*'Q 

-X *8§;to LTffsL KmSf*£L@SteEL'>x-vroeSXx 7 7 ;vat-SS30-C 

CT2~3iSFfltg# Lfe„

b. mm PCC7942 rots# (BSttEsfeff)

a.©%#ft?tg# L %%##© -MB & 04% b, ©ftti»ffc&BG-lltgtft£ j§ijp btg 

#M66B#ffla<*SS(0D,,,)&fflffl Ltee Ar:200ml/min, C0=:5ml/min© SSr tf X £
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7 (0.2//rn)&m LTmm L/:o

c.±m#(D%#

LB%m&#mLT%#L^o ^{$%#(±^#C^DTAmp:100.0/zg/mL Cm:10.0

/zg/ml&mA0L3rCCT8^^mk ^ lx- h%%(j:LB%mt:1.5%(w/v)m

37°CCT-%fg#L/:#x 4°C(:T^#L^o

2.4.4

(D

^M,^^{4:T"coD66o=i-2amt:^w

(10,000 x gN 30°C\ 15min) hz X 04X bN ODe 6 o=10Cd & Z> X o £ BO-llX(±Tris-glycine 

buffer pH8.45(Tris:0.6gx glycine:2.88glM”FTG buffer) (.1SE# L tz (##(±20ml) 0

±Cm#L/2o Z0#7;i/3 >(: 3

30°C®/ > jr^^-^-r0-48^^^^a f L&o

(2) M^MMth>$(Cell free extract)^##

BM#6###t:0D66o=2^m®fg##&mmLTG buffer&m^T20rnl

(00 6 6 0 =80)^^##^. 50rnl##®1#&^mt:Afi. 30"C^^{$T(:

7 L/>fyL^yV> ^ lx ^^(l,200kg/cm')

Am®o v - u,

kfm& L A (160,000 X g,

ihr. 4°c)u. (±#®@4x(±#%#mgg'ee^

tz) o

Native-PAGE#f&#if > ^;l/ k LTMl' : 6 L70%ib ^ * D

- % : 1 & AO X. /: -6 0 & $U M L ^ o
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(3) C.pasteurianum ®#EflStttti>S(Cell free extract)®MS!

C.pasteurianuM fflJS-ali 7 l/75L7,b7"t"ffl$6lS!Asl5ll&;t:#>, li afe 5

(BRANSONS SONIFIER-450 /U.S.A.) & #J b . g@5nm©f 7 

T-C-tfl* 10-20W, 50%CD 4 > t> -rt)VX'imm&m$L bfcfS, 'J'SSif* (HITACHI® 

himacCS120 P-?:S100AT5) T-200,000 x g, 4°C, 30min»*»8l b±i*£«ifflflSrtttl« 

k V fc o

(4) t h-ny^--4z)gf$iM$

a. iSSS / =f- )l £t □ V > iSiP %

-5 z ki:Z Dtp

nyd---tfrSttk bfc. TkSeS-blVrtiZifc e, U >mi~ h ') C? A

7Vy 7 7(50mM pH7.5)lml$ Aft. 7 ;b =J > j) 7 £ Ift £&&<, (1 )TM® b feStaffiil 

£Etf5#*(0D6«o=10)Sr -> V > vtrTlmliSSNX 0 SS-b IV^SUM b, Z ©@BT-^

ZZCIMyftftft'f K llM A A2 * n V > * 20/r 1-3 o * 

*nb7kSft£*6$tobfe, Sj$fiSii30"cr-ffV', fg&7k##&%& k©©##7k 

*k bTi±i.o%©7k##7&@m bfc.

b.*7k**&#:4m

*miaRITEf#$0K#b7l/7^7®©M-267\ny >9

> y&am b. k ti a a ;v £ * o y > & gum-s ir cas b „ saa^a h± 

@frt: Z 0 bk.

(5) SDS-PAGEk Vi7$ >7 a y h

a.SDS-PAGE

E#iaf6tti«(100~500Arl)IC7tf bH*®8tt7N- >y 7 y {60mM Tris-HCl(pH6.8). 2% 

SDS, 20% glycerol, 10% 2-mercapto-ethanol, 0.01% bromophenol blue}6tUXX 

@%lb, m#7k#-f 4"CT-15,000rpm. 15»M«* bt ±iit£SDS-

PAGEZftbfeo SDS-PAGEttLaemmliffir-fflb 7 7 7 T±{25mM Tris, 0.192M

glycine, 0.1% SDS}£ffll'feo fi-AE v-AliBio RadS&fUm bfe„ * V 7 7 V 71/ 

71 H (#) ®ffll0~20%AA v:n> *8*1



7 7 ^ 7 ft M > K © 7 7 v v — b ct t> fr o (coomassiebr i 11 iant

blue G-250 3g, CHaCOOH 100ml, ethanol 300ml, H2O 600ml ; CHaCOOH

300mlx methanol 100ml, H2O 700ml) 0

M/ElIJ/iftSlfo ( 7 x 7 7 7 7 D 'y h)

(Db

PCC7942tg#m{$&#j^lg/mH:%^j:9TBS-T;\'v77(0.1% Tween-20, 20mMTris, 

137mMNaClpH7.6withHCl)'r##L, 105°C, 57t^^-h77-7(:A>(j"/:#,

4T78,000rpm, 15^^m^LT±#^TBSX^77'ei0rnlC 

b, Zft^500fg#^777771A^bb/: (4°C{%#) o

(D7'n 'y 7 -< > 7'jzaS

7D'y7^771±, 777770 'yb (ATT0#) 7oy7777m(±7

V 7 7o y b - P # (PVDF# ATTOm) &^mL70y7^r 7 7"X y 7 7 (±Tris/ 

glycine/methanol (0.1M/0.192M/5%) 7 S!It] Ltzo 7*n 7 7 ■y 7 7© 77£liATT0® v — 

X 7;i/(:%^7;i/@#lcm' ^ ^ D 2.0mA®^#mt:60^m# b 7o y 7 ^ 7 7&fT-o

tz o

(Db K □ 77 - ifi/ift 7 7 /\° 7 ®tid

Amersham# ECL7 -t 7 7 b 7 y b tz {|£ 71 b 7lIK © tH 7 hr o tz o M(i 7 y b

7o y7^ 7

9

(6)#m b -7MNA<Z)lJ112b / - 7 7 7 n y h

a.RNAse freeliK##.!/######

RNAse free® < U Q 7k £: HSlt^fcS?)x DEPC (diethylpyrocarbonate) $1$S

SfTofco IS® ; V Q*$1LS®2<tV ^ASHHClfcU O.U®DEPC$$iDL
its, 37°Cro * JL 'X- ^ pk] T 2hr*nB L fc„ f 0#, * - P 2? U -:/(120°C. 20 

min)LDEPC&IS£A; Lfcl«DEPC®ii7.k i: ttftffl Lfco S Si ifc 1) •’?’7 n >22#t:
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U-80-C A15minliU:t3© A. 15,000rpm, 4°C, 20minls/L L,

SI, © U "j F IfflTEA -yyy tg* LENA© > 7 )\ A LA. +h>7";V

© ENASIS It OD 2«o © «& A S £: i9l IS L, at WC J: b S(* A (0D=, , = 1© iS^AO/zgENA/ml 

A LTIEi) .

2.4.5 $Sfll A*#

(1) t F □ ©©-©*91© * ©XA©&|4

-«awc t K n A $nx to t) %$!IR«£$l'ti:rStt

£ ft-r £sc & £ $ r-®f»toS*e^S6s»^ < *s T'fcz © st-

tlTV'-SNi-Fe® t f D y © - A' li M&mU £ tlT L -5 A It T* * 3 0 

A 7 m±©mfaf#N4LT©aA^tlTL6. *R%?mLTLBFe-S#t: Fn©

t-tcaitii©®AABA®«&#<A<

©E A L&l'A Ay AI±$$l3T-;fc-E>. L L & A5 B *W^©Bt S * A ©fc* As©f © ■? 

C, 202 F V ©©AfflFe-St F n y © --fc? ©#ig nesSEtH. 7kbp A It £ A n - - > 

tllltiAtJCtTt F □ © © - © © Stt M©?# B tl A A A A B , 2o©pJt6 

ft 6s © £ ii A = o* »> la) b F dAA-A tffftffl WWafi-f £ & £ < *E A tt S tS IS « 

<b f © © A fg IS bj #g t- A 3 A, Xtte*©#t><ig»»©*||*SRh FDA©- A fit ft * 

f!©#fi<l£ Ftl'titl'tfiffltSiB. L t^-/7 © 5 Fit © B Alii®

SHC#$g*Ali. t F DA©-A A > © © !©«£ h A 6sfStt%$SI©f# B tiT to B S, 

A© S-fc «it -5 A, t F ny©-AStt#$!CE$©#tR*s*iim£ftT V3 oJfEtt# 

A©A#©BtlA. #mmi:#ALAAD©FVAAAA*©bFoy©-A#A©Z 

tctgfSL. fsatbLt©^AA#MLt##&f# &AAit©#%mm©f@^. sv'ite 

liftoff -5 ©T-MSASt > F ffl-oT-feB A#x BftA. AAA, %tlfflt£©£BS 

L, ©©© * - X A ^ ^r-f © 5 A 46 esi*l© t F n © © —AiiiENAMI&I/© ©A A#gfb 

£ y — © > © n ,y fsiftittFtD'j FCtotiiLA.

M«A*aBJj*ftAtg* L, OD«60*S 0.5, 1.0, 1.5, 2.0, 2.5©#®PStcH L

AAA B -— SB A BUZ L 9$BAi£© © L A © Si IA © D F - © ©RNA® ttitti $ tf

o A. 20^6® F — © AENAAla-tttt-© > © © £ T *" □ — A © © A © b i*8), ttS L. A 

ooFlyfit F □y©-Af#B*f5© (S#A1.7kb) &©D-©A L? A F to© 

+ — AmRNAfflfftlti £fr -o A. A©$gg, El 2 . 4-1 IA /© t © A IA§£ WSH A B tfi
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Iti U A: ft ft ft"ft T" Is] --K E C 4# # 6<J & A ft ©®Aft Kfflfgfe®

/tftsftft (ODttftsftS < &-E> C Aft) T® <&-3-C A £ 3 i; ASBJ3£> A> fc &

ofeo ©fttit&ft £ h F Dftft--t?mRNA®S:As£Tf Cff origin LtUI. © k */££ 

*£*£•& o fc„ ft C Mtc #£ W®l>8® Ilf*6 $S@ L T f#fc MS8f6Utir*6 SDSC =fc D 

«MU KJSffiftSfS ( ft i ft ft ft ftn o F ) £5liS Lfc„ 40//gffl sjigttft ft a 

ft* E3fcftftftft*SDS-PAGEC#l,t F n ftft-fttftftt;: £ o Tftttl *(t o fc„ ©@K 

SRNAffli§-& fclSlttCSWCtf oT t F D ft ft--* ft ftAft M*if AP LT A3 * 

e> A> i: At o fc (02.4-2) „ ©tv -S m$SS*> s>KSCSA Ufcft Dft h V -ft ft A h F n 

ftft-ftftifiioftif cftftift^MIR^ftTiA^ © fctfiE'o frttSL^tz* $£0.b5IB]- 

Aft ft ft £ cat ( ft d ft A 7 i ss a — ;b7-fe £;f F ft ft ft ft x ft — M) rgft

o o-tigttit •& © tifimm^tira <o, jft_t

®^6^*%SMIiS£686‘ BteSte^iSMESSST jb‘<b r. t F n ft-ft-ft

2; St r £ -5 „

(2) EStoSCftS t KD-ft'ft-£;5ttrol$«

*»%-effll'TA5ft aft F V ft ft A h F Dft'ft--fe'liK*^Sttft=fe So 

-sfc»%T-6. S6$e*ffft ICS/; DM j#Mf**«att«(c<*A © 2: AsSST-$>-5 © 

t Assflg^ftT $ * ¥t$ 8 *FS Cfr a /i Iff SET- lift ii * *aap]*ff TT- tg# L 

fctg^rcti t F nft*':t---efSttAs* < *3 ® 2;£> ^£ftT V'£o ;:f, #ae@%#k 

^Zrt£s&l: J; o T £ * * fi1 ft AcJAa EStciiMgSFSC*^-

BST-£C5®*6s#T$LTi'-E)ld:f£afe5o * © r#B*%AI:#%##C%A ©2:1© 

X D t H aft-ft-^rSttAsi:'® £ ft l© SftnT 3 ffl A>1£I4 U Z: „

£ ri*St0)3$(ft-i?OD6,o=2.5$ T-£W L AzKSSStti:,

UK U 'MSk^miZv; t Ac J: ft I©'>M® A# ft ft»1©S L 7;v3 ft t© <£-5 #ft W#2©J$$5«,* 

« D (St © 2:(©=t D ?«(*£®5S**7££t©tlX D KH'Aco SC © ft* *«@ ■ < ©

kczA#m#©#m*^Aci#^-Fgak#x.6. ss^ftftc&a/;ft-ftm-ty

D ft ft ft tt pft* >{imtvf*j-'( KiBM)*$)]n UAc±r-2k*% 

stKftjss'is-uzteSx 02. 4-3C/ftfzftc#*.%;m*M*UTA^i2ii$imem

T-1 KDft'ft-£fSttAsaW®10f§li)SCS T-B3|£ft3© fz* ttzs

tt«®Acto)To A:S£tt®«n4T?6i2BfMger-1 f dft-ft--tfffittjfimxmxz-mm
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£il3iaa6sm -Bilfco Z d #t'B*(0D««, = 1.5)&mt'TI:b##ML

fcS^CIi, Stttf«*C8IJ!tl5 £T'(;:40B#mS)t£g-f S C *s BJ3 S *'i & ^ „

ttz, ^fflODtto=2.5ffllin tlsUKC, B4tt-e*40B#FB1?gj*A»^or?SttAs^«^ti 

T < 6 C k SSttklsI - - >T h K ny^---(r'6tt»$SSi*4lT

< Sit'dfgftd'S. ML/z^n/t h V yW t K n IS54

tt®M|g*sf$fcfLT V' 5 BJtEti*s#x e=nfc#\ cm.-SCHlyTlig-miCSS^Ul'C 

tli«ytl'4l'. ifcMSUCiott H D®d--4ziStt IS fleSSC iE»s

' £ IdS i t'd fid LTIi«®*'ffl am *'*»!£ ft feo — o li OD t«o=2.5 ffl '± W Ss fc 

S fl® SSttS e £ L *' *' o /i '!!<£(; tfc^, St'il{*l±7l6a'BK®lb*s7;vCrSI!jVTt' 

SC id'BSdfu C®iA0*m@;0###d:$t'®?l±'kt'd'it'dt®T&S.

$ fegij® nrtltt i VTI±et'g<*liS*%S6srS#eec oT*5 t)x 40B#HS® StSM 

® US l: t> k H a ff-y — 4? 2? > )i <d *stS4P Lt t' S fc «*/£ i titz ° $ fc k FDi

®-ti?5tt®#sei±i-<76ss6l, -sy.±*m«9>sij-Tt,fii±#'>-rsit' 

oiiam*sSStit*i Cffl,-aii<*«toiie J: SB*® 5'E«*sBBT: lift'd'itt^L 

Tt'So

2,4.6 Site

BE* 8 Lfe k d e, tfcilfieiftT-lil

® 3y H ds It tr t: o A, k K n -y B — -tf ffiffi (*#*&#*) U »»«C l±!if St*

ttTt-Sf tfc * ® e»L 4 ~ 5 fgfgSrSffi *s* < & S i l' d IS **sft S tiT ti t) . 

$*M VieBT-MeEStBSteiiSrlEI-c it: J: D 1 OfgW±@KIS#d^CS C i#* 

id'S. IMS® BJ§!ifSttg#ett^ 4 0 ~ 5 Ofiift F Dd'B--tr'rStt*ISai 

t S C i ds asm e & o fe fc> id r- fe S o

C®#e@KIS#&fT-3 6##&mt'T*;j(#*a0#W§:#(4T t'Sde CdlST-ffl 

iCSWS&fcSSUiff'Stvrt'&t'o C OBS® — oti^A Li k F of* —-i®##0 

Sffit;Jtsfe®i*ffl^4xSo *ess®BWifs*zk#%&i±*6aezcT%stfs 

SfSSSt AgrtSC J; ot

Hflflecfg&f s##d=b h' ny®--ti'eBS&st$"-r nTS6tt*s#* e>tvs= cmns®Bi±
S liis^iiT^fejST-ktifcSdi K h d

>27t-i (k FDet-tf^ >ytd®ES#A) e <t St6IST-li304)-y.±S$»7,67jc
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%£#WfET-&3c k6K{ftt3$SST-;fc.£„ HMT-liEfl^ nx h 'J^^Ah Kny

i---fr'(r.®*iftt^ (t#t i8uliS*»ttcD b kboAcfito

lit K Dyf--t'0##g; btillBSJ£6> <i#SlcBllT-656b 4-S$®$SST-|# StiAc 

i a (c. «1U?d^ h V y >6 A h Hny -b —-tf li ?U i £ H 6> 5 & S'J & Ml ffi & 3 It T 43 

5 T. M*l*lT-Jg^9<]l;&£®^nTb5 A fc*s«l?.^JxTl'56c®, l£ S ?5 6 ® tS 36 »1C 

i d b K D-y^--4f®*J%IgS|f 5. A ktci D H&53U$>65nmT-6 5 kSx. e>4i5„
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1 2 3 4 5
#

■''it*

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

A^5'-pKE4. 9S.H^SAL^PC7942tt

M>7° )m40mgCOliJS-147>A° 
y'n-y'li.AXffjlZ'Sf&Ltc 
C.pasteurianumb F P^r'A—\L*?

4-2 #31 Fn^'-t—^ynym^m
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2. 5 'J t Kn*v»®ettSN&fc***£©&£f

2.5.1 «5

? ^ tv^yiiKT- & % r t ?■ acoazmm 11 % z ttmbtit

a 0 . ^©SttliPHB£-6'B)t(ce#6®($ri:#te,n-5„ In vitro®%#A^ e 

Rhodobacter sphaeroides RV# ffl i7 x > 8-n fi£ S? ^ liNADPHfc ct'oT|!iiif£tT-5kkAsflJ 

Bfl L fc „ R. sphaeroides mfciiifflflart © NADPHitg tl o b T tfeW L fe k k 5, ig*tp®pH±

kftf>©*S*Wb %## f ® pH® ± # (: # o 6 PHB

»*®{i£**k #BSl*lNADPHSKffl±#tff o/r^^>^^r6gSSf5-K®(STIc jioTE 

® 5T-b-1L1VCoAfiS®.h#C =koTe® ofe® k^TSWLTVx^o PHBS«£fflSJf 3 k 

kC<£ oT*S£M*£i*i6-Z> £8)1^ 6 51'li, zkS kPHB&±t(Tgj* j; < SIS V 5 

5j:-5'i:tS#->X7LA6W$r-E)/5®lCx pH® n > I- n — k kBk

2.5.2 ##

ffl£tlfflBti®WH't-g)-5^lJ t h'D*'>®®(PHB)li«4’^£Wxyto»^D-k^6>-5 

f#eti-sfim»@ia#T-s-6o zi'®

ATA#@,#@MRhodobacter sphaeroides RVttliN 

tit%£ hr © 3 7fc-nB$8i:£6i©ikT-lie4 7kSaatb©iSt'S®-^-3T-$>5 " . fkiTs] 

® ® ttiiPHBS*## kLT&to<5tlT©.E>2l<, zk S k PHBffl $^6l 7" n -t? XI i ±t C 

fflBa(*j®®Wifca7U*&#htlt^fc8)(;#S-r-5k#^T,nTV>-5„

&«@t-5±T-*5r-fe-S k#^. b tl-Sc BkikS$T?®iff%(C jb'bT. t8S6**®pH£± 

kzk# j: 0 tr L ^PHB®####*^^^ k k SMA'IH L-fc, kfflpHC <£ 3 no 

ffltlHTta® 3 > b o — pH©gfb#PHB##7o

;!/?©## I: ?^T#Mf^kk&g%kb6<,

2.5.3 ##*&

(D m#©#*

R. sphaeroides RVttligLig*(pH6.8)lk6~8%(v/v)ffl|iJS'T-*a L. 2,0001ux®SE
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(2) * ij y >? $

tg#s * ffl pH 6* #358 tc ¥x 3 yjj*£3 £ 66ic, -> V >?mfSftmMMy * h >U 

*')T V >? (A.S/H *x> v-T U >»") £m'£„ 9tUSrfc> D ©&V'I® 9 x #sai± 

pH7C3> h ?©m

SSSMl'Tff o tzo 7Hi, 3 ^-© 1 Cc$

fct;5 T-x 0.5NNa0H£®»-f -5 3 i: C ± 9 ¥«■“?> < (10»¥U*] C) pH£9.0$tr±# 

jtjibaotffof;, tg*?s^>r;ni7W tt u ^#>0® Ux

tz o

(3)

^L/:o K(NADH, NADPH)&^W(±#fb^tfV^>^^lx^

f K(NAD, NADP), 7^-;[/#(ATP, ADP, AMP)^0.5NNa0H^^(±HCl7rf^f^

(10,000 x g)C j;-3T|#&L, Km±HPLC (^^A

Inertsil ODS; ^AifYX. 5 x 250mm; 3.75%®^^V-;i/&^tfl00 mM* 

V^A-V>####(pH6.0)"e^#{b; Iml/min; 22"C) T##fL/lo

f-A(±UV(254nrn)&Zfm^^^#m^ (420nm, #^^350nm) ^#X.^m#10A&m^/:o

50mM Tris-Hcl (pH7.5)

#%##(2o,oooHz, 3min, 4°c)L,

#/:o

#8M(D^#^#(±BioRadmeMZ v t ^ A & Bradford j: -oTe

2.5.4 i

(D ?wmmz.-5-7Lz>pH<Dmm

7 -t & WTrH7.0f fitz R. Sphaeroides RV$c It ?L SI & Of. —

®j^mm^LT%^m#&/:07-9%(Z)PHB^##L/= (^2.5.-!) o
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7.0A>5,9.0t->7 h kPHB©Sa*lil2~l«^x±S PHB***©±#li,

y77fflli**'. S*?5tt®±*. fc-SV'li. ffifflff&B*©»«£* 

6. PHB&i^B%©t#l'#M#(#l4a#ia7c©©#Hj?&&!:©5#6. 7

h'ftflCil L. pH->7 B kmEiilCol'Tt&WT-E, © i; Lfeo

(2) phbs.u'? 7 u:*x B ©masm^##

pH-7 7 "J B V fflij^xy 7 B £ * fc «© ■? ft- -fix © IBBS 4> © t©

Dv>77BXXP'l:7r-*^,ipggffl;£M£fi:o;t£gjS. pH&lb(©4 cT##*l4##% 

©h#W%L6 (*2.5-1. 02.5-1) o lgvSiSfflpH6 7.0^#,9.0C'>7 B £ 

= (*2.5-1) „ NADPH©«E8S|*)gg|j;pH'> 7 B EflK

l'o*XI4@TL/:t0©. t<ft, pH->7 B £ fi11> & *'7 fe M IS fc |BJ D .

NADH©$Bflai*lBSI4pH'>7 MfStC til; ffiT b fc A*. 

-5-fflfS. -kSLfco — X, pHv 7 B £frfc>fcA'-o tWBStrli^ W fc t %> CM'* Ufco J-H 

±©(@*t 4 0. t'J y >7 7 P, #(©. NADHtipHv 7 B ©»9S Sit i © t &

WWLfco f:t\ «tc. -3^>77V*5=- BOTHES-S-figM*® SC# ;?.-£>*;# I© 

ol'TtftM Lfeo

(3) =3^>77U*X KI3 =k5SI*;5t$PfiS 
PHB^fiE©»**T-*-5PHB'> >7--K\ X OTHBirfigM k 14** C *51'T SS # H6M::

&-& 7 ^ 7®#-figBS©Sttf;:*;?. 3 H'Jy>77b4f l'®Rf Icol'tiWLfi 

(*2.5-2) „ -e©Rm. tr 'J v >7 7 U X# K©iSl)PCff o4cPHB->>7--t:rStt©S 

»I4 -X, 7i>SS^fiE»*ffl?Sffi(4NADHt 4oTPfl»^ti.fc„

(4) $S86

*E-%T-f#e. pHv? Bi4NADH©*asmm*%*. #c. ±#&gi 

©t"© k*$iE-S t Tz , NADHB®ffl±#l4, 7^>#A6g#S@B©#M&

HJgxtXtifOEl a^ik-fr hfr^ixtz. 7 31 > gg^rsK B* SB © IS TI4PHB^r 

blmSKT-feE, 742 5LlVCoAffl$B8Sl*li*S$±#S'ti-E. k#X 6X. ©©KS77 7 7 

7©tgX6sPHB©Sae®S$1j'/:g@(CAccor©-E. ktl %4lfeo pH® 3 > B D-ll/ 

C 4 oTPHB#«ii«*s qJ#lt-feS © 2; AMt««l#©tt^6' S Mr- @ fe 

ffliit’SJ,
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2 . 5 — 1 pH->7

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

% o 011%t

* * Adenylate charge=(ATP+0.5ADP)/(ATP+ADP+AMP)



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

* - Not measured
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1—1 PHB (control)
—■— PHB (pH7->9)
—O— NADH (control) " 

• NADH (pH7->9)'

82. 5-1 pH'>7 h CD PHBRtfNADH©
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2.6.1

RITE®

& o

(1) m#^r.pas^urya^ k

mmibuxio

(2) ̂ #ut:j?.spAaeroydesRV^^^#L^. SMV089 (HUPx^77)

® & ff 'O tz O

(3) 3#®^^^#$$, PHAv^±7, HUP74'f7^j;z;.%m^m^^#PHA'74'f^/

®-l4fb k it 15 L tz o

t$#® f$#b k hb# Ltz o

(5)-ms^^^w#PHA7^77/Hupv^±7co^T, mm#^m#kf

&^^TlLU7^7f'ezk#&#®^#&ff-3/:o

R. capusulatus ipz>(DnifAl m fz; f & \ pucBA 7Dt — 7®#J#T(Z1^#777 < K 

pSM830(:^D-^>/7'L^o C®###&. #^CJ:-DT. HUPv^77^^^M# 

SMV089C#AL/:o mm#m[mm®2^^^%r^'E,^.spAaerojyes RV&6®a7f&2/%7 

A@g^iJ&^^L}ko f.co7z ^®

fe(DR.sphaeroides ^\®#A@?##|@^ btffofco

2.6.2 nm

MlO^a'TkL h" ®m@|A]T^mL/:#^®#^7S
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fttiu £ C, mm* R. sphaeroides RV© * j* EiStE * £ 3t # £ 3 3 k£ t

a * «mg e M f -s » S TO p/f M £ E t z t r- h o tz „ 

cnii, E,c a

£g*#itsku *£, #c,

iffl»»CJ3m«*ffl»S7'a y=7 AHISfflMk ts fefeCffofco

#E. SECDE^fS»liy.TcDSiiCS,^S:ev^fc„

(i) C.pasteurianum JmDSSt FD^t—\*1$ R. sbpaeroides RVEE^ScFtlT® 

IE£?gff L, - F D^t —t? — k k. K n yE-Effitt©tBS«)Sl: EoT7k*4S|g 

*£dS(#T- § 3 *Pk5 t^BE-E-E. k k,

(ii) 35«$SffiHDPvE Exjb'Ey-'PHAv -f £ x/HUP v-f £ x ©*£■)$,7.kS£e(.: SI f 

-E.lt Rff«£, ®St/6*tgt6^ SU>TlLSf*T-eStS*SeT-ff d k k„ :ftll, 

£©m©/W d ‘V F 7 7 > F C J; 5 @ »H$ 16 T- g # ® tt IE $: /B E % S 8 R tt 6 a fR E 

E. £ © C fr -y Zr 0

(iii) SEASfl-EUfc t^T®36«$Rtt (PHAv Z tz, HUPTt £XA EEPHA7E

EX/HUPvE EX) 7 Vy £ ig# k li*6tg* © $ © T- ^figS W £ MU' T ft

fffit-Skko Ea?.®*S6®*»S6<J(i, E^T®®rsIW?S#*slBl tiSiMtSS 

E>tt£m'T?#fcE—££>£l'l±R&E>EXEAE:ig||bZrlEi:ib#Ef*ZrE —£k® 

tt«£ BJtEt EE 3 tffe o/;„

(iv) gK®tttE*/BtSS^SRtt*«f*k Lt, £- F- d ££--£’j$irf*©@t$ECM

e -r e. »j » a e e £ a w » a £ a -a © k t; x o x e m ie t> £ m a b tz m ~ ta it ® 7k * 
Mmmmvkzwftt% z k, )*»wftffl»j«aeEii. mmmtmmmicMEEsza 

fi%conifR2/Rl XEEk* $*&M[B]J8ffl *£ET&E,„

2.6.3 R. sphaeroides RVIC & It 5> C. pastei//"janum[Fe] t: Kci/E — "h"I©969!

(1) *SB

Clostridium pasteurianum Zp E> ffl [ F e ] h F Dkt—b ti S5 IE, #7'6t$#’n {* 11

Oim^pucBA rnE-£©fflf@TC*Jg^£ £pSM813£ £ n£ b £ Z)b k ©B* 

£StR bT, R.sphaeroides RV®R11 K d E£-E ffl«iEW*Jl,£ ftfllkM © Zio E 

iiWSff Cto&SffiT-EtoxBSceES: tSSIC, «SFAt'J7,

EPE2[4Fe-4S]X I U FEy>Si>3- F'tEifiBtiSftfe.
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R. sphaeroides RVC jo ti 6 C. pasteur ianum t F o to to — -tf ffl % JS (; U f 6 $ to ffl AT

h ntoto-to

©stt^iat pact*s-e # 6x ikSM

s 6*>i: ? *'£«§gt-6 c tT-* ofeo

bn i® © i 6 t;, C.pasteurianum M di tt t F D to to — M £ ilfR b 6 H S li Ik © S *3 to:

66.

(i) 6tu±tfiBfi#* (»ilBJ$30-c) r-feti, *^6Sfii©*«gSi;5g^:(;-a 

t 6.

(ii) ̂  y v-t#ifir-6 6 ® T". iStfSIT-li?..

(iii) fflnti[Fe]ffl,to.§.6EI:1-6 t F n toto-toT6 D x 6 ffl#fflg#ST-ii. fiJcfS

(; fflM S t'j £ &B to to 6 k ffl y IE«ti ffl ft * to? ffl t ffl 6 m % ft T ffl fc ffl. 

m to- g lffl. S^lt EStt/Bg^ffTfte^#*

C. pasteur ianum t F n to to —-t?6 i. sphaeroides RV( SMV081PS )(ffl ci ■& 6 ffl k. IF®

att. u/pu -e ® «tg to & ie SB -r 6 c i± $ e. & o 6. 

tomotogtoti. *5tffl Btoii, ttfeDDFnlBC to o T#fglXjM;metffl& o T ffl 6

I; i' -5 totgffi 6 fijjg to 6 fc to to, ©66 #m#to SfitSCtr-feo

6.

(2)

'MIt to x pucBA to n to — to ffl ®j@p T to C. pasteurianum t F a to to—tf £: #8 IS ft 6 $1 

«xtoSHV081Stoatt/l®^tokEatt/BJ3*toffl«A-totog# itftofc. #A#ffl& 

l'[g] to $StrSHV083ttjF J: tFC.pasteur/a/im S, to ft to ft IBS 6 ft ft 16 tt

WtlTEl'L

#7%to#fr*IIfflpuc^ tonto-to 6SIKU6*sx to fflll 6 MSISli&T-ft 

tl6Eato/Bil*tot:-®<?Sttto^tl66©T-6ofc. $ Wfflx K**S#S b&V' 6 t 

fix C.pasteurianum t F n to' to —to I ffl rgtoftffl 6'S*tot 6 6 . SIR b/zii«tgti£ 

liaSyT-6 0 . fflffltgtftT-ti. 3 F D to to-to W^ftC ft 6 7k*6£iS»s R ffl 7 > to 3 7 

iSt iytBoSft6o C.pasteurianum fix 0.5% to IF 3 — to to20mg/lfflFeS0, 

feLBtgttfttg*bfc =

R.sphaeroides $EI8&x Jf, 20mg/l FeS0< jo ft ft'20,ug/inl to to v ft to > to ?3S An b
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/rigiftlOmlttgm U 30°C T- BgPff T-1~ 3 H W3±S* L A „ 3 ft b, © Jg # « Sr»lg * T-10 

~20{g*KUx Isl CsSffT-igjt bfeo atgeti600nm©li$7,eS$}BtSk UTESLgco 

WSltttg#l±x 6 LTx U r> AT- 7 g 9 v a. VfcSIt K > T-fr l'x

3ft L ©lg##&*RLTm#e*m(0D«.,)^a0.05-0.2(3»6 A 9 13 L. fiS-B-T 

(3 ft* tt T ft 30‘C T- lg# L fe o

fat«S Lfe X 9 (3x 4f att/Bg*ffT-(ix SMV083j3 =ty=SMV081l±^«mte*j$S6 

A L ft 6A ESvtt/Bg^ttfttt, «#x C.pasteurianum t Knyt-fStt Jft 

(SHV081) tt B ffi ft!® (SMV083) t tt« L ft IS A i@«SI* * ,ft L ft„

3 ft tt x 7 v H A v > & A L tt C.pasteurianum Eb S5 t h' n -ft ft —t? 6s S $ ft 5 i: 

f9ft©MBSlS*»sl®$Ji*ft.$> 3 ftftft#Lftftbx r.o©aSAS6*srSf$SL LT-gr 

6K£ft£ 3 ft £,3Vrttft-9©«*;Lft ij -xftft KOTeftSSr&Bft ft-S/ifeC 3ft e>© 

K fftR.sphaeroides RV©ftAB%(3Sijmft g&<te-3ftA33ft£7rxLfti/'-S>©;tPtj);n

Sblttttitlttft L >ft AV ftttg^Mi^ft oft8S$! Lft„

©m*ft©#*&#tt%ft©x &*##?##L6.

*tt K n ft ft — ft © rS tt ®I /S £ fr 9 ftift HJiSlb* 6 ffi tB» £ lOXft 0 ft y V A 

7> byA(3##Lft. #5£ffittft*lrc'>ftftA £»©& : 53-fi?yAffll8*«tt0.37 

5M Tris-Cl pH8.8£#-ftftft b x ftAttO. 125H Iris-Cl pH6.8£AAft©ft.

t^t ©ig«£ffim Wt3"x 'j 9 at- 7 ft 9 -> i Lft„ *S,i*ttlix #%ttftft >A© 

Jt'tgTxto

#%*#*l:x ft A £. liM;<ftAftftDy>(MV)i$ttjn©50inM Tris-Cl pH7.5®« 

13 Aft, 30’Cft-30~60fi-»g Lft„ #:iv£-, ft A £ 2.53iiSlb h U 7 z - A ft h ft V V 

ft A(TTC)£Stn§«l3 AftTx '>& < ft * 105>B«B L ft „ SttA> KttStftif# 

©&fp©)SEflnl3ft£LT Slft-Ex,

©©XKzSmSISSjoAT/SiS-fblix C.pasteurianum # hB As $ 13 rS tt A > KS 
SI ( LttLIfx rSB©A> h'fliflS Lgc) , a 1M tt SMV081T- tt PS tt *f S3 © SMV083 

ftlg|#l3@ttA> (02.6-1) „
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R. sphaeroides titz C. pasteur ianum h F D >f ± —-tf CD##

#(j:. (-ocM) #

Mffltes C.pasteurianum 16 uti #7 £ ^ T§ ilibLtio

C.pasteurianuin ©inlt&O.5%^“ JV 3 — 7, <b20mg/l FeS04 £:b tzLBiptfetr> ^ 

V b A # [S M F CD ^ it b > T' fif "3 o #%FF -V >/'\if"^Mi#&F+;^Xbs is 'b ^ lH Lx

0.6g/l Tris, 2.88g/l

1.5ml) C#^#L/:o (14//®^#"ei^(Z)mm

&4[W) o

(10,000rpm. 4°C^15^^) , ±#^^'^^#@^7?^#^##

C#L^o

itAmlCx

^#m###&±:acDZ-Di:a%#,bx

hVC7A^^tr##&x

xi:AnA/%o

X f ;i/!f d-D/y >(0.075~0.125%)kTTC(0.1~0.15%)&#&Tris-Gly

€CD#,

DiA^b KDyf--brS%^#&f ig%^##(Z)^^CD#l\X> F^|&^

'XrtEtiZ o A ti b CD^S&T: Us C.pasteurianum ifi hB tl (d: z> & < b&SBEfflTr^N S

ct%fTS%x>

ig#/y;i/^^#^L/io ^#^;i/(Z)m*m(j:0.375M Tris-Cl pH8.8b8%7f V;i/T^ 

Kyyi/^^Ay-ei^o #m^;i/(j:0.125M Tris-Cl pH6.8^4%7^ V ;i/7 <

Kj 'th l ^ tz o

^#CDm##^#b^X:yg+$X> b&^L&o
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m©#fbm7CTS^©#&(:^@f^j;o?&^, 2©^f$"C/:(t#m^^^o rSt$x

> j:9 Z 3

ftl'T\ ®£ D iA b- b K D >f i~ — -tf fS t4 $JJ a£ & x 7?. sphaeroi des 

/io ^ocfoAac^r SMV083$$^j:^SMV081t$&, g%D©j:9CaSylgm%r%#L/:o )%

r.pas^uryay]ua%##bm]#t:mmL/:o #%©^# 

U\ #^©#©|#f$^^SMV083&x m^^j-^^LTmw/zr.paa^urya^^mm#^ 

#cm#LTff-3^o SMV083#C(±%0&^b

^^^^{4:^m#^C.pasteurya7]Ujp SMV081#&m^

T^m&m^^u/zo T.ooorpm-eio^m

^>^4:"ri-1.5ml©^#### (Tris-f V>> +

mm) c^##L/:o

SDS### (2%SDS, 0.125M Tris pH 6.8#Zff2%2-/;i/:&7h:&f V-VI/)

mD&^b 150//!©±#^8%^^i^^Vy^ V

VD7< 800nrnT#^L/z^#®l%^m(A8oo) (LH-II#^#:©##

#8.0~40.0%=&oZ:o

mmx.%sMvo8i®#m#c(±mDj&^b MDyf-4fTS^x>

#BB®SMV083^[g]#®;i^->^^ L^o

c. R. sphaeroides RM\Zt$[f %>$&%kz.C. pasteurianum b K □ *ffr — if ©

C. pasteur ianum b K D ff f- —-blm1z;f©%%&\ R. sphaeroides RVJft Hi #3 © t? -x

m#©±#k^^^®^©%^&etfrL^o am&SDS###M!B#L. la]##©

±# b^#%@^&SDSy L/io C.pasteurianum Itffl

l'' fz o

Sic%r^8bf^^S 6&y >7'5>(l^Ux 2© / >^7>&, C. pasteur ianum b F 

D y b* — -tf (D^Zff- F 4^ U ^ d — i-JltfhfiLim (Dr. Miyake© jflf {tt#) b
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P<iZ 'i > ^ 3- ^ — b \yfZo

C.pasteurianum b b n >f p- — -t? tPR. sphaeroides R V$H li§ 4^ ^ % S £ 4i £ <1 <b £: /b b

C.pasteurianum b b D Cf i~ — 4? CD % M M ts fS l' CD it > §E 6 CD S t4 n # #R M % 

( Shine-Da lgarnoiE^Ll) CD # -# W b b \ C.pasteurianum k. R. sphaeroides CD 3 

b mRNACD^^^ft#3bcD^m^gac j; ^ ^

d.GC^f/r

R. sphaeroides fflP&tp l/Z$k$i£ tifzffii&X. C.pasteurianum b b'D Cf ± —-b CD##

CD^^#H:^UTGC^^^ffo/:o W2. 6-4(:/j^f Z9(:x SMV081+$^6#%L

/: jit# 4^ "T (d: ;k A b — ^ # ,41 "T ^ ^ o /: o

mfr T ^ x m# ^

C.pasteurianum b Fn p1 p~ — P ft R. sphaeroides $B 4#- # # 84 b ^ ^ b

b & /in LTW-&0

J?.spAaero^es b;i/b>#-7^b bjrv>m{hm7h#mb(DmS^m^^^b^^ 

-D ^(WM a C &3 [g T & 0 & & %U:h,% o

fW)bb b'Dy±-^&^7V/^

V yr##E84(:#&%"? ^ -5 b u a E#(: ZoTg^^fLTi^o

2.6.4 R. sphaeroides RVA'b (DlX 9 h K d 4r> --tz 3E**WStfc :

(1) Its
b V ^ b y V A >3 — bf^,*tv b^^w/:,

^tby^LZ: ^ b &3:>3- bf 6miSf AupZ CD^ -#V>g%#S^#k: ctoT, #
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'?)»«< eir^ W6it^3SSr>e9l^®#680AHSP:S* '?!mW

mui 0S'n9$*:i<S-^'5r4q)'WW:i13 5 %*fW«*‘zr 4-W3)?W5*^*8lw: ' » 2-$ 

$a$»=lBll6m'ti $SX '5GfAT*eH 'CiKSliSK

-̂ ?i 4 % °g©2.n^$q29% 

■i^iifiik?)®*>ai:i3mmmw ¥±»:i$iai»«iR$Ea,

*#^21^#^ a #$*#©#%##$ '54-^#% "%nw:m'®2 °^ c-a21 <#

^ 9- 4. Si* 3 <# £ 3 <<? Sr ?f Ui % fS 0 2 2. C. T 2) W $* 0 Sr 2t i2 <5 ?4 '<<? Q ?! <9 2 «¥ s<? Sj 

MI^@»WSn?a3««*»llW5' 2 3 0 *#:! &!©%%#* ''iya.(02:T)2->r$.$* 

i**0iawwenti2U-5##fl-2$E$#ffl(«-o)i3BN 'mjarsm

SKS&^SSii 2|(iH fra?®)4iSE '2R2 E 4 v-g 

0 $(%*$#%* ° -2 ^ ti 21 <» -V £ 4 ■ *i 3 B » ® «680AHS

%M21?2i6 ^ K^m#0-E»%9W**0#**#$ '?lt@H© ti "42 °2V cyatOVI) 

*M#*St2.'1£M5:E A. V0 6»EE»£tl0BS 'flZa^TSfTO '18 'TV

680AHS ' 21 I - 9 • 2 r

M6*>n^sf^5$ (z)

'2l»[B|;?»if0*Hff

2«?vHd0siT3 °-vn^i)s=i*tw«i6®4B 'q stress 'nw?*W5*^?

4M2i$E$3#*E2iet '2.nW3S2- 4 44 f, £ Kv^toiTMt® 2 'ipig^oiSJA

0 (b#«S#*$i

$£6$3zfe) rV4f^'ilW2. ©EM^SliS^S-if/: < 1 E 4 O-c- T '?R2

v)^$q:0S2 4.MS?*E*« ' q: g 4 'q 2©%s9©H$9^.4--f4a 4 q^EQ 

2SBSHSS ':) 9 $ °^ntt^ic-T2l*gi®.il)HS}04B2f#-ed ^ a/:<A-fr '?S 

*WB3AT*[)(i9m068OAHS*^M$#5g ° £ V £ $3 Sit 2. 4 4 4 4 B»©©iSW^ Ar 

4*-?l?t»»fW©2 '«S5:2?HeMWTI 4 2 - t:44-¥ 0-i-$ 2-$ <*:'1S © * « » H 

%#3$t#t^^--44aW q^EQ% ' ?! 2- % * 0 4 # "?!if4##3R 2 5-^2-## 

<$#2.44-4 HR###©2 'fiqtSi© -I 2 rr44¥®yW2,4-?4D 4 q

° 2? m 3 680AHS$t M $ Si 6SAH sapiojaeqds -y m ^ ? 4 - -44 n .-1 q#E Q ®i*



7X-fkW2. 6-5(:#(fT^&o

aT^mm-r^^T^o gs&s^mm 

SMV089k^^% (Df$m®i:b##f#

(#ei, 2. 3)

X:^^^W#SMV089CDf$^&##gi-a/2 Cl^ j:^E20|g^(:oWT

# J® 't' -So

a.SMV089#^##(D#m#7j(#&m(Dtb#

{fTC30°CT2Q^%#L/:o

ilfeo ±0 a It 2 H [§j fr o it o

fj O tz o
0.4g/l KH2PO1;2. 8mg/l ILBOi;0.75mg/l Na2Mo04•2H20;0.24mg/l ZnS04•7H20;

2.lfflg/1 MnSO*-4H20;0.041mg/l Cu(N03)2-3H20;0.75mg/l CaCl2-2H20;

O.lg/1 MgS04 *7H20;10mg/l FeS04-7H20 

C @%%(±0.22//m6DMillipore7 ^ ;i/^ Lfco

X: o McmmuT#

oy > 7 > y (f fLl009 ^ h ) R9jg#6.0kluxk:#^ L&o pH(± g#8<]

C1N NaOH ^X:(±1N HCl#WnCZ'oT7C##LZ:o ^^LZz/W^^^^Triton 

wet test^f^^—

v D#;tZ:o

igm0mA#(F)(±31rnl/^C(g^ly^o VT^f®^#(V)A^930ml-C^'5@'e, # 

^$(D=F/V)(±0.033/h%r&^^o mzKaf@#^(HRT=l/D)(±30h^^Dx ##
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-ara$a(0D6ooni) (02.6-6)

-aesmse
-Bchl^l(A775nm) (02.6-7)

-ILSfiS (g/1 U 7 V $ ¥6© GCfl-ffiCiS)
-PHBS* (y< A' y V '>Xt3£V<GCfriHTlZ£Z,) (02.6-8)

(«t) (02.6-13)

-7KS#$iS« (ml/l V 7' y * £ t l±g|g$l»/B ) (02.6-11. 02.6-12) 
PHBf^MCourtt. GC##f(±, Pott T- 0 -1 P d * •> © / A/Vx- AA )l

6<Jtf-y©#.££fflbto 02. 6-8Cf>tJ;)C, PHBfittSAIiTfe 1. %#

fflMS! B T-liS($$SttT- *»ttttT- i> Ts] bBET-ifc o fc (SHly-7f 0

A5%) , LlPl, SS*S*Htti-Ctt> Ottfrofe.

#S«miC9t>Ttit. >»7ctiE,,*«tat6C»»fe#l)SL.
at DlA-tth pn V > ^AV-ajcffi-CWSUfe*’.

WC. - I- n y A — M 5 ttfxo fe0 7 )V 3 > #HS(T C$fJ# b t

A S%#%&6mltt% b. BOmlmKSfcet: AflT serumttT-Wit It, 

K#&30"C?*# (2009 y P) + Sl't.

2ml© 7 A A U > £ An i ^ y P © © — A *» b 50/7 1 © # A ft £ M 7 ffl flf ,6 bS8t b 

(0. 5, 15*! J; 77209-) . GCT-fl-ffi bfeo ® ffl b fc * A A ti:, g£2m. Eg lmm© 
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t^«S*S»SHV087©tttgS«B'r^ £ftfflK!f&H2*5 A tmfflfelft te o T IfinS 3 »

a.SMV087«t^tStt©^R#7k*4*©ib«

T,- g ^ c, lOmlfflaSytgttBSB b. &t'T-. ff5U4/B9;6

(4- T 1C 30"C T- 2 E @1 ig * b Zi „ ifcl' f, tg##&. ^ © ft © - SFg Zr ^ ^ -y h T-m

t'-5 rtf *ig 1ft £ Aft fclSM'W 77V CS LT«ai4/Bji$frTC30°Cr-tg

#l£t tg # 15 2 B H Ik o Zr o

%Stglfct5. mSlE*#©ES*-%#*> e, l-ti*1-5,SA*©?L®6Stt-> D y 77:

(•w<p«©iscis»$a:«@f#i!f!) .

fir o fi :

0.4g/l KH’P0i,'2.8lBg/l HaBOi ;0.75mg/l NaaMoO, -2Hz0|0.24mg/l ZnSOi -7HzO;

2.1 mg/1 HnSOi•4Hz0;0.04mg/1 Cu(N0i) 2-3Hi0;0.75mg/l CaCh•2Ha0;0.lg/1 

MgS0< • 7Hj0; 10mg/l FeS0v7Hz0

b ©tg* 150.22771®Millipore7 7 ;v7 T-aiSiSS L Z:»

lg#M#&. 7 7 A A 7 7 7 f - 7 £ OB x. tz 1 ') -7 h ivcoKjU * <) i> T-fi-i 

tz ( f . ig*&imA A*c. smcas® LT*n:Zi#«.t$

IgUtl Sill/, ig*i|71P5>£77'7ya Lto !MI52@©7\ oy > 9 A 

y (■fil?W00 7'7 1) T-tTlK SB® (56.0klux£tSS bZi,, pHti §*>«(£ IN NaOH 

Afcl51N HCl©#mi:Z-3T7C##LZ:. %£ bZ^t A *#7 SrTriton wet test# 

7 k — 7 T-SeiTOiCfiiJS bZz„

tg#tJtt7-! -y AT?24iHSfffl*tft b. 7k*®$gM<i6Ei*te*8tg#teyH)#AZi» 

tgtte©$A*(F)l531ml/BSt:@S LZt o V 7 7 7 © (V)Z>s930mlT-$> 3 © T-. #

$*(D=F/V)li0.033hMT-$>£)&„ S*K’@B#®(HHT=1/D)li30ht?fe D . -iMi. 1

strotc tis*©±ss6530B9r=gr kce© 5 etstttts«

St. TSB©7t5 k -7 £488#*®T-M bZio
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(02.6-47* i If 02.6-48) „ L* L. «gf 4~5B g fflfit li [@Jtt? fc 3 „ a © )S li. 

5-l4tt©7X*%4$$lieT U -*59*S$R#©«I±±#L, & Z b

ftTli;77(-cata. %sse=B#ffl©@shig$ei$s®iliacj:o 

T. 8*SIS7k*4)Sa#$?t$t*k tblxLTiSlnLfc(+2235;) (02.6-49) „ 

±,B©f-a kWmC#-^^*R»SHV071* =ty'SHV089T-f# ?». ?

*S§«aRt*SHV087fflftl'4jSffi*C - h naa-a'C ioT^abfcTkH&m'lffl 

T&ab© kPHA### *©%*!:##& =.-3 ©7@m^# ©#*%*©

6 k*S!6T- J4.

b.«7? © I < -y a © Tft«mm to C <fc 3 SMV087** © ^ ^ tK * 4*

«C. iS*XKk UT ffl U/i® ❖©*##*%©^«tt4#*LT. ?a3BSV$S

t*©ffit6&fffffi 4E»K»li. tlBT-Btca^fe O&o
$ 2 . 6 - 9 sy=a 2 . 6-10?. $i#m*#%it©2-3©77 V f 

a^#.%#*sMvo87c 4:bKmm©%#?mii@ L*4tm#7k*ammm&ibeL*. 

#C . m 2 . 6 - 9 li U T S a 811 V 3 h IV 6 2i b © (* & S U. 12. 6 - 1 0 lilffl 

a@R#amaaa&a o ©is^t,
SWi: CISC II* &«#*>. btitziK

©*f»©?-47(;j;oT. - 7. a s§ S -s !S t* s M v o 8 7 © R v' 7k * $ e 16 * » «If. S n i: o 

it-tf&e,. nai7tg*s(ar-tg*Lfc@tt#©«*s. (su»7^fciiisi#?. 
is *> o * i-t-fc s - iit, ga*© *m#7k#am©##bmimid:. - * v r @ *>

3 fz o

ISISi: LT. -7.as?«SSm*SHV087ffl7k*#sa*Sffl*«(Bli. ¥iSl VT. S-3S

Si $ sttsMvo89? »i$ s n ait a d (s V7 6s. scstttti b «v' (-sac. m%©4
~7B f@ © % si T-14. b Tb? 4> S« U y HVfc/i b «1.2ml/Bx 

bl.8ml/H) o
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Y#:)690AWS#M 

"n^<--a^:mG8NSd^ ^

^/im^ZlYOWCOY —3:0/: ygoncf## fPjr(ZGP9,Qr gn^p^gc/pj-y

ggp/o/gp^g-y®#^

ry/^.^09^Ay^9proj9Py(/s'y

nz^^o-a^^TEf^^Bs 02 'fm^Y

W.^9^A3 g^/o/ap^g-y^jr^E W/%% 

^^09^ g/??p^g(/pj'y "%c.^^g$0$y]j^c.^%nc2)VNGY///

A;9#0^#^---P^O 4 -:)^#il%n3#s(^Zz:ar<Z

nY"%n

9j( '9 gaprojapycrg-yga-Y^n d q

^[fPrjna^gpcT'j ° gr Q

^#a--Y//a4 %:$ "##0Z^(Z)(*^gr#^##^[i#^^Y9^Ay gaproJaF^g-y

m st u)

Y < -

-□ 4(%\/680AWS##^#^a---A:4 a ^ ^l 0 XMAti sapiojdeqds-y fi^

H x^¥:fi^9i : MW lV/ZMiua'fH lVJlu±Q&®\%a.--(-i, □ H --0H 8 " 9 ' Z



(2)

a. R. sphaeroides RV mfR2/R1

-b > V > ^ AC

j:^C/uY^ &#C-atrJ?.spAaero7(yes RV^yV A7

> h^PCRCZ-^T^mf 6E%L^^'D/:o

R. sphaeroi des RV# t* b CD # — nifRl ii {k f @d ^'J C $ < ~7 z? d & o

b/J^%PCRg#&!##f6/:A@t9--0(2)PCR^#Cj:^T,

@ f & ^ > 3 — Ftli fli/tfi jlfei"-© 415^§M^800bp) £ J?. sphaeroides RV^ 6 

f 6 Z kC5K% L/:o

^(EBPs)®^ 7 < vejmimacimf &#m#<&###

^#(6)Cj:ft^, #6ii^PCRm#(±, AEBP77<V(D#m(7)#m'r&^7]]Y^®

-as#<%#2frr#fx

(fx f -& IPCRM^&fio^o

hi m C £ ti tz R. sphaeroides RV nifRl CD @B C S o l '> T x b. o CD f5 fo] CD H fc 

/& y 7 < L/io

R.s.RVnifRlFwl^ Z^R.s.RVnifRlRvlk^##/:^'3®#f LU77 ^ ^(iTECDM 

D ?&&o

R.s.RVnifRIFwl : 5’ -CTTCTGGCCGACCATTTCCTC-3’

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

t- > 7° L/ — h t b X v i£S (DWM (Clalx PvuL BamHK PvuII, BstEIK NdeK 

Stub EcoRK MscK Sphldo X tb'Apal )t? #J #r U fz R. sphaeroides RV^/V A DNA£

fco

IPCRixJfotdu MasterAmp PCRUilHh^ 7 b (Epicentre Technologies)£ 

i33®rLTgBlnn‘d:ii"/2/?. sphaeroides RV^' / ADNA(500ngk 50pmoleCD & 7" 7 4 v 

d^ d:^2.5${6CDAmplitherm DNAdi V ^ 7--b#m^#^^#50//lC#Av'ri^o 

C(Z)t##yDy7A(d:, #%CD95°C-C5^CD^#, 95°Cei^(D2[mB(D^^, #1' 

-?60°Cei#(Z)7::—V>?\ doZ^72°C'r3^CD##"e^)c/i:o 25@CDi##1t^^;i/ 

Z'nitzo TlflCiS^-SPCR^iWIPCEIi, Vf ft t> C ft 6 ©$

K ^ ft C tS O T fi -3 £ o



(02.6-50) PvuI(m2.9Kb), Stul(mi.lKb), PvuII

EcoRL MscIjoZ^SphlT^ 

PvuI(2.9KbK StuKl.lKb)^^^

T^#^fL/:DNA7 7 ^ / > h c/:a Cfl6 2'OOlCPR:iW&

T. Jf.spAaeroydes RV yyyf^; mfsf 03'm3^0±m^J^5'#Wi0XgB^0m^J&^

a.spAaero/desRV yyy'W ^6(:ICPR^#

aYW StuI(:An^.T2

@O0^(Nae I # Z ZfPst I )kF#ao^^Y'7^#mL/=o 

R.s.RVnifRlRv2 : 5’-GGAGGTCGCGTGCACCTTGCAGC-3’

R.s.RVnifRlFw2 : 5’ -CATCGTGATCTCGGCGCAGAAC-3’

(02.6-51) NaeI#{b'r(±^1.9Kb®IPCR##&^LTW 

6, PstIl:%mrL/:^VADNA&mi^#^(±^0.8KbGD77^^>h, #mPstI&m 

l\/:#^(±mi.2Kb(Z)/^> #6^UIPCR77^^ > F(1.9Kb NaeI^j:Zf

i.2Kb stui)&ig^LT, fom

^yyyY^ 03'm^om^J&^^"r #/io 

1.9Kb Nael^j:^!.2Kb StuI IPCR77^^>bOE^J^^&, 

^fLTW6DNAEfiJC#'3WT%:'tf4'

R.s.RVnifR2Rvl : 5’ -AACTGCTCCACCTGCTCGAGAA-3’

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

R.s.RVnifRlFw4 : 5’-TTTCTCGGACCGGCGGACACTG-3’

COSm^/EM^^ ^;1/C j: CT, yi/f^ miSf ^y%y^7

a.spAaero/desRV/yvA75'yy>FA##@gfiJ&i&^'?^2:o yyyf^Of

^±mc&ay]yf^m^f(7)3'-#^®E^&^^Ly2 (02.6-52) .

comma, 7^t^##Yi78i8oTCEMBL^^7^ ucmm 

Ltzo



b. R. sphaeroides RV nifR2/R1 ISfz* IF /?. capsulatus nifA1 ^ (D ^ 7 7

pSMSSO'x (Z)tF7 7D-->7

SMVO89^^^##CD2^0#jmi*6f At:pSM830&

^#^7 7 h LTjMJXL/io

pswaos

#^) 244bpCDPvuII-Sfil7777>b&60bp@^m7D-->7'gB

(I32.6-53) o

CCD7Df-7&iSRL/:mA(±. ^.apAaerojcfes

R. sphaeroides RV nifR2/Rl jftfe 7(2502bp)4o X XfR. capsulatus nifAl mi%f 

( 1686bp)CD^7 7pSM830^\CD7'77 n — ~ > 7"&. IPCRJilS7fjM Lfz 7D h n — ;V

77 ADNA^ 5DNA7 7 77 > b 6 C ^1: Z

17#®7 D-c:>7m^&##(:f MRB#mAsp718^ 3:^XbaI®mm@Bm

^#77 7 '7#cl;U^7 7

:Pt), -^CDShine-Dalgarno(SD)@E^J&#tf 

jzoCL, SDkATGM%3K>#fm#M&mm<bL/=o 

^.gpAaeroy^s RV m&fCD777o-z:>7CD/:ACD777'7CD|E^J(j:

TEOMOf&'o/lo

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

R.s.RVnifRlXbalRvl : 5’-CTAGTCTAGATTACATCAGCTTGCGGCGGCGTGTCAC-3’

R. capsula tus nifAl ji fA 7 CD 7 7 7 n — — >7" CD fz <#) CD 7 7 7 v CD IE ^Ll & T IB CD 

M D "T

R.c.nifAlAsp718Fwl : 5’ -CGGGGTACCGGGAGACGACACATGCGCTTTACGAGATCGCGAAGACC-3’ 

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

pcRi#m#t:, fmm^6D7/7

CDDNA7777 > b##&fk&mgL/: MlSf ^(±^J2,500bp.
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'T(±l,700bp) o

~7 x. J—)\/ Jttj Hi <h :n *? j—)Vb/f tti lz s R. capsulatus nifAl ^ & DNA

7^;<>b#*^&em#mAsp718;%J;#XbaI-f%]#TL/:o ^/7^pUC19

fajfjU &m#puc&4 yot-^(DM#;TT%#/<^^pSM830C#AL/:o

<DNA77^'/ > ^.apAaero/ofes RV ai^V^

m&f f^pcR###^y^

pCRII^^^(Invitrogen)&^^^X^D —

LTmiX Asp718^j:7fXbaIMPm#m&^mL/%A^/:o #A#&DNA@m

7Dt-^(Z)mtjm]T6D^m^^^pSM830(C#ALX=o 

m^B'J?L#CJ;-3TA'.co7y XLl-Blu#j^#^^B#4S 

B##6##CD%#<&30//g/ml*f-7^ y >&#trLB#^'reo^o

j: D->^#^ux:o cti6®^

ft/if o->U\ ^.apAaero/des RV aif^/^y

SMC516^^(je, y?.capau7ataa aYf^y mfzf ^1%#^ 6BM$c##l(±SMC518h^# 

U-Zio

c. E.coli SMC518h R. sphaeroides RVIX 0 b H o XX - tz ^^^##SMV089(D#^

R. capsulatus nifAl 'M fs -f & {£1# T & % M ^ & $ pSM830© R. sphaeroi des RV 

SMVO89$HS§^0)^ Aftlp £ X o Tfjo fzo E.coli SMC518^^XiR. sphaeroides 

RV SMV089#eg%BW^1^L, 35°CT6B#^m%LT

V77>tfi/>(150//g/nil),

(20/jg/ml)# Z7f b V / b y V A(25^g/ml)&^traSy#^"e#^#:&mmLy2o 

30°CT^m(:2B^%mLy:#C, XL/-bhC$#0#^#:^#6^^o 10#O

d. R. sphaeroides RV SMV101(D#8#&

j#^KL/:3D-—#%(Cx U77>lfy>(150//g/ml)^^±'74'S/>(20//g/
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©T, 2-o©%##&, Wf^^*f7Yv>(20/zg/ml)&AD%TjoW^#^aSyj:g%

%##, 30"CT2B^,

%aiR]#CD]gj^'rmAy/:o 3Dz:-^6©77^< ?#th^X©#

< ^ V 7^> ^ "T

2.6.9 & Hi

R. sphaeroides RV© % M/k M £ Mt£ ft & dk# t" & Z. t C file-#J U tz o

2©gf#(±, m^©^,

#c, wTiLfg##@Teo/:^f$#aHUP7^

#©hb^cj:3T, f^u:#cTm%Km

m#50%?^<7k^Ck&^LTl^o

W D%#^{4:"e©PHA7 4' ±^/HUP7^

C©%#(±#e#^^®275%m#k

m*m^A#(D223%t#^ cfg^fao

^mc&m&rnw-cx#/r©^m^##©^^

C^(±, ^6<, ^CPHA

PHA7 4'i-^mmm(±fiJ^'%:(±^<, trL5^^C^^,o f&WPHB##T##^
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J: to C7kX%£kPHAga®gil£lif$As3& < At ® Ap e, ® jfc .g, „ ?tit-4, HUP?Ato

5 a-SfrCffiV'® kAsl?.to htitzo #m. to®?to 

ni7j<s9;setiKf*J; dvoxau. kin*. hvp^j 

D Si#FHT-%££ tog, k k £icl* UT l> 3„

-A, [WJ lto£j£tg*£BJV'Tffo Acii«tg*C 4; oT, HUP?£ toy kPHA?g toy/

hup?£ toy ©**£/?* Li'<4fgAs/£^n/;o m*i±. *> BttttJ: 9 -en-e-neox*,-

£ %fl5%$U7k#^£m Lx f lii£T, k ft k> ®

m.»sftr-1#£nfcemii. rfiee*tos:tg#s*urmv'Tfee.tifc'femk^grr^o 

ikSJS*toliStgltjik£r6j/gtt®7KftT-f# -iftAc^mMIkStolAK. 

SifflftSli/tiy HUP? £ to y ft Z IAPHA? A to y /HUP? £ £ % 0 A A^PHA? A to y Z D % 

kiikjft&k, klSSft g £=, PHA?A tx55SSStt©tt«il;Slt5«jSI£ PHA6B%ft£ 

j*SK£dtr$H£fflt'3iS£r£!tSie:T-<fc£„ k tM±. *Pgx 2?®<tiM

mii?#% - 6<J ft ft to . 5dl'8x/ttffilkftS =

, t /« g| * « m ® ft 1L M ft/r ? Ac / M 3} 7k S £ i$ M S£ Ik J; ? ft x 7k * £ Pi f 6 to £ £ % 

(:&# L- Ac 95 ft tk<k ® 33 S -$ S ® PM ® <8 f* k L ft^ g US® 33E'$ M# ft 

i«T#4 ft to CAc-cAc

kftlft £? I- □ y to-toit/ttmrSt'i/blklSftftg.ieeto® fto®fflffl»tito®®*iJ 

AfiJl(k£oftji6££ftg,„

kft 5> ft offlff t naJStSttKTHiT, rfr«)«Sto6*tgte$tg||*Hk Ufiil't 

WESSt*®7t A £ IJ ? 77 k, ft- / §£ S 7k S £ a ® MB ft f-T -Jo Cki.e>ggSi$Ht$fflt$6g

to ffi to ® tW IS ik tS x. £ £ ffl k (h b T l' g, o ?S #3 6U Ik li x ccknyto — to'SttfflaftiSto 

R.sphaeroides ft® 7kiH£ £ffiA:i ft £ 6 Ikii^-f g Ac »ffl »f-® SfKteft ft g <, *l#x S 

# tc k ny to-to fttHM®®- g 5 rjj|gttl±iSB#AAT-li#SCfi® J; a l:,lfc#U.

ft; to ® tft f't b Ac KSf Uu R.sphaeroides RV£ (A $3iS L fell# to C. pasteur iamm t k

n y to - to I ti:, EStt/iS^ff ft® to®3g$gk«B6tiftffei"g ActomXBftn k d — 

Al-ftMilfb UActkA/i-Jb k-fft torSttftftgk k to !g Sb 6 ft Ac „

% k n y to —to - k k ny to-torStifflWffiaHC J;g7kS$iSfEA©$#® BJSEtitift

c--to7VA=-Wt;(i =t t> B/aUftfegtox £to7k*£a®fl-»tr*iA54-ft®@JAeef%toD 

yto Aft*i6£;ft.g*gtoftgo
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6 - 1 HUP-7<y-X# (SMV089) 
7k m&Mf-x 1 K

DATE 1 L-scale Dilution of market waste Batch
Exp.

Bioreactor (from acidogenic step) of waste

A 11/25/1997-12/6/1997 1 1:10 1

B 01/21/1998-2/02/1998 1 1:10 1
2 1:20 + NaCI 0,3% 1

C 02/17/1998-03/02/1998 1 1:10 2
2 1:20 2

D 03/09/1998-03/19/1998 1 1:10 + NaCI 0,3% 3
2 1:20 + NaCI 0,3% 3

E 04/01/1998-04/09/1998 2 1:10 3

F 05/05/1998-05/14/1998 3 1:10 under vacuum 3

H 06/08/1998-07/09/1998 3 1:10 under Ar flow 3

J 09/16/1998-10/05/1998 3 1:10 under Ar flow 3
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2. 6-2 HUP (SMV089) ©zKS^EZX
intM2:zK$4EiS$ (mlHa/l reactor/day)

ml Hz/1 reactor/ day

SMV089 SMV089 SMV089

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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-3 (SMV089)
iStfi$(hzKS^Si$S (mlHzZg dry weight/day)

ml H2 / 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
7kS^feET-X h-K (A>5Fig#)

DATE STRAIN

07/15/1998-07/24/1998 SMV047

SMV089

09/16/1998-09/25/1998 SMV071

SMV087

32. 6-5
»ttft©14tgo|:t:KffPM

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

SMV047 SMV089 SMV071 SMV087

(wild-type) (HUP-) (PHA-) (PHA-/HUP-)

H, TOTAL AMOUNT (ml) 3260 3258 1965 2488

AVERAGE COW (q/l) 0,74 0,55 0,59 0,58

AVERAGE H, PRODUCTION RATE (mVday/g dry weight) 489 846 555 613

H, Yield (% of SUBSTRATE CONVERSION EFFICIENCY ) 30,67 30,74 17,97 21,74

AVERAGE DAILY H, PRODUCTION (ml/day) 362 465 328 355

COMPARATIVE DAILY Hj PRODUCTION (%) 100 128 91 98
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6-6
/XS^StX h-1 (SES#)

Exp. DATE 1 L-scale 
Bioreactor

STRAIN

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

2 SMV069

J 09/16/1998-10/05/1998 1 SMV071

2 SMV087

6-7

Comparative evaluation of the performance of the mutants versus 
the wild-type strain in continuous cultures using synthetic medium

SMV047 SMV089 SMV071 SMV087

(wild-type) (HUP-) (PHA-) (PHA-/HUP-)

H, TOTAL AMOUNT (ml) 13502 21561 8608 15479

AVERAGE CDW (q/l) 0,81 0,82 0,73 0,67

AVERAGE H, PRODUCTION RATE (mt/day/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 (ml/day) 844 1135 574 911

COMPARATIVE DAILY H, PRODUCTION (%) 100 134 68 108

2. 6-8 (SMV087)

Exp. DATE 1 L-scale Dilution of waste Batch
Bioreactor (from acidogenic 

step)
of waste

F 05/05/1998-05/14/1998 2 1:10 3

G 05/19/1998-06/04/1998 2 1:10 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 under Ar flow 4
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2 . 6 — 9 ## (SMV089)
£*S:£8l3l$ (mlHzXl 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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2 . 6-10
IS ±6:

(SMV089) 1
(hzKS^Si$i$ (mlHz/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 _

.2000 -

.1000 _

C. pasteurianum (positive control)

.0000
Recombinant R. sphaeroides RV

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
time (min.)

GC analysis performed on the gas phases of cultures of C.pasteurianum 
and R.sphaeroides RV recombinant strain SMV081 cultures.

02. 6-4
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- HCRNKN i'ATSON CONDITIONS

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

H2EVOLVED (total volume)
IE EVOLUTION RATE (ml/1 reactor/day or g dry weight

/day by GC analysis)
CELL DENSITY (OQ00)
Bchl CONTENT (A,75)
LACTIC ACID consumption (g/1 reactor by GC analysis) 
PHB CONTENT (by methanolysis and GC analysis)

ENZYMATIC ACTIVITIES:
nifrogenase (by acetylene reduction method and GC

analysis)
uptake hydrogenase(by methylene blue dye reduction

and A 570 )
Fermentation conditions adopted and analytical parameters measured 
during hydrogen photoproduction tests of HUP" strain SMV089 and wild-type 
strain SMV047 with market waste-derived medium.

El 2 . 6 — 5 • iytlf/'t 77 k — v
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10 20 30 40 50 60

GCCGGCCCTGGCTTCTCGGACAGGTGGCCTCGGCGCTCGACGGGCGCGCGGCACCCGAGG 

RPWLLGQVASALDGRAAPE

70 80 90 100 110 120
I I I I I I

TGCCCGAGGGAGAGGCGCTCGCCGATCTGGTCGTGGCCCATTACGAGGAGATGCTCTCCT

VPEGEALADLVVAHYEEMLS

130 140 150 160 170 180
I I I I I I

TCTACGGGCGCGACCTCGGGCTGCGCGTCGCGCGCAAGCATCTCAACTGGTATCTCGAGG 

FY GRDLGLRVARKHLNWYLE

190 200 210 220 230 240
I I I I I I

CCGCGGGTCTGGCGGCGCACCGGGGCCCCATCGTGACCGGAACCGATCCGGCACGGGTGG

AAGLAAHRGPIVTGTDPARV

250 260 270 280 290 300

TGCGTGCGCTGCGGCAGGCCTTCGGCGCACAGGAGGGGGCCGCCGCATGAGCTTCCGTTC

M S F R S
VRALRQAFGAQEGAAA-

-> nifR2

310 320 330 340 350 360

GCCCTATCCCGTTCCCGGGGTGATCTGGGCCAGCCTTCCGCTTCCCGCGGTGCTCATCAA

PYPVPGVIWASLPLPAVLIN

370 380 390 400 410 420
I I I I I I

CCCCGACGGCATCATCATCGAATCGAACCCGGCGGCCGAGGCCTTCCTCAATGCCTCGTC  

PDGI I IESNPAAEAFLNASS

Nucleotide and aminoacid sequence of nifR2/nifR1 from R.sphaeroides RV.

02. 6 - 5 2 R Vtfc 0 (DnifR2/nifRW% ^ l/^ F F7 5
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430 440 450 460 470 480

CAAGAGCCTGCAGGGTCAGCCCGCCTTCGACCGGATCCTGATCGACGCGCCGGTGGACGA

KSLQGQPAFDRILIDAPVDE

490 500 510 520 530 540

GGCCCTGTCGCGGGCGCGGTCGAACCAGTCGCCCATCTTCATCAACGATGTGGACGTGAC 

ALSRARSNQSPI FINDVDVT

550 560 570 580 590 600

CTCGGGCGAGCGTCCGCCGGTGCAGTGCAACATCCAGATCGCGCCGTTGCACGACAATGC

SGERPPVQCNIQIAPLHDNA

610 620 630 640 650 660

CGAGATCGTCATGCTGCTGATCTCGCCGCGCGAGATCGCGGACCGGCTGGGGCGGGCCAC

EIVMLLISPREIADRLGRAT

670 680 690 700 710 720
I ! I ! I I

GGCGGCCAAGTCGGCGGCGAAATCCGCCATCGGCATGGCCGAGATGCTGGCGCACGAGAT 

AAKSAAKSAI GMAEMLAHEI

730 740 750 760 770 780

CAAGAACCCGCTCGCGGGCATTTCGGGTGCGGCGCAGCTCATTGCCATGAACCTGTCGGT 

KN PLAGI SGAAQLIAMNLSV

790 800 810 820 830 840
I ! I I I I

GGAGGATCGCGAACTGGCCGATCTGATCGTCGAGGAGACGCGCCGCATCGTGAAACTTCT

EDRELADLIVEETRRIVKLL

2. 6-52
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;50 860 870 880 890 900

CGAGCAGGTGGAGCAGTTCGGCAATCTCCGCCCGCCCGAACGCCGGGCGGTGAACATCCA

EQVEQFGNLRPPERRAVNIH

910 920 930 940 950 960

CGATGCGCTCGACCGGGCGCGGAAATCGGCGGCGGTGGGCTTTGCCGCCAAGATGCGGAT

DALDRARKSAAVGFAAKMRI

970 980 990 1000 1010 1020

CACCGAGGAATACGACCCCTCGCTGCCCGCGACCTATGCCGACGCGGACCAGCTGATGCA

TEEYDPSLPATYADADQLMQ

1030 1040 .050 1060 1070 1080

iGTGTTCCTGAACCTCATCAAGAATGCGGCCGAGGCCGCGGGCCCGCAGGGGGGCCGCAT

V F N I KNAAEAAGPQGGRI

1090 1100 1110 1120 1130 1140
i I ! I I I

CCGGCTGCGGACCTTCTACGACATCTCGCTGCGGCTGCGCCGGGCGGACGGGTCGGGGGG

RLRTFYDISLRLRRADGSGG

1150 1160 1170 1180 1190 1200

IGCGCTGCCCCTGCAGGTCGAGATCATCGACGACGGCCCGGGCATCGCGCCCGACATCGC

ALPLQVEIIDDGPGIAPDIA

1210 1220 1230 1240 1250 1260
i ! ! I I I

CAAGGAAATCTTCGAGCCCTTCGTCTCGGGGCGCGAGAATGGCACGGGCCTCGGCCTCGC 

KEI FEPFVSGRENGTGLGLA

0 2. 6-52 (ES)
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1270 1280 1290 1300 1310 1320
I I I I I I

GCTGGTCAACAAGATTATATCCGACCACGGCGGATGGATATCCGTCGATTCGGCCCCCGG

LVNKI ISDHGGWISVDSAPG

1330 1340 1350 1360 1370 1380
I I I I I I

ACGCACCGTGTTCCGGGTCTCGCTGCCGGTGGCGCCCCGGGAAGCGGCGTCCAATGACAT 

RTVFRV SLPVAPREAASNDM

1390 1400 1410 1420 1430 1440
I I I I I I

GGAGGTGAAGTGATGGACGGCACTGTTCTCGTGGCGGACGACGATCGCACGATCCGCACG

MDGTVLVADDDRTIRT
E V K -

-» nifR1

1450 1460 1470 1480 1490 1500
I I I I I I

GTGCTGACGCAGGCCCTGACGCGGGCAGGCTGCAAGGTGCACGCGACCTCCAGCCTGATG

VLTQALTRAGCKVHATSSLM

1510 1520 1530 1540 1550 1560

ACCCTGATGCGCTGGGTCGAGGAGGGCAAGGGCGACCTCGTGATCTCGGACGTGGTCATG

TLMRWVEEGKGDLVISDVVM

1570 1580 1590 1600 1610 1620
I I I I I I

CCCGACGGCAACGGGCT C GAGGCGCTGCCGCGGATCTC GAAGCT GCGCCCGGGGCTGCCG 

PDGNGLEALPRISKLRPGLP

1630 1640 1650 1660 1670 1680
I I I I I I

GTCATCGT GAT C T C GGC GC AG MC AC GAT CAT G AC GGC GAT T C AGGC C GC C GAGGC C GAG

VIVISAQNTIMTAIQAAEAE

02. 6- 5 2 (ES)
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1690 1700 1710 1720 1730 1740

GCCTACGATTATCTGCCCAAGCCCTTCGATCTGCCCGACCTGATGAAACGGTCGGCCCGC

AYDYLPKPFDLPDLMKRSAR

1750 1760 1770 1780 1790 1800

GCGCTCGACAT GAAGCGCCGCGCGCCGGTGAGCAAGGCGGCCCCGCCGCGCGAAGGCGGG 

ALDMKRRAPVSKAAPPREGG

1810 1820 1830 1840 1850 1860

GACGACCTGCCGCTCGTCGGACGGACGCAGGCGATGCAGGCGCTCTACCGTCTCGTGGCA

DDLPLVGRTQAMQALYRLVA

1870 1880 1890 1900 1910 1920

CGGGTGATGAACACGGATCTTCCGGTGCTGGTCACGGGCGAATCCGGCACGGGCAAATCG

RVMNTDLPVLVTGESGTGKS

1930 1940 1950 1960 1970 1980

CTCATCGCCCGCGCGATCCACGATTTCTCGGACCGGCGGACACTGCCCTTCGTGGTGGCG

LIARAIHDFSDRRTLPFVVA

1990 2000 2010 2020 2030 2040

CAGGCGGTCGACCTGCAGGGCGTCGAGGGGCCGGCCTCGCTTCTGTCGCGCGCCAAGGGC

QAVDLQGVEGPASLLSRAKG

2050 2060 2070 2080 2090 2100

GGCAGCCTCGTCTTCGACGAGGTGGCCGATTACGACGAGGAAACGCAGGCGCGGATCGTG

GSLVFDEVADYDEETQARIV

2. 6-52 (ES)
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2110 2120 2130 2140 2150 2160

CGGATGCTCGACATGATGGGCGATAACGCGCCCCGGATCATGTCCACGAGCCAGGTGGAT 

RMLDMMGDNAPRIMSTSQVD

2170 2180 2190 2200 2210 2220

CTGGCCTCGCGGCTGGAGTCGGGGGCCTTCCGGCAGGATCTCTATTACCGGCTGGGCGGC

LASRLESGAFRQDLYYRLGG

2230 2240 2250 2260 2270 2280

GTCACGCTGCATGTGCCCTCGCTGCGCGAACGGGTGGACGACATTCCGCTTCTGGCCGAC 

VTLHVPSLRERVDDIPLLAD

2290 2300 2310 2320 2330 2340
I I I i I !

CATTTCCTCGCCCGGGGCGAGCGCGATCTCGGCACCACGCGGCGGCTGTCGAACGAGGCG

HFLARGERDLGTTRRLSNEA

2350 2360 2370 2380 2390 2400
! ! ! i 1 I

CGCGACCTCGTGCGGGCCTACAGCTGGCCCGGCAACGTCCGCCAGCTCGAGAACACGCTG

RDLVRAY SWPGNVRQLENTL

2410 2420 2430 2440 2450 2460

CGGCGGCTGATGGTGACGTCGGCCGAGGCCGAGATCACCCGCGCCGAGGTCGAGGCGGTG

RRLMVT SAEAE I TRAEVEAV

2470 2480 2490 2500 2510 2520

CTGGGCAACCAGCCGGCGATGGAGCCGCTGAAGGGAGGCGGCGAGGGCGAGAAGCTGTCG

LGNQPAMEPLKGGGEGEKLS

6-52
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2530 2540 2550 2560 2570 2580

TCCTCGGTGGCACGTCATCTGCGGCGCTACTTCGACCTGCATGGCGGCGCGCTTCCGCCG

S SVARHLRRY FDLHGGALPP

2590 2600 2610 2620 2630 2640

CCCGGCGTCTATCAGCGCATCCTGCGCGAGGTCGAGGCGCCGCTGATCGAGATCGCGCTC 

PGVY QRILREVEAPLIEIAL

2650 2660 2670 2680 2690 2700

GATGCAACCGCCGGGAATCAGGCGAAATGTGCCGATCTTCTGGGGATCAACCGCAATACC

DATAGNQAKCADLLGINRNT

:710 :720 2730 2740 2750 2760

T T GC GCAAGAAGAT CAC C GAC CTCGATATTCGCGT GACAC GC C GC C GCAAGC T GAT GTAA

LRKKITDLDIRVTRRRKLM-

2. 6-52 (ESO
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0 2. 6 — 53 ^—pSMSSOcdBE^'JBI
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S3* IS It 816 ©91 St MSI
3. i

3.1.1 «#

«S±l*»tt5*»SBfitL, ffixx K BfgUfcE«tt95»aiS

-*firtIgt*#ijSSgStyXfAI:*U'T, Tt^sEIgfflSftffltNJSofc.

#gf©±#Bta*©x.dKX&6.

1) L. ^yXfAC

L XX6 £ tlfcRhodopseudomonas palustris

R-ittrotett^ Bfl#icsea!i"-5 c ^ „

7XX©14|g£. X 7-71/7 y XL/c#X#m7 3 C 6.

*»©«*. R-i«ia. SK^etoxKXfB'feigAicen.

*^%^TR%U7XXia. %*m#8rnX Wf*400L$XX7-Jl/7 -y 7 L # _h X ait ®i L Ac 

*7 **X0. 8L/(L-d). BP^40L/(iD2-d)©XJX%4 (*#^##70%6LX&#m$ 

o.85*) &mm?tfco *#i:=k»%9i#m©#m%a#'<©x>7x7u>yx-7*i 

f# bilXc, a±J: 0 , l*l«Xj: jftCitttiL XtiWrSttF)* 1*73: 6 ©#$$)$

o(£&?izmmz&mfm lx, t%#%i:7k#&#mxg6*m

7)1 si ^ w i; 7K s ri tz „

3.1.2 V*

¥)6 9¥S$X±gB7-vl:x#l't$f**atiXSXc7)i. ffiffl7-5R-H*©»S#M|w| 

S<hU7X7X®®7l$IE.(iSa4fct)©©, f L tgcA-tMXT&A'o

£. R - cfc 0 WSRCKkR LXi5< ^-*7)1*

5,. $fc. U 7 X X izis 17X14. S ±. 19 B $ iiS 48 7 L T © -5 t!7 ¥ J$ 9 ¥ $ * X tl,

^4i*«jSL L A'SiSLX ztifrilz. *BlcS±lcU7X7*EBLX**%a

mm&fxx©tawi o¥S0SBf*pt.
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s.i.s R - i

(i) nvrtm
a. &um&

it L ft Mill tR;^ b ftM £ tlfcllfe#6if 11^11 Rhod ops eudomonas pal us tr i s R-l $c & Wi

b. earn####

^m±hU7A0. 5g, KH2PO4 40. 4g, K2HPO4 0. 7g, 

MgS04-7H20 0. 2g, (NH4)2S04 l.Og, NaCl 0. Ig, FeCla-GHzO 0. 005g, CaC^-ZHzO 

0.05g, ##%^70.2g, H^7>0.01mg, #m77^>0.2rng, #^20g&#@zK 

LOOOrnHC^^^m (0. 5N-NaOH^mVx pH6. 81:^#)

u, 3orT5-7B^,

(m^7';i/-V7h7>7:60W, 100V) ^m^T, 10flux(D^^TT#m^ 

#L, %lf luxcDm^TT^^L^o #^11, 1^7

£1 M iz ff 'D tz. o

c. mtmamfc

^3, %7i6^1.011, E&#a#m#R-l#T^, m#m#mo. 354mg/mlC#^L/:.

d. ;km&##/:#) ##$###;&

^#±hv7Ao. 8g, m#7kU7Ao. gg, 

^7hU7A0.8g, %7/-;i/0.4g, j^#7k$7hU7A2.0g, #fb7>tz:^A 

0. 04g, K2HPO4 0. 15g, FeS04•7H20 0. 03g> MgS04*7H20 1. Og, CaC12 -2H 2 0 0. lg, % 

^7 7^ >0. 01 mg, lc77>0. Img, g#@:L77 0. lg&#^7kl. 000m 11:
pH7.0C##LTm^/:o 

^^3,
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;i/-m ytm )txyj^- ssnc) a mo. d. In itii &§. $0

a . 0. 2L 8# 350 W/nd 3 0 1. 1 GL^m
b . 0. 2L 8# 3 5 0 W/m' 3 0 1. 0 GLJgift

c . 1. 4L 6# 3 5 0 W/m' 3 0 1. 0 ±SBiSifi*

d . 1. 41 6# 3 5 0 W/m' 3 0 1. 0 ##zK

e. 7km%£n<Dmjz:£

(2) mm. mm&tfnm&m
a. ffi««ffi*&*£!£&fc7kft&±

C 4l ^ Til 5 1C, Rhodopseudomonas palustris R-l # (£X

B$, R-M$) 11, mAll#mL^zK#4:

^)o %oT, zK#

tmmcmvmii, boy±--t:^6mNM:zK#^^^T6a#

j:o%\ cco

^^l:=k 2: LT, > h cmmT

f-o$a5L

(^3. 1-1) o
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Rhodobacter sphaeroides RV*fc£&i;g>

7)^ RV*^11C^^(D#C0^< #4#:^ LT^

bC6Xi% R-l*li^m$:#-(Dmf#^#:bLT

R-i##& $e,c, R-mii,

RV#^7K#^!^ck 0 tup take b M oy±-i:(: j;6 7k$%4X^±[EloT ^ tm^(D

c:<##^^f(:Tt:^^Tt, Cbzk^^^C^LTti.

^,['6^-5% h ny±-t:(Df5#4:4:'(:##Ta t U y^XDR-l#(D^7k#^^(:

7k$<&%^L, uy^>u v^^bi^c

(|g3.l-2) o

c. 7kS%£<hW&$b'WR<Dg9fiUC0UT

yob^>m, %#(D

3 j:^-800mg/L(D#aET#^aT -#1:#^#^#

T, R-mcD#^,

L;5 & LTWa#dX 2 @m

(ig3.1-3-1a3.1-5) .
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S, Hf Tl® i#-& b * TfkWIZ T D E ¥ >8©aaft -5 t t b II-E© fill©

#«s (SK&tfK®) ©i8^yfti«*ft'66£ 0, y □ e y >SE^*ffl*isa © 2o;m

T lifts ft 7 - © ® # # 8 ® S » ft iW K »>' 66 $ 5 tfo ta*6t*gsjit 

(03. l-6~03. 1-7) „ ^n6»S6t.#f«i&f*tffli>ft)|60J:5l:#SO 

¥6K$:t£tW#y'#jgsnft„

s 6 ic 3 ##©##8*m^f s%##»T©##8#m©%(tiam^ft. s©®

S, tfgffltyn E¥>8©*,«ftiS»*7jg;i D, ^at!t>S©i**!iTt5 

ft. * IIS8 ©»iS ft $ Wft'66 $ o ft „ B8tte*E66Be^6E^»>lcm#dttaM-,

5~6 BT^SItSSStUTK LftftE 3«0#*Sig6tti 

tBSiCiSUtU *TII*5 <fc-t 2 fg© 1 0 B RH Sr S L ft (03. 1-8) . «8iSS

1 0 H BH II ROSASS OmsOmg/L) use l , -E © $ 15, #4 II#gy#< ft 0 . 

*#%yy#±Lft%#im661 7 0 giacti.

d.(SHt$i4seim©iiH$s)

yF¥S$T'i:*®snftss#ttw«a$®c*®T, iHi%-m©K#*a mynas 

aft@##im©#mft ft 6)iisis##8©A^«. #**yn#&ys#m#my 

njtioteuisotis^stasiwtt^infc. ■£©«£. W¥S$t 

i:Sbnf;i»8fi:(i, #%##¥#©*$¥% t#60^6iTASft A 11. M#n 

R-U*©t£i¥sSUi i5**354f-? ft IS KASHA. fit-, #*#»¥#lll ftS;K 

* % ¥ £ ffll X S ft A I t. :***£¥ - h? E-7"£ffl ATniTT 1 5 » RSI 8 » US 0 

iHfiSLfttiBfliEot, SsSSSKyft. ffflgS03. 1 - 9 © J; i> ll, f¥¥ 

gsiSLftSjSizsESiaaasbTAftA«Sfti$«iBi*®**%ai^*gsnft„ s 

®H®W«Ki8S*(ttt0 3 . 1-10 ll¥Ta 0 ft>', *X%¥ll<¥ i>&W#8©

BS*ft*»(J«gsnT. WB8fi$tilS**9r=iaiiCTI$«-S A^UlIKSftiift. 

I ©SSmft 6 . #«8£#m%l:

R-lt*®7,£^e6**¥Sli#t$6-t5(iii5.y®#t8®S6^SiiSStlft.
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(3) ££#>

-etna, #^(Dtume,

t v yf>^^m#^^^^7K#^^cia^^x<hm6tia##mm(:(tax M%xc

tit),

wa6#A6ti^.

ca^6, ^#mxu-(Dm# (^j%7K)

^/u^7K$^g^xf-A^^#T^ o, cti^±:BOR-i*(D7K#^m(:t)^ai±#a 

a#$TL^t)#3X h(D7K$^m^Xf'A&##T#aoJ#ge^#

A 6 ti a o
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3.i.4

(1) [*C6b\Z

6C^^6. ##400L (#m 5cm) (7)#±^@^##:^:U7^ytixa.-;i/^mv^7K 

$^#^#^##1/, d(7)%>>;z:7U>

3 . 1 - 1 im 3 . 1 - 1 1 (:#. 200mL(7);i/-u;/u

6 4ooi(Dt>;^-;i/m#(:7^-;i/7 vu, c^i

I H I #±m@gm#:au 7^yt^a.-;i/(7)M^^B#(kLl:W6(DT.

v 7 ^ y u 7 ^ f c

^-CT. 10Lm# (##5.75L) A%7^ (/\

oy>7>7) ^mwT'j7^^(D##&^u7^^mm(7)#m(7)##(:j;^^x^^ 

jS ^ £ it t£ L fz c

$61:. U7^7>/X7A(7)#m{l:^m^L, #3%h0#±m@MU7^7(7)##

(2) mftWimm'JT**. *±»«ss!U7^^&^ffljafli#0«s

#5. 75LCD7 7 U ;k# U 7 7 7 & m ^m(:mw^/\oy>9>7^7D^j:7h

(D*m66T&6o C(T)U777(7)^#;11. ^^^CD^^^^e^CgB^L/cCDTCCT

%±#m@M7 7^#, |^-j-^2.000mmX4, OOOmmXSOmm, ^#^400LT. U7^7* 

#:^SUS#. (m#6mrn) T&6. U7771im#(7)^#

^±1:*#. %±g2@#. 4b.

77^(7)#%^, m%rnHT7^-7(7)mm^52mm, m##1138LT.
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TB^L/:. ^X#(D#j^^400LU 7^^6M#(:LTff o^o

(3) nm&ft
a.

ffl l S > Rhodopseudomonas palustris R-l T $> 6 o M % # 1C # ^ L/cto#

(1, ms.

(b'c^zBfm&LT^&o

b. j^tk (mme#^m#7k)

L tz o

i-2c^T. yotf^^rn&esoomg/L,

% 7 / -;!/ e 4 00mg/L'a'^ 7>tc7$r^a/u^#-^^V^^^##T&6. 

ms. 1-21:^6^6^31:, *m7K(:ia±#B^#^^(D13^1:a-###m#,

1: ^(DT, *4^ WaHC03&#(D&@##m

7 ^ h U C7 A^mAoT^) ^ ac U^:.

c. 'JTffm&gift

^m^m-cii, ^m5.75L07/7u;i/#u7^7&mw^.

^50mm> mwr ? V )UM<D~mm}gr\ fiffiizizitwom&wg, rMn&-^fi]lZ&

^35%:) C^o^. m#^#6#^li, >/-V-<D±5(:5rpm^

u7<y

11. ^-LT#^^77-^ (xf#?#, W-NK-0.5)
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t)m w/:.

U777m#&#m2#a#mi. /pgmm#>7 (H#m#m. PMD-121) 

CO##7<>om^l:pH##60RP#@^#AL. pH^ORP^ 

U777mo#M^xmB7T^ML^.

U 7 7 7@±0^fM#(: 7 >y^ 6 L^: W j; ^ 1:7^7 7 > (7

AO>#. R87F-A1A) &m@L/c.

%mcmw/:/\ny>7>7 (%a#7YUv77m, jDR-nov-nsw) 11.

U777±^1:^^^M-A(:24# (3^|JX8#) .

T ^1-y 7 # # 6 L Xz o Cl (D# o\

T^6 U 777(:%AL/z.

400LU 77 7 &e)^C^0±Tm

7t&^yKX^-X&^7j:7 400Lj;r)^7^%#)(:#AL/:. ^WT.

OigL. #g%TT##LT#W/:m#^#mL&m7K(D-3Bt:^#

LT^6U777C^AL/:o 70#. 10t7lx->T'J777^^O7lf.

U777T^^L/:^7ll. 777'>7a.-7l:j;0#±om^:^ 

%7-7(:#WT.

7^-77^:'J777 (##38L) %^/^v7^U777 (##46L) 11. <b&(: 

400LU7770%±^m6(3^Ne^(:i@±(:^@L. /\'v71g^L^. U777T

'ikvm&ftn

#!§##. %%^1:^#767>7%7^U777(:1#)6^71V^^. 

^#LT[miR L^:o 6^ C)6^m LT^

^LT^6. U777C^AL^o 400L#&mTH7#0@#as,&#«b%&;7#. 24L

L ft b (D

24#o/\o7>7>7^m^m#u^. 0777#
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LI-C0R%(7)

±#%?ijmm4ooLKmTtj\ (^^mmmMs-soi) &mvx

M#^^$9l2hrT$>3

AZTEfumfossL^jL-y^vy^fBam-rkL i2#(D/\oy>7>7^@ 

#^#L, U 7^7 ^^@T(D?^^%^;i/4:-#^165W/ni"r$,o^:.

d. IJ^JSS

(Hz, Nz, Oz, COz, CH.1(D#J^) #X7D7h^77

GC-9A, TCD#a^#§)

©7kH

U7^7mgB^I%e%(7)7Km(hLTpH, ORP, OD (660nm, 

VIS7<7PD7^h7-^UV-1 200) , SS, NH4+ 

iM-5s&^7>t%7%#AE-235) , ##m (@^m,

L/:. ##m^##:/7n-7h/f77 ic-ioA, <^>#^707h<y

77/-'^7h^7ApHm^{bm, Shim-pack SCR-102H^37A,

2§) (: j;

(4) nm&m&ztmm

a. mnwiffigiv 7? ? iz£zw)m&)mmmM®

m7Kl:i##LT^6 V 77^ 

C^AL^:. ^WaAv7<hL/:o 5rpmTS/-V-(Dj;3(:e

m#^7L/min(bL/c. i-sc^T. —

V 7 7 7 L A(DT, &^f#at)V77 7 & -3

u^L, u777(Dma (mm)

4or^@A/:. m±m@MU77^c^wT,

180-



fr t & o tz. o

a±(Dca^6,

x^4u±^%<. ^oT.

U 7^7 U v hX?m 

L^w c (h j; w.

b.7xmmm±@, #±ms^^#iCv7^^

I H I ^maLTB

^d: LT W/:400Lm#(D^m U7^^1:4:^#±T(D7K#^Al:mom/u^. 70 s;

V7777*#HSUS#T\ Grnrnom^^ V

^-hm«hL/2. ^^/>77>X(Z)^&6. U7^^^@(:#m&m

;: 9 ix->$c=k 0 6 c a&m^L/c.

^ o /bo

U7^7^^±(:mmLT#^4:(7)^M^|g3. l-12tC^To U7^^
(D##7ce^3. i-i3(c^-7. u7^7K:mgm^&momj\ v7^^ma^gB
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am#, f^io^g^sa

^#1^^00110. 32, SS^166mg/LT$)3/c. #7Nr(7)0D111.49T&3^o

i-i4c^-#-. 200^^^;$ 

(:#X%4E##moL, 340iefmm:#±#X^m^0. 8L/L'dam6flf:. ^(Df: 

^(D 1 BOBiBtf^ 8 S#P01 (7:50-15:50), #XMS107L, TK##^70%f LT,

0.85%^#^^lXb.

x-^y-h^ms. i-4c^T. yD^%xh(DB

##0.8%^m^T6t)(7)a^o^. mm^30-33"C, #^#^26^:, U7Xfm#M 

#26=CT&o&(7)T, 400#^jX#^lt

#3. l-SC^ctxC,

30%a/j\$ v^oa^o

u xxxp*q#^#m#^^##:x o-x h //xx-rmii^L^cD-r^cT)

t&mmjm #&$(%)

ffEB? (mg/L) 647 271 58

7“ □ If ^ >B. (mg/L) 766 115 85

n-g&E (mg/L) 821 306 63

7^^3, 6 L^7K$(D4%

±E^%7;i/^-^-x (:AoxT&m<-x^ 6(D6#xA

(647/1, 000 X 400/60 X 4)+ (766/1, 000X 400/74 X 7)+ (821/1, 000X 400/88 X 10)

=83. 55mol-H2

m^^(7)^X^^^m# 1062L, H2##$70%,

#$ : (1. 062 X 0. 7)/(83. 55 X 22. 4) X 100=40%

:ni:(t ft-^n c£&t^&v>xx j — b^t^T\ %

S (:±# < % 0 , < 7^-5
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:mm //Z r, ^

:j8T-i

'f^z/zno^o::

$ o l n £/? * v p

°4-

= ^c^^,m/M99l

n#^:)Ymranos^##;/nm@zn

:) (m-QMd '####5) 'Y$§a^%YG)#^Y#

g % - % -s ^Y

^YA:^?^//ZnM °:/1Y#3

Ymn w^n ^ z//C moo^ ':):) /$: // z n ^// ^
44JL(\'£££-1=+ 'S^EW* 3



(5) S±s8S^)¥^it U

fz X — & £ t (I ^14 W T te $> & t^'TIB 0 ct o C £ £ & fz o

[%>i/%7 U

O^A^^fo] 2 o ^ C 6^ 5,

# j; < C ^:.

OA^7^A#AC^T^ V 7^f 

-I: U 7^7 C

OMm#ACA6#an#^&amT^ (#

cm#) .

em^%ac#3#i$, 3taoc^r7^mA#t)$,^C(h^t>^3^. m#(D 

$#CU7^^$:^lx—>T^±C#4%T6^6&?^LTW^:^, ^-(D 

A 3 U:M6^^o /c.

OU 7/7 f v ^&mL/:(DT#7KC#LT + #%mm:&

%(D&-5 C

(#C7^tb(D^^) , #BrC=k3T^im&(7)^m^$,

3.1.5 ###&*

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

Agric. Biol. Chem. , 47, 2747 - 2753 (1 983)

2) p. ns usss)
3) Sasikala K. , et al. , Advanced in Applied Microbiology, 38, 2 1 1-298 (1 993)
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M3. 1-1 sulg*lg±ti,IM

Sodium Acetate 0.5g
Sodium Propionate 0.5g
Sodium Succinate 0.5g
Sodium Malate 0.5g

KH2P04 0.4g
K2HP04 0.7g
MgS04-7H20 0.2g
(NH4)2S04 l.Og
NaCl O.lg
FeCl3-6H20 0.005g
CaCl2 • 2H20 0.05g

Distilled Water 1L
pH 6.8



Sodium Acetate
Sodium Propionate
Sodium Butyrate
Ethanol

0.8g
0.8g
0.8g
0.4g

NaHCOs 2.0g
NH4C1 0.04g
K2HP04 0.15g
FeS04-7H20 0.03g
MgCl2 6H2O 0.82g
CaCl2-2H20 o.lg

Distilled Water 1L
pH 5~6

Si Sodium (! lutarnate(temporary) 0.2g
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5.75L reactor, Halogen lumps:24, continuous irradiation, Run 27

Temperature Circulating 
pump ON/OFF

Gas
production

rate
ORP RemarksLiquid Roof

Moving

5rpm

35—36 t 39—40 V ON 197 mL/Hr -541^-555 mV

Much gas production when the liquid 
is circulated

Much gas production when the reactor 
is moving even the liquid is not 
circulated

Less gas production when the reactor 
is not moving and the liquid is not 
circulated

Most gas production when the 
reactor is moving and the liquid is 
circulated

Much gas production when the liquid 
is circulated even the reactor is 
not moving

36—40 t 39—48 T OFF 125 mL/Hr -559^-608 mV

No moving

(horizontal)

35—36 C 39—40 V ON 125 mL/Hr -568~-605 mV

34—36 t 40—47 *C OFF 38 mL/Hr -572—616 mV
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3. 1-4 (Run H10-4. @%)

Energy of Lamp Area (conversion) (constant) Period Period

W / m2 m2 1 W=0.239cal/sec L/mol(0°C,1atm) day hr

4-725 8 0.239 22.4 1 8

I

Total Light Energy

kJ/m2

12886.776

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 Volume per Area

L/m2x Estimated period

8.592309783

H2 Combustion Energy Combustion Energy of H2 gained

kcal/mol, constant kJ/m2x Estimated period

68.3 109.6378728

Efficiency
%

0.851

period: 7:50 15:50. Aug. 18. 1998
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3. 1-5 (Run H10-4, #*)

Energy of Lamp Area (conversion) (constant) Period Period

W/m2 m2 1W=0.239cal/sec L/mol(0°C,1atm) day hr

4 — 989 8 0.239 22.4 25 602

I

Total Light Energy

kJ/m2

360929.45

Total Gas Volume Total Gas Volume H2 Content Total H2 Volume

L(26°C,1atm) L(0°C,1atm) % L(0°C,1atm)

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 kJ/m2> Estimated period

68.3 1083.126359

Efficiency
%

0.300

period:Aug. 4~Aug. 28, 1998
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3. 1-6 (m, ssn)

Energy of Lamp Area (conversion) (constant) Period Period

W/m2 m2 1 W=0.239cal/sec L/mol(0°C,1 atm) day hr

165 1 0.239 22.4 21.3 510

Total Gas Volume Total Gas Volume H2 Content Total H2 Volume

L(20°C,1atm) L.(0°C,1 atm) % L(0°C,1 atm)

90 83 85665529 0 76 63.73105802

Total Light Energy

kcal/m2

72402.66

H2 Volume per Area 

L/m2, Estimated period 

63.73105802

H2 Combustion Energy Combustion Energy of H2 gained

kcal/mol, constant kcal/m2s Estimated period

68.3 194.3228242

Efficiency
%

0.268

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

1400

1200

1000

01 23456789 10 11
Incubation time(day)

20

-©- 40

■ 60

-B- 80

—Ar- 100

—A— 120

140

160

180

-e- 200

1-1

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

Organisms : O.D.=1.1, Light Intensity : 350W/m 2X2, 
Temperature : 30°C

Hydrogen Evolution : 200mlRoux flask. Medium : G L
Light Intensity : 350W/m2, Temperature : 30°C
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5= 600

° 500

^ 300

■o 200

o 100

Incubation time(day)

03. 1-2
4-X5SS

Medium : GL%#
Temperature : 30°C 
Lighting condition : 350w/m 2

Concentration of Mo(mM)

-B- 0 

• 0.06 

-A- 0.12

-e- 0.18

1
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700 

600 

5 500
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§400

S 300
§,200
L_o

100

0
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400 t5 -e- Gas evolved
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ct>600

” 400

Incubation time(day)

0 3. 1-5 R- 1*0#

800 —A— n-Butylate
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200

0
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0 12 3
Incubation time(day)

0 3. 1-7 R-ltt©7°Dt?.t>

C
D
 P>

Acetate
800

-©- Propionate

600 ~e -a- Butylate

"O -A- Formate(D
400 ■%

> -b- Gas evolved
CD
01

200 5

o



Incubation time(day)

Acetate 

-e Propionate 

-±- Butylate 

Formate

-Er- Gas evolved

Bi3. i — 8 r-1-7°n
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Incubation time(day)

3. 1-9 R- 11*©:
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180 
160 

— 140 

ml 20 
S'100 

” 80 
i 60
O)
6 40 

20 
0

01 2345678
Incubation time(day)

13. 1-10 R - 1 ft®
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1000

500

~0
(D

J>
o
>
<D
m
C3
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Acetate
0 Propionate

—A— n-Butylate

-B- Gas evolved

0



Acquisition of engineering data for photosynthetic bioreactor development

Batch experiments, 200mL scale, artificial lamp

Optimization of pre-culture

Improved efficiency of H2 production

Batch experiments, 10L scale, 
artificial lamp J Continuous experiments, 10L scale, 

artificial lamp

Length of 
light pass

Move/StandstillCycle of
intensity

Batch experiments, sunlight, 
20L scale, floating-typeStudy for merits & 

demerits of batch 
or continuous

Achieved the target, 0.8 
efficiency of light energy conversion 
to H, ___-—'

Module on the sea experiments, sunlight, 400L plane & 38L tubular, batch

Acquisition of H2 production data J Acquisition of hard ware data

___________ I _____ ____________
Acquired of engineering data for photosynthetic bioreactor development

183. 1-11

-201
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2,100m in 56 mm

Working area

4,100mm

Light
penetrating
plate

Water surface
Gas collector 
(half-cylindrical)

Reactor body

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

0 3. 1 - 1 3 400 L V 7 y
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Light energy and Accumulative gas volume, 400L plane reactor, on the sea experiment
Run H10-4 August 4 ~ 28, 1998
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03. 1-17 (§|*D

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

Indoor, 35°C

Pre-culture Semi -separation

Separation

No separation

Outdoor, 
on the sea

Outdoor, 
on the land

Outdoor, 10~38°C

Outdoor, on 
the sea/water

Tubular
38L(Dep=50mm)

Tr iangle roof 
5 75L(Dep=50mm)

46L(Dep=20~100

Plane
400L (Dep=50rnm)

Outdoor, 
on the sea

Indoor, 20°C

O H? production 

X H, no production

g|3. 1-19



3. 2 -k lb n - 7 &■ £'£ S £ L Z=*7k &/BU 3#«t4t8®fc J:

Sifi

3.2.1 #5

a*tit. *6tt#e«cjt5xe**$si6s*s<»g;ai:#*si6©M5>-xK:j;omoa 

7 T u E> k #x 3 *MfiliSMSi£ iS® U £. *#@712. 6 « # tti £ ftE>

v 7 v *? \Hmmtm%tz k> ©*-7k*£jtfl*ias. *avz:*a*s#£

mu*. ttz, *w«i«sfbnitc<ts**tgs£is*. ^ro«e$6>e>a*iix$fc7k* 

'h.eg** > ->7ib k ©HflmiWff. J^i:,

7k*@jSM6sk© J; d

■? CD 6g IM x Ehodobacter sphaeroides RVt& (JilTRVtt) k #L# • P )V $ 5 > #£@tlGL 

tfi*£fflu/i*St(;43C'-tx «ai1-5f*E*ie*B9MTr-ttfft6* Ufc k k E>. D7£* 

y & D ffl»i*!|» *?*©,«» * xx 71/if- / (MJ/(r’-B ))tDHt*ISll 

$ b (Nr'-H=/(m3-H)) ©SiSiU! k L T (iLewisjt £ jgffl 7 -E, C k AsBJt£T-*-E. 3 k fi% 
9i'5. b = 1.09x tanh(0.0018x / )-0.19£f#feo *.@*h , Z © * C do if -5 % If « ,& 

xx ib*- timSMJAm’-B )k#;£c?ftE>. I»*»t - * £ Isltt t «{ff L fc k Z 5 . * 

-/k*MtiSti:Mi*i*S$x-i' (:: 2 3ti$!k($IE-8 Lfe„ ifc. C/Ntt £-££«» 

L fc 2 $ *K£ SSS-fb L fc^SS® $S$x t@l#f©E*#gl91m## L < . #HESK6S 

m>?- S ID 25 Id E> 2g/L* e> 4g/LID it* U fc © C *t V T. 7k* 4iM (2 g il o fel§* £ r. £ 

Drfofeo .:ftl2S*$ffli9in CflU'x #*i@mi:2 -E,7k*&B%*x > **ib©7 v 

C7*siitf k£*3Sk#if. btlio ^6 1: cm©©.£%m^-t±6@i&x ® ❖m*g6Mr-(i7,£ 

fit iS ic te y , 8 ft © lg ft] # -e © 2 2 7k * 19 iS C $6 Ef ft & t' C k 6s th t$ £ ft fc o fkl'T-. 

RVtt k » $ i: t5 * "i * tti £ ft fc 7 x 7 x >(«7k £ fflb' fc C * Ik E> It-7k* tjSffiS

-Nfflj67 T 7 i'-fflS'® £ftiM Ufeo «B*affiimffiiaa©X£ 7 X >JfE7kl2gmkM 

#:km%'k*&a*mk%oT#Dx ©tl£fflV'T7k*SjS£ffo ft k d E.X *-7k*a

j$ttiS3IJ@i£k LT b =0.99xtanh(0.00054x / )- 0.13 . ;Mf*;5x * lb 4?-fit k UT 

#j250MJ/(m3-B )£»£„ kftl2. GLlglft £ fflb' & M C tt t T . ©©*#*712#*!## 

l:0]**E,;k*77 Xx-f 7l2IEk/uk'^ft^t'*ft ik* @ # I: 'g'fO 6 * x * ib f - © A- 

6s19*LTl>5.©k£>:kL.T*)D, 7 x 7 i >^*Ib©iSl>li!7l:*46)i0fe»ffl A Gi5

AJt'ftltJntfc®#', 2£I2. #7kcP©*es!tfl'C29 *ai8tisE#£ftfcfctok
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#X.6flZ:o &Zz,

oZ:Z)f RV^^PHBmmm^mAlSrneq-Hz/LdOOmg/g-celD^&^/z^tm^igmm^ 

PHB^^^eijc

3.2.2 ##

fa^^^#/ul:#m^f,Twao foL^fT:, th>^#(±^^6%^j:DC02&|g^L 

T^a0&, Dco2&%mLT^a0ZpcMLT,

cfu±mMfa2M^*^m^%a^mi:#%u, 

fb^0fol:^f)-3T<a0Zp&##ffack^@m^^6i?&ao C0foC,

^clc f aCO2@^0j@#'e#r% ^ 0MJ&;%##&f a#A0##f C Wx (f LewisjC®)#

m^^^j-r&a " o

±0^#M^(±, M0;k^MMk Cfi&-e#g&fbT C&Z)^ Zizk#S^#M0 2

5%(: & oZ: <fo]Dr^6o f

v7<7^Z)^(±mz)4t<i&# u-cw 

aZzAC, C0Z:#X %EO$0zk#^^

m^wt, v7^f*>^0zKm^ 

@Z)Hf±f6o m#

±(±Rg^^^f 00;$, f0#^5%v

^A6C^(:%/5o C0fo^%#0#fff(:(±x Lewis^0mm^#%-C&a^#t, 

T0##&eoZ:o

fa Mia, ^^mm^Zz b 0^^f ;i/^-(j/(m'- s ))0Nm^ LT%b mo c 

^f'T0^Aa%)k^^-r&a (E13.2-2) o -e0<tm%^^J^LTi±,

j: 3^-#&]:#.;i,f-##&#lf ^,z tEeir-liS^lSSfc b ®)tx

*;i/3=-(J/(n!-H ))fc. 5etlfe*ai^)K-(VA/(ii‘-B ))©fSMtt£)le-S»S«»

$ ^ LT^$# LT ao
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;^77—7(±V777®f$#(m')C^T^7777—T&-5o %oT,

7 7%^#6<]^7 y 7 7-k

fC7, TlTC^f Z

[M^(t±(7)zK^^#] = - [zk^##]

CIL ftji ^ )); 3r — l±s *9 (K )l if— I (J/(m3 -day)) t b tz o SfdiS

#^^DCD^^^;i/4=-/s (J/(m'-day))^ 6(D#b#^^(±7LT®@ D 7$)^o 

Is (J/(m2 - day)) x (StL) =1 (J/(m3-day))

S : V 77 7^^@#(m')

L : V77 7%#{*#(m')tr$)^o 

hCizh^/im 0 x Cfi#; "C# -A&%&:##&)%

T%V777FgC

6 X: AC,

C^lC^LT, ##

77 o

7^77<77;b-C^^Z D /X^^mAmcm

m LT#tff L/: mm Cc^T#e 1-^,0

3.2.3 ##*#;&

(D m* •

7$# ERhodobacter sphaeroides RVffi (71 FRV#) It rd l11 fz 4 5’ 3 £ ,7 , PHB'n'fijcTt 

f## 7 dfc 7> Rhodobacter sphaeroides SMVK (71 T SMV#) idRITE^i — =r 7 ; n v — d 7? 

d: D 7 ^ fb 7 o

w is ft (: ii ASYtgit. * tg #?&& -k ft * Bit w # T- ««****: LT ?L # £ * S 4 fl 

*ikl,*oust#. jB«ttF. «fi*atoiiafx^7x>ft*e«i>fc„

$863. 2-l~3Ckt, mlS*Tii> !*»«# bT Y'fe**$«lllffiBlftC#Sft bT
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ASYigttklCtt S btzo Ctl6 1,600mLS®;V-t:->(ff 32±2°C©IIS

ig#tl(YAHATOS, 1582)1*]®-. V 7 5 > 7" ($ 2. EF110V150WN) C X Yd® S ffi 40W/m2 

(850- 900Lux)® 72B# f@ 16<1 L T * E S?8 £ ?# fc o /k X ¥ E$ X @1?® li. ®fflBSS«S 

GLtgift C 1:3©f!l 6f ® #8 btz „ fflfflESSti 130~300mg-dw/L(0D 660nm = 0.26~0.60) 

T-feSo SHA?Seib^er-!iGLiSttll$**k V. C/NttS-$® $ 

(>Sffl»SSxl.5, x 2 , x3, x 4

oto $ tz-, ;kX'bB%##®&-5#L#©a& X 2 , X 3 , X 4 i: fg in £ It fc ig It * FBI x 

tz o &ib\ $Hr6iiJ$lbX!Bi®l;t»£3ci]i®¥«® V 77 7 

X#/k£6r®fc/kXMXBr-ti® £ti/rt>©£

!i5Mb#*!Lt«Kfc. toie/j6li¥dt 6 . 7 ¥6 lc T L fe SBEStSim ®$ir- 

i5. Xb5M(; <£ 1. )le6'B8ffll®7j<S$B)(*Hfc& b> 7 SIF®. BSSSXttt: Lfc 

<T#SAs#Msnr *5 d x c ® i®s*a®iaig»® ¥ ¥ 7 x >i«7kfiN i/3S®asye 

tg # « & a * l * * c « a * a a ® 1 o e # f? c * -s =t ? c ?* s & # w m m b tz
(713.2-4) o

(2) ') 7 7 7

VyffB. »*aB6«*825ci©H*V«ST?, BS1, 3s 5s
10. 20cm®7 7 7 n,$ju 77 7®ifc3„ «#ti U 7 7 @@ t SE V&86U*ff ?C X

-'t(n6. /kXXaiXBl: tiltg-XiBCIiAn 7" >7>t"(B*7x 'Ji7, JCE110V

-i25W)6tflVfe. V-7--> i x i,-jr(A«;W ¥ x > v. '««*BM6)BltmillE) 

?a,\oy> V > ®*48fl£& b f'Mt Zi !M tl - .y M6±T*»s **Otl«5l#jS«'dF* 

71, ¥S6 Is] MB : 12-123.7 FA] ® sk A^IS lkW/nr © iH ^ (ft ^ [Kj iz ‘M. it 7 7> X It IMMik

ttLT'lr^ii 1: iffi iz B If L tz o 

¥ jtit 6 AligBS i) © lMyi-,1 ytfAtt,

X i'Ei Si 7K tt *s It ;t y tz tz 7 7 0 ¥ Wffl 2 Ig tSS U 7' (7 7 ® fc 4 (03.2-3) „ fi® 

7) it) Mi'bij. I 7' 7 7 @i$(2 ®E U tz "J 7 7 h D — 7 iz Z tbtzo SYOS

iiufto U 7 7 7 BJffi • I8I17A i ->-MlTML, Itfflaa^ESV'tio XX#®

^s;s*ff £-f 5t»)£#$c5*8B^©Jlio# • j»S*©B«tcJ: D%#*#m^s s

©30-CC i-Blffl Lfeo M*X#¥* S*B©*ifl6*
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Uti: W4 L V y ^ ^ h7jc¥%±@ ^ TLI-CORS<©Pyranometer Sensor LI-20

L/:o

^r — A G^(J/mol)CDa#a -o T 1^6 

(J/(m''day))"em;aL,

UTmU/io M#^/=D(Z)^^^;i/4:-CcWT(±/g(kWh/(m''day))^m#aL,

4=-t) AoTV^ t CD^ L/:o

(3) tyjnW^MVrljfe

a. t)X

L/:^7 6 h 7D ^.-y(6x lOmm^ )&^

(±, 7k±m#&(:T##L. oc-9A)

^#U/:o H2 0D^#(:(±tL/jrJL7-y-y5A (60/80/ v$/^) ^37A&, COzCD^ 

(50/80/

lx 'J7 - #7 (Ar) #M(±30mL/mink L/:o 5H/f iriS (i > v x t? v 3 >x ts

fflffl50°(X 40°C, 50°C(:#^U^o ###1^^

6tl^C02#m^6. ###/;####&k LT#m L/:o

[ (/;i/^;i/^^/-HT/) Nm'-rn]

$ tz [ ( / )\/ v)]/ U "j h )]/) NL-Hz ] h ^ EB L o

b. igmte

®m#m

#!0##&?L@O.45//m(D7 ^ Vl/^ 7 &^#&$%###(:

T120°C^2^^$g#L, ##:%#mm(g-dw/L)^U/:o C^&SS^LTm^^6o
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@7k

¥L® AZOHSA-f ###E#® ^#®/t®x EE«?*6fLf$0.45/7 111® 7 4 ft * iz 

tag*, AiM{*7 nv Wv7 (AiSSff Flix LC-10A) (bTjtrMA-® A-kr^ff 

ofco A 7it Shim-packM, SCR-102H(8im 0 x 300mm)&37°Cx ##

fiSiSO.SmL/iinTfflt', ttttitt36'C(C|ft« bit««e^*^WIg(CDD-6A)-eff o tx 

#*mi±5rnM p4)H>^)V*>#T-i>5„ aim ¥f$ 7 tpStit M#S» £ £ ft

tt'o

*jBJK3S’U¥ffitc£tt££SW«efc bTttx fLSft BE, 7DRt/|, BBx

i-gSEx SSEx i-gf8, A T-o >®x i-ATn > B£ J: TT 7;b 4- ^ >B3F£itS 

tffli'fco MtioT# bftt£ft7?ftffl£;i/)i]f (mol-Hi/Ufbkf btx fig».r k 

®zk*<bSJS (Hydrogenation) l:Z6 7k##mma£#lj-^ft-lkacktx 

^7k*W*a/A(ineq-H2/L)tc»* b/to **tbS(6C J: ^>7k*^»f*» (7k#ftft > 

y + b»») ® IS 56 ft lit. K. Thaner ( 1977) AL*#fflIT- ffl ^TWt

=*r - ffi f? ffJ lb IS t 3 S ts a - fc •' o S3. 2-5(b£56ltA-®

7k###m#%'nf . £tx Ifk® 7k*^*»affl«7e t tiK. Sasaki ( 1980) x 

J. E. Bai ley( 1986 )(® J:-5 «Jj)o*llifc5£ C #AS £ CsHtNO* £ ffl l', blTffl S t /ft £ ft 3

J: d izjkMmm.mmtn.5t bt (03.2-4) , s,„

5002 + 11.5:2 + (N)-> C5H7NO2 + 8H2O

y.T®#ff T-iix «m*fH:ftlb3¥LE®7k###£100%k b. f cA^b

<fe-E.7kSA7 k8@Si£ JiU'a'Jttizeiffl/kSlseS'BU'-t 1,' Sx c® 3 

* bttk###(Lost-Hydrogen), S<*®*;S7k*i** k £ fctKtlaf b t» E#®* 

As 8 b i' # o' (; i± x £ btcSbmSSWHtiA^jigBKfl-kbr^Ex 3;\7®&e 

Hr biKSIbATtt, Ack34IHffl7k*iRSt(i. Abb<¥ 5 >E®7k*£t®ftA > -> + ft 

6lt#C mxTt'-Eio ::c, tbTfflKtBiUb'ftft <t 7 C, -yiv^ i >®®7kses 

fiRf&lil0.5T-fc-5o

5002 + 10.5H2 + (H)-» 0sHaNO7 + 6H20

(DSSWSd'tir

t$$lbtetg#«tt. HBS?$® $ $T7A#SftSrT0C-5000A (K«#A-flfffl®^r 

y 3 > S t 7 h ) (: Z D m#@#®6K#m(TC : Total Carbon) k MKXMt 10 :
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Inorganic Carbon) £ M$ U, TC-IC= WSS*M(T0C : Total Organic Carbon) I: 

Ltzo «C, ss«sat'#i ltd h ti tz ±9 & IS]® C ft tit L, K S *

(S-TC : Soluble-TC). 8#W*6iS*(S-0C)k Lfe.

a®s«^±?e®5>tif(ecDs-$, ##±msm(c-Tc: ceii-To, m*m#ms# 

(C-IC). Mi*fi«S*a(C-OC)k fttzo kL C-TC

xkLT, S-0C6***j|E®ajsttfl|B8lSkVT*Mlt:mv&. E&. SUMS® 
StfB®Gas-CO. > S-ICT-fe-5 o %. S ffl li (mmol-C/L)T- & -5 „

SSiRS k t TRIfflSKii A® %«t)*sk© J: -5 * /->'T 3O7%(C-0C.

c-iOkmgSHs-oOkgl-iWsittKGas-co., ks-ic) c-$#£;h. ©fl-E it* k

L T W Iti C(03.2-5) „

R$tUfcigSI*ti:, ass*® £ * ISSSfflil

SS(TN: Total Nitrogen)k T > £ - T SflS *(NH,-N) & SDS U TN-IN=W#S 

S.S»(T0N : Total Organic Nitorogen) k L fc„ C jo it Z JiSJfeftT T‘ IS, £

E***eStti$fcA,i;T>^ = r***(ra»-M)-c»5k#*6ftfc. ftc. is

«ei8-C>»«VT#e>n& VCS#*eS*(S-TN : Soluble-TN).

is s y > £ - ^ ® a s ■ ( s-nh, -N). ^iutjg#fl«a^M(s-oN)k tfeo s gc,

ssstii t ©Mfr c. ai*»® tii

% t

(C-TN : Cell-TN). T>*-Tm 

(C-ON) k L tz o as© Vto!*<i»0l-*/L)kC- IN). jo <£ XT ig ft 4

- tz ° £ L ~

S-NH,-N)*!k® =fc 4 a* (C-ON, C -NH, -N) C $ # £ n tz O & aS© g>ELt

* m kj 11 ■* »j 101 ® * ft s « a s (s - on ) jo s ~j » ft *** a *

-* k trff (0 3.2-6) „

3 . 2 . 4

. 1) f 0 © O ^ y o - T y 3 7 AC g:

a.RVtttGLtgl6T®Jie

Ait

* a time urn. ?l s§ & n @ * s £ mmnt v tz au§ m («*»*) 6mv&*^
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2-7^/nfo

K (m'-wfnr-B )mx ^ f

i^f tK M £. M. ii/H (T) tP T' H A$J ^ t fe 6 7k M *fe Si$S (EMER : Effective Maximum 

Evolution Rate)&^LT^D,

WC Wo m:^fWt2,134MJ/(m3- H 107MJ/(m3-B

^-&^#L/:5e(7)UT<7^k, V 7^7 <7®#:

m^Z= O0;K#tgig^ : K (Nm'-H2/(m^H))k%m#:#^^

7(MJ/(m3-0))C'OWTLewis^&^T(±A^kC5,

LT^LT@^&#^o

V (Nm3-H2/(m3•H)) = 1.09 x tanh( 0.0018 x I ) - 0.19 

tK D(Z)^##A : A = 95 MJ/(m3-B)

{$#^2: ^ = 0.19 Nm3-H2/(m3-B)

: Vmax - 0.90 Nm3-H2/(m3 • H )

<$6 <6 <3. }l ifi ft ti* %> o

^) ) o

ii.

LT7k#^m(amT'W:%ao

7)3^(7)7j:-X7^^o $ ^, KH±I.(7)7J: — —

7k^^7GD#f-\(7) 

9#WLT %-#

u 7 ^7 -7 7 (±4^^ ^ L%w#T7k^t^Ai^U:7/ 7 7^^ < s

t^ig@E^^o^LTlf%Dm9C^C^^o Ww I.^II.(Z)7

Ac-D wT(±##c 5o

I.CD7j:-77%&AA/^Av^^< LTWo^^LT^, ^#@$01: j; -oTMx. Z
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^7j<*^e®{ST6sfi^kESLti-'-E,, *fe, cd©zkx

£ sis saw an? a. u

aii/tjsD, g as #«■¥>« assist ms# l& »■«*©* o 7 s sea*®* *a

Bm%(DMtffT-l& U 7S S ®«e$ - ttBSi; 

iottiKBMSiiSfeoE D, 31 £ # IS] T- ® itSS© ^19 - £ & k\ M (:##»# 

ffi &<J3g bt Z < x © CT-lii9^##M©A.®#SWte^#1ffz6k Uteo

(D s ft m »1; te i * 5 * - 7k * £ * ® *« © s $ tt

S1SSI8U IM»-Cffl¥Sf

M VTSSfflflSSfe 5 —<it7K*4jS*BfflSI»S:Slff tfeo

J»£5cm© ')7« l: fault/ — fa 14 2 #. L*>& < , f ©BSftOftSSft

ti®A-7j<*4ji!tt*i*B®afc d ®*-7k*$iae8t-$*Lfc*©*ffioTiefaL 

fe (E3.2-8) o k A

F (Nm'-HzAm’-B)) = 1.09 x tanh(0.0018x / ) - 0.19 

lit', S/BUSkcD©^#;!//- : Is (J/(m2 • B ))

§)ti*5ife 1 ®7kS$e*S : Fs (Nm3-Hz/(m2-B))

V 7SS®S*Bli : S (m2 ) ; lg#l*« : L(iJ) btZb

V 7 S S Si £ :h(m) = 0.05m

I = Is x S/L = Is /h 

F = Fs x S / L = Fs /h 

Fs /h = 1.09x tanh (0.0018 x /s /h) —0.19 

$6-7 TSi^5cm®¥$51U 7 S S (;*> ft 3 B« 3 # D ©* - 7k*^ SttiBli.

Fs = {1.09 x tanh (0.0018/0.05x Is ) —0.19} x 0.05 

S15. Si £ 5cm® U 7# ST-fflB »Sfe D ©*#«tS : /c = 1,8kWh/(m2 • B ) 

mam**#© ^ ^ s &/«rt-®5cmu 7# * t© *31/ zikMaimxxmmtt

70') HMfflfli, A. # # Ml # 0 © ^ / 7F f — ft J (J/(m2 - day))

ft^^l^i6i^©M67c^.7FS' — k V T HE EB U /r . iS tR ^ 7r 0 © M6 ^ # 71/ — /s

(kWh/(m2-day))li. O&XB UMlZ M&&tin l Z &#>£&& JixJI'X-i,

AiT^Z&CDtLfco ZTz. 7k*$Sj$Sli«ip«S®7k*»7lC#SLr V7 5„ 

|BJ1§ ft 3cmffl Si £ ffl <) 7 ? $ iZ-Di^T tmmstz D ©7kX$Siig £ St # U

-218-



Lt (03.2-9) o

S£3cm©¥«SU T t k3 T-© ffll* 3 t D ©* - 7kX£i$6llS

P's’ = {1.09xtanh (0.0018/0.03 x Is ) -0.19} X0.03 

AX 9. i$ £ 3cm© V y t * T- © B«( S t 9 © ME/S : 7c = 1. lkWh/(m! • B )

£ e. Clcmfflgf £ffl 'Jr-JJConttiafSt!) ©7k*$gilS6IBj#CatS U

0/711--5 (03.2-10) „

«S£lcmffl¥*5!'jyt4'T-©B*3t9ffl7,f;-7k#4jaffte

P's' = {1.09x tanh (0.0018/0.01 x Is ) -0.19} x 0.01 

A X 9 . 1cm© 9 ©ME/S : /c = 0.36kWh/(m2 • B )

lcm. 3cm}; 5cmffl 'J 7 t % ©StiSHit kLewis/; S © t/8f®8S tfc® 4" -5 k.

©«9>o;St±&££>fflffl. kitt M/ti.

cm© IJ 3 #©*©#/#!:/ 1 7k*4

(SfflfST • ffit£86/@.l k6s7le*(*.fi7L^7i,/-©tt«c»e,SSt:#Sd:

fl-5o St. 1cm© 9 f t 2kWh/(m!-B )(-'}£ T-/;ia

m&gc LT LS©. C kt

c a L t i$ £ S'J © U y t y tc *■ Ik -5 9:/ Bfil 3 fc D ©7%-7k#t#gi@&. ') r t 

k3 (kiit d©7%-7k*lki#@#}:L-C$}:Att©&03. 2-1 1 CSt,

6kit%ai]m&tsi#(:*#mt a twit t:?, %k.t*

#st D©7,£-7k*$eia®tci$i$-auto ::m m*%#?©7k#&m%#i 

Ik/ME Am k©m#©RI:7k#t x L%&-3 11 A.

81 £ ft-5 gg£30cmffl U 7'77 ^ r-©7k*y -7 7f k X ©*)£#•? g & fro t. it. 0)3 

#l:*&m Lt*M2?©7k#$.#*R#@l/-43fr#m#©IS@#& 9 . Lewises 

f OitafSt^Ct^TJftiPot. Lfr L. gH£ 30cm© V yt A SB < ?$£ 1cm. 

3cm. 5cm© V y t k31: ©M'*81(6 S 83J'©SIffi C i 9 ESHbUt tZ6, (tlSfc 

1 ©7k#4**1* 17 (Nm3-H = /(m3 - B ))k UTti.T©SSf#t,, 0*5ti#*)St d 

©%:c;kfrf-##f #&frm*l:ftP'T. k < t*/«B#ffl7k#4SffiTJf>/7kgSffl 

V y t ^ T-®7k*£S($itSEB)3 U a -E, t>® kt6ET- S t,

17 =0.0013x 7-0.14 (frfr'U 109< J<500~700 MJ/(m3-B)) 

iCi 9. Ic =109MJ/(m3-B)

Ko =0.14Nm3-H2/(m3•0 )
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5, x2, x3,

x4fg) LT710MJ/(m'-day) (##A#^7.7kWh/(m''day), V7^^^^3cm) ##5

^2g/L^64g/L(:l#AnL^o CfUZ^LT,

2: (M3.2-12,13) o ;km&J5%#^>>'-wi/#a#:/xC0

CsH,N0, ^ >g#) + H, -> C5H7NO2 + 2HzO

±gd(Z)^CD d: 9 C#mm(Dl#ADt:#lX v77

#X2, X3, x4fg)C-3^T^^J:^;i/^-710MJ/(m''B)(:T^#^e-3/:^,

t 6f 7km&mmm(±580Nm'-H2/(m'-B )@m-eg 

L^L,

^2,134MJ/(m'- H )(: k Z 5, zKm^#mm(±1.182Nm'-H2/(ni'' H )t:

l#AL2:o

A, ® 0; ^Tk#l#AC^7ff4"2P^WZ

Tzo

C/N tb#--%<%#&3. M3. 2-12(:^fk

W/:o 2#W:fc(:ff <

f&b%x GL%m(:^(y-^;km##4%^: (M3.2-14,15) (M3.2-16)

^j:. 6^, 3 4

^"T ^D^S-OC (####j^^) (##m$)

C(7)M[o]^7K##m4X^C'3WT^M]#T$)bl,

&^X.T tGL%m#
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(BI3.2-17). #^5%#

H AA^t- > v -v Jl : P[Hydrogen equivalence (eq-Hz)] t Ux Tk^fbJx.fo 
(Hydrogenation)##^^ j; C

v-v;^ : P' [eq-H^] ^ LT#1ELTI^^, CCDP^P'

#"^(±^^-3^0 GL^mC^WT, lmol60$L#(±##%t:(±6mol6D*m&^

f a(±f ^^a^,

#^k^D(±@f*C^#^tia^(Z)k#A^^TW2:o CC^, ##:(Z)i##m&^A

ms. 2-1sc^

i.m/k (%%) ^: Ns(moi-N)^e>^^^

##(T)##$aWc&C,H7N02 ^ 6o

II. mm^(Dm{*m6RC5H7N02^ ^ <&#k%aH2#:Ps(eq-H2)&#t'#f a„

:Am^rnrn^

mm^LT :5C02 + II.5H2 + (N) -> CsHvNO, + 8H2O : 11. 5

###mm(Z)^:C5H9N04 + H2 ^ C5H7NO2 + 2H,0 : 1

: NHi + 5CO2 + IOH2 -> C5H7NO2 + 8H2O : 10

III. mA (l^m) (C#&#&) :Pi(eq-H2)t:'3l\T

Hydrogenation&ff lx : P(eq-H2)

& at#T 6 o

P= Z (Pi)

i v. ;V;j (41'l A iz M a 'fc #19? (D zk M $c zb t- > v -V7 )i £ at # 't a o a 60 fit h ^ St % ft

A*#%b%#7:>v,^p'ux fa«

P'4P-Ps

ao ccDzatcm* (%m)
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r-^aiJ^nfeP’ 0,

-cd!SM*(; J;oTli7k*4e»(ic®<iJ: b(ST1--5» «ilf> ittaif;*SI

-> + ;niB'JS*t;iSS$Jxt iiu> iftifilk u 7^^6*Kg6UT*7k*«^® 

C k*$/i7i$sn5 =

b.RV»t^f7x >fll7kT-®JS6

RVft kSdSlilfr ZtfrtttZtifzZT- 7 I >H7k&Wilt l/t, S#7 y 7 <7 

-®7t-7k*&mmiK^®B#&#MLX:. iBfi*attij»aafflX7i71>$7kii 

MkBK6iS5&7k*M$RT-;fc.5#k ffl m ut#fe7k*£iiHB&lr-f (ffl

-ol'T. 0 (MJ/(m3-B ))C»bT

Lewisit4&T(i®r t ffl 7>, lil T ffl it £(# (03.2-19) „

r (Nm3"H2/(id3 • H )) = 0.99 x tanh( 0.00054 x / ) - 0.13 

itZ D . D ffl 7%## A : /’.- = 250MJ/(m3-B )

ttHSfc D ®7k*##a* : v’l = 0.13Nm3-H;/(m3-B ) 

TtSSSHIfflS^TkSSiSiS® : rzmr = 0.86Nm3-H2/(m3- B )

GUgite kitijSHdto7 t3 7 I >S7k£ttST-E> k, i:8Sa*ti:#Stfflffi WiT-$> 

D . S*iK$®4#tt*> S t> *f*SSI42g/LfclHl GLig*

CiSr-J'ti 5 |B]S Ltz Lewi sit £ JtR LT t> (ffl 6 * 1~-S 7k* 7 -y 7"f-

< 7 (4 (4 k ^ k" & k t, f (ffl. 7k* £ it tffl ^ * 7G =? - ffl *• *SH* 7 5 ffl t ft ft

i'J. fflftl4GLtgiftA5fLK±{*T-fe-5ffl(fflit'XT. miffiiiflto 7 7 7 1 >%7k ASM. 

B$. 7 0 tt>®fflJ;-9t:*l4®©fe»fflAGtfk#l'S#l:o&t5!)<)1, ife. 

%m7kf®#6gt^(:4 9 AjSiS»seS£;h.fefctoi:#;t =

c.SMV#l:GL%*T®#6"

phb£ bK te 7: a m r- h & smv# * jbi* x Gt ig tt (; * (7 -5 7k * * m ffl tt« £ fr V',
Lenis5S&fflV'Tf**a & 6 ® ** t SS* S *f tf L &8S, J7 T ffl it £ 1# fe

(03.2-20) 91 „

r* (Nm3 -Hz/(m3 • B )) = 1.11 x tanh( 0.00085 x / ) - 0.12 

it<£ 9 . 1tm'Mtz 9 ffl*#f*,«5 : /’% =125 HJ/(m3-B)
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= rd = 0.12 Nm'-wcm'-B)

7^SS^n0#(7)SXzkS^/EjiSS : V’’max - 0.99 Nm3-H2/(m3 * H )

z /%o LTRv#^

^ ^ ^ C 6, ^-^2,134-107

MJ/(m' - B RV#GDPHB###(±m^'e t) 100mg/g-cell'e& c /:

(m.2-21) o Z®PHB###^^###C##:f^kl8meq-H2/L^&6*\ GL%% 

C^(j-6#f$l#m#(±200meq-H2/Lt:fB^ UT# 0, kt, ^RV

f^CDPHB###^#*^/:/: ACSMV#(: ^(j-^PHBfrWc&^M LT t).

fz o

3.2.5 ##

(1) 7kn^M\z.T$foZ>fcfo'&'n(DM%T

©**>«*££* 7 7a. : %&W ■ x * Jl, =F - g 3fc S 

y6A^m@(±m7k dgm)

##)%5%:5C02+ 11.5Hz + (N) CsHvNOz + 8H2O (AG= -? kJ)

6^#1(7)^757;^#7)#^%m^1\/g, ):#x. Sfi&o

7;^-^ : 6CO2+ 12H2 -» CeHi2Oe + 6H2O (AG= ~ ? kJ)

d)7ks^fijcj5^ : 7#umm

M ^ As @ -n fi)c & fT 9 fz & 7k M ^ t1- >'s -V M $< L s 76 7UV ^ £ 7!J ^ L
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Lactate : CHaCH(OH)COOH + 3H20 -> 3C02 +6H2 (AG= 51 kJ)

11. LT^^7 a: >mzk&mmgL/2 k

Acetate : CHaCOOH + 2H20 -> 2C02 + 4H2 (AG= 75 kJ)

Butyrate : CHaCHzCHzCOOH + 6H20^4C02 + 10H2 (AG= 223 kJ) 

(Propionate : CHaCH2C00H + 4H20 -> 3C02 + 7H2 (A G= 151 kJ))

d)7jc*>w*sj5£i^-r ?b. xt'W ■

2C02 +4H2 -> CHaCOOH (Acetate) + 2H20 (AG=-75 kJ)

3C02+7H2 -> CHaCH2C00H (Propionate) + 4H20 (AG=-151 kJ)

4C02 + 10H2 -> CHaCH2CH2C00H(Butyrate)+6H20 (AG=-223 kJ)

corner

C02+ H2 ^ HCOOH (Formate) + 2HzO (AG= -? kJ)

4C02+7H2 -> H00C(CH2)2C00H(Succinate) + 4&0 (AG= -130 kJ)

%A-;i/(p)^6

A# ^ #(Pgas) 4; ^ g'i^6%##^(Pb) ^ ;i/4^
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;Xm#:%(±^m2iT,&<%^T<ao Z©;km^% ©^m?#i(:(±Lewis^&mi^

^±©c^j:D,

7>y^;i/^^^^Czkm^y^LT^g^ft6^&yii\2:^D ©zkm^j5K^7>v 

-wi/*\ g'jMfmmkLT v7^^6 

P’ = P-Ps 

Pb4 P- Ps - Pgas 

Pgas = f (I )

z ©;k$#y ©^Mm&# LT##f L&& ©#Lewisjt&m

l't /i tX ^ tz D CD7^-7j<^5:jSjiSSti^S"t:'$) ^ o fq] /£ cF ii Lewi Sj^ ifi &> ?tf h tl %> EMER 

^ LTCOzkm^mmm K (eq-H2/(m'-B U 7^^ ^^^B#^(HRT(B ))

^P\ K©^(:(±^T©^mA^^y^o 

HRT^P’/K

/:/:L, 77D-7#3100%kLTT

& D , yo-f $&T(fti(fHRT(±PVK Z 0

(2) 7te-7kS^^y*^lR3±/\(Z)

W3 . 2-22 ^©^-Tk^^mA#©#

^&/]\L/=o 

^x. 6 -5 o

©7 ^ y7< -2,0

(E) £ b iSil*sS < tz-D ft D s Sif ©Hydrogenation© A G#5;*; ^ M tj§ n\ luBH

77 ^ >g;k^#©^^d: 6 k,

i'— ^ (i j§ ti* y -2) o

#^#©^rnct »] #^y & k. >/7 b
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©’ ’ Hydrogenation^: ©AG© 'b £

Lewis^^m^(t(f, {6t:7^f #m\#^©#*^#0$&m-#:qmk&ao

: kmax&#t#LZ:o

foW. ^ tz D ©Lettish : I/= ax tanh ( b x 7) - c t LX 

kmax = a x b x sech2 (bx I)

= a x b (at 7=0)

RV#©GL%%(:^(d^a=1.09, b=1.83xl0'3l:&^^, © ft (± K # 

(m'-H2/(m'-B)). ^3L^;i/4=-^(MJ/(m3'B))©#^-C&^, C^t&^-zkm^#% 

LTat#f ^,/:AC(d:zKm©##&Mt;i/©m^m#(285.83kJ/mol)(:%#: L7k(f

T©#m*^2.6%^7ko/2o

kmax=1.09x 1.83x 10 3/(22.4x 10 3)x (285.83/1,000)

= 2.55%

6ft6o

#:# -i tz D ©LewisTC : V =&x tanh ( b x J) — c 

t£ 4o x a x b x c (±Lewis7U7 :&(;t

f$#^/2D©zkm^mmm: l/feq-Hz/fm'-G))

(k fit ^ /i D (D tt ^ ^ — : 7 (J/(m3 • H ))

D©zKm^mmm : Neq-H2/(m'-B))

0©76^^;i/4=- : /s(J/(m'»B))

: d(m)kf&o

@#^2: D ©Lewis^it:^#f-& k,

V = Vs/ d 4o J: ttk I — Is/ d 

.'. Vs~ { a x tanh ( b / d x Is) - c } x d

ljb.%M$k^tz D ©)*6 -7kS^S%j¥ : k = 285.83 x 103 X Ks4- Is
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-m-

y -± u a <-* -i 4® 2 °2%7)?23#3#3m$@7ig#m@i#c/3 7)q)8®'M/

O-n '7J.-+ °5-‘Saffl?Cl LaJ > ^ fi ®»t)5

0iE*8t®2» 3 7|(>eE# 'y)4/>Zffldvai7itT®2 °2%7)#W3) *)R m-Tz/a- 

4 4 4fiS$7ii2ct$2)iiioi£$7) c. r 2 # -is¥^ 2 5-wa!59iSSaa^ 7 5-®* 

TS«?f7l£lf/H • # ' q %7)m3g$g7)0 3 2 :)#$%#/?!# q q#;(/**#

atn/a ~q?c ?^-#)#*:)# 'zi
2 2a^q/8 q y 7)#aa##/S®4 4 4 n fiavai °ki^$47)W- 2 %83 

#®##@mavaa '4 n #@T8/B0aq)K7)-*m'2T/3q @n#7)mE 6 ®/

°2y

#q®»23y)W/»2.2 > '4yp<?2 T8 t /? 3S/q s¥^n Si? 4 4 4 fi ' > *?t

8'?5^)iS?fil«n?n %%#3X^M7) & y 2% >

'nsfin7i$6S5?*E®fj« 

~ £ s» 1 ti H 4</ 2 3 »¥'8® ^ '1 ^s'? SViSl yt q 7?i(i-FnS?l (i q ft) q y 7) 

W)/ 3/# 9 :9 % q ?$E 3 4 4 4 /, °5-^7f 3IBis»;?*EWEa-$ $ 3 2 ##3*%* > 

q W?#%m3*)K3q g@0W^^ %q3 7)l4Wyi 4 44 n ®2 'yio/i/c, y83 £ 

£f®8® 4 4 4 fi D c- T 2y:7?¥»7)S,/ q aM7)«$,®SlX$i?3[*«$t$ 'ic-39

2%?%- =

a -rtOi xgg-ggg x {o - (a x q) mm x b } =

( P /SI) -r tOT x 0g "98Z x { o - ( ( p /si) X q ) ipn x v } = a

q 2/q (a-nqsf?) a = p /$/

°C-7T u SSsQtJEffliW^

s-4g8*^errvq q>8s» p an 7)i#2 '# :? 3c-3Ss<?s/ c, T7)i*$WM7)sq 

$ 'qrf/q ° 7Z c 4! 3: ,Q! q 2 4.S4S3-l®*«®$,a2 3 '4'2/:?*l¥gf!!S3¥W'1 

f^34 y 3 0#8 SIX ¥l 7) •> gj 5 ^ 2 “C|qi1 23IIHiH®*«»|^'?5 

i?¥T " g 3 3 q # 8 q y 2i#/yi 4 4 4 r, ® a 'gtm«¥!ng)s??p 

2! & y 2% > *# (3t) *@W8*X^-^»7?^»7) (S/ ) ##B 23 'qsfi'Uq® 

(p) ?giq ?*F^iF6l® 4 44 q ¥^6e5»- 's:?ffli¥n: 

(P/S/) 4t0T xgg-ggg x { O - ( (P/s/) x q ) mm x v } =

s/ -PE0I xgg-gggx p x { o - (s/xp/q) qmx ? } = %

"3 2/3



£KJ (passive) T & ~7 9 $ {Z. fb^ (active)^ HP £ 4i & Z bt>$nJtb

o) MMm&i®m<D7kmfti±

%LTl^o L^PLx

@####&^H%LTl\.&C^&+##X.6:h,ao CCC, &6fgJ^(7)3>^<&#u#

# X. Z> o

UTW 3. 2-23

A(7)^

'O&tU C®^®±m(±7Km^glO°atm=latmT&^,

6 c®ig(D#$A(±4=y%(7)8

tj:D, -tfoj:

r^ l'* o

C 6 ^(j:, 7CD^^/L^®gP^&6 A^zkmeE

V 7(7)#^"e & c ®g|S###^J#0#$(D#k:7k#&^j#L%:Wy;i/ —7#

Vy77M(z^^T4b7K#^j^#@^ 6*#

u^u,

zK##^

^##(7)3 > h D-;i/&%@L7^(f
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m u r ? ? 61, 1 '■ 111 „

3 . 2 . 6 S t to

1. $ Fb*.l8 ® v - 5 - i i 9 m*-7kS$iS6

®ti. jsiiT 6bK b 5ofc„

2. aseic =t b 8(*tgE*li9i* L, ttTffliCffl J: b ffldcDH24®7kx> 

lillti't,

C/N®+H2->C5H7N02 + mH 2 0

3. j: D x RVf$&

3.2.7

1) K. Masuda et al, Marine Biology, 177, 685-691 (1993)

2) Y. Kitajima et al, Kajima Technical Research Institute Annual Report, 44, 

295-299 (1996)

3) Y. Kitajima et al, Proceedings of International Conference on Biological 

Hydrogen Production, BioHyrdogen97, June 23-26, Waikoloa, Hawaii, USA, 

359-368 (1997)

4) J. Miyake, et al, J.Hydrogen Energy, 12, 147-149 (1987)

5) E. Nakada et al, Journal of Fermentation and Bioengineering, 80, 53-57 

(1995)

6) R. K. Thauer, et al, Bacteriological Reviews, 41, 100-180 (1977)

7) J. E. Bailey, et al, BIOCHEMICAL ENGINEERING FUNDAMENTALS; McGraw-Hill; 

New York (1986)

8) K. Sasaki, et al, Biotechnology and Bioengineering, 12, 2529-2541 (1980)

9) jL# #% #: p.89(1997)

10) wm 3L 12-27 (1989)
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11) Y. Ueno et al, Journal of Fermentation and Bioengineering, 

(1995)

12) Y. Ueno et al, Journal of Fermentation and Bioengineering, 

(1996)

79, 395-597

82, 194-197
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-233

3. 2-5 HzSeSIE [meq-HzSl/L] l:"3DT

[ *mmm-?n2st ] = 2 [W«K-W»S]xH2«ff»)

J5M OkSrriol^ # 
^tEEmol] ft istraig

CH3C00H+2H20 -»2C02+ 4H2 4 SO: @5^^ Si 7k
zfu C3H602 + 4H20 -> 3C02+ 7H2 7

mm* C4H802 + 6H20 ^ 4C02 + 1 0H2 10
C5H10O2 + 8H20 -*• 5C02 + 1 3H2 13 (* : iso-ft&f^D)

t>7n>m* C6H1202 +10H20^ 6C02+16H2 16
?l m C3H603 + 3H20 -» 3C02+ 6H2 6 ^GLSEJl7k

V')lZ3-X C6H1206 + 6H20 -> 6C02 +1 2H2 12 ^lusasxE
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CO

PHB content [mg-PHB/g-cell]

IX) 4^ CD 00 O IX) -p* 
OOOOOOOO

PHB content [meq-H2/g-cell]

PHB content [mg-PHB/g-cell]

IX) 4^ CD 00 O rv) 4^

on
O IX) 4^ O') 00 —1 —1 —1 —1

O ro 4^ CD

PHB content [meq-Hi/g-cell]

strain R
V (PH

B positive) 
strain SM

V (PH
B negative)
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13) less H? is required for cell and/or by-products 
synthesis

3. 2-22
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GibbsCD g (kJ)

© HPr — HAc © HBt — HAc 
© SS® - HAc © C02 - HAc 
©SO/'-S2" ®S032'-S2~
©BKKttliSTt®© HAc

© x ? J - — HAc
©CO2-CH4

®HAc-CH4

0 3. 2-23
(ffilEH *3 (1989)
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3. 3 T7k;S;€Sffl i'57,cSfi$#aero*eiS*6i6

3.3.1

T/kSEeMaMtiSfiXSieil;©-)., it^iliffiSI): tTiibTi'5:k4 

SgLfclf, d -v h @0*g@B0ml4:Z 5;k#&m*0 7ii> '7 t>, ®i t> SH'®’ f, ® 

C®JSBkLTl2, **£6B#C 12 4? ;f 7-7 K:i 5 T>f ^7iS L 

T hU'S 6s, m;kc 7 H: 2 o® 12######$ < , iltlCASteW«®*st§ac 

mmznzti-'omm&wfcZc a sicsfi^wtiA^fc®, 7tjsaffi*s«*K7k2 o 

6<sv'*®F=g@,6tlifc5, zzt-ztibzmiktztctb, *nfflJi«ia®rSffiK«a4ia^ 

*®t-#gt5.

Ma,M»6;i6¥2 < rstiema-rsfcto. t'2-7 2 H@a@ ^ isi b * 7 A m# ^ % 

L6.

a. W 551 ^7 ;£

©s»i*

2)77»7A (» 50 x 500mm) ( f >J ^rSffiKX-7000) ^500mL%% U,

Shi *2177 $it?6<SM Ufc„ 2 fe X ?6 i: 12 :# 7 7 * 5 A ffl T S »> S , 2? > 71 (EYELA 

RP-1000, -> U 3 > ^ 7l — 7' <$ 4.76 x 7.94mm) 7= §1 < 75 & RH» tz„

©***»

tas> T-$m®svia (ji*©«gi«it®=***■’/b4-»«««■*) *ra*w(sv=

2.0. 3.0, 4.0, 6.0)®X«L. »JS» £ 7 7 7 -> 3 > 3 U 7 i> T- iSIR L tz „

7 7 a V 3 > - -*l2^20mLT-ff ®, fimssas. 4II8I, 7 >

A7HfflS8:T0C@S&$i|SL/;„

©3-ff 75;S 

-f. WEggiSS

* 7 A : SHIHADZO Shim-pack SCR-102H

*7ASS : 40"C

### : p- h Ax >771/2 >f$ 0.951g/L
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: p-HI/J: 0.951g/L. Bis-tris 4.185g/L EDTA 0.029g/L

: 1.6mL/min (#@#g : ### = 50 : 50)

D.£SS;J8Jg

("Hl/#jp vnGm# V ^ A15gkNa0H20g^#^7K500mLt:^#L^<b(D)

121°C ' 30min##-

^#^T#®#>7;i/imLk%&^m (t>h7;i/$##

(t>h7;i/## mm##

Hc-iooo) #

u/:o

A.T0C;lJt

m ^ ^L ^ > y;i/ & SHIMADZU T0C-5000& ffm T #J)g L /: o

:. ^ >v\H g;SJt

Lowry-Fol irn£ lz X <9 #F/f £ fr -o fz o

j; D 430nmCD#4%#m&m^U^o

oD43onmkToc,

Z CD H o ® # (± # m C J: Z k ^ ^ 3 /:

(M3.3-1) o Z#,C^LT^m^#J^(T-N)(d:#CDH'3(Z)#mkm^D,

^/3 (^25%) &#TW6o ^^#3 . 3 - 1 j: D,

#kFL#LT,

(± ^ > /S /7 z kt: Z D x & k f # LTi\/%
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SttSziMti: r/kS©mS®i@*®fflJ$J£ h bfcioSSi*

SfflffiMj iMHTHJ. Sf4SM$lieEAs#l' (SVtf/j'SU) |$ i: ^ ® $ M li 

ffiSgaim5# < tc£fc@v7TA86*®ffiT£ iiSICIS

b& 7. («7kt$»s

si') feto, c
?kt:#M&SV, #m&6K(0D,3«..)&M#k b£®*7 7 7 -> a >»T-7‘7 7 £

ttstfc (03.3-2) o ^s*as»ssvc&6sn&v'fcto. yeiSiittSr^fear- 

Ma^ftst, c®y?6sv=3.o®#c*tmm%*#*wc

of;, Ctlct 0 fStt$iz» 7 mi,'feSSttoa$»ffli!a-$l$(t6SV=3.0Cf*$LXi =

(2) ;5t$»teS7j<lc=t:5 7k*SE

j; 5 e«-?>±saascac#*sMf>nf;©t, *pgtffiJi7k«m'tTk

bfeo
*S$iiBttfSSffiiiHT vtei'MUJM k(8UI6# bfeMJSSi*&#(# b. S# 

®tt*6-$xrv/i*®SrkiK amt:T/k#$#7\' ofiisffo ^ttioa
ft K ffl 01 31 £ $5 14 b tz o

a.

©#HB«
Rhodobacter sphaeroides RVtt (#7k#l#0)

©tgtfeftfr

(it«)
2.0mLffl)Siie L.fc9l*<$#S$ TSB®tgtiiAT14inLti bnKStecrte*^*. # 

V'Ttgt6BT-70mL®ia bnK^W$m®. £ e,

HBH U RK7>t A»A&0.55g/L#ADm. pH6 7.01c 

UZztiiltgftktcT. 700mL7l/ — 7 5 7 7 £ ffl n A X (*1 T- 30°C T tg# b tz o

$feAXStaglliEYELA FLI-301NHS m V' ft®® S/E3LX ffim bfco
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<igi6A>

1.25(g/L) 

1.00(g/L) 

5.88(g/L)

Yeast Extract

h U U

<tgtt6B>

#0^ T A A 7 e? A 1.25(g/L) 

1.00(g/L) 

2.74(g/L)

Yeast Extract

MA h V A

7X2 h V »A 1.31(g/L)

3tl f,ffltgtfe(±:*- h V lv-:/(120"C. 20min)C

o.*%# (7k*$e)

^ U - 7" L SiM Si* £ -t? ;* 7 k M7i>catl (¥£$ 5 iF-gfiS) , 

M k 7"n Y.t >®nefll,300mg/L. I,000mg/Lk%% Z 9 CIS® Lfct)©£8 

*tgt6 i; bfco

©±S#A;S
@©#*tg«fe^(l)ic^ tfe A i£ 3? iSttK toil bfe»*«iISi*3.5Li;, *®il©» 

iffiilS# (**%*) 3.5L£ipS V, SW£1.5mg/Li5M* W#£«3. 3 - 2 (C 

©f Z 9 t:@A-LT 5 %?iJffl/kS'liStgtt k Lfeo

1.4LS® Ai§ii6sito5.6cin©;v—*K lin A > 7 >'T‘M-26$: m lA 580 

W/m2©8i®T-tBS7k*t =t t)30°CT-tg*bfc„

©fl-tffAS

t.afte©^*

A- Ye % S It 1: T 660nmffl m Yfi K £ »l b fe

o.WtilKaS*

3.3. 1 (l)a.® tm 19 sassi'ft
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$ 3 . 3 - 2 I6wbfc 5 6, AiiEC-o^TH 3 . 3 - 3 £ * b,

&3. 3 - 3 izt ttbtio sttetia

iI®ht^AsAl>ah'7j<*$Sa6stg^T* *) , ylb$#8ij¥6 W®eM»s?#6;h.fc = c 
illilE 3 . 3-4*6, fl#BS$#8b*®|6]±6s 7k *$j$®[6)±lc te® k

16**1:SSS*^ < *151$ k\ KHiSk tt*i®Sig trig
#f 5*0, fl«®®7kS^®$#a*tifS < &5<, 3 . 3 - 5 (6

m6ti5 <t ^ t6, *a*askaf*BsatbMiiei^*a 6*i, Am#am®***;k 

**S6S#L*ke*5. L* L@Kg@ai$7KmgK^7k**m#&&#f 5*, 

iiS®toII($W«$6l!S»LT Li 9 * A, 6n5toa*®Sl»

*a**i5o *fflfc46rSf$Sffiilti, ^S*@®*yj$flfflto75XS T-fgT bfc i: S 

(Sa*ffia*6SttU/zk?) &*'l'E®tolik*5*, 7te56K^S*St$S®lg# 

*fticj;oT»a*fti$$ft*5„ $zz$7k®e«i6 4;oT6$ibr5^to, *ss 

BSiirStttSffiJl*!*® ggk bTm'fe* As± bbflBfi bit.
£ £rS14KM®58M®-7 b bt, Miim?*D -y ht6 J: o Tlf 6 out tvfeTk 

*'ibaa®S5g*iB6nteo c*u$*m#aK®f %ib, SbfcSKSiac g d mu 

mm*® ####*&«*6*:*>®#*b#* 6*l5„ b* b*f b^istt^jaaii 

-£>a®mffiia*(*t(itc < , StoiimmiirS-ltKtoa b£6© b bT V'&®6© b?k

#*##®m^l$b©bM6*i6:bl#^'#$b. EoT, -> X * A 16|g^atf »-&($ 

3 y tLXM'09.o o

3.3.2 mgpmwat 17 3. -7L V 7 * 8" I6g &7k#A#%#

B* * S ® *m7k $ ffl V' kc lg * r-1$, 7kS£S»sg«6 6 ti & o. * © fc © * *-If 1$

3. 3. 1 T-IBiS bfcS14g£»$lffil6 j; D ^to$im# Sr dk # b, 1*1 3S!» « it * -7 i - ;v

V 7* 8 (6#* b/L. *©|g*7kStS6sE.® 6nkc®T-#et5.
(1) *#7k (T7k>^;)gro**toamm) Srffli'fc/Vy ?7k*£i£i6# 

a. # # ^ 16

©«!3®«

Rhodobacter sphaeroides RV# (# 7k #1 # #)
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d)iS16Afr

b5S#I±3. 3. 1 (2)fc fs] bT-ife-E,,

7k*4i$tg*(: lin '7 h6@7<5 "J *im <• fc#>. 3?t|-¥ A 6 fflJS£fTo ASlSTk

icffSi • An e * >m$ztz?til,000ug/uz&z A 5C*I l, LfcffittS

ontcSW$1.5g/L?im. pH&

7.0t«SUfet)CD*7jc#4*^*i; bfco

©iSH^iS

SiffiiSiM«tCTti«^-ti-/2*<*$:S-C>5>a£(7,000rpin, 5min)CAD*«*. rSttM® 

Ji®7jcl.4LtSSaigE-B-Ttt« tfeo te#t;(i7t*Sft*stt5.6cm©1.4L«®;P- t" > £ 

BH'fco *mia;\Dy>7 > AM-26&R16'. 580W/m2ffl®er-tIB7j<#C J: D30°CT-

tn H t fe o

*2o#fm®tg#@L 7k#t#&mmL^i.4L;p-K>5*(7L)&msBM*au r^ 

fiestal. Lt. ts#s5£i±7vy^^sr-$,^<,

©^WS'/'S

8(*ag. 3. 3. 1 (2)a.@krsibt-fc-E,,

©suss

zk*&mtg#kL a-x u 7^ 5- 6fflV'fc„ o© <)

Sffbft'fe© t-. Axt***7kt i±ioL© u 7 37 #»£m'A*A SggTkkteecA-s 

«ajitt©ffi F Asfc •£ fc ©7L© 'J77^ Sffll'fco Cffl7L>J 79 *> fflft«£ii( Tt;B

t.

7kSA.£$3S : <$ 1 8 9 x BflB® 3 0 Omm (me#§J)

%#{*# : 7 L

v A A y Ht# :

AiiiiTL-7 a (>F6g 7 ipsais)

S iz§i$1«H6 (¥6K7¥®BES)

s-a-fe>»- (as, pH. do) (¥687^siaaa)

Jgftffclf AH : 7 H
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3-6C^L^:o

(10LV7ff(±4^9$Mm#e#3. 3. 6#^)

LT m5^# & 0##ZWb L

&, u^ufse

^cj: D ^#w%4;u. v

M^tl'Scfc'P^&o/io

SBrnmav7^7^Ax ##^###?&v 7^^m^\®

A#^#(±^^A/^0 ^^6 ^ W9fmmA^&6^AT&6o

(±&&#x ^®%#Ke^®e^^<b&M3.

3-7c^u^o m^mm(±oD66onm=2.o#u#^^^LTj30x 

^6C#3. 3-4t:(±x

m/kcAa&gm^x ^mzkco^T^s

M3 . 3-7

HH B^p ^,® j: D f 0 g^j&AvTf^ D x + #

7Q mi® W/:o Z®d:&6-B-B

(2)F*3gp^lH-5^,J T3'^ 

a.figp f&tt&'JTt*

f V 7/7^®g8!@^^^i#[q]^^ia^^^Twa#^x #^5cm® U 7<7^(:

^ A#f 6 /= Ax U7<7^ (±#(:5cm®^%#&^o

:0. 3 0 0 7
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© T- IS & < . ±ISB©&Mt J; D 5cm«:6t * $S © B#ffl ftggK k # x 6

ti3„ f ©6*mast^A^@#t < b. #A©*a-$i:A$#^Da. f

tit wi^SiWi >J 7 6 6 ©ts^. Mmf 3 isa),e®«B$<b*s'ji# iNfcsb, is is 

&@L6)t;#aAt#3ti3. f ©±*)tf*ASf@^t*&a-#LT 136 A.

-@a©-oso. m**L6tum?@6ttil'?namAis$,3At *

^diaiffl*I#tl:l b6 b Hi b^tu.

b. ® StSt/6Jgik''■.©*$
OteKM) 5cm© 7 6 U 6® ¥6 U 76 6 £m'T. ±mA?;k#fb#t@#&

tfo 6em. a rteEgg 7k Tishas #11 itv7661Z3%#*amzD 

#At#3ti6©tltL. SlggzkT-tiiet rtaSMit V 7 6 6 © 6 As85 Wl £ ?# 6 (S 

3.3-5) „ S6@#t#f3%#*#&#A^$Af-#6m6 k 7L©m^!@# 

it 1 76 6 k ¥ SitlSISISTs] tT-S 3 At t£'$ # S6 * li 1*1 as H It it V 7 6 6 © © Ath 

EoTt3 =

©tili¥sK 8 <F-S©6$miSSS3 . 3. 3 T-«gj U A; r U 76 6 iteKft k SfMS 

&y-')leSiS*®MfMjt j A^@f#f 3k. ^tyer-is <-.@A7-bi-3Sr£J: bAfl-Kt 

A b Sl'ASriiiWtA-x 3SAt %StiWII«K kc,-C%*A«A<Ai:36Ak#x'iti 

3 o

-ot b . 1*1 as I® It it b 76 6 ©tlSAS # 3 j t k T-*

36A. 6)&fffU--6J%7k£fiil'3 k SliASit =t b lAaSiSStit © 6 A*# kl k t x 3ti 

3 o

* Ac. 1*1 as#. If it V 7 6 6 IS. j%7k©#6^##aKt Z b 6iSi@KA^&fbf 3# 

fi. ^sA^^tsssrifst-3 © kT-feKsmeaib. b ®*f*gee®»afbt,gi 

3 C k As T- £ 3 o
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3. 3-1
svzmzm

SV 2.0 3.0 6.0

24.7 25.8 21.1

TOCB&**[%] 37.6 25.7 23.8

45.0 38.3 34.6

NO.50(l,000mL

3. 3-2 B5aasEtoigit%mazK®iSti6S^tt

A B C D E

it* 100:0 75:25 50:50 25:75 0:100
1. 4L 1. 05L 0. 7L 0. 35L OL

OL 0. 35L 0. 7L 1. 05L 1. 4L
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3. 3-3

^*iS* **m£* ###^(OD660nm)
[mg/L] [mL] [%] #$[%] w-m

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

3-4 'JTZ^lZ'kZ 7KsS£j£/1 >7 f-

±s*$s$

Culture Av. Gas production Conversion
Date Volume rate in fine day Efficiency

[L] [mL/h ■ L] [%i

Artificial
wastewater *97.10 10 11.9 0.80

Real
wastewater

*98.5
*98.8
*98.9

7 8.7 0.54
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3. 4

3.4.1 ##

L7h#T. 6 C (h^45- 100mmj3j;lXl50mmm@(7)^

U 777TM2flZ:.

(Hu?7<±x)

^T100rnrnm@(D^'J7^^^m#LX:6^6.

$kL 40%ioj;U:l.l%H^:o/:.

^^10. 30LH2/(L-d)&j;#?. 2LH2/(m'-d)T&6.

C^6(D7-7(D, - TK^M^XT-AUPCS)^

(D7^r-;i/7 V ^ j;

CctoT, 3##7&LT07K#(Dm@(D##(l. 000Lit/Nm')(D^3fg(D7K####%^^

AZ^cb C

##§##%(!.000Lit/Nm')H. T^^##$43j;U:7^U7^^37h^

3.4.2 US

#%(D7 7 A (Z # 7 LT, Enterobacter aerogenes #&, Rachman et al. u

amu77^T(Dmmmm(D^me#^b/c.
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^7 (m#2.7crn. ,%217cm) ^7XhLT,

0.67/h l.SNr^) &T0#

THi3immoi/(L-hX 7 u ;i/7;i/3-;i/%m:%a7o h 

#k"mi58iDmoi/(L-h)-c$,o^.

ggaitg(L/T#^i:±#^ (l~2L/(L-h)# 17-31L/(L'h)).

(bLT#6aTi30, ^;i/3-7#1.2mol/mol(D4X#T7K#(;:^#2fiao L^L. <1:#

7;i/3-7j;0e#^fSW\

c (kc c(Dg%T^,

0,3-77 >#i^±m^ L-cm^T#6 7 7;i/%

X7;i/

5/7y/i^7U7T^(:#^^m^6^lTW6. 5>7//\^7 

U711, MAkL Weisman et al7'

kt, lgf^(D^7K(DM(:mi'&ca&Bi%aLT7

llAM F i schere 11 a (J^ tu CDMas t igocladus laminosus )(D#!#^##&##L/T^<5o

^77/^77'J 711#(7)r\7 7'J 7<h#l:#m'76C6^#x.6^l 

Tl^0 Bagai and Madamwar6) 13, is 7 J /t 7 7 U 7 7 $> £ Phormidium

va 1 der i anum £:IS iia f£ <7 Hal obac ter ium halobium & XZSEs cher i ch i a coli 6 # 1C#^ 

7^ca&#ATV^. ^7y/\'77U713,

#m$n^7U3-7>

6 7# 6^^m7C^l:=k-3Tc h <b v^mm^^TOTK#^

Sl:f£fflT5„ ;®fflyXfAm H. halobium 2rffl^T7P h>£#tf5U E.coli

UASB(Up flow Anaerobic Sludge Bed)aLT%6^1TW6^zK(D#m:%^@l:#m$^lT
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ya/^ryaaua?

#6^mga(D@^{k^fT3^. a^fcmm (%#m#T, A ya/^N'apua,

H. halobium &<kZSE. col i CDit^^l:l:l) T > 2. 5L/(g ce 11 s • d) ch zKS ^ SSS

m*%c, Az%a8^%(D)%;5T^(Dem&#f#'7a

I(h5:SWi t Tl^o MW (DM T > Tsygankov et al. 7) \t, Rhodobacter capsulatus

#1:, D^O.OG/hTmmL/z^mi.SUvh^^/^-r^'J

7f7&mw%\ 7K#^100ml/(L-h)(:#t0T'5Ca^%EL^.

###, maabKoy±-t:^j;z7%hDy^-t:m^(:ct^7K

#611, m+B^fDCOz/Hzjt^^^COg 

^Mf/16, coz^

cap^u/a/ua C <{@mT& C .

4X$(7)mA^6, #611, #*7K#^#m&Ttl,

30%^"e7K#^#l:#m$H, 50%^A<^77^^l:#m$H6Ca^^mL/:. C(Dm 

#tl, n%t^o%mmmm^m^Lrz¥asceili and Tod ini91 (D^S A itl£ L T#Stl-fi; 

Uckoca^fia. mu, #6ii%mi:mw^###m%(D^4:^#mLTw^w. wT 

ItlCill;, *l#%TT!l?Lm$(jm$timw. Kitajima et aiy"ll, Xy^&T%%

#L^3, 5l3l:U:30cni(7)^$(D7lx-h^/i<^U7^^1:3^T^-llfll38.8%, 17.7% 

^ck^0%(b^3#&#^LTV^, #61:1:1111, mg6#m(D/:^(7)^m$jm#113@(D 

^U7^7at)llll|5|CT^60%T&Ci, &mil7K#l:^#$HTl:, ##, 

m, @&m, c(DRmn^c^#L

L/c^-oT, ^V^U7^^ima:i#i^(C@C'5 (30, 5^3j;U:3cm(D#$(D

V7f?Tfflffl40.8» 25.4i3j:U:4.7%) . &WU7t)^$:mWT8^(D#^im*T

c 6ii, f ;w:ctoT^a^mTa c
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#(:, Hu et al.'"n, ##^7^6(7) 

%^fb^#^7@^(7)^^t:, ^(OCOzM^&W-f 5#mB&m#n;/orococcum 

/yNora/e C(7)e^n#^C#^

(^a^a80aj;U:l5-

20g/L) L^t), ^WCOz#^ (mm^T20%) T^ie#^eA6^6T

L&L, can, mv^g#(lcm)a#wmgGm% (2,000 yymol/(s-m'), ^435W/m'

m#sL^nan^6T, me^-rn, ^^oj#g%(D-3TL^^v^

' Am#^U 77 7(7)#^^

- *i#%T-c(7)%u 7^7(D#mm#cmL^^&(7)m^

- #%M#(7)37

^m&au, #^-76.

#n, A%7^(b@^^(7)%^Teo^#^[:3WT^/<6. A%^T(7)##n#mma 

j;Z7^>7m#(7)m@Te3 ^ (C(7)^@(7)%#%#mn3^Tnf ^c8^^a j;Z79^^ 

(D5%M#e##G8) o m#^T(7)^mn, #^m(7)#e#Tm%L^ti;^-;i/5>77A 

T, #LW7^-7V777^##L, /W7a###§#^m^(:^ALTeo^ 

(3.4.4#^) . CO^A^ATn, #^(D#f^AT#/:mO&^bKny7-t:Am;5 

(HUP7<f7) ^mv^.

A%7^T(7)ef^n, ±C, ^/?0(/06ac/er Waeroyyei

coBMT, #v7(%###c^^fiaw##f'r&a<yAc]>&7't:h>#^ 

m, can, m^cco#

o fcLiessens and Werstraete12) 7^$g a o fz0

C(7)#f^&KA LT##(:C0^7^^m L^:. :tlil 7#fbm#n77>g^#i>R(t
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®@tcS (BP£. Desulfovibrio ) ft ft ©$ $ ft $ *14 B T ti IS T $>-5 »>*,

Rhodopseudomonas ftft©a$KE^)£a'Jj£ffillHC<i:-3TRHS:ft:Tt>!i^:($T'fc0t — (OpiMM 

<hUTftffldn6^6T$.-5,3,„

CO® OiA«.©»ff «TK©K®IC*fti'©T©3 ft tS#8LXi< 131 .

CO + H2 0-*C0! + 2H3 + 2e~

ter-, -c. gitaBA'Soasafsimac,
:ii> b. ##ICC0&m©6ft ft£#MLft.

3.4.3 a#

(1) *J££e<Dft«>©aK

£ l:¥LK ft (1)90 : 10. w/w) £S trS o-#l £ *# £8 ® ft #> ©H£ft5-#: ft L T 

m©ft.

BUM ft H I* Ift. JSmS&ftttifi <©#*•«?**»»

^H»i'0«:on5. »84?S«®«tc, #?8BftK£»a£*£IStJiiSIW 

t Lftssftfgffls^froft. cmmaicwf&#m. ft 6u:cy at %©&#«?© 

%mft##&#e&@mm©m®ta. j;tX8¥S©®*#e#icE«snT

(2) »Sltttt£<SWS

tai:A/±:©sieua, (x><tfs) »>-stt4-saift

Rhodobacler spbaeroides RVSr©Tff o ft.

ft © 1* t;tRV 0 4 7 d g tt It ft. A>£®g©»Bt£vo.-;HiSs9:lC=t-5*»T'(a. 

EniTecnologiettS. DonaloW%P7rT'f#ft® 0 k F (HUP7

ft £X, SMV089) &m©ft#e&^,6.

(3) <t¥-*a

t^xcommz. ?&8f

ft o

^ ^ > GermoS. p. A. (Cornano, Milan) C: <£ o TGermocid P 1 us <h "5
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mam, ig0o-7%%

;U7% y - ;u, 2Omi0< v 7o tf ;u7;un-;u # j;##<

^VAD>^t^^7 7"iflill©2’3 0^f4(iWigand Products L m. t d 

(Worces t ersh i re> UK) ^ b $ il/r0

#%0m(#M14O%0 ^ 0 , ^20^^13 ^ ^01O%7K^%^JT&

3 tc o

^mii^i:ia##i:^iti:<^. ^m0^f#5Bll^3. 4-i0m(OT$>^ (R13 

;i/Vo>, 3;i/7o>, 7M;i/yo>, 7lx;i/7o>^j;U:^7h;i/7n>0^^#T

&a) .

(4) ftvimtftmjz

f^T0fr*JT£, M¥$<D#^u:S5E£nT^5^i£(;::Eo TfTo fc = 

m-(Dm^\tTOCMfeizmf & =b 0 T- $> 5 „ mm^#&7^7h)6i:$#l:io, ooorpmT

10^^,L^# LT43 W/z%#%0^#$r, ## (14)

?£, ^&#^-5310B(:%oTA#^#L/2o 5^12, Total Organic Analyzer Mod 

5000-A, Schimatzu (Mi lan, I taly) SrffiUTffo

&m0##r&ffo/:o C0B%T, EPA^& 

##3O5O(:%oT5OOmg0^#^m^@L, 77X7^y6m-JobinYvon model JY24T# 

trlfco

3.4.4 m#

(i)

3. 4. ^#^^#0^#!!, @^##, ^^>##433:^^##

7C#^(H0/?. ^pAaerojde^ C^T6m^#0im###(:Mi-^'b0T$,6. C^l60# 

#013 <b/u (Hll, J^##0#m^^ 6 m^T-5 7K#^#0^:^0#K4: W^)o

LT&#0K#^#^o (2OOppm0 7 7^ ##MEM494N, Nymco Groups,

Cormano. Milan, ltaly0^%Tl:##Mm;b^##@^## ; ##1:70713^^7^
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R. apAaero7(/e^ 5pAaero7(/e5

#3. 4-i(:%oT,

4 - 1 c^7#^#

mau, 7K#{l:±hUC7AT^mL/^. ^###3^7^411, %##(:, %^^2.1(D 

LT#^^ 10%v/v^ LTf7 3^. ^##^5^j;U:6T(l^##$r

20%\/v\zmMLfZo

$^m^^%^y-;H:^#Li:8g/LaL/^. %## 
7o%7 y - ^ %7 y -
^ ^ |p) - c L ^.

#7^60^rM,l:%3T, 7?. ^pAaero/de^ RVCD###M:J^T(7)t)(D$r##u(:?#j)0LT^ 

ft : 75mg/L MgS0WH2(K 5mg/L FeS04-7H20, 0. 75mg/L Na 2M0O4 •2H20, 1.25 g/L 

K2HP04^=k[XKH2P04 1. 12g/L.
%##(D##^200miai/^, ^#11, 35t:(7)7Km(:A^^ 350ml(Dm^X/X<7;i/T, 

|g3. 4-2t:^L;tmm&mWTfTo/:,, #3. 4-ll:^7&^#ty

|g3. 4-2AC^T#@^mWTj3m(D^m^evx ^3. 4-2B(:^7^@<&m

wTcooiam&eo/:. ^uyx^, 350mi(D^x##§j3

^^tfm+8(bC0^^mT^C(h^BMaLTj3O. co^m

%U7^fa#X#2Mfm(D77Xy'yy(:ck60##,

(I# A 6 7h(/) II, Tygon F4040A(ENCO s. r. 1. , Venice, I taly)Tff 3 /: X ##§ 7 (D

TKHNaCl'rmfO^#, ^-(D@#^m^aUT^xm^&m#L7h. 77.apAaero7(/ea RVO 

/\D7>7>y(Sylvania 125W, JDR 110/125 E/N)l:j:'5 584W/m'TmgBm 

%L/:^U7X^T##L/:. ^11, 7^U7X^(D^e;^mT#i%L/^. m#:^ckU:^

zK#^7^C02^#, pH,

mm(vFA)#m, %#m#^j;^Toc(D^#f^e3^o 

%U7Xf<b#%&12 0'CT30#fm7-hXl/-7ML;t#(:;am#^3. 1

R. sphaeroides RV#@L/c (i) T # 7^ 6 A ^ 7XtKX,
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(^3. 4-1#.#) 2rff 3

co#& i&m^COT^fn 2 tFX:#l:F?3 X:.

(2)

DAim mmmaam)

L U^L!#K#^y#T6X:i!X), i i) t 7n.-;i/(:##T6X:^C^ 

^7^/?. .s^Aapro/76?5 RV4o 0 b F o yy-t: (HUP7< y

X. SMV089) % Smiiii) f #^^###69^$^#

3

a. AOmK(D±m

5 tt/io CfTW.

^:UT9M Cff 3 ^:c 3. 4. 3 Tidi^Xhck 3 (C, xd v 7"

coym, ^=k(A##o/:^(7)#mem#muff3 

###) »

b. =£'s iL-)l<Dfz.&(Dfemty}<0£.m.
7?. 5pAaero/de6 RV (^%%SM047) 6:^(7)%

(HUP7<y7, SMV089) CD^y&^#LX:o

SM04711U777RA (%S23cm, ^####61) T^#L, SMV0891±U777RB (# 

23cm, 1&####4L) "7##LX:o

cti6(D^u77 7i:, ^m#0#my^^(Dmm^^#m(hLT'a^73XdT 

%#L/:4U vF;i/(D#ij^##^^@L^o C(7)&%^^#g7KTl:4#^L, 75mg/L 

MgS04-7Hv0, 5mg/L FeS0,-7Hv(), 0. 75mg/L Na^MoO,-2H,0, 0. 4g/L KHzPOa^ADAX:.

F U 7ATy^lL, 30rT#^-H:#^#^^^2#^(:^6^T@

#LX:o 3. 4.

y.

7 77 3 ;i/^-(l584W/m"r&3 Xi:. ^##(D#2 li5. 5cm (h L

fz (7773, iH 14. 5cm, #217. 5cm) 0

-277-



^%#mm^6M%LTmmL^:1.25g(NH4)2S04, 9.8g3/\7#, 1.0g###m 

#, 0. 75g K2HPO4 > 0. 85g KH2PO4, 2mg EDTA> 2. 8mg H3BO3, 0. 75mg Na2Mo0i • 2H2(L 

0. 24mg ZnS04-7H20, l. 6mg MnSOt • 4H2(h 0. 4 ling CuS04 • 5H2(L 0. 75mg CaC 12 • 2H20,

0.2mg MgS04-7H20, lOmg FeS0i-7H20. 30T:T,

150ml%;i/|x>V<Ar-7^X3T36#^%#L^:.

7/7 ^RAjo j:U:2B$r,

(3.4.4#m o

L ft o

-20rT^#LT^W^yovy^#^L,

(3.4.4

##) . c(D%%&#mTC24e^%mLT, ^^T4rT^

#L,

(3)

t ^6 m:cowT#.

- c 2:

' 7%'J 7 7 7(D#:g^%±T5^(b

^V777e###^>7\

to amw@^ u/:7T> wx^iamc^A/co
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rro*j£T/-W #fi:iaft^7 > h £

HI L ft o
4-3(:^T. C(D|g(:%3T, SW 

A-B-cT77>hcmo/:o

#>7P-3 A-B-C(:4:3T, #5C##E-1 A-B-C^j;U:^U7^^RA-B-C[:M#mL^. 

pH##(D/:^(DlN7Kmfk± h U ^A^^^m^>7P-2 A-B-CTe^U 7^7^ CAD A/:. 

#7&#2§W-1 A-B-C(7)^^T^m@%##^6^#$#/:. {Sm#m(2atm, 120t:)^, 

79>h(D&^@c%ijm:moTM<HTo/:. mmmcy^vhc#

13. 4-4 ii^fo

s^#L/:^U7777(D^^##^^3. 4-2CaT. C(7)^C%oT, #4W:H 

m#10crn^4;U:15cm(7)#f L U 7 ^ 7 ^^#4. 5cm(DIB^ U 7 f 7#3%;5T##&e 

C(7)I8^U7^^^, #*%C,

^mL/:^#(7)-K^^3. 4-3C^T. C(D^C%oT, ^U77;7^(Dm^# 

If 4; 5/:#(:, ^###21-24^r#m L/:.

C(DB%T^, mmg#m^4.5-8.5g/L(D$Qm(:m^L//:o l%CB69T, f6U7777(D 

m@^45mrn (^##^21, 22, 24) &6100mm (^##^23) C%±T6Ca(:4;3T 

L^:.

(^Am#m7hU^A, #^^4:^$^##^) .

^m#^25f34:U(26^, S.Donato#^mT#6fl^mO)6^t:MD77

(HUPVff-X, SMV089) C(D^O->

^4, m@100rn](7)U7^7 (^##^25) (m#150rnrn,

^##^26) 8^^^69^C/)^fl:m#/4^l#^

TTffo/h.

AD^& (m#. 18(D3^#^(DmADe^w#^(:4:^$mm)

##(7)330^#^, ^(DCa^g^aLT, ^#25434:U:260#Cm^L/:##^ 

ffTeo/:. i)[o|Cm#^f|:(hl%l:^U7777T2@(7)#t$eH:^-7^ca (^#2745
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7^28) , ^6^4: ii)#^m@(D7#W^U777 (150mm, |d##^29) (D#7^r 

m^T^) C (b.

7^T(D^#T, &3. 4-31:77#(Dmj^##;e^U777(:#@L/^o C^6

3. 4. 4T#^^At:%oT/'<>7^mT#$L/:o 

7^^e&3. 4-6 C7T. A-B-U:R#m76C

c(:4;-9T30r(:m#LX:. 7>7P-3A-B-C(D%m^l 00- 1 50L/h(hLX:o )^U777

(D##H:^3-5mHL'0(b L/:.

3.4.5

(i) HKitOHR

7#^##(D^g770' 6#/:#%^ 6%7 U/:/W 7tfX 

0#m^BI3. 4-5^7DM3. 4-6 C77. @3. 4-5#-m<t:A%$##7(: 

f;oX:K#, |g 3 . 4-6(37v7Mia4#cO#f±T(7)^#-C&'5 (##C0#m(:3UT 

(i. ^3.4-L . cfi6(7)i^&#^7 6

- coa * v /? t).

- y oppmTi##^^L, #Lm7<7)7 v

1 0 p p id 7 iS" 14". 7 >Tn S t<$.!/ ^ o

^3. 4-41:777-7^6, /\<7U7777T11,

x7>#&%(D#(:ieca#gi#%m#&mmasi@caa##T#a.

pH^f&T76c

c^m, u7777c^7ii5amm(D#e

7 y # ###. ^pAaero)de5 RV(:^7 6##^##7^^)6(D#

m^mom^&SOppmai/TeoTh. W3. 4-71:77^^11, TE(7)

C2

- j3mn, 7#^^^iii^^^cmi#7^o
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(gitm#^4) .

3. 4 - sa^#

^ 3 . 4 - 9 (: /}< T , 2 CO 2 3 (0; [x| ^ # T 5 6 h' ^4 (7) Z ch 4^^ $ 4l 5 o

- 0 # 6 o

- $LfLL^=

C (7) ^ A & 5 /c A , /?. spAaero/dr.g RV4:%#^^^#(7)%^#4&lt^t)3 6 4f

^ L U t)(7)C L T. Lot,, CCOHa'JT, $L#&#U i/D 'y y$:#^LT,

2. 3p$im/U: L . /?. ^Aarrc/O/rs m##e20%v/v(:m#L,t (^##^5. ^3. 4-1#

c

4-10C/RL.

;% (: m) "4" 6 $,*i 241 3r |X] 3 . 4-1 IC^T.

Cfl6(023(7)W(4, ^:(7)C ^&m#(fTU6o %

3 . 4 - 1 0 (1. tll/TK# t^(De$^2 2-2T%(0$5@T&^ ^ a t,/i< LTW/&.

C (7) 27% <b 3 3 # (4, ^ $ 55mm(7) V-!& 7 3 X 3 Tff o spAaeroldes (7) # # % 4c ##

. Ctl6(7)S%X^AT

(7)*$&m(7)M(l, %m^L##^C4:3Tm4c64^ 30- 40%CO$a@|"e^5.

##(:. $920pprn(7)^m#^(O^4^T^LV^#^4c^tl^4c

64CW. |g|3. 4-10(:4;4l(4\ C(0#^T^4. ^.spAaerovcfe^cO^m^#

(4{&w4^ 3B#T^^%Tc^#L7hmm#^^^

####(%## & HI# LTW 5 4; 3 7K#^m^44m6M#C^C 5.
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(2) 'OTmm

a. 7

3. 4.

3k 3 . 4 — 5 7K *t" o

C 6#m LT WT(D^

#T =b 7K ly ?C o

om'c a.

b. =E's 3.-)\,(Dtz£><D&my>\<D»Em.
3. 4. 4T^^/cC(b(:%ol:,

T^gL^.

c^T.

(3) =E9=L-)V^m.

##21) (D^m^&3. 4-7(:^T. 10Q8(:#±zK#^mcmL^C:a

$r^LTV^(0.29LH2/(L-d)). L^L, C###. #^^l:#^6a/c$)(Dait!^L

#1^, ^#%f#T(7)^^pAaef07(/e5

(?5%94Em5%m#e##m .

m$
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Z CO XK£S*BL, eva-*®** 7"£$5ti8$SU, )£ U 7 7 7 6 NAC10

® 295* #8$ Ties L , ® # t: , Sr LuSI8!6fTH.

S 3 . 4 — 8

^^LTV^o #1^, 8-12BBC, 7K#^m$^0.23-0.39L Hz/d-d)#!^/:.

L, C$l^(7)#^Hu^(D9^^4;i;il^(0.5L Hz/d-d))d#^#±#j:i011#^o^o

a/:.

$6(3. (^###23) "Ml.

(mmoomrn) ^#3^u7^^^mvx ^2(D#m (m(^

#^24) -?#, ^mm#m7hu^A(T)RtD0d{i:##mm (3.4.3#^)

% T10%(7)7K^#Tm w/b.

@##7J0d4: o C a^@#7c^ 6

T&-5.

C^l. b20(7)o^^(7)$o^:$:^ 3 . 4 — 9#Sck(LK#^3. 4 — 1 0 (C tk T o ZL tl ^ (0 

bTemc

^Aaero/f/e^

VFA^,

#1^, m@100mm(OU7^7TfTo^z:##@ 
(^#23) (:ckoTi8mi#m#{Sm2fl, t)^6#W^U7^^ (^#24)

-C(D##(DAO^m^LT, ^#24T^mm(D^%^^#234;0i$l^3^. C(D#

Hz/(gdwh)T& 0 , ^-^U:MLT#^#23'M%&6 e,^l^:#lill. 68ml Hz/(gdwh)T&
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6.8^/1 a u, ^ 6 ci u o c 6T^m#An#e±(f-& a,

#^±#LT^com^it^m K L. A.

- 6 :1, rn#100mm(D V 7 7 7 C 6^##T

5LH,/(m-d) T$>0, aa##^24T#

3. 4I.H /(m-d) a U -; K^#^#6fiAc

A A-5, 7 D->SMV089^ 

3-^g/LlL-r, of: (27%-##. gftm

#^J2% A3 4-3##^^ ,

A g: ff # ± A# e ± If-5 A 67 (7) at^- A L T, A e A V 7 7 7 (m# 150mm, at## 

o-2t\ A3 4-3##) t)K# L A, #(D##&fldmT^A67, CO'J777(:3L^T^

..: :## #&fr o Ao

7 7, 6 2 O CD CD ^ A 3 4-1 1 A A 3 . 4 - 1 2 (: 3; A A T U o . C(DA

7'# gl CAoT^CDC A

- % T L A^^. 7 o j:a#m(7;#^(immi50mm(D U 7 7 7 cD Af)^ < .

W&mT/f ^Aacro/cfe^ cD^^^fW^^^C^ZoACA^##

M T U 5 c

- mmoOrnmO# V 77 7 T(7)f ^;A###tm$lim#150mm(7))^ U 7 7 7 7^ A

#^(Dm2BT^o^ (0. 29-0. 37 M 0. 09-0. 23LH,/(L-d)).

- 2#CD%U 77 7T^6A A^(0. 88#0. 9gdw/L),

A^ A V 7 7 7T(i2f^(DgR^^gT&o Ac

- A#l±±jg#Hm#100mm(7)^ U 7 7 7 CDA^r%^o A (14. 44^6. 85ml/(gdw-L))o

A3. 4-3(:/^LAA7C, #^9

#l:#t0&fro Ao Ai^m^#6fl, m@100rnrn(D^U 7

77T#M#&(DA##m#)6flA (^3.4-12#^) .

5A&, 10B#CC(D^U777T9^^618^&'T(D###fm&M%LAo C(D^# 

mA0C4;oT7K#^m##^^25%M^L, ^(D^m7K#lt^m#^f&TLA

m3.4-12#B8) . ^(DAoA#@61f,
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COCa^b, txh(7)##

(m.4-3#m) ^#ML^. ^(DR^cjioT, 

g| 3 . 4-12 (:^74: 3(:14BB^b24BB^T(Dm^(:±e^^m&^L/:o #(: 

C0^^T^, C^UCZoT^C

a±(Dca^6, TgacDgego^^c

^#6. M) B^(D##%;k#7rFT*m8&mM&7K$^m:#m2#a.

4; o 3 . 4 - 1 2 (D 24 8 gLU#C^$^l64: 3 L/:7t#^m#[8mL/:.

308 B1:, ##^B%^mL^6LT#7L^. C(D##(7)m^ (9^ 208 ##) T

(1, ^3. 4-13Om^l00mm(7)%U7X7(D^m(:^6^l64:3lC,

^#Sn:A^4: 3 cm^^iX:.

100mm(D^ U7^7T#4(Z)#^^f4:$:mv^l:#6^iX:t)(7)«h|B)#(D^r^^, 1^1 

m50rnrn(D%'J7^7T:bm#)6tl/: (^3.4-14#^) . #(:, C(7)|gll, ^(:2[gaw 

3###%&%#$^(:4:3T5 8 g^blGB g ^T(Dm^C^CoX:A#^^{b&^L, 

*R^^l:#$BLX:^mi68 g^6^##7^T(Dm^(:^U 7X7(7)##(D2

a^)±#L/cC LT^6.

t>;^-;i/^mu/:##(D^m^l0^14B(:m%L^. m#100rnin(D^V

777T, MCm#^#:T(:±gE(D&R#m^&^mWT. bMD77-i:X#^^^ 

m* (HUP^<7X, SMV089) 6^(7)#^### (HUP^^^X, SMV047) 

a&B%ab^ (l^###27, 28, m.4-3#m . $6C, XD->SMV089 (:OWT 

(1, ^m#^26(DMm&#2-f5/:#)(:, mmi50mrn(D7idU7X7'r^^^^#^e3 

^ (K###29, &3. 4-3#^) .

88 CT^L#^^AD LX:.

^3. 4-13, 3. 4-14, 3. 4-151:^L^^^^^:(D4;3lCg^nr#'5.

-mm(Dm#^&m<LX:^m (3.4-4.4^52.5g#/L^, ^3.4-13,3.4-14,3.4-15

£313.4-11,3. 4-12£lt&) . $M$^fi~Flfc(0D=l. 5~1.8 % 2.5-3. 1).

• #K$a#l^#WSMC =fc-3T, C®3^rotg*tiTi$«BiS«»M6TLfc (#* 

MS^m. 5. f 4lt:*LTM##e25, 26-eti2. 5~3) .
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esstfflisi'b, -n<da£±#mz%.z,trie®z.

• SSfln* (2. 1-6. 7g-$g,S/(L-d), 5S®21*5 cfcu:22) T(4. e®$gW#K (TOA)

(11-30*. 83. 4-1545 ±1*3. 4-16#E) .

• ±ffi<Di$Jo*tti;J:oT. ft 6t>'tcgtg!*=fctf -fa

l:#SLzc.

• sa$si~2. 5g«/d’(l)l:Tlf5;tl:J;oT+»S8«# ( 50- 60*.

#3. 4-18 #><£(73. 4-19##) 7^ tip b tl fz o

(4.5-
7g TOA/L. #3. 4-3#,#) o

- WO $ ^1g T0A/(L-d) jzffi (Dig IZT If % d £ t:£ o T.

(60-95%. #3.4-20- 24##)

- #(:. &M&2. 3g

(0. ig/i*#).

(0. 1-0. 4g/L)MlA6Ca^T#6 (#3.4-13. #3.4-14. #3.4-15##) . 

TE(D£^l:m$9Te6.

(6.5%#;#) ^^#21 (#3.4-16##.

TM) T#6#l. m@150rnrn(D^U7^7 (#3.4-21) 1:1-1. 5g

TOA/(L-d)T##^^AO

- 30- 60%(D$B@(D^#$^m#45- 100mm(D^ U 7 ^ 7 em 1-2. 2g TOA# 

W0/(L-d)#T#6#l/: (#3.4-17. #3.4-18. #3.4-19##) .

( 70-80%##@) li. #A0$^^<#A6Cai:£oT#6 

#16 (0.1-0. 2gT0A/(L-d). #3.4-22. #3.4-23. #3.4-24##) ,

4$l:. #^U7^^l:A6^#J:4;;i/4r—(Ei. w/h)HTE#^:l:%oT##L/2.

tf

:cf, S(m2)l4 7teU7^^cO^®SB#. Ks tt* U 7 7 7 ffl Stt Mtt £ #® L tz
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mm. tf(h)ii, &(?)

^U777(D7

7 7#1:

^ 3 . 4-2 1-24 (: ^7 (#3. 4-3##) . C^l6(D#^6TE(DCa&#mT

# 'b o

'iSW%#$(0.3~0.45%)dm#45mm(%7tV7/7fT#6fl7b (#^##^21, 22^3 

7 7724, #3.4-16, #3.4-17, #3.4-19##) .

- 7 0 ^ W4X$ (1. 3^3 7 770. 5g0/(L-d)<DMD$T^flf'flO. 9^7CKl. 4%, 

#3. 4-18^3 7^# 3. 4-20##) ^m#100rnrn(D^U 7^^T#6^16.

- m@150mmO^ V 7 ^ 7T11, m#100mm(O% U 777T#6^l'5t)(D70fS^f

(#3. 4-20<h#3. 4-21^17^7^) .

-##2^/:4x$(o. ?5~i. i%)n,

100mmi3 7^150mm(D^ U 7 7 7 & # (%0. lg^/(L'd))Tf

(#3.4-22, #3.4-23, #3.4-24##) .

c &C76.

b. ##

i)77. ^pAaerovdei RV(D##^^(7)m 0 H (HUP"7<

C to

^##^23^7^25(Dm%(7)gB^ (#Ml.01~1.04gm/(L-d)) 

4-25(:#$tL/c.

C(D#11, /? O->SMV089(D#####7 C

(siMef^^mi:M7^^#m(D#e##) &m#u-Twa. c^m^,
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m@45rnrn, 100mmj3j:U:150mn](7)%V7 

^7"e0.9-1.14g#/(L-d)(7)#A0$T#b^l^^^&|g3. 4-15Titg(L/2. # 

c#imi;m#^24(D#%m2B# (#3.4-io%a#3.4-i9#m) , 

25(D#2(DgB^ (#3.4-ll&U:#3.4-12#m) . #34:0:^#26 (#3.4-12&Z7 

#3.4-11) CB8T5&(7)T&&.

Cfl6##C=4;flU% ^if7c6, ^#25^4:

#26#t: ^#2411^(D#*l:^T6t)

(DT&O, (#3.4-25#

, ^3. 4-15

IM3. 4-15(:fmaL/c7-^^, m#100m(T)^U7^ 

o, 4-5g^/L(DmmT#6^i6$gigm/(L-d)(D#Ao$'rmAoT^

3.4.6 ##%#

1) M. A. Rachman, et a 1. , Hydrogen production with high yield and high evolution 

rate by self-flocculated cells of Enterobacter aerogenes in a packed-bed 

reactor , App1. Microbiol. Biotechno 1. , 49, 450-454 (1 998)

2) S.Tanisho, e t a 1. , Continuous hydrogen production from molasses by the 
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3 . 4—1 R.sphaeroides RV(C#^%
PHSt)K©§£fj

Testing of inhibitory products of R. sphaeroides RV competitors
Test R. sphaeroides RV Inhibitory Cone. Organic Acids

n. competitor product (ppm) a/i
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 - 5.4

2.1.2 Bacteria (3 acids emulsion 1 5.4

2.1.3 P acids emulsion 10 5.4

2.1.4 (3 acids 100 5.4

2.2.1 Acidogenic Control - 5.4

2.2.2 Bacteria Raw (3 acids 0.5 5.4

2.2.3 Raw (3 acids 5.0 5.4

2.2.4 Raw (3 acids 50.0 5.4

3.1 Control - 3.4

3.2 (3 acids emulsion 50 3.4

4.1.1 Acidogenic Control - 5.4

4.1.2 Bacteria + (3 acids emulsion 1 5.4

4.1.3 R.sphaeroides RV (3 acids emulsion 10 5.4

4.1.4 P acids emulsion 100 5.4

4.2.1 Control 5.4

4.2.2 Raw p acids 0.5 5.4

4.2.3 Raw p acids 5.0 5.4

4.2.4 Raw P acids 50 5.4

5.1 Acidogenic Control - 2.3

5.2 Bacteria + Raw p acids 5 2.3

5.3 R.sphaeroides RV Raw p acids 10 2.3

Raw p acids 20 2.3

6.1 Acidogenic Bacteria + Control - 2.3

6.2 R. sphaeroides RV CO Saturation 2.3

6.3 CO Saturation 2.3
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4-2 M# LV 7 ^ 7 (7)^##
Main characteristics of the tested tubular photoreactors

REACTOR A B C

Number of tubes 9 2 1

Inner diameter (cm) 4.52 10 15

External diameter (cm) 5.12 10.6 15.6

Lenght (cm) 100 100 80

Total external surface (m2) 1.44 0.66 0.39

Total volume (liters) 14.4 15.7 14.1

Surface/volume (m2/m3) 99.0 23.6 27.6
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3. 4-3 3t'J=L—))/%:^Xh-oTz^.Wi

Test n. Clone Starting Sterilizing
Agent

Photoreactor 
ID, mm

Inoculum
% V

Substrate Feeding

Lactate Acetate Type HRT, h Total Loading
n' gi‘ Id1 gAcidsT^d1

21 SMV047 20 March NaCIO 45 10% x 3 7.63 0.8 C 30 3.5 1.7

22 SMV047 28 May NaCIO 45 14% x 2 7.63 0.8 C 30 3.5 1.7

23 SMV047 30 June Steam 100 13%x2 4.05 0.35 S (1) 3.7 1.04
6.23 0.54 S (1) 3.0 1.29

3.7 1.60
4.7 2.03

24 SMV047 3 July Germocid 45 13% 4.05 0.35 s (1) 3.7 1.14
(see Section 6.23 0.54 s (1) 3.0 1.42
2.3) 3.7 1.75

4.7 2.22
25 SMV089 20 Aug Steam 100 27% 3.0 0.36 s (1) 4.7 1.01

3.8 0.30 s-c (2)-30 4.2 1.1
4.7 0.34 s (3) 2.5 0.8

26 SMV089 27 Aug Steam 150 30% 3.8 0.3 s - 4.2 1.22
4.7 0.34 s - 1.5-2.5 0.54-0.89

27 SMV047 12 Oct Steam 100 27% x 2 2.3 0.20 s (3) (4)
28 SMV089 12 Oct Steam 100 25% x 2 2.3 0.20 s (3) (4)
29 SMV089 12 Oct Steam 150 25% x 2 2.30 0.20 s (3) (4)

SMV047 R. sphaeroidcs 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 morning), (3) One feeding in the evening, (4) Feeding proportional to 

the produced hydrogen.



3. 4-4
##pH, mP&^ioctU^fg^COz

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 ii. pH Lactate 
Removal, %

C02
%

Control 5.8 —— —

111 6.8 — 6.5
1.2.1 6.4 —— 7.0
Control 6.3 — 5.8

2.1.2 6.5 14.8 59.8

2.1.3 7.0 11.4 67.1

2.1.4 5.5 9.90 25.7

2.2.2 7.0 22.0 62.3

2.2.3 6.0 29.4 62.5

2.2.4 5.0 2.6 26.1

Control 6.5 28.6 67.3
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3 . 4-5
Analyses of substrates used for hydrogen production

SAMPLE, n. 1 2 3

ORGANIC ACIDS, g • l'1

Lactate 49.3 48.0 50.0

Acetate 4.7 4.7 6.0

Other Acids .0.4 0.8 0.9

MICROELEMENTS, mg • I'1

Barium 3.0 3.0 3.4

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 • l"1

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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4-6 /O^SBT^feEU

Optical density of cultures produced with the bench system and
used to inoculate module photoreactors

Test0>
("•)

Clone Substrate 
g Acids • 1 *

OD

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 3.36 3.1

26 SMV089 4.10 2.5

27 SMV047 2.5 1.5

28 SMV089 2.5 1.8

29 SMV089 2.5 1.8

(1) See * 3 . 4-3
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*3.4-25 RV ( S M V047) ^ f (D b M D ^

Comparison between R. sphaeroides RV (SMV 047) and its hydrogenase deficient mutant (clone SMV 089). 
Tests 23 and 25 (see Tables 3, 9,11,18 and 20 loading rate 1 g acids L1 • d"1)

d — y SMV 089) (DJttfco ## 23, 25 (^3. 4-3, 3. 4-9, 3. 4-11, 3. 4-18, 3. 4-20#
Ig # -L d '# a#BB)

Acids in 
g/L

Cells
gdw/L

Hi Evolution Rate 
LHj • L1 • d1 :

Hi Specific 
Production Rate 
ml Hi ■ gdw’1 vh l

Yield
%

Light Efficiency

%

SMV 047 (A) 4.4 1.03 0.31 11.7 36.5 1.13

SMV 089 (B) 3.4 0.77 0.37 20.0 47.7 1.25

(B~A)- 100
A

19.4 70.9 30.7 10.6



OH O

Hop Beta Acids

%
Lupulone -CH2CH(CH3)2 30-55
Colupulone -CH(CH3)2 20-55
Adlupulone -CH(CH3)CH2CH3 5-10
Prelupulone -CH2CH2CH(CH3)2 1-3
Postlupulone -ch2ch3 Traces

13. 4-1
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------------ \

(A)

CO adsorber Recycle Termostating Water
tank pump unit Photo Reactors Gas-holder measurement

(B)

Laboratory systems utilized for testing inhibitory products of R. sphaeroides 

RV competitors. Testing of p-acids (A), testing of CO (B)

0 3. 4-2 R. sphaeroides RVlZjtf't

co(B)cDKm

-317-



REACTOR A (46 mm I.D.)

VOLUME: 1.6 L - DIAMETER: 45 mm

TOTAL TUBES n. 9
—<STEAM^

VOLUME: 1.6 L - DIAMETER: 45 mm

FEEDING PUMP

REACTOR B (100 mm I.D.)
FITTINGS: 10 mm

VOLUME: 7.1 L 

DIAMETER: 100 mm

VOLUME: 7.8 L 
DIAMETER: 100 mm

HEAT EXCHANGI R
1000

REACTOR C (160 mm I.D.

FITTINGS: 10 mm
> ARGON STEWUT

VOLUME: 14 L

DIAMETER: 150 mm

3. 4-3 45
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4. 1-1

5 yg
PHB

t "tf'y ;?PP7#

[g/g-K##*:] 1.8 X10'5 0.6X10-5 0.45 0.08 0.02

[W] 3.4 1.1 86,000 15,000 3,800

*• ^rB14$SI*#PB1%^T7)c%;lS(3.2lS t/y)e*#lc#:m
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5.1 I H I vXtA

5.1.1 #g

i$£#l£:mac*SB!iSXX7AICjoUT, «3X h 45 dry: MSI* Sr SSL 7c XX 7 

sielt LTtt#Sr£Eg«-t-r*»»I«**SriSW. » B E S tt S! SIC J;

sijaaig, ffffsurxxic^»taR#mK@icj=6#m@igic 

AD, **S5EtSt5. S-ESto^flrSrEU, E#ttM»il (co © x lift* »7-X 5: 

*8^l, LT####e#MLX2. it/xfi®

•77 U 7AA7 >X©MJ, X7> hE|-|-©M/d:=h'Sr7L7c„

5.1.2 ##

(i) i» c»ic
**»ig->X7A(iK». SifiiBS, tSfttlici 3S*^i5«5g$tl«,i;#x?>n

5. 1XT. I H I yXrMCijV'TIgLTf ©I

6 Sr jzB ^-5.

(2) ISM

(**#-¥*) iLTIl,

aa, AA^If 6tlT©3„ *Xayiir
6©*#A#IC#*&gTT©62cto, R#©#M14###^±**t^5. M±© 
WtMliASRft, &#AitgL2c/W AXXT&6AA Cheti*© SSStcAgiJSti 

•5 o

7xx : ##. ss. &©

7xx : g<$#T±esnAsicfflfflsnnc, m#©#mm*©tic 

ES4lT©6 fe©

#%*# : ±E®TAEICMfflSnfcB«. 1«S*®KB t tz 3 C £1fi% © 

Cilb©B#l4S#TI4*U5iS1Cjfi©»i. a«T^4*i®3XF (*Sc + H/m3)
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(3) Sl&ifig

(###) T&6.

^mmc$umL^T^#c2^Ao%'#-^^ (#^@) , ^e^mmauTM^m^ (%

A <fr (3 > ^ a K5iL) , (zk S % £ >J

7/7^) , (#m@g) #,

I H I yA7AT^&^^(Dt(D&#^L/ho

(DM^# : e^m - %#%#%: j;a##m{b

®yt atfUBAftiCOj!aEi : Rhodopseudomonas palustris R-l*

: 3F#gL 7/7^7

©zK#^# : M& (%#$$#)

0#m@ : (%#%#)

(4)

®*#^W$60%a±(D^A :

©zK#^#$99%m±(7)^A :
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5.1.3

I H I 5 . 1-1 C^T, # W/O

mmc j; 7A^cm6

%^5%U7Af#2#&65%9, 

i# u#mmu7A7) t)^im (*#%^mu7A7) T^A

u7A7^:^AT6. u7A7&/i</ix$#T

A#^^m U 7 A LT#$eLT^)

6^1, (%e&) ^#T$Um^^l^. 7i6^^U7^

7^6(DmmAd, fsemmmcT&mMzcmcAo,

fia. mom#6LT, ^-(oai&fumzfia.

^^3, (g5. 1-1(:^, ##^^^6#^^^l'5T7U7;i//^7>At)gaAL^:.

5.1.4 &#J5%#mO##

(D mn

CCT^, C0D(DT65:

(gl5. l-2#m) , A#C^#L-^TV%

a^n^7>t%7(D#gt)#W. i#5#^(D^|&AaLT[miKT25(DT, A#

(2) lu^as

3Ah77>^^oTU6.

|g5. l-2^j;Z7|g5. 1-3(:^T.

^7<7 (U7^TmSS50-100rng/L)

t:A#&^Ta. (U7A7m

SS^7mg/L) ?c3:2ge7<7K:j3#a*

#@Nr^ (Han ^mv^au7^7#m$,^0(Dm^nAe<, m#&^o

#g^^$r^<T6a, ^(D36(DM^n:^^. pH^rfSA (pH5) (C 

3 > h 0-;i/T6 C ac T 0 A$%^(DfWI5fW1&# < T#^o 3 A h CxA < ####
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#, >71 c cdmmr-te7>1-ti <) (-ero $ $THpH4y,Tic(S"Ff-5) t$>5„

(3) its ms.'j rtf

sy3©(i. 8»sffl®B±©«#R^-errsf 

vu$!i66±»tij-r#atiTS»is«rt!#^f-ns. s#jcu ??^atta^ais 

1 T*$>-5>roT-E$ft9i$£ie:'gi: U&u. 7 7 7 t IT, s*su yxxss

flt5Cil:<tO, Mffl®*CJ;5g**®Sr$l] • iSSiBtelh, »!c=fc

(4) mm*

mrncgc/:^# • asscout

###*!:Z6

Lni, asmyx, lpg, mthyx <x y >i*«6o$«±), /-w *yx, @j 

**S&i:7»'b**5:@(DtoL, *0 ffl T # -5 * X I: ts. o T V' £ n „

LfcMe# CJ/8S) ii, ¥BKl0^6^^6-y--y#D

& " „ +P-y * □ t’-^=F*Ii*T'(J, I*#*»iffii>G*4t5A''f4'#X

(X 7 >#X) ^##1: IsJ&Ttt. ZEt8#*ffl

a*' A'A *yx©±*U IM 7*6S$6LTSTlx5At. ^BIAltyA

Till* 0 it6S*«#tc^$ L ix <) -y-r 7;kx*Jk*-ggi: ITfeiAtt bftTt'5. 

C®###*(l*##200kWT, X«©**ftM'b*tt5A U,

S3K • iX^)kf-JITl>5. %##$40%,

ttTlxS. yflmSStoiSHiite-SNOx, SOxS %i£'FE3: 5 X <k At < ,

/t»C02fe«l»lTy X i IX* D . mmmfn%l->77JUtl>xZ>T-&5o. /M * *' X £

'JtXi’JUt-JK-tLT, y-®Hrt(Sfc D Stl5 tatbn-S. C

©rcii, *#t:$A,y:yx (**80$, C02 20$) £%£ StirT,

lfiiLTl'5. /W ***mi, ;©8Il8WgT^5. 

i¥IIt5i, /"W ***150NmVhr-e, *##200kW/ht:#m*6.
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5.1.5

ms. i - i (b#M##77u y;i/A^ >%T7

0 5. 1 - 4 lZ7jkir0

<L<(:^^^U777(D^&m5. l-5C^Lf:. CtUl, ^2,000mVda^3zK# 

/>7^< (b WOO, OOOm'a W j; 7T&

#±/\ou77

u, ;m@)(D7KTU77^(DA#m^+^i^±Te^C(h, mm#

^(DX7v7

icfffrTifetftSo

5.1.6 ##£E

1) — A< — S/ :www. toshiba. co. jp/product/fc/pc25c. htm

2) A:EC0 INDUSTRY 3, 12 (1998)

3) it y ^ □ If — ;U/Jn —A V : www. sapporobeer. co. jp/sapporo_news/news/
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-337- TOC 2,700mgZ 
# 30m M /

1000m3/d

05. 1-1

7k%

.73

2.000m3/d 
?k^>99%

^'77 JU# 
+ #477

2.000m3 1000m3/d

3,
JSWttPODj
200mg/l

1 0,000m 3 
5kcffifl200,000m2
7k##m7aiZ7

1 000m 3/ d

t) IL

400m 3

50m 3/ d 
SS 20g/L 

OOOkgDW/cl

950m3/d

ffl

I H I '>X7A<7)t#J5toV 771/A':7>X<Z)
iiWJ

ffl



(St 
io

u
j/

iouj)¥^£**

1.6

1.4

1.2

0.8

0.6

0.4

0.2

♦ HRT=8h
m HRT=24h
a HRT=48h
x±#3it. HRT=48h

A A A A
A A A

a
«

A A A 

A

■a *

♦ ♦
♦♦♦♦ ♦♦♦

♦♦♦ +

-X-----X X X- -X -X-------- X-----XXX-------- X X X X X

10 15 20
(d)

25 30

ftm'ik
CODCr 122.500 8.170
TOC 50,600 3.370
Sugar 102.000 6,800
T-N 62 4
SS <1C <10
pH 4.4

(m

► TOC

g/U
7C3=.,a g

2,340 1.450

(HRT=2day)

Production(mmol/L-reactor/day)
H2 20.7 0
Formate 7.9 0
Acetate 3.1 9.8
Propionate 0.2 0.8
n-Butyrate 2.8 5.4

V777#*2L

5. 1-2
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8 t: lOOPm1 
4 A 13mXBmH

1 £ 5mx5mx15mL 1 1: *BmX3.5mH fttt)
13BNnr7hx400mn)AQ

lOOOrrf/D
(24Hr)

20mq/L
30mq/L

7o^5g: 450mm
0.75kwx4px2set

SOOm'/D 4.3rrf/D
(24Hr)

S t: 5.0mfr2unit
4 £ M.90mx) 90mH

lOOOfrf/D
l.lOONjjf^D

480Nm3/hx4BQ0imnAa
15kwx4px2set f: 104mJ(^S50mm)

ffi S: 2. 080m*
£: 9. 900m](?fc350mm)BOO 4. OOOmq/L

ffi S: 198. OOOnf500mq/L lOOrrf/D

lOOOnf/D
1 021mx9mH

BOO 6. OOOmq/L

l0mx2.5mx3niH
m«( 320nfi3 ■
UHFB24Fxl0elx2stx2unit

I H I1 t * l. 43mx l140niVhx2000mmAa
8 f: 750nr 
^ £ M5.5mx4. 5mH

m
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20az7h = 4. 000m2 M*giffl)

PARTICULARS material NO. REQUIRED MASS (KQI
remapks

IKK 5PWE TOTAL raw TOTAL

1 33 7t ■pvc. sus. ss 201 £500 50,000 1002-00ID

2 fi-j *32x120m (i) ScMn2B 32* 3,060 98,580
UU--J7
(l*7y»-Vr7?A«J

3 IoII-Jojo-7 *65x43.5m (D ?4oy 22 115 2,530
l»«r - - - - - - - - - - - - -

(*VZ/7aM

A loll-9020-7 *65x30m (*) Hay 30 81 2,00

5 loll 9020-7 *65x3m (iDt-foo 32 13 416

6 loti 9020-1 *65xB.6m ,.® HB'J 80 27 2,160

7 00-t CT-100K-4B ® ABS 32 no 3,520

B OO9VI.SS400 32 20,000 640,000 »»37?')-I (116)

9 ;e'I09(70A) SUS 33 24 792

10 1*11 (*) PE. # 2 5 10 [nhrjl. Illlll

&2 8 
Aj 8

m k

T . W . -160. 418+640. OOP
-BOO. 41B KQ

150m

\—/i\~-/Tv—-/IV—

OWOOCZ)

—M/---W/---M

lOaz'V 1 = 2, 000m'

5. 1-59



5. 2 ilvXrA

5.2.1 It btblZ

/v^h^c-owT#,

^/zm ^ " o

zfi&fcoGGm&aikAfx m#%#mzk &m#kfazk
m&#mi,oooNmVBm#@;w^zkm^myDt^^m%Lx ^uz

5.2.2 t)giiK£

^<b(±#A UT
(D mm&ft

ms. 2 - i c, o m#(±,
>m;j(^u, i/T^TCDm-mtzmw/zo

(2) iii^xf7i>i7K

&^>MzK%r^^7

:c>mzko##u:m5.
mM&zk(:T20{g(:#^LT#ummc 

ATZ(?)20fg#^^7'7^>m# 
%7"7:c>mzk2::B#f&) ^mw/z^cD-e^^o

(3) mumy’aizx - &)UMntm£i%% -
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86 SVtt 5$ $ fi£ 8 3 > V — v 7 to (Thermohilic Anaerobic Acidogens) l; E bn toi| 7" 

D-biX£«fflbfeo ytSMt.gltJKjiSrti:, 

tiE km#lb:gto»®7kS64g3-:tE„

*N^a*r ©emccttit±\

0.5~3BS*®efflT?li<5»TeW«®m$6K®*lc*S^av'ld:tt$d:h,f, SfeS

IS«C#otS$ bfe W«gSffl3iEg*s«K^tL-5 b k AsfB 21 . f:T%

»@RM*sa< &toi±\ ib]i®^t7 i >)#7kS:Saa-r-sfetot*®3cisa*sx# < » 

-set, Sit k S' >«8W®:i$H6s.tf *3"E oJSgttA5®

*>b, »S6#IWk bTO.SB bfe„

* 5 . 2 — 21;, 7,7--? I >0i7k£SS86®e®tofiS(1®Sbfe«ffltoii« (miffliiSf 

#7kkaset-E.) ®?%m»7km6##T7kf. &*, *v 7^^cismma##7k& 

£ b lblO(g#Ebfe6® WkmtoilSIJg'kkatoStlkE ) SiAt2;tifEo bto 

i±, sty; bfeM t> Bu»a^r^7ktti®^*isa&^cieatfs <. ^fisai^fflis 

v 7 3 S' SSiffiAblUb t -5 b k t|g» ^ ii it fetor-feEo

8 5 . 2 - 2 ibtfl sfefeii b , Sil*att8i(lt7’BkAi;*i'TM, 7net> 

$*5sy--eiw®«$6sti*br *b !Lgs&s«$/• ###®@a-f mibA^mebt 

ISM, SK6si«^bTl'E= Sfe, W«mSa6sigAbfefetopH<M£TbTb3o *ffl 

toil 7"D fe iX r to b fe E $fig« E 3 > V-vTAibktf-EffipH®e#lilS E itPT-tt&b 

6b k S' >#8®m#&%$i|f Efetolbli, EfcierttopH&ffi < «7b kl± -telbW® 

r $> E„ S fe, kiklftfiis £50~60”C(b|tfSt E b k (b S t) , S Sr illi £ ki E MS 

®*7k#to#7"Dtr ibgoit e .asK.tfiJcifflaS) ^ bis-efflffi® #sa4»®ig**® 

'J'Picnx. e ® k* sitbr S>E k-?iffl^ktEo

(4) *7k#&*7ot%

*7obkii, S-Eroaafly S' u ibWBMtoE u r s? j7bi3. y h ($£ lcm) &%# 

ib$^fe*®S:S$brV'E*b b brl4»5t:$g;SEf* (g*B«) Sc 5> tk lb It g « 

® a $ * to b fe o

IStoasr®$6iS*rx6^fcaD, ®; -y toiglitbSsikESiS lcm® to$ 'J 7 S' S' ® W

ae*7k*4isa*ii, -A^Tm/m'isarma^kE. &or,

-H®g)‘6i"k;v4r-*3.5kW(in2-g)r-SkESbfeS6', #EmtoiI^S7k® V
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7? HggTk (SKii M SrJ$7k) fcm'fcS

44f!S8$e*l; =t 5 k. «S$ffTTIiilU)l£ U

LA't, mz%mM^^n'*-i)s -fcz-&^T‘bs 7<t-v^aetc*it-5**®MB#w 

&^S.(fcI|6lli-«T-l±* < 1 0 a k 2 B BfltkJ < Sfe, aejT-iSiSS

#A*m&5%7c t A kA7 7Aa$kA©#frK©iam&&ba. lBSfcO

0;k#tm#&f 9 * v 7^ ^sam& 2 k u, M^rktcaiiS^s i

Bf?.LtieKiSflJti. <*&*)*., i B @ffl*iit-l;«J] l t;#RS5®i!^ 

Irn/ki^AL, 1 E B joJLU^ B i © gmC7kS £(£i8 U/z«. 2010084^30 

BtoAEfltoWTSzkmttm ■ Sr/r6mi!aiIiS#7kcDSA6ff do %?'J 2 to 12 2

B B©*%$Tt:#Rmima#*7k&#AL 2 • 3 B S ©SffitC 7k*S:£Sx 3010 

0S4'5> 4 B B©*B0$©C)%7kStti. lfffe&#«HMtSJ«7k©3|A£fi:7<*$Jkir 

-5> o

#Kiijtoas#7kii5o~6o-ce)$©ss*kLzwmzhzmmm%m7k&25 

~3o-ce8©7kT-io{g#iRf-5 6©. s^sajb'Atffessigyj^fice-o krsiaeio, 

Rhodobacter sphaeroides RV#© rg'Kttfifto iS V fc 30°C85f£®rftfiCTt:f:S>k k*sT§ 5 o

L (115.2-3) . 7k*Ba**1.000ms/BS*BS-r-5fflC*5*#lkW®a(S«7k#A

1. tVJ 7AAH3EBM (S*®#) . %£SE»^4#aj Ufc#SS6. # 5 . 2-4 

Cgto

(5)M17nt^

* V 7 A ^ 6> ejStti^ft-SSzk (ot; U 7'A A Hzk k IS* 1" 3 ) II. *£*5:0018 

6ifi:7tfrB%mm©m#&$mc#A/?$id . £ ocm/kmmzKT&^wfcZo 
z z r-i±. mmimai:z6#{bmm©*AKm7k*a7Dt%&*eL. 5 Bisik±© 

a. &*>■. Tt^fiEfflBfflSfriiwmtnuteSkltwistjs»ii 

ffi*sfeS©T-. a«l*i(;©ISI«^»->A A AC ct <0 BlRf-S fefflk lfe» £ fe.

SiE6@®. 3kkl:z D. * 'J 7 A * *7k«a 7 a -fcr A (i$M7o

•b7) oes^ns.

k © T‘li. Wffl®©fMk LTPHB©0® qjtieswtti Lfc*A zkX® SiSttlSU: kPHB

©S^FSSmfittAliSKf-E, 6©t?dfe D . 7k*0kSffi|S|±tjSbt*fttftg#
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l £Rm4i©PHB^;frsiifr & t> '> & <' c

»x~io%aaT-feofc„ Eot, x Da*cDflu)ie7k*ssvx^A*^[giiKT-#5*

w i ft tx ® p hb «i i a ® r 'i> & i' * © t =f a £ ti z o

(6) f# •& v X X X

J./.ftSSk® —-7©XD-bx 1:6 ft 348*16? SE,kft/i6©£:H5. 2 - 1CXfto $ 

{(ft, luCJS^it <fc -5 t> 7k*ft sat ftTl,000Nm3/B ttf.6 X 7 EXf7 i >** 

0 » JI * 4f & » » ft Tz ft S T- fe 3 o
BC-Stiol:, $9100m3 © X X 7 x > #7k & M 2 8 1,000

Nm3 © 7k X £ # 3 © i: »s 7 £ 3 o *ISHCttlt7f 7x >%7k©'ftB##ft6 t> 

xxx XI >S/-kti*PS®*lll3:lS6» e,61tBStifeEf*©B#?*&20(g#ELfc 

4>©T-&3/i4/)x x X 7 i ftTfi*95m7BT-63o x X 7 ^ XSftftft#® 1:

*@T-6 D , X©$ $ milM->XXAt:8Aft3 ©<b(i:B*-ea!83»sx 5:i669i:7!tB 

&#a#7k&4%#X3^B#6 3#61:ft, #BBfte>ti:W4iIT';fc3.

XX7 i >i®7kl00m,6SBEa,6S$fi!(Kltoilt'E. D, #&6%MN&^ft

ktamm#52.7kg/8*&T6. *v7xx?©#mi#mPAik©RA6<9iix *t:m 

X Tz X 7 C C © SS £ ffi a t -5 *R 14 -ft ft ft t> m V' 4 ffl ft # A 3 6 3 *7 fSST-©*® 

lift£H»ft3 © ftftJSH' =t 7 x Si*J#t:i:fi-#ftSftl:#ttift3 = Xtz, EKHXd 

ft X# f,#a*#89(:%ftft3 7k*EX#ftl82.2Nm3ft6 3#x xgHkKX 6 A ftSX 

EXS6SALT AE.teSbx zkXSSft ftTIA#63% (7W tSXSi ftT289.2Nm3) 

T-ft-Eo

|ii»JSfS)«7kli^ -S i:eii$ti|91,000m3/B©#KmiiB$lSS7kk vote V 7 X X t:

mA£ti&tiK jt U 7XXft;s 7ft®KT-6 3fe»#IRM@-iI»JS7k©--&t8tig«/>s-ft

Sift4.

* A e, n/i ft l:*5ft E. 7k a^69 $@ at ffl li, lcmS£ ©* U 7 X X ©#6 2 Bffl 

7fc3o ftotx 1 3i?iJSfe D ©* ') 7X XSSi4B« (S*H«) l±95,880m3 (9.6ha) 

tfeO, 2 X-XJ*3 ft & 3 7 XX A6ftT-ftl9.2haft'&3o

/£ 9 7 X X XISft 7 3 7t X X Xf X X <D7kMM&(± 98.2%k It Tif l: i™ © „ ft &, 7k X©

ft jE»ti:817.8NmVB ( 2 X?'Jffl6stft*») fife*. 

gmimxctXft*ftft3 77ftftEXft66#3ftx 7k*@S89%ffl/7'f ftXfX ft ft
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T 1 B 0 l,308m'/B ( 1 30°C\ k LT) Z

^V7^^mzk4:C(±mi,600kg(Z)H%)g^^^fLTl^*\ CCD^ 

j: D -f o

^LT^V7^^(:mmf6o l,600kg(7)e^^#^^^PHBm(±.

& k^sskgfm^-r&^o

^U7^^mzkt:(±A##mm (TOC) kLT^450ppm(C0Dcr'rrni,200ppm(:$B^)

2:5,000m'cD##^^g^^^o

0.24kg-C0Dcr/(m'"B

5.2.3 mm

c&c; < m%(D^T=(±,

& y;%^ At:& 6 

u^u, m&x

5.2.4 ##*i§*

1) 6Km#e@, doos)

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) jk##-#, 46#, 193-202 (1998)
6-11) ^h%3~8^m (1992-1997)
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5. 2-1

l$|5^7 ^

mJ^Sr^EtnliR

itWs

^^{4=

Slc^st

(^T7^^7K)

6or

±l#7^
3.5 kWh/W-

sor

/<^/f-^: (: 2 8

#mm^mzK^ioe#^LT^A

2am#:%

(—^(iflWcirLTjiSi^)

5 0^J^±
0.25kg-CODc/W" 8)J^.T
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5. 2-2

ii m
iB S (mg/L)

IWS^Szk**

-®*KSS
16,700 12,000 453

B#f4C0Dc, 34,900 29,400 2,120
10,800 560 107

1,680 1,560 n.a.

14 23 n.a.

20 550 1,850

##@E
## 1,040 3,390 0

4 1,140 112

mm 15 4,640 0

%m 5,240 trace trace

5. 2-3 mmmyntxj3j;U:^V7^^t:i3^6

(Nnf-gas/Nm3-^^)

If g lu^S
^1;%^

SKitrtog'/sm?)

H2 1.90 0.853 8.53

C02 1.11 0.016 0.16

N2,te 0.001 trace trace

63.1% 98.2% 98.2%
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5. 2-4 ‘&mmwL&£zS'j r?

(7km±Mmi OOONm3/BSD)

i* § &

# #
4.8 m3

95.9 m3

#^7k(l) 91.1 m3

958.8 m3

#%Rzk(2) 862.9 m3

958.8 m3

>x
?K:

zkSMLS:

tu^asr^^

(K PHBa)
07^^

lu^S**
)i6!)7^***
^^OiS****

^07^^*****

1,000 Nm3
1,308 m3 

89 %

52.7 kg 
1596.3 kg 

(34.6 kg)

47.9 m3 
1,918 m3 

4,794 m3

19.2 ha

* sor, imn
** : 0.5 B

**** 7K@#%#@#^:5.0B 
***** VTff'mZ :1cm
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5. 3 ^ /jtv 7 t A

5.3.1 m,w

a (: J; tK & BmLT^ 6o

5. 3. 2 y^f A(D1M

^ 7^ A ^ A#zCi>^ 7^ A0 2 -3® ix^ -T A C-o^T#^ L/:o

(D m#mm#

n*c(±^m^mi,ioom h® u, T7Km#&$(±$^#^ u-c w

^t#A^3.2mrnX:mLTW6"o Zfl^OT/kMmUx

aD(Z)$<j2%(7)WB%4](:^80%CD###^7%^^6o %-oT. ^^5007;t#m®

(2) T7jc?f>l(7)g@H

T7M5^#0###&nn§{bLx

v 3 LTCD#j]iA&#LTW^o

t-7$r^300-400mg/L#'#LTW^o $t80mg/L(DT>t^7#&T'r

&#x #m#m#&TKm^mix^7^ACDm#ku-rm^

6o j: D, h(Z)3%
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%m£tz> © k*sm*-E,o

(3) ftSi'JT^y^TA

^iriS#ESm7k*4S->x^a k LTHa S#:©ii««k7k*£S#&#l#Lfc-»

©SSyXTAmkiJSliix zkSS MCkf-SISA'<5 !<*§:# 

7k*fLj$#Sk:Ab‘LT E<*©StiS£ff a »S6S^ < , LA>*E 

ft© A> * v vi r S h ©/C,.EAsAe©©r-#K*^**@i-:lSS"r-5) © k*sT- S. X%ft 

c: S 71/ S $ # # C #J S ? S S AI: & % . LA> L, ©#it'> XSAC 12, tgiltf t7k*S 

a«fffl2*AS£«5fc*S/iK)x aS«^##eeil 6 2 fgS-g <h 5 „ -^ © T X S X S-St?
l±, igilkTkSSiSS: 1 SST-ISHICfftoSS © kt©,t k. aas AS J: D WCte D x m

S6S 6 8S i: Ad; ,5 -fliVA x S A © £ fi a Ac „ f ©K*, C / N tfc k #R$ £»J

® S £ © H: J: D © © -> X S A A* SfE k A,; -7 Ac31 „ fat, “iSyXf AtlA la]-# 

(A]T**ffltSilk7kSy;jS6l5]IMf?£ti-3 Ac©x Hft©tMj8$As$J|Sg8Si:Ad: D , 

(!i7yi7dl- AsJ0 © -S © L A^ 6 , #K* £ ©#it-> X S A © 1 / 3 (© LACKS'© g 

& A1 o Ac „

7k*$SU ySSmBitlix fijffl LAclAjgSBSMjt 'J7AkS

as l Ac- rtsfilta'jyjkiix s«j$© =t a & u rx j'*{*r-ES*ffi*$siA-5

Sit LB Ac I) x S^SSSlFtiiSSB^tiJSSSActo. AMS© Skf-^STf-£MU'Ac )t 

SBtfflS© k AT*®Acz$5©SSa»ii1tlC*JSrS © k6syj3(e3o zcofc&s IS as IS

Mit v rx xtciix tg##©iaj$ss$iss±L, »a»fiis*si btti-'m&ftfoZo

J4Cx V y X X ©Stt^a$BS»m©$!®6SiAi© < WSa&* LT43 D x iftTfflJSA 

Ad: il if * SI * AS m S T* S Aj; © tg ffi tz £ L T * IS B tH * 2 $ J S & & S „

5.3.3 yXfifflMtt#

AiSk»?T-£Dffl^*Sl;*^*x -*S->x V1 AStAr.-tfjSvX © Ale A3lA-5nS«f±

L6„

(1) -HivIrA 

a.7k*%£J5Sffi
AlfilMzkiiSSit V 7SS (6S3L, SSBMO.Oem3, XXV 7VS) £fflixAc,
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se*#6fc b ®7kS£8i* : 0.148Nm3-7k*/(i3-U 7^^ -d)

tttgftfflfifefc b ffl*ltll : 0.0074Ni3-7k*/(in2-S)leH#-d)

it, Ax#ES7ki:StoiIS?*m7k*$e7k71 > y 

±*s($(m b±fc-z> © kASfl-A^oTi'S4’, ±8Bffl86=7kX£jSi6#

37*;km±m±±>±f;w±, ajtSBStreissBfflAejsa^t 

##±a. 37±^^-@±o±y

4M±303(~40»MS (*JB?I) T-fcaAA US T-Ii^oto 2 fg£ < ©ea®*£fe 

0***1* fg£txoo£a0 i£o T, £Mf XlC li * fi jl 38 *6s60m $©$§*#« 

mnjflE±6-E> k# ± e>tia» %±A(:^(d-a#iim±*©*

£c±>g-t-fc a *$7k6 ffl it £ i*! asms u r? ^ c A am#7kx±m%#±©7k#

HT0i7 tsa^bto

b 6D7kS±#a : 0.148x 0.6 = 0.09Nm3-7kX/(B3-V r 37 £ -d) 

b ®7k*±ea : 0.0074x 0.6 = 0.0045Nm3-7kX/

(nk-gjftBfi-d)

V T 37 3> COtt#

U 7 37 3- ©i®gtl,#$£l, 330Nin3/d©7kX±j$e:;bsf* afiaSt* 

±#@7%B#t:'±S V T37 j'S«tt, a.T-5Rto±7kS%±lBSe± b UT©± b CsR 

6i> *d ii -5> o

: 1,330/0.0045=296,000m'

1,330/0.09=14,800m'

/5o f ^5. 3-2(C^fct^%\ ^^@#100m' (12mxl3m)

®m^#m2,96omc. v7^^& e 1 mf

V 7 ^ ^ ^ ^ ^ h CDB# & ^ ^ o

7D h^<70i^gg^W^V7^^Cj:6 f C j: D, (@@0.01m,
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#20.3m) 1*(:#L.

/%;e, (±2.i5L-e&ao *v7^A-e

(g^O.Olm, #20.5m)l*&/zDCD^^@#&0.086m'k#^LT^a/z

1,162* (5,000L/4.3L) ^^ao ^/z^7^*(d:x R(I5. 3-3(:^2fiaj:7(:, &

(##*@0.048m) ^^a d:7t:E@fao

a%#mfmkm8 B^^^ i B&^ ^i,85om'0m#rn*A^^ek%ao

c.-tz'*^ -f Mzail*^ AcDtirS

(m20rnM) ^685mg/L (i^SmM) a 

*(,:we#a®##&fr-ox= o i%i5. 3-4c^*^ 

*i>Y hmm^7A®mm^Af(d:^T(Dj:9t:*A6aao 

IIA^LJltt^J lOL-^zK/kg-iz * 7 ^ h 

mmmm sv=3.o/h

^^A®*^2&#ai*a^aT(D#(:%ao 

(l,850m'/24h) /ir*7< h^7A^& = 3.0/h

-tz*7^ h^7A## =25.5m" ( = 25.5t)

^*7 Y j: D, 25.5tcr,4f*7Y h^m#-e^am*#(±,

255m'T&ao %oT, 1 B ^/z D l,850rn'®m*&maf a(:(±185t (7)-t:*7^ h

d.—tiitS/XxACDyn -tzX 7 D ~

B35. 3-5(Z-#^X^**#^#y%^A(D'7^V7;i/7D —^/z, 

g) 5 . 3 - 6 (: (±, m 5 . 3 - 5©7rlJ7^7D-h±iaa)b)c©^^§S(:bfe 

-#zS@/W ACDyo V - h o
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(2) -JfitvXxA

V 7^ ^ k V 7^ ^ "T

"J;Dx -:#^V7^^%r(± '#^V7^^^l:b^, [H]1:V7^^@#

%-oT, %#^^77A^(t6Tk

^T(7)j;^c(i)®a.c^L/2zkm^^m#fii(Z) 3fg#^-#-6o

$#<$#&/: D CD;km^gm : 0.27Nm'-;Km/(m'-V 7/7 ^ -d)

ipODzkm^A# : 0.0135Nm'-7km/(rn'-^^@#'d)

v 7<? f o\±m.
(l)®b. k l,330NmVd^ L,

j:D,

: 1,330/0.0135=100,000m'

d%g V7f : 1,330/0.27=5,000m'

/:/:L±#d(D#(±x

%m : mf$= 3 : 1 , #^$ = 1.0/d^^^7:^/5o C## 

lH^^^@^#m*#(d:l,875m\ 625m'

c.

6 %-3-c, i B^/% ^

625m'0#f^&#ii^f^(:(±, 625rn'x 6=3,750rn'GDl#m#^#^^S'r&6o i###

-o^D. l#m#^#&375rn' (m^40mx^^0.3rn) 2:^^

d. -tiTh^-< s^amt>^A(Di±m
i DcD^em/km^mx -t:< b

-355



k l.STSm’eyr-ifeSo S£oT, -tiaxk HSUi * 7 A © l±« 14 (1) ©

c.tmmtt&o

e.Z(iav7TACD7o-tX7n-

B] 5 . 3-7 U7A7n-S/fit. *fc,

Bt 5 . 3-8tCf±, @ 5 . 3 - 7 0?f 1j7)l/7D-J;±|Sa~iJ®eS&it:lfe- 

# *JS£SH; ^'/Xr ACT’D -b X t %into

5.3.4 *«SDX KDlTfl

5. 3. 3 ©(l)©d.®Dt(2)©e. Ic SSJlfe-fS XX f A kxtSSXX x i®7Dt 

X7D-4SC, iWyXTAIc*5lj--£7k*K®3X t ©BtS&ffl,',

ro?¥fffi£**bfco

(D-tSJyXxA

H 5 . 3 - 1 t, -tfSXXxAicaCtSftXa-kXffiftttklftliBcJX M:ont*

ktofco cmSJ; D, -«i£'>XxA£m'T, l,330Nm3/dm7kS4uaMAsfee.#i-5X‘

7 > h $se!$L£isi§x ■emeseii. sasts, issia,

«»HP60(*HklS»^nto C©*##©X* (to97%) li, StfiSB (2,746fi.R) 

tfeSgg (7.33HSH) T- ,5 to t> a 3 „

*fc, -es -> x a a ic 3 see# 6 k# ir .5 £ to, ammamkaimm*#© 

«*$frxfe. «5. 3 - U), 1 03 Zi D m$8iflHS/jtil,600kwhk 6 3 teto, X 

X X t ©aM##$&70%, S*f-ffi£14H/kwhk LZztSS. aMIfra«lito57375 H k

unztiizo to3,5757jHtussn, a©as#aaxk tmm

* x A©ff 4C*SZj;NaClkHCl©Rmr-S, U 5 . 3 - 2 (C, --fiiVX X x A (C M 

asarsewfcotoTS ktofco m, xx > t ©ma#i±a##m&#m#©io%k u, 

2oa«iPkvzio a ©*am, 4trse*©esiitoi,i4oeF3kKW^nzi, ttz. aim 

K7k*asei±ik®it*;a atsttis.

1,330(Nm3/d)x365(d)x0.7=342,370(Nm3/y)

EliBCtiPa -#itvXXA©7k*K®3X Hi, 333,037R/Nm3 k M* # a Zi -
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(2) -«5C^Xfi
S 5 . 3-3C, ©lit->xa AffigXn-tzXfflttt# ksStsX X t l;aiyT 3; k tofeo 

A ® a =t D , Xlitv xaAam'T-iaAXaAk IB] 91ft © 1,330Nn3 /d® 7k S M
a©*mm±, easts, sti*, ma

©»ffl*a®*g«^3,520(tR C©A#I±, (1 )T-Sit* £ tl -lit A X
aAffltt 3 it© l rfe So xlSAxaAT-ti;, ;kS%aSStt*stt 3 fgBt;&a a© 
(;»©, -gg§ a Bissau nx tmAa&a&TiA&masmkaasmtms 

a© i cs^ttsitM,

»i;, ©litAxaAc j3it&mm$z#©a#&Roa. as. 3 - 3 j: d . ihs

a t> ©*gis»**lil, 785kwhk^ sai6, -lit©B#k [BJ«l;, XA > MS#*6701 
*;bS«$14R/kwhk t-5 k, affflft*«li»638^Rk fit*-5 „ itaiBJtti;, $
®es*iitt4,33i73nkBts^iiao c©«t7t;xiit>-xaAr til*#©##®
urgtfBiiibrfeto, -litaxaA kttStbr, #© w, iStt^otaisfi5®
< tc-2)^pabtcoa0
a 5 . 3 — 4C, xtiitbxyACMfcsaiSigRCoV'-ti; ktofeo a? > t ©* 

fiffidip^ftii-iabrsttti; bfeo a©*@a, a(B@»i±iissnftj387®R k& d , aim
;k # a m # &..ia k [simmtt tt, ©la ->x a a ctm 3 tkssbx x Hi
113,270R/Nm3kH#^iia.

(3) 7k*KS3X h©IT«
a 5 . 3 — 51;, (1), (2) r- 6t $¥ b a rt $ M it r- © -1 it -> x a a k x 1 it -> x a 

A®7k*Sifi3 x Mai'tttftt, Mi;ttStES® k bT, a® a v r a X •> x a a 

T-©7kssifi3x t©K*ea6#sgbfco f*)®,®#a®7ksasf'>xaAT-ii, #e 
»fflto97716$asEkfi^8eas6toTtb-d, a©*#m*b -litxxaAT-mE 
360fSH, xiaaxa A? t*<]3,5i9#Mk#ei;*#a*a. a © a to, TkXKfin

X t *ani;SbT333,037R/Nm3 (-lit) $W113,270P3/Nm3 (;fSi) kMktg 
<&5o Ear, gm®m#it7kma^axaA©iMB#a

lc*3ltr*fflttiltEbbk>gt)ji-So SB, S*SE',Pfi3$§ESm'»ixa«it©7k 
S£S-yXaAr©7k*ISiS3X Mi, S 5 . 3 - 5 l; a £ ii 3 <k A (; $<] 1,152F3/Nm3 
tKWhS. a$©7k*S)S3 X h *s«jl5~40n/Nin3T-$.^ © k&#gf 6 k, 7k•>
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t. 7-u\t.

fetAp’-fiSvX^Att&'IA-t^ X, 3 X btoCSEffllbrnK® T-8LTl'tclAk

#x b,n^o nhoctfr^ *->XTA6-*m<bv^;vcso*yr< ci±, #:&3 

x hsy-'x>->ynx b & A*mcm*L6±6, Mt:7k#tma&k:@<ak#f36 

ftfflfMMi'-iKM. icD-mt lx. it. 7km

$8M3t #® * 3 *£■)$#*i 8 b*©;* $*6564s® tRB69&lg*T-$>-£.<. f ©
©#6tf*frB%w#©*#aK©mc, e,©****

^SS#»s»5T-*5 ^#x 5,, fit, 7>x>?3X hffl*S»SiJ;Ki5 6ft7'f 

b&!:fbt)'&7>f-7l#AK#©IM*(:Z^x>->y3Xb©4;#g%giJ«t*g%  

*t, 7k*SS3 x h 6ft®fgy;*©--3 k LT, ;k#bl*©B'l&@jt#© 

0«6#x^£>S»s$i5 =

5.3.5 ->XxA©$S«M«f4»e

C0,%'bm&*#k L6 7"l' X+h4X;b76zXX> MiT-fe3LCC(M6£mK b'Tkj'yN- 

-7 7T zk M't jS -> X X A ©HtgiHffitt © iff® 6 ff x 6 „

LCC0,f6©K*&.46ff LTItVa Tzkf^iE & lg*4 k 1-3 -> x b1 A k UT fflff ffi £ It o 6,,

(1) -fSSAXxAltSIt^LCCOzffiroli*

cb5. 3 - 6©x-D-trx->— h<t i). /5>

2S855©kg-C0= kM*£il-5„ ZZX. 7 7 > b © it ffi lf-S 4 20^, #**&70%k T

ak, 188/zb©A#fbm##bbmid:m4^ks-co,©©msiwD'essskfc 

asgi:tt#bti'4. Ztz7y> bStet:Mk)5SAElbESS#ai»li, /7>H 

li It-I-B MUSAS 6 ktc*tti Lfco 5. 3. 4©(1U D, 18 86b ©^B## 

S©it6stol,600kwhT- fe -5 ©T% #© © A@{bKS#ttiJS Sti £ 0.497kg-C0i/kwhk f 

it. 1 HHt5ffl77> b jglilt f«b 5E: A®bbS*#tij *tttt797kg-C0= k 

4f, LCCtMitiXx > b©eakaiii:Eb^i6BA®ib®l*#ttia6l67k*Sil*T- 

8'J o 6 A © T & 3 © © , -ttS->X©A(C jbNtSLCCOztttix A31.2kg-C0;/m'-H; k*

*^ki6o
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(2) ~ E '> 7 7 A C fc It £ LCCCMI(DM#

M5. 3-8(7)yDtxv-hZDs

v ^/z^, 77 >

i / sco7,200^kg-co^cm^/z77 >

^l,785kwh (5.3.4(2)#«U CEAnL^z/zA, ^BSTkg-COzkE^OL/zo ^±(7)Zk^ 

6 , ::E^ix 7 7 A C^(t ^LCCOzfgfi^ll.Skg-COz/m'-Hz tl/zo

(3) BSJ£ffl*0l4¥Ffi5©3: t&
(1), (2)T (D -#^77 7 A^7f.:E^77 7AC^(t5LCC02#(D^#^^ck b x

v7^^& mw/%;wA(t, Lcco,

ftut,

^J1.0kg-C02/ni'-H2^&6 C a&#g L/z#^ /W 7AC^(t^,LCC0.'

#a#& u 7^^ cD#^®Lcco2m®^

&ffo^o f%^V7^^(7)%^(DLCC02^##(±0.94kg-C02/m'-H2^^ri,

ms. 3-6cm±0Mm^m^A/zo

k^6x TzkeiG&m#l:f y77A(j:, V J:

b ^^##$U%C#tl^zv77AC^^ 2

m@;m#^V7^^&mw/z7W^7km^mv%7AA\ me&ckb^^m^m 

%ft0#tL/z v7 7A

5.3.6 ^tisb
7kmm^3 7 D, vy^^&M^/z/w

^7Km^Av7TA®m^(7)^#|y L^L

%#6, T7kM%lg^m#kL^*v%7A(±V7^7^#(7)m^^#Cckbx (zK
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B*A@cDTzkmm#zDx ftb&& 

Tzkm^mm#kLTfijmL/z#^r. $^zkm^m#(±m2.3mm^^#:^^ao z^u±. 

B[4@zk#^###®^2%^#L, *##^#kLT(±##'r^)6o %-3T.

^jL^gy-FzkMv

5 .

1)

2)

3)

4)

5)

6)

3. 7 ##2#

Tzkmm+-fraw-, #52^®%, (1997), 

^sss^m 3.3.4 (2)

M6^m 3.3.5 (i)

:f52 6 3.3.4

f5%8$m 5.3.2 (i)

f526^m 3.3.5 (2)
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5 . 3—1 —~t ACDiS'fiil'fifcfilth 37 h

ttm mm #* TR
1 SB 600m3,10.5m x 10.5m xH6m 1 30,000
2 mm'>7- SB 80m3/h,^yK 30m,t-* 22kW 1 938
3 7yt-75as*7A SUSKRffigSHt, t't70^7A

<P 1.6m x H5.0m , t' t7^S9t 01.6m x H4.3m
6 22,500

4 Efe^aa*7A SUSSRHiSW,
<P 1.6m x H5.0m , ##0S# 0 1.6m x H4.3m

6 33,720

5 ph fflmmxrw SB 5m3, 01.9m X H 1.9m 1 660
6 HCl aA*‘ >7° SB 0.1m3/h,^y K 20m i-f> O.lkW 1 700
7 SB l,400m3,^-* 14mX14mXH7.5m 1 70,000
8 susmm&mft SB 5m3/g ,-4‘&<X>3.6mXH0.7m 2,960 14,432,960
9

296,000m2
1 274,620,000

10 emm# , 37% C> 1.0mm 6 ^/VK
774* -W** 3,409,92 *

010mm X 0.5m x 3,409,920 * , 7T'K-ffiflS&gMfc&Bft'

1 733,132,800

11 mm° 77- SB 80m3/h,A7 r 10m,7.5kW 2 1,876
12 ratrSW StK^: , SB 840m3, <P12mXH7.4m 1 117,000
13 SB 500m3,10mX 10mXH5.5m 1 25,000
14 mm°77' SB 80m3/h,AyK 10m,7.5kW 2 1,876
15 %^!l-77° 7^ SB 2.0t/h, i-9 5.5kW 2 30,000
16 >7' SB 1.4m3/h,BE7l 32kgf/cm2

*° 77° mmbW 5.5kW,7-f-7'ESbt-7 2.2kw
1 10,000

17 «#*?« SB 12m3, ^<D3mXH2.2m 1 600
18 m&mmn SB 320m3,y-* 5mX15mXH5m , t7vy7BMS; 2 32,000
19 B# 50m2 A& 0 8m x H3.5m,f &######%# 2 96,000
20 mm*5$m%rvv SB 480Nm3/h, Ay K 3,500mmAq , llkW 2 960
21 77° SB 21m3/h, AyK 20m,t-t7.5kW 2 6,000
22 77° SB 0.2m3/h, Ay(.' 20m,0.4kW 2 1,240
23 • mm<o 25% 3,728,507
24 szwnam • *»<7) 15% 2,237,104
25 xsra mm. • 50% 7,457,015

£ f+ 1,036,089,456

5. 3-2
#8 Am =pr

<@$e>
sa# 46,624,025 ^### 10%, 20

iz^ll 20,721,789 ms#ro 2%
wmg 25,902,236 ®»#ro 2.5%

icom 20,721,789 mmg<D 2%
2,146 .45%

113,971,985
<£»»>

m## 35,751
»*# 5,735 ¥14/kwh X 365 X 0.7 X
A#» 8,000 8,000 FW-Ax 1 A

573 10%
$ft#s-n- 50,059

¥fflE#iBt)- 114,022,044
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5 3-3 —ttit'>XT-A(7)!§:Sf±filc!:3X t
mm# ft# mm m& ffl

1 ## 600m3,-tit 10.5m X 10.5m X H6m 1 30,000

2 77' ## 80m7h,^> K 30mI-7 22kW 1 938

3 susmpmggH#,

tft4)1.6mXH5.0m, f #H##01.6mXH4.3m

6 22,500

4 a%6#m*7A SUS^mfgig##, %W»#*A7A

-tit01,6mXH5.0m, 1.6mXH4.3m

6 33,720

5 ph ## 5m3, -tit <P 1.9m X H1,9m 1 660

6 NaOH &A4: >7 S*0.1m%,^l" 20m W O.lkW 1 700

7 ama#Gf# ## 1,400m3,-tit 14mXl4mXH7.5m 1 70,000

8 S* 5m3/S,-tit<P3.6mxH0.7m 1,000 4,876,000

9 A^77^'77MB#

74;t 100,000m2
1 92,777,000

10 7fe77tv —, ]7^$1.0mm 6 nt'A}-'Jl§y 

7rpv-->r-7'A 1,152,000 *

<P 10mm x 0.5m x 1,152,000 A,77p'"

1 247,680,000

11 >7 S* 80m3/h,Avl" 10m,t-7 7.5kW 2 1,876

12 WAS: , S* 840m3, -tit <P12mxH7.4m 1 117,000

13 ## 500m3,"tit 10m x 10m x H5.5m 1 25,000

14 i&i^t >7 ## lOOmTh,-;!' 10m,7.5kW 2 1,876

15 %9')-77" 7% #:# 2.0t/h, t-7 5.5kW 2 30,000

16 77 ## 1.4m3/h,EE;t 32kgf7cm2 

* 77 mw]t-7 5.5kW,7Y-t9gmW 2.2kw

1 10,000

17 Wffrff S* 12m3, -tit <P 3m xH2.2m 1 600

18 S* 320m3,"tit 5mX 15mXH5m , 2 32,000

19 mm 50m2,-tit <D8m x H3.5m, tpAEttMMiim 2 96,000

20 Mft 480Nm3/h, 3,500mmAq , t-$ llkW 2 960

21 77 ## 21mVh, ^vh' 20m,7.5kW 2 6,000

22 27- Wfi 0.2m%, --A 20m,t-? 0.4kW 2 1,240

23 itfSt 77 WS 50m Vh, ^A 10m, t-7 7.5kW 1 938

24 mmw SUS mB ffiSSifi S* 375m3/S,-tit 4>40m x HO. 113m 10 715,000

25 HCl 77 ## O.lmA,^;! 20m t-7 O.lkW 1 700

26 ph ## 5m3,-tit <P 1.9m xHl.9m 1 660

23 mmmmm 'JTMM^AKK BB • #^# 25% 1,518,592

24 KWM® ' ##§(7) 15% 911,155

25 ISM® ;77mmei^< - ms# 50% 3,037,184

e #t 351,998,299

5. 3-4 AflrVAXIAtO^HflE
#8 ##

### 15,839,923 a### 10%, 20 ###
A# 7,039,965 2%

### 8,799,957 2.5%
7,039,965 2%

-as#a# 2,253 #^#60 15%
ass-e-tt 38,722,063

<^m#>
JS»* 43,312
toA# 6,386 %14/kwh X 365 x 0.7 X
Af4# 8,000 8,000 TR/¥*Axi A
5SHW 638 10%

58,336
38,780,399
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5. 3-5 zKSSifinx hcojtK

-#a -#a

atss
(jttie-emms)

1,036,089,456
(1,007,752,800)

351,998,299
(340,457,000)

3,114,302

BSS 35,751 43,312 35,751

MAS 5,735 6,386 5,735

@$s 113,971,985 38,722,063 344,687

EMS 50,059 58,336 50,059

(BSS + EMS)
114,022,044 38,780,399 394,746

**S8SSffi
m/m3)

333,037 113,270 1,152

5. 3-6 LCCOzffiCDjrCK

/W7r*S$!jS;i

?K m % 3t M /I

(Assist)
-tss

(ASHESt)

mm 30.4 10.5 0.34 0.07

iS$E 0.75 0.82 0.60 0.99

St 31.2 11.3 0.94 1.06

Mill [ kg-C02y/m3-7KSt]
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E#0)T7k®a^D1zX

1 ^#-/XfA0

»5t&Bl00mJ 
SS55- 1,1521

37"7^
15m x 1,152$

BS O.Olm 0.5m 1,152$

B@ 3.6m x 0.7m(7m3)
%m&m 5m3

5. 3-2
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^^fzyo.086m2<7)

3-3 F*3gRilMiVJ7^^®%7le#:Ei :EH :AI

j

m

k

ii
w
A
h
gffl

100

iti'fhtfcfJI 18.7cm3 

il7kiSJt 108 mLXhr 

%*67>tz71m% 500 mg/L

®SEtK* [mL]

0 5. 3-4
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h-*;i7D- 1,850 m3 
TOC 3,500 mg/L 

2,300mg/L

h-iJWO- 1,850 m3 
TOC 2,500 mg/L

0 mg/L(0 %)

h-^UD- 1,850 m:
TOC 2,500 mg/L Wet cell weight 6.59 g/L—*• 12t

Dry cell weight 0.6 g/L -*1.It

1,850 m3 
TOC 3,500 mg/L

2,300 mg/L(100%)

T*^ge<oiMB3Bgi«

330 m3( 20 %)

TOC 2,500 mg/L
h-$M7D- 1,850 m3

0 mg/L(0 %)

E 5. 3-5

7 pH«»»rarHcn

80m3/h

i9.attsg<»rp7
I l,838m3/d

BOD 20m g/L

7.9 m3/d

TOC l.QQOmg/L SS 20.000mB/L

3.Rgauf?fli i7g*p*

1. warn* i* Itrlt 3.t* *7*1*71. 4.Ktfe»a*7i, e.iXSdfyT’ 7.pH 8.HC1

600m3
10.6xl0.5x6.0H

80m3/h x 30m 
22kW x2set

8.5m3 x 6 £
® 1.6X6.0H

8.5m3 x 6 £ 
Ol.6x5.0H

1,400m3
14 x 14 x 7.6H

80m3/h x 10m
7.6kW x4set

6m3 x 2set
<P1.9x 1.9H

0.1m3/hx20m
O.lkW x 2set

9.18*8* 10.*7rZ'- ll.*-7|F?«>77 i2.*6-e£Siir.fll 13.E£tt»r« 14. iSitftfyZ 16.7H-77' M 16.«»»at*'77'

S*fi 296,000m1 
12X13X 1.5H
2,960 set

37^ <I> 1mm
3 409,920 *

840Nm’
»12x7.4H(WS»)

7m3 x 2,960 £
®3.6x0.7H/£

1,162 $/%

600m3
10 x 10 x 5.5H

80m3/hx 10m
7.6kWx4set

2 0t/h
5.6kW

1.4m3/h
32kg0cmJ
7.7kWx2set

n.S&tttt 18 19.«Sl7'o9 20 77'

12m3
03.0X2.2H

320m3 x 2 £ 
5.0X5.0X16L

480m3/h 
3,600mmAq 
llkW x 3set

21m3/hx20m
7.6kWx3set

S8160m1 x 2 £
®8.0x3.6H(^f5ft)

0.2m3/hx20m
0.4kW x 3set

5 3 - 6
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h-^7P- 625 m3 
TOC 2,500 mg/L

0 mg/L(0 %)

h-^70- 2,500 m3 
TOC 2,500 mg/L

0 mg/L(0 %)

h 1,660 m3
tKS 1,330 m3( 80 %)

C02 330 m3f 20 %)

t-9lV7D- 2,500m3 
TOC 2,500 mg/L

0 mg/L(0 %)

OD660nm=2.0
Wet cell weight 6.59 g/L-* 16.5t 
Dry cell weight 0.6 g/L —»1.5t

HM7P- 2,500 m3 
TOC 2,500 mg/L

0 mg/L(0 %)

05 3-7 —7Jl/A^>X

9.a*s* u.ymuM (^) i9.attaMW7‘P7

! i8.attffiEW 2i.imatBf
l,838mVd

(24hr)

@16111

2 .iSS# y -7 3 r twnu 4 RfettSMU 5.«inaai6irie 6 S«-t. y 7 7 pH HBlglrie 8 NaOH 0. At' , >' 9*7,4^'-

10 5 x lo =, x 6 OH
80m Vhx30m
22kW x 2set

8 5m1x 8 ft 
$ 1 Ox 5 OH

8 5m'x 6 ft
0 1 .6 X 5 OH

1.400m1
14 X 14 X 7 5H

80m*/h X 10m
7.5kW x 4eet 0 1.9 x 1.9H

O.lmVh x 20m
O.lkW x 2set 1.152,000 X

K) K*8E ll.fttfgfy) 12 x.afi£Ktr« 13 StTfilrH M .iSiR* y 7 15,7f M-7* VI 16.B»8iSf>7' 18

mb**
1ft® lOO.OOUm’
1 2 x 13 x l.fiH 
l OOO Eft

0 12X7 1H(S»)
7m’x 1.000 S 
®3GX07H/I

1152 */*

500 m'
1 0 x 10X5 5H

lOOmVh x 10m
7.5kW X 4set

1 4m'/h
32kgf/cm‘
7.7kWx 2ift

03 Ox 2 2H
320m 1 X 2 ft

i9 esv =? 20 27' 21 22.**MK*'27' 23.*«* > 7 24 tf«|* 25.HC! SX*' >7* 26 ph mb Mr? it

3 SOOmmAq 
llkW x 3set

21mVh x 20m
7 5k W x 3*ei

sm 50m'X 2 at
$8 0X 3 5H(ff a)

0 2m Vh X 20m
0 4kW X 3set

50m Vh x ]0m
7.5kW X 2set

375m' x 10 ft
040X0.3H
FHIiS

0 lmVh x 20m
O.lkW x 2set 0 1.9X 1 9H



5. 4 X ~ >

5.4.1

T:E(Z)T-f&#mT#5 (F*mi00mrn(Z)%U7^f) .

- mm#^4-5g/L

- 8%

- 7K$^g(Dt^4X$40. 2%

77 A (APCS)(D#%iR^<&im 5. 4-l(:^Tck3(:#IEL^o

- : 4g/L

- mm##$ : 60%

- 7k#^m#t;i/4X$ : 56%

|g5. 4-lcm^B-^, $g28LH2/kgj^##^^m$^l, 

45LH2/kg^#<h^3#6#m&:5 

3 c#mT6.

5.4.2 xm&ft'j 75 5

#^) 5. 4. l'rm^Lyc#Me^6:t5x^-;i/ (m#100rnrn(D^U7^^,

1^3.4-14##)

m#(T)7D-t:x^m-e^7.5ookg#gm#/h(Dmm^#mLTv^. u/c^ox,

m3. 4-1 7^U777(:#AoT6#^(QF)HT#E(Z)mOT&6.

Qf = 0. 023 7, 500
h nf

24 = 4140
d d

(HRT) exp^TEcom 0 T$)6.

(HRT)
15-7i • -h d

- = 3. 3d

7^7 Ls^T:EomoT&^.
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VLS = Q • (HRT)exp = 4140
m

3. 3d =13. 660 m3

(f ^84^0 7 ntX#m-#R8)

10^07:1“ 7'0|*JtI 100mmff1'

t ya~)V &fz. 0 31 a. — y'i$C 160

7 a. — 7" 0 S $ 50m

fB^CO^n — 7'(7)Wfi 392. 5L

4r v 3. —11/ ^ HI 62. 8m3

2, 512m2

&1) ^^8^^07otX^mTHm#&O. 75mm«h(K^L/^:

(Nm) HTBEcD j; 5 (:%&.

Nm = 13660m3 • —l— = 218 
62.8m3

(7)^6 U 7 7 ^ Til. (Vp^5 j;U:Sp) HT#E(Dm 0 T
& <5 o

Vp 5.000-
1

0. 35
a3 H2 
m3’d

Sp 5. 000;
a% 1

2512
^-'/a—/V 1

218
1000—- = 9. 1 

m
L

nf *d

C^l ^,(7)7-7 11. 0. SLWd'd)#zm. 2LH2/(rn'"d)^#6fl/:^m25Tm%6^^

=k < 6.

5.4.3 S2SW^*J

#E5. 4- 1(2^7".
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'#^^4^1, l^&aLT7tV7^f& $t0.6LH2/(L-d)(7)lB^#^g$#3j;U: 

15LH2/(rn'-d)(7)^m#^m$T##'f^ca^#i$-#-6. C#l6(D#^. 

Ti&#6tl7b:&(7)(Z)##2{&T&5o C fl 6 (D # (1 # % (C CO @ M T ^^ ^1 

6. C(7)C0mmCj:oT.

fi/: (siMef^^#(D#e#m) . c(?xsm

l,000Lit/Nrn'(7)B#m##^^,

O'- e, (7)iRA(7)#m[: cto T#^T6 C (@^^5

#^) .

5.4.4 $£ ffi

*#e#T^L/:^#7-7^T;E(7) j; 9 C#$gT6 C

• B m#45rnrn. 100nnn&£ZS\SOrnnKD^ U 7 7 7 Til ^ fcWffi

Ccto7>t%yc^aT6##

" ±#E(D3#(7)%V7^7(Z)C)^ P^#100mni(7)%)(7)^#^(D@f^^T#/i:h: Hoy±-

- C(D^U777T, mgm0/(L-d)ONsM (##^4-5g/L, HRT 3.3d) , $950%(D

0.30 LH2/(L-d)^j;U:7. 2 LH2/(L-d)T&o7h.

- y 7L/:#T#f#L/:7K####tW3, 700Li t/Nm'T&o

fZo

- C(7)#^, #S(7)m^X(hLT(D7K#(7)#^(D3.7^T$>6o

T;E(D#cT^^ca^Te^,
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- 3,550Lit/Nm\

- 3, 200Lit/Nm\ ###!## C

fill, —

jg#) .

- l,650Lit/Nm\ 7K#^g#^28LH2/kgg^#^645LH2/kg^##(:[o]±$#^ca(:

u7/7fomms%A

- l,000Lit/Nm\ m##m@(D#^iRA^m##lkg$)/i:0100Lit^6150LiU:±#T

6, $>6

5.4.5 #W3tE

1) A. A. Tsygankov, e t a 1. , Actual and potential rates of hydrogen 

photoproduction by continuous culture of the purple non-sulphur bacterium 

Rhodobacter capsulatus, Appl. Microbiol. Biotechnol, 49, 1 02-1 07 (1 998)
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4 - 1

Hydrogen transfer price
Lit • NnV3

1. BASE CASE 3700
2. APCS 3550
3. APCS without sterilization 3200
4. APCS with increased productivity 1650
5. APCS with increased revenues from waste disposal 1000

1. Clone SMV089, once through photoreactor 100 mm ID, scale up of module results, 
stable Hz evolution through the whole year

4. From 28 to 45 LH2 • Kg waste*1 (CO + gas separation membrane system)
5. From 100 to 150 Lit • Kg*1, or genetically improved clones



m 6 $ m$i nm

6. 1 □ > 3* life I*

1. Studies on Hz photoproduction by Anabaena variabilis ATTC 2943 and its 

mutant PK84 in a bench top photobioreactor (PhBR) were continued. Earlier 

observation that the mutant PK84 is able to produce Hz 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 Hz production in air + 2% COz, PK84 utilised only 

13% of energy derived from oxygenic photosynthesis towards Hz production. 

The actual rate of Hz 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. Hz photo-production rates by 

A.variabi 1 is PK84 grown in COz + 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 0z and Chi a 

concentrations. A maximum rate of 80 ml Hz per hr per reactor volume 

(4.35 litre) was obtained on a bright day (400 Wm"2) from a 12 day old PK84 

culture grown n batch mode. The total Hz 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 Hz in 

the outdoor photobioreactor was 0.33%. Under optimal conditions PK84 cells 

grown in argon + COz in a bench top reactor can produce Hz with a light to 

Hz energy conversion efficiency of 1.17%
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5. Day-night and night-dark experiments demonstrated conclusively that the Hz 

production by PK84 cells was dependent on light.

6. The unicellular cyanobacterium Synechococcus Miami sp 043511 evolved Hz 

only under an argon (anaerobic) atmosphere. The actual and potential rate 

of Hz production by Synechococcus 043511 were only a fourth of the rates 

obtained from A.variabi1 is PK84 growing under argon.

7. The presence of an uptake hydrogenase was detected by biochemical / 

physiological studies on Hz production and confirmed by polarographic 

analysis in a Hz / 0z electrode.
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6. 2

V—-><7"

-±. v 7^ ^ gm

L, &#6<]7k#^&fTo'C^X:o

g6<J^ 7 < ;i- tcw^ib L/:#{$(: ct 6M 5

^ ij - - > sp. NKPB160471RCD#4%^b F Dy±--tf^

t1- f]• Iffl li © t# Mi £ U. fo fz o ¥tic 9 ^5$ It, Rhodovulim sp.NKPB160471RCD /jcS 

fTFcm^T. mmofo^&f7^#ATPiyz j: D^± 

&^^/=o f (DMm, c^-e, zkm^^m&(±#%^{4:T®zkm

NKPB160471R(:ct c# V
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6. 3 A 9 -f

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

» m n « t t- 4 * 1- £ * ^ g£ ffl a © » * t * ffl * m 4 is ^ © m m

ufe)t7jc*saiitt»ig*i; intatU'yxfAT-fes#, 
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6. 5

6. 5. 1 □ yy>^y^A)

(1) Purpose

Scientific exchange of current information about different aspects of 

optimization of light energy conversion to biohydrogen.

(2) Period

4/30 (Thu. ) - 5/8 (Fri) 9 days

(3) Researching I terns

a. Presentation and discussion of our results in Connecticut 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, Oak 

Ridge

(4) articipant

Lyudmila Vasilyeva, Ph. D

(National Institute of Bioscience and Human Technology, Research Institute 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 Pittsburg, arrive to Knoxville
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3 (Sun.)

4 (Mon. )

5 (Tue. )

6 (Wed.)

7 (Thu.)

8 (Thu. )

transportation from Knoxville to Gatlinburg 

20th Symposium on Biotechnology for Fuels and

20th Symposium on Biotechnology for Fuels and

20th Symposium on Biotechnology for Fuels and

Tour of Oad Ridge National Laboratory

20th Symposium on Biotechnology for Fuels and 

presentation of the poster, discussions 

transportation from Knoxville to Gatlinburg, 

departure from Knoxville, arrive to Detroit, 

departure from Detroit, 

arrive to Narita

Chemicals 

Chemicals 

Chemicals

Chemicals,
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0) • ms no. i

#4 ##

9 -20 BESS i998^s±± HID. 4. 2 5 1 0

9 -19 #ili%S 1998¥S±£ HID. 4. 3 5 0 4

9 -27 L VASILYEVA LIGHT-HARVESTING SYSTEM OF RB. SPHAEROIDES: APPLICATIONAL 
ASPECTS OF GENETIC STUDIES

TWENTIETH SYMPOSIUM ON BIOTECHNOLOGY FOR 
FUELS AND CHEMICALS

HID. 5. 6 5 0 7

10 - 7 E. D’ADDARIO
M. VALDISERR1

AN0XYGEN1C PROTOTROPHIC BACTERIA FOR HYDROGEN PRODUCTION 
AND RECYCLING OF ORGANIC WASTES

INTERNATIONAL WORKSHOP ADVANCES IN
ENERGY STUDIES PORTOVENERE, ITALY

H10. 5. 28 5 0 2

9 -18 HYDROGEN PRODUCTION BY FLOATING-TYPE PHOTOBIOREACTOR XIIth WORLD HYDROGEN ENERGY CONFERENCE HID. 6. 23 poster 5 0 1

9 -16 BIOLOGICAL HYDROGEN PRODUCTION AS AN ENVIRONMENTALLY 
FRIENDLY TECHNOLOGY

Xllth WORLD HYDROGEN ENERGY CONFERENCE HID. 6. 24 5 0 8

9 -17 OUTDOOR OPERATION OF BIOREACTOR USING PHOTOSYNTHETIC 
BACTERIA AND EFFECT OF DARK REACTION

XIIth WORLD HYDROGEN ENERGY CONFERENCE HID. 6. 25 5 0 3

10 - 4 SlUW EFFECTS OF LIGHT-DARK CYCLE OF MINUTE-SECOND REGION ON 
PHOTO-HYDROGEN PRODUCTION BY RHODOBACTER SPHAEROIDES RV

11TH INTERNATIONAL CONGRESS ON 
PHOTOSYNTHESIS

HID. 8. 20 poster 5 0 7

10 - 2 E. KHATIPOV REGULATION OF POLYHYDROXYBUTYRATE ACCUMULATION IN 
RHODOBACTER SPHAEROIDES

11TH INTERNATIONAL CONGRESS ON 
PHOTOSYNTHESIS

H10. 8. 20 poster 5 0 7

10 - 1
B±#

HYDROGEN PRODUCTION BY PHOTOSYNTHETIC BACTERIA: THE 
RELATIONSHIP BETWEEN LIGHT WAVELENGTH AND HYDROGEN 
PRODUCTION

11TH INTERNATIONAL CONGRESS ON 
PHOTOSYNTHESIS

H10. 8. 20 poster 5 0 6

9 -29

mem#

BIOLOGICAL HYDROGEN PRODUCTION AS AN ENVIRONMENTALLY 
FRIENDLY TECHNOLOGY

GHGT-4 HID. 8. 31 poster 5 0 8

9 -30 warn#
aa#M

CARBON DIOXIDE UTILIZATION AND HYDROGEN PRODUCTION BY 
PHOTOSYNTHETIC MICROORGANISMS

GHGT-4 HID. 9. 1 5 0 5
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0) • at* Na2
10 - 6 C. TOSI LIGHT-DRIVEN HYDROGEN PRODUCTION SYSTEM USING PYROCOCCUS 

FURIOSUS SULFHYDROGENASE AS A CATALYST
THERMOPHILES ’98 H10. 9. 7 poster 5 0 2

10 - 5 E. KHATIPOV BASIC AND APPLIED STUDY OF POLY-B-HYDROXYBUTYRATE 
ACCUMULATION BY HYDROGEN PRODUCING PHOTOSYNTHETIC 
BACTERIUM RHODOBACTER SPHAEROIDES

INTERNATIONAL SYMPOSIUM ON BIOLOGICAL
PHA. (ISBP98)

H10. 9. 9 poster 5 0 7

10 -22 E. FRANCH I GENETIC CHARACTERIZATION OF MICROBIAL HYDROGENASES
AND PHOTOBIOLOGICAL H2 PRODUCTION

MICROBIAL GENERATION OF COMPOUNDS USEFUL 
FOR TECHNOLOGY AND ENERGY PRODUCTION

H10. 9. 16 5 0 2

10 -20 B$fb##m75##^#i\' -as#
yy$° y 96

H10. 9. 16 5 0 7

10 -19 m9/Dy
yy$° y' 96

H10. 9. 17 poster 5 0 7

10 -21 E. KHATIPOV HYDROGEN AND POLYHYDROXYBUTYRATE PRODUCTION BY
RHODOBACTER SPHAEROIDES: REGULATORY ISSUE AND
FEASIBILITY OF COMBINED PROCESS

B$w##m75##4;#A' Ym/Dy -as#
yy$° y 96

H10. 9. 17 poster 5 0 7

10 - 8 B#X%X## H10. 9. 29 5 0 6

10 - 9 H10. 9. 29 5 0 7

10 -10 giii# B^X^X^# H10. 9. 29 5 0 7

10 -13 B*X#X## H10. 9. 29 5 0 3

10 -11 E. KHATIPOV COMPETITIVE RELATIONSHIP OF HYDROGEN AND 
POLYHYDROXYBUTYRATE (PHB) PRODUCTION IN RHODOBACTER 
SPHAEROIDES

B*X%X## H10. 9. 30 5 0 7

10 -12 'bmm > 7 J n 9 7 U 7 \z £ It £ t: H u B^X#X## H10. 9. 30 5 0 7

10 -23 im# - $#' 98 (g# - ##^m##m## H10. 11. 5 5 0 6

10 -33 #tll # I: j; 6 B*X##m76##X# HI 1. 3. 30 5 0 7
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(2) XU Noj.

## ## mm
¥

##

9 -21 E. KHATIPOV ACCUMULATION OF POLY-/3-HYDROXYBUTYRATE BY 
RHODOBACTER SPHAEROIDES ON VARIOUS CARBON AND 
NITROGEN SUBSTRATES

FEMS MICROBIOLOGY LETTERS Vol. 162 39-45 1998 5 0 7

7 -31 E. FASCETTI
E. D’ ADDARIO

PHOTOSYNTHETIC HYDROGEN EVOLUTION WITH VOLATILE 
ORGANIC ACIDS DERIVED FROM THE FERMENTATION
OF SOURCE SELECTED MUNICIPAL SOLD WATERS

INT. J. HYDROGEN ENERGY Vol. 23,
No. 9

753-760 1998 5 0 2

BIOLOGICAL SOLAR ENERGY CONVERSION RENEWABLE BIOLOGICAL SYSTEMS FOR ALTERNATIVE 
SUSTAINABLE ENERGY(FAO AGRICULTURAL SERVICES 
BULLETEN 128)

7-17 1998

HYDROGEN PRODUCTION RENEWABLE BIOLOGICAL SYSTEMS FOR ALTERNATIVE 
SUSTAINABLE ENERGY(FAO AGRICULTURAL SERVICES 
BULLETEN 128)

69-77 1998

10 -16

± m&z

(fC2) Vol. 46 195-202 1998 5 0 3

THE SCIENCE OF BIOHYDROGEN: AN ENERGETIC VIEW BIO HYDROGEN:PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZABORSKYG5&
H##: PLENUM PUBLISHING CORP.

7-18 1998

C. T0SH1
E. FRANCHI
F. RODRIGUEZ
A. SELVAGGI
P. PEDRONI

MOLECULAR BIOLOGY OF HYDROGENASES BIO HYDROGEN:PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZABORSKYG5& 
a##:PLENUM PUBLISHING CORP.

65-72 1998 5 0 2

H^jEA
IMM
L. VASILIEVA

#LU#

IMPROVEMENT OF BACTERIAL LIGHT-DEPENDENT HYDROGEN 
PRODUCTION BY ALTERING THE PHOTOSYNTHETIC
PIGMENT RATIO

BIO HYDROGEN:PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZABORSKY65&

:PLENUM PUBLISHING CORP.

81-86 1998
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10 -34
WUUB1S
H^IHA
ammr
mmm

mm##

ATTEMPT AT HETEROLOGOUS EXPRESSION OF CLOSTRIDIAL 
HYDROGENASE IN CYANOBACTERIA

BIO HYDROGEN:PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZABORSKYb5£
M#:PLENUM PUBLISHING CORP.

111-115 1998 5 0 7

R. EL SH1SHTAWY

JHWBSH

STUDY ON THE BEHAVIOR OF PRODUCTION AND UPTAKE OF 
PHOTOBIOHYDROGEN BY PHOTOSYNTHETIC BACTERIUM 
RHODOBACTER SPHAEROIDES RV

BIO HYDROGEN .'PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZABORSKYS5&
HUS# PLENUM PUBLISHING CORP.

117-122 1998 5 0 3

10-38 L. VASILYEVA
H^IEA
miE±
#m^
BA#
mm##

CHARACTERIZATION OF A NOVEL LIGHT-HARVESTING
MUTANT OF RHODOBACTER SPHAEROIDES WITH RELATION
TO PHOTOHYDROGEN PRODUCTION

BIO HYDROGEN:PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZABORSKY65& 
a##:PLENUM PUBLISHING CORP.

123-131 1998 5 0 7

E. KHATIPOV 
=^IEA

mm##

POLYHYDROXYBUTYRATE ACCUMULATION AND HYDROGEN 
EVOLUTION BY RHODOBACTER SPHAEROIDES AS A FUNCTION 
OF NITROGEN AVAILABILITY

BIO HYDROGEN PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZABORSKYb5£ 
mm#PLENUM PUBLISHING CORP.

157-161 1998 5 0 7

llJEBMtH: CONVERSION EFFICIENCIES OF LIGHT ENERGY TO
HYDROGEN BY A NOVEL Rhodovulum sp. AND
ITS UPTAKE-HYDROGENASE MUTANT

BIO HYDROGEN PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII 
##:0. R. ZABORSKYb5£ 
itiE#PLENUM PUBLISHING CORP.

167-171 1998 aiM

mm##
A^IEA
WLliEtS

5^7$

HYDROGENASE-MEDIATED HYDROGEN METABOLISM IN A 
NON-NITROGEN-FIXING CYANOBACTERIUM, MICROCYSTIS 
AERUGINOSA

BIO HYDROGEN PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZAB0RSKY6 54B 
aim#PLENUM PUBLISHING CORP.

173-179 1998



(2) 30# Na3
WUUB1# PHOTOSYNTHETIC BACTERIAL HYDROGEN PRODUCTION WITH 

FERMENTATION PRODUCTS OF CYANOBACTERIUM SPIRULINA 
PLATENS IS

BIO HYDROGEN:PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII 
g#:0. R. ZAB0RSKYS5& 
ttiEtt:PLENUM PUBLISHING CORP.

305-309 1998 5 0 5

10 -37 LIGHT PENETRATION AND WAVELENGTH EFFECT ON 
PHOTOSYNTHETIC BACTERIA CULTURE FOR HYDROGEN 
PRODUCTION

BIO HYDROGEN PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII 
##:0. R. ZAB0RSKYG5& 
titiEtt PLENUM PUBLISHING CORP.

345-352 1998 5 0 6

R. EL SHISHTAWY
jimmK

CYLINDRICAL-TYPE INDUCED AND DIFFUSED 
PHOTOBIOREACTOR: A NOVEL PHOTOREACTOR FOR 
LARGE-SCALE H2 PRODUCTION

BIO HYDROGEN PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII 
*B#:0. R. ZAB0RSKY65&
LUEttPLENUM PUBLISHING CORP.

353-358 1998 5 0 3

R. EL SHISHTAWY
±MM2.

ANALYSIS OF COMPENSATION POINT OF LIGHT USING 
PLANE-TYPE PHOTOSYNTHETIC BIOREACTOR

BIO HYDROGEN PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII 
*B#:0. R. ZAB0RSKYb5£
WEttPLENUM PUBLISHING CORP.

359-367 1998 5 0 3

HYDOROGEN PRODUCTION BY A FLOATING-TYPE 
PHOTOBIOREACTOR

BIO HYDROGEN PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII 
g#:0. R. ZAB0RSKYb5£
WEttPLENUM PUBLISHING CORP.

369-374 1998 5 0 1

10 -32 euj#

###^

PHOTOHYDROGEN PRODUCTION USING PHOTOSYNTHETIC 
BACTERIUM RHODOBACTER SPHAEROIDES RV: SIMULATION
OF THE LIGHT CYCLE OF NATURAL SUNLIGHT USING
AN ARTIFICIAL SOURCE

BIO HYDROGEN PROCEEDINGS OF AN
INTERNATIONAL CONFERENCE ON BIOLOGICAL 
HYDROGEN PRODUCTION
JUNE 23-26, 1997, WAIKOLOA HAWAII
W#:0. R. ZAB0RSKYS5& 
ttiEti:PLENUM PUBLISHING CORP.

375-381 1998 5 0 7
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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

2. Compare A. Variabilis mutant PK84 with cyanobacterium Svnnechococcus Miami 
BG-043511 for hydrogen productivity.



SECTION 3. SUMMARY OF RESEARCH-1998

1. Studies on H2 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 H2 during growth under 2% CO2 + air was confirmed; 
the native strain evolves only when under argon or in a micro aerobic environment.

2. At its maximum rate of Hz production in air + 2% CO2, PK84 utilised only 13% of 
energy derived from oxygenic photosynthesis towards H2 production. The actual rate of 
H2 production by PK84 in the bio reactor 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. H2 photo-production rates by A.variabilis PK84 grown 
in C02 + 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 O2 and Chi a concentrations. A maximum rate of 80 ml H2 per hr per reactor volume 
(4.35 litre) was obtained on a bright day (400 Wm"2) from a 12 day old PK84 culture 
grown n batch mode. The total H2 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 H2 in the outdoor 
photobioreactor was 0.33%. Under optimal conditions PK84 cells grown in argon + CO2 
in a bench top reactor can produce H2 with a light to H2 energy conversion efficiency of
1.17%.

5. Day-night and night-dark experiments demonstrated conclusively that the H2 production 
by PK84 cells was dependent on light.

6. The unicellular cyanobacterium Svnechococcus Miami sp 043511 evolved H2 only under 
an argon (anaerobic) atmosphere. The actual and potential rates of H2 production by 
Svnechoccus 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 H2 production and confirmed by polarographic analysis in a H2 / 02 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 H2 production activity under argon and the capacity to 
evolve H2 even in a C02 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 H2 production systems. So, further studies were done in the current year 
aimed towards optimisation of H2 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 02. The conversion efficiency of light to hydrogen energy was 
determined on the basis of the fraction of photo synthetic 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 H2 
production studies with PK 84 strain were continued till October 1998, when there was 
reasonable warmth and sunshine in London.

Previous studies on H2 production with the unicellular 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 H2, periodically, when grown 
under argon but very little H2 was evolved in the presence of air. One explanation for the 
absence of H2 in air any H2 evolved by the nitrogenase activity of the cells would be 
consumed in a Knall gas-type reaction (2H2 + 02 —> 2H20 + energy) catalysed by a 
membrane bound uptake hydro genase. As there were no previous reports about the 
occurrence of an uptake hydro genase 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 H2 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 H2 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 Amon medium, 
both in flask cultures and in the Ph BR (see Tsygankuv et al, 1998a); to induce the synthesis 
of V-containing nitrogenase, Na2Mo04 in the medium was replaced by 2 micromolar 
Na?V04. The helical Ph BR, 4.35 1 in volume, was made up of PVC tubing of 10mm 
internal diameter. To start with the reactor was sterilised using 0.5% NaOCl, 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 [O2] 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 H2 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 H2 production) or Ar + 20%C2H2 (for nitrogenase) in an illuminated, 
thermo stated water bath. The actual H2 production rates in the PhBR were calculated from 
the measurements of the H? content of the effluent gas mixture from the reactor. Hydrogen, 
C2H2 and C2H4 were measured by gas chromatography. Other measurements were as 
described (Tsygankov et al, 1998a)

2) Results
A. variabilis ATTC 29413: The specific rate of H2 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 H2 evolution activities upto a cell 
chlorophyll concentration of 17.5pg/ml. During growth under air + C02 by argon + 2% C02 
also did not result in H2 evolution possibly due to the presence of photosynthetic 02 still in 
culture. H2 evolution started when the culture was flushed with pure Ar. Under argon the 
actual and potential rates of H2 production were the same, 25 to 27 mlh"1 Ph BR"1. At a H2 
production rate of 26.6 ml per hour the computed 02 evolution rate was 21.7 mlh"1. Thus. 
(26.6/(21.7*2)) * 100 = 61.3 % of photosynthetic reducing equivalents were used in H2 
production by the native strain.

A.variabilis PK 84: The specific nitrogenase and H2 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% C02. In air + C02 the maximum H2 production 
rate observed was 43.3 ml h"1 Ph BR"1; the calculated rate of photosynthesis and this 
condition was equivalent to 165 mlC^h'1 Ph BR"1. So, (43.3/(165*2))* 100 = 13.1 % 
photo synthetic reducing equivalents were used up for H2 production by the mutant when 
grown in air. The actual rate of H2 production by the mutant when grown in air. The actual 
rate of 13.1 ml h"1 Ph BR1 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 H2 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 lm high at the bottom end, which protected the bioreactor 
and accessories from rain and wind, (see figure 5)

• 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.

• 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.

• The ‘PHOTOWIN’ computer control system, gas chromatograph (Hewlett Packard 
5890 A, UK) for H2 measurement, and gas cylinders for supply of air and C02 to the 
reactor were kept in an adjacent room on the terrace.

• 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% NaOCl followed by sterile 
distilled water. Allen and Amon medium, modified by replacing N02 Mo04 with Na3V04, 
was pumped in to fill the bioreactor. The medium was sparged with a mixture of 98% air + 
2% C02 inoculated after one day with an exponential phase culture of A.variabilis PK 84 
grown also in the modified Allen & Amon medium. The ‘PHOTOWIN’ computer system 
was turned on to record continuously the pH, temperature, 02 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. H2 
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. H2 and 02 production rates, 
chlorophyll concentration, cell biomass determined as weight and the physio chemical 
parameters of the culture are shown in figures la and lb. The average irradiance was 300 
Wm"2 and on cloudy days fell down to 100 W"2 ; on one or two sunny days it went up to 
400 Wm"2 and on cloudy days fell down to 100 Wm"2. 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 H2 production, about 80 ml h"1 
PhBR"1, was recorded after 12 days of growth when the Chi a concentration was 7pg ml"1 
and irradiance about 400 Wm"2. The 02 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 ofH2 production increased with the cell density and chlorophyll 
content of the cells. To a certain extent the H2 production depended on the incident sunlight 
although no direct correlation between solar irradiance and H2 production was noticeable. 
The reactor was emptied after 3 weeks to start a new experiment since we had to test 
different characteristics of H2 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 H2 
production from Nostoc flagelliforme has shown that this cyanobacterium evolved H2 at 
higher rates when grown in a chemostat mode). The data on H2 production, 02 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 H2 production from the cells was concerned. However, the results are not conclusive as 
we observed that after the 10th day there was a rapid rise of chlorophyll and biomass 
concentration, which was not reflected in H2 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"2. 
The maximum H2 production rate, 50 ml h"1 PhBR"1 was observed after the 6th day of the 
inoculation with PK 84 at a Chi a concentration of 3 pi ml"’ at an irradiance of 450 Wm'2. 
Due to the higher light incident on the PhBR, the 02 concentration of the cell suspension 
was also higher (300 to 600 p molar); this high 02 may partially account for lower H2 
production rates.

Experiment 3: 36 days from 19th August to 23rd September 1998.
This experiment was designed for testing:
(a) H2 production from PK 84 cells grown in the chemostat mode (repeat of experiment 2),
(b) the sustainability of H2 production in the PhBR, and,
(c) the light-dependency of H2 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 H2 production 
when the cells were switched from batch to chemostat mode of growth. The H2 production 
rate of 25 to 35 ml H2/h PhBR 1 was sustainable through out the experimental period. Also, 
there was a noticeable correlation between the density (dry weight) and chlorophyll 
concentration of cells and H2 production.

The light dependence of H2 evolution by the cyanobacterium was demonstrated in two ways. 
Firstly, H2 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 H2 evolution from the reactor at night and also that the 
amount of H2 evolved during the days was dependent on the solar irradiance (26 Aug was a 
cloudy day and 27th a bright sunny day).
In a second experiment (Fig 3c), at a time when H2 was evolving continuously from the 
PhBR was covered completely with black plastic for a short period. It can be seen clearly 
from Fig 3c that during the period when the reactor was covered completely with plastic 
there was no H2 evolution from the cells.

Experiment 4: 22 days from 23rd September to 14th October 1998
The main objective of this experiment was to test the dependence, if any, of H2 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 12th 
day, the dilution was changed to D = 0.03 h"1 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 H2 production from the cells during those days (Figure 4b). However, from the data



4d. Estimation Of Light Energy Conversion To Energy By Anabaena 
Variabilis Pk84 In The Outdoor And Indoor Photobioreactors

Combustion energy of evolved H2, 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, Id; both light energies are measured using light 
sensors.

Ei = (Is x Sps + Id 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 = Dh cos a + D sin a x Dtga
Where D is the diameter of the PhBR (55cm), h the height (32cm) and a 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 H2 on 20 July; the energy of this H2, EH = 6,610 joules. 
Measurements were done for each hour; when H2 measurements were not recorded the 
values were interpolated on the basis of the usual pattern of H2 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 H2 production.

Total vol. of H2 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 H2 production by Anabaena variabilis PK84 was operated 
under normal day-night conditions and unlike the bench top bioreactor was never optimised 
for maximum H2 production.

Efficiency of light utilisation towards H2 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 + CO2 (the same gas phase used 
outdoors). When grown under air + C02, the mutant PK84 utilised only 13% of its 
oxygenic photo synthetic energy for H2 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 fight energy conversion into H2 in the indoor bio reactor 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 fight intensity.



Fig. 5 X-Sectionof Outdoor Reactor & Housing

Outdoor photobioreactor for hydrogen production

3m

3m



SECTION 5. REPORTS PRESENTED TO THE RITE GROUP 
DURING THEIR VISIT TO KING'S COLLEGE 
LONDON ON 10th JULY 1998.

5a. RITE Photobiological Hz Production (199^-98) 
Re - entrustment Contractor: King's College London 

Fundamental research results on cyanobacteria! H2 metabolism

1. Immobilisation of cells on polymers and hollow fibres. Physiological and 
morphological characteristics of free and immobilised cells of A nabaena and Nostoc 
spp.

2. H? metabolism and nitrogenase activities of cells cultures in Mo Mo, V+ and no Mo 
or V media. H2 metabohsm of A. variabilis mutant PK84 - possible explanations 
for increased H2 evolution by the mutant.

3. 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, (e) Bio film 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 chlorophyll a concentration, (h) development of 'twin' bioreactors for 
comparing activities of cells grown in 'specified' nutrient or 'ambience' differences 
etc.

4. Factors affecting H2 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 C02, FTC starvation etc.

5. Development of computer-automation of the bioreactor operation. Hardware and 
software, data logging etc.

6. 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 H2 production
• EU COST Action 812: Hydrogenases in Biotechnology & Agriculture



5b. RITE Photobiological Hydrogen Production (199^-98) 
Re - entrustment Contractor: King's College London 

Milestones in R & 0 on cyanobacteria! H2 production

1992: Introduced the concept of using cyanobacterial cell immobilisation on 
hydrophlic and hydrophobic hollow fibres for the development of 
photobioreactors to produce H2.

1993-94: Demonstrated the potential of Anabaena variabilis immobilised in 
hollow fibres in the construction of photobioreactors and in the 
continuous production of H2 coupled to CO2 consumption. Continuous 
operation of two-phase system of H2 production/biomass synthesis 
achieved for more than one year.
Determination of the efficiency of conversion of fight energy to 
combustion energy of H2 by A. variabilis immobilised on polysulfone 
hollow fibres in a minireactor enclosed in a fight-integrating Ulbright 
Sphere; calculated efficiency = 3.2%.

1994-95: 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 H2 production capacity of this 
'novel' strain of cyanobacterium.

1995-96: Development of chemostat-bioreactors for H2 production by filaments 
of N. flagelliforme.
Culturing of A. variabilis ATCC 29413 in V-enriched medium. 
Demonstration of enhanced H2 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 H2 production using free and 
hollow fibre-immobilised A. variabilis cells.
Preliminary studies of H2 production activities of mutant strains PK84 
and PK17R of A. variabilis 29413. Mutants deficient in uptake 
hydrogenase.

1996-97: Construction of a bench-top automated helical tubular bioreactor with 
computer control of growth parameters and data collection. Sustained 
H2 production in the bioreactor by A. variabilis PK84 under anaerobic 
and aerobic conditions. First report of H2 photoproduction in air 
environment by a cyanobacterium viz A. variabilis PK84 (presented at 
Biohydrogen 1997, Hawaii). Suggestions for scale up of the reactor.

1997-98: Optimsation of H2 production by PK84 in the continuous flow helical 
reactor. Comparison of H2 production rates in argon and in air + CO2. 
Comparison of H2 production activities of Synechococcus strain Miami 
BG043511 (Hawaii culture collection) with A variabilis PK84.

1998:
(In progress)

Determination of hydrogenase activities (H2 consumption and H2 
evolution) of Synechococcus 043511. Possible construction of 
chemical mutants with impaired H2 uptake activity.
Assembly and operation of the photobio reactor outdoors.



5c) RITE Photobiological Hz Production (1992-98)
Hz production by cyanobacteria. Data obtained at Kings' College London 1992-98.

Organism used H2 production rate Comments Reference
Anbaena variabilis 

(Kurzing)
Nosloc muscorum

1 ml/mg chi a/h 11] production under partial vacuum glass reactor 
containing cyanobacteria immobilised in hollow fibre. 
Production phase lasted 6h.

Markov el al 1992

A. variabilis 0.2 ml/mg dw/h Maximum rate, hollow fibre reactor, partial vacuum, lasted 
for 5 months.

Markov el al 1993

A. variabilis 20 ml/g dw/h H2 production coupled to C02 (5%) consumption. 
Photobioreactor ran continuously for 1 years.

Markov el al 1995

N. flagelliforme 84 mmol/mg chi a/h
43 ml/g dw/h
510 ml/day/litre

Maximum rates obtained in chemostat cultures under 
optimised dilution, temperature + N2 and C02 
concentrations

Lichtl el al 1997

A. azollae 13 ml H2/h/litre Suspension of culture in a photobioreactor Tsygankov el al
19997

A variabilis
wild type and mutant PK84

1.6 pmol/mg protein/h
7.0 - ditto -
3.1 - ditto -
12.6 - ditto -

A. variabilis ATCC 29413 wild type (WT).
A. variabilis mutant PK84.
A variabilis WT under N2 starvation.
A. variabilis PK84.

Sveshnikov et al
1997

A. variabilis
29413

45 pmol/mg chi a/h
64 - ditto -

Cells grown in the normal Mo medium in a cylindrical PhBR. 
Cells grown in Mo deficient, V-enrichcd medium in a
PhBR.

Tsygankov et al
1997

A. variabilis
PK84

81 pmo 1/mg chi a/h
190 - ditto -

Helical tubular bioreactor, continuous light in air + 2% C02 
tubular bioreactor in argon.

Borodin et al 1998

Synochococcus
Miami 043511

320 pmol/mg chi a/h Non-synchronised cells, continuous day/night cycles in 
argon. Rates compare with 540 pmol/mg chi a/h obtained 
by Mitsui e( al.

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 H2 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 EE for long periods of time. The 

essential requirements arc reasonably fair sunshine (300 + 100W m"2) and temperature 

(30 + 5°C). Operations such as sensing the internal (pH, [O2], 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 

H2 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 H2 energy conversion (approx 0.3%) obtained in the 

'pilot' outdoor PhBR is a drawback for the immediate adaptation of the H2 PhBR for 

commercial application. However, further improvements in the PhBR construction 

materials and design would undoubtedly improve the efficiency for outdoor operation.

Previously H2 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 A. variabilis mutant PK84 can evolve H2 continuously in 0O2-enriched air 

was a 'breakthrough' in cyano bacterial H2 production research. This discovery 

considerably reduced the cost of biological H2 production in "Economic Analyses" of 

the Project.

What future for Bio hydro gen? There are two diverse groups of proponents for 

biological H2 production via the use of oxygenic photo synthetic organisms. One 

group, which includes us, advocates cyanobacteria as the choice of organisms for



water photolysis to H2. In filamentous N2 fixers, H2 evolution is a by-product of 

nitrogenase activity; however, the H2 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 A variabilis 

ATCC 29413 mutant PK84 have shown that blocking (by deletion or inhibition) the 

uptake hydrogenase activity allows the cells to produce H2 in air in a photbioreactor 

rather that in much more expensive argon.

Synechococcus BGD43511 photoproduces H2 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 H2 uptake 

activity. These mutant strains of Synechococcus and mutants of A variabilis other 

than PK84, may prove to be better H2 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 "iron 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 H2 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 H2 production systems. A 

singular advantage of green algae over cyanobacteria is that the algal H2 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, H2 production. 

However, against this advantage should be considered the relatively lower H2 

evolution activity of algal hydrogenases and their extreme sensitivity to oxygen. Still,



we should continue this line of research along with H2 production from photosynthetic 

bacteria until we identity the optimal system for large-scale H2 production.

Simultaneously, in conjunction with biological H2 production from phototrophs, 

research on hybrid photobiological (PC) and photoelectrochemical (PEC) systems 

incorporating isolated biological components (photosystems, chromatophores, 

hydrogenase, etc) coupled to semiconductors (Ti 02, 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 H2 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 H2 and renewable energy programmes), IEA (Annex 10), and other state

wide R&D programmes have provided financial support and encouragement for H2 

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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6. Tsygankov et al. (1998)

7. Tsygankov et al. (1999)

8. Borodin et al. (1999)
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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 cyanobacteria was continued using 

Anabaena variabilis ATCC 29413 and its chemical mutant PK84 and Synechococcus.

1. Assembly of outdoor photobioreactor

Following our success in sustained H2 production by A. variabilis mutant PK84 in 

automated benchtop photobioreactors, a similar photobioreactor was assembled outdoors. 

H: production was studied in the outdoor photobioreactor during the summer months, Julv- 

October 1998 The mutant PK84 cells were cultivated in Vanadium-enriched medium, in 

CCT-enriched air and the H2 evolution was monitored by gas chromatography. Hydrogen 

evolution rates were dependent on insolation and varied with ambient temperature and cell 

density Sustained H2 production, in light, was observed for a number of weeks. The 

photobioreactor can be scaled up and the whole process has potential for installing H2 

production systems

2. IT production by Synechococcus sp. Miami BG 43511 (HCC 1134)

The unicellular aerobic marine cyanobacterium Synechococcus sp. Miami BG 4351 1 

(Mitsui collection) was obtained from the Hawaii Culture Collection (HCC 1 134) and used 

for studies on nitrogenase and hydrogenase and associated H2 evolution Tins organism 

has been reported to have a very high Hi photoproduction capability during the 

synchronous phase of growth. Our studies showed that Synechococcus HCC 1134 during 

its growth exhibit reciprocal 24h cyclic changes in net 02 and H2 evolution. H2 production 

was observed only in an argon atmosphere. The presence of reversible and uptake 

hydrogenase activities in the organism was shown by biochemical (London) and 

poiarographic (by courtesy of P Lmdblad etal. Uppsala) analyses.

We are grateful to COST 818 for awarding a short-term scientific mission fellowship to Dr A 

A Tsygankov, ISSP, Pushchmo to work on this project

Other researchers: Dr V Borodin & A Fedorov, Institute for the Study of Basic Biological 

Problems, RAS, Pushchmo, Russia Supported by RITE, Japan



H2 PHOTOPRODUCTTON BY ANABAENA VARIABILIS ATCC 29413 AND ITS 
MUTANT PK84 IN INDOOR AND OUTDOOR PHOTOBIOREACTORS

K K Rao. A A Tsygankov. V Borodin. A Fedorov. D O Hall 
King's College London, London, W8 7AH, UK

Hclcrocyslous N2-fi\ing cyanobacteria evolve H2 as a by product of their 
nitrogenase activity, during photo-autotrophic growth; this process has potential 
for the development of large scale pholobiological H: production systems. 
Anabaena variabilis ATCC 29413 and its mutant PK84 (generated by L E 
Mikheev a and S V Shestakov , Moscow Stale University) impaired in uptake 
hydrogenase were used for H2 production under laboratory and outdoor conditions. 
The studies were performed with cells grown in Mo-dcficicnl. V-cnrichcd medium 
in automated computer-controlled helical pholobiorcactors (PhBR), 4.351 vol, 
made of polyvinyl chloride tubing. Indoors the cultures were illuminated by 
fluorescent lamps while outdoors (during July-October 1998) the cultures received 
only natural light.

During growth of the cells indoors in 98% Ar+ 2% C02, 61% and 66% of 
oxygenic photosynlhctic energy were realised in H: production by the native and 
PK84 strains respectively. In contrast to the native strain, the mutant was able to 
liberate H;. albeit at a lower rale, during growth in C02-enrichcd air. The 
maximum rate of H: production was more than one litre per day per reactor 
volume. H; production rate was sustained in the indoor PhBR during months of 
continuous operation.

H: production in the outdoor PhBR by PK84 grown only in C02-enrichcd air 
was dependent on daylight, temperature and cell density; these data will be 
presented. The PhBR was maintained in continuous operation during summer 
weeks.

Supported b> RITE. Japan and COST 818
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continuous cultures and under nutritional stress
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Abstract

Nitrogenase activity and Ho evolution were studied in two mutants of the cyanobacterium Anabaena variabilis ATCC 29413 
which are impaired in molecular Ho-related metabolism. Evidence was obtained that mutants deficient in uptake and reversible 
hydrogenases were suitable for biotechnological research on Ho production. Ho production by the mutant PK84 in continuous 
cultures was 4.3 times higher compared to the wild-type. Enhancement in Ho evolution by all the cultures under No (1.8-1.9 
times) and CO: starvation (1.4-1.5 times) was observed.

Keywords: Hydrogen metabolism; Anabaena variabilis: Mutant form

1. Introduction

Ho production using biological materials is one of 
the goals of renewable energy technology. Ho evolu
tion is a conservative process inherent in most No
fixing microorganisms and involves the two enzymes 
- nitrogenase and reversible hydrogenase [1], Cyano
bacteria are suited for biotechnological Ho produc
tion as they are the only photoautotrophic No-fixers 
capable of producing molecular Ho with HoO as the 
electron source and they are stable towards various 
stress factors [2-7].

Several species of cyanobacteria are presently 
being used in Ho photoproduction research and de
velopment, Anabaena variabilis among them [Sj. 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 Ho production capacity. Furthermore, phys
iological manipulation can be used for optimising H_> 
production [9],

Nitrogenase activity and Ho production in three 
strains of A. variabilis (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 H2 metabo
lism and is of interest for the practical cultivation of 
various cyanobacteria! species [5,6,8,10,11]. In the 
present research CO_> or No starvation was used to 
establish the possibility of regulation of the Ho me
tabolism of A. variabilis both for basic knowledge 
and as a background for applied biotechnology.

0378-1097/97/S17.00 Copyright 9 1997 Published by Elsevier Science B.V. All rights reserved
f//SO 378-1097(97)00005-0
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2. Materials and methods

2.1. Bacteria used

Three strains of the cyanobacterium A. variabilis 
ATCC 29413 were used: the wild-type (the initial 
form) and two new chemically generated mutant 
forms, PK84 and PK17R. 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 H2 me
tabolism, thereby enhancing yields of molecular H2 
evolution. Reversible hydrogenase activity was im
paired in the mutant PK84, and both forms were 
deficient in uptake hydrogenase [12]. However, phys
iological 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-2 s-1 [13]. The dilu
tion rate was 0.03 h-1. The gas mixture contained 
25% N). 2% CCU. and 73% Ar. Total gas flow was 
250 ml min-1. Metabolic stress conditions were 
achieved by lowering the No content to 5% or 
switching off the C02 supply. Modified nitrogen- 
free Allen and Arnon medium [14] was used for 
No-fixing growth. A pH of 7.5 was maintained au
tomatically by addition of NaOH.

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 density 
(OD66o) of 1 corresponded to 13.4 |ag Chi a ml-’* 
of the culture.

Protein content was determined by the method of 
Bradford [16]. One unit of optical density (OD59-) 
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 H2 photoproduction and C2H2 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-1 m-2). 
The gas phase for H2 evolution assay contained only 
Ar, whereas C2H2 was added at 10% (v/v) for the 
C2H2 reduction assay and the C2H4 produced by 
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 yields 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 is known 
that hydrogenase activities in the mutants increased

Table 1
Growth parameters and enzymatic actnity of continuous cultures of the wild-type (W.T.) and two mutants (PK84 and PK1. R) ot .-i 
hiic/ui \ or nihil i \ (standard deviation did not exceed 10' - of the values)

Strain Heteroeysts
(

Chl
lug ml -1)

Protein 
(ug ml'1)

Dry weight 
(ug ml-1)

H_, production 
(nmol ug prot.-1 h-1)

CjH_. production 
(nmol |ig prot.- ‘ h- i

W.T. 6.4 2.75 34.4 151 1.62 184

PKS4 6.8 3.07 33.1 145 6.91 3 66
PKl'R 6.6 2.93 33.5 148 2.24 3.25

/
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Table 2
Maximal effect of nitrogen starvation (5% N2) upon growth parameters and enzymatic activity of the wild-type (W.T.) and two mutants 
(PK84 and PK17R) of Anabaena varictbilis measured at 48 h after starting the treatment (standard deviation did not exceed 10% of the 
values)

Strain Heterocysts
(%)

Chi
(pg ml"')

Protein 
(pg ml”1)

Dry weight 
(pg ml”1)

Hj production 
(nmol pg prot.”1 h”1)

C2H2 production 
(nmol pg prot.”1 h”1)

W.T. 10.2 1.93 28.4 121 3.07 6.32
PK84 10.0 2.12 28.2 116 12.60 6.44
PKI7R 10.0 2.03 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 No and C02.

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 metabolism

3.2.1. Nitrogena.se activity of the cells during 
continuous cultivation

Two aspects of the reducing function of nitro- 
genase were studied - the reduction of C2H2 (as a 
substrate equivalent to molecular N2) to C2H4 and 
molecular H2 evolution.

The data showed clear differences between the 
three strains of A. varictbilis in the quantitative yield 
of the gases produced by nitrogenase in continuous 
cultures (Table 1). Both mutant forms showed higher 
rates of H2 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 H2 than the wild-type (Table 1), 
whereas the amounts of H2 evolved by the PK17R 
mutant strain differed from the wild-type by 1.4 
times (Table 1).

In the case of C2H2 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 H2 uptake ac
tivity of hydrogenases [12] is thus the probable cause 
of the higher H2 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 N2 and C02 starvation.

Tabic 3
Maximal effect of carbon starvation (0% CO_>) upon growth parameters and enzvmatic activity of continuous cultures of wild-type (W.T.) 
and two mutants (PKS4 and PKI7R) of Anabacthi variabihs measured at 24 ii after starting the treatment (standard deviation did not ex
ceed 10'%' of the \alues)

Strain Heterocysts
('-)

C'hl
(pg ml”1)

Protein 
(pg ml”')

Dry weight 
(ug ml”')

H_> production 
(nmol, pg prot.” 1 h”1)

C-.H, production 
(nmol pg prot.”1 h”

W.T. 7.2 1.76 30.9 136 2.37 4.77
PK84 7.4 198 29 5 131 10 85 5 30
PK 17R 7.0 189 29 9 133 3 39 5.52
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3.2.2.1. Nitrogen deficiency. After stable growth 
in continuous cultures had been reached the N2 con
tent of the gas phase was decreased from 25% to 5%. 
This decrease in N2 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. H2 production was 
1.9 times higher in the wild-type and about 1.8 times 
higher in PK84 and in PK17R. The patterns of C2H2 
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 N2 starvation 
treatment (Table 2 versus Table 1). All these changes 
were reversible upon the addition of N2 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 H2 metabolism in cyanobacteria by N2 supply in 
order to improve the efficiency of light energy con
version for H2 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 
N2. The carbon stress effect reached its maximum 
within 24 h after stopping the C02 supply, but the 
rate of H2 evolution and C2H2 reduction (Table 3) 
was somewhat lower than that achieved after 48 h of 
N2 deficiency (Table 2). With decreased CO2 the H2 
evolution activity increased about 1.5 times in both 
the wild-type and the mutants. The C2H2 reduction 
activity of the nitrogenase increased also, but to a 
lesser extent than that observed in the absence of N2 
(a 1.5-1.7 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
iological parameters (Table 3 versus Table 1).

3.2.3. Conclusion
A comparison of the physiological effects of car

bon and nitrogen stress on H2 metabolism in three 
strains of Anabaena variabilis indicated that the 
PK84 mutant is the most appropriate form for use 
in photobioreactors designed for H2 production. De
ficiencies in N_> and C02 resulted in substantial in
creases in H2 evolution activity. Continuous cultures

with optimal nitrogenase activity can be established 
for long-term H2 production.
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Abstract

Hydrogen photoproduction by growing cultures of Anabaena variabilis and A. azolkie did not occur under air+CCL or 
argon+CCL atmospheres at saturating light but did take place under argon alone. It was shown that CO2 inhibited 
photoproduction of Hi as a result of the photosynthetic production of CL whereas photoreduction of C2H2 by these 
cy anobacteria was not inhibited by CL concentrations up to 20% in the assay gas phase. In contrast to the wild type of A. 

variabilis and of A. azollae, H2 photoproduction by the hydrogenase-impaired mutant A. variabilis PK84 showed only a slight 
dependence on CL concentration. Thus, in the wild-type Anabaena the decrease in the observed rate of Hi evolution at elevated 
CL concentrations could be the result of an increase in hydrogenase-mediated uptake of Hi via an oxyhydrogen 
reaction. © 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserxed.

Kc \ n ords: Hydrogen metabolism: Anabaena \anabilis: Mutant PK84; CO> influence on nitrogen fixation; CL-dependent Hi uptake

1. Introduction

Much interest is being shown at present in devel
oping biotechnological systems with cyanobacteria 
for the conversion of light energy into Ho. However, 
for optimization of the process, the influence of gas
eous substances present during growth (e.g. CL and 
CO>) on Ho photoproduction must be understood. 
Oxygen inactivates nitrogenase which is the main 
enzyme system involved in Ho photoproduction.

* Corresponding author. Institute of Soil Sciences and 
Photosynthesis RAS, Pushchino. Moscow Region 142292, 
Russia. Fax: +7 (967) 790532; E-mail: ttfiaissp.serpukhov.su

However, cyanobacteria have developed different 
mechanisms for the prevention of this inactivation 
[1,2].

Carbon dioxide assimilation by heterocystous cya
nobacteria occurs in vegetative cells whereas molec
ular nitrogen is fixed mainly in the heterocysts [2-4]. 
Nevertheless, the concentration of CCL has a com
plex interaction on nitrogenase activity and on H_, 
production by heterocysts. Photosynthetic assimila
tion of CCL by vegetative cells of filamentous cyano
bacteria produces the reductants which are ulti
mately required for nitrogen fixation and H-_, 
production [3], However, it has been found that 
CO> starvation leads to enhancement of H> produc-

0378-1097/9S/S19.00 X 1998 Ecdcration of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserxed
PH: S0378-I097(98)00361-9
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tion and acetylene reduction (equivalent to N2 fixa
tion) in Anabcienci variobilis [5]. Moreover, elevated 
concentrations of CO.?, much above ambient, inhib
ited Hi 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- 
betena variobilis in a photobioreactor under different 
gas mixtures. We show here that H2 photoproduc
tion by A. azollae and A. variobilis did not occur at 
saturated light with argon+CO? in the gas phase due 
to the presence of increased 02 in the medium. This 
0_> effect was not, however, seen with a mutant of A. 
variobilis which is deficient in uptake hydrogenase. It 
thus appears that the decrease in H2 photoproduc
tion at increased 02 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. azollae originally isolated from the symbiotic 
association Azolht pinnata by Hoa (National center 
of Scientific Research, Hanoi, Vietnam), Anabaena 
variobilis ATCC 29413, and the chemically generated 
mutant A. variobilis PK84 (provided by Prof. S.V. 
Shestakov and Dr. L.E. Mikheeva of Moscow State 
University) were used in this study. The mutant A. 
variobilis PK84 is deficient in uptake hydrogenase 
and impaired in reversible hydrogenase 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 pE m-2 s-1 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-1). The steady state

concentration of biomass corresponded to 12 pg Chi 
a ml-1 (0.8 mg dry weight ml-1).

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. CsHs photoreduction and //_> photoproduction 
assays

Acetylene photoreduction and H2 photoproduc
tion assays were carried out in glass vials (14 ml) 
by incubation of the samples (2 ml) under daylight 
fluorescent lamp illumination (140 pE m-2 s-1) at 
30°C. The gas phase contained Ar in the case of 
H? photoproduction and 20% C2H2 in Ar for 
C?H) reduction. The C02 and 02 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 H2 and C2H, 
photoproduction were calculated on the basis of lin
ear kinetics for the first 30 min.

Simultaneous measurements of H? photoproduc
tion (or C2H2 reduction) and dissolved O? concen
tration were performed in a chamber designed for 02 
photoevolution measurement (DW2/2 unit, Hansa- 
tech, UK) closed at the top by Suba Seal stoppers, 
with illumination by a halogen lamp (200 pE m-2 
s-1) and run at 30°C. The volume of the chamber 
was adjusted to 1.7 ml; 0.2 ml of cyanobacteria! 
suspension was used. Simultaneously with monitor
ing of the gas phase for H >, the concentration of 
dissolved 0> was recorded. Before the measure
ments. the chamber containing the cells was flushed 
with Ar for 10 min. In order to assay C2H2 reduc
tion. C2H2 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 15 min. 
Standard deviation did not exceed 10% for C2H, 
and 15% for H2 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, A. azollae and A. var- 
iabilis did not produce molecular hydrogen. Even 
under the argon+2% CO_> atmosphere, the dissolved 
oxygen concentration in the culture was not less than 
150 uM (data not shown). After the replacement of 
air+2% COo by argon alone. A. azollae 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 02 concentration decreased and stabilized at 
50 pM after pH stabilization. Hydrogen photopro
duction increased rapidly during the decrease of dis
solved Oo but after stabilization of 0„> it increased 
slowly (Fig. 1). A similar pattern of Ho photopro
duction and Oj concentration in the photobioreactor 
was obtained for A. variahilis ATCC 29413 (data not 
shown). It is possible that the absence of Ho photo- 
production under air+2% COo or argon+2% CO_> 
was the result of increased levels of dissolved Oo 
due to photosynthetic CO_> assimilation.

In order to check this possibility the influence of
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- 4 - • ( -100
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Fig l. H_ production bv the photobiorcactor incorporating A 

iih'Hoc grown in turhiJostat culture. At the start (0 min) the tur- 
bidostat was switched to the uncontrolled regime (/ = 30°C) and 
the gas pha.se was changed from 98".i air+2 .. CO_. to 10U'.. ar
gon (0.5 I mm ). I: H:: 2: dissolved 0_: 3: pH.
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Fig. 2. Hj production by the photobioreactor incorporating .4 
azollae as a function of light intensity. Gas phase: 9S . ar
gon+2"A CO_> (0.5 I min-1). Points indicated by asterisk were 
measured at the rate of argon flow 1.0 1 min'd 1: He 2: dis
solved O).

light intensity on Ho photoproduction by A. azollae 
under an argon+2% COo atmosphere was studied 
(Fig. 2). At an irradiance of 20 pE s-1 m-2 there 
was 22 pM Oo in the medium and no Ho production. 
Increasing the irradiance resulted in an increase of 
Ho photoproduction and dissolved 0_> in the me
dium. Increasing the light higher than 70 pE s_1 
m™2 resulted in a decrease of Ho production and 
an increase in dissolved oxygen. After increasing 
the gas flow rate (2% COo unchanged) from 0.5 to 
1.0 1 min-1 at 140 pE s-1 m-2 the 0_> 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. azollae was inhibited in the 
presence of CO_, due to photosynthetically produced 
0_> but not by COo itself.

In contrast to H_- photoproduction, the rate of 
Co Ho reduction by A. variahilis ATCC 29413 and 
A. azollae. grown under nitrogen-fixing conditions 
with V. was unchanged under atmospheres with 0 
20% COo (data not shown).

The rate of Co Ho reduction by A. azollae was con
stant with increasing 0_> concentration up to 280 uM 
(Fig. 3). However, the rate of H_> photoproduction 
decreased when dissolved 0_> concentrations were 
higher than 30 pM and at 280 pM it was only 18% 
of the initial level.
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The measured rate of H2 photoproduction by cy
anobacteria is the net result of H2 formation by the 
nitrogenase system and H2 consumption by hydro- 
genase. The inhibition of H> production by 02 is 
probably due either to inhibition of nitrogenase-cat- 
alyzed H2 production or to an increase of H2 uptake 
activity catalyzed by hydrogenase. To distinguish be
tween these two possibilities we compared the influ
ence of dissolved 02 on H2 photoproduction of A. 
xariabilis 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 02 concentrations 
higher than 40 |iM. At 315 pM 02 the rate of H2 
photoproduction was 7% of the control (no added 
02). Similar data have been reported by other au
thors for wild-type Anabaena [12]. However, in con
trast, A. variabilis mutant PK84 showed H2 photo- 
production rates not less than 75% of the control 
even at 315 pM dissolved 02 (Fig. 4).

T: X -r_:^;:ant to note that the rate of C2H2 re
duction by cells of both A. variabilis wild type and 
mutant PK84 did not depend on the dissolved 02 
concentration up to at least 315 pM (Fig. 4), thus 
supporting the conclusion that H2 uptake does not 
protect nitrogenase from inactivation by 02 in Ana
baena [13].

120 —
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Fig 3. The influence of dissolved 02 on photoproduction of 
CjHj (l) and H.> (2) by A. azollae. The suspension contained 
12 pc chlorophyll a mb1 in each case. 100' > activity corre
sponded to 10.3 ml h-1 I-1 suspension (3S.5 nmol h-! pg-1 
chlorophyll a) for Hj photoproduction and 35 nmol h"1 pg_1 
chlorophyll a for C2H2 reduction.

60 -
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Fig. 4. The rate of H> photoproduction (1. 2) and C2H2 reduc
tion (3, 4) by A. variabilis ATCC 29413 (1. 3) and the mutant 
PK.84 (2, 4) as a function of dissolved 0„> concentration. 100".. 
activity corresponded in the case of H2 photoproduction: ATCC 
29413, 12.0 ml h_1 U1 suspension (39.4 nmol h-1 pg“‘ chloro
phyll a)\ PK.84, 10.5 ml h"1 1_1 suspension (32.3 nmol h~l ug-! 
chlorophyll a)\ and for C2H2 reduction: ATCC 29413. 10.8 ml 
h-1 r1 suspension (35.6 nmol h-- ug_1 chlorophyll a): PKS4. 
8.3 ml h_1 r1 suspension (25.4 nmol h-1 ug~! chlorophyll a).

To conclude, our results show that the apparent 
decrease of H2 photoproduction by wild-type A. var
iabilis (and most probably also by A. azollae) in re
sponse to increased 02 concentrations (in photobior
eactor and vials) is the result of increased H2 uptake 
via hydrogenase in an oxyhydrogen reaction [1.2]. 
Evidently, at low 02 concentrations the rate of H_> 
uptake by cyanobacteria with hydrogenase is limited 
by 02 availability. The 02 concentration may be in
creased by direct addition of 02 (Figs. 3 and 4) or by 
illumination of the cyanobacteria with C02 (as in the 
photobioreactor). Our data provide an explanation 
for the light-stimulated H_> uptake activity found in 
cyanobacteria [14,15].
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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—Mo. 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 H2 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 X'-nitrogenase containing cells. © 1997 International Association for Hydrogen 
Energv

INTRODUCTION

Much interest is being shown at present in developing 
biotechnological systems for ecologically clean fuels. 
Cvanobacteria are able to evolve FT 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 i u o nitrogenase activity in Anabaena variabilis grown 
in a continuous culture in the presence of Mo.

It is now known that A. variabilis can synthesise three 
types of nitrogenase; Mo-containing, X'-containing and 
an Fe-nitrogenase that contains neither V nor Mo in the 
active centre [2-4]. As with Azotobacter vinelandii [5] the 
X'-nitrogenase of A. variabilis is synthesised in the absence 
of combined nitrogen and Mo. but in the presence of \r. 
The Fe-nitrogenase is synthesised when there is little or 
no Mo or V m the medium [2], There is evidence that 
the cultures of A. variabilis, when synthesising the V- 
nitrogenase. are capable of higher rates of H: photo
evolution in comparison with the cultures containing

f Author to w horn correspondence should be addressed. Fax: 
+ 44 (171) 333 4500.

Mo-nitrogenase [3]. Thus, cultures with V-nitrogenase 
should be preferable for use in systems for the biocataly tic- 
production of Hi 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 and 
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. variabilis 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 A. vari

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 grow th and H: production conditions.

MATERIALS AND METHODS

Batch and continuous culturing of A. variabilis ATCC 
29413 was performed in Allen and Arnon medium [6] 
in 500 ml photobioreactors comprising cylindrical flasks 
equipped with connecting pipes for the titrants, medium 
and gas mixture supply, and for pH sensor installation.

859
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The medium contained 0.5 /zM Na2Mo04 for cultures to 
express Mo-nitrogenase, 1.0 /zM Na3V04 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 C02 (250-300 ml 
min-'). The gas mixture contained 2% C02 in the air for 
growth at pH 7, 1 % CO: at pH 8 and 0.2% C02 at pH 9 
and 10. The flasks were placed into a thermostatted water 
bath and illuminated by fluorescent lamps (90 /zE s~' 
m_:). 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 
assayed 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

fluorescent lamps (140 /zE s_1 m~2). When assaying H2 
photoproduction, the gas phase was replaced by argon, 
whereas in the C2H2 reduction assays, the gas phase con
tained argon with C2H2 at a concentration of 10% for 
the cultures grown with Mo and 20% for the other two 
cultures. The different C2H2 concentrations were used 
because the Km for C2H2 is higher for the alternative 
nitrogenases [7],

At regular 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 C2H2 and C;H4. 
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 C2H2 reduction and H: evol
ution were determined in buffers containing 0.05 M M ES 
(pH 5.5-7.5), 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

gas supply

pH-meter

pH-meter

PhBR 2PhBR 1 2-channel pump

pH-controller pH-controller

NaOH 1 NaOH 2medium K /medium 2'

Fie. 1. Scheme of the apparatus used for the culturing of A. varuihihs in a chemostat mode. PhBR — photobioreactor.
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no significant influence on the C2H2 reduction and H2 
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-1 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_l), 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 
C2H2 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 A. variabilis increased at 
the beginning of the exponential phase of growth and 
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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Fig 2. Growth and nitrogenase activity of A. variabilis grown at pH 7. (A) In the presence of Mo, (B) without Mo in the presence 
of V, (C) w ithout Mo and V. 1 = optical density: 2 = specific growth rate; 3 = ethylene formation; 4 = hydrogen photoproduction:

5 = ethane formation.
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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 ON ratio in the cells of A. variabilis [14].

The maximal nitrogenase activity was obtained with 
Mo-nitrogenase containing cells (74.7 nmol min"1 /zg"1 
Chi vs 61.4 nmol min"1 /zg"1 Chi in V-nitrogenase con
taining cells), while minimal activity occurred in Fe-nitro- 
genase containing cells (54.5 nmol min"1 /zg"1 Chi, Fig. 
2). At the same time, the maximal rates of H2 photo- 
production were shown in V-nitrogenase containing cells. 
These observations are supported by the reported ratio 
of C:H: reduction and H2 photoevolution in V-grown 
cultures of A. variabilis [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- 
limited 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_i) 
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, A. 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 C2H2 reduction and H2 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 increased from 7 to S; there was almost no H2 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 (5.6-7.5%) 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. variabilis. 

the cells grown at different pHs were assayed in buffered 
solutions at pHs 6.5-10.5. All the cultures were able to 
reduce C2H; in this pH range independently of the pH of 
the culture medium (Fig. 4). At the same time, the maxi
mal rate of C2H2 reduction and its pH optimum depended 
on the pH during the culture growth. Optimal pH values 
for C2H2 reduction in Mo-nitrogenase containing cells 
grown at pH 7 was 6.5-8.5. whereas for the cells grow n 
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 H2 photoproduction in A. variabilis with
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25 -

pH
Fig. 3. Maximal rates of (A) hydrogen photoproduction and (B) ethylene photoformation in A. variahitis grown at different pH v 
Mo = cultures grown in the presence of Mo; V = cultures grown in the presence of V without Mo; Fe = cultures grown without

Mo or V.
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pH of incubation
Fig. 4. Influence of pH during incubation reaction for assaying acetylene reduction by cells grown (A) with Mo. (B) without Mo m 

the presence of V. and (C) without Mo or V. pH of growth is indicated near each curve.
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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 Hi 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 C2H2 
reduction and H2 photoproduction in cells of A. 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 H2 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 H2
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Fig. 5. Influence of pH during incubation reaction for assaying hydrogen photoproduction by cells grown (A) with Mo, (B) without 
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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 H2.
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1. SUMMARY

A laboratory-scale, helical tubular photobiorcactor, made of polyvinyl chloride tub- 
lng, was constructed to study photobiological H,production by cyanobacteria catalyzed by 
cellular nitrogenase. The photobiorcactor 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 photobiorcactor unit with a photostage 
volume of 4.35 L and containing Anabacmi itzollae grown in 98% air + 2% CO, gas mix- 
lure produced H, at a rate of 13 mL H, h ' L ' culture suspension when the gas phase was

Abbreviations: OD. optical density. I’liBR. photohioreactor. I’VC. polyvinylchloride. 

B'oHydrogen, edited hv Zahorsky cl aI

-••num Press, New York, iwx 411
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changed to Ar. The H, production was sustained for 6 h. No II, evolution was observed in 
the presence of photosynthetic O,.

Techniques were introduced for keeping the cyanobacteria! 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 photosy nthctic 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 hydrogenase, 
the H, evolution from photosynthetic prokaryotes is catalyzed mainly by nitrogenase. Cy
anobacteria are ideal microorganisms for solar energy conversion to the chemical energy 
of H, because water provides the protons and electrons for H, formation (Bothe and Ken- 
temich, 1990; Markov et al„ 1995; Hall et ah, 1995). H, photoproduction studies in our 
laboratory have been carried out using the aerobic, filamentous, heterocystous, nitrogen- 
fixers Anabaena and Xostoc spp. H, evolution in these organisms is catalyzed by the nitro
genase located in the heterocysts. H, is formed as a co-product along with Nil, durinu the 
ATP-dependent reduction of Nh.

N, + 81T + 8e' + I 6 ATP —> 2NH, + H, + 16 A DP + I 6Pi

Although many advances have been reported in the last few years on the technology 
and yield of II, production, the overall conversion efficiencies of light to chemical energy 
are still much lower than the theoretical (Rao and Hall, 1996) The factors that affect sus
tained II, production include oxygen sensitivity of the nitrogenase and the photosynthetic 
apparatus, photoinhihition of photosynthesis, oxidation of the II. formed hv an uptake hy
drogenase located m the heterocysts, etc. The cyanoliaclen.il strain selected ami the age of 
the culture are also important for better yields of II, This paper describes the design and 
assembly of a bench-top pliotohiorencmr (I’hBR) lor die continuous pioduuion of 11, from 
waier, catalyzed by cy anobacteria

3. KXPKRIMKNTAI,

3.1. Organism and Growth

Batch and continuous culturing of Aimhacna varnthtlis AIT ( 294 13, mutant PK.84 
(Mikheeva et al, 1995). and A. a-o/ltn’ Strassburg were performed in Allen and Arnon 
(1955) medium (30 °C. pll 7.0). The medium contained 1.0 uM NaA'O, and no added 
Mo. In the batch culture mode, the photobioreactor was Mushed with a mixture of 98% air 
and 2% CO, (250—300 mL'min) The pll was adjusted by automated addition of 0.1 N 
NaOH to the medium.

3.2. Activity Assays

The rates of H, photoproduction and C II, reduction (equivalent to N, fixation) by 
cell suspensions were assayed by gas chromatography in a Hewlett Packard 5890A. A
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Figure I. Tubular helical Phl3R made ol" PVC lube: (A) mam unit; 
(B) two mam units connected in series; (C) proposed method for con
nection of any number of units in series.

mL cell suspension was incubated in 14-mL glass vials closed with Suba Seal stoppers in a 
thermoslated water bath (30 °C) mounted over a magnetic stirrer and illuminated laterally 
with daylight fluorescent lamps (I40 pfi/irr’/s). When assaying II, photoproduction, the air 
in the gas phase was replaced by Ar, whereas in the C.ll, reduction assays, the gas phase 
inside the vials contained Ar with 20% (.',! I,. The time ol assays was 30-45 min with 5 10 
min of measurement interv als.

3.3. The Photohiorcactor

A helical tubular pholobiorcaclor made of PVC lulling with a l()-mm inner diameter 
was used m this study (Walanabe el al., 1995) (figure la). This I'hBR has a very good sur
face/volume ratio (200 m ' w it limit gas exchanger unit) and can provide uni form illumina
tion to the cultures. The main disadvantage ot this type ol PhBK lies in the separation ol 
the process of photosynthesis and gas exchange. During cyanobacteria! photosynthesis. (> 
accumulates and CO, decreases inside the photosynthelic section of the I'hBR. lienee. I he 
scale-up of this I’hBR by enlargement of the photosynthelic section (the length of PVC 
tube) has limitations; accumulation of O. and or decrease ol CO, (and pll slit It due to ( (> 
changes) alone the tube will inhibit growth and product (II,) tormation by the cells when 
the length of the lube is loo great

The maximal length of the tube (1.) that would cause no inhibition or limitation of 
cultures can he calculated on the basis of the linear How rale ol the culture (V) anil maxi
mal non-mil ibi ling concentration of O, (minimal non-I mi it mg concentration ol CO,) (: I 
= Vt, where t is tune of culture Mow along the tube with accumulation of a non-inhibiting 
concentration of (), t = |(’„i|l-Vm|/XP where Cm is the concentration of O, (CO,) at the gas 
exchanger. X is the biomass concentration, and P the specific rate of photosynthesis by the 
culture (rate of oxygen evolution or CO, fixation per unit of biomass per minute).

Thus, for any culture concentration with a known rate ol photosynthesis, a maximal 
length of photosynthelic path exists (figure la) The scale-up procedure must use a modi
fied type of I’hBR for enlargement. The I’hBR illustrated in f igure I A was used as the 
main unit for sealing-up. Two of these units were connected as shown in figure IB. Using
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this method of unit addition m series, it is possible to construct a PhBR of any volume 
without causing a decrease in the specific rate of the process (Figure 1C). All the photo- 
svnthetic parts of these units can be coiled together into a large, hollow cylinder. Thus, the 
large-scale PhBR is similar to a single, helical, coiled PVC tube with one difference: it has 
as many separate gas exchangers as there are units connected in scries. 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 W alls

The culture suspension flow in this PhBR is laminar and. thus, with time biofilm for
mation occurs on the walls that prevents light penetration inside the tube. Also, with the 
biofilm deposit, it is difficult to control the parameters of the process due to differences in 
environmental factors inside the biofilm and in the cell suspension. To present the deposi
tion of culture on the inside walls, balls made of polyurethane foam were used. The balls 
were inserted into the PhBR made of two units I Figure IB) and they circulated (at the rate 
16-20 cm sec) continuously through the reactor, thereby scrubbing the walls. It is essen
tial to keep the inner space of the PhBR uniform and to make the balls w ith precise diame
ter to ensure continuous circulation of the balls inside the PhBR.

3.5. Installation of Sensors

To control the culti\ alum parameters, it is necessary to introduce sensors inside the 
PhBR. The most important place for p<), control is at the end of the phoiosv iilhelic section 
ol the PhBR because oxygen accumulates there I lie p( >. sensor was mu odttccd in the 
loop incorporating the cell with an inner diameter greater than the inner diameter of the 
tube. The circulation of the balls w as not stopped in the cell and due to pulsed mo\ ements 
even cleaned the surface of die sensor However, sensois foi lempcratuie. pi I, anil optical 
density rei|Hired more active anti-sedimentation treatment because llicv prevented circula
tion of ihe balls Iu overcome this, the sensors were introduced in a special bypass be
tween neighboring loops. The linear rate of suspension flow inside the by pass was equal 
to die rate inside the loop connected with the bypass m paiallel To proven! the balls pass
ing into the bypass, a grid was added at the entrance of the by pass, lo prevent the sedi
mentation of culture on the sensors, a special type of shaker was installed in scries with 
the chamber of sensors (Figure 2). Pulses of air pressure through the shaker activated 
pulses of suspension flow through a silicone tube inside the shaker and prevented cyano
bacteria! sedimentation on the surfaces of the sensors.

.Ill J'li'xIlK' pi 11 xO x

Figure 2. S|i.iki.i , mccied ■ "1. I lempci .ilui c. < i;is.11 ill i
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3.6. Continuous Culturing

For continuous cultivation, a constant volume of suspension inside the PhBR is 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 top of the gas exchanger (Figure I A). When the liquid level 
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 IBM-compatible computers, it is now possible to create very user- 
friendly hardware and software for computer control of the culturing of microorganisms. 
Markov ct al. (1997) were the first to report the design of a computer-controlled photo
bioreactor for II, production from Aiuihactnt variahilis. The system we have now set up is 
much more advanced and versatile and can be used lor the control ot PhBRs to produce 
II, or for the cultivation of any phototroph.

3.8. Hardware
In the present system, computer control was realized at two levels: low-level and 

high-level, l.ow-level control was achieved through a device lor automation ol phoio- 
bioreaelors comprising a digital measurement and control system based on a standard 
Al 2X6 motherboard. This control system combines preamplifiers of the signals from the 
sensors and digital processing ol data. It uses its ow n software and works independently ol 
the high-level computer. It is programmed lor: (a) measurement of signals from sensois

Figure 3. An automated helical pholobivreaelor ineoiper.iune cv 
anobaclcria lor continuous II, production.
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and transformation of data into digital form: (b) storage of data as mean, minimal, and 
maximal values for every sensor for each hour; (e) realization of several modes of cultiva
tion: uncontrolled regime, batch culture, chemostat, and turbidostat continuous 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 optical density (in turbidostat regime) 
at the set level by switching on and off the pumps to control mode and intensity of illumi
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 software (for the control 
system) 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 from 2 sec), and file 
as a table or as an image. The main program has less then 400 KB volume, is friendly, 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 device has outputs of 220-240 V and controls the pumps by switching 
on and off the power supply. It is possible to use any kind of pump, including the simplest 
tv pc without facilities for flow-rate regulation. In addition to pumps, it controls the valve 
for cooling water (220-240 V), light (220 240 V) and the additional device inserted spe
cifically for air pulses (24 V, 0.5 A).

4. RESULTS AND CONCLUSIONS

4.1. Batch Culture of Cyanobacteria

A I'hBR was constructed of two basic units with 20 m I’VC tubing in each unit w ith 
gas and heat exchangers of 0.5 L volume each lubes of both units were coiled into one 
cylinder w ith a diameter of approximately 50 em The overall volume of the PhBR with 
connecting tubes and accessories was 4.35 I. Inside the tubular cylinder, four 55-W and 
two 32-W fluorescent lamps were introduced. By switching the lamps on in different com
binations, the light intensity incident on the surface of the tubes could be changed from 0 
to 230 pE'nv sec. At a gas flow rate of 0.3 and 0.2 lemin in unit I and unit 2, respectively, 
(Figure lb), the linear flow rate of the suspension inside the tube was 22-24 cm/sec. The 
time for an overall cycle inside the PhBR under these conditions was 6.5-7.0 min.
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Figure 4. Hutch culture of A uzollac grown in automated I’hBIV Down arrows indicate the times when light in
tensities (pI 'm 'sec) were changed.

A typical growth curve of the vanadium-culture of A azollac 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 later to more dense cultures by switching on additional lamps. Exponential 
growth was observed up to I 5 pg chlorophyll/mL. Kinetics of the OD (at 670 nm) meas
ured on-line by computer was well-correlated with the OD (at 750 nm) of samples simul
taneously removed and measured with a spectrophotometer and with the chlorophyll a. 
concentration which was determined separately. We conclude that computerized measure
ment of OD is a very useful tool for the control of culture density as it can be recalibrated 
in terms of chlorophyll a. concentration.
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Time, sec
Figure 5. H, production by automated PhBR incorporating .1 uzolUw grown in lurbidostat culture At the start (0 
sec) the gas phase was changed from 9S'’« air + 2'\ CO, to 100"Ar.

4.2. Enzyme Activity

Specific nitrogenase activity measured at two intervals did not change significantly 
during exponential growth (Figure 4). but decreased dramatically a tier the exponential 
phase. This differs from the data obtained with batch cultures growing under constant illu
mination where specific mtrogenase activity had a sharp maximum at the start of growth 
(Tsygankov et al.. 190 7). Thus, addition of saturating light to the culture prolonged the 
maximal mtrogenase activity up to the end of the exponential phase ( Figure 4). As a result 
of high specific mtrogenase activity, the potential activity of whole I’hBR in 11, production 
reached 57 mL/lvPhBR (13 niL.'h L suspension). Compared with other data available (not 
higher than 5 mLTi'L suspension) in the literature (Kcntcmich el al., I991; Kentemich et 
al., 1990; Ni et al.. 1990; Yakunin et al.. 1991) .!. azollae grown in the PhBR showed 
rather high specific and mtrogenase activity for II, production

4.3. Hydrogen Production by a Photobiorcactor

To investigate the possibility of using the PhBR for sustained II, production, A. azol

lae was cultivated in a turbidostat with an OD of 0.7 (computer-monitored) and maximal 
II, evolution (Figure 4). The culture showed stable growth with a rate of 0.03 h 1 (data not 
shown). 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 98% air + 2% CO, to 100% Ar, the oxygen partial 
pressure decreased (Figure 5) and the pi I increased, probably due to CO, loss by the Ar
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(lush and by consumption by the culture The presence of IT, 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 H2 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 H2 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 H2 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 should be pointed out that A. azollae 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 pL 0,/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

(I) A method for scaling-up the PhBR w ithout a decrease in specific rate of II, 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 w ith this scaleable PhBR showed the possibility of high 
rates of 11, production by the PhBR (up to 13 ml. 11,/h 1. suspension).

Future investigations should be directed to research on: (a) selection of cyanobacte
ria I strain with the highest rate of II, production, (b) optimal interval between time of II, 
evolution and time of culture regeneration, (c) optimal pll. temperature and light intensity 
during regeneration of culture and during II. production, (d) adoption of the process for 
natural light conditions (high light intensity in the day and darkness at night), and (e) 
studying the possibility of 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 H2 production rates of native and mutant strains were found in 

cultures grown at gradually increased irradiation. The native strain evolved H2 

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 H2 during growth under C02-enriched air. Under these conditions at

the maximum rate of H2 production (10 ml h'1 l'1), 13% of oxygenic

photosynthesis was used for H2 production and the actual H2 production was 

only 33% of the potential. Under an atmosphere of 98% argon+2% C02 actual 

H2 production by mutant PK84 was 85% of the potential rate and 66% of 

oxygenic photosynthesis was used for H2 production. Hydrogen production 

under argon+C02 by the mutant was strictly light-dependent with saturation at 

about 300 pE m"2 sec"1. However, the rate of photosynthesis was not saturated at 

this irradiation. At limiting light intensities (below 250 pE m"2 sec*1) 33-58% of 

photosynthesis was used for H2 production. Hydrogen evolution by PK84 under 

air+2% C02 was also stimulated by light; but was not saturated at 332 pE m"2 

sec'1 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). N2-fixing cyanobacteria are promising 

candidates for the development of photobiological H2-producing systems as 

these microorganisms are able to generate H2 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 H2 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



potential capacity rather than the actual productivity of cyanobacteria in 

hydrogen production.

Native strains of cyanobacteria usually do not evolve H2 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 N2-fixing conditions.
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To induce synthesis of V-containing nitrogenase in the microorganisms, 

Na2Mo04 in the medium was replaced by 2 pM Na3V04.

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 Amon growth medium 

under N2-fixing conditions. The computer-controlled system of the PhBR with 

built-in sensors for pH, temperature, optical density and p02 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% C02 (500 ml min'1). 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 H2 production by the photobioreactor.

Hydrogen production rates by the photobioreactor were calculated on the basis 

of H2 content in the effluent gas mixture and the gas flow rate using gas 

chromatography (Hewlett Packard 5890A, UK). 100 pi 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 H2 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 H2 production or by argon containing 20% C2H2 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 \iE m'2 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 Flourmand, 1988).

Dry weight of biomass was determined by filtration of 10-80 ml of the 

culture suspension (Whatman no. 1 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 LI 189, Lambda Instrument Corp., Nebraska,
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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

^ = KLa(C* -Ol) + PO

where KLa 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

dQ^o

dt

Thus, when the PhBR was sparged by 98% air + 2% C02,

PO=KLa (C* Ol)

When the PhBR was supplied with argon, C*H) and

PO=KLa Ol

Determination of Kia

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:
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^ = KLa(C* -0L>

During degassing C*=0 and during aeration C*=240 pM.

Fitting the data from degassing the PhBR gave KLa= 1.913 10'3±5.81710'6 s'1. 

Fitting the data from aeration of the degassed PhBR gave KLa=1.51810'3 

±3.824" 1 O'6 s'1. In subsequent calculations we used average value

KLa=1.715 10'3 s'1

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 A. 

variabilis ATCC 29413 containing 1 mg of Chi a (specific activity) at a Chi a 

concentration higher than 3 pg ml'1 in PhBr (Fig. 1). At the same time an 

increase of Chi a concentration on a logarithmic scale showed nonlinear

behaviour (Fig. 1). We suggest that the decrease in the specific rate of H2 

production was due to light limitation in the dense culture.

A. variabilis ATCC 29413 failed to grow at a continuous irradiation 240 pE m"



2 sec*1. Hence in order to check our suggestion we cultivated the 

cyanobacteria at varying irradiation (Fig. 2) and observed that the Chi a 

concentration increased linearly on a logarithmic scale up to 17.5 pg Chi ml'1 

(at 100 h of cultivation). The specific rates of hydrogen production and of 

C2H2 reduction decreased slightly between 24 and 52 h of growth. When the 

irradiation increased both H2 production and C2H2 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 pg Chi ml"1.

During growth under air the A. variabilis native strain did not produce 

molecular hydrogen. The replacement of air+2% C02 by argon+2% C02 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% C02 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"1 PhBR*1. 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 02 decreased 

and was stable for more than 30 min (Fig. 3). The rate of 02 evolution by the 

PhBR under this condition was 21.7 ml h"1 PhBR"1. Taking into account that
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during water photolysis 2 moles of H20 produced 2 moles of H2 and 1 mole of 

02 we can calculate that at the maximum H2 production rate (26.6 ml h'1 

PhBR'1, Fig. 3) 26.6/21.7/2*100=61.3% of photosynthetic reducing

equivalents were used for hydrogen photoproduction.

Batch culture of A. 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). C2H2 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 C2H2 reduction activity at any stage of batch growth. With both native 

strain and mutant these activities decreased sharply when the dry biomass and 

Chi 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 C02 (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’1 PhBR"1) the rate of

photosynthesis was approximately 165 ml 0% h'1 PhBR'1. 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
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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*1 PhBR"1. 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 air+C02 was replaced by argon (Fig. 5). After 2.5-3.5 h of 

argon the actual H2 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 C02. 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"1 PhBR'1. The 

rate of hydrogen photoproduction was 57.8 ml h"1 PhBR'1, 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+C02 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 pE m'2 sec'1. However, the 

rate of photosynthesis was not saturated at 330 pE m'2 sec'1. At different 

irradiances (lower than 250 pE m'2 sec'1) 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% CO2 was also 

stimulated by light (Fig. 7). In contrast to hydrogen production under argon it 

was not saturated at 332 pE m'2 sec'1; 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 A. 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
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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 H2 under air+C02 conditions at a high 

rate. Yet, only 33% of the potential hydrogen production capacity was realised 

under these conditions and not more than 13% of oxygenic photosynthesis 

was used for H2 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 H2 in 

mutant was not higher than 0.1$ *0.09*100=1.1*1%. 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 H2 

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 H2 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 H2 production. 

However, the portion of photosynthesis used for hydrogen production under 

anaerobic nitrogen-free conditions was higher than under air+C02 mainly due 

to inhibition of noncyclic photosynthetic electron transport (as a result of C02 

depletion) and was only partly due to the actual increase of hydrogen 

production.

Hydrogen production by A. variabilis PK84 under the argon+C02 atmosphere 

was saturated at approximately 300 pE m'2 s'1 while photosynthetic 02 

evolution was not (Fig. 6). At this light intensity PK84 mutant showed 

approximately 90% of its potential H2 production activity. Evidently, at 300pE 

m"2 s'1 , in the presence of 2% C02 the rate of photosynthesis (approx. 95 ml 

02 h"1 PhBR'1) in the vegetative cells was sufficient to provide the heterocysts 

with saturating levels of reductants, and due to lack of N2 all nitrogenase 

electron flow was directed towards hydrogen photoproduction. The PK84

mutant exhibited higher light saturation of H2 evolution under argon+C02 than 

did native strain of A. variabilis (Gogotov et ah, 1976) or Oscillatoria sp. 

(Phlips and Mitsui, 1983); we did not observe any light inhibition of the
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process in the range of light intensities used. Possibly, an inhibition of 

hydrogen production by strong light reported for other cyanobacteria 

(Gogotov et ah, 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 A. variabilis PK84 under 

air+C02 was not saturated even at 332 pE m'2 s1 (Fig. 7). Due to the presence 

of N2 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 

ah, 1983), we suggest that the dark hydrogen evolution by PK84 mutant was 

catalysed by nitrogenase.

Thus, in terms of biological Reproduction systems, A. variabilis PK84 

exhibits much better characteristics than does A. variabilis ATCC 29413. This 

indicates that generation of cyanobacterial mutants can increase the efficiency 

of H2 producing systems. Nevertheless, our experiments show that only a 

small portion of photosynthetically generated energy was used for H2 

production by PK84 under C02-enriched air. This assumes that there is an 

energy potential in this organism to maintain significantly higher rates of H2 

production than that was observed in our experiments. Such a higher rate of 

H2 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 Hi production would be the avoidance of light 

regulation of the H2 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 Hi production systems.
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Figure legends

Fig. 1. Batch culture of A. variabilis ATCC 29413 grown at a PPFD of 110 pE 

m'2 sec'1. (1) optical density as measured by on-line sensor; (2) Chi a 

concentration; (3) specific rate of C2H2 reduction; (4) specific rate of H2 

photoproduction. C2H2 reduction and H2 photoproduction were measured in the 

vials as described in Materials and Methods section. pH during cultivation: 7.0 

Fig. 2. Batch culture of A. variabilis ATCC 29413 grown at increasing 

irradiation levels. Arrows indicate the time of switching of irradiation from 44 to 

110 pE m"2 sec"1 (first arrow) and from 110 to 240 pE m"2 sec"1 (second 

arrow). Symbols and numbering as in Fig. 1.

Fig. 3. H2 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% C02 (0.5 1 min'1) was 

replaced by argon. The experiment was started by switching the light on. H2 

production measured in the vials was 25.4 ml h'1 PhBR"1. (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 pE m'2 

sec'1. Fig. 4A: (1) dry biomass; (2) Chi a concentration; (3) specific rate of 

C2H2 reduction; (4) specific rate of H2 photoproduction. C2H2 reduction and H2

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 H2 photoproduction. For calculation of oxygen photoevolution rate, see 

Materials and Methods Section. The pH during cultivation was 8.0.

Fig. 5. Hi production by the photobioreactor incorporating A variabilis PK84 

after switching of gas flow from air+2% C02 to argon. At the start, air+2% 

C02 (0.5 1 min'1) was replaced by argon. The H2 production measured in the 

vials was equivalent to 77 ml h"1 PhBR"1. (1) rate of H? production; (2) 

dissolved oxygen; (3) pH.

Fig. 6. Hydrogen and oxygen production rates by A. variabilis PK84 under 

argon as a function of irradiation. The potential H2 production rate was 58.5 ml 

h"1 PhBR"1. 1 - Hi 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 H2 evolution.

Fig. 7. Flydrogen and oxygen photoproduction rates by A. variabilis PK84 

under air+2% C02 as a function of irradiation. Hi photoproduction measured in 

the vials was equivalent to 35.4 ml h 'PhBR"1. 1 - Hi 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 H2 continuously during cultivation in an 

automated helical tubular photobioreactor (4.4 l)under air containing 2% C02 and 

alternating 12-h light(day) and 12-h dark(night) periods for about three months. The 

maximum H2 production by the continuously aerated culture was 230 ml • day'1 • 

PhBR'1 which was observed at a growth density corresponding to 3.5 - 4.8 pg Chi a • 

ml'1 (1.2 - 1.6 mg dry wt. • ml"1). Anaerobiosis during the dark period affected (?) H2 

production by A. variabilis PK 84. Replacement of air by an argon atmosphere 

enhanced H2 evolution by a factor of 2. This stimulatory effect was caused mainly by 

N2 deprivation in the cell suspension. The specificity of H2 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 H2 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 H2 production, 

these systems should operate under the outdoor conditions, i.e. under the natural 

periodic light and temperature. Although H2 production by biological systems has 

been extensively studied, there are no reports of cyanobacterial H2 production under 

outdoor conditions.

Thus we undertook a study of H2 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 H2 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 H2

production (Mikheeva et al., 1995; Sveshnikov et al., 1997; Tsygankov et al., 

1998). It also steadily evolved appreciable amount of H2 into C02-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 H2 

production (Mikheeva et al., 1995; Sveshnikov et al., 1997; Tsygankov et al., 1998). 

It also steadily evolved appreciable amount of H2 into C02-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; Chi 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 Amon (1955) medium in the absence of fixed nitrogen. Na2Mo04 

in the medium was replaced by 2 pM NagVtA* 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 m2, 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 Amon (1955) medium in the absence of fixed nitrogen. Na2Mo04 

in the medium was replaced by 2 pM Na3V04 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 m2, 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% C02 

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 36714-30°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 C02-
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enriched air (500 ml • min'1) 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) H2 production by the culture was calculated on the basis of the 

H2 content in the effluent gas and the gas flow rate in the PhBR. The H2 content in 

the effluent gas was measured by a gas chromatograph (Hewlett Packard 5890).

The potential H2 production by the organism was calculated on the basis of the 

rate of H2 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'1 • m"2 (type, wattage ?) and 

36°C for 45-60 min. The cells incubated under air+2% C02 were directly transferred 

from the PhBR to the vial. To avoid alkalinization of the culture due to the lack of 

CO2 under incubation with ordinary air, Ar+20% O2 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 H2 content in vials was measured by the gas 

chromatography (Define specific and volumetric rates of H2 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.l 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 A. 

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 02 evolution and consumption of 02 by the respiratory system of 

the cyanobacteria (Fig. la). Similarly, photosynthetic C02 consumption was halted in
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darkness, resulting in an increase of dissolved CO2 concentration and acidification of 

the culture by extra CO2 (Fig. lb). 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. lc).

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 H2 production decreased rapidly down to a very low level. 

The potential volumetric and specific rates of H2 production measured in the vials 

both under C02-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 H2 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'1 • m"2. Regardless of the gas composition, both the actual 

and potential specific H2 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 H2 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 H2 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 pg 

Chi a • ml'1 (1.2 - 1.6 mg dry wt. • ml'1). Further increase of the cell concentration had 

a clear negative effect on H2 production by the culture. It is interesting that the ratio 

of potential rates under argon (curve 1) to those under air+2% C02 atmosphere 

(curve 2) was two. The ratio of potential (curve 2) to actual (curve 3) rates under 

air+2% C02 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 pg Chi a • ml"1. As with the heterocysts, the chlorophyll content of the cells 

changed somewhat. It decreased from 4.4 to 2.7 pg Chi a • mg'1 dry wt. as the growth 

density increased from 2.8 to 6.7 pg Chi a • ml"1.

Fig. 4 demonstrates the importance of the light factor for H2 production by A. 

variabilis PK 84 under the alternative light-dark regime. A change of light intensity 

from 332 to 223 pE • s"1 • m'2 led to more than a 2-fold decrease in the rate of H2 

production by the PhBR.

Since the use of nonaerating conditions with the culture during the night would 

reduce the practical cost of H2 fuel produced by outdoor systems, the effect of the
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absence of aeration during the dark periods on H2 production by A. 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 

Chi a • ml'1 (the optimum density seen in Fig. 3) and the continuous aeration was 

replaced by periodic aeration. Fig. 5a 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 c) 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 

C02, 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 C02 concentration in the culture 

until the system reached equilibrium.

The time course of the actual H2 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 H2 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 H2 production by the 

periodically aerated culture.

Fig. 6 shows that the transition of A. variabilis PK 84 from continuous to 

periodic aeration did not affect actual H2 production instantly. However, after 7 days 

of cultivation the negative effect of the periodic aeration on H2 production by the 

organism became evident.

Fig. 3 shows that C02-enriched air inhibited H2 production by A. variabilis PK 

84. To identify factor(s) affecting H2 production by the cyanobacterium under C02- 

enriched air, the effect of the gas phase on H2 formation in incubation vials was 

studied (Table 1). Rates of H2 evolution were similar both under the pure argon and 

argon containing 20% oxygen. However, there was a reduction in the rates of H2 

evolution under air and air +2% C02, indicating that during cultivation under air 

conditions H2 production by A. variabilis PK 84 was mainly affected by atmospheric 

nitrogen. Table 1 also shows the 2-fold decrease in rates of H2 evolution by the 

mutant in the presence of atmospheric nitrogen when compared to its absence. Table 

1 also shows that the high C02 concentration in air had a slight stimulatory effect on 

H2 evolution by A. variabilis PK 84.
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Discussion

The present study revealed that A. variabilis PK84 continuously sparged by 

CCVenriched air steadily generated appreciable amounts of H2 during cultivation in 

the PhBR under alternating light and darkness for about three months. The 

microorganism evolved H2 both during the light and dark periods.

It is well known that certain cyanobacteria can fix N2 during heterotrophic 

growth in the dark as well as to continue to fix N2 at a decreased rate in darkness 

after autotrophic growth in the light (Fay, 1992). A. variabilis is among them (Jensen 

and Cox, 1983). Dark N2 fixation in these organisms is 02 dependent, indicating that 

the requirements for N2 fixation are met by respiration(Donze et al., 1971; Weare and 

Benemann, 1973; Jensen and Cox, 1983; Markov and Krasnovsky, 1985). Hence 

nitrogenase-mediated H2 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 H2 production in the present research.

The maximum actual and potential specific rates of H2 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.
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As in the case of N. flagelliforme (Lichtl et ah, 1997), there was a gradual 

reduction of the heterocysts frequency in A. variabilis PK84 (from 11.5% to 8.5 %) 

as the growth density of the culture increased from 3 to 7 pg Chi a • ml'1. However, 

the change in heterocyst frequency was not so pronounced as the (%) inhibition of H2 

production in the cyanobacterium under the same conditions (Fig. 3 a). It seems 

therefore that the effect of the cell concentration on H2 production was exerted in A. 

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 Chi a content in A. variabilis PK84 from 11-15 

to 2.7-4.4 pg Chi a • mg'1 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'1* m'2). Owing to this reduction in the amount of chlorophyll, the 

microorganism showed a high rate of H2 production under argon (272 pmol • h"1 • mg' 

1 Chi a; Fig. 3a).

Since the rate of H2 production by the overall cyanobacterial system depends 

on both the specific activity of the cells and the total cell mass, H2 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 pg Chi a • ml'1 

(1.2 - 1.6 mg dry wt. • ml'1). However, a further increase in the cell mass had a clear
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negative effect on H2 production by the culture, probably due to light limitation. The 

maximum actual H2 production by the PhBR during continuous aeration of the culture 

was 230 ml • day'1 • PhBR"1 while the maximum potential under air+2% C02 and 

argon atmosphere were 430 and 810 ml • day"1 ■ PhBR'1, respectively.

Light is an essential factor for H2 production by cyanobacteria, however, too 

high a light intensity including natural midday illumination was found to suppress 

generation of H2 (Markov et al., 1995). It has been recently shown that exposure of 

our PhBR to the light higher than 70 pE • s'1 • m"2 resulted in an inhibition of H2 

production by A. azollae during sparging with C02-enriched argon (Tsygankov et al., 

1998). Similarly, the inhibition of H2 evolution in A. 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"2 (about 12.5-30 pE - s"1- m"2) and pE • s"1 • m"2, respectively. H2 

evolution in A. cylindrica (Kosiak et al., 1978) was more resistant to high irradiation 

but it was saturated at as low light intensity as 40 W • m"2 (about 200 pE • s'1 • m"2). 

Although the optimal light intensity for H2 formation by A. variabilis PK84 is still a 

matter of future investigations, the more than 2-fold increase of H2 production after 

the increase of PPFD from 223 to 332 pE-s'^m'2 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 H2 production by A. 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. 5 a), 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 N2 in darkness in the absence of O2, while others do not (Fay, 1992). 

Requirements for N2 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), 

H2 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 H2 

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 H2, 

it had a negative effect on long-term H2 production by A. variabilis PK84 (Fig. 6). 

This implies that anaerobic conditions are unfavourable for H2 production by A. 

variabilis PK84 and should be avoided during operation of outdoor systems. 

However, the mechanism of action of the "nocturnal" anaerobiosis on diurnal H2 

evolution is not clear.

The reported H] evolution activity of A. variabilis PK84 depended on the 

composition of the gas phase and the means of determination of the activity. Fig. 3 

shows that rates of H2 production under C02-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 H2 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 H2 formation by the 

PhBR.

The rate of H2 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 N2 deprivation in the culture 

(Table 1). However for some unknown reason it was almost twice less than that 

predicted by the stoichiometry of the nitrogenase reaction:

N2 + 8 IT + 8 e +16 ATP -» 2 NH3 + H2 + 16ADP + 16Pj 

In addition, there was a stimulatory effect of high C02 concentrations on H2 

production by A. variabilis PK84 (Table 1) probably due to the activation of C02 

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 O2 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 pg Chi a ■ ml'1 and PPFD of 332 or 0 

pE • s"1 • m"2 (light/dark periods).

Fig. 2. Time-courses of the actual H2 production by A.variabilis PK 84 under 

C02-enriched air.
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(a), continuous aeration, curves 1 and 2 were determined at 4.0 and 5.6 pg Chi a • ml* 

1 respectively; (b), in the absence of aeration during dark periods, the growth density 

was 4 jig Chi a • ml*1. The onset of the light period (332 pE • s'1* m"2) was at zero 

time. Vertical dotted lines indicate the onset of darkness. SD (n=3) less than 5%.

Fig. 3. The dependence of H2 production on growth density by a continuously 

aerated culture of A.variabilis PK 84.

Curves 1, 2 and 3 are the potential H2 production under argon, the potential H2 

production under air+2% C02 and the actual H2 production under air+2% C02, 

respectively, (a), specific rates of H2 evolution determined after a relative 

stabilisation of H2 evolution (9 h after the onset of the light period); (b), volumetric 

rates of H2 production were calculated on the basis of H2 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'1* m*2. SD for potential and actual rates 

was less than 5% and 20%, respectively.

Fig. 4. The effect of light intensity on the actual H2 production by the 

continuously aerated culture of A.variabilis PK 84.

Bars represent average values of H2 production during successive cultivation of the 

cyanobacteria at the PPFD of 223 pE • s'1* m'2 (11 days) and then at 332 pE * s"1* m'2
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(3 days). The culture (2.0-2.2 jag Chi a * ml"1) was aerated with air+2% CO2. Error 

bars are + SD.

Fig. 5. Changes in O2 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 Chi a • ml'1 and PPFD of 

332 or 0 pE • s'1 • m"2 (light/dark periods).

Fig. 6. The effect of the absence of aeration during dark periods on the actual 

rate of H2 production by A.variabilis PK 84.

Non-aerating conditions in darkness were applied to the culture at zero time. 100% is 

the rate of H2 production by the continuously aerated culture (230 ml • day'1 • PhBR' 

!) at the same growth density. The growth density and PPFD were 4 pg Chi a • ml'1 

and 332 pE • s'1 • m'2, respectively.
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Table 1. H2 evolution by A. variabilis PK 84 under the gas phase of 
various composition.

Time after the 
onset of the

h2 evolution, (pmol • h"1* mg'1 Chi a) *

light period Air Air
+2% CO2

80% Argon 
+ 20% Oxygen

100% Argon

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

* - H2 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 pg Chi a 
. ml'1) for 9 days. The PPFD during light periods was 223.0 pE. s'1. m2.



SECTION 8 APPENDIX

HYDROGENASES AND HYDROGEN PRODUCTION BY 
Synechococcus Sp. Miami BG-043511

Hydrogen production under argon or under air enriched with COi 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 Hi 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 Hi 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 Hi uptake activity of the cells, Synechococcus cells growing in the batch 
culture mode in the photobioreactor was incubated in closed vials filled with Hi in a 
shaking thermostated bath. The Hi 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 la and lb and the data 
from a series of experiments is presented in Table II. Hi 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 
Hi concentration was followed polarographically. In a typical experiment (performed 
in Peter Lindblad's laboratory in Uppsala) two levels of Hi uptake was observed the 
initial 1.13 p mol Hi mgchf1 h"1 lasting 5-10 minutes followed by a more stable 
uptake of 0.38 p mol Hi mgchf1.

Thus we have established the presence of uptake hydrogenase activity in 
synechococcus cells which may explain the lack of Hi evolution from cells grown in 
air; any Hi evolved will be oxidised (by Oi) in the presence of uptake hydrogenase.



Table 1.
The maximum rates of H2 production by A.variabilis PK 84 and Synechococcus sp. 043511 in our experiments.

Culture Light conditions

Growth density at 
the maximum 
volumetric H2 

production

Maximum H2 production rate 
(ml. PhBR"1. day"1)

Actual Potential

Regime of PPFD
illumination (juE. m"2. s'1) (pgChla.ml1)

Under
air+2%

COz

Under
argon

Under
air+2%

CO2

Under
argon

Batch
A. variabilis

PK84

Continuous
illumination 332.0 15.0-19.0 1056.0 2851.0 — 3360.0

Continuous
A. variabilis

PK84

Continuous
A. variabilis

PK84

Continuous
illumination
Day/night 
(12/12 h) 332.0

?

3.6-44

?

230.0

? ?

430.0

?

810.0

Continuous
Synechococcus

sp.

Continuous
illumination 150.0 3.6* trace 650.0

— —



Table 2.
Maximum H2 uptake activities in Synechococcus sp. 043511

cells grown in the batch culture under continuous light.

I. Incubation of the cells under the dark conditions.

Experiment Growth density
(ng Chl(a)/ml)

H2 uptake
(jimol/mg Chl(a)

1 4.3 32.0
2 3.9 36.0
3 4.6 21.0
4 4.2 27.0

II. Incubation of cells under the light conditions.

Experiment Growth density 
(ng Chl(a)/ml)

H2 uptake
(gmol/mg Chl(a)

1 3.5 39.0
2 1.7 78.0



22-23.05.98

Fig 1a. H2 uptake by the Synechococcus sp. 043511
cells under the light conditions.

300 -

250 -

control (H20)

j__ I__ L

Time, h

Top, photosynthetic activity of the cells under growth conditions. Bottom, H2 consumption 
by the cells in testing vials under light conditions (40 pE/m2 s) at the same period of time.

Growth cond.: air+2% C02 (—150 ml/min), 1.7 pg Chl(a)/ml, 30°C, PPFD 120 pE/m2 s.



14-15.05.98

Fig 1b. H2 uptake by the Synechococcus sp. 043511
cells under the dark conditions.

3
1
=L
c

8c
I

Time, h

Top, photosynthetic activity of the cells under growth conditions; points represent 
mean values of 02 concentration for each hour of cultivation.
Bottom, H2 consumption by the cells in testing vials under dark conditions at the 
same period of time; error is Sd (n=3).
Growth conditions: air+2% C02 (-150 ml/min), 3.9 jig Chl(a)/ml, 30°C, PPFD is 

120pE/m2 s.
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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
250cm2
34.5W/m2
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Cl:0g/1, NaCl:15g/l, L-glutamate :0.29g/l) 500ml CSEii U EfriftS 
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Table 2-2 Total hydrogen production and Hz yield by Rhodovulum sp. NKPB160471R 
under various conditions

Conditions Hz production Theoretical value of Hz Hz yield
(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

*: 20mmolOz was added to reactor at each 6h
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Fig. 2-6 Hydrogen production by Rhodovulum sp. 
NKPB160471R using one phase and double 
phase reactors.

Arrows indicate injection of 7.5mmol L-malate

Aerobic conditions (addition of ZOjimol 02/reactor at 6 h intervals)

-O- one phase reactor 
# double phase reactor

Anaerobic condition

-A- one phase reactor 
A double 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 Hz production rate 
(mmol/reactor/h) Efficiency (%)

anaerobic condition
one phase reactor 0.15 1.1
double phase reactor 0.20 1.4

micro-aerobic condition
one phase reactor 0.41 3.1
double phase reactor 0.60 4.6

*: 20pmolC>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 photo synthetic 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.

2



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 strains
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 ( M006 ), isolated from a 
canal at Ala Moana Beach Park in Honolulu, showed the highest hydrogen production rates.

Growth conditions
Basal medium contained 866 mg KH2PO4, 733 mg K2HPO4, 200 mg MgS04 7H2O, 75 mg 
CaCl2, 20 mg EDTA(disodium salt), 11.8 mg FeS04 7H2O, 2.8 mg H3BO3, 2.1 mg MnS04 
4H20, 750 pg Na2Mo04 2H20, 240 pg ZnS04 7H20,40pg Cu(N03)2 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 °C, 81 p Es-1m"2, 12 h 
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'W2 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.
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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*2). 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 bacteria, 
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 sodium 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

Primary selection of hydrogen producing strains from the Mitsui Collection 
205 strains of photosynthetic bacteria in the Mitsui 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.

Further evaluation of photosvnthetic bacteria with lactate as a carbon source 
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.
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Table 1 Primary Selection of Hydrogen Producing Photosynthetic Bacteria
HCC Number Original Number Max. H2 Production Rate* 

(pl/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 M0006 36
Rhodobacter sphaeroides RV 75

*Maximum hydrogen production rates were calculated 
on the basis of initial dry weight of the cell suspension.
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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 before 16 hours.

Hydrogen production of four strains from other organic acids
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.

Hydrogen production from simulated wastewaters
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
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Table 2 Maximum hydrogen production rate of 4 strains from Lactate (p 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 
sphaeroides RV

89 122 61 18.3

Table 3 Max. hydrogen production rate of 4 strains from 5 carbon sources (p. 1/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 
sphaeroides RV

122 69 73 0 5
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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 H2 production (p 1/mg/h) by HCC 2037 and 
R. sphaeroides RV from simulated wastewaters

Simulated wastewater SW-1 SW-2 SW-3 SW-4
HCC 2037 35 63 14 131
R. sphaeroides RV 63 13 30 79
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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 effects of AMEX on hydrogen production of 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.

Effects of glutamate concentration and daily lactate addition on hydrogen production 
Experiments were performed to optimize hydrogen production by strain 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 mM glutamate extended this period to 9 days (Fig. 7). 
Hydrogen production rates then decreased gradually, but to a lesser extent in samples with lower 
initial substrate levels. Over a five-day period, 0.2G10L-A produced 2.5 times as much hydrogen 
as 0.5G50L-C1, at the expense of a similar total amount of lactate. We conclude that hydrogen 
production efficiency is enhanced by a reduction in initial substrate concentration and daily
additions of a small amount of substrate.

Hydrogen production by immobilized HCC 2037

In an experiment designed to compare hydrogen production by immobilized and free cells, we 
mixed 10 ml of warm GL medium containing 4 % melted agar with 10 ml of GL medium

14
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Table 6 Effect of daily lactate addition on hydrogen production by HCC 2037

Sample
Glutamate 

( mM )
Lactate 
( mM )

Max. H2 
Prod. Rate 
( ml/mg/h )

Total H2 Production Lactate
H2 volume 
ml / vessel

Time
(hr)

Remaining 
(mM)

Consumed
(%)

0.2G10L-C 0.2 10 34 91 66 0.1 99
0.2G10L-A* 0.2 10 63 322 214 29.62 67
0.5G50L-C 0.5 50 31 86 52 0.5 99
0.5G50L-A* 0.5 50 29 225 212 24.91 81

"^Commencing at 24 h, 0.2G10L-A and 0.5G50L-A received 0.2 mM sodium glutamate and 
10 mM sodium lactate daily.
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Fig.7 Effect of daily lactate addition 
on hydrogen production by 2037
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containing the Strain 2037 suspension. The mixture was poured into, a sterilized glass vessel and 
allowed to solidify in sheet form. The immobilized preparation was washed with GL media and 
35 ml of fresh GL media was added to the vessel. The vessel headspace was then repeatedly 
evacuated and refilled with argon. These experiments were performed aseptically. Other 
experimental methods were as describ for cell suspensions.

Fig. 8 shows hydrogen production by immobilized 2037. The effect of immobilization was 
dramatic. Although biomass density was 1/3 lower in the immobilized preparations, hydrogen 
production at 46 h was twice as high as in free cell suspensions. Furthermore, immobilized 
preparations are readily maintained under anaerobic conditions and this aids in stabilizing the 
reaction. Also, Fig 8 shows that when hydrogen production by immobilized cells stopped after 
54 hours, replacement of the medium with fresh GL allowed the reaction to restart after only 2 h.

5. Summary

As described above, the tasks for Fiscal Year 1998 have now been completed. Qualitative and 
quantitative comparisons of hydrogen production capabilities have been made using the best four 
strains. These included strains from the Mitsui collection, a Hawaiian isolate, and the standard, 
Strain RV. Advances were made in experimental methods, allowing improved strain 
performance and a decrease in variability. Selected strains were compared using both individual 
organic acids and the four RITE-specifred acid mixtures, and work was carried out to optimize 
performance of the best strain.
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Fig.8 Hydrogen production of immobilized strain 2037
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(2) MPN
CM55 medium 9ml c^tf 15ml 7IWSSiSSM, %CM55

medium lr TgSPMWcSK L TtSS L Ar 8$L/if£, 55C,
2,0001ux Ttg*6ffbfc„

CM55 strains «k 5 iZ.

mz#-%iz&mzmmTzytwmtt£-?tz. $ Gicssa^frSrE*^
3 d <h^T#n«, l»=k 0 fc®«6TS«W

2



¥fiB9¥
SIBcrS IlfidiES1'IT V1 5 Auto H-medium ^ 6SSiE<h Yeast extract & 
BV^ctgtiZ^ 50ml;t-r7jl/)S(’10ml Ail, H2: N2 : C02 = 85 :10 : 5
iz LTSHElnX$f:f"3/t(2,0001ux, 55A)„

3.
3-1. (401C,pH7.0)

B*®SSJ;i9^®Lic42 *® 24h $>fc0 ®*A*S4E*i55 BUB 
®l*S**±ge5: Table 1-3 Jtt8®fc6, ¥6$,9¥SfcfT-3fc
Rhodobacter sphaeroides RVlt® 30G <1: 407: iZi5lt5*S4Sl:fc|5|S$iC^ 
Ltz. #(C*S$Stg®K»^7tSGD4, MSL2, MSL5 Aiaf ilf il
Fig. 1, 2, 3 I: 24h S®*S4^m&iKL/t„

(DTiSfirW 0 SG strains
SGL5, SQL? £1# < ® #ia%mE j; 0 I -r®*S4El:»^^-D/t„
SGL2 tits nil I T5 Br«fl®f*@*S4E* 170.8ml/l OD/bottle titftWt* 

1)*S5E1:£7kL/c„ igttel® 3 SE®StlE®T,'ria#tCi1:E(17.5mM) 
i'J >3*^(5.8mM)£fM LTUfco *S®£WS)SS®ia 43AtafeZbtfr

SGD2, SGD3 ia*l:@m I T 5 B 200ml/l O.D./bottle
sgd2 toa 2-2

*LTOfc£#Abilfco SGD3 *ia±l:U >3#(8.0mM)& ##L, •
nA^EtiiJfflLTO/a^-oito CilG®##Wa 43G, 46AT£@#oT#-r 
$>9, a: 0@V^S®'e®*S4Slg$^WT5 ZtlZ LTz,

SGD4 la 5 B 285.5ml/l O.D./bottle £1561L, 30Gtc£
115 RVtt®*S*S*laE5gSrr511(290.2ml)S:7SLic:„ SKi: LTliS1^£ 
16.0mM, 'J >3*E£9.9mM iHRUTOfc. *S®4W$ili&®li400 T$> 
5*1, 4607t&*t:5WT5/:A, S G(Cia®S:i6< Vfc"*FFflSff 5 5 
i(C Lie.

SGL4 to 5 BfStoKSAiNSSBli 110.9ml/l OD/bottle i-fiUSSiOtli 
$#iapH 6.0 ic £ It 5 £WiM £ 5il pH(7.5) (c£lt54WiS 

gcfiiiadfAgwamiamea/k^oit/tA, a;i@o ph t®*S5Sic 
R**ij=efcn/t. *«fcHE®tntj.frotztf, #®mm£ea

>3#£ 2mM 5
tmtitltz.

SGL12 ®*$5gS5-nS<l:i6K ia&VW, Sil pH(6.5)iRliia pH 6 7? 
t)6Sla5WT55<h*16, £ Dl?tfafeftT®7Ki!i4Mta'DOTl&ft£fT5 c
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£\Zhtz°

f©# 40U, pH 7.0 SGL1, SGL11 ifi 5 BFb

200ml/l O.D./bottle Lrt'L/<£tfs'6*S®3£WSiS

L tifr-otz.

(2) *jtlig71U; V ©#L fz OM strains
OM strains tl, #(CA 7h. LA1 6

0ML3 11 40U 6 46°CT^W^am3(h/u»H^b 6f. m/ht#g@pH tt6.5 
Xfo-otztztb, S 6K^fr$rExTr:*FSg§:ff 5 ^tClfc.

(3) Si9iaS. $3i^. = i!iS&<±: 0 ®f!= LUS, TM , MS strains
USL2 tiigifi I TS 148.0mVl OD/bottle

*s« 43iCT66f/j:3iW$iSL7t7t*, zz&Wffi&ff? £ £lzL/z, f ©#
US, TM strains A:.

MSL5 taigttn I T 24h htz 0 ®5**S^Es 145.3ml/l OD/bottle, 5 0 
Fb1©1#S 311.3ml/l O.D./bottle SSBSL, 40U,pH 7.0 ©^ft-eMM*®‘RT 
ma®zK#tm%/pL/t. glE®?fl#m$E* t%Z. -otztf, #
©X@£&$l3i8*LT©&HU >n'E 3.8mM, n/X^E 1.8mM #*)C6 
fr b BW^teSitT $> 5 £#x 6 ta7k„ *S®£WSSS$ti 43”C, ±W$ 
ilpH «6.5 r&ztztb. &$kft^7itz-'jKMmZ'rto^ttLtZ'

MSL4 Higife n r 24h 0 134.4 ml/1 OD/bottle, 5 0
fm®#@: 288.3ml/l O.D./bottle £ MSL5 thl^StC RV *© 30UU j3H3*S 
^SlIClZEETSSHSSSL/t, L*^b*:B®4WSiiSJttt 40CCT. 
^■nj:0iWV^$"m4Wi$SAtS^US^5fcsb- 
ffiotifr-ofzo

3-2. 81$, pH $Slbdtifc<h#®*S4Slg©iiFlE (-*SFti)
3-2-1. =fc 0 i6ST®*S^S(Table 1-3)

SGD3 (1 43UT 5 0 F=l1©f*S*S^S* 170.9ml/l OD/bottle $tB®Ufctix' 
45tcrtt*# < ffi'pLtzo SGL2, SGD3 115 0 F.FT 85-90ml/l OD/bottle @1$
<D7km&£mLfztiuox:<D£.mm£t£8vrz£±£<i$,'j>Lrz. sgd2 t*-m
45U-efc 5 0 Fffll;'58.7 ml/1 O.D./bottle ®**4SA^SSStlfc„ T^T©^ 
gStttocf'r 45t3'e©**4g»s-SE-dli^c©H*®^:ti"Tafe D,
^Bft© tc <fc -5. ** tli® rfi] i: t> SHft $ tl 5„

3-2-2. <fc9i£lOpH T©*StS(Table 1-3)
SGL4 #© pH 6.5 Tffl*#±llil pH 7 0±#< i#±L,

4



tgiti I T 5 318ml/l O.D./bottle $12iLfc.
30 C 1:7:75 RV #©tm#$@A57©7&0. 5j-aStt®4,T#%.SV^ffi-e
$>-itzo $Zctgt6nT%pH7 phe.s r
7 5 BreltD^ST 240.6ml/l O.D./bottle iti71;$SB@UZc„ *#5 pH 6.5 
1:777## I THU >3#$ 6.2mM , HE$ 2.6mM, igtifiH TtifLE$ 
12.1mMiS*LT7Zc„ *S© pH 7 7711/ pH 6.5 1:775 24h S©*X£ 
IM Fig. 4, 5 l:SLfc, Zc7, pH6ii(T'C«*^4Maa*€<i®/>Lfeo 

£Z:> SGL12 t> pH6.5 l:775*S±,$7 pH 7.0 <hlti6 LTH* U 5 
BPifitottWEti 124.8ml/l O.D./bottle irZtoZc, 7®te© 2 to:©7"m pH
7.0 itt^LTM^b/io

3-3. CM55 strains ©*fM2©#M
Ltz^e&iLmm ■ S$@$£frt:,7-5S1wlg3i7<m' 

Single Colony Isolation
%%© CM55 strains tiTV- h-ffil:ffM£*rC75#)l£-&J&*ffl®©6fe 

n n~—±(:#SI:72Zj;#7:i $flMLT7 9, #to □-—©*$
a$mp#< c6iaam%

fr'itz* • S $ IS 71#® T 5 d <1: ZdBJl 5> ZM: Zt ^ Zc Zc #>,
-©^frT+E@iHttg#$SDill-, 6dt$E*Zc.
d©##g#t: j: 0d 6l:6R$bL, 6fe©=m-- 
«7ig-<«'>U 7t£6g,ffl»©»*LZc^VOD--$ffM$it5d£Zg7£ 
Zco LZbLZtZgb, Z®3D“-£C7 77'y^bS^lg#, $>577-5©®

©^&m$L^yy- ng# (#m - imm
i>Z.t\t7tU^z>tz, CM55 strains 7E#:lg*l:77T, MtB&7)Uzf>lZ 

g#LZjLttZUf^WrS-Z^Ui^bdife**), $71:7i6'iZ<£0EEZj:E 
syg*^s<hsn5 d b nzco -5 d -rn n - ■- $ h -y x 7 -y -fir 51
gl:gmi:$b$75d6Z%7j:b, E5i X1 □ - 7dvy X X $@ffl L Zcti^ 

7 0 li® tiSSfc b TxT, Single Colony Isolation ttbKSb LZeZj'1'} Z:„

(2) MPN StCd:5$i6I2
am© CM55 strains X MPN ?i$ff ^Zc i d ^>, ig*iS© ODeeo i$2 (X±

ab5i:fc^^bbT, 10-4TL/)^Stitiftotz» LPLtiifi
b'XMiL • oZc+P>7";i/-Cii, 10-20
$7#%Z#0$7Z:. iit-j X culture l:775@^c@©»A#0, 3>75«

s nr 7 5 -3 Zczc d© mpn ?£E©tg*?$$:Xi/- H:ts®
Ug#$fTbZci;d5, 4>H0#7l£'^B6lfflB©BV>3p--^#6UZc„ $Zc, 
d©#t^3 □--$!:> X 7-y X L T?$#:#*1: R L T t> iSE7#lg$ nZj: Z» 
O tz o
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3-4. CM55 strains IX=k
3-3 CM55 strains tSS»T|i6^^BET.

xt'ai'. u^ltawo* o5^^^teibe®^s^ 
& 98EBT5riz^"r£4c/xi6. *SK=k5*S4S$ffoT4./t. 2-llx*L 
tzjmtmmzLT 53VAZTft-Dtzt^?>,
SftSiibf:. f C7*0#MMIxT5^:AIX 25%7Xn;Vb:>^i- h U 9A 
% 1 u 1/ml. RV 2%Na2S $ 10 /t I/ml -tft-e'tlgslJO bTfT-3it £ 75. if

^£TS;ffl£7/l/:xf>g
j#L^£C5.6, 7,8 BglX* 10ml/l O.D./bottle to*Hl%£;»lES?S;h7c(Fig.
6).

3-5. ISIS
yUr.ig^fcJ:? IX i'AMZtltz 42 tfcSr&ffl LT. 4001X71x45

It 5 * % 7Efg © ffiffi £ 'ft z> 4c „ S tz <5 V > pH 7 fe&ffr IX 7WT 5 fc © IX -X tvX 

1$, =k OfiVipH T©#Mffro Zc„40 ('Til Rhodobacter sphaeroides RV % 
©30Olx45l45*^7EmixE%754'##AM##&L4:. $.ft 450£tv5 
iS^tSSTt), SGD2 toi 5 B rifl©^ST 58.7 ml/1 O.D./bottle ©tKSSXxS 
T5xttfT#ft. x:no©ti-E1*fflj:5ix, 4or.R±©iajt7x:ngif®^ 
*#7E%*7%oiammixwT5#ei4%w. ^t^ayi/? mdsw 
r$>^tz, £ 0 SETtx*tt5 L/c^tKSXiSIX'XVi T
is, ^©KwmiixSifconzttb^xs,, *#%±ix#ig%##m©#w^

2: e#©0${k&<t:lxJ;oTSeix&#$4l5X:£

CM55 strains II 5001X707**5 0 £AW#eO&5 A4 5301x431X5* 
#&mm« lOml/l O.D./bottle £74lS7t8;<ti< . $4c*& 0 
g;RSn5&£\ ^©S/O&V^S^Tta&^o/c, *S4EIXX3V^TI4S 0 
IxSSS^xT^IXSff-SCj:SlxJ:D56:S$tl5nT6gttl4$5. L^LH7 
0 6#g%0£l4. 500y70&E(x7WT5 0£;<7t£57l£$EK;£*jfflS© 
#&&**0£^0#/c0 70&5. 4"#. 50OJX7Ti6V>7kS7ESg£Wt" 
K'&mskmmwo x x d - d > x* & sm-e* 5 -5 „

y, ±

6



Table 1 H2 evolution by SG strains

Strains
Maximum evolution /day 

(ml/1 O.D ./bottle) 
Medium I E

Total evolution /5days 
(ml/1 O.D./bottle) 

i n
RV (30UC) 85.i; 130.6 290.2! 261.2

(40°C) 3.7; 9.7 8.4! 19.4
SGL1 54.1; 14.6 219.2! 53.7
SGL2 66.2| 26.1 170.8: 59.6
SGL3 29.2| 24.8 106.4! 80.1
SGL4 44.6| 10.7 110.9; 20.1
SGL5 25.1; 76.2 76.2; 186.4
SGL6 34.4' 35.3 98.6' 93.7
SGL7 0! 16.6 O' 50.2
SGL8 50.6! 36.5 76.6! 67.6
SGL9 67.6! 33.7 183.l! 78.8
SGL10 48.4! 14.2 135.6! 28.3
SGL11 94.4! 28.5 225.8! 101.6
SGL12 42.4! 24.2 98.9: 48.4
SGL13 40.8; 23.4 107.5: 66.9
SGD1 51.2; 33.7 153.6j 101.2
SGD2 60.8; 3.2 198.6; 3.2
SGD3 63.9' 28.8 200.8' 92.5
SGD4 82.5! 52.0 285.5, 144.0
43^ 1

1
1
1

SGL2 25.9! 25.2 85.4: 57.2
SGD2 32.5! 36.5 87.4[ 83.6
SGD3 153.1! 5.6 170.9; 13.2
SGD4 5.0; 19.9 5.0; 33.2
45t 1 1
SGD2 27.5! 0.7 58j! 0.7
SGD3 0! 0 0! 0
pH6.5 1 1
SGL4 87.0! 120.3 318.3: 240.6
SGL12 34.0! 36.8 124.8! 84.8
pH6.0 1

1
i
1

SGL12 47.6] 0 50.0; 0
SGL4 5.8! 0 7.0! 0
pH5.5 1

1
1 1 r

1
SGL4 0| 0 __________ 2L_ 0



Table 2 H2 evolution by OM strains

Strains
Maximum evolution /day

(ml/1 O.D./bottle) 
Medium I E

Total evolution /5days
(ml/1 O.D./bottle)

I E
RV (30°C) 85.H 130.6 290.2: 261.2

(40°C) 3.7! 9.7 8.4! 19.4

OMLl ll.l! 6.9 25.5! 12.5
OML2 50.0! 18.4 86.0! 31.6
OML3 35.ll 21.6 93.6} 37.8
OML4 O! 3.6 0: 14.4
OML5 22.9! 6.1 77.8', 15.1
OML6 Ol 0 0! 0
OML7 39.8! 9.1 70.4: 13.6
OMD1 38.5! 16.5 126.0! 64.3
OMD2 9.8! 8.5 24.5: 12.7
OMD3 32.6: 30.4 75.4: 58.4
OMD4 0! 24.5 0: 89.1
LMD5 7.5:

1l
14.0 12.7:

11
18.6

43t 1 11
OML3 9.8; 18.3 34.2: 60.2

pH6.5 11|
11

OML3 4.V 0 5.5| 0



Table 3 H2 evolution by US,TM,MS strains

Strains

Maximum evolution /day
(ml/1 O.D ./bottle) 

Medium I n

Total evolution /5days
(ml/1 O.D./bottle)

I n

RV (30°C) 85.1: 130.6 290.21 261.2
(40°C) 3.7! 9.7 8.31 19.4

USL1 35.0; 0

\
102.7; 0

USL2 54.7;
1

0 148.0;
1

0

TML1
1

26.5; 0

1
75.2!

1 0
TML2 35.1; 0 101.0; 0
TML3 29.2! 0 72.8; 0
TML4 8.5; 0 49.0; 0
TML5 47.9;

1
0 160.6;

1
0

MSD1
1

15.6! 1.7
1

36.3! 4.6
MSL1 0; 0 oj 0
MSL2 0.5; 0 0.5; 0

MSL3 40.1; 53.0 70.9; 125.6
MSL4 52.9; 134.4 88.3; 288.3
MSL5 145.3!

»
92.3 311.3!

1
174.3

43°C 1
1

1
1

USL2 0! 0 Ol 0
MSL5 14.6! 59.6 24.9! 138.2

pH6.5
1
1
1

II
1
1

MSL5 81.9: 7.7 154.0; 7.7
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I. OBJECT

1 . Purpose

Scientific exchange of current information about different aspects of 

optimization of light energy conversion to biohydrogen.

2 . Period

4 30 (Thu. ) - 5 8 (Fri. ) 9 days

3 . Research ing Items

(1)Present at ion and discussion of our results in Connecticut University

(2) Post er presentation and discussion on the Symposium on Biotechnology for 

Fuels and Chemicals, Gat 1 inburg

(3) Discussion with Dr.Greenbaum and visit Oak Ridge National Laboratory, Oak 

Ridge

4 . Partic ipant 

Lyudmila Vasilyeva, Ph.D

(National Institute of Biosclence and Human Technology, Research Institute 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.

5 2 (Sat.) departure from Hartford, arrive to Pittsburgh,

departure from Pittsburgh, arrive to Knoxville,

transportation from Knoxville to Gatlinburg



20th Symposium on Biotechnology for Fuels and Chemicals5 3 (Sun. )

5 4 (Mon.) 20th Symposium on Biotechnology for Fuels and Chemicals

5 5 (Tue.) 20th Symposium on Biotechnology for Fuels and Chemicals

Tour of Oak Ridge National Laboratory 

5 6 (Wed.) 20th Symposium on Biotechnology for Fuels and Chemicals,

presentation of the poster, discussions 

5 7 (Thu.) transportation from Gat 1inburg to Knoxville,

departure from Knoxville, arrive to Detroit, 

departure from Detroit 

5 8 (Fri.) arrive to Narita

II. RESULTS

1 . Connecticut University

(1)Presen t at ion on the interdepartment seminar:

"Photosynthetic bacteria: applications for biotechnology".

The talk was about the potential of photosynthetic bacteria for 

biotechnology and our current work on the BioHydrogen project. Common 

approaches to light energy utilization for production of biotechnologically 

useful compounds were discussed, 

a. Summary of the presentation:

Rhodobac ter sphaeroides can produce molecular hydrogen as a major 

photosynthetic product during light dependent utilization of organic 

compounds. However the efficiency is still not sufficient for practical 

application and further increasing is necessary. Since the light is a 

driving force for photohydrogen production, the size and organization of the 

photosynthetic unit seems to be important in determining the efficiency of 

light energy transfer. However, so far the relation between the early 

processes of the photosynthesis and the hydrogen production has not been 

clarified. In this respect mutants somewhat defected in the synthesis of



light-harvesting complexes would be useful for understanding of the 

regulatory mechanisms which control the efficiency of light energy 

conversion to molecular hydrogen. For enhancement of the hydrogen 

production by Rb. sphaeroides we proposed the method of optimization of LH1: 

LH2 complexes ratio in the intracytoplasmic membrane. A mutant with 

alterations in light harvesting system was used as a model to demonstrate 

this method. In addition, an expression vector based on puf promoter from 

Rb. sphaeroides has been constructed. Using puf: luc fusion we have 

demonstrated that transcription of pufQK genes was strongly repressed under 

aerobic conditions and approximately 700-fold induced under anaerobic light 

conditions. This vector can be used for regulation of bacteriochlorophy11 

content for optimization of hydrogen production as well as for expression of 

anv useful genes in Rb. sphaeroides.

Question 1

Why it is necessary to reduce the amounts of light harvesting pigments?

How can it increase the efficiency of light energy conversion?

Answer

The necessity of the reduction of light harvesting antenna is connected 

with the problem of light penetration into photobioreactors. It would 

possess more equal distribution of light energy in cell suspension and thus 

the efficiency of light utilization will be enhanced.

Question 2

Do you know any other genetic approaches to enhance hydrogen production or 

light energy conversion in general?

Answer

Only one successful genetic approach was reported. It was shown that the 

hydrogen production of Hup- (minus) mutants of Rb. sphaeroides and Rb. 

capsu1 at us was increased, because the hydrogen uptake activity of 

hydrogenase was cut off. However, the hydrogen production rate in that case 

was not changed.



Question 3

Why it was necessary to construct the vector based on the puf promoter?

Why did not you use the variety of efficient vectors already existing and 

commercially available?

Answer

The point is that the strong promoters from E. coli, Pseudomonas and from 

other bacteria (viruses) are not active in photosynthetic bacteria. That is 

why the search for strong and well regulated native promoters was undertaken.

(2)Visit of two research groups in Department of Plant and Cell Physiology.

a. The first group: Yillar R. , Laguna M. R. , Dr. Cadavid I. Prof. Sha’ afi R.

They study the effects of aqueous extracts of some marine microalgae on 

responses to various contractile agents in isolated rat duodenum 

(acetylcholine, calcium chloride, barium chloride) and vas deferens 

(noradrenaline). It was shown that extracts of Chlorella stigmatophora may 

have pharmacological potential. The extracts had spasmolytic effects on 

responses to the three contractile agents in duodenum. In vas deferens, the 

extracts inhibited the contractions induced by noradrenaline. With the aim 

of elucidating their mechanisms of action, they are attempting to isolate 

the active principles present in these extracts.

b. The second group: D. F. Buchi, Dr. M. P. fanta, Prof. Sha’afi R.

They study Uandevi11 a velutina (Apocynaceae) cell culture as production 

system for biomass and secondary metabolites such as velutinol A, which is 

able to inhibit the hypotensive activity of bradykinin. The cell 

heterogeneity concerning morphology, differentiation, and growth features of 

.11. velutina cell cultures are documented by optical and electron microscopy. 

The optimization of velutinol A production are planning through cell line

selection within a two-stage production system: massive biomass production 

followed by a shift to secondary metabolism accumulation.



2 . 20-th Symposium on Biotechnology for Fuels and Chemicals 

(1)Session 1: Feedstocks: New Supplies And Processing.

a. Presentation

"New Opportunities For Engineering Lignin " by J. Ralph, R. D. Hatfield,

R. R. Sederof f, J. J. Mac Kay, and A. M. Boudet, U. S. Dairy Forage Research 

Center, Madison, Wisconsin 

Content:

Recent findings suggest that there is greater potential for lignin 

modification in plants than previously considered. Viable mutant plants that 

are unable to produce sufficient quantities of normal lignin monomers due to 

natural or biogenetic mutations appear to utilize other plant phenols to 

create a functional, yet modified, lignin polymer. These phenols do not 

necessarily come from the normal monolignol biosynthetic pathway and were 

therefore unanticipated. This unexpected metabolic plasticity means that 

attempts to "down regulate" lignification by targeting pathway enzymes may 

not always be successful, because plants may still make as much lignin from 

other phenolics. However, it provides significant opportunities for 

engineering lignin to create new lignins with different properties. There is 

a potential to induce plants to create their lignins from other components.

b. Presentation

"Natural And Somatic Embryo Development In Loblolly Pine: Gene Expression 

Studies Using Differential Display" by J. Cairney, N. Xu, G. S. Pullman, V. 

T. Ciavatta, and B. Johns, Institute of Paper Science and Technology,

Forest Biology Group, Atlanta, Georgia 

Content:

Capturing the genetic gain from breeding and genetic engineering 

programs requires a means of multiplying superior genotypes in quantities 

suitable for operational use. A tissue culture method for multiplying 

embryos asexually, has great potential as a cost-effective method for 

clonal multiplication of elite genotypes. Loblolly pine, the most important



commercial softwood in the southern United States, has proven recalcitrant; 

yields are low, and embryo quality can be poor. A comparison of natural and 

laboratory embryos could illuminate key areas in the process. A recent 

technique called "Differential Display" has been modified to examine gene 

expression throughout the course of somatic and zygotic embryo development. 

Over 400 cDNA "bands" have been cloned and their sequences determined. These 

bands can serve as "expression markers" for embryo development under natural 

and laboratory conditions. This technique is rapid, simple, and sensitive 

and can provide important insights into the physiology of conifer 

embryogenesis.

(2)Session 2: "Applied Biological Research" 

a. Presentation

"Factors Crucial For Recombinant Saccharomvces Effective In

Fermenting Xylose" by N. W. V. Ho, Z. D. Chen, M. Sedlak, S. Mohammad, 

and A.Brainard, Laboratory of Renewable Resources Engineering, Purdue 

University, Indiana 

Content:

The naturally occurring Saceharomyces yeasts, particularly those 

capable of effectively fermenting glucose, are known to be unable to 

metabolize xylose aerobically or anaerobically. Previously, it was reported 

the successful development of recombinant Saccharomvces yeasts that can not 

only effectively ferment xylose but also effectively co ferment both glucose 

and xylose. This was accomplished by cloning multiple copies of genes 

encoding three key enzymes required for metabolizing xylose in yeasts: 

xylose reductase, xvlitol dehydrogenase, and xylulokinase. These genes were 

modified so that they could be expressed in the presence of glucose and or 

xylose. These modified genes were either carried on a high-copy-number 

plasmid or directly integrated into the yeast chromosome. The best xylose- 

fermenting Saccharomvces contains multiple copies of integrated xylose



reductase gene, xylitol dehydrogenase gene, and xylulokinase gene, and can 

ferment a mixture of 8°o glucose and 4°o xylose to ethanol in 30 h. 

b. Presentation

"Metabolic Engineering Of Escherichia col i Based Bacterial 

Hydrogen Production" by K. Sode, M. Watanabe, H. Makimoto, M. Tsutsumi,

T. Kobayashi, and M. Tomiyama, Department of Biotechnology, Tokyo University 

of Agriculture and Technology, National Institute of Agrobiological 

Resources, Japan 

Content :

Bacterial hydrogen production based on anaerobic metabolism is a 

possible option to reduce organic waste. Research on hydrogen production 

from waste has been carried out using molasses from sugar-producing 

manufacturers. E.coli produces hydrogen by mixed-acid fermentation, mainly 

from glucose. In E.coli, hydrogen is evolved via the formate hydrogen lyase 

(FHL) system containing the formate dehvdrogenase-H (hydrogenase linked), 

electron carrier intermediate(s), and hydrogenase 3. In the report a few 

metabolic engineering approaches were undertaken to enhance the efficiency 

of E.coli hydrogen production from glucose by introducing rational 

mutations into the genes responsible for the branching metabolic pathways, 

such as fermentative lactate dehydrogenase and uptake hydrogenases.

(3)Session 3: "Bioprocessing Research" 

a.Presentation

"Novel Reactor With Electromagnetic-Field Stirring That 

Boosts Cellulosic Waste Bioconversion" by A. Sinitsyn, V. Baraznenok, N. 

Popova, N. Ankudinova, A. Berlin, and A. Gusakov, Department of Chemistry, 

Lomonosov Moscow State University, Moscow, Russia 

Content:

The efficiency of bioconversion of agricultural cellulosic waste (e.g., 

rice straw) and wood, pulp, and paper by-products by eellulases into soluble



sugars and then into alcohol and chemicals is hindered by the low reactivity 

of the crystalline substrates and the requirement for mechanical stress 

synergistic to enzymatic action. Using commercial cellulases from 

Trichoderma reesei and other micromycetes, the sugar level rose to 50 g L in 

1 h, manifesting an acceleration of severalfold. Reactor design and 

hydrolysis conditions were optimized, making the approach a valuable tool 

for commercially feasible cellulose bioconversion.

4) Session 5 : "Bioprocess Evaluation and Confirmation" 

a.Presentation

"Analysis Of Advanced Technology For Coproducing Ethanol And 

Power From Biomass" by S. Fasten and L. R. Lynd, Thayer School of 

Engineering, Hanover, New Hampshire.

Content:

Analyzed of mature biomass ethanol technology. For an advanced 

scenario representing an estimate of the most likely features of mature 

technology, a selling price of 50.3 cents per gallon was projected for 

production from poplar costing $38.6 per delivered dry ton. Electricity 

coproduction is a significant source of revenue (12 cents per gallon of 

ethanol produced), even though power generation using a conventional 

Rank me cycle with rather modest (26. 8%) efficiency was assumed. For both 

biomass and oil, factors must be considered such as raw-material cost, ease 

of handling, reactivity, amenability to biotechnology, scale, and product 

distribution.

5) Special Topic Discussion Groups

"Technical and process advances in biomass to ethanol from an international 

perspective".

Sponsored by the International Energy Association,



Discussion Leader: Jack Saddler, University of British Columbia, Vancouver, 

British Columbia, Canada

Presentations of researchers from USA, Canada, Sweden, Brazil and Italy and 

discussion of their current results and the prospects of international 

collaboration in this field.

(6)Poster session

Poster 89: "A novel multicopy plasmid capable of replication in thermophilic 

cyanobacteria*. Masato Miyake, Hiroshi Nagai, Makoto Shirai, and Yasuo Asada, 

National Institute of Bioscience and Human-Technology, Japan

Content: A 2.5 kb-multicopy plasmid, pMA4, in a thermophilic cyanobacterium, 

Synechococcus sp. MA4, was isolated and analyzed for use in development 

studies involving the genetic engineering of thermophilic cyanobacteria. The 

copy number estimated from densitometric analysis was at least 300. Five open 

reading frames (ORFs) were found in the primary structure. In the 300 bp- 

region between 0RF2 and 0RF3, a pair of 23 bp-directed repeat and 13 bp-stem- 

14 bp-loop structures were found. A consensus sequence of the nick site in the 

Inc-Q group plasmid of gram-positive bacteria, 5’-TAAATGCGCCCT-3’ , was found 

in the o’ terminal of 0RF1. To demonstrate the potential application of pMA4, 

the pMA4 plasmid was electrointroduced into a thermophilic cyanobacterium, 

Synechococcus sp. MA19, which is the strongest poly-beta-hydroxybutyrate 

producer in photoautotrophic organisms. The plasmid pMA4 was replicated in the 

thermophilic cyanobacterium.

Poster 92: "Immobilization of oriented photosynthetic reaction centers", Ida 

Lee, James W. Lee, and Elias Greenbaum, Oak Ridge National Laboratory, 

Tennessee, USA



Content : The Photosystem I (PSI) reaction center is one of the pigment-protein 

complexes that are responsible for the photosynthetic conversion of light 

energy to chemical energy. Each is ^ 6 nm in size and can generate 

approximately 1 V in a few picoseconds with high quantum efficiency (~ 100°o). 

PSI reaction centers were deposited and characterized on gold surfaces. The 

epitaxially grown gold films were tr* ted separately with 2-mercaptoethanol, 

mercaptoacetic acid, 2- dimethylamino-ethanethiol, thioacetic acid, and 

mercaptoethane. Tapping-mode atomic force microscopy and scanning tunneling 

microscopy were used to study the percentage coverage on various derivatized 

gold surfaces, their electronic properties, and their anchored orientation.

Poster 94: "Screening for oxygen-tolerant mutants of hydrogen-producing 

Chlamydoaonas reinhardtii", T. Flynn, M. L. Ghirardi, D. Benson, E. Tracy, 

and M. Seibert, National Renewable Energy Laboratory, Golden, Colorado, USA

Content : The potential of green algae for use in a commercial hydrogen 

production system will depend on their ability to evolve hydrogen from water 

under aerobic conditions. However, the hydrogen-evolving metabolic pathway in 

wild-type algae is sensitive to very low concentrations of oxygen. Two 

approaches were developed to genetically select for oxygen-tolerant mutants of 

the green alga Chlamydoaonas reinhardtii that produce hydrogen under 

increasing oxygen partial pressures. The two selective pressures have been 

further refined to eliminate coselection of other kinds of mutants. A rapid 

chemochromic assay was also developed to screen for the desired mutants 

because the selective pressures was not very strong. The assay is based on the 

ability of a solid-state film to change absorbance properties when in contact 

with hydrogen gas. The chemochromic response of the film in the presence of 

oxygen was correlated to the 0; 1=: for hydrogen-evolution capacity and to the 

estimated rate of Hz evolution in the absence of added 0z.



Poster 95: "A new class of hill reagents and their potential for production of 

fuels by nanofabrication and biometallocatalysis", James W. Lee, Robert T. 

Collins, and Elias Greenbaum, Oak Ridge National Laboratory, Tennessee, USA

Content: The report of the results of an extensive experimental survey and 

characterization of over 20 species of transition-metal compounds for their 

activity in the Hill reaction and photoprecipitation of metal at the lipid- 

water interface of photosynthetic thylakoid membranes. Four new Hill reagents 

were identified: P tC14, OsCl:, [RuCl;]"~, and [RuCle]i_. Each can be 

photosynthetically reduced to form a metallic catalyst at the reducing site of 

Photosystem I (PSI) in the thylakoid membranes. A negative charge of the metal 

compound species is apparently essential for interaction with the reducing 

site of PSI. When PtC 14 and OsCl: are dissolved in water, they combine with 

water molecules to form Hz[PtCl4(OH)z] and H:[OsC12(OH)3], which can 

dissociate to negatively charged species [PtC14 (OH)2 ] 2 ~ and [OsC12 (OH)3]2 ™ at 

neutral pH. Metallic ruthenium can also catalyze reduction of protons for H2 

production, in addition to its known catalytic ability to fix C02. These 

findings considered to be important implications for nanofabrication and 

biometallocatalysis to harness the power of photosynthetic systems.

Poster9T: "Effects of reducing agents and pH on hydrogen production by 

anaerobic Clostridium species" , B. K. Soni and V. J. Srivastava, Institute of 

Gas Technology, Des Plaines, Illinois, USA

Content: The biological production of hydrogen has been examined primarily by 

the use of unicellular cyanobacteria. This consists of molecular nitrogen as

the sole nitrogen source in the presence of light and nitrogenase enzymes. The

other approach to hydrogen production involves the use of Clostridium species 

under reductive conditions. A preliminary process concept has been developed 

for the production of hydrogen from biomass. Two different biocatalysts,



namely, Clostridium acetobutylicum and Clostridium butyricum, have been 

utilized for the production of hydrogen in anaerobic reactors. The 

incorporation of reducing agents such as cysteine hydrogen chloride and 

sodium sulfide has been examined. The effect of reducing agents was examined 

with and without pH regulation using calcium carbonate. Under optimal 

conditions, the hydrogen production was enhanced by more than 56% as compared 

with that in control experiments. A material and energy balance revealed that 

more than 96% of the feed substrate energy was accounted for in various 

products.

Poster93: "Light-harvesting system of Rhodobaeter sphaeroides: application 

aspects of genetic studies", L. Vasilyeva, M. Miyake, E. Nakada, Y. A sad a, 

and J. Miyake, RITE, NIBH, A 1ST, Tsukuba, Ibaraki, Japan

(7)Discussion near the poster 

Question 1

How the P3 mutant was obtained?

Answer

This mutant was selected after UY irradiation of petri dishes with wild 

type strain. We selected mutant clones with altered pigmentation. Only this 

strain was found to be stable.

Question 2

You obtained the recombinant strain with restored spectrum. Why the 

hvdrogen production of this strain is lower than that of the wild type 

strain9 

Answer

The recombinant strain with restored spectrum contains the plasmid. We

have to add kanamvcin to the growth medium to maintain the plasmid. It is 

known that the presence of the antibiotic inhibits both the growth rate and 

hydrogen production.



Question 3

Why do you think the puf promoter activity was observed only during 5 

hours of photosynthetic growth?

Answer

This is true for batch culture. Probably, the reason is general. During 

batch cultivation pH of the medium is increasing, the light penetration is 

decreasing. This conditions are not optimal for both the growth and 

photosynthetic activity. In continuous culture with pH regulation we 

could observe puf promoter activity continuously.

3 . Discussion with Dr. Greenbaum and Tour of Oak Ridge National Laboratory

(1) Discussion with Dr.Greenbaum

Monday, May, 4 - business-lunch and discussion 

Participant:Dr.E.Greenbaum, Dr. L. Vasilyeva, Dr. M. Miyake,

Dr. Tomiyama, Dr. C. Nakamura

Discussion about the potential of photosynthetic bacteria for biotechnology, 

biohydrogen as prospective clean and renewable fuel for future, international 

collaboration and our current work on the BioHydrogen project.

(2) Tour of Oak Ridge National Laboratory

a. Laboratory A 13

Dr. Elias Greebaum, Biotechnology of Photosynthesis for Fuels, Chemicals and 

Sensor Development

b. Laboratory B1

Dr. Tanya Kuritz, Molecular Microbiology of Aquatic microorganisms: 

Application in Environmental and Industrial Biotechnology.

c. Laboratory 38

Cathy Me Keown, Succinic Acid Production by E. coli:Scale-up and User 

Facility.

d. Laboratory 36

Thomas Klasson, Biofiltration of Organics in Trickle-bed Reactors.



e. Comments

We spent much time in the Security Office to get a permission to 

enter the territory of ORNL. And then each group had only 5-10 min to visit 

each laboratory. Unfortunately, we did not have a time to stay longer and 

ask questions. Taking pictures was prohibited.
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1. 3 Economic aspects 5

1.4 Visions and strategies 12

1. 5 International and national programs and projects 15

Poster 16

Topic 2 Technologies of hydrogen production 6

2. 1 Hydrogen from fossil fuels 5

2. 2 Electrolysis 6

2. 3 Thermochemical cycles 5

2. 4 Hydrogen separation and purification

2. 5 Other technologies 5

Poster 21

Topic 3 Technologies of hydrogen storage and transport

3. 1 Stationary storage systems 6

3.2 Mobile storage systems 6

3. 3 Physico-chemical storage 17

3. 4 Hydrogen liquefaction

3. 5 Hydrogen transport and distribution

Poster 27

Topic 4 Technologies of hydrogen utilization 12

4. 1 Industrial use

4. 2 Combustion systems 16

4. 3 Fuel cells 7

4. 4 Air and space projects

4. 5 Other applications

4.6 Systems modelling and simulation 5

Poster 25

Topic 5 Materials and safety 6

5. 1 Materials for hydrogen technologies 12

5.2 Safety aspects of hydrogen and its application 6

Poster 12

Topic 6 Fundamentals

6. 1 Photoelectrochemistry 4



46. 2 Biological hydrogen production 

6. 3 Innovative materials and processes 5

6. 4 Mathematical modelling 1

Poster 24

Topic 7 Standards and regulations 4

7. 1 ISO TC 197

7. 2 Related energy and environmental standards

7. 3 Vehicle emissions regulations

Poster
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The Hydrogen Economy and the Future
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Cryoplane, Hydrogen in Aviation, Reasons and Prospects
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Technologies of Hydrogen Production

• S. Roychowdhury (PACE University, USA)
Continuous Generation of Hydrogen from Sewage Sludge
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Biological Hydrogen Production

• B. Gaudernack (Institute for Energy Technology, Norway)

Photoproduction of Hydrogen. Annex 10 of the IEA Hydrogen Programme 
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• K. Fukuda (WE-NET Center, Japan) liPb©WE-NET Project©)®JharlTo fi-_

s Wi&mG-* -+f> v-t 'f

tkcHT b V WE-NET Center©Project Manager© fe-5Fukudaftblitill't'JS T Jr t C£ 

o b; WE-NET Project©Phase I bb ¥$ ©)it-b D , Phase H b 1 9 9 9 2 0

0 3 bb ©'© 5 <bPBmJtS$b, tbBd^SIFffficOEPhaseinb 2 0 0 4f 

STFFfDtobS'ei+BSbTi. 'd T Jr/b)®b £bb:

■ C. Flavin (USA) l±C O P 3 JbfliblibSl'tT©#IS©Mj%bol 'TliiH Lb = 

mS7d h =-/V(y%TS®fcbbi±jlEHBb6%@;ibg^.»tiffrcDS!ftobS$ 

©fed r Jr bbELb:

• Estrada Oyuela (Argentina) It COP 4 © b © MS Jr ITU A STb© C O -, (jlj

Mi-xJ-f 5tit#©ijftbiTOl'-rtiIfj£Lb: COP 4T'x;xrj y©©(5I/bifjb 

5 bb ■? b Jr1'5 KFnJbxt L©lb «Sbn h n— /ucomi^ii l 8 ^ JJ ©#{## 

Fdlbfcob/b, coP3rA8COP4STIii lxDU'/b, E1~ Jr r b 5 .y 

n bbtliob (be ©bb) C Jr &i#R L©^#b C

iri£'<b:

• C. Huss (BMW, Germany) ItBffl'tO * * b X g S *99 56 (O n > dr b E b |gjr L b,

SSbSbbTkSb'© 0ib*''o©#bTT±, C NG—* L NG—* L HoOHibb 

bb6: JrJiitoMstfttMdEfflli, S^tibMb5ibSflJrzb* 

i?b7>r—>3 yicftie^bob >©©©8(#©fc3 Jrl$©b=

• S. Weiner (Ballard Generation Systems, USA) iiBallardJ:t05)F5Ef>B5SiTOl'

TMilt: Lb©ltBallardtir©PEM

(Proton Exchange Membrane) DSJ-J®dll©[>fl5ib jS. 0 Jr T b Jib # V\ Ballard 

bit, Daimler-Benz, Ford > IS'tE b fTiv5** g *6*:-OBS56 ar il» Tb 0 , 2 0 0

2 f 2 0 0 4 iSffl 6 IbScOE^IrH-iB l Tl' 5 = Mli h 3 9
Jr GMbS11Ni b©.fo5 c Jr &sjih L b. bb, LTEfflbdSb

SitkarP956b© b> -5 C Jr tfloJbLT,
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Electrochemical, Biological, Spacet?fc2)= A C> J> oft A |C 4 o J: 4
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htzz Chemical^SFTIt 0 *<7)WE-NET Pro ject ©lB4r6 < FFf® 5 ilSt L 4 =

(they 3 5j-|f-»$*:#|4y,T(7)ii *9 T65:

General : Dr. John 0 M. Bockris, Dr. Cesare Marchetti 

Electrochemical : Ballard Power Systems Inc.

Space : NASA

Economic Aspects

• O 9 b&IBLmk'XX-yn'j&it&fi-otz

ssgw^i-oi'rii, z 6##^

ltza t Ltz: cc>-y;-r y >y"Hii(’oi'-ri±, #fi 

It-a-eSc y 79 9<ommt9JHk<o%s.$/w=ir~iEt*Sb^ir<H'T%8tL 
W7oi;i^ Eoft#ftg44A:4 ft a t S .ft •$> Ftt

'/)dW y HCOV'T t)W&Lfcs 5681AH) LN James ,J. Provenzano (Clean Air 

Now, USA) y > 4J4T7> X •) ft'HftftA fco fc;

(Q) Hydrogenase&yC cJhic#(k#lA#Ai"S A 4 |A J: o ft, tHS L ft

Negat IveftUiUtftl.- ft1 ?

(A) ###(44ft@fk4' 5 A 4 ( A j: El , L ftHydrogenaseMf AlEP-S

4»6<OPositive4'*$%4A)sftEiA45 AftftftftS:

(Q) tSSeftSHttfaj/ft?

(A) Jt□̂ y~

(Q)

(A) =

(Q) 9

(Roque Pedace, Center for

Advanced Studies, Buenos Aires University) ^rA
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Dr. Robert Zweig (Clean Air Now, USA) h If, 7 S© 9 f| VL^V4 AULtS

L, Hydrogen Week©^ A#)JP LA tSa*©B§ffcotii,

■Cfcottoa^y rtiLmeF^Lg-SroSflSt&ALlf, rite

**l$7n-;IJ' F©#%M*S#A*A5#^^^L©N'L©g;S A 9 AfA© 

£fl3 L L L A, 7CV>A)' (©rt-zu^TiiCt/iA-lfc fAS®AofSffl 

f ©-KL©#%im*Ai#A©t^5©lfRITEA%#)g©n Aa: f F©A©fc 0 , 

gl #####&!)- KLTl X

Visions and Strategies

• G. I). Rambach (Desert Research Institute, USA) If, K©Sil 'S.tjififc V) 

Pill£i7Ai6$(©lf, BA^SHA^fW^AS^SWI-Sltih.AfflA'S-A'tirAL-T.S 

©^##©A,6 L L AS'g L A, A L A If T A © A -IN © f 9 A A a /A E 5 A, E 

A A ©■ 3© —A 7 —©If, 3i A ©A—#6 L © * $ A 8tiS6t) © fe 3 r i ASS 

L©=

International and National Programs and Projects

■ E. Spinadel (Buenos Aires University, Argentina) If 3 © F jK#!©$nl#A

0, 1 0 mZ s ©BiSAfciilf, ©A ©L=.Ti@A©BA%#©AA#MA'#L, 
PUT © J *^@$J6y<Ai($($*SA^A/PA-S L©#m©$ 5f5eflLfc= /< 
A A^TroBAfiJfflAIS L©lt, SEA 2 ©©dLXApii* A A L©©5A 9 ©fc 
5= f6©i#ifl©if1®©BAAfiJfflS7> L©9tlf;®AfcoAA, it®©f 9 ASS 
#©#< BAA —L'yA66^^©KR)A*L©lf, Kf A$i©A —tfyAEffl 
©#6©©lf
• B. De You (China Association for Hydrogen Energy, P. R. China) If SB A

#lf 5###*./<©ProjectA©©©lig^LA: SSlf 2 0 0 0 SA ^tS(©0BfS 

SE6B 1 3

• H. Gretz (Germany) If TfffV Ki FA A 6 ©ftlolProject A©A©$ojf L 

A: A©r*lSlf, Tf ©fy F©AA%ma^#)@LA*#A/oyA/PAA#m

1, /<y@©mm$©##s ttfiffltsti© t©©&5=

• C. Bailey (Enron International, USA) zi\ Hydrogen Technical Advisory 

Panel (HTAP) ©iSK) Ao© ©SA L A: HTAPif, AB6:W©*S^ S © A"—E



TmESilfcHTAP Meeting|rRITE*$Eia7n Sfai fe fe t> cfei/lf— /A— £ Ltf

dp LXH V , ^:©?£Kii^oV'TI±J; < fePofetti'5s
• K. Matthes (Germany) liMunich, Erlangen, NurnberglT.fc •£ 3 o®/SX

(2: i6ft:*$®®&]ie?i?®®®4fi54IALA::fe r-5, *'§®J6*&E®l±£< Eo 

ftf, tvL5BW®ffi;£, $ () dfelti® 6 £ Ae fe> o @ifc fev 3(SWABi'A: 5 da Ax

Technologies of Hydrogen Production

• M. Steinberg (Brookhaven National Laboratory, USA) 14C OE eb-5 A2 
At7)5c5*4f X ®!ii,y<S 17kS(feSEt£#fia<H '"CfEI6 L Ax Steam reforming of 

methane (SRM) t Thermal decomposition of methane (TDM) ©Lblj-aifTV\ -dr 

4t'!f4i©S#fcoftpTf, @gr&9!6Afe:LA::

• S. Roychowdhury (PACE University, USA) l4T/jxAnEAo6®fK#(fe#(C-olx 

TlSitLAx T*^im®a^®#%%#Tl4, e< A'XfejtS®®)#"^ txd:

C O E Ad (felt fe da 5 Ao, s#5>®few
4 * Lvk*4 c ii-5 c t&EV'fe£ LAx

**®(feity *=x®i2HLri4,

fe (2 4 i), 7k$feCO:(cO#$ft6fe® fe##jfeT®6: iS#!456S®ftEI'
riPrtTT*^jfexT< fetnif®< 6t:'fe*S^(fe$Lr»tir5j (rESLTl'fc,

S#l4 2ffelliJ®->^'7y b4?'/H'®^^'Cfe|5] fex — ®CMLtl'f'/)\ X(r

-rvr ; = X® ®#PK/£ (fEAe 6MTfcStiLfc feLT

ffli) Ax
(Q) XxfednSLT®3®/A?

(A) -tfe4 4 0 , ®ofe)JPfELTl'$;blt4:-|4A£t\

(Q) K*(fe#®^ltl4t)'3 Atfn ?

(A) A^oAx

(Q) COE®%A4%A(:W#jAfetT®5WMf£ da AxAp;^ Ap?
(A) feW rCCTUO . t% 1.4 6

Hydrogen from Fossil Fuels

• S. Lynum (Kvaerner Oil & Gas, Norway) !4@14)56SA):iF)®7l<$(fei$, ffeTTlS



(CB&H Process) , (PyroArc

Process) T)3#^r^^/TFtL7Ty)<#^:^/F^r —Z(7)iP^^

z ^ L/%=

Biological Hydrogen Production

• 7n^'7A|:j;^)^ J. R. Benemann (USA) zT “Feasibility Analysis of 

Photobiological Hydrogen Production” 11'0 % 'i F ^'QiWSk'f''b ('i'f'Cfco

• B. Gaudernack (Institute for Energy Technology, Norway) idl, IEAy)(#%n

y"y -A Annex 10 (Photoproduction of Hydrogen) L/T=

Photobiological Hydrogen Production! iSubtask 6 ^J±(O^W)\^

10^ 19 , #fT:^Annex ^

• P. Lindblad (Uppsala University, Sweden) !lx FT J ^ T y~ ]J TNostoc PCC

T3102%(7)uptaket:

• N. Holle (Institut fuer Verfahrenstechnik, Germany) LTfLiH>

% t L TRhodospirilium rubrum^Hdl \ H T T ^ "C#Tk

^ 8 nr (D#={4=T\ 4 0 L/m' - day(OzK#^iK

2%&#^cL V-- ! H L o (TZ'T)$-g 10 0#(D#

n

7>

RITE7K##m%n^f

Round Table Discussion

• “Hydrogen Oil & Gas” 11 ' 1 T -T h/F"C\ Round Table DiscussionfGff 

Tl; C. J. Winter;T□" ”]^, G. Mosconi (Inst i tuto Argentine de la Energia, 

Argentina) foRound TableOOTrJT^U ftili^T. N. Veziroglu (President, 1AHE) „

N. RossmeissK S. Weiner^%^)6A<T)/"\^H^F/J^#d)0L7T =



*9 ^ L"C(Z)Hy thane (20% Hydrogen + 80% Methane) (D]E^<5#

^ c^l\ ^#X_ ctl,

L7t ^ # 0^(7) ;% &#x.-n'5 (±f-e$)

6. (4bA)

- 4"[HL T/^df >f->(Dy^y im-f 5mm^^
zJ

ja;

5 ja, RITEAizo(7)i6^l-i/Ril(Sffl§rSltr 6fl 19 0 ~29 0 (■idi^jliHS/'i^fTl?

&iitx*■rm^mmnm^rAib^ w, ±w-t L-ci4 3ocoitn^^s'j$n-5fcro

t S-t>ia 5>:
(l). f«J,-)>603i -X ©=¥-© o**-4-1159F% : R#z*/kaF-o#%6 Ut6B=

* © j?' - - (/) i$ E rE ± ti dt) T fc : EE • icFDt •
ft t LT^SiriSoTi '-5: #$:R#E L©©jEitiiWiEfStitl'Etif&AjESi \

•!‘l : ##(:X <0 *S^S5 9F%>, *XE

>vr©gf^E*5: * ^ ##^z%t
e T'/zBiji® < , LTi ©:=

(3). *S<»W6f)^fi|ffi9F% : *#6toe<7)J: •) ir. **££&£!:: jf 5 S£T 

T . \ ;i -'-11 iH E i I t- ’ ■ §£ H:
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Biological Hydrogen Production '-£> J;-5 tK
n v/_= (Antonio Valdes

DelgadocOMti#) <t 'O 'SKRS&Sltf® iSSSfgSfc

y ©S*®ai:^-hlf 5/cfc*iigtofc5

ig-fS r $ 6Ic LTt, %

fB^I-iycyycetS^ail'itSBSit^i-'rtfc^ot, to®

tzfzL.

']/'?£ < N 9 Lfccp'CM. Modigell & N.
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2. #g#^

( i)

10^8^168 (8) -8^248 (^ ) (98^)

( 2 ) mg^B

#pff : 7'fE#^±#

Khatipov Emir Of g II ( ^ ? Of fv* )

yg #%# cg±m^A)

(4) mg 8#

8 / l 6 ( 8 )

i 7 (m 

1 8 (;'<)

1 9 (;K)

2 0 (/K) 

2 1 (A)

E#

m i i 

m i i

m i i [E)%g5mimem 

m i i 
m 1 1

2 2 (it:) ^ 1 

2 3 (8) yfE^^ 

24 (^)
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(i)##

ft o' [U ^ M (International Congress on Photosynthesis) !T International Society 

of Photosynthesis Research/)5 30 # L ^ 3 ^ Tl 6 # ^ # "U 6 =

^ t)T2 6:

yf-<;% ^ (Cf6@L.

^^{#:^;i$tll,300 (43^7@)

PLENARY LECTURES, SYMPOSIA and DISCUSSION SESSIONS, POSTER SESSIONS CO \A T

^ z -u-e^ 5 u-6fut=

4'[2lRITE(D#g/>/<-EL'T#^U/L3^;i. POSTER

SESSIONS::^AL^: =

(2) 0 lie

lO#8^160-8^240 (90^)

(3) #$0#

^wj #

Khatipov Emir 0f %

(%±#6) A)



©PLENARY LECTURES 

PL3

The oceanic photosynthetic engine: origins, evolution, and role in global biogeochemical 

cycles

(Falkowski P. G.)

Falkowskit# ± It. > /K Jh F*31C 4o It 3 (D gff ©fiff £ o O T b tz o S

±1 5 x 1 O^g0##7 7':/f %

&3E;t-C^ao ##13

(Khatipov)

PL4

Light induced structural changes in bacterial RCs and their relevance to protonation and 

electron transfer kinetics

(Feher G. )

Feher (D^

f-, RC)

W&o f ZT, Feher6(±yi/^#L^RCa^#L^WRC(Dmffsmm^$:#J6Z

A, l^Ls Fehertf ±

#?Sil> L/:o &$KDm\£, S*£ L tz RClZ ^ £ !W L D Bt

RCs&)$MTm#u/=a^,

L/io RCCDlfeSfMb t^o *ffi$Htr.-z>(Dffl2iffiX-?ft>ti,

# %r ^ ^ W % ^ ^ , Rhodobacter sphaeroidesCD

RCs $) 6 C. tizm^^^^Tzo

(# ill)



PL11

Genome analysis of a cyanobacterium Synechocystis sp. PCC 6803 

(Tabata S. )

3,168(7)^2/

b&imCT

n 2/x (7 h (Cy ano Mutants x [http://w\vw. kazusa. or. jp//cyano/

mutants/])

%)^(DW@%:^*(7), —y > L7t/>-r y u y 3 y^

—b"e<2>^^^L7t^A^y——yy#(7)^^

5%## (7)#^ 3^ APIA ^ :h, <5 b ^ ft btl %>: (Khatipov)

(2) [SYMPOSIA 1-2] Structure and functions of antenna complexes 

SY1-2-P13

The role of bacteriochlorophyll e and carotenoids in light-harvesting complexes in 

brown-colored green sulfur bacteria (Cox R. P. , Miller M. , Aschenbrucker J. , Macpherson 

A. , Gillbro T. )

$# 6 CD # 6 ft ft ft Wi ft' & ft> Chlorobium phaeobacteroides\%ft T V ft ft c c y 4

oOOnmiaa^e^JmfSA-C, m$"(7)$#6#a#>-

> z 5 520nm(:y 3 Z(7)m(7)#^6#^

Z(7)/<y-r0^-^nnyy/l%e^^ 

520nm{\M&(7)^ 60$] ]: /!: =

^ $B # !3:. !) ^ ^2 n n 7 y /!% e

bbTzft ^ ft u ft J ft K "7? 500nmft ifi ft) ft ft; ftl ft 6 & c? tl ft \ ' ft ~ ft FJI ft! 211't

500nm#i2(7)^Zi^< ZT$IA#^ T n c 7y

/>e emisfCfl&(D##<7)%e

0i#j: < —c zii;i^yc

^^#(zg^L/c]:z5, ]^(7)3:i).y:lB]#&JWy/::



/ ^ K>/<yTV^ynn7^;lxe(Z) V-

d/^yTV^ycny^yi/eO&^t##^,

(^B)

SY1-2-P106

Are the light-harv esting I complexes from Rhodospirillum rubrum arranged around the 

reaction center in a square geometry?

(Stahlberg H. , Dubochet J. , Vogel H. , Ghosh R. )

Rhodospirillum rubrumO Mit&M V V / ^ V -[I ri'bfc (RC-LH 1 ) ^ PB (5 Tl. 2 Ifcjcd)

LHKD

UT, CO j: 9 z >-e, o#m>7k#5aA=#N

(^Ba)

(3) [SYMPOSIA 4] Reaction centers II. Purple bacteria and photosystem II 

SY4-P13

Site-directed mutagenesis on the c subunit of photosynthetic reaction centers of Rps. viridis 

(Chen I. , Michel H. )

b;i, ^ry(7)

f-hyuA (CytC) C)4C^y#L7t^.Wn^;i^^5jc(C@^

T#^< ^6 Z /mfCm

Sf&#AT6 c j: 9 c >emmL7t= ^c-ecf-

yzz - ^ b (De^^cy i; zi^<y / Kco^ y L)t > z 6,

C264eme##y)7^ z5. u

6c >(^@)

SY4-P65

6 0 L/^L# nf-

Excitation wav elength dependent spectral evolution in Rhodobacter sphaeroides R-26 reaction



centers at low temperatures : The Qx transition region 

(Lin S. , Jackson I. , Taguchi A. K. W. , Woodbury N. W. )

#^S/<fTU:ffnn7xf/w<>Krm#fT:b:h/66#U\ 532d3j:a 

545nm<Z) f$] S 7)s ii aP ?! %i~ 6 C > tzc $ fzW)&3& $#siH2JD Lfz > #

:i:x 534nm(:^^L'-^^m^^:= a±(DC>^i^x B^±(Dm#^#ib-f b(DJ^

Cfm)

SY4-P105

Control of the redox potential of Qa in Rb. sphaeroides reaction centers : Site-directed 

mutagenesis of ILE-M265 

(Takahashi E. , Wells T. A. , Wraight C. A. )

A-y 6QA(D y K y y ^#+t(cx y

QA^^ib^b^(Z)M265am

isoleucine) -6 frl ^ztlthreoninex serinex valmeil L fz WfBto L fz c threoninex

$ ^(isenne:C@# QA<D 1% K ^ ^

v y h Ifc- C. CD3E6 <5threonme'^3sermeo0 7k^Sy)^^ t > A / y 31 a>5 f# o # /l^

valine"C@#L

W#%-CC (D j; 9 ^ 1% K V y 7 b ds jll

/ XT) y h A- y g < ^-DTTA5^#)E#;t6;h,

6c (^0)

(D [SYMPOSIA 6] Cytochrome complexes; soluble electron transfer proteins 

SY6-L1

Partition of ferredoxin-NADP+ reductase between photosynthesis and antioxidant metabolism 

(Carrillo N. )

y^l/KAi/yNADPUyyf—tf (FNR) 

y y > x NADP^A^{L^#lRHL<Dyt^ONADPH^#^ !J /< —y^/lx^#



3=

G < Zil /)(D#(:j6;j-^7K#^^5^^1). ±# < ^-^LT^6 1)0 > #© 6 

©6 = ©Z©Carnllo#±>C(Df4:(:^^"C^mL.

%©6 C > (Khatipov)

© [SYMPOSIA 7] Energy transduction; ATP synthase 

SY7-L2

Proton-translocating transhydrogenase from photosynthetic bacteria

(Jackson J. B. , Quirk P. G. , Cotton N. P. J. , Venning J. D. , Gupta S. , Peake S. J. , 

Jeeves M. , Smith K. J. )

7^ o' Gjc Iffl S (Rhodobacterf1) ®7n h y #1A h 7 y ^ t K p f © “ if CO f# is b $k

NADH(Cj;6

NADP'om^*rm^Ti-67tA. Ap(D3:©;t/jf-^^jm©6: NAD(H)$^^©©b

b' / © ^ I . je j:U^NADP(H) > 0$^-^©© b K / ©

^mLTl^= W)LKy^>n;i#±^#CF-C^7t= HV©

A © $ © © n b y ## b 7 ^ ^ k b n © © — © > © # % © > (D M # ^ fl ©
A^Ul, 7K#%^S^"C(l@TC^7^yb©©>^^bny© —©(D

fc6: (Khatipov)

© [SYMPOSIA 13] Photosynthetic genes I . Prokaryotes 

SY13-L2

Structural characterization of a major photosynthesis gene cluster from Heliobacillus mobilis 

(Xiong J. , Inoue K. , Bauer C. E. )

Heliobacterium©' fo § Heliobacillus mobilis/V o 35. 7kbCO j-t ft© lH© © V 7 7 $

HI 5 it > (28<Z)ORF t 19<Z))t'a'5jc^i$ m©©) O|o]/Es © fl ©> it Tz. z

19© C0% ©©31l©©»3n !3 , ~'©©©) ©©© $ it fz.:

RieskeFe-Sf>/<f© ©b^nA ©©zi.-^bl\\ diheme© b^n A c©#©



? ft 4 y-y 3-~ y h 3ifA

£ tltz o

Heliobacteria^, ca6(±y^A|#f$m(Z^m

£ tl, — 3o M^flJ^^DD7'fjl/g^|

L, $6(zw<c^cD

% # $f # % "C ^ <Z ^ Z. tl ^ Xr (Z Heliobacterium CD zK ^ % zfe lb A? tZ

< , Bauer1#±6(Z)^#(D##(zm# L/:^o
(Khatipov)

SY13-L3

Directed mutations of orfs in purple photosynthetic bacteria reveal new photosynthesis genes

(Beatty J. T.)

zt-aiSSaSf f |*|(Z#%f6^-y>V—y V 7 V-A(orf)

"T & 6 o pw/%, pufC^ lhaAte¥(D orf

#%]6flT(A6c aSx

f ZXrorf(D##&m^6^A(Z,

t #x. 6 ti 3 o

#&ff&oT(A&o orf^

#HZ, y,w/%, -y v b ^ LT W&puf#^D >±(Z#%f 60

f 7^M(ZC^

^(zm^m^m'T&c&o (Khatipov)

SY13-P5

Identifying components involved in light responsive psbA II gene expression in 

Synechococcus sp. PCC 7942

(Schmitz O. , NairU., Guillory L. J. Jr., Golden S.S.)

7 7 M Synechococcus sp. PCC 7942#I$"03o CD psb A j@ In (Z HI "<r X fg 

^ X: $> o 0 psb Ait, PSIIODI^ >zi/7 ^3 — bT6mfAf "C, JtlZ £~dZ$&M

;i/v7a:7-4fmsf^

X — A — M.{ik lr Zl Is fz ^ h ^ to tl fz o ( Khatipov)



CD [SYMPOSIA 16] Biosynthesis and assembly II . Pigments 

SY16-P9

The synthesis of lycopene in Rhodobacter sphaeroides and its functional incorporation into the 

photosynthetic apparatus 

(Garcia A. G. , Hunter C. N. )
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#|gG2Ad%#^##3^AlLA = 4#. U3^y>/<fAAAfun7//l/(Dm 

^K#^^(zoAA. ^ 6 A =

(Khatipov „ A1 ffl )

D [SYMPOSIA 18] Metabolic pathways 

SY18-L3

Regulation of ammonium assimilation in cyanobacteria

(Florencio F. J. , Garcia D. M. , Martin F. E. , Crespo G. J. L. , Navarro F. , Muro-Pastor
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bftftft^tzo (^r ill)

SY18-P25

Fd-gogat is necessary for the integration of photosynthetic c- and n-assimilation in 

cyanobacterium

(Okuhara H. , Matsumura T., Fujita Y., Base T. )
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(D [SYMPOSIA 21-22] Whole plant and community photosynthesis; Photosynthesis and planet 

Earth

SY21-22-P3

Fluorescence diagnostic of iron limitation in phytoplankton

(Behrenfeld M. J. , Kolber Z. S. , Falkowski P. G. )

##7-777 h

NOa, NH4, CtUt, ##

cdiUx

^ % H H n Falkowski t# HZjc-DTcftlTzM&tt U 7 7 It l^o Falkowski IS ± CD

(#iii)

(0) [SYMPOSIA 23] Biomedical & biotechnological applications : artificial systems 

SY23-P4

Regulation of polyhydroxybutyrate accumulation in Rhodobacter sphaeroides

(Khatipov E., Tsygankov A., Miyake M., Miyake J., AsadaY.)

$L#^67t7;i/Co-A$:#Af677
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f§ M ff o 7t:: (Khatipov)

SY23-P6

Localized poly-b-hydroxybutyrate accumulation in cyanobacteria

(Miyake M. , Kataoka K. , Khatipov E. A. , Shirai M. , Kurane R. , Asada Y. )
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SY23-P7

Hydrogen production by photosynthetic bacteria: The relationship between light wavelength 

and hydrogen production

(Nakada E. , Nishikata S. , Asada Y. , Miyake J. )
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SY23-P10

Photopotential generation in green bacteria cells and cell fragments located in an 

electrochemical cell

(Ptak A. , Dudkowiak A. , Frackowiak D. )

Prosthecochloris aestuariiCO jH) W- IS.# A" # W A: 7 > %;V35 fl9 $* A ;Al >
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SY23-P15

Effects of light-dark cycle on photo-hydrogen production by Rhodobacter sphaeroides RV 

(Wakayama T. , Tonyama A, Kawasugi T, Asada Y, Miyake J)
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> u-c. L
6 y A x LT#
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7k##(Z)#m#>*5 6(D^?
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SY23-P16

Hydrogen evolution in Oscillatoria chalybea : Stress effcts 

(Klaus P. B. and Refat A. B. )

P ^f#^ 7 7# CW/Wor/a cWyAea CO ^ zK # ^ ^ ^

(Naci) H-yi/)

t)7k#3e4E&m#
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® [SYMPOSIA 26] Educational aspects. Undergraduate and graduate training; public 

awareness 

SY26-L2

Photosynthesis and the world wide web

(Govindjee)
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# d* A o "C l ' -5 : A. R. Crofts A , Biological Energy Transduction — 

b (http : //arc-gen 1. life. uiuc. edu/Bioph354)
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3. 1 GHGT — 4 ( m 4 ® Greenhouse Gas Control Technologies HE PS ix Sll)

( 1 ) &§ s

mi ® 1992^^7 » y m2 ® 19944^ $0, ms®

1996^7 / ^®m4®g^y^y'^>^-7-y>T^#^

tl/: o

5 3 0A##^oL,

236^ (^-^vi/: 1 7 8m\

^ - : 5 8^) TE# 1 2 2

a. Plenary Session

b. Capture (I, II)

c. Storage (Storage-General, Storage-Ocean, Storage-Geology )

d. Chemistry

e. Policy (I, II)

f. Energy Technologies (I, II)

g. Energy Efficiency

h. Other GHG (I, II)

i. Economy and LCA

j. Transport and Industry

k. Bioenergy and Forestry

l. Renewable and Nuclear

^-7;i/30f$, m^RiTEzkmyo

v x y h jp b & '<%. <D 2 (41 <D % H £ fr ^ fz o

a. K.Aoyama et.al.; Carbon Dioxide Utilization and Hydrogen Production by Photosynthetic 

Microorganisms

b. S. Otsuka et. al.; Biological Hydrogen Production as an Environmentally Friendly Technology

(2)0#

M104f8830B~982B

(3) # £0 #
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win mm



( 4 ) ix pS IS r=f

a. A — 7—7^/3 >

Dr.Baldur EliassonA^6,

Dr. Philippe, Roch (%<7) (j:, 77 7A^2000^^-C(:7#{b^m0#m#&1990 
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%LAo AM, 3:$;!/^-,

'Energy 2000' , ##7# 'Agriculture

2002'
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b. STORAGE - OCEAN

(D Ocean Sequestration of CO 2 - An Overview 

Howard J. Herzog (77 V A )



(2) Enhanced Ocean Biological Pump in High-Nutrient Low Chlorophyll Water to Increase Ocean Storage - 

Potential and Effects in Subarctic Waters

C.S. Wong Ulf-y) and R. J. Matear ( t — X h 5 V T )

:x < U — '>3 > £: ff -o /c o

(E) An International Experiment on Ocean Sequestration 

Eric Adams, et al.

HEP £ b T (D £ 0 d(7)7“D vx^b & 2002¥ it'il, H*l£ RITE, J )]/ ^ x - & 
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@ Ocean Injection of CO 2 off the Coast of Norway - A Case Study 

Helge Drange, et al. ( 7 )l ^7 x — )
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c. STORAGE - GEOLOGY

CD Geological Sequestration and Biogeochemical Recycling of Carbon Dioxide in Aquifers 

Hitoshi Koide ( B ^ )
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d. CHEMISTRY

(T) Analysis of Practical Application of Photosynthetic CO 2 Fixation / Conversion Technologies by 

Microalgae

Yoshitomo Watanabe ( B X )
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© Carbon Dioxide Utilization and Hydrogen Production by Photosynthetic Microorganisms 

Katsuhiro Aoyama et al. ( B $ )
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e. BIOENERGY AND FORESTRY

(D Biological Processes for Mitigation of Greenhouse Gases 

John Benemann ( T k V ij )
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© Carbon Sequestration in an Arid Environment of Western Australia by Afforestation

K. Yamada, et al. ( B £ )
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(3) Efficient Electricity Production from Biomass Using the Integrated Pyrolysis Combined Cycle Concept 

Christian Roy, et al. ( jj 9 )
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(D Biological Hydrogen Production as an Environmentally Friendly Technology 
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RITE Photobiological Hz Production (1992-98)
Re-entrustment Contractor: King's College London

Fundamental research results on cyanobacterial H2 metabolism

1. Immobilisation of cells on polymers and hollow fibres. Physiological and 
morphological characteristics of free and immobilised cells of Anabaena and Nostoc 
spp.

2. % metabolism and nitrogenase activities of cells cultrues in Mo Mo, V+ and no Mo 
or V media. Hz metabolism of A. variabilis mutant PK84 - possible explanations 
for increased Hz evolution by the mutant.

3. 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, (e) 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 chlorophyll a concentration, (h) development of 'twin' bioreactors for 
comparing activities of cells grown in 'specified' nutrient or 'ambience' differences 
etc.

4. Factors affecting Hz 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 COz, fTC' starvation etc.

5. Development of computer-automation of the bioreactor operation. Hardware and 
software, data logging etc.

6. 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
• IE A, Annex 10, Biological H2 production
• EU COST Action 81&: Hydrogenases in Biotechnology & Agriculture



RITE Photobiological Hydrogen Production (1992-98) 
Re-entrustment Contractor: King's College London 
Milestones in R & D on cvanobacterial H2 production

1992:

1993-94:

1994-95:

1995-96:

1996-97:

1997-98:

1998:
(In progress)

Introduced the concept of using cyanobacterial cell immobilisation on 
hydroplilic and hydrophobic hollow fibres for the development of 
photobioreactors to produce H2.

Demonstrated the potential of Anabaena variabilis immobilised in 
hollow fibres in the construction of photobioreactors and in the 
continuous production of H2 coupled to C02 consumption. Continuous 
operation of two-phase system of H2 production/biomass synthesis 
achieved for more than one year.
Determination of the efficiency of conversion of light energy to 
combustion energy of H2 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 H2 production capacity of this 
'novel' strain of cyanobacterium.

Development of chemostat-bioreactors for H2 production by filaments 
of N. flagelliforme.
Culturing of A. variabilis ATCC 29413 in V-enriched medium. 
Demonstration of enhanced H2 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 H2 production using free and 
hollow fibre-immobilised A. variabilis cells.
Preliminary studies of H2 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 
H2 production in the bioreactor by A. variabilis PK84 under anaerobic 
and aerobic conditions. First report of H2 photoproduction in air 
environment by a cyanobacterium viz A. variabilis PK84 (presented at 
Biohydrogen 1997, Hawaii). Suggestions for scale up of the reactor.

Optimsation of H2 production by PK84 in the continuous flow helical 
reactor. Comparison of H2 production rates in argon and in air + C02. 
Comparison of H2 production activities of Synechococcus strain Miami 
BG043511 (Hawaii culture collection) with A. variabilis PK84.

Determination of hydrogenase activities (H% consumption and H2 
evolution) of Synechococcus 043511. Possible construction of 
chemical mutants with impaired H2 uptake activity.
Assembly and operation of the photobioreactor outdoors.



RITE Photobiological H2 Production (1992-98)
H2 production by cyanobacteria. Data obtained at Kings' College London 1992-98.

Organism used H2 production rate Comments Reference
Anbaena variabilis 

(Kurzing)
Nostoc muscorum

1 ml/mg chi a/h H2 production under partial vacuum ^glass reactor, 
containing Cyanobacteria immobilised in hollow fibre. 
Production phase lasted 6h.

Markov et 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 H2 production coupled to C02 (5%) consumption. 
Photobioreactor ran continuously for 1 year .

Markov et al 1995

N. flagelliforme 84 mmol/mg chi a/h
43 ml/g dw/h
510 ml/day/litre

Maximum rates obtained in chemostat cultures under 
optimised dilution, temperature y N2 and C02 
concentrations

Lichtl et al 1997

A. azollae 13 ml H2/h/litre Suspension of culture in a photobioreactor Tsygankov et al
19997

A variabilis
wild type and mutant PK84

1.6 pmol/mg protein/h
7.0 - ditto -
3.1 -ditto-
12.6 - ditto -

A. variabilis ATCC 29413 wild type (WT).
A, variabilis mutant PK.84.
A variabilis WT under N2 starvation.
At variabilis PK84. u u

SveshnikoV et al
1997

A. variabilis
29413

45 pmol/mg chi a/h
64 - ditto -

Cells gtoWn in the normal Mo medium in a cylindrical PhBR. 
Cells grown in Mo deficient, V-ehriched medium in a
PhBR.

Tsygankov et al
1997

A. variabilis
PK84

81 pmol/mg chi a/h
190 - ditto -

Helical tubular bioreactor, continuous light in air + 2% C02 
tubular bioreactOr in argon.

Borodin et al 1998

Synochococcus
Miami 043511

320 pmol/mg chi a/h Non-synChrortised cells, continuous day/night cycles in 
argon. Rates compare with 540 pmol/mg chi a/h obtained 
by Mitsui et al.

Borodin et al 1998
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