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* SCP of Autotorophic Microorganisms—The Ex-
pectation for Hydrogen Bacteria.—A Monograph—
Minopa, Y. (Department of Agricultural Chemistry,
Faculty of Agriculture, The University of Tokyo, 1-1-1
Yayoi, Bunkyo-ku, Tokyo 113)

DBEROVUMEHATRBEETRVKLI THB. KiEE

b, 200HERESIC X -> TEMOIREICENRAT R
TEY, ROBHEPBEESER A g T
BRI, DBEO AL OBELEHICEY
P AT KB > TR EA2EZEDYE, 72AFL
FEHOBRZBITITRAETHS. THEZITHRS
&, BRATTEE S B AIE L (SCP) MR HAHE
LI~ TRD. BRTREBRERE LTEINMIL
ZBLRETHY, CHREBAATEZNLEEE
UTRERTH 3.

“RLRE SO SCP L LTR, SETHEBEA
BRIC L » THET 2HEBOEERETBE0%5 5
N3. zOBA, BEHEPLTABDHIEO XS, 20
FEEBEL PRS0 0h D, BREREY
BNRENLD. BEFEE, WHEE V7 BE, TARD
T, NHR, a-be—-THEEK, tnTE, F-Xk
T—-%EH 50 SCP BSHREETHRIN TS,
DRETHMDOS, HEOM OCXD <P, A
SBEKENEZEEHIN TS, ChoORER, %7,
X, FBE O ARG, £ OB THSRISER
S ORBZMDFZOOE U XED SEERK O TEA
ECRESY, & UAHRI /NI N 4=
A2EUTERMLT ACET B EEZ oh 38, &t
OHBIE_BILRZEOEHOBEENHEFH T, EE
YRBORBER O>LOEETHS. LHALIT TR
Stz

TEBUREEEERRE &L LT SCP 24K T2
IR XBEMED CEORITE S0, chicid
Table 1 {T/RT K5I, FHARMEY & FEREE
MLdds. RIFECE, ERELE> TV 3EEDE
REBUOBRERORABRMESS b, BHICIIE
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Table 1. Autotrophic microorganisms. BUIKIECBRCTER T 32 5T, —B(LREDOE
Photolithotrophs ERRBED, “BIRREALESE? COoETHT
Algae REET S, WBRABRMEL BOD »ERARDOE

Green algae

Blue-green algae
Photosynthetic bacteria

Sulfur purple bacteria

Sulfur green bacteria

Non-sulfur purple bacteria

Chemolithotrophs
Nitrifying bacteria
Ammonia oxidizer
Nitrite oxidizer
Sulfur oxidizing bacteria
Iron oxidizing bacteria
Hydrogen bacteria
Methane bacteria
Carbon monoxide oxidizing bacteria

BRI R ORE & F T MR B OBEENS 5. &
B|DSCP L LTi2 FAYDPERT Bl hderF
A LZDBRARINEESTORTNE. DBETHZ
v L7 ORI, BEORELEDL, 4R 180t ¢ 5
WAEEINTVS ENS Y, ZELREOL A RER
ELUTHEEINTVIDR—EET, & UTEREE
BELT SCP &) X0 REMPARED EER
DR % ROEF P REAS TRERAE LT,
lkg HFTHTWMO BIE I TS BHETR, KBO
SHABRENV Y —F 38, EBESLCENLER
I, 75 VY AEVLABRRHMSERL, »+vaT
BAFVIAVFLIGENTF /7R3 ¥T, HELItO
EEEZDFTOEENS. ULhUKB A vE— 3
KTHBH, HIERICZZ <DL, 1meE 47-H160~180
BWEBOFAE L INVY— T, BEOMRBINEIL
0.02gcell/kacl BETH D,V X SIKBEE, T, K&
K- TEHT 200, THEEROEHETES T
ANF NI, FIRFECRBEENEET NG,
BHEOEBCEFBORARLE ERLHESOWNE
WA OWECRONS. COBSHE TR, AL
HECHT BEMIDIL, BREIIAIZ 0aEH
BODG, ERIFRIEPCHFEENE ShNIIBESHH
ZRETIEEDONDY, DBEDO LS EEI;PL
THOBRMBEETIE, FENCHTLLOOTIRIIWD
REEZONS. FKBAFEEITIZ, 2do0.03
HBENSBEN_BRILRRBELED TP LENHD,

WEKREICER S, BRIIBEDAIZ:2E
HEZIVHEL, BT 5 v + v ORREIC KL,
FNEHEAPENBOAHE L THEDHENS Y
SCP & LTOXRBEBRIABOMETH 5.

{LPERED SCP

TEBLRFE A - T SCP 2oL 31K, KB v
FICHBC &M, DBEOHSEEELTHTHL
WEThiE, BIN7-DiR{¥A5E (chemolitho-
troph) LIFiITh3FEE L TEBHEEEILL, 20T %
WEF-ZROTTRBIUREZRILT 2 —HOMEY T
b3. chiciy, Tablel RT XS SEEND - T,
ZNZThERAOMERBRRICES L, AMOEEILD
b H->TEELTHE. ZhoDIEAREE
EBUT, HARKEEOHEDG OHHEELI THBE,
MRMTITIKFMEISR SIT R DH 2 L Bbh 3.
ZOEIEHIDT, KIKESTIROzFLF-FEL
TERVED SN TR D, Kb oKBRMEICEESD
SAREMIH B C &, RICERIA 2 OSSR IS
BThsE, KELZBIL T AINT -%BBEBAR
TEHEDIRKTH-T, WMERPHOBE, Mt
XTIV -vThHbT &, FEERNEMTERIC
BUAEEEROB TPV &, S ITEAD
BOEOFENEBRHIN, FOTc AT  ApEids
HFINB LS -72 & THB. Table 2 ithhnr
KBEDC X B AT OEERZHBI LD, EE
O DRI U 7 B IR/K SRR % F O 7o FidA et i e,
BTH, 72AIXL & LT 20ton/m3-year DA:EEDS H]
ETHD, RBREEEICL BBRI AL OEEY
EHF DFEMAIZITL. F - chemolithotroph DEEIY

Table 2. Protein productivity of various protein
sources.

Protein source Productivity of protein

Chlorella (Natural) 1.5-2.5 kg/m?-year

Clover Leaf 0.168 va

Grass 0. 067 V4

Peanuts 0. 047 4

Wheat 0.030 Vi
Chlorella (Artificial) 30 kg/ms3-year
Yeast 15-20 ton/m3-year
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Table 3. Speculated Y;,5 (max) on various air
inorganic substrates.
Exhale CcOz
ATP generated Ysup(max) -
Substrate M.W. (moles/mole sub.) (g c:ils/g sub.) Food air+ CO2 |_absorber
NH.,* 18.0 2 0.26 MAN Wt
- arer
NO; 46.0 1 0.05 Inhale cm' CO2
S 32.1 2 0.15 'ea
Fet+  55.8 2 0.08 oa . _
H, 2.0 2 2.37 [ Food {Electrolysis
3 3.55
M.W.(Gl 202 Ol
Ysun(max) = ¥g1u(max) X Wg@u—))— Protein and %ﬂﬁs_ CO2|
2 [
« Y(ATP/sub) Carbohydrate o0
X Y{ATP/Glu) Ureg| 1602 |
—05 180 Y (ATP/[sub) Harvest Bacteria
=Uo X M.W.(sub) < 38 Urea
Salts
Water

REREED ATP [JURH L7/ va -2 D BAZENE
KLTHET S &L, Table3 iIK/RT &5 IKKkEDOHF
BRI LT > TOBH, KREBICAIVE
HEONh 5.

RED SHI-IKFRHE

AEMEOER, TrE=9 LESOEERE, b
AR, B, =R Vo Ls, BELSUREMICTKSE,
BR, “BIREBOBEFZEZFELTTONE. RE
HZBROEROEZI NI OND, BRICEESL
TWBAMTHY, REEE L THEZRICHEEL, XA
BRI & b-> TRBRATX 205, 3BEORE
BIEWTHAS5. TvE=TLRETHBH, chid
FEE UCOKRBRAET 3. T IokEREDIE,
SFREZEFHTE290BEINTNB.9 £k
BERBBECHEIN, TYE=y LEAEREIC
TEBEALOWHEIENS LS N, BFEMCIIZD
TR D ZHETH 5.

KEBREOERVUBELEETHS. HE FELT

A, RBRVARORIAFELEAKIDESNTHEH,

BRELTO oI, BREAVSKEN 2 HH
BThs. fliked1m?20Msad b, BEDOEZA
l1kg OBEHKEEZ DI 5m? 2 URE L 320 5KkE
7 C100 [Hea LI D BENICR D IL7z i L, HRO
MABRICKET A0 TRBH®RICZLVD S, KOHE
ENREORN BRI S, KOBRARI, #1t
KEHS X DBEMIC2L LS. BEFFECE3ER
BOBROEZONBEH, BILFEY A 7 VT X B58HE
BOELEVS. ThidKBFR, BEFFOBEFAL

Fig. 1. Oxygen-food cycle for life support with
hydrogen bacteria culture.
[From Foster, J. F.: Biotechnol. Bweng, 6,
441 (1964)]

HBHER T n Y Y EOBR(LF, ERSESORT
RERNTKERET BHET, 22/ —vH4 70
SIEINTVAE. T OMBSRDR, XAROBK
SRR LI EDEREESHRINT NS, B2
hOXEOBIFIR bZZ ohb. WFRICLTS,
ETOREOY v~ » 4 VEEOREE S -TED, ¥
REBEQZANF-FEUTREEMIC, LrdEK
TE2THEENH D ELEL N 5.

Fig. 1 i3, XEMEFHROZR L LFERAF—v
3 VICBY AKFHEECL 2 AREROFRTHB.Y
AR Lok EIRFEEEEFIR L, KiZEREL
TAREBREED, BRO—ERIAMIsEL, K
R, BE, _BRELERUCHEZLEEL, AR
& UTHHA T 5 & A ER P OB LETT S
FHAF—~Va VELWISRONIAR-ZTOY A 2
W& UTERE SN IKRMBE ORI, IR Lofsk
OREBELUTEETILO LAV &R, HERNE T
TP LA EEFELUTVB LI BN S.

KREEETDOIREY

REME S, —BLRREE—DRRIEE L, kFE
AME—DQTANVF-FEUTCEETIMETHS. ¢
133 H NAD-dependent hydrogen hydrogenase |€ L
- THHE & 5 NADH 5 X URLRID ABILIC K »
THERKEN S ATP 2/, ZBLRFEZ BEEd
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Table 4. Classification of hydrogen bacteria.

Gram-negative strains
Pseudomonas saccharophila
P. facilis
P. ruhlandii
P. palleronii
P. flava
P. hydrogenovora*

P. hydrogenothermophila*
Alcaligenes eutrophus

A. paradoxus

A. autonitrificans

A. hydrogenophilus
Flavobacterium autothermophilum*

Paracoccus denitrificans

Hydrogenomonas carboxydovorans

H. pantotropha

H. vitrea

H. agilis

H. picnoticus

H. thermophilus
Gram-positive strains

Corynebacterium autotrophicum

Mycobacterium fortuitum

M. marinum

M. phle

Nocardia autotrophica

N. petroleophila

N. opaca

N. saturnea

* Isolated by the authors.

5. EELKR Y & [F U £ Ribulose 1,5-diphosphate
cyce iILXBEEZOSNTNE. ZOX S MENE
HY 5 ERATHE» MO TS, 19064F Ka-
serer 23 THEE L 7c. » PERKFEME 13 H 8% L,
ARFRBEALMEZ R RS EF & U T Hydrogenomonas
BT LDOLNTH, AFEOHF NV ILL->TH
BYL I BT 20418567, THITHEXRE
e LTasIhTOicEx OB OB OHIC kFEME
ELTORNEET 29055 LB LMITEN,
Bergey’s Manual of Determinative Bacteriology # 8
i G Hydrogenomonas &\ > RIS BER 5 € L %
%dd, Table 4 {CRT & HiC, HREFRHNEHKL OO
EBEAHECK > T 200REOBIAEUER

Soil, River Water or Sewage
Spread on plate agar in desiccator (30°C, 7 days)
Plate culture (2~3 times)
Slant culture

Shaking culture in the bottles with silicon-rubber
stoppers (30°C, 4~5 days)

Shaking culture (4~5 times)
v
Silica gel plate culture (48 hr)
!
Test with shaking culture

Stored on slant culture or liquid culture under
mixed gas (low temperature, transfered in one
month)

Scheme 1. Isolation of hydrogen bacteria.

nNTW3., 38bb, 75 ARBE T Pseudomonas,
Alcaligenes, Flavobacterium, Paracoccus, 7" 5 L RBVEESC
1% Corynebacterium, Mpycobacterium, Nocardia 2% % 3
ABROBIRTE OIS { OBICKZEB AR OBH
RHUINBFHERDH 3. KRBMERBERETS
LOBEERAHE T, BR1S0EHEHBE LT
ZBAONBXOC27cbdTHDH, ChicEEL
Bolt, Nocardia opaca DIKFEBRALHEMN T 52 3 » ¥FX
BETH 5 L DAL I N T & IZRBEEN.

F# 513, NH4NO;s 1.0g, Na:HPO412H.0 0.75g,
KH;PO4 0.25g, MgSO47H:0 0.3g, FeSO47H0
0.01g, CaClz2ZH:0 0.01g, fiif A > 7k 1! (PH 6.0 &
7213 8.0) OEEHEA R, gas phase % Hz: 03: CO3=
7:1:1 & LT, Scheme 1 joRd &5 7 FIETHE,
K, BEREOEESBEL .

FE & LT pH6.0, 30°C D5 T1004 Ol % 438k
L7cds, B\ GHFEDHE O No. 9-5 HhEDI T DI EER
IRz, ABi3 lophotrichous QBT S Ho8E
T, GC &§1362.3~62.5%, HRHMED S bHE
&A%Y o, Pseudomonas hydrogenovora nov. sp. >34,
L7

KFMEOIER

SO KN IEBIE oS THAEE L,
Niz+, Cut, Cr3+, Co* 13F%hE OHE® H3H 505,
EFEOOHRZ, HERMRSORBHSMECIE T
Li372<, Table 5 {CRI BB SHEHER TV 3.
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Table 5. Basal medium for autotrophic growth. Table 6. Effect of the addition of ferrous and
ferric ions.
NH,CI 3.0g
KH:PO4 3.0 1y Specific
p(hr-1) ield*
Na;HPO12H:O 2.0 cell yleld
MgSO47H20 0.3 1. Control 0.117 100
FeSO4+7H20 0. 028 2. Control
Deionized water 11 +FeClz'nH20 1 mg/! 0.124 193
H 6.0 3. Control
pH ©. +FeCls-6H20 1 mg/l 0.119 147
Sterilized at 120°C instantly 4. Control
+FeCla'nH:O 1 mg|!

Gas phase: Ha: Air: COz=65: 25: 10 (OD<10)
Hz: Oz: COz=5: 2: 1 (OD>10)

BT 2 [ERRA A ¥ HIERETS O U ICERRRICE R %
SRL (Table 6), BEBEE L 0.2mM ThH- 7.
RO LS, KEEE I RICRBREE LY
BoTkb, AEbI/VI—X, 757 =R, Y2
ra—2z, =v/)-255 X BEET S BCEER
OAIDNLRERE ORI IO ROFEBYIT
mAsER AR L, EBEEMAKIBICERETES. v
a— 2 HniEE cik Fig. 2 IR TX OB ERER %
Ly, £Frva—-2 2 EBLTHEEL, BECHE
Lk -1t EOFHEHAE THNIEBERIEICED
Wz ohs, FIFEHMETIE #=018~02 T, /v
a— 2T ARBEEEREOW 2{ETH T A

20f R

/4
///

10

w

OD at 540nm
™

Yt

A

0.2p

] F

1020 30 40
Time (hr)
Fig. 2. Effect of glucose on cell growth.
Strain 9-5 was grown in the basal medium
with or without glucose.
@—e@, No addition; O—O, 0.5 g/l; A—4,
2g/l

0.128 175
4+ FeCly6HzO 1 mg/i ,

* The values were obtained after 60 hr cultivation.
(Control: 0.60 mg dried cells/ml).

HOBAR, BEHdhoOMBERE S lag OBEMRICKE
QBT B bt Fig. 3 1KRT &5 I
RERE HADIE T 13 BT 1T 85 % MR T % basal medium
OHBE TR lag 2R L, TOXRAUTO
BETR lag B1EL - T 3.

lag time QIEMFICEBABOBTMOBEHTH S LWV
SEEMSEHIh.. ARSI EL L TERSIBD
FERABCELELTNBE LEZLNDD, TOERRKIT
DNTRIBERATH 5.

IERESER 1Y g & U CIRERNRERICIII00
ml 7213 500ml ©7 5 2 3iIcEzhEh 10ml Fiid
50ml @ s AN, T4 mE—ffEO¥)arIN
—THERBRLUTHRAERL, S5 130FHORESBT
R MBECRUTHTZOBRITEBET.

1.0}
¢ 0.8F
a 0.5}b
o /
0.24 v A
1 1
0'10 5 10 15
Time (hr)

Fig. 3. Effect of inorganic salt concentrations in
the medium on cell growth.
0O—O, Basal medium; @—@, Basal medium
%X 3; A—A, Basal medium x 1/2; A—A, Basal
medium X 1/4; 03—, Basal medium x1/10.
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valve

Fig. 4. Closed circuit system for cultivating
hydrogen bacteria.
(1) culture vessel; (2) magnetic stirrer; (3)
sampling device; (4) cooler; (5) pH-electro-
de; (6) control box; (7) pH-meter; (8) alkali-
reservoir; (9) pump; (10) water bath; (11)
heater; (12) temperature controller; (13)
thermometer; (14) air-pump; (15) air-filter;
(16) flow meter; (17) manometer; (18) gas-
reservoir.

JrsgarEa |3, /NEIZEERIEA FIU closed circuit sy-
stem J- continuous flow system Z T 5.

closed circuit system {2, Fig. 4 K;R9 L Hic 20l D
HRE%EF G CTE AP, air-pump TRAN X2 H#
RBLYY A 2055 A2OFARRILVE, K&
DX ARril%ELEE UKBBEOERIITOE.

Fig. 5 i continuous flow system %-7R3". fL4aH4 %
MDY b -G LT, LB TELTY
B30T, V¥4 7 VvOTREETS. T RBALL
BN AR ZEAVEREEOT, FRLHED
B & WAL ETH B.

Z DHMURHRBRARNCH 2 BEN 2 BREH T, REE
BN TKREBRMEL COKREBREL G T 25EH

i

(4) (5) (16)
(6)

g— ;

(&) (5)
(2)

g»- a IE;” B
%) (5) (9) an
(3) (10)

Fig. 5. Continuous flow system for cultivating
hydrogen bacteria.
(1) Hy cylinder (2) Os cylinder (3) COq
cylinder (4) Flow controller (5) Flow meter
(6) Humidifier (7) Air filter (8) Jar fer-
mentor (9) DO electrode  (10) DO meter
(11) pH electrode  (12) Sampling tube
(13) NH,OH tank (14) pH meter (15) pH
controller (16) Manometer

1)

ERINTOEY, BERELTIEDEENTER
hotzdiny 19
KEFEOEBCEOTIE, MAEELN 2 O
BEELNLZOT, HREEEZRE (RDELERED
WETHIH, FBLREVZZEERBERIN TN,
BRVEOWRELR, / ZAvpbY ey VERTH
AP T B REEEZBRAR U 2.0~4.5g/l-hr QAR
BT 51g dry cell weight/l 3 CHEBELZEHHE&
WMELTNAE.19

jJ" 2z {;js ﬁle, 21)

TSR ORFEIC I BB A R AR K & S HET 5.
429" Ps. hydrogenovora {CDWTHRED 7 73 R aZH0,
PIRA 2B EA THERIKRERZE R #5513 Fig. 6 1
R TKIERO5%, BEF23%, —BLIRFRI2%H5:
bpot.

U LRI bR~ T & S I —RIC KB 3H VB
ROETHEEZZIEO. ZHhide Fuy'+—€ b5k
RICERZHESEOL S L INTVS. BICERBEME
WRHICHERE R K& W, Fig. 7 3 91RO BRI
XN ABMBOSEDOHEE RBR THS. CoBA
CO: o4 FII—5E (0.10atm) & Ha & Oz OHR
EEZThH3H, lag time RBREHE DO HIKL 0.05
atm TRETH»7c. Ulhi- TR IBES
FEAEL A 2 HEBHH 5.

COBRRBBBER VRIOBEKR LA DTHSE. &
CABCDBRORDLYREGERVIESKE, B
R4 HO0. 10(ZEK 4T 0. 50) THBEREH W IHBASE
0.05atm TR oM lag 32 Bohish-7o. R
U7cBERh ORI, FIEBOIREREAILET 5
BHWEOBEENEZL DA BE TR G TH 5.

P EBRREOEER, EBOHORABEIVNI VE
KEECENSDT, BOEE D phase it k- TH X

o Composlhon,af gas{Cellproduced ~  Gas ufilized (%)

Bxp.No| 1o 02® 002 lmg/lOmO 25 50 75 100
L | 74 13 13 | 274 @
2 | 72 17 11 | 432
3|66 22 12 | 583
4 | 65 23 12 | 80l
5 | 6l 23 16 | 638
g | 5 58 18| 47
7 | 57 32 11 | 373
8 | 34 37 9 | 2.5
9 | a5 47 8 | 18l

[.He; 2,02 ==, COz.

Fig. 6. Effect of gas phase composition on cell
production.
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OB DIcDICKFED [Kraly, ZH SR 5T,
ZD1DICIIBEFAKTFE Cr, OIEFE 13 R % REXLE
FAlE¢ANCY NN
A : » SHOMERE 4 BB # — £V E»{ RARER
21220 V=7 =22 —% A, KEOBEEL
1A KROWERE BB OEHETY YY) VI
BUBLEEZREL, COVVYIADPLERENXICLDIE
FAZLBOHL, Fr7u=t /57 TCERLL.
KERBEDISH L, EDORINERHHE Sl

Sy —7 7 —AVE-RETRECLUTHKPOBRE
HAZKE, BHACARERLLTIZRELTSLERH
BHOKRDBR &2 RAZBRE L, BIHIC Cr, %
HE L TRAIC KD [Kialy, ZRE LT

Kia(t—to)= 1n(——————*————(c(flé’) i—(Cag)o )

Hg)i_CHg

S om
N WO

ODsqo

0.25

A

5 10 15

0.1 L
0
Time (hr)
Fig. 7. Effect of initial Pg2 on cell growth.
Strain 9-5 was grown in shaking flasks in the
basal medium under various Po,.

0—0, 0.05 atm; @—@, 0.135 atm; A—A,
0.20 atm; A—A, 0.24 atm; O—{, 0.26 atm;
m—m, 0.365 atm.

Where
Kia : volumetric mass transfer coefficient (hr-1)
BAHEEZ T OHH MBI RS S S £ :time (br)
HEDICBRTD. BB, EELRIRI Y —=vIHD to : time at which hydrogen supply was initi-
N = ated (hr)
BROEEZ®ELTHCLiCLY, Odatm P EOHEE Cy, : dissolved hydrogen concentration (ml Ha/
EAFETTCHLRIFKEBSTAEZEBTED, Tk ml HyO)

BEIC X > T ORERBR I N 2 HEEDH 5.
SEBOXBEN R OREER~OBEHEELELD L,
TEMERFBIC OV TII/KEME OREESTHON 5 bt

(Ch,)i: saturated dissolved hydrogen concentra-
tion (ml He/ml H2O)
(Chg)o: Chy at time to

MHET KIS 2 BHE (H) KX 00T HE RS
V. UL LKEEBERR H AN 0o, HiEEER
F LIV BV. BAABROEBKDOEEN X DHEX
LR HREE S H KpaPg TREN, A RGOS OGHE
WCE - TREEOBENEIINETE LT KRE
{EBES5RLEBHNRIZRE SN,

BisgkER 2 Table 7 KR, —HEHEY — 45T
e Utz [Kidlo, DIEZRY, e SFE—EK0 L RA
EHETRF AMBRICER SO EREL, KL 287 245
BEB IR0 FBR A TEELTEHAELL
[Kidly, fHERIEER D &, HEEREE Wilke @
KTHEL Ko BHEBERBOESFRICHMATEE L

Table 7. Comparison of observed and estimated [Kpaly,.

Estimated [K 4]y, (hr?)

Observed
TP 1K 4]0, (hr-1) A B

Observed
[Kialu, (hr?)

a b a b
400 105 245 155 161 128 104
600 230 538 340 352 280 250
800 400 936 592 612 488 460
1000 620 1450 918 949 756 869

A 2-l jar fermentor containing 1! of water was used. Gas flow rate was
1 vvmn for both hydrogen and air.

A, Estimated assuming that K is proportional to D; B, Estimated assuming
that K is proportional to Di/2; a, Estimated from D of the literature; b,
Estimated from D calculated according to Wilke’s equation.
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Fig. 8. Correlation between [Kialy, and
agitation speed.

BACHIED L AlEEL—FK LT
[Krala, &0 RABEE L OBRKIZ Fig. 8 IKRT X
SO/ 57 7 TEBBEREIL - 1.

RiC, BERPOBEKFZEL LUCBRROREEZIT-

20V =7y —2va—ll OEHEAN, BEEK
5%#H®E L, 30°C, 1< i2A 1,000rpm T pH %:6. 01
I LUooEEA T - 7. #H 244413 continuous flow
system T4g4r 1/ BR L, BEA 24K Ha: Oz
CO:=63:5:12 T 1 BEE#EE (Fig. 9 thRHITRT),
closed culture method & & BEAINE O L - 12 65:
23:12 DRAA AV EZ, BEERT . B
PEIEEERE 6.8g/l ¥ TR DS, T OEAT Fig. 9
CRT & D ICHRFKEBEIX0 L0 0, AKEIHIRE
F LI TREEEDHET LicEEBI SO BH, 10k
BEBEIIppm HE0T, FRAEREHURT I &

E E
£ S
g B
+ -
§ 0.10 45.0 §
S 0.08 44.0 S
T 0.06 413.0 ©
T 0.04 42.0 9
S 0.02 41.0 78
o 2
A 0 . 10 A
0'1 1 ' 1

0 10 20 30 40 50
Time (hr)

Fig. 9. Cultivation of strain 9-5 in a jar fer-
mentor under the final gas composition of
Hz: O2: CO2=65: 23: 12.
®—@, Growth; —----, Dissolved O3 concent-
ration; [J—{1, Dissolved Hs concentration.

Table 8. Values of H, K;a, Y and HKaY for
oxygen and hydrogen.

Kpa at HKpaY
H at 30°C L L
1,000rpm Y (mg/l

(mg/l atm) (hr-1) atmrhr)
H. 1.52 860 1.24 1620
Os 37.3 620 0.20 4630

& - TR ERE LBV RBERE5C &
NEEEEEZL SR

TIROLAMEER THRORAHBE % Xc INEFR
% Y (g.cell/g.substrate) >4 2% L ZFhid,

HKpaPY=uXc

THZ Ooh 5. Table8 [t kKb LUBED H, Kra B
KUY ERT. [HKaY]o, & [HKLaY ]y, DH134630/
1620=2.85L 75 57z, KFEBEEIXHONTO X 2%
UL 95%iCid, [HKpaPg Yo, & [HKLaPgY 1y, 2%
LT . T8bbeES2 1 REE LRILER
ROSEEO01IKEL BEE THIE, BVOIKER
Pgoy: Poyg,=1:2.85 it 3T L L, Hz:02:CO;
=67:23:10 L7135, ZOHNRBAKLTEREUIER
% Fig. 10 {TORT. ei¥osil3BEBE 748/l ¥ TER
U, €ORIERKRELBHFERRIIFARICO0 L12- 7
Z D% {3 linear growth | A D 48 Ksi] © BB 248/l
ICELT-.

PDEoh 2 MiRicET 28I, KEMEOEEE

ko g
g E
£ 0.10 150 ¢
5 0.08 4.0 ¢
s 0.06 $Bo2
= 0.04 2.0 2
4 0.02 1.0 &
/) . 40 &
01 1 1 1 ]

1
0 10 20 30 40 50
_ Time (hr)
Fig. 10. Cultivation of strain 9-5 in a jar fer-

mentor under the final gas composition of
Hz: Oz: CO2=67: 23: 10.

0—@, Growth; --c--e , Dissolved Oz concent-
ration; [J—{], Dissolved Hz concentration.
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546 E£H EHB BRI F56%
WRTHDIERILDEEZ B, KBV XHKITINE 5&
FREICRE L, SARBIRIRER He/O: © 28)iC & AH— A(a+54¢) -

S TEAL, BRBEERHTEI I LD V20K
PEHRGN ZMRICE > TEDL BT &, 2 FHEK/
AT AR He/O2 = O/NEWE, T8 B K
FEBEAELHTEL 80% WKET B L, He/O: £
H3~4 P L TCREBMICIETLTE0BEEICEBC &,
PHB 30 i BB EHIC B WTEL 5T &%H8
FMoNTHD, ™ FHEELETL LTI LK%
BT

YRINFZ & T RIVE—-SHFE?®

RERE R L AYEBKIL, FEARRCL-T
HELIH 2 EERUIERS KUEEYOSTICL
- TRLNG. —F, BRPANCASERDEERL
Ao fe LTI, EREAKE 7 5 X 2 NEDE
THORDE S IcEEINE. WHEIERERDLS
WL T 5.

aHz+6CO2+¢O02+dNH

=MCHO,N; +eH20 (1)

a,b,c,d e 3FENFTIEE Hs, CO;z, Oz, NHat &
XU AR H2O © m-mol ¥, C., Hp, O, N; 128k
SFE%100 & U OB T M {3%Z © m-mol
¥ThHs 7523 REDET% 4H [mmHg] - ¢

A[mmHg/m-mol gas] {37 5 x ath¥AEEF 2B
LD OREBTRTHS. 752 30FREBHME
BEX Vi,V &b55&

224X T273 X 760
= Vi—Vn

No. 9-5 B DBtk 3413 C: 49.2%, H: 6.99%, N:
10.97%, ash: 5.18% ¢ ash hO#E, D ADRESE
HT2L0:27.66%&E720, o8,y 8 DfEZZHZH
4.10,6.99,1.73, 8L 0.78 L 135, Lizdt->T4H,
MBIUAERHETHIET 0, b,0,d e 95 1)~B)R &
DkRBoND. ARKES 7 5 % 2T 182.6(mmHg/m
mol gas) IR &SV T35TH- 7.

Table 9 {384 2 MR TOREBERER L O Rodfc 44,
MPUBRI»SHELHEY RO m-mol $ks X
UHR7a< b5 7 TRELCHERAN R m-mol ¥
DOERMERRT. KELBFEICOVTIIFHEMEEER
EDHBR X —BH LTV ALY, ZBIERKICONT
EREMBLILD K&,

Table 10 {3 M=1 & L7:E O KIEBEE BIUE
B U7k @D m-mol 3DEEME % 7RI DS, K4 AR
K& ->TRENVERIBYD. ZOEEEE E - BED
PRI

4

3

Table 9. Gas consumption in connection with total pressure drop and cell production in shaking culture.

Gas composition (%)

Gas consumed (m-mol)

4H M

mmHg y-mol H, 0. CO-
H, O: CO; calc. obs. calc. obs. calc. obs.
72 17 11 457 43.2 1.67 2.50 0.63 0.71 0.18 0.33
66 18 16 476 46.3 1.74 2.41 0.65 0.75 0.19 0.42
66 22 12 570 58.3 2.08 2.75 0.76 0.92 0.24 0. 46
66 24 10 432 42.5 1.52 1.54 0.59 0.71 0.17 0.21
62 19 19 534 46.8 1.95 2.29 0.78 0.79 0.19 0.46
61 23 16 609 63.8 2.23 2.37 0.81 0.96 0.26 0.46
57 32 11 417 37.3 1.53 1.79 0.58 0.67 0.15 0.33
56 28 16 498 47.1 1.82 2.00 0.68 0.87 0.19 0.37
62 19 19* 281 146 5.95 4.83 2.36 3.41 0.60 1.21
62 19 19* 295 151 6.25 5.07 2.49 3.14 0.62 1.21

Cultivation was performed under various compositions of gases as indicated, at

30°C for 44 hr in shaking bottles.
* Cultivated in shaking flasks.
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Table 10. Material balance based on gas consumption and formation of bacterial cells (Calcd.).

Gas composition (%) M H, O: CO, NH,+ H,O

H, O, COs m-mol m-mol m-mol m-mol m-mol m-mol
72 17 11 1.0 38.7 14.5 4.1 0.78 35.4
66 18 16 1.0 37.6 14.0 4.1 0.78 34.4
66 22 12 1.0 35.4 13.1 4.1 0.78 32.6
66 24 10 1.0 35.9 13.9 4.1 0.78 34.0
62 19 19 1.0 41.7 16.7 4.1 0.78 39.8
61 23 16 1.0 35.0 12.7 4.1 0.78 31.8
57 32 11 1.0 40.9 15.5 4.1 0.78 37.5
56 28 16 1.0 38.7 14.5 4.1 0.78 35.4
62 19 19 1.0 40.8 16.2 4.1 0.78 38.8
62 19 19 1.0 41.4 16.5 4.1 0.78 39.5
Average 1.0 38.7 14.8 4.1 0.78 35.9

38.7H2+4.1CO2414.802 4 0.78NH,+
=C4.10H6.9901.73No.78 +35.9H:0 (4)
155, 100g OEEEE 51k 40moles DKFEA %
EHEL KK BELD ONBERE Yi,(=100M]ax2),
Yo,(=100M]Cx32) 3zh2h 1.296 L 1r0.211 &
5. :
—HEEN 2 OERMEL» LB SN 2PHENXR L
43.8H2+8.0C02+17.602+0.78NH+
=Cy.10He.9901.73No.7s +other products (5)

L72%. (ARE G RE#T s s, HERChN
KRR TRE—EREGRICY LKE, BROHEIR

Table 11. Material balance of hydrogen bacteria.
CO:2 reduction and cell biosynthesis
2H:+COz — (CH:0)+H:0 ¢))
Energy supply
n(H2+1/20: — H:0) (2)
n=4

6H2+20:+CO2 —» (CH20)+5H.O  (3)
n=2
4H3+ 02+ COz —> (CH:0)+3H:0 (4
Considering endogeneous respiration
4H241.102+40.9CO>
— 0.9(CH:0)+3.1H:0 (5)
Cell yield from CO; 689,
H: consumption 3.3 m3/kg dry cells
Data on closed system experiment
38.7Hz2+-14.802+4.1CO3 +0.78NH4+
—> Ci4,10He.9901.738No.78* +35.9H:0  (6)
Cell yield from COz 559,
H3z consumption 8.6 m3/kg dry cells

* Analytical data of 100 g cells.

RERVD, ZBAKREOBBRIERTRY2{ER
->THY, BRAEBPERBEZ S, BE »
20 OEFEREOERIED bhie.
WORALOINBERZ LWk 1kg 2783 DI 8.6m?
DKFZEL, B LRBEEARNRIIOHETH > 7.
KFEMBE LR OYEINEK % £ 5 & Table11 0T
ELSTHEASRII R, =2 vF -2z @R &
IICRIZN, nZWICEEDhICL->TED->TL 5.
Ruhland?® 3 n=4 & LT (3) XA 7 TH s, Parker
3 KU Vichiniac?® 3345 OIERRTS 8 SRIER O LU OB
it n=2 LT (O REIL Tk, S 5IHIRATE

Table 12. Efficiency of energy conversion, Yg,
by the hydrogen bacteria 9-5.

Gas

composition (%) celll?/‘xr‘Zight conslgrzncd Ye
H: O: CO: (mg)  (mmol) (/o)
72 17 11 4.32 1.67 22.2
66 18 16 4. 63 1.74 22.9
66 22 12 5.83 2.08 24,1
66 24 10 4,25 1.52 24.0
62 19 19 4.68 1.95 20.6
61 23 16 6.38 2.23 24.6
57 32 11 3.73 1.53 21.0
56 28 16 4.71 1.82 22.3
62 19 19 14.6 5.95 21.1
62 19 19 15.1 6.25 20.8

Average — ~ 22.4
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WAEERTSLE G) ABEZLONS. COBAIKE,
Btk 1kg 218 2 OICKEHERIT 3.3m?, Y BRILIRSE
BN RII68% L1 5. EZELOEEER7 723K
LBy FEBOWMRET, £HEOIOIEMEYOS
2 ENT T DEEILSTHASS.

TS DBREES A 56.5 keal/mole, &k DEvBE# % 485
kcal/100g L33 &, AFEXFINVF-OBEKTFVF
—~QEEHE Y i3

M 100 (%)

&E13%. Tablel2 (& AR OEEFEREMLSHEL
ez ANF-$EAERT. ZOMERIHF ZMRICE > T
RELED L T20~24%TH 555, CERER5~30%)
LDPRNEL, ThbBEshicEBmBIMI
TeHEEZ 3.

Yp=

BRI FEE®

RELEECREEELEA T 2R AR EESRD
BREGEETHD, EEBEROBThSDIRNC L%
BB, REVFAIBREVL BEEREIE L,
B R CIRIBIEOHRES N, EEYRSFHOC
ETH5B. LFEESREO T TR T B
HEPBRKTH D8, FERSMINTETCRREBRER
DIRITiTFE 4, Bongers?? s Alcaligenes eutrophus ¢
Blc u=04 BEEROBEDREVELEDNE. O
data TiIBHBEE 3.58/! THEEHEEZLZT> TV B0,
KRESHERIT 1.4g/lhr & 123,

—HH RGPS T B EFRTI H 3D T 50
Kra 38K U, Table13 itRd LS5 HKpa 3&H
ZDNT 30°C 1 50°C TENZ & bhd. T

CTARBIU ZBLRED Kra 13, HHBY -4
HETROIBRO Kia 2 SHBAY © EHRICHA
THLELUTRDIMETH 5.

Z L CTHRBRYBAEMEOTMERS . EXREGRE
& LT Hydrogenomonas thermophilus (DERE2® 13 543,
R, ABCELUTERHATHS. §EOHFETH R
% Ha:02:CO:=7:1:1 £ L, 50°C TRRMOD
T3, KEXVEOHSMEETT T

4N LEBOTh S 5 2BET, SB2HK
TH-1, TH-2 3GEEEEM ORE, Mo 2k TH-3,
TH-4 {3EEMED I ORET cyst 25 5. ZOHD
ERHHE, GC 4BE X DHE LAY, AiZ %L Pseu-
domonas hydrogenothermophila n. sp., 1% Flavobacterium
autothermophilum n. sp. &€y 7.

TH-1 %55 & BREEE B A E VO TUT O KRR
CHAERAV. AERRESIHEEZIUYD, RBRUE
OVThE BT > s, B, Fox v
B, BB, CI3<E, A VBEORBBITIILL
BT 5. Ud UMMIERFGOFSERBRIB LA &
V. EHEEE LUTRRECREESEN, ERHRER
PEERYT. BRSATREBLEb-7c. HBEBRUK
HTRIRE BB BE Se/l BEHETH-7c. #
BEBOERRE,L -85, Ca* ORMMBERHTDH
»7-. FeSO47H0 EEF2 0.1mg~10mg/l iz
S TERLOY, =7 2Y YA, DABROBEICIIR
HEID - Tz

H Z AR ORI OREE, Table 14 1R TL S B
(LR D5 I HEFEA B WCBAR L, 0.09atm PITF TR
BETT5 CZOBKR, MHOKRMETIRDONT
WISV, BESEIX 0.09~0.33 atm DOFIFH THIRHEE

Table 13. Values of H, Kya and HKa for hydrogen, oxygen and
carbon dioxide at 30°C and 50°C.

HT K ra HK La
(mg/l-atm) B (hr-1) (mg/l-atm-hr)
30°C 50°C 30°C 50°C 30°C 50°C
H, 1.52 1.46 869** 1570%*** 1 32x10% 2.30x103
O2 37.3 30.4 620%** 1290***  2,31x104 3,91x104
CO. 1320 864 569%%kx  1180%%¢x 7 50x10% 10,2x105

* From the “International Critical Tables.”
** From the previous paper.2t
*¥* Determined by sodium-sulfite oxidation method.
**kx Fstimated from (Kpa)o, values under the assumption made in the pre-
vious paper.21)
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Table 14. Effect of gas composition on cell
growth. 501

]
| Hi0:C0,=7:33 0" 50

Hs:0: 20
\ 7:1 7:2 7:3 7:4 10k o/ 130
HB:COZ ‘o 20

7:1 0.30 030 031  0.30 _ iE}
7:2 0.35 0.38 0.40 0.41 $ of 103
7:3 0.40 0.38  0.41  0.39 3 1} ~
7:4 NT*  0.39  0.40  0.41 0.5F T8
(=]
Each figure indicates the specific growth rate (hr-t). 0.2 /0 42
* Not tested. 0.1+
-11
b % DHBLIS. A AP LT Hat 03: COy L
=7:3:3BEMSEMEEL Ohle. k3% pH i1 Fig. 02—« 6 8 10 12 14 16 18
ILITR 3 & 5 1 7.0 A13E b8 BB ORIREEE % R Ui Time ()

Fig. 13. Growth curve of strain TH-1.
Cultivation of strain TH-1 was performed in
a jar fermentor at 52°C and agitation speed
1,000 rpm in the optimal medium.

0.4} O—0Q, Optical density at 540 nm; @—@,

o/’o\o\ | Dried cell weight.

trote. DEORED SRS LTROC ELE
Hic.
(NH4)2SO: 5g/i  NaCl 0.5g/!
KH:PO, 5.66g/l CaCl;30mg/l
KsHPO, 2.38g/l FeSO4+7H:O 0.10mgj!
MgSO47H:O 1g/! pH 7.0
H ZHEK : Ha: 02: CO2=7:3:3
HREE - RREEE OBFE Fig. 12 [CRY. BE
> 6 - 8  REEEEREQ, 30°C TR ERE, 55°C TREIFER
’ OBRAR S, 52°C TR ORI L 1=0.68,

Fig. 11. Effect of pH on cell growth. doubli . A
O—0, Specific growth rate; @—@, Final cell oubling time 1 KRI85 T—RORBFREBIC S 51

23, 50°C, 245 DBEEE 13 6. 2~8. 0D CTEIIL

0.3 13

‘E
I,

Final cell concentration (ODjs40)

1
[

Specific growth rate, p (hr™?)

0.2f

Py =

concentration. V. 1Y, BE, SEEAY TN TORBEEEY
OHTHERDEEBEbh 5.
~ o1k Yy —HERIC K B HREAR % Fig. 13 ITRY. TOD
3 Bo18 @ BR A A KRR 13 BBRAE 2T ¢ Hezair:
2 / C03=65:25:10 & U, &KEID AT Ha: Oa: COs=7:
g0 o/ 3:3 1D Bz fo. 2B5RID lag D%, MEHREICAD
% S RAME (Xo)=2.3g/l i, 24B5R0CRIBE 6.8
g 051 \ gllicE L. REEREREBERILDTOED &
& ERHR DX=3.14g/lbr 2T, BBHETES
2 o0.4f EELTVS.
e PR 7 % 2 HRIC & > CRHBSRNIC KR 2 1R,
Incubation temperature (‘C) HZABLR, WEREREE WE L TE R &
Fig. 12. Effect of incubation temperature on Table 15 {TIRY. & OFIGE L BEITEL D HEK
cell growth in the optimal medium, FRAEKRD B &,
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Table 15. Yield factors of thermophilic hydrogen
bacteria TH-1

Gas composition (%)

He Oq COq Yy, Yo, Yco,
86 6 7 2.05 0.23 0.50
83 8 9 1.76 0.28 0.51
75 16 9 .92  0.26 0.53
68 23 9 2.10 0.27 0.65
78 7 15 1.88 0.24 0.50
75 9 16 1.95 0.26 0.59
72 17 10 2,01 0.26 0.61
63 25 12 2,17 0.27 0.52

Average value 1.98 0.26 0.55

25.3Ha+4.1C02+12032+-0.84NH,+
=Cs.45Hs.,4102,12N0.84+other product

L1z, B HHNBEENROLD -7 Ha:02:CO:2=
68:23:9 0¥A T,

23.8H3+43.5C02+-11.60240.84NH,+

&30, Bk lkg M7ch 5.4m3 OAEEMB LT
EE18D, N_EBLIKRIBERIIOSHTH -7 Bk
FET - T OEE L hid, T SEOXE
HRBBEBONBETHAS.

kK#E SCP DFFH

KFEREICE DT OEBMR TR TR L7 —
RO ERERRY. METHIrORATICER
RBEEREE D B, Alcaligenes eutrophus {T-DUNT 74.26
B BLUT8.T% LOEMNBOLNTEY, FED
O Pseudomonas hydrogenothermophila C{375.0% T&H -
7o. 73/ BKEERIZ Table 16 it RTX S IKKELD
REHE- A QICES ENRTVA. VP VYEBREE
s —BRIBREHRED T AL CRR LM B A F
A = v BHBHE .

R7YvEROICHEEER IS D8 IFIC K
U, INESLEEAKTIZ. 8% LMD XWENELNT
B0, EFHHEIFITHFLY. TLEEAL OME
{LRR2HBTHE A ¥ DT6%% PP TFE 5 BE DMK

=0C3.45Hs.41032,12No,84+ other product

ZRULI

"Table 16. Amino acid composition.31)

AmoRAd Casein /s L L ey A. autonitrificans
Try 1.34
Thr 4.30 4.52 5.37 5.29 5.37
Lys 8.06 8.61 5.73 6.39 6.45
Met 3.10 2.69 2.03 2.82 3.37
Cys 0.38 0.36 trace
Tle 6.59 4.58 4,14 5.34 4.73
Leu 10.11 8.52 8.35 9.45 8.66
Phe 5. 42 3.9 3.56 5.12 5.07
Tyr 5.86 3.26 2.32 3.45 4.01
Val 7.44 7.13 7.55 8.13 6.82
His 3.04 2.48 1.81 2.84 2.11
Arg 4.10 8.00 5.01 7.99 7.07
Ala 3.38 8.80  13.57 9.21 9.43
Asp 7.44 9,57 9.72 9.21 9.96
Glu 2.32  11.17  10.52 12.75 12.16
Gly 2.00 5.47 9.65 6.63 6.31
Pro 11.82 3.46 5.59 0.50 4.40
Ser 6.69 3.47 4.64 3.79 4,09
Total 93.39  95.69  99.92 100 100

C""d(eo/f)r otein 787 — 75.0 65.9
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T AT KPS O 3k, S8, IRETh 3.
BREB—CHECE, RNTHRINTRE LN
D, BRAREOFERICIEZEINTNSE. UhLEE
EULTERBETYRTOBRBABRED O TIRE
AERIBRIEL, ERBERFRICK > TRBARER
LT EMTEB.

ZREBPRERRAMVIC DT D EETIRODS, M
FRERBCH > THILOEE ICBRT 3. KEMEDW
IERBELABNWEDF — 2 RERBIZEBD TH 5.
7272, PERKFEMBECOOWTHEE o3, B4
iC & » THEIC poly-f-hydroxy butyric acid (PHB)
PRV ERETICLETHS. ThRBSEHICIZ
EAEHLEINRTNE0bh, EYTREVN, Ch
ZEBCAVERETIRICEZ LA, EELR
UMD 5 E0S. 22 TThOBERELELT
BIHORBFMBEL TN TORE, EZFEID
84, REF, txv¥F-FOZNWEE, BESEN
PNELEFO FIRRTFICIE 3841 PHB Q%R
FoEhbhote. i, BERERCIZEOBBIC
&, PHB 23 L AL EBELBWERBEBERSO
2%, COMBERRETEZEEZ SN 5. 161%20

KEME L BER & LB A0RLABIT OV T,
WL OhORBTbI, WEE, SHiconT
RIEBEECUTHEMLTREELELT B, KEEFR
BRI 28MEREDBICEcdt> T BDTEREN
KONWTELEOHBOKNETH I, +OERTE
2903h B LER LTS, KEMEORER I
RBBEHZEROTED, ey 2 o IEBNE
BLEZOoNZ G, DIsl L EFERD SEEMEH:
BATEBZHEBIE.

SCP & L TokEME R BERE LI - T
ROBERTH 5. FAEMEORER, Toloms, i
BIENRNER > TT ORISR T 5. $B17H
B UTHROREN A HRIIKEOBRRBBRNICH
D, TOREXMNROFENL LTI SN, T8
ETR REIOT—204i-7c & LTORBREY
KZ LW, KERLITEZEZL TS 1kg OBith%E DL 31
om3 MEEL g, FFEKSE 1md 20/ & LT 100
DB LD, Lichi-TEOERLIINRDOK
FIREOFEHOBAL e AIZ D= =X Thd->TH
5. Linl, BROXSHERGIL, bk,
ADDZVETENMCERERERETLCEBHLLN
-7, BROAISHBELSTEINEEZ 2L,
ENERTHAELENEIZEEBO 1 SOl TH

5L EDREMBE DR X SHETH 5.
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