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Diversity of Microbial Carbon Dioxide Fixation and Its Utilization
—Monograph—

Touru Kobama (Department of Biotechnology, Division of Agriculture and Agricultural Life Sciences, The
University of Tokyo, 1~1-1 Yayoi, Bunkyo-ku, Tokyo 113) Seibutsu-kogaku 73: 503-511, 1995.

There are many species of autotrophs on the earth, including plants, archea and eubacteria,
which fix carbon dioxide via various different pathways and produce abundant amount of organic
compounds supporting the lives of heterotrophic organisms. This article deals with the variety of
autotrophic organisms and the diversity of carbon dioxide fixation pathways by those autotrophs.
Many species of novel microorganisms were isolated, chemolithoautotrophic bacteria using gaseous
hydrogen as an energy source and cyanobacteria under thermophilic condition. One of them, an
extremely thermophilic hydrogen bacterium, was first proved to function a new fixation pathway,
reductive TCA cycle, as an aerobic bacterium. The key enzymes of Calvin cycle, ribulose-1,5-
bisphosphate carboxylase/oxygenase (RubisCO) from both a marine hydrogen bacterium and a
thermophilic cyanobacterium were revealed to have characteristic features, L, form and thermostable
RubisCO, respectively. The possibility of utilizing the ability of microorganisms to fix carbon
dioxide, rapid production of organic materials and a tool for improving the RubisCO genes of plants,
is also discussed.

[Key words: microbial CO, fixation, RubisCO, hydrogen bacteria, thermophiles, reductive
TCA cycle]
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Table 1. Various autotrophs.
Energy Aerobic/Anaerobic Organism
Eukaryotes Phototroph Aerobic Plant
Green algae
Brown algae
Archaebacteria Chemolithotroph Anaerobic Methanogen
Acetogen
Aerobic Thermophilic,
acidophilic,
sulfur-oxidizer
Bacteria Phototroph Aerobic Blue-green algae
Anaerobic Photosynthetic
bacteria
Chemolithotroph Aerobic Hydrogen bacteria

Sulfur-oxidizer

Ion bacteria
Ammonia-oxidizer
Nitrite-oxidizer
Manganese-oxidizer

PRV VEEIRTHDS. LN T VEPEL
DIABRME L ST LA BME, BCBROFE
THFSHBET TIE A EDBE T OERIME
TwW5b. —F, BEMNEEGETIORR, BEEEr &0k
BB T TEBT T AT BT, MNOERH
BWTWBZ ERBLLREINDDHY, IFLER
Wb LI EAINE VYA 2 AVBIRBEENFETSZ
EDHBALTE . BEFTRREIR TV RS
F Ldicb DN Table 2 THHM, RLRELhH LS
CWVCERCBBECES>TUVEWLDLIRIN TV S,
BTethbn 3 ¥ Ik RBETCERD > bOER
b DOEBEE L ORRY L OBENOEBREL D
BEE M I DWW TR T H .

FFHIAEVHA 2ATHDEH, ZHIEEORH

FFALTCC5AT, AEBORBELFIA LTV 51t
DTRTDIEHINE v 14 2 VEIRBEREIE & Rit-T
B, ThBRRKOB#MEL>TWEH. TOLEBIHE
HTHDHY, TTRESORBRCETOLNRTHVED
T, ZZTCRKREBERECEbASHLES DA% Fig. 3
ZRT. Fig. SRELND 2 00@EEHK, wA L) S
BFF—EL) TR —RA-15-YAY VEEHINLKRF
5 — X « % %+ —+ (Ribulose-1,5-bisphosphate
Carboxylase/Oxygenase, LAF RubisCO & BEFR) LISt
DT RTORERIEN L, EREEEDT L —BRIICHF
ETHERMBEEERESETHS. ZOERTHVD
NEBLENZ, BEOBERBTEECBELRS
NAD(P)H ThHhH, Thiizs A ETNTOFRMER
MHRBEY T OERIPECTWIRROEHTH A

Table 2. Diversity of CO, fixation pathways in biological world.
Eubacteria Cyanobacteria Archaea Eukarya
Mesophiles
Calvin
Reductive TCA Methanogens
Acetyl-CoA
Anaerobes  Acetogens —
Acetyl CoA Thermoproteus (80°C)
Reductive TCA
Chloroflexus (70°C)
Malonyl-CoA
Mesophiles Mesophiles
Calvin Calvin Halophiles
Aerobes Psecuzaiizrrfonas (52°C) Chroococcidiopsis (50°C) (RubisCO?) Calvin
vin Calvin Sulfolobus (70°C)

Hpydrogenobacter (70°C)
Reductive TCA

Synechococcus (65°C)
Calvin

Malonyl-CoA?
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CH,OH ATP  ADP CH,0POgH, CO,
c=0 0 CO,H
H¢OH hosphoribulo HEOH RuBP carboxylase 2'HQOH
HCOH PP ee HCOH rooxy CH,0PO5H,
CHL0PO4H, | HoOPO5H, 3-PGA
Ru-5-P RuBP

Fig. 3.
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ETrz kb, REEERE % EBRTT 5 BEFR RubisCO
DRV DHEVELS RV ESMBEETHS. ThW
%2, REEECLELRBRETYHE L TREDER
LB ERRLB T LIXBESH T, FIRubis-
CO BHERLETE—Dxrv_sBLLTRb-EL%
BrBEETHELVHORTWAYR 21 bLT, £0D
ENLARBREERICEGOEERTF Lit> T 5. &
52 RubisCO 3 2 2DMER T 5 RIG, T7bb car-
boxylation & oxygenation %17 5 DT, T DRIGH
(specificity) % carboxylation fliCfEIT 2 Z L 3 EET
»5. TibbT <Shi RubisCO 2B 25 1it, fEH
FDHDRT T specificity b &L LichThiEin s
72\, 2L RubisCO D=RITHEX T TRE LM
TRTWBYDT, SHITMNHERNER L LREF
BFEL X h REBEERICHFTE OB RubisCO %
S B EBEEY, BCHYOBEL TS L
FE&h3s.

b vya 2 VRORBEE S LT, #HAkE
KERME BT HREA A+ T HED—F& Chlorobium
limicola THEEIFRBE IR, Y BROFEFIEES
FLARBE Hydrogenobacter thermophilus C D FEMTTAFRIC X
DTN I Fig. ¢ WiRT X 5 7ETH TCA
BRI EFDO—D2TH 5.5 OB, FROEY

Acetyl-CoA.
coz Citrate
CO2
Pyruvale\x\‘
l Oxalacetate isocitrate
CO2
Phosphoenol
pyruvate Malate a-Ketoglutarate
CO2
3-PGA Fumarate Succinyl-CoA

Carbohydrates Succinate

Fig. 4. CO, fixation by reductive TCA cycle in Hydro-
genobacter thermophilus.

Central part of CO, fixation by Calvin cycle.
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Fig. 5. Acetyl CoA pathway in methanogens.
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WMBNT B, BRILOMERE LT, FEMD
{EFERMBELHEME CIIETH TCA 1 7155
WML T 5L CoA R, BMKMEOPEEHE TIIK
7 2+ CoA ERIMBTBL5TH5.

3. BEREHL O OFBIKEEEBREY DS RE

bhbhii bl X 5 i RBEEY O 5> b, BR
BRECHREEZE L o4 Bl MEHTER LT
B, SEEE, B, T VHREIFIELE
B b OFICIRBEEBEMOLBELY AT, L
ERBEDCOVTUL, BrD=xAF—EE2 AT
SEEETHE LCHER, KERBMERS - & b
BELTHLTWBZ EXRWEL, BEM, BELF
Bk, [N, BT VDB TEERTL S OR
A DWEY b OKKRICAELHERL, —F, Xisr
REMEDCOVWTIERED S vEBTERY YT
7.
ARFEBRCEEIBI LT3, bhibh ok
7T BBEEBEI LR T, WAWATEMT
BOIDTAZ Y —=V I ufTole b & AEKOERK

PERETER. ke, HRAZMTLHFLERIHE
&KE, BFETIX Table 3 IR L X 5 18E33MEL L
DERIHEE Y b OBHEIREINT V5.
bhbhn ol LB 4 B0 X B EEY
FLDL D Table 4 THB. ZhbDd5b 2 kit
WK E ST <AL T - BEOE T, —Hik
B E T (Hydrogenobacter),'01) #5137 iR M (Hydro-
genovibrio)!?13) TH HH, W b bR mIr %
HEVCIHEYD > TED, KERBCMEIL T THE
URBELRBREE Y EHRED, LW XhET
DEHBXEL, LDCHFEL L THABCED bR,
FRARRZEBE L LT, UEHROZHs S HEKk
T Hydrogenobacter BENFERINTW5. Xhizfiic
VREBD LK, RELTAET B REETEY
LTER 8D ED S LR 5 EH DT TEH »
ELEFERENE LB D Pseudomonas hydrogeno-
thermophilai*') <2, REEN AR ETE L TP EE
DEBILEY (BEARKERE) 2HWT 5 L2
DTR\EI NI Pseudomonas hydrogenovora'®! 7¢ &,
L OFBEORBEEHED R L.

Table 3. Various hydrogen-oxidizing bacteria.
. Gram - N Growth . Gram - N Growth
Strain stain  Motility Fixatzion temp. Strain stain  Motility Fixatzion temp.
Alcaligenes Mycobacterium
eutrophus - + - M gordonae - + - M
hydrogenophilus - + - M Nocardia
ruhlandit - + - M autotrophica + - - M
latus - + + M opaca + — - M
paradoxus — A\'% - M Paracoccus
Agquaspirillum denitrificans - + - M
autotrophicum - + - M Pseudomonas
Arthrobacter sp. + - - M JSacilis - + - M
Azospirillum Slava - + - M
hipoferum - + + M pseudoflava - + - M
Bacillus hydrogenovora - + — M
schlegelii + v - ET hydrogenothermophila - + - T
tusciae + + - T palleroniy - + - M
Calderobacterium thermophila - + ? T
hydrogenophilum — — — ET saccharophila - + - M
Derxia Renobacter
gummosa - + + M vacuolatum - - + M
Flavobacterium Rhizobium
autothermophilum — — - - T Japonicum — + + M
Hydrogenobacter Xanthobacter
thermophilus - - - ET autotrophicus - - + M
Hydrogenovibrio Savus — — + M
marinus - + - M
Microcyclus
aquaticus - - + M
ebruneus - - + M

M, mesophile (30-37°C); T, thermophile (around 50°C); ET, extreme thermophile (around 70°C).

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

508 RE #& EYTH H13%
Table 4. Characteristics of hydrogen bacteria isolated by the authors.
Pseudomonas Hpydrogenovibrio Pseudomonas Hydrogenobacter
Strain hydrogenovora marinus hydrogenothermophila thermophilus
sp. nov. gen. nNov. sp. nov. sp. nov. gen. nov. sp. nov.
Size 1.0 x2-3 0.2-0.54 X 1-2p 0.5-0.64%2-3 0.2-0.3u4x2-3p
Shape rods comma-shaped rods rods straight rods
Motility motile with motile with motile with non-motile
polar flagella a polar flagellum a polar flagellum
Gram-stain negative negative negative negative
GC content 62.3-62.5 mol% 44.1 mol% 63.5 mol% 42.4-42.9 mol%
Opt. temp. 30°C 37°G 52°C 70-75°C
Hmax 0.18 h™! 0.67h™? 0.73h! 0.38h7!
Growth CO,, Sugars CO; only COgy, Organic acids CO, only
substrate Organic acids

KEBEWTOWTUL, 1B EAEHBRSBEENRTHR
TWhWEBRET VEBEDARA 7Y —= v V2 RAELE
R, 50~60°C TX<AEET 5 2 EHD Cyanobacteria
BHEETDZ ENTENR. 189 L0 5 BT Synechococ-

cus BE ERAE I i a-1 BkD RubisCO i3, BEF .

TR I CRAEER L LUOIESEE S L 08
EHEELRL,® 7 e~ LS hEEESIREINRT
B¥h, RBEXHEELLTE s ALav2EL
TEERTDZEVPELNRIL - 7.0 & LIRMA,
IR D E R KFME P. hydrogenothermophila @ Rubis-
CO TDOWTH R h BREWNFER I hic.

4. FRRERERROBHEIDILE H1 7L
BMFOBELE

BxDORET CHALCOBIhCEBIT bl 5 R
BEBEWC 2T, ThENED L 5 R CKRER
HADERXT, BEEYOE—REEEL LTDOR
EHHERI LTV BDMLCOWTERR L. FOER,
MR TN BTV B I AL E VS, 2 A0 LB
EERL, ZhbHEMDOLE T LHFEL T,
REBEECBEH2@BR TH5 RubisCO DS L%
BB cENDD L, FrEh b Ttk <,
B Wb BERBICE\ TR, 2ALEVYSHS 70
LRF ST B BRBEFEELTCWDZ R RV
L, BT &S FREMENE LTRDTOHMRT
HDHD, FEMD Hydrogenobacter BEIC I\ 5 REEE
TERERE L LT “SBITH TCA S 747" M -T\w 5%
CERFRRBEBLEL.SO ZORBRNEIHEINID
2, ZORBI 1 7 A SWTEERSIKBCHEEL
TWB 7= VvEgED, ERINIOIDBEINDLDOMY

PO LEEREIER XN D THD. Thbd, 7=

VIR FBEEER ATP : citrate lyase 23S X, F R
B O RIGOFEH B 45 BB T 5 2 L A8
LRI VBEREESERIhL. D i, Z0BK
RIRWTHA 24035 2 HBEREET B edicis, di
K ED 2B TEVETIVBLELENRD. AROR
BEEER T L OMEHEE D C. bimicols DBETITE
TR 2 VFF Y v RLORER R LTVBH, IF
SHEEETH D H. thermophilus THE UL 7= V FF v
VERWED B b o T\ B EAETIITHE LT -
TELk.

A + v B LRI Acidianus (Sulfolobus) brierley:
DRBEIEEBRICOWVTIL WV EREIR L, BTH
TCA BIRE & T2H LD BH, bhbhrFAERD
TR, YFHECRIIALE VS 7 LDBBEETH D
RubisCO B X U7 £ F /L CoA R DGR TH D —
BILRET e Ferr—Hizd s b, BEH TCA
B DOBEEFZ CH D ATP : citrate lyase TEME D BB X
T, ThLDWThOBRRBRTHWZ EMBELMI
feote. BEPFELED THH, BISHXSREE
CRT HRREIEA A T B DO —E Chloroflexus aurantia-
cus TRIE I TV 5 Malonyl-CoA fRH2 1 B D
BB THHFEEMNE N EEL TS,

DER, LENLKBEERER THDLILE VA
sADs, HEHOEET LB\ 50~60°C EEX LD
REEAEME LSO ERE S v ETLEEL T
HDTEREFEBL, BIRDO L5 Eb DB D Rubis-
CO iR T 58 L Ly 1, DNA KLU'7 3 /B
BFIZEWBEK DL 0L LB L. 2 LR, &
EHROR B AEMETIE RubisCO OHHiz 3£
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Fig. 6. Thermal stability of RubisCO purified from
Synechococcus a-1.

By, £ERECHE L TCEBRIGEBE &L ST
ENGh ot R BOERFICIiTh s b DFERMED
BB ELALI T ot BeXT A RERYTT
—20FE LT, GRS VETH D Synechococcus a-1
BED: B OFER RubisCO # HEMEBMHE & T
% Chromatium vinosum @ RubisCO L HE Lz D%
Fig. 6 IR L. ZTH 5D RubisCO (IBEMHR,
HEYHELE DK T=2=y b, Py Ta=, bED
KO 8EN LI B1684 (Form I, LsSs Bl) Thaik
D FEISDTLHRE L (#550,000), ThbHOWE
LR LIFRRE & oML LA T 5z
LA TRID, SHLDOBEFRIZOWTOREIL
HL LM Eh, EBE A MR LTHEPTN

KBALTBEZATHS.

—7, WALADSBEEED RubisCO 2o\ T
LTW3 5 bk, XERMEO—MTLrH@bR T
Tehrole Ky 7 2=y b 2DOEZLLEBH L&A
7@ RubisCO (Form II, Ly &) #3 EEED Hydrogeno-
vibrio marinus 7> HALZEMIT R BT & LUIHDTEH
R Ehiz. 2 RubisCO DR T2, {b2¥hir
FEMAEIFEIBNIL 24 7 THB L, h bk L
LeSg B RA LICBEBARICEVIFELBEITH S
B, TORDORERIZOULETIOTHS. Lond
ZDOHIBLIIZ, ZOHEIL3ED RubisCO EEF (L,
BI1fEL LS B 2ME) b - T BZ LB LMR
Ttotz. R 2 BEHD RubisCO % 3 SHEEITA LR
TWEASEEL D > TV A0 TU L.
THhBLDORETFIZITNT Y v — VLI IEXRFHEH
DI > TV5h, 3BOKRKY ==, FEDHERE
B EDELKL, Form II © DRSS EMAE T
& B Rhodospirillum rubrum @ Form II K47 ==, b

{Hydrogenovibrio marinus {L2)]
’_'L_: Rhodospirillum rubrum (L 2)
Rhodobacter sphaeroides {Lx)
[Hydrogenovibrio marinus (L8S8-1)
Chromatium vinosum (L8S8-1)

Thiobacillus ferrooxidans {(L8S8)
[Hydrogenovibrio marinus {L.8S8-11)]

Chromatium vinosum (L8S8-I1)

Pseudomonas hydrogenothermophila (L8S8)
Synechococcus PCCE301 (L.8S8)

Spinacia oleracea (L8S8)

Xanthobacter flavus (L8S8)

Alcaligenes eutrophus (L8S8)

Fig. 7. Phylogenic tree of RubisCO large subunits.

ERIT T, Form I DL DL EVRAL
IOPLULAXREHMETH S C. vinosum D 2ED
Form I K47 ==, F XN FRAREAS &
SABHIHERENB LN (Fig. 7). Z0Eh, W%
PEBREMET THREEL TV 203 BRE TR AL,
BEFEEIZ 3 RubisCO AFEE LTS I & HESE
wizh, ThbARERETTEESB VL LLHEL
Mot ED XS5 FSERET @
RubisCO LW THLADELDHRFL LT LT,
MO RBEEBEYRET S - LATRER L5 L1
BLTWBEZATHS.

5. WEMKEEEDHA

IR EDORBEEE L EECEYOEEU»HE LN
i, EHORLTHRENKAZ W LR EC B
THHN, T TRHREE EFEALMEEL oD
HELREERBRY ADNER IOBERILE V> BAI
3o THAYRRBEIEOFIH L ¥ L H7cd D% Table
5 R Lic. Tighb, MAEHD L OB REEEERE
TERFIBTZ EThE, REBY 200 OBBEY B
WEE L, YL BOEREFR RubisCO O\WTD
HRZFIH L B & 5 e RS EEEEEDF -
PERE LTHA-TL B, TTRBRIX 5 ictkhksE
RERERAROBRBICS L L EL XD 2B,
BB DO TIRB Y A REYS F CRATHZ &
DFREROTH/EN LTS, BE#YE LT, 0
RTREVAIDI S KBAEY BTG T
72, AIMEEDOE 7 -4 V& I A AKX ETEFT
H5. BAHNCEERE L TE-RVBELBLIES
BADIIDLLAT7 AV I AR EDFTHAD
2, B - REMEYE KL LTELHLLEXE
CHE, HEBIhLZLOYERTNETHAS.

IDXOSEEZTLDE, k= F I, {2
EAXNF - BHCTHERI  REX AR EE - Bt
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Table 5. Utilization of biological carbon dioxide fixation.
Plant Agriculture (Foods, Feeds, Energy)
Forestry
Giant kelp Biomass (Feeds, Fertilizer, Energy)

Microbial cells

Cell components and metabolites
Single Cell Protein (SCP)
(Phototroph, Hydrogen bacteria)
Hydrocarbons and lipids (Phototroph)
Extracellular polysaccharide
(Hydrogen bacteria)
Redox or electron transport substance
Pigment
Quinone, Cytochrome
Enzymes and coenzymes
Hydrogenase
Nitrogenase
Vitamin By,
Chemicals
Methane
Formic acid
Acetic acid

Blue-green algae

Bacteria

THEEHORIRVERE L Its. BEETIR, £
B TR SR, #E T KRBRILMEL b
2> EDEBTHDEELZ, ThEERBVLTWLLDOhD
BEILORZ AT, T, BHHEEHECOWTIL,
B L OEEY BT LT, H3RBMI sy
BOERTHROEERMES vELTTRBLRTSE
D, OBOMENIEBTOR A, HEFROE
BRI A, KBHCIABEY AT &R TS
PDEOICRILEDFIR TS > TWb. BETLHDL,
BRTIEHUI v LArk=F 1 F - X 5K
EREBREBEORAREN TS TR\ CIDIABTREL L -
TWBH, XERBEEHOFIBCOWTIL, KBEE
DA b KFERE L EOXB T w22 7 b AHEDBR
TEY, EVIERCKT > 4 A =i E 2BV RD
BRWKFIARICE ORI HAFTES. —F, KEB
LB D\ TILBTEE DX 1 R CHEBR S B AT BE 72
BB P. hydrogenothermophile % A\ THEfE & v 20
DEEXRALRN. TOREE, KK - BFE - RE» Ad
bie s 7 AREE L ARPC Y BN EE T3
EREREEYFALT, ¥AREECELREE L
TXELDTEN 3g/l-h I EDEERNRELRS
ERBALMAR L. ¥, FIBOFEMEKKME P
hydrogenovora % A\ CHEAEMCHEE~T » HBELE
W3 &, Mb P EESPRARME Hydo-
genovibrio marinus T AV THEMEARK 7 ) 2 — ¥ V%
BErEEERICILCHLRI L. D b OK
ERLHEORBEEFEEILZ D TT SR TV B2,

ZTONBEVIBALLORKOMEIL, X=x1
F—DBEGEMLIOST=FAF—RELTDOKFE
%, RB7ADOEIE T i/ W T oK Mic\ e
BEMLECIRTHD. KrbDOE= A FDKEOH
WOrHEIhD L ATHD. ¥, 7,4 V5 IR
NATEDDH, REFBEMAKEME H. thermophilus
DHEERT & LTRBSEOE VHRF b 7 2 4 ¢ Y
ERIh, COBACRRAL2 v 7 ONBRERE
WTOERLFBEL LD T, Eoe{HLVWEF
EEA L LTOFIBROWTRENMT >R 5 2 &
PAEL TR
UEBNTEIZ LD DRLIZL DA, #ERET
o L BECHIBOBRREERIRBY AT
DB, ThyEEL LTHEBLLTVB301IBIRT
IR LA EBE, RELEOBYOELEFIA LD
DDRTHD. WEHOBEXTFIR L RBEEYE
ELLTURYVIIRDZEIBH TV, FThikt
TR HATEETC & D & T A0 EML, AR E
LRTVBRBY ADBFHEBF OB &, #imL oo
HOLARKEOR N ADNE 2 A P #EFERNR & 5%
fi3 52D > TVWBTHSS.

ARBILTIHBTELDFADOTEHRETEBHC L - THbh
ELi. B, REBYAXNEEOREBRTH D = &% IR
i, MIREZZBELTCTI-7-88, ERAFEL/EHSHILE
g, CBREL Y VW EERAYEL RIS KER
FREECHEATHEXRLET. 1o, AHHEELEL (B
HE) R LD ETHHRAKRERET B FB B ENTIREH
REOELOTHELEBOMEEOZHBHE BN X - TR
LB DT, & CAMEE DL OO LM A LET.
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