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Development of Fermentation Processes for Autotrophic Production of
P(3HB) from CO; under Safe Culture Conditions —Monograph—

KenNj1 TANAKA (Department of Food Science and Technology, Faculty of Agriculture, Kyushu University, 6-10~1
Hakozaki, Higashi-ku, Fukuoka 812) Seibutsu-kogaku 75: 185-195, 1997.

Fermentative production of a biodegradable plastic material, poly-p-3-hydroxybutyrate, P(3HB)
from CO, is expected to contribute to the solution of global environmental pollution problems caused
by the increased CO; concentration in the atmosphere and the disposal of non-degradable plastic
materials. Practical culturemethod for autotrophic production of P(3HB) from CO,, H, and O, by
the hydrogen-oxidizing bacterium Alcaligenes eutrophus were investigated. A recycled-gas closed-circuit
culture system enabled high-cell-density cultivation with high utilization efficiency of substrate gasses.
The fermentation conditions for cell growth and P(3HB) accumulation and the stoichiometry for
biomass production were thus investigated. The P(3HB) concentration could be increased to
91.3 g/l after 40 h cultivation using an explosion-proof type of fermentation system without the
danger of substrate-gas explosion by maintaining the O, concentration in the gas phase below the
lower limit for explosion (6.9%) and by using a high-performance agitation system (KLa=2,970
h~!). In order to produce P(3HB) under a non-explosive gas composition without using a high-
performance agitation system, a two-stage culture method was developed. This method consisted
of a heterotrophic cell-growth stage using an organic carbon source and an autotrophic P(3HB)
accumulation stage. The P(3HB) concentration could be increased to 21 g/l in the autotrophic
culture stage using this method in a normal type of jar fermentor (KLa=340 h™!) under a safe gas
composition.

[Key words: PHB, Alcaligenes eutrophus, hydrogen-oxidizing bacterium, chemolithoauto-
troph, carbon dioxide fixation, biodegradable plastics]
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Table 1. Polyhydroxyalkanoates and the carbon
sources.

Carbon sources Polyesters

Glucose Poly-3HB
Propionic acid, pentanoic acid Poly(3HB-co-3HV)
4HB,4-hydroxybutyrate Poly(3HB-co-4¢HB)
1.4-butanediol, g-butyrolaktone
4-chlorobutyrate
4-HB + pentanoic acid Poly(3HB-3HV-4HB)
5-chloropentanoate + pentanoate Poly(3HB-3HV-5HV)

Fatty acid (Ce-C12) Poly(3HA)

HB, hydroxybutyrate; HV, hydroxyvalerate; HA,
hydroxyalkanoate (C,-C,,).
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Fig. 1. Schematic diagram of recycled-gas closed-cir-
cuit culture system. 1, Fermentor; 2, agitation and
temperature controller; 3, pH controller; 4, alkali-
tubing pump; 5, NH; solution reservoir; 6, gas-
recycling pump; 7, DO recorder; 8, gas reservoir; 9,
saline water; 10, gas inlet; 11, gas-sampling port.
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Fig. 2. Autotrophic cell growth of A. eutrophus under
the gas composition of H,: Op:C0,;=75.0:4.8:
11.6 in recycled-gas closed-circuit culture system.
Symbols: @, cell concentration; O, partial pressure
of oxygen in gas phase; A, partial pressure of dis-
solved oxygen.
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Fig. 3  Effect of partial pressure of dissolved oxygen on
specific growth rate.

Fig. 4. Time course of oxygen-limited culture of 4. eu-
trophus without supplementation of mineral nutrients
under the initial gas composition of Hy : Oy : CO,
=75:15:10. Symbols: ®, concentrations of cell;
O, P(3HBY); A, protein; A, nucleic acid; O, partial
pressure of dissolved oxygen.
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Fig. 5. Time course of oxygen-limited culture of 4.
eutrophus with supplementation of KH,PO,, MgSO,-
TH,0, FeSO,-7H;0 and CaSO,. Symbols are the
same as in Fig.4. :
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Fig. 6. Time course of ammonium-limited culture of
A. eutrophus. Symbols: @, concentrations of cell;
O, P(3HB); A, protein; A, (NH,),SO,; O, partial
pressure of dissolved oxygen.

60 g/l &z, P(3HB) MEEIX 36 g/l 30 L7 (Fig. 5). 2
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Table 2.
oxygen-limited culture.
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Lichis T, REEW AH 5 PGHB) 4 ET 51028
KB AU T CERETHONEE Ly LY L.
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AXFELTEHARE O T, BRI BT 5 JHEEK
EHBOBEAIOCEBH AHRELRET 5 T L7
EBThs. £ T HALERE EREGOTHRER
BIVEREEY ANERENSABEOWMM &L PBHB)E
BT 5B ZZELNE LTz, T Table?2
iRt ¥k, ThbDF—2%bLie, EEERD
EBARLYKRDO L O CRE L. 68

Exponential cell growth;
21.36H;+6.210,+4.09CO,+0.76NH;4
—Cy 09H7.1501.89No.76 ¢Y)

P(3HB) formation;
33H,;+120,+4C0O,—C,HsO,+30H,O (2)

R (1) (HBEE T 5 EEERCBT 5 LF
BRX, X 2) CMEHBLEET ST % PGHB)
EREBTAIEERBRERLTWS. A (1) ©FR
Thb X5, HEUEEIT1 = r0R% (TRE
B ; Cu0oH7.1501.80Nos6, P 70 E DB TR D 2D THW
100g) DERT S DRMAETALDKKELE 6 ELD
MESLHER IR, Theffv 4 e L DORBY A DEE
ENBZ Ebhote. & (1) X, Bonger 548 dead-
end culture system & X > THRIE L1c A. eutrophus DAL
ZRBRNL I —FKLE.® L L, Pseudomoas B/ D
KERRALAREE!) R Alcaligenes hydrogenophilus®® & i3 h7x
DRI ->Twie. ¥, R (2) BRTIHICEED
P(3HB) ERH T ERA LA BORBR T A 2 EE
T 5 1D KR O HREH BRI B~ THILL5

Material balance for production of biomass, P(3HB) and residual biomass* in the

Product Aglrggﬁztd Gas consumption (mol) Elementray composition
) H, 0, co, of product
Biomass including P(3HB) 3.05 0.833 0.247 0.132 04.38H7.0702.17N0.38
Residual biomass 2.01 0.376 0.114 0.045 Ci.09H7.1301 89No.76
P(3HB) 1.04 0.456 0.133 0.087 CH(O,

*Residual biomass is the cell components except P(3HB).
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Fig. 7. Biosynthesis pathway of P(3HB).
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Fig. 8. Schematic flow diagram of the bench-plant
scale recycled-gas closed circuit culture system. 1,
O, cylinder; 2, H; cylinder; 3, CO, cylinder; 4, gas
reservoir; 5, differential-pressure type flowmeter; 6,
DO controller; 7, alkali feeding pump; 8, pH con-
troller; 9, NH, solution; 10, fermentor; 11, circulat-
ing pump; 12, mixing pump; 13, internal pressure
~ sensor; 14, saline replacement; 15, lowmeter.
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Fig. 9. Diagram of a basket-type agitation system.
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Fig. 10. Time course for autotrophic batch culture of
A. eutrophus using the explosion-proof type bench
plant with separate feeding of oxygen gas. Sym-
bols: ®, concentrations of cell; O, P(SHB).
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T 6.0%(v/v) fHE I MERE Utc. 3EB40BFH TR IREE
2% 91.3g/l ., P(3HB) ME L 62g// v in L.
P(3HB) D4 R B (1B R5RME C5.0g/-h~ 1 &
L, DRSO O TR L. 258FH B L
B, P(3HB) DAFERHENRA Licoi, XBV AW
RHEOHA X ) KAHOMKME BR TR
CHEEFCERR D, XDDHBEN RO T EILE
L &¢REREBbhS. BERLHMEYEBELTCO
P(3HB) DA ML 1.55 g/l-h~! TH o 12,39

PASKIERE > XA 7 A 5 JUBHBRIIER ~ X 5 A CTOD
ERERSY, XRRILABORESBERERS IO
PHA DO RBH LB BT 5 8% O & B LT (Table
3). 7s¥, PHAAECBIL T, FBRILAEWEYRE
B AT A eutrophus D 7V 2 — AR(LEEE R
fOEBEOBEHR L B RBAG T CTERLLERLS
ATW5D. KR TE ORI A eutrophus DB BREE
BRI, KRBCMEOHIXREGET T
EREBE LTd o L L, (LEABRII R
EMD e THEROET CHE. Fhe, ZAra—RT
EOEBILEDEAVCIER LB T HEAEDRVE
EXELRECPEHB) #*BOLIh D EIVRENT.

IDXORHBRERN VTSIV REVTRHE
OBREREXEL THI LR X »T, BROBBOIT
WEL I &M TRV PGHB) NB %185 - L KR

Table 3. List of autotrophic cultivations of hydrogen-oxidizing bacteria and fermentaive production of P(3HB)
using various microorgansims and substrates.
Culture Cultivation Cell Cell P(3HB) P(3HB)
Strains Substrate m: thlz d time concentration productivity concentration productivity Ref.
(h) (8 (g/l-h) (/) (g/l-h)

Alcaligenes Hy/Oy/CO,; Batch 25 25.0 1.00 — — 41
eutrophus

Alcaligenes Hy/O,/CO,; Batch 40 91.3 2.28 61.9 1.55 35
eutrophus

Pseudomonas Hy/O,/CO;  Batch 48 24.0 0.50 — —_ 29
hydrogenovora :

Alcaligenes Hy/Oy/CO; Continuous 0.40 —_ —_ 46
eutrophus

Alcaligenes Hy/O,/CO,; Batch 70 18.0 0.26 16.0 0.23 42
eutrophus H16

Alcaligenes H,/0y/CO; Continuous 0.33 —_— —_ 43
hydrogenophilus

Pseudomonas  Hy/OQy/CO,; Continuous 3.00 — — 44
hydrogenothermaphila

Alcaligenes H,/O,/CO,; Batch 60 60.0 1.00 36.0 0.60 28
eutrophus

Recombinant Glucose Fed-batch 42 117.0 2.79 89.0 2.11 4
E. coli

Protomonas Methanol Fed-batch 121 223.0 1.84 136.0 1.12 3
extroquens

Alcaligenes Glucose Fed-batch 50 164.0 3.28 121.0 2.42 5
eutrophus

Alcaligenes Sucrose Fed-batch? 18 142.0 7.89 68.4 4.0 6
latus

Methylo- Methanol Fed-batch 70 250.0 5.57 130 1.85 7
bacterium organophilum

Alcaligenes Glucose+ Fed-batch 50 —_ — 90.4> 1.80 8
eutrophus valerate

* The inoculum cell size was 13.7 g/l.

b The product was poly(hydroxybutyrate-co-hydroxyvalerate).
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Lic. LhL, XvF 75 v CHERL-REED
KLa iZIEBEEL, T X5 BB REMEY +O
FETRVSANTORBCHERT S LXERANTIR
. v o TRBFHRENEVC-REEYES &
P3HB) DAEERIIETT5.

4. 2BPEIREERCL DR LEHETTO
P(3HB) &/&

4.1 2BRBREEEICL S PGHB) DEE £
T, KLaDhE DB RVEE 21 T ORI
> T, [HBERBRELEL L& T ®\ P(3HB)
INBEB LN ERAFBECSOWTERE L. #0710,
EROLHM B FBOCIT S OTIXRL, ¥
R EDEBREBEY AV TRKRLBR T LR L »
THAYRERBENOCHEIR, RLBEREY
6.9%(vV) LT FAM LcBAEEy AR fitihT5
L X - THY KRBT PBHB) ¥ ER I 58S
B HFRCER LI ORAIT, Thi R - B
REFEDHIs % 2 BFERERE LFATVWS. 3 bAA,
COFBETCIEAEMEREC BT 5 BRREFEORL
XY RBRFTANREET HH, #H0O P(SHB) EREE
THARI - TEE - BT IhERBTAEBDIZ M
BT S\ W TRET IR ARI DI TS
Wicd, BT e ALEIIRM A ARBGRE LTHE
BT 5.

REFRBEE TORERE LTI0giDTAZ + —
A VTc 2 BFERC X A AR O R % Fig. 11
CRY. FRALCRMHE (25K ; 220ml) O KLa
X 1,400 rpm, 1.5 vvm OBEREHT T2 340h~1 TH
o, BEAREY 431 ¥ TREXRERNCHM X
ek, BAT AZHHA L THII R EH T CHEER
W~ P(3HB) * ER X /=& = 5, P(3HB)REL 21/l
FTHMLL.®O DX > 2B RERLDY
P(3HB) DRMEEAEENTTREM: /s & & 2 RER L1,
TR LREBAREPE CER Lo 7 4 2 b — RLfl 2
BB/ OT, BECheRboRER L LTIHR
RMC L > TRERERY, i) 7/ ere —2nb
HPE LB 7 L OB B Y OB & T s AR
RN LTV5.97%9)

4.2 WAL INM09 bS5 MEE T
WT, HRBUEE BN TTEEE (RITE) D% S =
S22 bELT, Ay b 75V EERT AR
BWETHCRE s, ¥ABRYETHIRLLED
EE»D M ry 75V FIIRERH M +Y 7
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Fig. 11. Time course of a two-stage culture of A. eu-
trophus using 10 g/l fructose medium in the hetero-
trophic stage (indicated by “A”) and a substrate gas
mixture composed of Hy : Oy : CO,=86.5:4.9:9.8
in the autotrophic stage (indicated by “B”). Sym-
bols: @, concentrations of cell; O, P(3HB); A, pro-
tein; O, fructose.

75— (BRE;400) REELL.®LrL, 2T
FAL-KIEERN RN O KLa (X 100 h— BEE Ui
<, PGHB) &£ EHRIIEHEEL Kot. —F, EH
AERTTHE L PGHB) Bic 3 MRBRLD D, KX
THEBEDH b 90%(wiw) DEHEE T LH PGHB)
FERTEZ2VDOT, BUVCEERE THEERVBREH
BREBBT LTPEHB) AERLHBED 3 &,
P(3HB) ORI E S URES->TLES. &
DOREZBIRTHHEE LT, BRRCCMC LD
BWRF L ETRERMN U TEREO LA » v — 2R
LRI VBRBBHEEYED L HEYRE LT
5.4

 » VY (C

AW TIE, REDOY 1 7 L8R E L-BRIER
RO TREROMREEL HBE LT, Ry R b
CEDBET 5 AF » 7 BMEEET 510D KER
LR ORRE 7 v v A L EEOHRIE, TrrRicEs
T A3REBOBBFECOVTHER LY. 2o, T
PASKTEBR V" A B~ 2 7 2 % {# 5 T A. eutrophus DI
MFEBREM T TOMMEs X U PBHB) D4 EX: % 7
Rz, EYAT A RX-AR L THBRROERE~S v+
773V ERHEL, KHOBEREX6.9% LTl
Z, B3O KLa DR\ B RBEEYACHZ LR X
h, BROERED VWKL E&HT TR\ P(BHB)
HEERBEYBHLNTEL. EHLRKLaDHED
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Autotrophic stage; PHA % 4B 3% Pseudomonas acidophila DRI % ¥k D
F;ggfxﬁﬂﬂﬁﬂw (BRI LT\ 5.9 —F, KX RCOWTILE

Medium DEHEER & ZIeRD B 5 &\ S RERLRIELE 5
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out | o2 con Ioe@Bbhs. Ll, KE=FAF—2kitfRo
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Air out EARIET 5 AF 5 7 BH OB LRI E
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Fig. 12. Schematic diagram of the two-stage bioreactor
for continuous production of P(3HB) from CO,.

B RVWER XA FORREEY BT EV P(3HB)
IREHVEO R BEERIEL LT, RIS L
BIEEN LD 2 B REVBER L. BEREY
43¢/l ¥ CRBREBOCHBE IR KL, BEV A%
e U T B EH T CEMANI PGHB) 2 ER X
#iok A, PBHB)RE X 21 g/l ¥ THM L. 2
BYPERIRT T, K PHB) A E0HFELICER) & &

Z B 5 . Alcaligenes latus® 71 & D—E OB BT,
PHA £ EE DA (L PHAER Y cxF L VMg
BEAEERET, PHARXT TRER Liciaosk
CERTS. Licdi-T, EEERETPHA R AE
THCRFREYIEBFCELSBE LT RT e bie
V. BEMLAYMOREY 0.1~0.2h | BEDOERR T
BHE L TRBFRVCEA LI IR, £OBR 7
AR RBIEEEE COIMEARORREHHAL T,
0.01~0.02h~! DFERR CHI KB ERIERY T
2E, SEEREYHCCHER L PHARAET
ZHDTiXie\ bk Bbh b (Fig. 12).

A. eutrophus DNRERY A b AEE T S PHA (1 P(3HB)
THb, p-3-e FeF BRI Y ¥BELE, <L
LTCEATFAF y 7R E LT <h sk
EA& %1 7D PHA Tidishotk. L L, REFL
FREDFEYRAVBHZ LR X > ThHEDT S hios
)2 AFARRBTYANLLER TS L3FTAATREL
Bbhd. AKLIIRBYANLHRESGSA 7O

ERMHE LTV 5.

AWRT — B ELT Y, KAHERE M KFERE
BHSBEM SOV EECEN R LETFET. 70, 26K, AW
BAIAMNKERFTARCFE TR REY T EMBOFTELE L
BH AGREETEN A A 7V~ T ORROTHHE B He X
STRLBLRBTCHHDT, LI YBRMELETFET.
¥, AFRO—EICHANETERBYS HBRHE (B)
(1), HRBEES04556011) X > THbh ¥ L.
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