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For mass production of polyhydroxyalkanoates (PHA), high cell density cultures of Alcaligenes eutrophus by fed-batch culture
under phosphate-limitation condition has been investigated. PHA accumulation by the regulation of initial phosphate concentration
could be automatically induced, and high density cell culture above 200 g/L also could be successfully produced. The production
of Poly- 8 -hydroxybutyrate (PHB) and dry cell weight increased with increasing the initial phosphate concentration. When the
initial concentrations of phosphate were in the ranges of 1.5~4.5 g-PO4L, PHB and dry cell weight obtained were 83~266 g/L
and 61~214 g/L, respectively, and PHB productivity was in the ranges of 1.35~3.10 g/L - h. When a mixture of glucose and
propionic acid is used as carbon sources, poly(3-hydroxybutyrate-co-poly-3-hydroxyvalerate), P(3HB-co-3HV), could be also
successfully produced under phosphate limitation condition. When the mole ratio of propionic acid to glucose in the feeding

solution is 0.22, a final dry cell weight of 150 g/L and a P(3-HB-co-3HV) of 90 g/L were produced.

Morphological changes

and size distribution of PHB granules synthesized in A eutrophus under phosphate-limitation condition are determined by TEM

during the course of fed-batch.

Mean granule diameters of PHB produced are in the range of 0.36~0.39 um, and mean cell

size was elongated from 0.54~059 um X 13~15 um to 083~0.83 um X 20~23 um. Phosphate concentration in media

did not affect size distributions of PHB granule and cell.
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AAtell @ A= poly-3-hydroxybutyrate P(3HB)%} poly-
3-hydroxybutyrate-co-3-hydroxyvalerate P(3HB-co-3HV)ll
Wated F2 o]Fo] HurH4-12). WEAel PHAS A e
ol Alcaligenes eutrophus (5-6, 9-14), Azotobacter vine-
landii (14-16), Methylobacterium sp. (1, 17), Pseudomonas
olivorans (18-20)$} Escherichia coil (4, 21, 22)% #& Az
g dF7F Atk £3] A eutrophusye WE TFAFOZ oF 80%
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4, A eutrophus—- AMg-3te] L= propionic ac1d§_
E P (SHB -co-3HV) FF5gA e 4ol 7hs3icke). Bx

2 A5 propionic ac1dt P(3HB-co-3HV)olA HVE f{}
At AHgdr.
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AHEEE f7RA vl ogE pH-statd, CO: evolution rate
(CER)E o] £3ld 71233428 dAss Wy, auto-
matic on-line monitoring system& o] &3l= W Fo
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B AgolA PHAY Al A83 75+ Alaligenes eutr-
ophus (NCIMB 11599)e|t}. ¢ ®l4& 98] AH&d wlA
9] ZXA(L ) EETF 15 g, MgSO, » TH:0, 0.2 g; (NHy),
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S04 1 g KHoPOy, 1.5 g NaHPO, - 12H:0, 9 g; citric acid,
1 g trace element solution, 1 mLeltt. Trace element
solutiond] ZAJ (1L F) FeSO, - THO, 10 g; ZnSO; - 7THN,
2.25 g; CuSO4 - THO, 1 g; MnSQy - 4-5H0, 05 g; CaCl -
2H0, 2 g NaB4O;7 - TH20, 023 g, (NHaeMorO24, 0.1 g;
35% HCI, 10 mLe]t}. “HX]4 %*7) pHE 682 Z24dd4x
WA AEFE TEF3 MgS0s - THO0v EE#HA A g 7—3
A A ANE BAE7] detd tE wA JEFG dRE
st dHzloA 121Cel A 208 Tk ATt F2
o] e 100 mLe ®IRZF E%lE 250 mL A7t Feix
ad #& FF34 30°C, 150rpmol A 18~24412 B¢t 2
g djkate] AR AT

F7h4] uj ko o5t PHB2 M &

F7EA v gol ot PHBY A AAE Al gatelA
gt Mg 27] ALY FEEF 2HI A2t
Aol i QNG S Avsto nAHEF st PHBE
A EE FEgch FUA wiokel AR&d v o] 2A(IL
e 5T 15 gr MgS0s - THa0, 1.2 g; (NH4)2SO04, 4 g;
citric acid, 1.7 g, Trace element solution, 10 mL$! phosphate-
free salt BlA|o] AiEe] 27 FEF KHPOS H7MES
ZA39 15 1.8 29, 32, 45 g-POJ/LE ¥3l Al PHB
AL 93 f7ha wioke 251 39 TaV(FELET])
AL AT fob] wlgY 27 Wgdde BEe HEY
T3 08L7F HEE FArt wyste Tl WGy
9] pH¥ 2N HCI #9353 28% ¢Euol £9& AL&3ld
pH 632 dA&A ZEHFAT, WEF2EE 34°C oAt b
St Fote] &2 449 TEE 10~40% EIFFEZ H
Agn, A ¢ 4xE YHoz TFsd

$7b4 MYl 718 BEE DO-star BHE ALY
. DO-stat 7k W FFE 714l nEHe] ol
weh wdel §E44e B 0% o4 EaBEA
A ZE g dAFY 7|4 FEAT00 g/LY =T £
Aol A& pumpel s FIHEE st Uyt £ 4
FAME L9 57 15 ¢/l AER FAHES dF%
o A& FFAG Wdse ¢ HEY FE, 7]Z1
9 %% PHBe &, T7]d o]&d o9 T w3
& ZA37) Yt UH 2~3A1takh 1~2 mLe] W
A # g ot

oz oz
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o) propionic acid(P)} L= (G E51ABE {714 wide
FEdoz Agsgrt FFAY 2HL TEF T00 g/L%
propionic acid 62 g/L. (P/G &8]: 0.22) olt}. 7|49 FTHL2
PHBe| Aol d A& 71238 5 HHs A%

A A s 7000~10,000 rpmol A EA F
e e o 24 5o Aga7] 9
FT, 05 ALE 2R5E 233 AHD
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Fo] 70CY AZR7|NA 24~28A7F¢ AZANA AZAE
%< 4844

PHAS ¥A4& FID7} %&¥ gas chromatography (Hewlett
packard Model 5890, USA)Z A8, ¥4 22 capillary
column DB-WAX (30m long, Film thickness 0.5xm, Chrom
Tech Inc.)& AH&8t4th ¥ & EAZ benzoic acid&
A48, PHAY EFEZEZE BiopolAlolA A4tel PHB/
PHV ZF&A(19]1 mol% HV)E 88 GCEAE A3t A
2o AAYE Omg A5 AZ AX %L 10 mL vial
of Y1 2 mL9 1,2 Dichloroethane(Sigma), 2 mL2 HCV
propanol (1:4 v/v)% 0.2 mL9 benzoic acid/propanol (0.04
wt/v)E F713kd, 100CAA ovendtoll A 24 7H5-¢F 71 &
Aotk 7t Fo] AU EdAM TEANLF FHFE AmLE 7L
g, 20-30% ¢ EFI F AR} dojurE gAd
o &€ 1pL MFstd E43A.

e} ¥xd FrE IEG EAM7(medel 2700, Yellow
Springs Instruments, USA)E AH&3tad of A|7teld) 248
Aok WFE Fo AMEY FESG YEFY FEE 4G
Sol&d ol columns AHE3S Ion Liquid Chromat-
ography(ILC, Waters431l, conductivity detector, Column
IC-Pack A, IC-Pack C, USA)E At&3It).

Axe Hey HalE YA @9 A (150000)E AHE-5hd
dEeg, XU PHA A9 A71E £A87] H8tyo
3428 v) A (Philips CM 20, Eindhoven, Netherlands)g&
AHg3te 130008 Al T FoAAE Y H(TEM)
#od$ 9 N8 AFNY FA4L gy 2o HEe 1
A2 0.1 M phosphate buffer (pH 7.2)9 2% (v/v) parafor-
maldehyde?t &F¥ 2% (v/v) glutaraldehydeol A =333} %
I, 1% (wt/v) osmium tetroxide® du]iA st Ut A&
o] g4 e F5E 30% (v/v)dlM 100%7HA A
Hog goldA 7t FxoA 1087 #3312, Epon 812
(Agar Co., Cambridge, UK)ol nmA&3sle 9HG Fug)
At

Xt

Kl

an 3

Q1N HEstolA 2 PHBS 44t
2 A7dA A8 27 AVE ¥E F Y 5e $EA
P

45 g/LAM #7714 dFE she ol Axe 433 PHBY
AL F Qi FE WStE Figure 1o BA8HAY QAY
=3

9] FEE ok 2047 o] Foll FHIIA ZHadlgon, oF 374
b o|Fo] @A mzHTh darde]l nAHNE W BRIAA
2t =57 A% (residual cell mass, RCM)& z+zt 117 g/L#
622 g/L olrh QAEel nAH 7t 2AIZE o] Feol HE
el PHB @#3ke 25%olA 62%2 HAsHA Z7lsldes,
oF 50AIZF wj o) Foll= 74% o4l PHB #akg Rlch 68
AZE g Foll Aatel AzTAFS o 266 g DCW/Lol3lt
Atd PHBY %3 PHB #%& 747 214 g/L} 81% oldch
uteld, PHBE A9 &FdAEFE of 52 g/L ol

27] QA =W 15 g/LolM 45 g/LY o wjFE
o Alzbdste] W Axe] A3 PHBY XS Figure 29
EAERE, 27 YA FE Hge] wWE XA, PHBY

Dry cell weight (g/L)

| () 4%

Phosphate conc. (g/L)
PHRB content (%}

Time (hr)

Figure 1. The time profiles of (a) dry cell weight, PHB, and
residual cell mass and (b) PHB content and phosphate during
the fed-batch culture in the medium containing 4.5 g-POy/L.
Symbols: @: dry cell weight, V: PHB, I residual cell mass,
(O: PHB content, A: phosphate.

o)
@
T

Drv cell weight (g/L)

PHB (g/L)

Time (hr)

Figure 2. The time profiles of (a) dry cell weight and (b)
PHB during the fed-batch cultures under phosphate limitation.
Phosphate concentration (g-POy/L): @: 15, O: 18, ¥: 29,
v: 32, I 45

A3 PHB #3, PHB A4S Figure 3o A skt
A AzxFAZE PHB AMNFS %7] 94d 5%t &71
o) ugt AgHoz FriEiTh JAtdY 27 B:7F 15,
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Figure 3. Effect of.initial phosphate concentration on the
production of dry cell weight and PHB. Symbols: @: dry
cell weight, O: PHB, ¥: residual cell mass, lF PHB content,
[ productivity.

18,29, 32, 45 g-POJLY W HF AMd AzFAFL: 247
83, 105, 172, 183, 266 g/L ©IlT, PHBE #7 61, &, 141,
153, 214 g/L& AME £ Atk Ao 2N AL F
sre 7hzh 22, 23, 31, 35 52 g/Lolth Qlatde] FEsb 1
g-POJL Z7hgtel wel AzaAFe] ok 61 g/l F7HetAn

A ABSIH AEFAB T5%~82%2] PHB 73

2 F Agon, Audel F57h £94% PHB @30l tha
ek gl AT PHB A44E Qudel 557 15
g-PO/LY ® 134 g-PHB/L - holgli, ardel $e7t 57}
ol weh PHB 444l A9 HOR $7bste] 32 g-POJLA
A o} 313 g-PHB/L-hel EZadin 1 ol4e) Aud B
e AHe RS QT A% ol 27l AP B
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olN ne

2gozA uFkd MY e T £ PHB A4
e F Atk EE, Figure 3004 2evkeh 2] gl
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z7) &% #sle] wet HXe PHBS Aol Aol A

o5 F7h3ky] Wie] &7] A ¥% -l o8] PHB
(o]

NS 248 F 918 Juldn

1o ot a2 ox ft
2 1o e

olated HM 1ol M2l P(3HB-co-3HV)el A2

PHAE A8 & Qv o489 THY AL &4
g} oFdt FHF9 PHAY Aate]l 7hHsslt). Propionic
acid9t £529 ZH[(P/G)7} 0220 7128 A&dted Ak
4 Agatel M P(3HB-co-3HV)Y &3 ¢Ae AMS #%
g, JMde 27 2 F 45 g-POJLE AE wiAd
A FobA wkg s Htel Alzbe] wWE M X AFH
P(3HB-co-3HV)S} HVY &% Figure 491 =A8 At} &
7b2 wlF g Fatel % 69 AT Fd AxTA LS 150
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Figure 4. The time profiles of dry cell weight, P(3HB-co-
HV), and HV content during a fed-batch culture in the
medium containing 45 g-POy/L. Symbols: @: dry cell weight,
B P(3HB-co-HV), [ Hydroxyvalerate content.

g/Lg At A E P(BHB-co-3HV)E HVY 3o
15~20 mol%< P(BHB-co-3HV)E 90 g/L AT + U
i, EFTAFL 60 g/L °1dt}. P(3HB-c0-3HV)Y % &
g AzxoAEY o 60% o, PBHB-co-3HV)2 At
e 1.3 g/l -holdth. 33, Figure 1A HEntst Zol
PHB Aj4ate] ZA¢ <atde) %27) %7 45 g-PO/ALY o A4t
H AzTAFS 266 g-DCW/LeIAx, PHBY %3 PHB &
¥ 77t 214 g/L 80%olrh olet wladA propionic
acid XEF ETHAE 7142 A8d AL P(3-HB-
co-3HV)2) iAol A v} o]+ propionic acids}t #2
FANEE JNAZ AHEE A ALY AR PBHB-co-
3HV) @A g Aajgs oujgct ol FAE AFr} ot
TYUESE 713 A dULsE ALES PGHB-c0-3HV)Y &
FHA AMFAANE FFEHUADE). P/GY vl7t FIMES
2 HAzAEFY PGHB-co-3HV)Y #akol 7HAdqlx,
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Axel a7t AASA F7reEY. PHB &3e] 75~80% A
3ol Wik 45413 o1 F Y FAlY HF 27| 080~082 pm
X 22~23 pm oAtk w7l Aol wste] HEX H
T A3 AX Aozt 77k oF 1.33 wie} 179 Zteigin). n)

AEEE A% Er
oz =A3

o
f
4
E-
2
L M X o
off B ood

i



Ryu H-W., Mass Production and Accumulation Characteristics of PHAs

(a)
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Figure 5. Size distributions of cell diameter during fed-batch
cultures in media containing (a) 2.9 g-POJL and (b) 45
g-POyL. Culture time (hours): (@) — : 18, —-— @ 25,
e 140, ---055. (b)) — 120, —-— 46, - -1 02
---160.
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= o
g < ¢
12 +
H) | 1 1 ! ! |
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5 Ir
2
g
2 6
5 L

Time (h

Figure 6. Mean length and diameter of cells during fed-batch
cultures grown in media containing (a) 29 g-POs/L and
(b) 45 g-POJ/L. Symbols: @: 2.9 g-POJ/L, C: 45 g-POJ/L.

(d)

Figure 7. Transmission electron micrographs of A eutrophus cultured for (a) 20 hr, (b) 28 hr, (¢) 37 hr, (d) 46 hr, (e), 52 hr, and

(g) 60 hr in medium containing 4.5 g-POy/L.
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A7MA 2 27) QA9 EEIL 45 g/l 9 AAE, 27 A
%9 A7) 054~059 gm X 13~15 pgmolX PHB 3#ake]
Z7tgtel wek Axe 277t "AsA Frlslde) 57~6841%F
w32l PHB #akol oF 80% ¢ w A%<} 27]7} 0.83~0.89
pm X 20~23 pmoZ F7HEIALE 27 AXEd vl&) A7
B Aol7t ok 15~16 Wi Z7isiglt. A#H oz PHBE %3
e FAoA ML WHE 7|FORF A eutrophus®] A7)
T Qatde z27] FRel #AQle] PHB o] A&
Z719 H)gte o 21~24v) Z71Etdc)

PHB 2Xx37|9| H3l

27] QA FETE 29 g/LolM AEE Wgss B A
Xulel PHB UxE =43 A eutrophus® TEM AR&
Figure 79 AAET 2710l A2 429 PHB YAHEo] AEuo)
AR (Figure 7 (a) W{FAIzte] F7hgdol] wle} AEuol %3
o PHB 9#e] #7F 9284 $7HHE & At} (Figure 7 ().
wlgFete Fetel MEUle Hd PHB dxkel & TEM A
oz RE FAHtHFigure 8). w27+ AZUe PHB
e s HF ¥ 3 ARE 1 glen, wjd Azhe]
7¥gtel whet PHB Ao 47 A9l M¥gzog Zrlalle
% Zrldle Axd Hd 9 A A9 PHB YAE F3sn
= AoE FEHUE AXUlY PHB 4AY & BAE
~BANMAE BEEJY. A eutrophus®] PHB ¢Ate] 3
AELY FAMRE AtEe= AE Figure 7 (a)9 (b2
¢ & ok durEd PHA A4 wtelglo}Eel Pseudo-
monas oleovorans (19, 23), A. latus (25), Azotobater sp. %
% PHBY %3& MY FAHdAMREH Z2o] Hrl wtdo],
Az Age] 25 PHB YAt AL AXe #& Fog
B A s Aoz 2ex lth24).

TEM AMRlo2XRE AXud] £39 PHB 949 2718 &
43t9l1, 248 PHB 9t TEM Aoz Re 243 B3
& 7Y AR FastAG. g Azl W& PHB 94A £
Z Figure 99] E=AI8tith PHB %3] Z&7)dl& a4 27
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Figure 8. Average number of PHB granules synthesized by
A. eutrophus grown under phosphate limitation. Symbols:
@®: 29 g-POJ/L, O: 45 g-POJ/L.
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Figure 9. Size distribution of PHB granules synthesized by
A. eutrophus grown in media containing (a) 2.9 g-POyJ/L

and (b) 45 g-POyL. Culture time (hours): (a) — : 18§,
— = 125 - 140, - - - 55 (b) —: 20,
—— 46, - 52 ---160.

= Aol 0.04~04 gm oldte] F& WYl PHB ¢
A Z27] BEE RYh wgAzle] Zrk3le) PHBE %3 o
Z7htel we PHB d# 370 B¥71 Yol eade x7
FE7F 29 g/LY W PHB #ako] 80%<! 50A1ZKFigure 9 (a))
ol %ol 0.04~110 #m9 PHB ¢#& =7] BXE ¥gz, 9
Mgl 27 F=7F 45 g/LY o PHB o] o 80%%
Figure 9(b)9] 60217t o]Fole 004~150 pm 7HA 9 e
PHB §42=27] ¥ & 7H3th Y9tdog A latusst Bacillus
megaterium 0.1~08 y#mg X E ztETH25).

wlofshe Eotdl M¥uel PHBY #Huydaarle wse
Figure 109 Z=AISIHT Z7] 4ge %7 45 g/19)
Figure 19] WAt wh2 PHB 33} Figure 89 PHB ¢
ZA719) Walg 4HEY PHB &3] 30% ©j&z 2o wjg
z7]9l= PHBY Hv d&27]E ¢k 0.15~020 gm ©o}5to)Y
th. PHBS %A o] gAsMA F7lete 30~50212t94 PHB
dAz7)7E EASA Skl 035 um ol4ez ZUlEdch
S0A1ZE wjko]l 3 PHB ko] T5%AM 80% 7HA Z7lstdl e
o, sjFe] F5d HejoMe PHB 9A Z7)= 2 0.39 2 mo)
Ak wkAARA R, 27) AAEY FE7F 29 g-PO/LY W%
voFAlzbe] Z71gel wel &, PHBY &3 3ol Z715Hd uja}
PHB izt zZ7)7b §48tA Zrlstgen A% AA" PHB
Yate] AN 4 036xmolATh Lee 59 AFe ad, A
T A77F 04~15 um X 15~80 pm¢l AXFE @l
o3 A4tel PHB 49 #E 2A7e] 113~1.25 pm 2 RO
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Figure 10. Vanations of mean diameter of PHB granules
synthesized by A. eutrophus grown in media containing
(a) 29 g-POy/L and (b) 4.5 g-POy/L. Symbols: @: 2.9 g-
POJ/L, C: 45 g~ POJL.
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