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t} (67, 89).

PHAscL = Bacillus spp. (24, 67), Alcaligenes spp. (18, 29,
38, 75). Azotobacter spp. (39, 69),
(12, 27, 66) Zoll 28] glucose, butyrate, valerate 9] B
Hoezxey AFAIE R, poly(3-hydroxybutyrate) (PHB) &}
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3HV)] 7} tiE A0 PHAg & 994 slck E3) 0-24 mol% 2
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iAo AFEA2ZM EA HE7]A (propionate H valerate)
o) FFE Yo= 3} (14, 70).

PHAsc1 9h= €8 PHAucL 2l 749 2 rRNA homology
group loll ¥ pseudomonadsof]
alkanoic acids B tioket F - HEA FAZFEH AEAAEA
w, 53] Pseudomonas oleovorans®} P. putida7t i34 PHAMmcL
a2 A gl AFEES Aok (13, 67, 88). PHAMae &
A} 3-hydroxyhexanoate (3HH). 3-hydroxyheptanoate (3HHp),
3-hydroxyoctanoare (3HQ), 3-hydroxynonanoate (3HN)Z3}
o] 'AhgTt 6 o] TRIAE AR sk PHAsEA
B4k 2744 o)de] @A E EFsle 3EEAIE AP
E3h PHAucr A5HA m)AEES functional groups T3}
¥ U okl alkanoic acidsZHE TR A7Ro] EF
functional groupa 7z PHAMcLE A8 ot (

3, 4, 18, 21, 31, 33, 40, 41, 47-34, 65, 79, 82).

ojg} o] Al TAlsk: thHES] EEE PHAwL
¢} PHAMcL & o sUE 189 AE Wl Aded=A &
ek Aol analel Soltk Tely Aol dslge
-0l Pseudomonas spp. (68, 80) 9 Aeromonas spp. (22, 58)
oF AerA At (28, 66) ol sl poly(3HB-co-3HH) L}
poly(3HB-c0-3HV-co-3HHp) &} 7ol PHAye1 9 PHAMLY
N BOAE BS Egehs ARE Beel PHAZL 454 +
3g0] e olc

2]&) alkanes, alkenes,

PHAmcLS| Mg

Pseudomonas spp.o|A PHApc 2] T Aol g =
8 tAERE 377 4EiA Aok (Fig. 2). AR acyl-CoA
of] acetyl-CoA7} Bojx FT @ArlEHol7t oA AtE3
& A8l chain elongation ®FSolm, EAl= fatry acids€]
B-oxidation 3gol3, MAl= EET, gluconate T BHFEE
bl 0 R HE] AE 2 THE = de novo fatry acid biosynthesis
ol olgfdt A HEL B3l wHEoRl AT ArE
o] (R)-3-hydroxyacyl-CoA+ PHA synthase (PHA polymerase)
7F wifehe FEEH-S B8t PHAuq o A8l ol &€t
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Fig. 1. New PHA monomer units which have been reported since 1996. The publication for cach constituent is as follows. #1, [3]; #2-#3,
[18]; #4, [30]; #5-#6, [51]; #7-#11, [52]; #12-#13, [81]; #14-#15, [4]; #16-#17, [32]; #18-#20, [(47]; #21-#29, [53]; #30, [40]; #31,
unpublished data; #32-#33, [39]; #34-#35, [50]; #36. [26].
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(67, 89). WA ol FTE°] SHY HUELYORYH A
$dek= PHAycLOl= 2171 Bkt 2784 Apol7h v= 2 )
ol te] THAE XgsiA Hrk dF 5o, BT 8/
octanoic acidE BFAQ O F P oleovorans7t 3= PHAMcL
ol F @Al 3HO o]9lell:= 3HH %! 3-hydroxydecanocate
A7 23ETh

Pseudomonads®] 98+ PHAMcL O ATAT P2 7 7
T 2polE BT &, P oleovorans\} P. putida?} alkanoic
acids Z2HE] AAFZAF BAGle] Pt dFs EAFH 23S
7k= medium-chain-length 3-hydroxyalkanoatesZ%F A H
random copolymer& AJAVS|= WHH, Pseudomonas sp. 61-3 (68)
2} Pseudomonas sp. HJ-2 (15) 2D XS] Pseudomonas spp.
(80)2) 7% sugarst} alkanoic acidsZHE| short-chain-length
% medium-chain-length GHAE ZF k= PHAE A4 E
R N R CE Pt SN
A7} Qe W] o) GepiE SRHe PHA i
PHA 7 B01H0E A2 4o 9 EUE F69) PHAS
A& gk o8A PHAuc el B8 Fdol Pseudomonas
7 2l AR zpel7h vhe 24 PHA Aol dd o
3 ApEde] 4 58 9 (R-hydroxyalkanoatese] S5k
of Fdsh= 7t #59] PHA synthase®] 713 Solio] nj¢ o}
27 gEl Aeg A=A U (67).

PHAucL2 A&

PHAE FEergae g9 A4S 2871EE AR
sto] AJabeE WAt ohEl, AR ol AFARIsMY, b
A, AlAel tigh kdAo] Hold AEFESM] Fekigolrt
(71). o33 HAER <lsle] PHAE FEetiEs UAE
T U HEAAE B ohg} AE, AEsish oo F ok
g Fopll 28317 93t A77F 8] o|FAX L Utk Ywt
HO R PHAscL® PHAyciE B4 Holld wie oh& Aads
HQIt} (Table 1). & PHAsct o] thE3 IEAR! PHBS 7
$ ddFo go] AMSEHI e polypropylene®t ui-g- AL
SHAIE 2k 178°C 2] =5+=4 (melting temperature) 3 40 MPa<]

Table 1. Physical and thermal properties of various PHAs and
polypropylene (67, 71)

Property PHB  PHBV* PHO® Polypropylene
Melting transition 178 145 60 176
temperature (C)
Glass transition
. 2 -1 -35 -10

temperature (C)
Crystallinity (%) 70 56 30 60
Tensile strength

40 32 10
(MPa) 38
Elongation to break

6 0 00 4
%) 5 3 00

*Poly(80 mol% 3-hydroxybutyrate-co-20 mol% 3-hydroxyvalerate).
bPoly(ll mol% 3-hydroxyhexanoate-co-89 mol% 3-hydroxyoctanoate).

A (tensile strength) B 70% 2] £ AA 3% (crystallinity)
A LANE B A ReAE RS s B
thE# 2l PHAMmcLS) poly(3-hydroxyoctanoate) (PHO)2] 7
% PHBHC, B4 A& 10 Mpas] QIE 300%9] Q4

{extension to break), Z18]3 °F 30%¢] H|7F 22 AAZT

£ 714 @A (clastomer) 2418] JAE 7T (67, 71). ©]

A 7 2EARe] SHE B4 AolE sk PHAgc ¢

PHAvcLE 271 ME o8 859 ME 888 ¢ IS A

S Helrh

h, ol PHAsc 9 PHAycr ¥9F oRd2} PHAsc 9

PHAycL S48 BF ¥&3k= PHAC digh B4o] mil¢ 1L

ZH3 e, olYE ZEARE PHAsc @ PHAycL 22128

FE U e 2o AZE 548 7HE 7] Wil
o} AAZ Mawsusaki £ (68)9] R 23H 94 mol%

3HBS 6 mol%9] medium-chain-length 3-hydroxyalkanoates

2 2AE 723 filme] 79 133Ce) =43 17 MPagl
AL B 680%2] UAE 7HA low density polyethylenest

AF3] FARE e BAS 7RI AR YA ik

2 o

Functional PHAmcL

Functional PHAE ©$JA| 271R)o 54 functional groups
g3l PHAE AAgk= RO EA o] functional groups
2@ 7|AZRY AFEoR AAEALL octanoic acid B
= nonanoic acid$} 7] Preudomonas spp.olX PHAmc Sl &
AL 2 AR ©Aade] BR7AZ ) F7HE o TE
A} (cometabolism) & £3lo] AYAHE 4% Utk Functional
groupS 3T BAUE o8 & UEAY AR #rol
wgl B2 AfolE Uehll=t Table 2= Lenz & (64)ol 23]
71&8 vl wel thekst functional groups Zhe BAYE
& P oleovorans$t P. putida®] A% 2 PHA AEA g o}
2} 37FA] group 0 & E73 Zlofuk WA group Aol XgH &
29 M #2 A % PHAS APAS BT AXsh=
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Table 2. Classification of carbon substrates containing functional groups based on their ability to support growth and PHA synthesis by P.

oleovorans and P. putida

Group Carbon substrates used in P. oleovorans Carbon substrates used in P. putida
A 7-methyloctanoic acid, 5-phenylvaleric acid, 10-undecenoic acid, 10-undecynoic acid,
G-phenylhexanoic acid, 7-phenylheptanoic acid, 6-phenylhexanoic acid, 7-phenylhepranoic acid,
9-phenylnonanoic acid, 11-phenylundecanoic acid, 9-phenylnonanoic acid, 11-phenylundecanoic acid,
9-para-tolylnonanoic acid, 4-cyclohexylbutyric acid, 6-para-methylphenoxyhexanoic acid,
5-cyclohexylvaleric acid, 6-octenoic acid, 8-para-methylphenoxyoctanoic acid,
7-octenoic acid, oleic acid, 7-linolenic acid, 8-meta-methylphenoxyoctanoic acid,
10-undecenoic acid, 10-undecynoic acid, 8-ortho-methylphenoxyoctanoic acid,
methyl octanocate, methyl heptanoate, 11-thiophenoxyundecanoic acid,
methyl decanoace, ethyl heptanoate, 11-phenoxyundecanoic acid
propyl heptanoate, heptene, octene, decene,
11-methoxyundecanoic acid,
11-ethoxyundecanoic acid,
8- para-methylphenoxyoctanoic acid,
6-phenoxyhexanoic acid, 8-phenoxyoctanoic acid,
11-phenoxyundecanoic acid,
9-para-tolylnonanoic acid,
9-para-styrylnonanoic acid
B 6-bromohexanoic acid, 8-bromooctanoic acid, 8-bromooctanoic acid, 11-bromoundecanoic acid,
11-bromoundecanoic acid, 5-methyloctanoic acid, 5-chlorovaleric acid, 8-methoxyoctanoic acid,
6-methyloctanoic acid, 11-cyanoundecanoic acid, I 1-methoxyundecanoic acid,
8-hydroxyoctanoic acid, 12-hydroxydodecanoic acid, 11-ethoxyundecanoic acid,
1,12-dodecanediol, 11-cyanoundecanoic acid, 3-phenylpropionic acid,
6-methoxyhexanoic acid, 6-ethoxyhexanoic acid, 5-phenylvaleric acid, 16-hydroxyhexadecanoic acid,
8-methoxyoctanoic acid, 8-methoxyethoxyoctanoic acid,
8-methoxyethoxyoctanoic acid, 8-para-methoxyphenoxyoctanoic acid,
8-para-methoxyphenoxyoctanoic acid, 8- para-cthoxyphenoxyoctanoic acid,
8-para-cthoxyphenoxyoctanoic acid 11-(4-methylthiophenoxy)undecanoic acid,
5-thiophenoxvpentanoic acid
C 4-phenylbutyric acid, 6-aminohexanoic acid, 6-bromohexanoic acid, 6-mechoxyhexanoic acid,

8-aminooctanoic acid, 11-aminoundecanoic acid,
1,6-hexanediol, 1.8-octanediol, octanethiol,
octanedioic acid, 4-octylbenzenesulfonic acid,
4-heptylbenzoic acid, 6-heptynoic acid,
8-para-cyanophenoxyoctanoic acid,
11-para-methylphenoxyundecanotic acid,
nonanethiol, nonylphenol

6-ethoxyhexanoic acid, 8-hydroxyoctanoic acid,
G-aminohexanoic acid, 1l-amiroundecanoic acid,
4-pentenoic acid, 6-heprynoic acid, nonanethiol,
hexanedioic acid to decanedioi. acid.
dodecanedioic acid, 4-cyclohexvlbutyric acid,
6-phenoxyhexanoic acid, nonylphenol,
8-para-cyanophenoxyoctanotc acid,

11-para-methylphenoxyundecanoic acid

714o]d, group B #5-0] AL x| A|aA]9 2= 0 2 PHA
o) APAYL AR 8}A Rals wragoly, vhAu group C¥ #
Fo] A4 9 PHAS A BF A8 £oh= @19 E
ojujgit}. 919] 3744] group % group BS} group Coll &38l=
AEo] AU ER P oleovorans & P. putida) A comerabolism
< =3l functonal PHAyc 9 AEAS 2RS4 glgo] Wt
A4 ek (41, 65).

A F74A] halogens (1, 21, 50), carbon-carbon double bonds

(51), carbon-carbon triple bonds (40), cyclohexyl (3), phenyl

(18, 49), nitrophenyl (4), methylphenyl (31), phenoxy (52,
79), methylphenoxy (53), thiophenoxy (82), fluorophenoxy
(33), cyanophenoxy (47) % nitrophenoxy group (47) $¢] vt
K8t functional groupS #H8= PHAuc 7F &9 funcrional
group= 7HAv BAYERYE FFHFHOZ T comerabolism
& F3A P oleovoransSt P. putidao] 28 FAAEAUL 1
v} o] 28l RS 48R F A E7lE AR 2 funcrional
PHAucL o RS 918 hagle] o1 58 el g2 b
o7} ol H: MAES AFAelM ER1F vt Sltk (41). F,
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Table 3. Compositions of PHAs conrtaining unsaturated groups synthesized by P. putida from various mofar mixtures of either 10-UND(=)

or 10-UND(=) with NA (40, 41)

Conc. of carbon sources (mM)

Relative amount” of repeating units in PHAs

NA 10-UND(=) 10-UND(=) 3HHp 3HN 3HHp(=) 3HN(=) 3HUD(=) 3HN(=) 3HUD(=)
10 - 25 75
7.5 25 18 55 3 17 7
5 5 12 35 5 35 12
2.5 7.5 5 16 6 55 18
10 10 60 24
7.5 2.5 23 57 14 6
5 5 16 43 29 12
2.5 7.5 10 25 47 18
10 72 28

*GC area%.

NA, nonanoic acid; 10-UND(=), 10-undecenoic acid; 10-UND(=), 10-undecynoic acid.
3HHp, 3-hydroxyheptanoate; 3HN, 3-hydroxynonanoate; 3HHp(=), 3-hydroxyheptenoate;

3HN(=), 3-hydroxynonenoate; 3HUD(=), 3-hydroxyundecenoate;
3HN(=), 3-hydroxynonynoate; 3HUD(=), 3-hydroxyundecynoate.

P. oleovorans®] 473 functional PHApc 2] S 2 A
Agke wadolst BRAAE P purida®] A7 PHAS A%t
A& ARN‘RE AL ofH, BHHE P purida®) 7% 2 PHA
AL & AA|8l= TAYE P oleovoranso| Al A5} PHA
Al £A @ whdo] HZE gtk A, AdiHoR
functional groupg 3= PHAscL o 33 B = AE71A]
A9l A0 carbon-carbon double bondsE functional group
o8 7= PHAscL®l ATl Burkboideria sp. (84)9}
Rhodospirillum rubram (64)o0)4 BEI1® v} lck

EX WA functional PHAYE Y¥HA9] alkanoic acids Z3FE
A PHAuc 9 28] 1 AAEE ofst Egstets A
A& 7tk &, carbon-carbon triple bonds9} carbon-carbon
double bonds&- functional group 2 & $MF3h= ZEA AL
AztAo] w9 Hoju (41), hydroxyl group (57) ¥ methoxy
9} cthoxy group (54)& Ze YRR w9 Fd A49E
Zreth Tl ol IEAEY] A ¢ 2444 PHAS

= Wl g xR 24 WslE Fole] SUF e A
A g Q7] Wi TS A4l tiide] HI Stk Table 3
2 unsaturated groupS F3k= functional PHAycL 9] A
Qg S8l AEE MR UE F aAYY FEE ZAETOEH
AEE AR S 2 F UE HAFTh

T ol e v ES ol&-3le AH At 4 2l PHAmcL
o] FRHe AF3] A e AeE Aoy Sity w
2t FZE bromine, epoxy, 18|31 unsaturated groups3t
Zro] x8Alo] £& functional groupE FH3H= PHAMcLE
A4S & electron beam irradiation (19), gamma irradiation (6,

7} 2 diamine (56) Sl 28 7lW (crosslinking) -t TRE

A LA PEE ANmEol AL Sirk

PHAmcLS| AFaH

PHAS 7H 838 54 39 shvbe olFo] #AA373 Yol
A QA e ok Holok AE7H PHAscLE 33t
© Ot TRY F3o] 4 g dEgolEe] o Al
AZEE £ g5, I59 exracellular PHAgp
depolymerase 2] 4 B KAzl gk A7} FPEoHTh 1
2t} o1& PHAscL depolymerases PHAsc T BolH o= 2}
£ ¥ PHAycole ZE3HA] Rk Z0E Hugozs
(25, 35, 74), ¥ FA X PHAsc ¢ PHAvcL o] 2PE
/do] ofwgh 7)Aol 9)ate] o] RAR=A] B ofFo] AAHIT
Atk HE Jendrossek (35) 1998\dol]l B g =Fol|A PHA
o] AE3lo] FA35= PHA depolymerases®] 2539 E3&
Tt AT AR, 22l PHA depolymerases 40-
50 kDa o|&ke) vw& & BExEES spAth x|, DEAES)
& anion exchangeroll= 21814 ] §IA]Thydrophobic materials
ole mig- E2 FsMdE Heldk AA, A pHE 7.5-9.8¢]
alkali ®H$joll 91w, diisopropylfluorylphosphate9} 7-&- serine
hydrolase inhibitorol] €&l AHsj = EAJS 7R

t}‘l‘-‘?ﬂ, PHASCLQ—E‘ %ﬂ *J‘EHZ'?EE PHAMC[_ ‘3—2 functional
groupS FH3H= PHAS] AJEso] et BT (25, 73, 74)&
v A% HEo|th w3t 0|9} FAHH extracellular PHAycL
depolymerase 9] 73-8- X1F7VA] P. fluorescens GK13 (76), Pseudomonas
sp. RY-1 (46) % Xanthomonas sp. ]S02 (45)25E]7+ ¥g] &
AEo] I B Azo] WS WolojX TF Hot B2
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F#FEFEY] A7t g dAoltk F8] AAITA YA
PHAMcL S #3l8E 9 I ol disixe Ae7A Bad
ol AEg Aot wElM O Z PHAv S UdHHel £
Lok opel oFEAYAA (drug delivery system)l} 9]F5&
Ao 722 3 B obRel S8-5 flaiME olE
o AAA 5 A Hollrfe] ARl et AR A A At A
7b MRS BAS e I8kl st o] HWeisojopt
Eis=d

Ftof] 2 ARAdME ohFgk PHAGcL o tisl #alls2 5
Ol P. alcaligenes LB19 455 EQFO BHE Fuj3lolon, of
A7t ABARSIE extracellular PHA¢r depolymerase thido g
alkanoic acidsZ2FE P oleovorans®} P. putida®l 215 AT
d ohekel PHAyc o] Aisfel] #dt dds sttt (42).
1 A3 72} octanoic acid @} decanoic acid ZFE ATAE &
o) BaARTOlE 2 BANSE THE PHOU poly(3-
hydroxydecanoate) 9] 73-% 7247 heptanoic acid 2} nonanoic acid
ZHE A E E5o] Banpsdels 2 WRHIEE A
& poly(3-hydroxyheptanoate) L} poly(3-hydroxynonanoate) H
o} "R EBafilo] Hojudk Zlo7 urHch w3 Huh o 71 g
ARl THER YR LEAYUSE #2 sSarkE
ol9] TRHER T YEART Fal7t | A o]Fojxirh

ShH, ZAlEol phenyl B+ phenoxy group - aromatic
groupsS -8 functional PHAu 2 79 phenyl groupS
Zt= IERR= Bl 2 S 9 phenoxy group s 2 1L
Ak w7t A HA e AEsl PEE Hslow (45),
carbon-carbon double bondsE &-f-&= PHAnL S A$ 2A
Al (crystallinity)o] 2h2 TEAAJLE Bzt v 2 He A
< Bk (73). @A, PHAGc o] Adsle Jaabe] vl
24 ol B Agsol o) 2 S Wk AR 42t

SEil=!

PHAmcL dttel ZAlY

At B QA7 P oleovoranst P putida® 0188t PHAu

JARS A3t Thekst R wE 3 A 9 7)o g
Y3 AJE5o] gkt (34, 37, 43, 59, 61, 63). Huijberts %
(33)2] Bol|l 28t oleic acidE 188 P putida®] Wkl
oJ8f 26 h Yol 45%9) PHA Z3E&R 92 /L] 7Hx A E
Ak 4 2llom, olufe] PHA A4 (productivity) 2 A7
o+ 1.59 g/L‘}iE}. o] Lee 5 (61} ¥4 oleic acidE o]
B3 P opurida 9 VEE WIYE £38k 36 h EQ 36%9)
PHA X &2 168 g/Le 7Ax #AE 42 v Jom, Ax
A 1 Lg AXE PHAS oF 31 AP 247t 60.7 g/Let
A7 1.79 giLodck 28 sk 2o el M Lee % (63)
& HiFH i <l (phosphorus) @l w8 2EPFORM AR o
A 2 PHA 59 2485 747 141 g/l 726 ¢/l 118

3SL4A wi%7H F7INE F UEE BIEinh st

1o
=
ofd

~

PHApci ol ABARE gk o) |7k & 24 2 71€9] 9
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Aol haixi= 2 olsfaka] Rl e AAelnt (86).

PHAE o8& Aol A=Y nlg & o] Hajjsie=
AR AAHFol $4E TRAo|2E PHAS 958
AHE 7Fsde s 1E3) A7IHo) stk A 109 G
PHAY packaging materials (10, 11, 87) B drug carrier (23,
36, 44, 55, 72, 77)%} medical temporary implants (88) 59
Aol olgstr] Ak AAMEAM 9 AFE B 28715
EAEY A=A B3], PHAvc o 9 244 2 8394
I 2ol PHAscr Xoh uf% ®Hol} adhesive (9)9}F paints
9] coating materials (85) E TUBH AMAZFA (arcery, nerve
axons, heart valves etc.)9] AL Y3t scaffolds 9} 7+ medical
temporary implants (87)8] AIARE 913t A 2A T17le) L&
7FsAle) Bf & 202 HIHI glon) old7iA] PHAsqL
of wlsfed o] Zip Fo] wj plujd Aok E3F)
PHAmcL ] A 28/ dell B8t d77F AHe] o]Foiz)x] &
gk o] IEATE A Yol drlikE ggFH0R RajEe
A8 B8] AT 5 gle Aotk

&3 A gl ojste] AFAYE PHAZF 7T e 7P F
E3duet B4 Fo) shus olg 1ER] Bal A3 slekEo
2 S ol txo AR PES 4L ¢ vk
Holth &, o592 #alE A4+ 3-hydroxyalkanoic acidE
o] 71A] glehhgol ol&d <+ 9= -OH%} -COOHE 71X
I JE Bk olzl 3W 9o chiral center® 7M. T,
BE chiral center7} R configurationg 7122 glo] ol#{3t &
FEe YA AU U PHE AT oy B mE
antibiotics, vitamins, aromatics % pheromones3} 7H2- A2 &
BAS 2 AIEAY 4 A olB9 ATEREE AMY £
s AR JEHI Jt} (62). WHo] o5 o 7R 3-
hydroxyalkanoic acid®] U@t & Z7bo|| ol A A% 2
S ol2E, 22 (Br, CL, F) o] @] & AS- olE

e

>y 2

lo

< ARESle] AzS sifhEel] ohE S doA A2 8
718 FYshs Ak Jhssith o9 7o) &8t WiR)
configuration®] #38} AL 7HX T LS Wk opg} ukeA
o] #2 tF AF (olF A L HE AP, A 58 ¥
3 AES setEoR Az AL
HEoll 7K PHAs #3429 S87AE vf$ 5L #o g 7]
=

2187 PHAucL ol 95-4029] 7de) &3 A77} gyt
] ®e AL V1€ ASEY Aol Ek] AR L o5e
=40 thet Fa4do] flgl7] WEelzly] Boks 71& PHAucL

9 Aol dagFor ALaprld Adhska XRAY A7
TET el AEE FH] ofEiyd o] o F4F olRY

ARt e $F 5o 958 84T ARe 72
zhs PHAMcL S 7183} ob2d o8 ZgHoR Aatsy]
AF7E 2PHT Yok ER AZE TR AL JHT
functional PHAuc 9 WEE SsiME olE 1EA 24
of 23 712 AP olslate ol ER3ith 53] PHAmcL
o slstx 243 AR Aol BAE olHT 5 g A
» PHAwcr o] 318H 2A49) Wslg Sl AR 24
b g 3l 2o, o] ldle] PHAycL Y] A% §58 3
P71 oM ZA 7198 Zog oz

WIE

o ¥ o
ox M

Bl

o, o

Jidal
ral

s

1. Abe, H,, Y. Taima, Y. Nakamura, and Y. Doi. 1990.
New bacterial copolyester of 3-hydroxyalkanoates and 3-
hydroxy-@ -fluoroalkanoates produced by  Preudomonas
oleovorans. Polym. Commun. 31:404-406.

2. Amas, W., A. Amas, and B. Tighe. 1998. A review of
biodegradable polymers: use, current developments in the
synthesis and characterization of biodegradable polyesters,
blends of biodegradable polymers and recent advances in
biodegradation studies. Polym. Int. 47:89-144.

3. Anddjar, M,, M.A. Aponte, E. Diaz, and E. Schrider.
1997. Polyesters produced by Pseudomonas oleovorans containing
cyclohexyl groups. Macromolecules 30:1611-1615.

4. Aréstegui, S.M., M.A. Aponte, E. Diaz, and E. Schrider.
1999. Bacterial polyesters produced by Pseudomonas
oleovorans containing nitrophenyl groups. Macromolecules
32:2889-2895.

5. Ashby, R.D. and T.A. Foglia. 1998. Poly(hydroxyalkanoate)
biosynthesis from triglyceride substrates. Appl. Microbiol.
Biotechnol. 49:431-437.

6. Ashby, R.D., T.A. Foglia, C.-K. Liu, and J.W. Hampson.



10.
11.
12.

13.

14.

15.

16.

17.

18.

[

0[AHE0| MASHE medium-chain-length polyhydroxyalkanoates®| CieRM U 28 9

1998. radiation-treated
medium-chain-length poly(hydroxyalkanoates). Biotechnol.

Letr. 20:1047-1052.

Improved film properties of

. Ashby, R.D., AM. Cromwick, and T.A. Foglia. 1998.

Radiation crosslinking of a bacterial medium-chain-length
poly(hydroxyalkanoate) elastomer from tallow. Int. J. Biol.
Macromol. 23:61-72.

. Ashby, R.D., T.A. Foglia, D.K.Y. Solaiman, C.-K. Liu,

A. Nufiez, and G. Eggink. 2000. Viscoelastic properties
oil-based
poly(hydroxyalkanoate) films: effects of epoxidation and
curing. Int. J. Biol. Macromol. 27:355-361.

of  linseed medium chain length

. Babu, G.N., W.J. Hammer, D.R. Rutherford, R.W. Lenz,

R. Richards, and S.D. Goodwin. 1996. Poly-3-
hydroxyalkanoates as pressure sensitive adhesives. In:
International Symposium on Bacterial Polyhydroxyalkanoates
RIKEN, Japan.

Baptist. January 1963. U.S. patent 3,072,538.

Baptist. October 1963. U.S. patent 3,107,172

Brandle, H., R.A. Gross, R.W. Lenz, R. Llold, and R.C.
Fuller. 1991. The  accumulation of  poly(3-
hydroxyalkanoates) in  Rhodobacter  sphaeroides.  Arch.

Microbiol 155:337-340.
Braunegg, G., G. Lefebvre, and K.F. Genser. 1998.
from renewable

Polyhydroxyalkanoates,  biopolyesters

resources:  physiological and engineering aspects. /.
Biotechnol. 65:127-161.

Choi, J. and S.Y. Lee. 1999. Factors affecting the economics
of  polyhydroxyalkanoate  production by  bacterial
fermentation. Appl. Microbiol. Biotechnol. 51:13-21.
Chung, C.W., Y.S. Kim, Y.B. Kim, K.S. Bae, and Y.H.
Rhee. 1999. Isolation of a Pseudomonas sp. strain exhibiting
unusual behavior of poly(3-hydroxyalkanoates) biosynthesis
and characterization of synthesized polyesters. /. Microbiol.
Biotechnol. 9:847-853.

Constantin, M., C.I. Simionescu, A. Carpov, E. Samain,
1999.

poly(hydroxyalkanoates).

Chemical modification of

and H. Driguez.
Copolymers bearing pendent
sugars. Macromol, Rapid Commun. 20:91-94.

Cromwick, AM., T. Foglia, and R.W. Lenz. 1996. The
microbial production of poly(hydroxyalkanoates) from tallow.
Appl. Microbiol. Biotechnol. 46:464-469.

Curley, J.M., B. Hazer, RW. Lenz, and R.C. Fuller.
1996. Production of poly(3-hydroxyalkanoates) conrtaining
Pseudomonas  oleovorans.

aromatic  substituents by

Macromolecules 29:1762-1766.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

De Koning, G.J.M., H.M.M. van Bilsen, P.J. Lemstra,
W. Hazenberg, B. Witholt, H. Preusting, J.G. van der
Galién, A. Schirmer, and D. Jendrossek. 1994. A biodegradable
rubber by crosslinking  poly(hydroxyalkanoate)
Pseudomonas oleovorans. Polymer 35:2090-2097.

Doi, Y., A. Tamaki, M. Kunioka, and K. Soga. 1988.

Production of copolyesters of 3-hydroxybutyrate and 3-

from

hydroxyvalerate by Alcaligenes eutrophus from buryric acid
and pentanoic acid. Appl. Microbiol. Biotechnol. 28:330-
334.

Doi, Y. and H. Abe. 1990. Biosynthesis and characterization
of a new bacterial copolyester of 3-hydroxyatkanoates and
3-hydroxy-@ -chloroalkanoates.  Macromolecules  23:3705-
3707.

Doi, Y., S. Kitamura, and H. Abe. 1995. Microbial
synthesis and characterization of poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate). Macromolecules 28:4822-4828.
Eligio, T., ]J. Rieumont, R. Sinchez, and ].F.S. Silva.
1999. Characterization of chemically modified poly(3-
hydroxyalkanoates) and their performance as matrix for
hormone release. Die Angewandte Makromolekulare Chemie
270:69-75.

Findlay, R.H. and D.C. White. 1983. Polymeric beta-
hydroxyalkanoates from environmental samples and Bacillus
megaterium. Appl. Environ. Microbiol. 45:71-78.

Foster, L.J.R., S.J. Zervas, R'W. Lenz, and R.C. Fuller.
1995. The biodegradation of poly-3-hydroxyalkanoates,
PHAs, with long alkyl substituents by Psendomonas
maculicola. Biodegradation 6:67-73.

Fiichtenbusch, B., D. Fabritius, M. Wiltermann, and A.
Steinbiichel. 1998. Biosynthesis of novel copolyesters containing
3-hydroxypivalic acid by Rhodococcus ruber NCIMB 40126
and related bacteria. FEMS Microbiol. Lett. 159:85-92.
Fiichtenbusch, B. and A. Steinbiichel. 1999. Biosynthesis
of polyhydroxyalkanoates from low-rank coal liquifaction
products by Pseudomonas oleovorans and Rbodobacter ruber.
Appl. Microbiol. Biotechnol. 52:91-95.

Haywood, G.W., A.J. Anderson, G.A. Williams, E.A.
Dawes, and D.F. Ewing. 1991. Accumulation of a
poly(hydroxyalkanoate) copolymer containing primarily 3-
hydroxyvalerate from simple carbohydrate substrates by
Rhodococcus sp. NCIMB 40126. Int. J. Biol. Macromol.
13:83-87.

Hiramitsu, M., N. Koyama, and Y. Doi. 1993. Production
of  poly(3-hydroxybutyrate-co4-hydroxybutyrate) by
Alcaligenes latus. Biotechnol. Lett. 15:461-464.



10

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

DJAE0| ABASH= medium-chain-length polyhydroxyalkanoates®| LI & 22

Hazenberg, W. and B. Witholt. 1997. Efficient production
of medium-chain-length poly(3-hydroxyatkanoates) from
octane by Pseudomonas oleovorans: economic considerations.
Appl. Microbiol. Biotechnol. 48:588-590.

Hazer, B., R'W. Lenz, and R.C. Fuller. 1996. Bacterial
production of poly-3-hydroxyalkanoates containing arylalkyl
substituent groups. Polymer 37:5951-5957.

He, W., W. Tian, G. Zhang, G.-Q. Chen, and Z. Zhang.
1998. Production of novel polyhydroxyatkanoates by Preudsmonas
stutzeri 1317 from glucose and soybean oil. FEMS Microbiol.
Lert. 169:45-49.

Honma, T., T. Imamura, T. Yano, T. Kenmoku, T.
Kobayashi, and S. Kobayashi. 2000. Biosynthesis of some
newly  isolated

unusual  polyhydroxyalkanoates by

Pseudomonas  strains.  In:  International  Symposium  on
Environmental Biotechnology. Kyoto, Japan.

Hujibetts, G.N.N., H. van der Waal, R.A. Weusthuis,
and G. Eggink. 1996. In: International Symposium on
Bacterial Polyhydroxyalkanoates. Davos, Switzerland.
Jendrossek, D. 1998. Microbial degradation of polyesters:
a review on extracellular poly(hydroxyalkanoic acid)
depolymerases. Polym. Degrad. Stab. 59:317-325.
Kassab, A.C., K. Xu, E.B. Denkba , Y. Dou, S. Zhao,
and E. Pikin. 1997. Rifampicin carrying polyhydroxy-
butyrate microspheres as a potential chemoembolization
agent. J. Biomater. Sci. Polymer 8:947-961.

Kellerhals, M.B., W. Hazenberg, and B. Witholt. 1999.
High cell density fermentations of Pseudomonas oleovorans
for the production of mcl-PHAs in two-liquid phase media.
Enzyme Microb. Technol. 24:111-116.

Kim, B.S., S.C. Lee, S.Y. Lee, H.N. Chang, Y.K. Chang,
and S.I. Woo. 1994. Production of poly(3-hydroxybutyric
acid) by fed-batch culture of Alcaligenes eutrophus with
glucose concentration control. Biotechnol. Bioeng. 43:892-
898.

Kim, B.S. and H.N. Chang. 1998. Production of poly(3-
hydroxybutyrate) from starch by Azotobacter chroococcum.
Biotechnol. Letr. 20:109-112.

Kim, D.Y., Y.B. Kim, and Y.H. Rhee. 1998. Bacterial
poly(3-hydroxyalkanoates) bearing carbon-carbon triple
bonds. Macromolecules 31:4760-4763.

Kim, D.Y., Y.B. Kim, and Y.H. Rhee. 2000. Evaluation
of various carbon substrates for the biosynthesis of polyhydroxyalkanoates
bearing functional groups by Pseudomonas putida. Ins. J.
Biol. Macromo!. 28:23-29.

Kim, D.Y., J.S. Nam, and Y.H. Rhee. Purification and

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

characterization of an extracellular medium-chain-length
poly(3-hydroxyalkanoate) depolymerase from Prewdomonas
alcaligenes LB19. Manuscript in preparation.

Kim, G.J., LY. Lee, S.C. Yoon, Y.C. Shin, and Y.H.
Park. 1997. Enhanced yield and a high production of
medium-chain-length poly(3-hydroxyalkanoates) in a two-
step fed-batch cultivation of Pseudomonas putida by combined
use of glucose and octanoate. Enzyme Microb. ITechnol,
20:500-505.

Kim, GJ., K.H. Bang, Y.B. Kim, and Y.H. Rhee. 2000.
and poly(3-
hydroxybutyrate) microspheres from Ralstonia eutropha.
Biotechnol. Lett. 22:1487-1492.

Kim, H., H.-S. Ju, and J. Kim. 2000. Characrerization
poly(3-hydroxy-5-phenylvalerate)

Preparation characterization of native

of an  extracellular
depolymerase from Xanthomonas sp. ]S02. Appl. Microbiol.
Biotechnol. 53:323-327.

Kim, H.M., K.E. Ryu, K.S. Bae, and Y.H. Rhee. 2000.
Purification and characterization of extracellular medium-
chain-length  polyhydroxyalkancate depolymerase from
Pseudomonas sp. RY-1. J. Biosci. Bioeng. 89:196-198.
Kim, O.Y., RA. Gross, and D.R. Rutherford. 1995.
Bioengineering of poly-(f-hydroxyalkanoates) for advanced
material  applicarions: incorporation of cyano and
nitrophenoxy side chain substituents. Can. J. Microbiol.
41:32-43.

Kim, O.Y., R.A. Gross, W.]. Hammer, and R.A. Newmark.
1996. Microbial synthesis of poly{B-hydroxyalkanoates)
conraining fluorinated side-chain substituents.
Macromolecules 29:4572-4581.

Kim, Y.B., R.W. Lenz, and R.C. Fuller. 1991. Preparation
of poly(f-hydroxyalkanoates) obtained from Psendomonas
oleovorans grown with mixtures of 5-phenylvaleric acid and
n-alkanoic acids. Macromolecules 24:5256-5260.

Kim, Y.B., RW. Lenz, and R.C. Fuller. 1992. Poly(8-
hydroxyalkanoates) copolymers conmaining brominated
repeating units produced by Pseudomonas oleovorans.
Macromolecules 25:1852-1857.

Kim, Y.B., RW. Lenz, and R.C. Fuller. 1995. Poly-3-
hydroxyalkanoates containing unsaturated repeating units
produced by Pseudomonas oleovorans. J. Polym. Sci.(Part
A: Polymer chemistry) 33:1367-1374.

Kim, Y.B., Y.H. Rhee, S.H. Han, G.S. Heo, and J.S.
Kim.
Psendomonas oleovorans grown with w-phenoxyalkanoates.
Macromolecules 29:3432-3435.

1996. Poly-3-hydroxyalkanoates produced from



53.

54.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

. Koosha, F.,

0|AHE0| MAKSHE medium-chain-length polyhydroxyatkanoatesS| CHofA 4l S 11

Kim, Y.B., D.Y. Kim, and Y.H. Rhee. 1999. PHAs
produced by Pseudomonas putida and Pseudomonas oleovorans
grown with #-alkanoic acids containing aromatic groups.
Macromolecules 32:6058-6064.

Kim, Y.B., Y.H. Rhee, ].S. Kim, and S.S. Kim. Poly(3-
hydroxyalkanoates) with enhanced hydrophilicity: PHAs
produced from  Pseudomonas

bearing alkoxy groups

oleovorans. Manuscript in preparation.

R.H. Muller, and S.S. 1989.

Polyhydroxybutyrate as a drug carrier. Critical Reviews in

Davis.

Therapeutic Drug Carrier Systems 6:117-130.

Lee, M.Y., S.Y. Cha, and W.H. Park. 1999. Crosslinking
of microbial copolyesters with pendent epoxide groups by
diamine. Polymer 40:3787-3793.

Lee, M.Y., W.H. Park, and R.-W. Lenz. 2000. Hydrophilic
bacterial polyesters modified with pendent hydroxyl groups.
Polymer 41:1703-1709.

Lee, S.H., D.H. Oh, W.S. Ahn, Y. Lee, ]J. Choi, and
S.Y. Lee. 2000. Production of poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) by high-cell-density cultivation of
Aeromonas hydrophila. Biotechnol. Bioeng. 67:240-244.
Lee, S.Y. 1996. High cell density cultivation of Psewdomonas
oleovorans for the production of poly{3-hydroxyalkanoates).
Biotechnol. Bioprocess Eng. 1:51-53.

Lee, S.Y. and J. Choi. 1998. Effect of fermentation
performance on the economics of poly(3-hydroxybutyrate)
production by Alcaligenes latus. Polym. Degrad. Stab. 59:387-
393.

Lee, S.Y., J. Choi, and H.H. Wong. 1999. Recent advances
in  polyhydroxyalkanoate  production by  bacterial
fermentation. /nt. J. Biol Macromol 25:31-30.

Lee, S.Y., Y. Lee, and F. Wang. 1999. Chiral compounds
from bacterial polyesters: sugars to plastics to fine chemicals.
Biotechnol. Biveng. 65:363-308.

Lee,S.Y., H.H. Wong, ]. Choi, S.H. Lee, S.C. Lee, and
C.S. Han. 2000. Production of medium-chain-length
polyhydroxyalkanoates by high-cell-density cultivation of
Pseudomonas putida under phosphorus limitation. Biotechnol.
Bioeng. 68:466-470.

Lenz, RW., B.W. Kim, H.-W. Ulmer, K. Fritzsche, E.
Knee, and R.C. Fuller. 1990. Functionalized poly-8-
hydroxyalkanoates Novel
Biodegradable Microbial polymers (E.A. Dawes. Ed.), pp.
23-35, Kluwer Academic Publishers, Dordrecht.

Lenz, R.W., Y.B. Kim, and R.C. Fuller. 1992. Production

of unusual bacterial polyesters by Pseudomonas oleovorans

produced by

bacteria.  In:

00.

67.

068.

069.

70.

71.

72.

73.

74,

75.

70.

through cometabolism. FEMS Microbiol. Rev. 103:207-
214,

Liebergesell, M., E. Hustede, A. Time, A. Steinb chel,
R.C. Fuller, R'W. Lenz, and H.G. Schiegel. 1991.
Formation of poly(3-hydroxyalkanoates) by phototrophic
and chemolithotrophic bacteria. Arch. Microbiol. 155:415-
421,

Madison, L.L. and G.W. Huisman. 1999. Metabolic
engineering of poly(3-hydroxyalkanoates): from DNA to
plastic. Microbiol. Mol. Biol Rev. 63:21-53.

Matsusaki, H., H. Abe, and Y. Doi. 2000. Biosynthesis
and

hydroxyalkanoates) by recombinant strains of Psendomonas

properties of  poly(3-hydroxybutyrate-co-3-
sp. 01-3. Biomacromolecules 1:17-22.

Page, W.J., N. Bahnthumnavin, J. Manchak, and M.
Ruman. 1997. Production of poly(f-hydroxybutyrate-g-
hydroxyvalerate) copolymer from sugars by Azotobacter
salinestris. Appl. Microbiol. Biotechnol 48:88-93.

Park, S.K., K.T. Lee, Y.B. Kim, and Y.H. Rhee. 1997.
Biosynthesis  of and

polyhydroxybutyrate poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) by Bacillus
thuringiensis R-510. J. Microbiol. 35:127-133.
Y., C. Nawrath,

Production

and C. Somerville.

1995.

family  of

Poirier,
of polyhydroxvalkanoates, a
biodegradable plastics and clastomers, in bacteria and
plants. Biotechnology 13:142-149.

C.W. and S. Akhtar. 1996. Biosynthetic
polyhydroxyalkanoates and their potential in drug delivery.
Adv. Drug Delivery Rev. 18:133-162,

Quinteros, R., S. Goodwin, R.W. Lenz, and W.H. Patk.

1999. Extracellular degradation of medium chain length

Pouton,

poly(B-hydroxyalkanoates) by Comamonas sp.. Int. J. Biol.
Macromol. 25:135-143.

Ramsay, B.A., L
Marchessault. 1994. A method for the isolation of microorganism
poly(8 -
hydroxyalkanoate) depolymerase. /. Environ. Polym. Degrad.
2:1-7.

Rhee, Y.H., J.-H. Jang, and P.L. Rogers. 1993. Production

of copolymer consisting of 3-hydroxybutyrate and 3-

Saracovan, J.A. Ramsay, and R.H.

producing  extracellular  long-side-chain

hydroxyvalerate by fed-barch culture of Alcaligenes sp. SH-
69. Biotechnol. Letr. 15:377-382.

Schirmer, A., D. Jendrossek, and H.G. Schlegel. 1993.
Degradation of poly(3-hydroxyoctanoic acid) [P(3HO)] by
and P(3HO)
depolymerase from Pseudomonas fluorescens GK13. Appl.

bacteria:  purification properties of a



12

77.

78.

79.

80.

81.

82.

83.

84.

85.

0| 80| MASHE medium-chain-length polyhydroxyalkancates2| CIM % S

Environ. Microbiol. 59:1220-1227.

Sendil D., I. Giirsel, D.L. Wise, and V. Hasy rcy . 1999.
Antibiotic release from biodegradable PHBV microparticles.
J. Control. Relase 59:207-217.

Solaiman, D.K.Y., R.D. Ashby, and T.A. Foglia. 1999.
Medium-chain-length poly(8-hydroxyalkanoate) synthesis from
triglycerols by Pseudomonas saccharophila. Curr. Microbiol.
38:151-154.

Song, J.J. and S.C. Yoon. 1996. Biosynthesis of novel
aromatic copolyesters from insoluble 11-phenoxyundecanoic
acid by Pseudomonas putida BMO1. Appl. Environ. Microbiol.
62:536-544.

Steinbiichel, A. and S. Wise. 1992. A Pseudomonas strain
accumulating polyesters of 3-hydroxybutyric acid and medium-
chain-length 3-hydroxyatkanoic acids. Appl, Microbiol, Biotechnol.
37:601-607.

Steinbiihel, A. and H.E. Valentin. 1995. Diversity of
bacterial polyhydroxyalkanoic acids. FEMS. Microbiol. Les.
128:219-228.

Takagi, Y., M. Hashii, A. Maehara, and T. Yamane.
1999. Biosynthesis of polyhydroxyalkanoate with a
thiophenoxy side group obtained from Pseudomonas putida.
Macromolecules 32:8315-8318.

Tan, L.LK.P., K.S. Kumar, M. Theanmalar, S.N. Gan,
and B. Gordon III. 1997. Saponified palm kernel oil and
its major free fatty acids as carbon substrates for the
production of polyhydroxyalkanoates in Pseudomonas putida
PGAL. Appl. Microbiol. Biotechnol. 47:207-211.
Valentin, H.E., P.A. Berger, K.J. Gruys, M.F. de Andrade
Rodrigues, A. Steinb chel, M. Tran, and ]. Asrar. 1999.
Biosynthesis and characterization of poly(3-hydroxy-4-pentenoic
acid). Macromolecules 32:7389-7395.

Van der Walle, G.A.M., G.J.H. Buisman, R.A. Weusthuis,
and G. Eggink. 1999. Development of environmentally
friendly coatings and paints using medium-chain-length

poly(3-hydroxyalkanoates) as the polymer binder. /nz. J.

Biol. Muacromol. 25:123-128.

86. Vasney, V.A. 1997. Biodegradable polymers. Polymer Science

Ser. B 39:474-485.

87. Webb, A. February 1990. U.S. patent 49,000,299.
88. Williams S.F., D.P. Martin, D.M. Horowitz, and O.P.

Peoples. 1999. PHA applications: addressing the price
performance issue 1. tissue engineering. Int. J. Biol. Macromol.
25:111-121.

89. Witholt, B. and B. Kessler. 1999. Perspectives of medium

chain length poly(hydroxyalkanoates), a versatile set of
bacterial bioplastics. Curr. Opin. Biotechnol. 10:279-285.

o] & s}

1975 AEstay P ESS
4

19853 Agujgta e
Rl B3t (o] 8hatat)

1992-1993d 33 New South Wales
LT EE LT
29974

Foviein Ees)

e
e

1986- )




