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Low-carbon biomanufacturing of polyhydroxyalkanoates: analysis and
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Abstract: With the increasing environmental pollution and the policy introduction of global ban on free plastic bags,
the bio-manufacturing of bio-based degradable plastics represented by polyhydroxyalkanoates (PHAs) is one of
promising ways to respond this challenge. PHAs are polyesters of hydroxyalkanoates synthesized by many bacteria and
haloarchaea as carbon and energy storage materials. There are more than 150 types of polyhydroxyalkanoate monomers

reported, resulting in a variety of PHAs with diverse properties. However, how to ensure low-cost, green, low-carbon
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and sustainable production of PHAs is still facing huge challenges. By using synthetic biology approaches, it is an
important solution to construct microbial cell factories that synthesize PHAs and efficiently convert cheap carbon
sources and renewable raw materials into various types of PHAs with excellent mechanical properties. This paper
summarizes the biosynthetic pathways of various PHA monomers and analyzes the theoretical carbon conversion rate
of various monomer synthesis pathways. It is proposed that the synthesis of PHA monomers with high carbon
conversion rate is preferred to increase the yield of copolymer monomers. At the same time, it summarizes the current
research progress in the creation of low-carbon biosynthesis pathways and the use of one-carbon compounds as carbon
sources to synthesize PHAs. These are all effective ways to achieve low-carbon biosynthesis of degradable plastics.
Finally, we summarized and prospected the development trend of synthetic biology in the field of low-carbon
biomanufacturing of PHAs. In the future, with the integration and development of synthetic biology and new
technologies, more low-cost and high-value-added PHAs can be obtained through green bio-manufacturing, thereby

promoting the industrialization of bio-based plastics and better serving the global green and low-carbon society.
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Fig. 1 Molecular structure of PHA and its classification
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hydroxyvalerate) ]. PHB & HH % 73 £ ot 4 iy A 18
i B-FE % fil B (PhaA) 48 & il S BE S BEHE A,
R J5 38 1 NADPH 1K 1% 20 1 2 15t % g A 388 T g
(PhaB) i&J&y (R)-3-HB-CoA, #tJ7ilid PHA &
M (PhaC) %4 PHB. PHB Y& RN T
phaCAB 5= AE Cupriavidus necator (Z HIH %A
Ralstonia eutropha) % % 1. MCL-PHA 18 ¥ 17
T ERERE T, BEE6~14M8E T kA
Bo (R)-3HA-CoA 7 UL i1 I JI FR A 7 A4, il 4
B-SE AL AT TR MR AW & B A . 24 i D IR i i
B-FALE RN, SEMARBKRKEZR (R)-3HA-
CoA, P )5 # PhaC %€ & B MCL-PHA. PHA %
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1.1 3-Hydroxybutyrate (3HB) &{k

PHB B K AE K ZF AT i 1) S i 2 i



%3% www.synbioj.com

751

Glucose
Glycerol i
i 1,6-2P-Fructose
v
3-Hydroxypropionaldehyde
T ruvate —» Lactate - L Lactatyl-CoA

[

3-HP-CoA «--- 3-HP «---Malonyl-CoA +— Acetyl-CoA ----Acetoacetyl-CoAr==-9 3-HB-CoA

'

.Y Oxaloac€tate i
Citr atonate Isocitrate

o-Ketoglptarate

v\ Acetyl-CoA Acyl Cob\\
Fatty acid >/

3-Ketoacyl -ACP de novo 2-Trans-enoyl-ACP 3-Ketoacyl-COA Fatty acld 2—Trans-en0yl -CoA

Synthesls/ f-oxidation /

ydroxyacyl-ACP -..._...-*~.. (5)-3-hydroxyacyl-CoA

B2 EYS R PHA A&

» Glycolate — [€]VFIER O

Succinyl-CoA ¥ SSA > 4HB—> RAHBCOA
A -

[Hrp 3% RIRPHA B4k (3HB. 4HB. 3HV. 3HA. 3HP #44&) FIAAEMAIIERIRPHA (LA. GA. 2HB H#4k); 3HP—3-F2 5L iM%

3HP-CoA—3-J2IE N BEAHAF A; 3HB-CoA—3-23E T ARG A;  3-HA-CoA—3-F2JEBEIHLAIBE A 3HV-CoA—3-F2JE R IMLAHlE A ;
SSA—IRHIER - %; 4HB—4-}23E THR; 4HB-CoA—4-F23E THEAHER A; 2HB—2-F23L T R; 2HB-CoA—2-F2 4L T BLiEs Al

Fig.2 Metabolic pathways of microbial biosynthesis of PHA, including natural PHA monomers (3HB, 4HB, 3HV, 3HA, 3HP) and

representative non-natural PHA monomers (LA, GA, 2HB)
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Tab.1 Representative biosynthesis pathways and production of various PHA monomers
B ARBR  BRBEREE e B AT
(BEIR 5y O 1%
3HB LR A 0.66 E. coli — il 4 B 100 [20-
21]
3HV AR 0.83 E. coli E. coli thrABC, C. glutamicum ilvA R 17.5 [22]
C.glutamicum WMO001 — R R 72.5 [23]
FrE R IR 0.56 E. coli M. jannaschii cimA, E. coli leuBCD GiEapi 11.5 [24]
FH 3 T ok 0.83 S. typhimurium E. coli sbm, ygfG R 30 [25]
CoA i&1%
4HB  BRHIME CoA 1R 0.66~1.33 E. coli C. kluyveri 4hbD, sucD, orfZ ] 4 12.5 [26]
H. bluephagenesis C. kluyveri or fZ (genome intg) i 7 W 25 [27]
3HP gtz 1.00 E. coli C. butyricum dhaBl, S. enterica pduP Hi 100 [16]
A 1k CoA 4% 1.00 E. coli C. aurantiacus mcr, E. coli KL 100 [28]
AccABCD, prpE
LA  ABRERER 1.00 E. coli E. coli ldhA, C. propionicum pct 5 30~60 [29]
2HB  FFERIEE 0.66 E. coli E. coli thrABC, C. glutamicum 2 10~60 [30]
ilvA L. lactis panE
GA A Dahms i& 1% 0.40 E. coli C. crescentus xylBC AN 29.5 [31]
LR IEAT 0.66 E. coli E. coli yedW, aceAK 1 % B 39 [32]
3HHx T BEAHES A &2 0.66 E. coli C. necator bktB and phaBI, A. R 13.2 [33]
caviae phaJ, T. denticolater,
E. coli fadB and fadA
C. necator C. necator bktB, crt had, i 25 W 12.1 [34]
M. extorquens ccr
3HA RGNk A Rk 0.66 E. coli P. putida phaG, PP_0763 5 100 [35]
S B A AL 0.66 E. coli E. coli fadBA T denticola ter W 78.8 [36]

P. aeruginosa PhaJl

2 i 1 N 5 W N e | DA O N S L RS
WA B A & iR, B ERR2-H T Ri&
oy FFERR/2-BH T BRIG 12N L T Bk CoA iR 12,
PEHE T MAERE SRR IR A 7= PHBV P 0, FEAZE &
Fomh R 2= B LR, DA B A T3 R A
3HV AR BRI AR N 0.83. A1 FIRIE R A H
Rt fEm IR R 2, HEREMALEN0.56. LU
% BE M B E T R A A R AR 3HV BRI FE G
A AN 0.83

ARSI AL KW AT B & PHB I R IR &
YR AV 3HV A5y A AE, 248 K AT B
WAEEM AR &R, Wit T — % W a AR &%
DA % 0 R E — B R B3 A PHBYV & BOE 1%
I I Rk S E R A R ) B R thrA“"TBC R R
HR BRI HE Z W R R, A5 &M A
NVA RN 2T T 1R, 1528 T4 A 1% Aot S B e 10 oA A

FhAHEE A 2, NBHEE A 5 OB A i 444
B IE K 3HV-CoA s  TRE W DA% %) B e — Bk st v
AR 8 5 4l T 5 11.1% [ PHBV, 3HV /R 7344
A[IK 17.5%. 534, by 3Eiises, AT N R
1R5 4 A 38 1L Methanococcus jannaschii ¥7 3
REHERE (cimA3.7) 466 AT ERR, SR
P K o 1 181 ¥ leuBCD 5K 7 4 3HV 1) A4 2- B T
W2, wZ&E M PHBY P,

F4b, Aldor & P AR E A R TTIRE F
i B SR K W A AT B R D B A AR A il
DAl sbm A1 F L D 6 56 Bl A TR G 2K TR ygf G,
TCA W BRI BL A G A FeAL NN B RE A, TR
2R 1) PHBV 71 3HV EE R 73 03X £ 30%.  Chen
& W AE T F2 1 Halomonas bluephagenesisTY 194 1
K FH R DR A 4 N 55— R 1) 5 I 4 v B 2 1L 4 S A
A, R B L R 0 R R A0 R R A R R O
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W Rig & LR K2 4 /L i) PHBV L JBE /R
SHOEIE 25% I 3HV . TSR, —SIERIR K
SHV AR W 2 4w 10 R R 2B 72 1 T ok,
T F% B K %8 780 FF 7 NRRL B-14308 LA % % Bl 4 7~
PHBV = &5 6.6 g/L, FL3HV SR 1 FE /R 7 3
ik 58% Y AL, Saito 5 UK phaCAB R\ 14
G277 L-Jp st A R A 2 R AT R WMO001, i
R ERIE A A PHBV /=8 N 15 g/L, Hrpiy
K 3HV EEIR 3 B3k 72.5% . 405 DA A H 451
5, ZPHBV H B RE L% N 0.78, KT
PHB #3547 0.66 I B R ik 4% 4 2 . A, 3HV 4
FEARIE TR = R/ SN B RS A 842, PHBV It
RV H3HV & B, RN RN, &
Wil 1) A R R A

1.3 4-Hydroxybutyrate (4HB) E{k

7£ 3HB 4K 1 i N 4HB 7] K A $2 5 P (3HB-
co-4HB) L RV I LT 7, AHB AR & pidE
R AR y- T N ER AT R . 19964, M
Clostridium kluyveri F /K I | 4-F2 5 T TR CoA
B 2L 5] orfZ, ZHEDH 0T LUK CoA B ) 4- 32 5L T
fig 1, XS AR AE TR B AT 4HB B A BURCN
Al BE. ZJ& Valentin %% . Li Zhengjun %5 2 * 43
FIF TCA 79 B o (] 44 3% 311 82 3 3 5% 31 19 4l Bl AL
TG A FEASEE . BREIRR Y- AR (SucD) . 4-F2
FETRRBERF (4hbD) H1 CoA #4F4 iy Sk & 1% 4HB-
CoA, SEIL £ K W AT 1 v I\ % 08 B4 & e
4HB B35 . Bk b DL &R 8 T TCA 75 3 ik
JE R A A BEFA TR B A, 7K KR = 4HB HLA
HAGHRFE AR E 1.33, T iE i TCA &b 3% & ik
BREIE S A A B, IR RN 0.66, 5 PHB
. R BRAE e B A s R S L R, A S
AR AR A EER,

B2 H A& CF 4HB B35 B9 £ B LA AL S
PEHEAT o KM B8 b 3% B 2 19 1 S B 2 T sad AN
gabD I 2K 3% A 3L K Wb i) 4HB F & iR &
11% % fEREEHES, TREFS T HRTE
62.7% () P (3HB-co-12.5% 4HB) FL W) . Ye 25 27
¥y 4 1) TR % Halomonas bluephagenesis VL] %] H
£ R B — B IR 0] LA 77 29 16 g/L (1) P (3HB-co-

4HB) LY, b AHB BE /R 43 Hn] DL i 2 i) 55
I Tk B ) B A RE 4R R 25%. 4HB
AR B e AL TR JE T CO, IR AL [l 2, BRI
TCA F)3E J5 3 R SR HEBEFA I A B Ao H ATIX 7
T R F 038 L /b, (EDGS TOK 3 v 4HB I B 5%
WHRBA I EERE L.

1.4 3-Hydroxypropionate (3HP) E{k

FNH 3HP o, - B bE B B A M R T 1
VIRRIERS , W LA RS 3HP AR IR R g BV, 1%
Pl SR & RN N B A NI R R M AR
P CAFFR T LU % BEECH A ME— Bl & )
P 3HP REWHIR WA A oS % DUE & BE R
Fi% 3HP I 75 £ T4 8 A AL RE T ) CO, 1T LAE SR AL I
PER R I Bk, BEAS IR #2 A % A 2k
1M H AR N C Ak & 4 4 W9 25 J Bl AT BLAE B 3HP-
CoA. W i ik U 1 B2 i e AL R AR mT A ) 1, [
I, 3HP /2 {Khxk & B PHA [ 3 AR B4

2008 4F, W 5L k0@ T 51 N\ Chloroflexus
aurantiacus3HP/4HB 1§ 21 1 78 — it 4 B A & 5
(MCR) =T He A Bt A A1 (Acs) [ 3HP-
CoA & Il &5 Mk, SEBLT MHE %) B & A P (3HP-
co-3HB) ', Z J5, Wang % ™ Bl Fl K AT i v %
A A RALEF AccABCD. K H C. aurantiacus
) MCR. A 5t il A & BB PrpE A1 PhbC, 23 T
M E A= P3HP Y5, REWEE N 132 gL,
Z I8 1R R MCR 1) R Gl Ab & 32 v A — IR PRk
W ABE BN, @i MCR AF TR M)
P57 LL 2 MCR-N fll MCR-C ik K P (1845, AT
SEHAZIEEF 3HP 2. A4, LR KT E
FINH KBS DhaB 1. B AG2E 01T IR LT2 (A
1% Bt & 1§ PduP DL &2 PHA & % PhbC, 541 B 7] LA
H BB 1.42 g/L (1 P3HP ) R4 1. Wang %
SEH T G5 A AR L AR AT 4% () 3HB A 3HP JL B
(4 7%, 4 3HP-CoA Al 3HB-CoA I & 17y il 52 31|
PR R G0y ], DUH O R IE A R T G
RN itk B 3L 28 ) P(3HB-co-3HP), 3HP BA44 [ JBE /R
A3 HOrT LA 11.5% 75 2 94.6%. JLR Y 3HP &
i, HERIRAE R 1. Gao%E B R H
Lt AR BE A 1R 70 DA I R B R 77 B B PAS
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BRI T, R T — DR R E MR RORE S
A5 P3IHP & Bl A, e ek ek H i 3 4% O Bt il 1)
i Sl T AAAG FPIHP - B R EREE
25.7 g/L.

1.5 2-Hydroxypropionate (LA) E{F

B 2- 52 5 5 07 IR W 2- %2 36 T B2 (2-hydroxy-
butyrate, 2HB) . FL MR (LA) . Z BE R (glyco-
late, GA) #H % 1 PHA %I o] gl h 2 B f
R 1 19 4E KSR PHA, X 22 5 fig B A7 % 55 PR A
RGF IO AL bR M e, B4 B R A
UG 3E FH TP AR B A 1 2 0 1k R A A
ZUEE L, BRI (PLA) MIRED & B
W — AN AT LS IR IR B RN L R s . A
OIS R R RN, R S R
A FLER LA, H N BE R B B AR N 1.
AT LH A2 s 3 AR 1) R R I 5

LA KB & B R EEL T M A R
FISE 4 G PhaC, WF 50 2 6 MR BE O 1 SR U5 IS 4 96
B 2 ) phaCyyy oo 1 phaC,.,,, 1 Glul30.
Ser325. Ser477 Fl GIn481 fi 55 347 T X =F1Y
RAF, KT X LA-CoA I35 M 2 25 39 I iy 52 4%
M, A8 20 K g AF B RTBA PR AR LA BE R 43 BN
19%~49% ] P (3HB-co-LA) . H 4, K H
putida  KT2440 . Pseudomonas
aeruginosa PAO1 .  Pseudomonas stutzeri %5 ) PhaC #f
Bl vk Ayl X 4 AN S R AL A S RS AR 2
LA-CoA "™, 54k, REHMALBERCEL
B4k T B2 K & M LA-CoA. Yang %5 U7 ¥ ok H
Clostridium propionicum ] ] Bt 4 B A ¥ 7 B
(Pet) & BRI JE AT B ML 15 A2 3R 15 1 R AL 4K Pet532
(Ala243Thr, A1200G) K1 Pct540 (Vall93Ala,
T78C. T669C. A1125G Al T1158C), W] LA 4% %
LA AR REE =B m. N7 6mEER&N
A BE G LA BEERTR M BE 1, Jung 5 T M
B ackA 1 ppc $& 55 £ Tt 4l g A R P R IR 19 7K
W 58 IdhA 323K DLHE AR ) LA K #F B AT
DL F %) 0% A2 7= 7 20 i B A 46% (it & 4 0
1) P (3HB-co-LA) , o LA 1 BE /R 7 50 30%
I E 60% o

Pseudomonas

1.6 2-Hydroxybutyrate (2HB) E{k

N T DL A RE R JR A 7 A 2HB 1 R 1S
Park 55 U 75 K I 187 Hh 4G A 3 R ik A% AR i 2- i
THER, RERIA Lactococcus lactis 1) D-2HA i &
S (pank) CL¥E 2-F T BR ¥ AN 2HB. AT 3
P53 12 7 2HB 75 2 i 45 5 4N i, PRtk 55 3HB [ 45
BN, 2HB A REE R LR N 0.66.

K H C. propionicum 1] Pct #7 & B H 7] DALIE
2HB. GA. 3HP. 4HB. 5-%3& LR (SHV) Fl
6-F2 R Ol (6HHx) 55 FhHA P ), 7~
B—RIAERABER, HF P(2HB-co-LA) Al
P (LA-co-GA) %5 o 53 A JUHR T Mk 4 B A % % 1
(Bets) 4 JF & ¥ 2HB 1 LA % 4k y 2HB-CoA Al
LA-CoA " FI|F Pct540,, FI % £ I PhaC 1437,
K % K B 0T LA DLAR & OBE A ME— B U AR R AW
P (3% 2HB-c0-96% 3HB-co-1% LA) (/K 70 %) ,

LEHE AT ERT74% (RES%), H42HB
FrEBAR . Bk H AT AR S 2 R AL
ERE, 2HB AN GBI BA H B

1.7 Glycolate/2-hydroxyacetate (GA) &{F

NT MARAR GBI A 72 8 GA R, £ X
FRR R R T R RS . 28 142 5508
Caulobacter crescentus W) R Wi 7 it A 8 & 182 ——
Dahms & 12, @ AWE ¥ 5 K B #2552 7 46 & R
GA, LRI AN 0.4; R 5 — 52 F R B R
A DA T2 A i — P AR i LA, 3B AR OB AR
PLGA LR BRI L3 9 1. Choi 55 PV g K
WG K] xylB FNAKE P RS R xplC 51 AR
W= GA; BRI S 3 LR A GA &
LB ) aceB gleB M glcDEFG H 8k 24 Bh T 36 i
GAP=&; Ed#— P LA B4R AE > 2HB 7=
A, EAAE ORI, DR 2 R AN AR T LA
P AT EE IR 4y $029.51% GA [ PLGA, P2 EEIA
YT HE K 36.2% URESHO . %X PLGA ALK
J AT 8 AT DAZE P2 25 Al T PLGA LR Y, 25l
4 3HB. 4HB. 5HV. 6HHx % ¥ifk. Choi%s " i#
T 4 1 T P Dahms 38 B E &, DAAKEE Ay —
Wi, 2850 #ah okl 3E 3% 0] 19 58 PLGA 1) 7= =148 3
6.93 g/L, A GA BEIR/FHUE ] 14.6%
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A T6 s GA BRI 28 2 B ARl 12 2 o 1%
B o IR B2 o %0 RIS 2 3 5k £ I8 TR 8 Ji
yedW F= KR IE VLA ROtk CRERR ¥4k 9 GA, - RIS
8 B0 S A A T AR T A S A R T DR TR
Ml aceAK J K 3 3k DL N & W B8 e, [A) IS b Bk
gleD B 1 GA ¥ A0y CBE|R . Bk b, MH ) HE 8
it 2 EERR 2y i A B GA PR B AL T N 0.66. T %
K W #F B M % BE LA phaCl,,,, (Ser325Thr,
GIn481Lys) « M. elsdenii [] pct 1 C. necator [
phaAB 3K H 7% P (LA-co-GA-co-3HB) [, GA JEE /R
I3 HUE 1.5%~39.0%, REG 00k $) 55.9% .
AN, &4 SucD Al 4HbD 41 5% 4HB & 1838 1% (1) 16
B BT DL A6 &5 B A 77 DU 2B 4K P (LA-co-GA-co-3HB-
co-4HB), AW & 7 B ik 52.6% . I,
GA RTS8 G 5 — P AR 1) & Ok T ot 59 74
RESEILAR B B A AR, KT GA BuAE 1A Bud
D RN 5L

1.8 MCL-3HA&{x

MCL-PHA, T HAEFZEME Pk A Tk
5 THT AR e M e 1 51 AT T A 2 ORI O

i 3-hydroxyhexanoate (3HHx) #J i [ 5 Big
HAT SR M AU B 1 PR 52 0 45 vy 1) i 24
K E (Rl 850%) , X ff H ity — FhEE IR 9]
R RL Y, AR Y P(3HB-co-HHX) |~
Z N TS FAL TR AR TR
A 72 K4 3HHx B4 ] SCL-co-MCL PHA LR ¥ ik
NUTRE. 5 3HB HRZEAL, A A2 0T
fitf A f N T8 2 A % 3HHX IR FE 46 3R N 0.66. DL
] %] B 55 B A AH K B VR A 77 P (3HB-co-HHX)
N TigE D, N3N LB A 5 FiE
C 5k, B B & M4 B A L 5 85 TP BT e 4
BEA, RIECHHIEAS T BT A% &t
3HHx-CoA T [a4£ . K H Aeromonas caviae %5 # 1)
% 4 Wl PhaC F1J Bt CoA /K 4 Bl Phal X 3HB-CoA
H13HHx-CoA H A & LR s vk e TR Al
PAA o 40 i T 5 75.3% (i %0 19 P(3HB-
co-HHx), & BE/R 70 $112% 11 3HHx P B
JIE 197 B8 B8 3 i AR D s AR 7 P (BHB-co-HHXO) 1)
REFHBERZ Y, KEAFE 2T

FIFAEF 05, MCL-PHA n] L3 i i 1 2
MK A W G B AR B I T 7 R B- S AL i AR R AR
A DU RS RO B RTAR LR A SR S
BEAT ML, PR SHA B B PR S B AL R Ny
0.66, 5 3HB M4 ZAM Y, HFR EHT MCL-
PHA )& U IR K, FELT ZRIGH, HL
BRI R e AL 22 23 EE 0.66 IR IR £«

I 51Nk B B R TR ) A T 5 g 5
phaG, KIGAT BE AT LI b A 2 0% A Sk 2B 90 A ik
2%~ 3% 41T E ) MCL-PHA ™, R[] 24 5
PHA R & W PhaC i % W #:52 SCL 53 MCL #.1%,
RN AW A A SCL-co-MCL PHA 3t 5 4 ) fig
11, W58 # ¥ Pseudomonas sp. MBEL 6-19 [ PhaC
A1 Pseudomonas sp. 61-3 ] PhaC 43 g 7+ L& 2
J&i AE % H2 U SCL-HA-CoA 1E NIEY, 4R )5 FI iR
197 B8 N Sk B BRI A A2 2F 1 A8 P 4 R A2 7 SCL-
MCL-PHA "7, ZfBlHh, Ri& fabH M phaC , 1]
YLK b B AT DALE IR D7 R AR S G A2 R TR
“WE-ACP 5 BT A 455 T W B R AR A
3HB. 3HHx f13HO K PHA ", 7£ & 4 K% #T i
LS5218 A1 £ 5 PhaCl,, .« PhaG. PhaAB Al oK H P
aeruginosa PAO ] CoA i #2 i PA3924, W] DL A H
%) A2 77 P (94.6% 3HB-co-5.4% MCL-3HA) (& /K
SHO T 20144, RS E Y ISEELE K
FF BR O F Z HR E 0 e [ i U7 R B- AL B
MCL-PHA . 1% J% [ 3458 B 88 F 2 BE 4 A K
Wt A T I T A 3E AT IR R R AR T AN A2 T
ACP), JEIIMIFR = EmlEN, iKIA fadBA.
T SR WE AR 1) ter. R4 A K & B Phall,, #4
KW AT B8 R 0% 4 Je 1 T I IR, - S A 1 B 72 A 1 A
Tk 4 Bl A 54K 9 3-HA-CoA,  MTT 72 A2 i & 43 4
6.62% 1) MCL-PHA, 1 | P. stutzeri 1317 ] PhaC,
HHW AT 12.10% RESHD dRTHEMP
(21.18%3HB-co-78.82%3HA) L KW ( BE /K 4
¥O. HAh, FEEME T, AR E RS
JEHH B UR & B MCL-PHA FIfg I g9, BEEH
YN R .

R, FAI 1IN A MCL-PHA & H Rl e AN iE &
] 27 B SRR 2R A R O] B AR BERE . SR TN
ANFEBIE A EVE, BT MCL-PHA () 54k 32 2
e KEENRIDTIR ,  DLBRA B e i R Bl IR A
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B JE A2 7" MCL-PHA 2 EL ¢ & 38 3k 8, B4 2k
A, BRI AL R .

2 NTARGER & g 242 i PHA A9l
il e

L BTl LR B, 2 PHA ARV &
AR R B T K B2V H PHA IR EE, 400N
PHA )& &2 4, PHA FHARFRE o € 45 PHA
A BRI BR A 2, 33T 20 PHA I )38 BUAS o
SR PHA Ak R A ISR E L, i itaH
PSRN T A BOS R, MWIRA R A
PHA (155 B 18 54 4k 2 e ?

BREHEMN . BB % 5 Embden-Meyerhof-
Parmnas (EMP) &5 & K24 m RE P HEAR
WHkAe, wRE NN EER, Jf IR 4t ATP F1iE
JR JINADH. N 1 & i H Ax A8 72 4 645 PHA,
AR R D6 IR N RS E A, R D RS TEIR
PR E CO,, FHUR™ 1K 33%. XFHR
T CO, 2 KK FRARAE I 7= S (AR R 0 M. B
2 fife 1) 3K b R AR PR 1) 52 21 T Liao WF 70 4H 1) Bk %
Bogorad %5 Y M@ T — A “AERL-FERERE T ® R
(NOG), &AM T 15 R I B i (Fxpk) X B
TR IR ) B R A 22, AN Tl S FOP 2Ly £ I
B2 (AcP) HIEA4P, K XuSP 2 A H i s -3- 1 IR
(GAP) F AcP, 4 & Bk B HE1E 3 1 1% & i i
(Tal) FIFEERBERE (Tkt), BALTFIE-1,6-
[REE (Fbp) M FBPH[EIILF6P. fil%E T 14 LAF6P
TERBIN D TG EE, 1A FOP A I kb i
3 AcP, Ee & HEAL N 34 AcCoA, BB 41K
FA L. R, MAEMEARKMERE, NOG I
HAEFA W, TIERNER OB AN &Y.

AR SR = U B R [ R T — Ak
NOG &2 ik = A 18 Ji T i kg (B3) . @il 4
4 7 EMP &%, BERR IR &S (PPP) DL GIA
“bifid shunt” &1, EENMWE T — 1 “EP-
Bifido” & 1%, 1%i& 1% LA PPP 1 & 1k 4> 3 /= &
NADPH, [A] I F6P 1 XuSP #% 1 B2 B 5% i Fxpk 7>
fift A AcP Al EAP/GAP. E4P ¥t N1 EHE, GAP il
T % 47 1§ Fba ¥ GAP #1 DHAP 4 & v FBP 4% F5 1§

WONF6P. Big b, ZI4E Wl 66% 1) GOP it
PPP, 1 /™% % # v] L7 2E 2.66 1~ AcCoA, il [ 3
WHAL KA LF]0.88, L KIREMP &2 1L K 42
& 1 33%. % EP-Bifido i& 1% i 152 K 7 #F 18 A 7=
o, I HBR CO, I T 50%~70%. 24
EP-Bifido #& 42 /il T/ 7 PHB I, PHB {77 R 5
T 145%, BB SEPRE AR 0.26 $E 5 A 0.64. K
FH 3 P 5 0 AN AT DA BRI )l A, 38w DA R IR
BRHER, 2 R R PHA A=W 6 5 1)

FEL, AR R - - WE AR A6 ER
(PBG) A B AR 7EAR S T SEBL T 38 i 2 1 4
g A ¥ %5 %) B 4% AL N PHB. Opgenorth 28 U™ it 17
ZPBGIEH, %406 ¥4 [RI R 1) F 62 B2 1 B 8% Fxpk 73
fit F6P Al XuSP LA J @ i PPP 1) & b 7 32 7= £
NADPH. AS[A] ) 52 1) FH B B2 SR B 3 PAKB A 33 b
L FBP JE L F6P, [RII) fEA42 ATP. J3 4k, 1E#4h
78 7 TBRERE (Tko . HERERE (TaD FIAZHE-5-
WEER B (Rpi), LAAEIE 5| N “NAD(P)H #
161”7 KT NADPH [ &, SCIL NADPH [ 3E
ik s = . M 1% PBG I, PHB &
KAEFAEFR AN 0.7 g/(L-h), HIRFFE NI0%. LY
R IR R IR S 1= R T NN S R %
A BRI = i S 8RR AR 72, BRI AE Tl
B AOX FE I B AR K By A 2 Y

3 MH 8 AW E BT PHA 5™
iill i

MR TR 8 B 2 o0 M, BRI — b &
YB3 PHA J2 AR AR & B 2 SR o T
ERWA R 2 H AR I — ik (CO). —
At (CO,p. HkE (CHY LA HEE (CH,OH)
KAEFZPHA MWEST (3D 7, — 2 RIR PHA A7~
W, SFEEENYE W C necator W i W4 0 i
PCC6803 1 H1 it %A A, & W1 Methylocystis parvus
Methylocystis sp. GB25 %5, Refg i Kk ¥ C, ik i 7~
4 PHA.

C. necator W] AR H HAE N H TR FT O, 1E N
BT 324K, R COLIE 5 oy I A% W B £ o 1] 4 B
R =R BRAG IR o1 Y fE B FRAMRAEAEK
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EP-bifido Sugars CH, -—> Methanol

o 7wt NAD(P)*
Ribulose-1, S-BP
Formaldahyde
o

Pgi _»G6P l
@/ .\’“T%JAD(P)H )
\;V % U P)'— G6P
Y/ ar

7Pa--\' AD( l
R
ADP r]L\) Q‘;‘]NAD{P)H 1,3-BP-glycerate
Formic acid
i

AcP Fxpk RUSP o, F&P
e |
5

3-Phosphoglycerate

i

T[‘?‘G H:ll “_-"‘ /*CO. £
s . [GlyA },
¥ &7 RSP Glycine Serine
NOG PEP 6P-Gluconate \
. Sga \
i Xusp_ GAP—\Ikt I Gépdh Serine YA
Xp Pi i Glyoxylate pathway
F6P Achu. X ; Eynma GoP Hexulose-6P
Pi. ck, \?A{ JRU] J A
N GA Pi \ Hépi
N\ N LA s (0 e
FB / Rpe Vo e F6P S

Fxpk
Fba AP‘—7<XP RusP Ac-CoA A @_//

co Acp P Methyl-Co-FeS-P <—
CODH (CODH | 2] (MTF)
Co, Formate E—)Fonnyl—THF@—)Mcthcnyl-T}LF-—)Mcthy]cnc-THF—@—) Methyl-THF

B3 PHA A=/ AR Hx S [ B AR P A &%
WA & RER AR MINOG 818 EP-Bifido B 1255: BN & RIS B AR R/RUEH . LRAMBRE. S-BERMAZ I L BRI 5%,
fiff: Fxpk—F6P/XuSP WG R ARG ; Tal—F;RERERG; Tkt—435FRABEAY; Fbp—FWE-1,6-6%R; Fba—RME-1,6- ZBEMREE 4 ; tpl—ﬂi*)%
IR A Rpe— X HE-5-W I8 A0  Rpi—M%HE-S-0F R 7M. CODH—— 4% LBk i &G : FDH—HERBIANS: FTS—H BEHE-IUA
WER A FTC— W MR- DY S BRI LK B BG :  MTD—E FB:- DU A0 BRI UM . MTR— IV E- DU AU BRIE R B . MTF—F B4 72 1
ACS—Z B4 A A 0B ; PRK—FBRAZE P IMET; GAPDH—3-WEEL H MW it Elg; PGK—WEER H i BRIMEE; RuBisCO— % MaRE-1,5-—
R RALEF; MMO—MH kR L, MDH—H RSN HAMPTP—IUS RIS RIE, GlyA—242 R MR P ILHER i, MkAB—3ER
RET I ; Sga— 2 RAIR- LR BB Mcl—3F BB A X AGH; 6PGDH—6-1# R H 4 HE R I EU8;  HOPS— C i ¥ -6- 4 R &
fiff: HoPI— LW B-6-f IR 7 A Bl . PGI— AR H1 &1 W5 A0 1. GOPDH— i %) W -6- 1 B2 it 2016
RUY: FoP—RWE-6-WH: PEP—BEMRIGIF XML : Pyr—NRIRR: EAP—IRGENE-4-WERR: STP—S R BRMINE-7-BERR: RSP—AHH-5-
IR RuSP—ZEAME-5-BEER: XSP—AHIWE-5-0FER: GAP—3-BEER HM®: DHAP—®EER —¥2NEH: FBP—HHE-1,6-—ER: Ribulose
1,5-BP—I4HiHE-1,5- BER; 1,3-BP-glycerate—1,3- " BilE HMIlR; 6P-Gluconate—6-BEMRM 2 ¥EH2; Hexulose-6P— CL i FE-6-1 2  AcP
— LTRER:  Ac-CoA— LBEHHEE A; Formyl-THF— H It - PU S R Methenyl-THF— V. H ZE PU SR s Methylene-THF— V. Ff 28 U &
MER; Methyl-THF—F JE-PUE M ER; Methyl-CoFeS-P— F 3 S I R 2k 6% 25 1)

Fig. 3 Low carbon and carbon sequestration biosynthetic pathways for PHA production

(Low carbon biosynthesis pathways include NOG pathway, EP-bifido pathway, efc. Carbon sequestration biosynthesis pathways include Calvin
cycle, serine pathway, ribulose 5-phosphate monophosphate pathway, etc)

AT RAN R i R EBET . C. onecator Bg B AR (CBB) ¥ F A H CO, & % #h #2 & PHB ™,
61.9 g/L I PHB, /=% N1.55g/(L-h) ", B4k, Carpine %5 ™ J@ 1t T F2 4k 51 N 3 B8 Wi B B 52 [N
2l COME NME—TRIERT, C. necator HI6 T 4E fipk, [RINSERK pta FMlach, TEIGEY) R4 BH##
P B AT 63% MU 3L B W P (3HB-co- M CO, K47 PHB, fipk 5] N {# PHB 7 &34 i1
3HV-co-3HHx), 7= N58 gL "™, £, —HH 6 5, B & 7E RIS T 232 mg/L, 540 T E
7= LR W T AR Clostridium autoethanogenum 5| N\ 12%.

PHB & 5= J5 Al # & L CO/CO, (& H) ¥4k H J5¢ 8 9% T #k Methylocystis sp. GB 25 DSMZ
NPHB ™. 2 WA T LLLL COME NME—B 7674 38 i XU B 19 Re % 6 46 87 1Y) F J6 1 i 2
P H 5 £ & il PHB: 4E i % Synechocystis sp. B PHB. fE70 LAY RN, @i AR
PCC6803 A DL E ¢ BX 3l [f) Calvin-Benson-Bassham ] (FEFE3 0.17 h') FIp b8 9% b b 7538 9% R B
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Z %M I PHB LR B B, mI RAAE 7= 5 4t il T =
51% W PHB " 5 4h, HEEE F7 1 AT LR
H i 22 F R &2 P PHA, WM. extorquens ATCC
55366 LA F AR g M — B U AE 115 g/L i v 40 i 5
FEN, ARk g0 #E 46% [ PHB . H
2H M. extorquens AM1 DL H B R ME — B Y5 m] DLFR &R
f 3HB. 3HV f 3HHx 41 3L &9 . B i 3%
R FEFPEE T (Co™) MIKESEMES
MAEKEEMRER, EREKRET, SHVHBA
FFr AR SRR, A5 A 6% 3HV [P
(3HB-co-3HV) . JH it 5| N 4. caviae ) phaC Z: A ,
1% 3k A 7] LA $% 52 SCL-HA-CoA F1 MCL-HA-CoA ,
R BLAT LU HEE A R P (3HB-co-3HV-co-3HHX) -
Yin S5O o4y B — Bk AT R
Methylobacterium sp. 1805, %4 B v LA UL FF Ay
ME— BRI A P 3845 0.55 g/L [ PHB. B4R H ATiX L
W FLIE A B SLBLRUALA ,  H % R 1 PHA 1 Tk
R AT R T 2kl

4 RAEERHE

1E “Xhk” HAsMTE5 T, KA & Bk
NG IE I O . DUAEY RS R PHA A, 5
554 B RIAE EL, PHA BEWE 30 4= i & 9B ki
FEAIK 90%, 1 4 PHA WY& L PP IR 8 119 i HE AR
180 go JTAFE SR ATERHEAT 1) 248 /FR B8 4 b 1y A= )
SRR ST . PHA A dlig,
JEklFE Bl pl, JREs e n i AR
A, P RSSO EE . DL PHA R A8 ™ i
SR I HF 8 Tl ik . & 04 oA 1L 3R
KUFREHL, TmE v fli &

Bee ARG R AR AT S8 2 2B W T 6 i B R R R I B 7 o
S3 BT % B PHA I 3R B e A0 28 B T 0 i & & 1)
PHA HARER, & mRWAA, BRARRA, @]
DA/ AR = o R B R HE S, B ) “ X7 B bR
SEHL. MR, S PHA BRI B AL RO B 2
BTN T8 M TR 45 DR 3 IR Bk 1) B R R A
S B JEC ) e Ak 2 0 H T AE SCHR i E A Y
B, KRR 1 R AR B & PHA AP 25 Fh B AR 1)
MR LA S PHA 4B N &5 & SERrfe U RUR IR &
Bl PHA & fid #2 w52 B 2R FH B 12 DL ROz & 1%

PHA & B BCF A K, BEAE PHA 7 LA W % Jg #
PHA =& AW g &, A 5 AT 28k 2
KVFE PHA B SE PR o

PHA 1 2E )& IR A 442 LA el Il A R 2 o
T I 255 05 B bR R SR I A R I FE &5 08 B ik
g Bk, WA BN TR,
/b CO, MHEBOF B =T A A Fe AL 22 s[RI 3 v —
WAL & P ) A ROR LAk, 1598 02 Aok 75 S
B RAR . R TR 5 & A 2 5
7 PHA JBS 25 40 g s ™, i e A2 1 2 A4 344
W H T, BRI ER, fERya
YI AL

534, PHA [FAN 6 2 il o] M 22 07 T FEAIR AR
Wik £ FRAN WE R B R YOI s 1k R R R R
B a0 mE SRR A, AT AR iR R R ZVAOK
M &S ReETHFE, PRI R R .
K2, ULEPHA A B T V51 06 o i S B AR TF R
X FFF 5 PHA AR B 43 €6 A 9 1) it 1) T A i3t 72
BA IR .

& £ X M

[1] ANDERSON A J, DAWES E A. Occurrence, metabolism, met-
abolic role, and industrial uses of bacterial polyhydroxyalkano-
ates[J]. Microbiological Reviews, 1990, 54(4): 450-472.

[2] MADISON L L, HUISMAN G W. Metabolic engineering of
poly(3-hydroxyalkanoates): from DNA to plastic[J]. Microbiol-
ogy and Molecular Biology Reviews, 1999, 63(1): 21-53.

[3] #BPRAE, LA, BV . AR W& B AT B A A4 KL PHA IR BIF 7 3
FEATF= AL a3 T). ch E S RHE, 2000, 11(5): 96-99, 74.

QI Q S, WANG Q, LIANG Q F. Research progress and indus-
trialization trend of biodegradable materials PHA[J]. China Ba-
sic Science, 2009, 11(5): 96-99, 74.

[4] STEINBUCHEL A. Perspectives for biotechnological produc-
tion and utilization of biopolymers: metabolic engineering of
polyhydroxyalkanoate biosynthesis pathways as a successful
example[J]. Macromolecular Bioscience, 2001, 1(1): 1-24.

[5] SUDESH K, ABE H, DOI Y. Synthesis, structure and proper-
ties of polyhydroxyalkanoates: biological polyesters[J]. Prog-
ress in Polymer Science, 2000, 25(10): 1503-1555.

[6] LI Z B, YANG J, LOH X J. Polyhydroxyalkanoates: opening
doors for a sustainable future[J]. NPG Asia Materials, 2016,
8(4): €265.

[71] REHM B H A, STEINBUCHEL A. Biochemical and genetic
analysis of PHA synthases and other proteins required for PHA



%3% www.synbioj.com

759

[10]

(1]

[12]

[13]

[15]

[16]

[17]

(18]

[19]

synthesis[J]. International Journal of Biological Macromole-
cules, 1999, 25(1/2/3): 3-19.

X G, 2R, O, & 3 TG SOA g Y A 0 o IR
JE Ji 7 R P A BT LR JR ], /82313 AR, 2020(11): 22-30.
ZHAO G Q,LIY L, WU S, et al. Research progress in polyhy-
droxyalkanoates biosynthesis by microorganisms based on in-
expensive carbon sources[J]. Polymer Bulletin, 2020(11):
22-30.

SANTIMANO M C, PRABHU N N, GARG S. PHA produc-
tion using low-cost agro-industrial wastes by Bacillus sp. strain
COL1/A6[J]. Research Journal of Microbiology, 2009, 4(3):
89-96.

KIM H S, OHY H, JANG Y A, et al. Recombinant Ralstonia
eutropha engineered to utilize xylose and its use for the produc-
tion of poly(3-hydroxybutyrate) from sunflower stalk hydroly-
sate solution[J]. Microbial Cell Factories, 2016, 15: 95.

SHEU D S, CHEN W M, YANG J Y, et al. Thermophilic bacte-
rium Caldimonas taiwanensis produces poly(3-hydroxybutyr-
ate-co-3-hydroxyvalerate) from starch and valerate as carbon
sources[J]. Enzyme and Microbial Technology, 2009, 44(5):
289-294.

BUDDE C F, RIEDEL S L, WILLIS L B, et al. Production of
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) from plant
oil by engineered Ralstonia eutropha strains[J]. Applied and
Environmental Microbiology, 2011, 77(9): 2847-2854.
KOLLER M, HESSE P, BONA R, et al. Potential of various ar-
chae- and eubacterial strains as industrial polyhydroxyalkano-
ate producers from whey[J]. Macromolecular Bioscience,
2007, 7(2): 218-226.

PARK S J, PARK J P, LEE S Y. Production of poly(3-hydroxy-
butyrate) from whey by fed-batch culture of recombinant Esch-
erichia coli in a pilot-scale fermenter[J]. Biotechnology Let-
ters, 2002, 24(3):185-189.

OH Y H, LEE S H, JANG Y A, et al. Development of rice bran
treatment process and its use for the synthesis of polyhydroxy-
alkanoates from rice bran hydrolysate solution[J]. Bioresource
Technology, 2015, 181: 283-290.

ANDREESSEN B, LANGE A B, ROBENEK H, et al. Conver-
sion of glycerol to poly(3-hydroxypropionate) in recombinant
Escherichia coli[J]. Applied and Environmental Microbiology,
2010, 76(2): 622-626.

VERLINDEN R A, HILL D J, KENWARD M A, et al. Produc-
tion of polyhydroxyalkanoates from waste frying oil by Cupria-
vidus necator[J]. AMB Express, 2011, 1(1): 11.
NEELAMEGAM A, AL-BATTASHI H, AL-BAHRY S, et al.
Biorefinery production of poly-3-hydroxybutyrate using waste
office paper hydrolysate as feedstock for microbial fermenta-
tion[J]. Journal of Biotechnology, 2018, 265: 25-30.

POVOLO S, TOFFANO P, BASAGLIA M, et al. Polyhydroxy-

[20]

(21]

(22]

[23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

alkanoates production by engineered Cupriavidus necator from
waste material containing lactose[J]. Bioresource Technology,
2010, 101(20): 7902-7907.

CHOI J I, LEE S'Y, HAN K. Cloning of the Alcaligenes latus
polyhydroxyalkanoate biosynthesis genes and use of these
genes for enhanced production of poly(3-hydroxybutyrate) in
Escherichia coli[]]. Applied and Environmental Microbiology,
1998, 64(12): 4897-4903.

ELHADI D, LU L, JIANG X R, et al. CRISPRi engineering E.
coli for morphology diversification[J]. Metabolic Engineering,
2016, 38: 358-369.

CHEN Q, WANG Q, WEI G Q, et al. Production in Escherich-
ia coli of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with
differing monomer compositions from unrelated carbon sources[J].
Applied and Environmental Microbiology, 2011, 77(14): 4886-
4893.

MA W J, WANG J L, L1Y, et al. Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) co-produced with L-isoleucine in Corynebac-
terium glutamicum WMOO1[J]. Microbial Cell Factories, 2018,
17(1): 93.

WANG Q, LIU X L, QI Q S. Biosynthesis of poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) from glucose with elevated 3-
hydroxyvalerate fraction via combined citramalate and threo-
nine pathway in Escherichia coli[J]. Applied Microbiology and
Biotechnology, 2014, 98(9): 3923-3931.

ALDOR S, KIM S W, PRATHER K L, et al. Metabolic engi-
neering of a novel propionate-independent pathway for the pro-
duction of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) in re-
combinant Salmonella enterica serovar typhimurium[J]. Ap-
plied and Environmental Microbiology, 2002, 68(8): 3848-
3854.

LIZJ, SHIZY, JIAN J, et al. Production of poly(3-hydroxybu-
tyrate-co-4-hydroxybutyrate) from unrelated carbon sources by
metabolically engineered Escherichia coli[J]. Metabolic Engi-
neering, 2010, 12(4): 352-359.

YE J W, HU D K, CHE X M, et al. Engineering of Halomonas
bluephagenesis for low cost production of poly(3-hydroxybu-
tyrate-co-4-hydroxybutyrate) from glucose[J]. Metabolic Engi-
neering, 2018, 47: 143-152.

WANG Q, LIU C S, XIAN M, et al. Biosynthetic pathway for
poly(3-hydroxypropionate) in recombinant Escherichia coli[J].
Journal of Microbiology, 2012, 50(4): 693-697.

JUNG Y K, KIM TY, PARK S J, et al. Metabolic engineering
of Escherichia coli for the production of polylactic acid and its
copolymers[J]. Biotechnology and Bioengineering, 2010, 105(1):
161-171.

PARK S J, LEE T W, LIM S C, et al. Biosynthesis of polyhy-
droxyalkanoates containing 2-hydroxybutyrate from unrelated

carbon source by metabolically engineered Escherichia coli[J].



760

BREDF

%£3%

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Applied Microbiology and Biotechnology, 2012, 93(1):
273-283.
CHOI S Y, PARK S J, KIM W J, et al. One-step fermentative
production of poly(lactate-co-glycolate) from carbohydrates in
Escherichia coli[J]. 2016, 34(4):
435-440.

LI ZJ, QIAO K J, SHI W C, et al. Biosynthesis of poly(glyco-

Nature Biotechnology,

late-co-lactate-co-3-hydroxybutyrate) from glucose by metabol-
ically engineered Escherichia coli[J]. Metabolic Engineering,
2016, 35: 1-8.

WANG Q, LUAN Y Q, CHENG X L, et al. Engineering of
Escherichia coli for the biosynthesis of poly(3-hydroxybutyr-
ate-co-3-hydroxyhexanoate) from glucose[J]. Applied Microbi-
ology and Biotechnology, 2015, 99(6): 2593-2602.

ZHANG M X, KURITA S, ORITA 1, et al. Modification of ace-
toacetyl-CoA reduction step in Ralstonia eutropha for biosyn-
thesis of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) from
structurally unrelated compounds[J]. Microbial Cell Factories,
2019, 18(1): 147.

WANG Q, TAPPEL R C, ZHU C J, et al. Development of a
new strategy for production of medium-chain-length polyhy-
droxyalkanoates by recombinant Escherichia coli via inexpen-
sive non-fatty acid feedstocks[J]. Applied and Environmental
Microbiology, 2012, 78(2): 519-527.

ZHUANG Q Q, WANG Q, LIANG Q F, et al. Synthesis of
polyhydroxyalkanoates from glucose that contain medium-
chain-length monomers via the reversed fatty acid B-oxidation
cycle in Escherichia coli[J]. Metabolic Engineering, 2014, 24:
78-86.

CHOI J I, LEE S Y. High level production of supra molecular
weight poly(3-hydroxybutyrate) by metabolically engineered
Escherichia coli[]]. Biotechnology and Bioprocess Engineer-
ing, 2004, 9(3): 196-200.

MARANGONI C, FURIGO A, DE ARAGAO G M F. Produc-
tion of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) by Ral-
stonia eutropha in whey and inverted sugar with propionic acid
feeding[J]. Process Biochemistry, 2002, 38(2): 137-141.
KOLLER M, BONA R, CHIELLINI E, et al. Polyhydroxyal-
kanoate production from whey by Pseudomonas hydrogenovo-
ra[J]. Bioresource Technology, 2008, 99(11): 4854-4863.
STEINBUCHEL A, HUSTEDE E, LIEBERGESELL M, et al.
Molecular basis for biosynthesis and accumulation of polyhy-
droxyalkanoic acids in bacteria[J]. FEMS Microbiology Let-
ters, 1992, 103(2/3/4): 217-230.

HAYWOOD G W, ANDERSON A J, WILLIAMS D R, et al.
Accumulation of a poly(hydroxyalkanoate) copolymer contain-
ing primarily 3-hydroxyvalerate from simple carbohydrate sub-
strates by Rhodococcus sp. NCIMB 40126[J]. International
Journal of Biological Macromolecules, 1991, 13(2): 83-88.

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

ESCHENLAUER A C, STOUP S K, SRIENC F, et al. Produc-
tion of heteropolymeric polyhydroxyalkanoate in Escherichia
coli from a single carbon source[J]. International Journal of Bi-
ological Macromolecules, 1996, 19(2): 121-130.

YANG J E, CHOI Y J, LEE S J, et al. Metabolic engineering of
Escherichia coli for biosynthesis of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) from glucose[J]. Applied Microbiology
and Biotechnology, 2014, 98(1): 95-104.

CHEN Y, CHEN X Y, DU H T, et al. Chromosome engineering
of the TCA cycle in Halomonas bluephagenesis for production
of copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate
(PHBV)[J]. Metabolic Engineering, 2019, 54: 69-82.
AKDOGAN M, CELIK E. Enhanced production of poly(3-hy-
droxybutyrate-co-3-hydroxyvalerate) biopolymer by recombi-
nant Bacillus megaterium in fed-batch bioreactors[J]. Biopro-
cess and Biosystems Engineering, 2021, 44(2): 403-416.

DOI Y, KANESAWA Y, KUNIOKA M, et al. Biodegradation
of microbial copolyesters: poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) and poly(3-hydroxybutyrate-co-4-hydroxybutyr-
ate)[J]. Macromolecules, 1990, 23(1): 26-31.

VIGNESWARI S, VIJAYA S, MAJID M I A, et al. Enhanced
production of poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
copolymer with manipulated variables and its properties[J].
Journal of Industrial Microbiology and Biotechnology, 2009,
36(4): 547-556.

SOHLING B, GOTTSCHALK G. Molecular analysis of the an-
aerobic succinate degradation pathway in Clostridium kluyveri[J].
Journal of Bacteriology, 1996, 178(3): 871-880.

VALENTIN H E, DENNIS D. Production of poly(3-hydroxy-
butyrate-co-4-hydroxybutyrate) in recombinant Escherichia coli
grown on glucose[J]. Journal of Biotechnology, 1997, 58(1):
33-38.

NAKAMURA S, KUNIOKA M, DOI Y. Biosynthesis and char-
acterization of bacterial poly(3-hydroxybutyrate-co-3-hydroxy-
propionate) [J]. Journal of Macromolecular Science: Part A-
Chemistry, 1991, 28(supl): 15-24.

VALENTIN H E, MITSKY T A, MAHADEO D A, et al. Appli-
cation of a propionyl coenzyme A synthetase for poly(3-hy-
droxypropionate-co-3-hydroxybutyrate) accumulation in re-
combinant Escherichia coli[J]. Applied and Environmental Mi-
crobiology, 2000, 66(12): 5253-5258.

FUKUI T, SUZUKI M, TSUGE T, et al. Microbial synthesis of
poly[(R)-3-hydroxybutyrate-co-3-hydroxypropionate] from un-
related carbon sources by engineered Cupriavidus necator{J].
Biomacromolecules, 2009, 10(4): 700-706.

WANG Q, YANG P, XIAN M, et al. Biosynthesis of poly(3-hy-
droxypropionate-co-3-hydroxybutyrate) with fully controllable
structures from glycerol[J]. Bioresource Technology, 2013,
142: 741-744.



%3% www.synbioj.com

761

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

GAOY Q, LIU C S, DING Y M, et al. Development of geneti-
cally stable Escherichia coli strains for poly(3-hydroxypropio-
nate) production[J]. PLoS One, 2014, 9(5): €97845.

DEB P K, KOKAZ S F, ABED S N, et al. Pharmaceutical and
biomedical applications of polymers[M]// Basic fundamentals
of drug delivery. Amsterdam: Elsevier, 2019: 203-267.
GIAMMONA G, CRAPARO E F. Biomedical applications of
polylactide (PLA) and its copolymers[J]. Molecules, 2018, 23
(4): 980.

YANG T H, KIM T W, KANG H O, et al. Biosynthesis of poly-
lactic acid and its copolymers using evolved propionate CoA
transferase and PHA synthase[J]. Biotechnology and Bioengi-
neering, 2010, 105(1): 150-160.

YANG T H, JUNG Y K, KANG H O, et al. Tailor-made type II
Pseudomonas PHA synthases and their use for the biosynthesis
of polylactic acid and its copolymer in recombinant Escherich-
ia coli[J]. Applied Microbiology and Biotechnology, 2011, 90
(2): 603-614.

REN Y L, MENG D C, WU L P, et al. Microbial synthesis of a
novel terpolyester P(LA-co-3HB-co-3HP) from low-cost sub-
strates[J]. Microbial Biotechnology, 2017, 10(2): 371-380.
PARK S J, KIM T W, KIM M K, et al. Advanced bacterial
polyhydroxyalkanoates: towards a versatile and sustainable
platform for unnatural tailor-made polyesters[J]. Biotechnolo-
gy Advances, 2012, 30(6): 1196-1206.

DAVID Y, JOO J C, YANG J E, et al. Biosynthesis of 2-hy-
droxyacid-containing polyhydroxyalkanoates by employing bu-
tyryl-CoA transferases in metabolically engineered Escherichia
coli[J]. Biotechnology Journal, 2017, 12(11): 1700116.

CHOI S Y, KIM W J, YU S J, et al. Engineering the xylose-ca-
tabolizing Dahms pathway for production of poly(D-lactate-co-
glycolate) and poly(D-lactate-co-glycolate-co-D-2-hydroxybu-
tyrate) in Escherichia coli[J]. Microbial Biotechnology, 2017,
10(6): 1353-1364.

LI Z J, QIAO K J, CHE X M, et al. Metabolic engineering of
Escherichia coli for the synthesis of the quadripolymer poly
(glycolate-co-lactate-co-3-hydroxybutyrate-co-4-hydroxybutyr -
ate) from glucose[J]. Metabolic Engineering, 2017, 44: 38-44.
NODA I, GREEN P R, SATKOWSKI M M, et al. Preparation
and properties of a novel class of polyhydroxyalkanoate copo-
lymers[J]. Biomacromolecules, 2005, 6(2): 580-586.

YUBY, CHENPY, SUN Y M, et al. Response of human mes-
enchymal stem cells (hMSCs) to the topographic variation
of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHH,)
films[J]. Journal of Biomaterials Science Polymer Edition,
2012, 23(1/2/3/4): 1-26.

INSOMPHUN C, XIE H, MIFUNE J, et al. Improved artificial
pathway for biosynthesis of poly(3-hydroxybutyrate-co-3-hy-

droxyhexanoate) with high Cg-monomer composition from

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

fructose in Ralstonia eutrophall]. Metabolic Engineering,
2015, 27: 38-45.

FUKUI T, DOI Y. Cloning and analysis of the poly(3-hydroxy-
butyrate-co-3-hydroxyhexanoate)  biosynthesis  genes  of
Aeromonas caviae[J]. Journal of Bacteriology, 1997, 179(15):
4821-4830.

LEE S H, OH D H, AHN W 8§, et al. Production of poly(3-hy-
droxybutyrate-co-3-hydroxyhexanoate) by high-cell-density
cultivation of Aeromonas hydrophila[J]. Biotechnology and
Bioengineering, 2000, 67(2): 240-244.

TIMM A, STEINBUCHEL A. Formation of polyesters consist-
ing of medium-chain-length 3-hydroxyalkanoic acids from glu-
conate by Pseudomonas aeruginosa and other fluorescent pseu-
domonads[J]. Applied and Environmental Microbiology, 1990,
56(11): 3360-3367.

REHM B H, MITSKY T A, STEINBUCHEL A. Role of fatty
acid de novo biosynthesis in polyhydroxyalkanoic acid (PHA)
and rhamnolipid synthesis by pseudomonads: establishment of
the transacylase (PhaG)-mediated pathway for PHA biosynthe-
sis in Escherichia coli[J]. Applied and Environmental Microbi-
ology, 2001, 67(7): 3102-3109.

PARK S J, CHOI J I, LEE S Y. Engineering of Escherichia coli
fatty acid metabolism for the production of polyhydroxyalkano-
ates[J]. Enzyme and Microbial Technology, 2005, 36(4):
579-588.

HOKAMURA A, WAKIDA I, MIYAHARAYY, et al. Biosynthe-
sis of poly(3-hydroxybutyrate-co-3-hydroxyalkanoates) by re-
combinant Escherichia coli from glucose[J]. Journal of Biosci-
ence and Bioengineering, 2015, 120(3): 305-310.

TSAY J T, OH W, LARSON T J, et al. Isolation and character-
ization of the beta-ketoacyl-acyl carrier protein synthase III
gene (fabH) from Escherichia coli K-12[J]. The Journal of Bio-
logical Chemistry, 1992, 267(10): 6807-6814.

NOMURA C T, TANAKA T, GAN Z H, et al. Effective en-
hancement of short-chain-length-medium-chain-length polyhy-
droxyalkanoate copolymer production by coexpression of ge-
netically engineered 3-ketoacyl-acyl-carrier-protein synthase
III (fabH) and polyhydroxyalkanoate synthesis genes[J]. Bio-
macromolecules, 2004, 5(4): 1457-1464.

BOGORAD I W, LIN T S, LIAO J C. Synthetic non-oxidative
glycolysis enables complete carbon conservation[J]. Nature,
2013, 502(7473): 693-697.

WANG Q, XU J S, SUN Z J, et al. Engineering an in vivo EP-
bifido pathway in Escherichia coli for high-yield acetyl-CoA
generation with low CO, emission[J]. Metabolic Engineering,
2019, 51: 79-87.

OPGENORTH P H, KORMAN T P, BOWIE J U. A synthetic
biochemistry module for production of bio-based chemicals

from glucose [J]. Nat Chem Biol 2016, 12 (6):393-395.



762

BREDF

%£3%

[78]

[79]

[80]

[81]

(82]

[83]

(84]

[85]

[86]

(87]

DUDLEY Q M, KARIM A S, JEWETT M C. Cell-free meta-
bolic engineering: Biomanufacturing beyond the cell[J]. Bio-
technology Journal, 2015, 10(1): 69-82.

DURRE P, EIKMANNS B J. C,-carbon sources for chemical
and fuel production by microbial gas fermentation[J]. Current
Opinion in Biotechnology, 2015, 35: 63-72.

BRIGHAM C. Perspectives for the biotechnological produc-
tion of biofuels from CO, and H, using Ralstonia eutropha and
other 'Knallgas' bacteria[J]. Applied Microbiology and Biotech-
nology, 2019, 103(5): 2113-2120.

ISHIZAKI A, TANAKA K, TAGA N. Microbial production of
poly-D-3-hydroxybutyrate from CO,[J]. Applied Microbiology
and Biotechnology, 2001, 57(1/2): 6-12.

VOLOVA T G, KALACHEVA G S, STEINBUCHEL A. Bio-
synthesis of multi-component polyhydroxyalkanoates by the
Bacterium Wautersia eutropha[J]. Macromolecular Symposia,
2008, 269(1): 1-7.

DE SOUZA PINTO LEMGRUBER R, VALGEPEA K, TAP-
PEL R, et al. Systems-level engineering and characterisation of
Clostridium autoethanogenum through heterologous produc-
tion of poly-3-hydroxybutyrate (PHB)[J]. Metabolic Engineer-
ing, 2019, 53: 14-23.

WU G F, WU Q Y, SHEN Z Y. Accumulation of poly-f -hy-
droxybutyrate in cyanobacterium Synechocystis sp. PCC6803
[J]. Bioresource Technology, 2001, 76(2): 85-90.

CARPINE R, DU W, OLIVIERI G, et al. Genetic engineering
of Synechocystis sp. PCC6803 for poly- B -hydroxybutyrate
overproduction[J]. Algal Research, 2017, 25: 117-127.
WENDLANDT K D, JECHOREK M, HELM 1J, et al. Produc-
ing poly-3-hydroxybutyrate with a high molecular mass from
methane[J]. Journal of Biotechnology, 2001, 86(2): 127-133.
BOURQUE D, POMERLEAU Y, GROLEAU D. High-cell-
density production of poly- B -hydroxybutyrate (PHB) from

methanol by Methylobacterium extorquens: production of high-

(88]

[89]

[90]

molecular-mass PHB[J]. Applied Microbiology and Biotech-
nology, 1995, 44(3/4): 367-376.

ORITA I, NISHIKAWA K, NAKAMURA S8, et al. Biosynthe-
sis of polyhydroxyalkanoate copolymers from methanol by
Methylobacterium extorquens AM1 and the engineered strains
under cobalt-deficient conditions[J]. Applied Microbiology and
Biotechnology, 2014, 98(8): 3715-3725.

WANG J, TAN H, LI K, et al. Two-stage fermentation optimi-
zation for poly-3-hydroxybutyrate production from methanol
by a new Methylobacterium isolate from oil fields[J]. Journal
of Applied Microbiology, 2020, 128(1): 171-181.

B, Wi 5 A R A A 2 R AE S PR IR 1 R U PHA A2 7
SRR ). o R AR A REE, 2015, 45(10): 1003-1014,
WANG Y, CHEN G Q. Application of synthetic biology for the
production of polyhydroxyalkanoates[J]. Scientia Sinica (Vi-
tae), 2015, 45(10): 1003-1014.

BIRAER: HBPAEC1966—), 5, %
o R K2 BOR B 5 T sk e
R EAE. BT A TS &K
AW, T BORE B Al K A T fige 2
BHI & .

E-mail: qiqingsheng@sdu.edu.cn

F—1EE: EFEU9—), &, 1l
e B . WEIETT R N SR AR TR
HEBRAEME,

E-mail: qiqi20011983@gmail.com




