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Thirty years of metabolic engineering for biosynthesis of
polyhydroxyalkanoates

Xinyu Chen”, Mengyi Li", and Guo-giang Chen

School of Life Science, Department Chemical Engineering, Tsinghua University, Beijing 100084, China

Abstract:  Polyhydroxyalkanoate (PHA) is a family of biodegradable polyesters synthesized by microorganisms. It has various
monomer structures and physical properties with broad application prospects. However, its large-scale production is still hindered
by the high cost. In the past 30 years, metabolic engineering approach has been used to tune the metabolic flux, engineer and
introduce pathways. The efficiency of PHA synthesis by microorganisms has been significantly improved, and the diversity of
PHA monomer, structure and substrate have also been enriched. Meanwhile, by changing cell morphology and PHA particle size,
more efficient downstream production process has achieved and PHA production costs have been reduced. In recent years, “Next
generation industrial biotechnology” (NGIB) based on extremophiles, especially halophilic Halomonas spp., has been rapidly
developed. NGIB has achieved the opening and continuous production of PHA, which simplifies the production process and saves
energy and fresh water. Combined with metabolic engineering, Halomonas spp. can be transformed into low-cost production
platform of numerous PHA. It is expected to improve the market competitiveness and promote the commercialization of PHA.

Keywords: polyhydroxyalkanoates, synthetic biology, metabolic engineering, next generation industrial biotechnology

BHILNENIBREE (Polyhydroxyalkanoates ,
PHA) &6 N S 7 T REE SRR, 2
W EY) (EEOEME) 88 IR S AP
M2 F T A — R e R ™. PHA HA R
R LB Wy T R A PR RO AE AR 25, B A B R
CRASE 3 A0k B T H AR R RE Y 2 FE 1
RN T ORI BEAEARE . AR =
TRk A5 22 AR T 32 3 92 S v 0L AR B
OB TARREOR A, T PHA BYBAEY) & Bl
AT BT A SR T 30 AR A TR
FARHE PHA B ZHEME . B PHA 4 UM DG IE
B PRm PHA SECE . 317 PHA BRIAA:
PRAE T T R, H R A DL E R M TR A I A
AT — AT A= BRI H R B

1 PHA % #it k& Rg %R

1.1 PHA BYBR{KERHRE N ZE

H 20 tihad 20 45 ITE AR W 4 i I & 3R
PHB (3R 3-B% & TR, i WL PHA) LIk, R
Wi #H 0 PHA TEASTA] PO A W0 o A bt & i
%, HETC A 1 150 Fi PHA B 53455 " PHA

% : 010-64807509

A T R —Fh AR, 7R PHA
RGH (PhaC) MIMEAL T, — ks B iy 5
JIgt 10 PR A L3 FE T IR S, e 2B AN [ 2
IR TR PHA SRS

MR8 4 BB AR B B R[], PHA W] L4
JyJE %% PHA (Short chain length PHA, SCL PHA)
K4 PHA (Medium chain length PHA, MCL
PHA), H s PHA [ BIKBREE K BE— M H
3-5, 1M K BE PHA Y SRR G 1< 7E 6-14 Z 1]
— MR, RIRGUAE P H BEFL SR SCL PHA B MCL
PHA Ry —2&,

RG22 20, PHA AT LU 1
Y (Homopolymer) F13:54¥) (Copolymer), J5#
Al E—E 4l 4y A FEHLAE SR Y (Random copolymer)
Al BEALR Y (Block copolymer).

AN, BT PHA BRRIIEE R JEH 142
R, e AT RIS B W e =5 )R . &
B HEPRAE T Rl A g B AT 1O s s S A L
FeVFIE o 5 I JCRR AT BB 9 Ak 2 A M3 B i
Aell, JERUIrB I RE PHA” . TRE PHA RS 2L
SEARMERE, A RTE AR AR . JER. pH EIR Y
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PO FVERE . A2 WA AR RN A AT e S B A
PERE, PHAT AR ET S

PHA my gttt . ZHHREILE 1,

1.2 PHABIEHMERER

AEYIA RN PHA FEAR KL EARI T Fr
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fitf Fok T JEATMRER, JF & th T 88 S R I H AR
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SR A R, AR KR RERE bt R 1 e,
RS, AR GE R E R Y TAL P AT LA
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Fig. 1 General molecular formula and PHA diversity.

http://journals.im.ac.cn/cjbcn



BT SRIREIRIEES PHA (Sist TIZHSE 30 & 1797

Carbonsource
(sugars)
v
Acetyl-CoA
Fatty acid de l
novo synthesis Malonyl-CoA
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Bt Z EriEE A iXJEES (NADPH/NADH-dependent acetoacetyl-CoA reductase):

PhaC: PHA R &iE (PHA

synthase); PhaG: 3-#ZASEL-ACP:CoA Bt E 47288 (3-hydroxyacyl-ACP:CoA transacylase); Phal: (R)-#Ag

ftiEfs A JKSEE [(R)-enoyl-CoA hydratase]; FabG: 3-EifsEt-ACP j

Fig. 2 Main PHA biosynthetic pathways!®***"],
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(Clustered regulatory interspaced short palindromic
repeats/CRISPR-associated protein, CRISPR/Cas)

(9 B, SEIR SR AAT T %™, CRISPR/Cas
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T JREE (3-ketoacyl-ACP reductase))

R A DR R oy TR T A I R AR S R G, SN
GO CARI T, FF A R — AR 8 g 4 e R
CRISPR/Cas9, ] Xof 1 [i] & [K iz s A7 3 47123241,

HZ R ARAA L, CRISPR/Cas9 B A . &
B, B HERERI(E ., 3LF CRISPR/Cas9 Jf &
fJ CRISPRi (CRISPR interference) #1 CRISPRa
(CRISPR activation) $Z AR A IfEAKE DNA 1Y
T 00N RS e 2 BRI s, RRYTRT
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CRISPR/Cas9 I 2425201,

25 Fh B AR 25 AR 0T DAl e 22 A DR
ook, AT R R AR G S I ] g T
B &7 PHA A E 2% | 2 ASMBEACH
AR | R A AR SR A T R T BRI,
SIS PHA 7= B 121,

22 Rigt Ti21858 PHA 47~
2.2.1 BWAEE N PHA =&

FEAE YRR P I R e i — o IS LT, B
X LB TR RE B 2 45 | 10]) PHA A OGHE I, 36
ERUMREREZA PHA, 7 PHA KB 2Z¥], ©F
GEH W I 45 IR AR PHA 195 8 i 4
FRPEEATOFST, DLRAGE o i = R P30 i g
3 3o RIS [F] A T A AE 22 b A0 B b A B T AN [
i PHARY, B %) 1089 4F 76 %' [G EL4A [ Ralstonia
eutropha P REE T PHA LY & mMENT
phaCAB, HILIT4R T 4% phaCAB %5 PHA & ik
FH R FE A o P 4 33340

PHA G A DG JE PRI A8 (1 5 e TR 0 TR )
gl PHA A R 1) 32 8 A Ak 2 DT 14
PHA FRERE 2 XEER, Hi XL PHA REH
PhaC f: X4 . PhaC P 5 & i PHA i £
Fetk, G R . BRI . > TFEkE
AYEPERSL s PhaC i3 1k RIS IS W 4 -
P, WFSE NRIE&TE PhaC Budnis ikl TIRZ
WF9E . EUT4E PhaC B A S5 ha g s b =2 i 0%
S PhaC 1147 vk 22 SR T B AL 175 25 AR 6 LA
Fe T 5 R PR A 25 g i B9 faildn, i
XS AL Pseudomonas sp. 61-3 FYREHLIZE S Fl
e, BF5E# R Glul30, Ser325. Ser477 il
GIn481 JZYLiE PhaC It W4 P R M 1 B 225k
3. 58RI, GIlul30Asp. Ser325Thr,
Serd77Gly 1 GIn481Lys o8 {AH TR A B4
W, AT LUE PHB PRI 400 £ 14244,

ZJa IR TIRZ A% PHA & BiAH
KIEH LIS . ks KB FFTE Escherichia coli

http://journals.im.ac.cn/cjbcn

IM109 JL[H4 | phaCAB AY#5 LKA 11 Bl =
50, A LAfif PHB B 25 M 0.1 g/L 34 = 1.30 g/L.
XTSI S5 TR, B 1 PHA & UL R 5 D15k
AR B PHA P e oA vl L AR 5
R R G s PHA SRR, IR AP R T
— R R MR IR R A AT AE R TT R RS, 5
KL RGACT I A BRI s v et
LR Halomonas bluephagenesis f{3E R4 | %%
FIZK TT IR sh FUR8h 1Y phaCAB J:[H |, 15T 44 h
J&, PHA F=HGAE] T 69 g/L, 1 RIRE S T B4k
RIHFUERT 50 g/L PHA.

A SO PR B 2 — R PHA B
BN, (AR i AR R R 1 3
V1T 220 % X 2 2 4 77 2R BN R e, 7R AR
TFEALE AR T, 45 AR d s 40w A4
PRI HEAT R IR AT BT TR O Ak 3 B AR
FRAL A= S A = i, BiEE A TR
FARHHI T Pseudomonas putida A4 114 HL k52
IR T B P10 PHA A R & i AR 1k
MR . WP BB BT s, e i b
JIi U (Ged) B TRk S B AR RUAH L, PHA LR
AfBE TN 100%, 7ESCEH, fBR Ged B9 P. putida
FTIH THE SR PHA 7 (+80%) FIEP PHA
i (+50%), (R H AR A R AR D T A
WA LT B 32 B 520 o s A 1 B 20 1R 7
A Tolb A 72 A P A v T B fee i g 0 )
Fedth, ARPEPI A RLTN , P. putida KT2440 Hrid
PR N TR BR B SV 3L (AcoA) i[RI Rk Ged
A LU PHA P20 120%, SEBRS2E i PHA 77
BT 121%47,

2.2.2 FEREE A B AR R A T PHA

1548 UL T RAEA b oA 24
B PHA A= 9)6 IAIEB A RR% , DL 240
W PHA & B R W B va e, Z2 Rt 138 204 Qi
TRESGERCN TR EM L PHA = Ef, H
AT BT HUEH A RIE T R. eutropha (1)
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phaCAB #4407~ E. coli, XFk B &Y E. coli #
A RES A R. eutropha AHIRSE A& PHB ™ & Al
7 MO ik G AGE A9 PhaC . E. coli
R. eutropha. Pseudomonas sp.55 i #1if i) 4 H >k
OB 5 SCL-co-MCL PHARZ] 14 41
G, BRI —SUAE Y g i e, W] 6T PHA
/EEF;:[SB-W]O

(7] i g i o 2 A S8 % e £ 1T B B¢ 199 R G
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(PHBV) A 775 B IS P PR e TG R M A il BHV Y
Hh LA P TBE R APPS0, hy T ki f (P S R A
FEEIRTIA, DFFE N G T o TR 0
N IR A I A CE P IS BEREE A 3 B, DU EE R
AR BRI 77 PHBVIO A B, AR5
B 3-BRIETIR-4-Z LT IR (P34HB) 3t # i L fiff
Hy-T sk TR, VR sy ess, o
PUFFH 72 [RHR T Clostridium  kluyveri 3% 3% 2
WE 2B (SucD) 1 4HB JBi &M (4HbD) M7
w7 AHBEY), St A G Aok SR
fit () sacC FE[X, A[{E R. eutropha NCIMB11599
A1 R. eutropha 437-540 H ke E R A1) FH A % -1k
MR SR WY 23 00 B 1 SR Bl by, OB BEWE K i A
ZPHEFRBE LI AR A A= K o 7R 20 /L BEMEY
RIGFRFEP A KB R. eutropha NCIMB11599 1] 3¢
15 5 40 T3 73%09 PHBI,

W AR A VT 22 ) FH T A A 3 I P ¢
FhREO IORHEA T PHA A2 7™ LR BRAR AR (05T
P anpEbs S . REM EOKTER . ARTEF4E R K%
Wy, FLIE LUK R0 T AR B R IR A5 00T
AR A BT AR 2 AR A ER IR an CO L
CO,. CH4 Z5E 7 PHA WFSY, 1 1 H e S Ak 1
Methylosinus trichosporium. R. eutropha. HEK A
Synechococcus sp. 5— 41 K5k PHA A 7= B4R
LU AR — BRI B I LE 7™ PHA 1R 1727,

% : 010-64807509

2.2.3 ik p AR BRI G IR S AA B
K PHA

BEAAIERE PHAG N 355 FE R Z —,
1 P i 107 P S G 0 ok R AR st e A v K i B A A
7 PHA 283 SR B 7 i U570 3t p Bk ik e ik
ol xT TAEE MCL PHA B b KA 4L PHA
(SCL-co-MCL PHA) W& M HA EEE X, 1F
1994 FERHME T IK RS SM Aeromonas
caviae REF| HLEER AV AL 7= 3R 3-F2 3L T IR-3-F 5t
C.FE (PHBHHX) mIkEHLILR Y. p B R X A
AR FELE B, RRmEAEEE A LA (FadE)
TEAL TR TR A A UG TRESH G A 1 RN B Ak
AR AR . AR, 7E E. coli it
ik FadE W] LUMEMGBERIEG A S 2, HRIA
PhaJ Fl PhaC ] LLfi 55 41 i 1 2 o £ (1 PHARY,

SRIMAE B A fhad i b 40 i vl i 2245 K 43 i
i R SEAE R  BEGREG A FA T A1, NI &
T 1) A 7 R TR B e R FH A A SR BRI A 7 1Y
Z LR A 1100008 oy g AR AL AR e, R
FRAL AL PHA BYRCRAL, 33 MCL PHA 477 i
ATbE . B, st g A bRt R S PHA 4
FERCR A — B AT AT A

mBE P. putida m%F8 B A Pseudomonas
entomophila P g AL 48 v 3-52 3L IR Ik 4l Al A B
Al (FadB) K 3-fifJamtainG A if#lE (FadA)
A AR Z2 B0 W R % 78 A 3-F2 JE G e il A
TH W PHA, AR R S BERE A, AT
S HE YIS MCL PHA (8 4r 5851 g gy
1, Wormilbr p AR AR B R S H R i
B AATT LASRAT 5 ISP 0 i I IR e K A [) 8
KRB, RS 45 Fi i 107 2 1) EEA9105 1T A5 i)
PHA (2 Fi il 3185800 3 43 Btk 48K 19 P. putida
KT2442 RI{ENATPERY PHA A7=34, addsn
T He B B IR B RS B R T PHA (R SR Hu ], 5
DA BT B AL A B L R I 3- 52 T R -3- %2
FECUER [P(3HB-co-3HHX)], iR s Anbt kG
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T K, IR R B AR
AT A HIZEG M PHB e, EA
P. entomophila LAC32 #{ 1% 2 Jf- & % SCL-co-MCL
PHA 6 -6, IFA T R 3-8 5L T iR -3- 14 2
241Kk [P(3HB-co-3HD)]. % 3-F4t T R-3-523t 1
— [P(3HB-co-3HDD)] % ZFli# il PHAP,
Pseudomonas spp. i /i & 48 fk. 5 A8 1A iR W] D) AE Ji
fi & 3-FRIECHR (BHHX). 3-BIE¥ERR (3HO).
- %R (3HD) Ml 3-FKEL R (3HDD) 1
3R LI R e Bt R i ek PHAMO, (A
RERER R, BRI B LB ]
ot K218 ek LA 2/ RH MCL PHARS9H
224 BIFIAFEBAEZIERA PHA

PL45 At aed 7840 i 9 B 2 s o JE R, T LA
B P R B R B A T i
FLER N LR LR Y (PLGA) J&—Fh T
Z IR AEYIRE SR . SRR E ARG .
S A T8 H#WifFE Caulobacter crescentus (1

Fatty acids

Acyl-CoA
3-ketoacyl-CoA f-oxidation Enoyl-CoA

FadB
BHA (8)-3-hydroxyacyl-CoA
Phal
PhaC
(R)-3-hydroxyacyl-CoA

B3 REBRERS f & 1L LA 3E PHA 4 7% (Acyl-CoA:
BEEL 4 B8 A; Enoyl-CoA: B ELHES A; (S)-3-
hydroxyacyl-CoA: (S)-3-#Z & J5Et4#HEE A; 3-ketoacyl-
CoA.: 3-FRBSEL4HEE A; (R)-3-hydroxyacyl-CoA: (R)-3-
BEERMHEE A)

Fig. 3 Deleting p-oxidation related genes for enhanced
PHA productiont®.
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], G5/ INA ARG T 4 B A i S R R
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BERE A G KE [N mreB (4 5 40 B 2R WL sh 3
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Table 1 Advances in metabolic engineering of PHA microorganism biosynthesis in recent 30 years

Years Types Manipulations Effects Microorganisms References
1988 Constructing +phaCAB operon from Producing PHA in E. coli E. coli [50]
recombinant R. eutropha
pathways
1997 +sucD and 4hbD from Producing P34HB from glucose E. coli [64]
Clostridium kluyveri
2002 +Acinetobacter phaBCA and  Producing PHBV with significant HV Salmonella [60]
E. coli sbm and ygfG, AprpC incorporation from glycerol enterica
2014 +E. coli poxB L253F V380A, Producing P(3HB-co-5.5 mol% 3HV) E. coli [61]
R. eutropha prpE, phaCABg., from glucose
AprpC AscpC
2014 Introducing sacC to construct Producing 73 wt% PHB from nitrogen R. eutropha [66]
sucrose utilization pathway  free medium containing 20 g/L sucrose
2004 Flux tuning for  +phaABge, phal4p,, position Accumulated more P(3HB-co-3HA) E. coli [42]
higher PHA 325 and 481 mutated
accumulation PhaC1ps
2005 +phbABRge, phal4p,, phaClps Accumulating 10-fold higher PHB E. coli [43]
E130D from glucose; producing more

P(3HB-co-3HA) copolymer grown
on dodecanoate

2006 +phaABge, phal4dp,, phaClps Shifting in substrate specificity to E. coli [44]
SATTR smaller monomers containing a
3HB unit
2014 Pathway design guided by  An increase of 121% PHA P. putida [47]
modeling simulation accumulation
2015 Increasing the copy number Enhancing PHB accumulation from  E. coli [45]
of phaCAB 0.1 g/L to 1.30 g/L
2017 Overexpressing phaCAB by Enhancing PHB accumulation from  H. bluephagenesis [46]
T7-like promoter 50 g/L to 69 g/L
1998 Modification of +phaC1l from P. aeruginosa Accumulating 60 wt% PHA from E. coli [86]
f-oxidation in fadR deletion mutant, decanoate
pathway adding acrylic acid
2009 AfadBA Producing PHA with 71 wt% P3HHp P. putida [83]
from heptanoate
2010 +fadE and phaC Improved PHA production E. coli [81]
2010 AfadBA AfadB2x AfadAx Producing PHD or P(3HB-c0-84 mol% P. putida [85]

APP2047 APP2048 AphaG 3HDD) from decanoic acid or
dodecanoic acid

2011 AfadBA APSEEN 0664 Producing 90 wt% PHA with 99 mol% P. entomophila [82]
APSEEN 2543 3HDD
2018 AfadBA APSEEN 0664 Producing novel SCL-co-MCL PHA P. entomophila [89]
APSEEN 4635 APSEEN including P(3HB-co-3HD),
4636 AphaG P(3HB-co0-3HDD) and
AphaC1-phaz-phaC2 P(3HB-co0-3H9D)
2012 Producing AldhA, +phaC1437, pct540, Producing P(2HB-co-3HB-co-LA) E. coli [93]
non-natural cimA3.7, leuBCD, panE from with small amounts of 2HB and LA
polyesters Lactococcus lactis 1121403 and monomers from glucose
phaAB from R. eutropha
2016 Introducing Dahms pathway Producing PLGA from glucose and  E. coli [92]
in ptsG deletion mutant xylose
2016 +ilvBN™", ilvCD, panE, Producing PHA containing E. coli [94]
pct540 and phaC1437 2-hydroxyisovalerate
(5£8)
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(235 1)
Years Types Manipulations Effects Microorganisms References
2017 Asad AgabD AglcD, Producing E. coli [96]
+p68pcH5Z and P(GA-co-LA-co-3HB-co-4HB) from
pMCS-ycdW-aceAK glucose
2018 Manipulating Producing PhLA-containing E. coli [97-98]
L-phenylalanine polyesters
biosynthesis pathway
1993 Morphology +ftsz Accelerating cell division, high cell E. coli [103]
engineering density with 127 g/L PHB
2014 +sulA Filamentary cells, PHB storage E. coli [101]
increased by 27% compared to wild
type
2014 +minCD Filamentary cells, enhancing PHA H. bluephagenesis [106]
content from 69% to 82%
2015 +mreB in mreB deletion Larger spherical cells, an increase of E. coli [99]
mutant over 100% PHB accumulation
2019 +minCD in phaP deletion ~ Accumulating PHA granules up to H. bluephagenesis [100]
mutant 10 um

2018 Self-flocculation Aetf

Most cells rapidly flocculate and

H. bluephagenesis [109]

precipitate to the bottom in less than

1 min
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