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environmentally friendly polyhydroxyalkanoates (PHAs), which serve as ideal alternatives to petroleum-based plastics.
PHAs are a family of linear biopolyesters synthesized by various microorganisms as their intracellular storage materials
for energy and carbon sources. With at least 150 various monomers, PHAs exhibit diverse structures, material
properties, and applications, collectively known as “PHAomics”. When reprograming microbial genomes via synthetic
biology and metabolic engineering, in combination with the feeding of special precursors, tailor-made PHAs with
defined structures and varied properties can be synthesized. PHAs has been extensively studied in both academia and
industry in the last few decades, leading to the commercialization of some PHAs. Next generation industrial
biotechnology (NGIB) based on halophilic Halomonas spp. as chassis has been developed to overcome the limitations
of current industrial biotechnology. NGIB offers a long lasting, open and continuous, energy and freshwater-saving
bioprocess using low-cost mixed substrates and allows morphology engineering for simplified downstream processing.
NGIB facilitates low-cost production of various PHAs in large scale. This review introduces PHAomics and
summarizes the diverse properties of PHAs produced via NGIB. It primarily focuses on the composition, structure, and
material properties of PHAs, as well as their extensive applications in biodegradable plastics, medical implants,
medicine, drug delivery carriers, energy sources, and potential smart materials. Additionally, it covers the strategies and
tools for strain engineering and their achievements in the tailor-made biosynthesis of PHA using reprogrammed
Pseudomonas spp. and Halomonas spp. Finally, this review discusses strategies on how to further reduce the
production cost and improve material properties of PHAs. This review summarizes the progresses on the low-cost
customized synthesis of PHA biomaterials by synthetic biology, demonstrating the integration of biology and chemistry.

i NGIB: Energy and freshwater-saving, open and continuous process

Conditions: NaCl 10~100 g/L, pH 6~10, 30~37 °C
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PHAamily or PHAomics
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R1 LR PHA FAE G R TR e X L

Table 1 Comparison of material properties between typical PHAs and traditional plastics !'*

REWHRY H BRI (T, D/°C B AZIRIE (T /°C F {1 % /MPa WA 2%
Polymer type Melting temperature/°C ~ Glass transition temperature/°C  Tensile strength/MPa  Elongation at break/%
PHB 178 4 43 5
P(3HB-20% 3HV) 145 -1 20 50
P(3HB-17% 3HHx) 120 -2 20 850
P(4HB) 58 -48 104 1000
P(3HB-45% 4HB) 162 -16 3 268
P(3HP) 78.1 -17.9 33.8 497.6
P(7% 3HHx-3HO) 61 -37.8 7.4 346.3
P(10% 3HHx-86% 3HO-4% 3HD) 61 -35 10 300
PP 186 -10 38 400
PET 262 — 56 8300
HDPE 135 — 29 —

P PPN PET—RX K WKL IEEE; HDPE—m % H R L 0; PHB—R3- 25 TMREE; 3HB—3-/AH TR, 3HV—3-f2k
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R2 AERIER) PHA A7 B J e =
Table 2 Main PHA producers and their maximal PHA yields

. ; PHAJRE SB35/ /(L h .
o PHA %70 e T gL A DL g
. 5HU % Highest volumetric
Producers PHAs Substrates Cell dry weight/(g/L) . References
PHA content/%  productivity/[g/(L-h)]
Escherichia coli Various PHAs Glucose 141.6 73 4.63 [64]
Ralstonia eutropha SCL-PHAs, Glucose 232 80 3.14 [44]
MCL-PHAs, PHBHHx Fatty acid
Aeromonas hydrophila PHBHHx Fatty acid 433 452 1.01 [65]
Pseudomonas spp. MCL-PHAs Fatty acid 72.6 51.4 1.91 [50]
Halomonas spp. SCL-PHAs Glucose 100 60~92 1.67~3.2 [66]
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7. &t KRGz AT, PkrE SR e
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campaniensis LS21 """ 35 1 5 H B NGIB JiK A
Hordr H. bluephagenesis TDO1 JG %% 15 7% 42 K B2 14 d
PLE, KE2%FEIA 100 g/Ls H. campaniensis LS21
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Substrates : Energy and freshwater-saving, open and continuous process Easy and economic
'. downstream processing
ﬁ ‘ i Conditions: NaCl 10~100 g/L, pH 610, 30~37 °C Morphology engineering
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Fig.3 Next Generation Industrial Biotechnology (NGIB) based on Halomonas spp.

[80]

(An open/unsterile and continuous, energy and freshwater-saving bio-process for the production of various intracellular and extracellular products,

which allows morphology engineering for the easy and economic downstream processing.)

PAN T 7K A B IR 5 A CRL A 21 4k 22 A0 s i
O AR A BRIR ) T KT BOGRUR BEROR 52
LY ToYevh SRS 8 A 65 d B L ™,

3.2 BHMEVHNEREMZAFIUALHS i
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N 15 8 R ARAE ) A T AR Y, LR A
Fé3 78 H 3 4b 1 Bk P77 . CRISPR/Cas 3 [K] 4 48 &
ARUVRZ IR KR B EmFEEAR ™, Sl T
HAL R Tk 4x10° CFU/ug DNA, 35 K 4 58 2 R 04
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(i 58 8 B+ M TR AR 2R T7 B a7 UV
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B DL EER A T BRI T NGIB K
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5 PHB AL, PHBV #4244 1 fig 10 3 o o
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REE36 hfeE K E 482 g/L, R 75% (&S
¥ [ P3HB4HB (4HB EE/R 7 $ 15 16%), S
T PHA & &A= S0 Kig 5 1 @it B4
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P3HB4HB 1 PHBV Wi # 5 & W 1) & Bug 15, 12V
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F3 PHAMAE= ik

Table 3 PHAs commercialization companies'”

A PHA 7 BAR FRAE (/4 B 7 Mk
Companies PHAs Types Technology Scale/(t/a) Websites
Go!PHA, The Netherlands All Types PHA Global Promotion Unknown gopha.org
PhaBuilder, China All Types Halomonas spp. (NGIB?) 1000~10 000 www.phabuilder.com
Medpha, China P3HB4HB Halomonas spp. (NGIB?) 100 www.medpha.com.cn
COFCO, China PHB Halomonas spp. (NGIB?) 1000 www.cofco.com
Bluepha, China PHBHHx Ralstonia eutropha and NGIB 1000 www.bluepha.com
TianAn Biopolymer, China PHBV Ralstonia eutropha 2000 WWWw.tianan-enmat.com
GreenBio, Tianjin, China P3HB4HB Escherichia coli 10 000 www.tjgreenbio.com
Ecomann, Shenzhen, China P3HB4HB Escherichia coli 10 000 ecomannbruce.plasway.com
RWDC, Singapore and USA PHBHHx Ralstonia eutropha Unknown www.rwdc-industries.com
Danimer Scientific, USA PHBHHx Ralstonia eutropha 10 000 danimerscientific.com
Full Cycle, USA PHA® non-GMO bacteria Unknown fullcyclebioplastics.com
Newlight, USA PHB Ocean microbes grown on greenhouse gas Unknown www.newlight.com
Metabolix, USA P3HB4HB Escherichia coli 5000 1P sold to CJ, Korea
BOSK Bioproducts, Canada PHA® Forest wastes for PHA production Unknown www.bosk-bioproducts.com
Genecis, Canada PHBV Unknown Unknown genecis.co
TerraVerdae Bioworks, Canada PHA® Unknown Unknown terraverdae.com
Kaneka, Japan PHBHHx Ralstonia eutropha 5000 www.kaneka.be
Nafigate, France PHB Toxic waste as substrates Unknown www.nafigate.com
CJ, Korea P3HB4HB Escherichia coli Unknown www.cj.co.kr
Helian Polymers, The Netherlands =~ PHB/PHBV non-GMO bacteria Unknown helianpolymers.com
Biocycle, Brazil PHB Bacillus spp. 100 fapesp.br
Biomer, Germany PHB Alcaligenes latus Unknown biomer.de
Bioextrax, Sweden PHA® Bioextrax DSP method Unknown bioextrax.com
SABIO srl, Italy PHA? Organic wastes for PHA production Unknown www.bio-on.it

O F—RTAAEWER; @K% PHA KA.
(DNext Generation Industrial Biotechnology; @Unknown PHAs types.

KRB . B PR R A T 2 AR (1) 2K B3R 2R R 4 A1 10 2 4 R R AN S 1k

i PERE PHA AW & R A B2 . ik
P — R A& A A 20E, R IEA R
JRYIHE IR, AT DLEE ] PHA 3554 v 50 4 20 B AT LE
B, T SEIL 1 B A A [F) 25 44 A0 BE ) PHA 1R
fE HI & . SRR, BT REESMAEMR T
—RIMAEH AR (NGIB) J& LA K A )5
RET K Mo K I Tl R B T2, 2 05 A0
RTAEGRBERORFERF KR KT ZEE R,
RLFE 2 e i S L, KR JEE PR T PHA M R AR
PR, HES) PHA BB L 77 o (HAX TR 4
ZBRE, PHA (A7 BRA KA R RE T AR B = 52
G, BB 2R — DR, A RER A LI
A 7 B R U S 5Ok PHA Tl AN A 5% -

() A 7= S LA adE— D BRARAE P2 A o T T 18 B il
AW NGIB RS20 K B IR I 65 d LA |, 4H
i %5 i f Ry i 100 /L, AT S0 B AR 1) O 2Ly
B fEEE A BE D RS S TR e —
SCHETHIE £ O VA 1 A 2 P R i PHA PR, 4l
Jf 25 A5 SRR 200 g/, PHA & E# It 80% (i
BHD, PHARFEE R S0% > % FHab
BE— P P R AT IR N AL B T2, ROk R
B9 K ) PHA B A2 33k P= 4 e DROos R B, [) B AR A0
K ENWCRR Z ERh I8 T2, BRAR R K Ab B R AT, 5
UL PHA A= FERI St fk . hAh, BRWE SR I
J& (Halomonas spp.) 4, oAt AR sty 4= 4 1) S g
R AR T ARG — DR TR A NGIB
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