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Abstract: Microbial polyhydroxyalkanoates (PHA) has developed with more diversity and more advanced manufacturing
technology. Diversity has now been reflected by diverse monomers, diverse structures and diverse polymerization modes,
giving the concept of “PHAome”. In addition, the application of synthetic biology and the development of seawater-based
biotechnology reduce the production cost of PHA, making PHA more economically competitive. Some examples of
commercialized PHA products are described here. Besides, PHA with high value added applications has been exploited.
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Table 1 Comparison of PHA and conventional plastics regarding properties
Young’s modulus Tensile strength ~ Elongation at
Polymer (MPa) (MPa) break (%) Reference
P(3HB) 3500 40 6 37
P(4HB) 149 104 1 000 38
P(3HB-c0-3% 3HV) 2900 38 39
P(3HB-c0-20% 3HV) 1200 32 50-100 39
P(3HB-co0-16% 4HB) 26 444 40
P(3HB-c0-3% 4HV) 28 45 39
P(3HB-co-10% 4HV) 24 242 39
P(3HB-co-17% 3HHXx) 0.173 20 850 39
P(HO) 17 250-350 41
P(3HO-co-12% 3HHx-c02% 3HD) 7.6 9.3 380 42
P(3HO-co-4.6% 3HHx) 599.9 22.9 6.5 43
P(3HO-co0-5.4% 3HHXx) 493.7 23.9 17.6 43
P(3HO-co-7% HHXx) 288.9 17.3 23.6 43
P(3HO-co0-8.5% HHXx) 2323 15.6 34.3 43
P(3HO-c0-9.5% HHx) 155.3 8.8 43 43
High density polyethylene 400-1 000 17.9-33.1 12-700 44
Low density polyethylene 50-100 15.2-78.6 150-600 44
Polystyrene 3 000-3 100 50 3-4 44
Nylon-6,6 2 800 83 60 44

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



Fit F/REEEBBREENHATHE 733

- ™! PHBV
PLA
Metabolix PHA
PVC PHA
(4] Sudesh PHA
[47]
[48]
3.2 PHA ZEEZ @AY A
PHA
PHB
3HB 0.3—1.3 mmol/L
[49-50] PHA
PHB PHBV
P3HB4HB P4HB -3 P3HO
(poly-R-3-hydroxyoctanoate) PHBHHx

PHA

[51]

[52]

PHA4400
PHBHHx

® 010-64807509

(

PHA

Tepha

[54]

P4HB
[53]

PHBHHx
[54]
PHA
PHA
PHA
(52551 pHA

[56-57]

P(3HB) P(3HB-co-3HV) P(3HB-co-4HB)
/ [57]

PHB
Gref
PHB PEG PHB
[58]
PHA

PHB
PHB

[59-60]
PHA

3HB
[61-63]
4 RE
PHA PHA
PHA

K cjb@im.ac.cn



734

ISSN 1000-3061

CN 11-1998/Q Chin J Biotech June 25,2016 Vol.32

No.6

PHA PHA
PHA
PHA
PHA
PHA
REFERENCES

(1]

(2]

(3]

(4]

(3]

(6]

Chen GQ, Patel MK. Plastics derived from
biological sources: present and future: a technical
and environmental review. Chem Rev, 2012,
112(4): 2082-2099.

Steinbiichel A, Valentin HE. Diversity of bacterial
polyhydroxyalkanoic acids. FEMS Microbiol Lett,
1995, 128(3): 219-228.

Valentin HE, Schonebaum A, Steinbiichel A.
Identification  of  5-hydroxyhexanoic  acid,
4-hydroxyheptanoic acid and 4-hydroxyoctanoic
bacterial

Microbiol

constituents  of
Appl
Biotechnol, 1996, 46(3): 261-267.

Li SJ, Cai LW, Wu LP, et al. Microbial synthesis
and block
polyhydroxyalkanoates by p-oxidation deleted

acid as new

polyhydroxyalkanoic  acids.

of functional homo-, random,
Pseudomonas entomophila. Biomacromolecules,
2014, 15(6): 2310-2319.

Chung AL, Jin HL, Huang LJ, et al. Biosynthesis
and poly
(3-hydroxydodecanoate) by f-oxidation inhibited
entomophila 148.
Biomacromolecules, 2011, 12(10): 3559-3566.
Tripathi L, Wu LP, Chen JC, et al. Synthesis of
diblock

-block-poly-3-hydroxyhexanoate

characterization of

mutant of Pseudomonas

copolymer poly-3-hydroxybutyrate

[PHB-b-PHHx]

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

(7]

(8]

[9]

(10]

(1]

[12]

[13]

[14]

by a f-oxidation weakened Pseudomonas putida
KT2442. Microb Cell Fact, 2012, 11(1): 44.
Tappel RC, Kucharski JM, Mastroianni JM, et al.

Biosynthesis of Poly[(R)-3-hydroxyalkanoate]
copolymers with controlled repeating unit
compositions and physical properties.

Biomacromolecules, 2012, 13(9): 2964-2972.

Zheng Z, Li M, Xue XJ, et al. Mutation on
N-terminus of polyhydroxybutyrate synthase of
Ralstonia eutropha enhanced PHB accumulation.
Appl Microbiol Biotechnol, 2006, 72(5): 896-905.
Ashby RD, Solaiman DKY, Strahan GD, et al.
Methanol-induced chain

termination in poly

(3-hydroxybutyrate) molecular
weight control. Int J Biol Macromol, 2015, 74:
195-201.

Ashby RD, Shi FY, Gross RA. Use of poly

(ethylene glycol)

biopolymers:

to control the end group

structure and molecular weight of poly
(3-hydroxybutyrate) formed by Alcaligenes latus
DSM  1122. 1997, 53(45):
15209-15223.

Chen GQ, Hajnal 1. The 'PHAome'.
Biotechnol, 2015, 33(10): 559-564.

Lemoigne M. Products of dehydration and of

Tetrahedron,

Trends

polymerization of f-hydroxybutyric acid. Bull Soc
Chem Biol, 1926, 8: 770-782.

Han J, Hou J, Zhang F, et al. Multiple propionyl
coenzyme A-supplying pathways for production of
the bioplastic poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) in
Haloferax mediterranei. Appl Environ Microbiol,
2013, 79(9): 2922-2931.

Wang Q, Liu XL, Qi QS. Biosynthesis of poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) ~ from
glucose with elevated 3-hydroxyvalerate fraction
via combined citramalate and threonine pathway

in Escherichia coli. Appl Microbiol Biotechnol,



Fit F/REEEBBREENHATHE

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

2014, 98(9): 3923-3931.

Li ZJ, Shi ZY, Jian J, et al. Production of
poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
from unrelated carbon sources by metabolically
engineered Escherichia coli. Metab Eng, 2010,
12(4): 352-359.

Zhou XY, Yuan XX, Shi ZY, et al
Hyperproduction of poly(4-hydroxybutyrate) from
glucose by recombinant Escherichia coli. Microb
Cell Fact, 2012, 11: 54.

Meng DC, Wang Y, Wu LP, et al. Production of
poly (3-hydroxypropionate) and poly
(3-hydroxybutyrate-co-3-hydroxypropionate)
from glucose by engineering FEscherichia coli.
Metab Eng, 2015, 29: 189-195.

Zhuang QQ, Wang Q, Liang QF, et al. Synthesis of
polyhydroxyalkanoates from glucose that contain
medium-chain-length monomers via the reversed
fatty acid P-oxidation cycle in Escherichia coli.
Metab Eng, 2014, 24: 78-86.

Park SJ, Jang YA, Lee H, et al. Metabolic
engineering of Ralstonia eutropha for the
biosynthesis of
polyhydroxyalkanoates. Metab Eng, 2013, 20:
20-28.

Chen GQ, Hajnal I, Wu H, et al. Engineering

biosynthesis

2-hydroxyacid-containing

mechanisms  for  diversifying
polyhydroxyalkanoates. Trends Biotechnol, 2015,
33(10): 565-574.

Poblete-Castro I, Binger D, Rodrigues A, et al.
In-silico-driven =~ metabolic ~ engineering  of
Pseudomonas putida for enhanced production of
poly-hydroxyalkanoates. Metab Eng, 2013, 15:
113-123.

Borrero-de Acufia JM, Bielecka A, Héussler S, et
al.  Production of medium chain length
polyhydroxyalkanoate in metabolic flux optimized

Pseudomonas putida. Microb Cell Fact, 2014,

® 010-64807509

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

13: 88.

Li L, Ren YL, Chen JC, et al. Application of
CRISPRi for prokaryotic metabolic engineering
involving multiple genes, a study:
controllable P(3HB-co-4HB) biosynthesis. Metab

Eng, 2015, 29: 160-168.

case

Jiang XR, Chen GQ. Morphology engineering of
bacteria for bio-production. Biotechnol Adv, 2015,
doi: 10.1016/j.biotechadv.2015.12.007.

Wang Y, Wu H, Jiang XR, et al. Engineering
Escherichia coli for enhanced production of
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) in
larger cellular space. Metab Eng, 2014, 25:
183-193.

Jiang XR, Wang H, Shen R, et al. Engineering the
bacterial shapes for enhanced inclusion bodies
accumulation. Metab Eng, 2015, 29: 227-237.

Wu H, Wang H, Chen JC, et al. Effects of
cascaded vgh promoters on poly(hydroxybutyrate)
(PHB) synthesis by recombinant Escherichia coli
micro-aerobically.  Appl  Microbiol
Biotechnol, 2014, 98(24): 10013-10021.

Wang Y, Yin J, Chen GQ. Polyhydroxyalkanoates,

challenges

grown

and opportunities.  Curr
Biotechnol, 2014, 30: 59-65.

Yin J, Chen JC, Wu Q, et al. Halophiles, coming

Opin

stars for industrial biotechnology. Biotechnol Adv,
2015, 33: 1433-1442.

Tan D, Xue YS, Aibaidula G, et al. Unsterile and
continuous production of polyhydroxybutyrate by
Halomonas TDOI. 2011,
102(17): 8130-8136.

Yue HT, Ling C, Yang T, et al. A seawater-based

Bioresour Technol,

open and continuous process for
polyhydroxyalkanoates production by recombinant
Halomonas campaniensis LS21 grown in mixed
substrates. Biotechnol Biofuels, 2014, 7: 108.

Li T, Chen XB, Chen JC, et al. Open and

K cjb@im.ac.cn

735




736

ISSN 1000-3061

CN 11-1998/Q Chin J Biotech June 25,2016 Vol.32

No.6

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

continuous fermentation: products, conditions and
bioprocess economy. Biotechnol J, 2014, 9:
1503-1511.

Yin J, Wang H, Fu XZ,

chromosomal gene copy number and locations on

et al. Effects of
polyhydroxyalkanoate synthesis by Escherichia
Appl Microbiol
Biotechnol, 2015, 99: 5523-5534.

Tan D, Wu Q, Chen JC, et al. Engineering

Halomonas TDO1 for the low-cost production of

coli and Halomonas sp..

polyhydroxyalkanoates. Metab Eng, 2014, 26:
34-47.

Liu HL, Han J, Liu XQ, et al. Development of
pyrF-based knockout

gene systems  for

genome-wide the archaea
Haloferax
hispanica.
261-269.

Chen GQ. A microbial polyhydroxyalkanoates

manipulation of
Haloarcula
2011, 38(6):

mediterranei and

J Genet Genomics,

(PHA) based bio- and materials industry. Chem
Soc Rev, 2009, 38(8): 2434-2446.

Lee SY.
Biotechnol Bioeng, 1996, 49(1): 1-14.

Sudesh K, Abe H, Doi Y. Synthesis, structure and
properties of polyhydroxyalkanoates: biological

Bacterial = polyhydroxyalkanoates.

polyesters. Prog Polym Sci, 2000, 25(10):
1503-1555.

Van der Walle GAM, De Koning GJM, Weusthuis
RA, et al. Properties, modifications and
applications of  biopolyesters//Babel W,
Steinbiichel A, Eds. Biopolyesters. Berlin

Heidelberg: Springer, 2001: 263-291.

Chen GQ, Wang Y. Medical applications of
biopolyesters polyhydroxyalkanoates. Chinese J
Polym Sci, 2013, 31: 719-736.

Marschessault RH, Monasterios CJ, Morin FG, et
al.  Chiral
adaptable

(B-hydroxyalkanoates): an
the

poly

helix influenced by alkane

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

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

side-chain. Int J Biol Macromol, 1990, 12(2):
158-165.

Gagnon KD, Lenz RW, Farris RJ, et al. The
mechanical properties of a

the

thermoplastic

elastomer  produced by bacterium
Pseudomonas oleovorans. Rubber Chem Technol,
1992, 65(4): 761-7717.

Asrar ],

Biosynthesis

Valentin HE, Berger PA, et al.

and properties of

poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)

polymers. Biomacromolecules, 2002, 3(5):
1006-1012.

Castilho LR, Mitchell DA, Freire DMG.
Production of polyhydroxyalkanoates (PHAs)

from waste materials and by-products by
submerged and solid-state fermentation. Bioresour
Technol, 2009, 100(23): 5996-6009.

Li LZ, Huang W, Wang BJ, et al. Properties and
structure of polylactide/poly
(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PLA/PHBV) blend fibers. Polymer, 2015, 68:
183-194.

Kann Y, Weinlein R. Biobased modifiers for
polyvinylchloride blends: US, 20140051787 Al.
2013-10-1.

Sudesh K, Loo CY, Goh LK, The

oil-absorbing property of polyhydroxyalkanoate

et al.

films and its practical application: a refreshing
new outlook for an old degrading material.
Macromol Biosci, 2007, 7(11): 1199-1205.

Zhang X, Wei C, He Q, et al. Enrichment of
chlorobenzene

and o-nitrochlorobenzene on

biomimetic adsorbent prepared by
poly-3-hydroxybutyrate (PHB). J Hazard Mater,
2010, 177(1-3): 508-515.

Reddy CSK, Ghai R, VC.
Polyhydroxyalkanoates: an overview. Bioresour

Technol, 2003, 87(2): 137-146.

Kalia



Fit F/REEEBBREENHATHE

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

Adams JH, Irving G, Koeslag JH, et al.
Beta-adrenergic  blockade restores glucose's
antiketogenic  activity  after  exercise in

carbohydrate-depleted athletes. J Physiol, 1987,
386(1): 439-454.

Chen GQ, Wu Q. The
polyhydroxyalkanoates as
materials. Biomaterials, 2005, 26(33): 6565—6578.
Chen GQ, Wu Q. Microbial production and
applications of chiral hydroxyalkanoates. Appl
Microbiol Biotechnol, 2005, 67(5): 592-599.
Martin DP, Williams SF. Medical applications of
poly-4-hydroxybutyrate:  a flexible
absorbable biomaterial. Biochem Eng J, 2003,
16(2): 97-105.

He Y, Hu ZW, Ren MD, et al. Evaluation of
PHBHHx and PHBV/PLA fibers used as medical
sutures. J Mater Sci: Mater M, 2014, 25(2):
561-571.

Bansal SS, Goel M, Aqil F, et al. Advanced drug

application  of

tissue engineering

strong

delivery systems of curcumin for cancer
chemoprevention. Cancer Prev Res, 2011, 4(8):
1158-1171.

Ueda H, Tabata
derivatives in current clinical applications and
Adv Drug Deliver Rev, 2003, 55(4):
501-518.

Nigmatullin R, Thomas P, Lukasiewicz B, et al.

Y. Polyhydroxyalkanonate

trials.

Polyhydroxyalkanoates, a family of natural

® 010-64807509

(58]

[59]

[60]

[61]

[62]

[63]

polymers, and their applications in drug delivery. J
Chem Technol Biot, 2015, 90(7): 1209-1221.

Li J, Li X, Ni XP, et al. Self-assembled
supramolecular hydrogels formed by
biodegradable PEO-PHB-PEO triblock

copolymers and a-cyclodextrin for controlled drug
delivery. Biomaterials, 2006, 27(22): 4132—-4140.
Nhan DT, Wille M, De Schryver P, et al. The
effect of poly B-hydroxybutyrate on larviculture of
the giant freshwater prawn Macrobrachium
rosenbergii. Aquaculture, 2010, 302(1/2): 76-81.
Defoirdt T, Sorgeloos P, Bossier P. Alternatives to
antibiotics for the control of bacterial disease in
aquaculture. Curr Opin Microbiol, 2011, 14(3):
251-258.

Zhang JY, Cao Q, Li SW, et al. 3-Hydroxybutyrate
methyl ester as a potential

drug against

Alzheimer's disease via mitochondria protection

mechanism. Biomaterials, 2013, 34(30):
7552-7562.
Thurston JH, Hauhart RE, Schiro JA.

B-Hydroxybutyrate  reverses  insulin-induced
hypoglycemic coma in suckling-weanling mice
despite low blood and brain glucose levels. Metab
Brain Dis, 1986, 1(1): 63-82.

Lim S, AS, Grima JC, et al.

D-B-hydroxybutyrate is

Chesser
protective in mouse
models of Huntington’s disease. PLoS ONE, 2011,
6(9): €24620.

(ARLTEo T

K cjb@im.ac.cn

737




