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Polyhydroxyalkanoates (PHA) have been produced by several bacteria as bioplastics in industrial scales.
PHA commercialization has been challenging due to its complexity and the associated high cost together
with instabilities on molecular weights (Mw) and structures, thus instability on thermo- and mechanical
properties. PHA high production cost is related to complicated bioprocessing associated with steriliza-
tion, low conversion of carbon substrates to PHA products, and poor growth of microorganisms as well as
complicated downstream separation. To reduce complexity of PHA production, robust microorganisms
that are contamination resistant bacteria have been targeted especially extremophiles, developments of
engineering approaches for extremophiles especially Halomonas spp. for better PHA production have
been successfully conducted and termed as “next generation industrial biotechnology” (NGIB). Diverse
PHA can also be produced by engineering Halomonas or Pseudomonas spp. This review introduces recent
advances on engineering bacteria for enhanced PHA biosynthesis and diversity.

© 2019 Kingfa SCI. & TECH. CO., LTD. Production and Hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polyhydroxyalkanoates (PHA), a family of intracellular bio-
polyesters, have been produced as bioplastics with limited success
in market [1e3] (Table 1), mostly due to the high cost of production
and instability on thermo-mechanical properties resulted from
changing molecular weights (Mw) and structures, that are related
to varying PHA synthase activity [4e10]. Lots of studies have since
been conducted to address these challenges [5,11e13].

High production cost of PHA have been related to high energy
demand for high temperature sterilization using super-hot steam
and intensive aeration under pressure, slow growth of microor-
ganisms, discontinuous production processes and complicated
downstream processing et al. (Table 1) [14,15]. Extremophile bac-
teria, especially Halomonas spp., have been successfully engineered
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to reduce the process complexity and extend the PHA diversity
[16,17].

Plastic pollution has increasingly becoming a global concern. It
calls for low cost biodegradable plastics to replace non-degradable
petrochemical plastics. The developments of extremophiles based
“Next Generation Industry Biotechnology” or “NGIB”, can reduce
PHA production complexity and thus PHA production cost com-
bined with more diversity (Table 1), promising to make PHA
competitive in cost. In this review, E. coli, Pseudomonas spp., and
halophiles Halomonas spp. were used as examples to show how to
engineer bacteria for better PHA biosynthesis, more PHA accumu-
lation and downstream purification so as to increase PHA applica-
tion competitiveness.
2. Engineering PHA synthesis pathways

Substrates contribute most to the high PHA production [11].
Usually, glucose and/or fatty acids are commonly used as substrates
for PHA synthesis. For example, the formation of PHA consisting of
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Table 1
Possibilities to reduce PHA production complexity and cost.

Problems Reasons Solutions Ref.

High energy consumption Sterilization and aeration Open and weak aeration [17]
Substrates consumed not for PHA Substrates consumed for growth Weakening non-PHA pathways [18,19]
Unstable PHA structures Pathways consuming PHA precursors Engineering PHA unrelated pathways [19,20]
Unstable PHA molecular weights Unstable PHA synthase activity Stabilizing the synthase activity [8,10]
Slow growth Binary fission and slow division Multiple fission [21]
Discontinuous processes The demand of avoiding possible contamination Contamination resistant strains for continuous processes [16,17,22]
Expensive downstream processes Difficulty of extracting and purifying PHA Morphology engineering [23,24]
Difficulty of cell high density growth Oxygen supply limitation Bacterial hemoglobin [25]
Hard to disrupt cells Strong bacterial cell walls Weakening cell walls [26]
Waste water Culture and downstream water Recycling wastewater [27]
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non 3-hydroxubutyrate (3HB) monomers needs fatty acid(s) as
precursors for formation of other short-chain-length (scl) or
medium-chain-length (mcl) monomers [28e32]. Cells will conduct
b-oxidization to turn most fatty acids into acetyl-CoA for cell
growth, the costly fatty acids are wasted for generating acetyl-CoA
but not for mcl PHA synthesis (Fig. 1) [20], while acetyl-CoA can
also be generated from cheaper substrates as glucose [18,33].
Because of the b-oxidation, fatty acids conversion to PHA are very
inefficient, leading to the high cost of mcl PHA production. Thus,
engineering the b-oxidation could help enhance PHA efficiency.

Deletions of enzymes FadA and FadB in the b-oxidation pathway
of Pseudomonas putida or P. entomophila can enhance the substrate
to PHA conversion efficiency significantly (Fig. 1) [34], as fatty acid
substrates were mostly converted into 3-hydroxyacyl-CoA for mcl
PHA formation instead of being oxidized to generate acetyl-CoA
[20,35,36]. Pseudomonas spp. fatty acid mutants were found to
produce mcl-PHA containing 3-hydroxyhexanoate (3HHx), 3-
hydroxyoctanoate (3HO), 3-hydroxydecanoate (3HD) and 3-
hydroxydodecanoate (3HDD) in the forms of homopolymers,
block- or random copolymers [37].

Recombinant Escherichia coli co-expressing genes related
to succinate degradation in Clostridium kluyveri and poly-3-
hydroxybutyrate (PHB) accumulation pathway of Ralstonia eutro-
pha produces copolymers poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) (P3HB4HB) from glucose. When the native suc-
cinate semi-aldehyde dehydrogenase genes gabD and sadwere both
deleted, the carbon flux was channeled to 4HB biosynthesis [18].
Terpolymer P(3HB-co-3HV-co-4HB) consisting of 3-
hydroxybutyrate, 3-hydroxyvalerate (3HV) and 4-hydroxybutyrate
(4HB) can be synthesized directly based on lactose or waste raw
Fig. 1. Biosynthesis of PHA from fatty acids via b-oxidation pathway. Deleting enzymes
FadA and FadB in b-oxidation pathways channels most fatty acid(s) to PHA synthesis,
resulting in significant improvement in substrates conversion efficiency.
materials as carbon sources [38]. A mannitol rich ensiled grass press
juice (EGPJ) was successfully used as a renewable carbon substrate
for PHA production [39]. Fed-batch culture of Burkholderia sacchari
IPT101 grown on EGPJ as sole carbon source could produce 45 g/L
dry cells with 33% PHA in 36 h. In Ralstonia eutropha NCIMB11599
and R. eutropha 437e540, a sucrose utilization pathway was con-
structed by introducing the Mannheimia succiniciproducens
MBEL55E sacC gene encoding b-fructofuranosidase [40], which was
excreted into the culture to hydrolyze sucrose into glucose and
fructose for better cell growth. 73 wt% PHB was obtained when
Ralstonia eutropha NCIMB11599 was grown in nitrogen-free chem-
ically defined medium containing 20 g/L of sucrose. E. coli was
successfully engineered to produce mcl PHA from glucose by
reversing fatty acid b-oxidation cycle [41]. After deleting major
thioesterases and expressing a PHA synthase with low substrate
specificity from Pseudomonas stutzeri 1317, the recombinant E. coli
synthesized 12 wt% scl-mcl PHA copolymers, of which 21 mol% was
3HB and 79 mol% mcl monomers.

Varying monomer supplies and in vivo PHA synthase activity
changes monomer ratios in PHA copolymers and Mw, leading to un-
stable PHA structures and Mw. Lots of studies have thus been con-
ducted to stabilize the PHA monomer ratios and Mw. Recombinant
Pseudomonas putida KT2442 with its b-oxidation deleted was con-
structed as a platform for PHA synthesis with controllable monomer
contents and compositions [19]. Monomer ratios of PHA can be pre-
cisely adjusted by feeding fatty acids with a predefined ratio, random
and block copolymers PHBHHx consisting of precisely adjustable 3HB
and 3HHx were synthesized. The materials demonstrated steady
performances if the monomer ratios were stable [19,42]. Homopoly-
mers of C5 (3HV) to C14 (3-hydroxytetradecanoate) were synthesized
by b-oxidation deficient P. entomophila LAC23 fed with different fatty
acids as precursors, respectively [43]. These researches clearly
demonstrated that b-oxidation deficient mutants allowed control-
lable PHA monomer structures, and these were also supported by
several other studies [44]. Similarly, one can synthesize block co-
polymers of poly-3-hydroxypropinate-block-poly-4-hydroxybutyrate
(P3HP-b-P4HB) using recombinant E. coli S17-1 by feeding pre-
cursors with a predefined ratio (Fig. 2) [45,46].

Activities of PHA synthase and depolymerase affect PHA Mw
[47], which needs to be controlled to tailor PHA physical properties.
PHA Mw can be reduced in the presence of chain transfer agents
such as poly(ethylene glycol) (PEG), methanol, ethanol and iso-
propanol in the culture or via mutations in the N-terminus of PHA
synthase [48,49]. CRISPRi (clustered regularly interspaced short
palindromic repeats interference) was employed to control the
phaC transcription and thus PhaC activity, as supported by evi-
dences that PHB contents, Mw and polydispersity approximately in
direct and reverse proportion to the PhaC activity, respectively [10].
A higher PhaC activity leads to more intracellular PHB accumula-
tion yet with less PHB Mw and wider polydispersity. PHB was
controlled in the ranges of 2.0e75% cell dry weights, Mw from 2 to



Fig. 2. Recombinant E. coli synthesizes block-copolymers of poly-3-hydroxypropionate
(P3HP) and poly-4-hydroxybutyrate (P4HB) [45,46].
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6 millions Dalton and a polydispersity of 1.2e1.43 in 48 h shake
flask studies using PhaC activity regulation [10].

3. Engineering the cell growth pattern

Commonly, most bacteria grow in a binary fission way (Fig. 3).
Wu et al. [21] deleted fission related genes minC andminD together
to change the binary fission into multiple fission, resulting in the
formation ofmultiplefission rings (Z-rings) in several positions of an
elongated cell, achieving cell division with more than two daughter
cells in one cell cycle (Fig. 3). Additionally, several cell division pro-
cess related genes including ftsQ, ftsL, ftsW, ftsN and ftsZ, together
with the cell shape control gene mreB, were all overexpressed in
E. coli JM109 DminCD to further improve cell growth and PHA pro-
duction, leading to more cell dry weights (CDW) andmore than 80%
Fig. 3. Binary fission has been changed to multiple fission by deleting fission related genes m
several positions of an elongated cell for formation of more than two daughter cells [34].
PHB accumulation increases compared to its original binary fission
pattern. This study has demonstrated that changing the cell division
pattern and cell morphology could enhance cell growth and PHB
production. In another related research, Wu et al. [50] further
demonstrated that combining the multiple division pattern with
elongated cell shape of E. coli could improve PHB accumulation.

In addition, Tyo group [51] developed a toggle switch which
utilizes glucose sensing to decouple growth and production phase.
This industrially relevant auto-inducible genetic switch responded
to glucose to precisely control the expression of enzymes in
burdensome pathways for enhancing bio-production, which
improved growth by 2-folds with comparable PHB production
yields to a constitutively expressing system. Those provided a new
vision for enhancing PHA production.
4. Morphology engineering for more PHA accumulations and
better separation

Tiny cell sizes of bacteria bring difficulties to downstream sep-
aration. Morphology engineering can change cell sizes and shapes,
allowing easier downstream separation [24]. Genes ftsZ and mreB
which respectively encode proteins of bacterial fission ring and
skeletons are essential for cell growth and for keeping the bacterial
shapes [52e56]. Clustered regularly interspaced short palindromic
repeats interference (CRISPRi) was applied to regulate expression
intensities of ftsZ or/andmreB in E. coli leading to various decreased
expression levels of ftsZ or/andmreB, respectively [57]. It was found
that with the increasing repression on genes ftsZ or/andmreB, E. coli
fibers got longer and cell got larger [57]. Combined repressions on
expressions of ftsZ andmreB leaded to longer and larger E. coliwith
numerous morphologies including various sizes of gourds, bars,
coccus, spindles, multi-angles and ellipsoids (Fig. 4). In all these
cases, PHB accumulations were improved. Enlarged morphology
increased PHB synthesis from 40% to 80%, and it also promotes
gravity separation of cells from fermentation broth [23,24,58].
inC and minD together, resulting in the formation of multiple fission rings (Z-rings) in



Fig. 4. CRISPRi represses expression intensities of ftsZ or/and mreB in E. coli [57]. Combined repressions on expressions of ftsZ and mreB leaded to longer and larger E. coli with
numerous morphologies resulting in enhanced PHB accumulations. Larger cells are prone to separate from broth via gravity or filtration [34].
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5. Next generation industry biotechnology (NGIB) based on
halophiles

Extremophiles can be cultured under extreme conditions, so
that they are more resistant to microbial contamination in
fermentation. Among them, halophilic bacteria are able to grow
rapidly in medium with high salt concentrations and high pH [16],
resulting in their excellent contamination resistance that few other
microorganisms can have.

Halophilic bacteria were found able to grow in open and
continuous fermentation processes in unsterile seawater medium
without contamination for at least two months [59]. Their poten-
tials could be further developed by introducing new pathways or
adding new genetic parts. RecombinantHalomonas spp. can now be
designed for producing multiple products separately or simulta-
neously as described below [62e68].

However, genetic parts are often influenced by host strains,
and altering activity of biological parts frequently causes
failures in process control [60,61]. Therefore, in order to fully
realize the potential of Halomonas spp., genetic parts with
tight regulation and high efficiency need to be developed.
Recently, Technology has also been developed for genetic
manipulation of halophilic bacteria [22,62]. Molecular engi-
neering tools have been developed to construct recombinant
Halomonas spp. for production of foreign proteins [63], small
molecular compound 5-aminolevulinic acid [64], and PHBV
copolymers with high substrate to PHA conversion efficiency
[22,65,66]. More studies on genetic engineering will lead to
the generation of new products produced by recombinant
halophiles. The PHA granules synthesized by Halomonas spp.
can also be produced in large size for convenient separation
and drying processes [69].

The biotechnology based on extremophiles that grow under
open unsterile conditions will surely promotes the emerging
“Next Generation Industrial Biotechnology” or NGIB for
bio-production with reduced cost and thus improved
competitiveness.
6. Engineering Halomonas spp. for PHA diversity

PHBV is a promising biopolyester which has good mechanical
properties and biodegradability. CRISPR/Cas9method was applied to
edit the TCA cycle inHalomonas bluephagenesis to producePHBV from
glucose as a sole carbon source. TwoTCA cycle related genes sdhE and
icl encoding succinate dehydrogenase assembly factor 2 and iso-
citrate lysasewere deleted, respectively, inH. bluephagenesis TD08AB
containing PHBV synthesis genes on the chromosome, to channel
more flux to increase the 3HV ratio of PHBV. Supported by the syn-
ergetic function of phosphoenolpyruvate carboxylase and Vitreoscilla
hemoglobin encoded by genes ppc and vgb inserted into the chro-
mosome of H. bluephagenesis TY194 (DsdhE) serving to enhance TCA
cycle activity, a series of strains were generated that could produce
PHBV containing 3e18 mol% 3HV using glucose as a sole carbon
source. Next-generation industrial biotechnology based on recom-
binant H. bluephagenesis grown under unsterile and continuous
conditions, reduces complexity and cost of PHBV production [67].

P3HB4HB is another promising biomaterial with wide applica-
tions. The high cost is still the barrier blocking its large-scale pro-
duction. Pathway debugging using structurally related carbon source
allows more 4HB accumulation. Whole genome sequencing and
comparative genomic analysis found multiple orthologs of succinate
semialdehyde dehydrogenase (gabD) that compete with 4HB syn-
thesis flux in H. bluephagenesis. Therefore, combinatory gene-
knockout strains were constructed to increase the molar fraction of
4HB by 24-folds in shake flask studies. The best-performing strain
was grownonglucose as the single carbon source for 60h under non-
sterile conditions in a 7 L bioreactor, reaching 26 g/L of dry cell mass
containing 61% P(3HB-co-17 mol% 4HB). 4HB molar fraction in
P3HB4HB can be tuned from 13 mol% to 25 mol% by controlling the
glucose concentration in the cultures [68].

7. Functional PHA and chemical modifications

Functional PHA homo- and copolymers can be synthesized by
genome engineered Pseudomonas entomophila [44,69]. A thermo-



Fig. 5. Process flowsheet for preparation of functional NAL-grafted PHA chelated with rare earth metal ions (Eu3þ and Tb3þ) [72].
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responsive graft copolymer PHA-g-poly(N-isopropylacrylamide)
(short as PHA-gPNIPAm), was successfully synthesized by a three-
step reaction based on unsaturated P(3HDD-co-3H10U), a PHA
random copolymer of 3-hydroxydodecanoate (3HDD) and 3-
hydroxy-10-undecylenate (3H10U). Started with PNIPAm olig-
omer with a trithiocarbonate-based chain transfer agent (CTA),
short as PNIPAm-CTA, a reversible addition fragmentation chain
transfer (RAFT) polymerization was completed. Subsequently, the
PNIPAm-CTAwas treatedwith n-butylamine for aminolysis in order
to obtain a pendant thiol group at the end of the chain (PNIPAm-
SH). At the end, the PNIPAm-SH was grafted onto P(3HDD-co-
3H10U) via a thiol ene click reaction. Enhanced hydrophilicity and
thermo-responsive property of the resulted PHA-g-PNIPAm were
obtained [70]. Similarly, Yao et al. [71] employed a PHA copolymer
P(3HDD-co-3H9D) consisting of 3-hydroxydodecanoate (3HDD)
and 3-hydroxy-9-decenoate (3H9D) synthesized by engineered
bacterium Pseudomonas entomophila to generate a comb-like
temperature-responsive graft polymer P(3HDD-co-3H9D)-g-
poly(2-dimethylamino-ethylmethacrylate), abbreviated as PHA-g-
PDMAEMA, via a three-step reaction. The grafted material shows a
tendency of increasing protein adsorptions over the lower critical
Table 2
Functional PHA and chemical modifications with purposes.

PHA Modification New properties

RPHA-g-PNIPAm Enhanced hydrophilicity
PHA-g-PDMAEMA Temp controllable protein
PHA-g-graphene Higher thermal degradati
Rare-earth-modified PHA Intense photoluminescen
PHA modified with PDT PHA organo-hydrogel
PHA physical surface modification Superhydrophobicity
solution temperature (LCST 47.5 �C) on PHA-g-PDMAEMA with an
increasing percentage of DMAEMA in the copolymers. At a tem-
perature below LCST, PHA-g-PDMAEMAdemonstrated poor protein
absorption in contrast to P(3HDD-co-3H9D). The comb-like graft
polymer PHA-g-PDMAEMA can be manipulated toward control-
lable protein adsorption for biomedical usages [71].

Unsaturated poly(3-hydroxydodecanoate-co-3-hydroxy-9-
decenoate), short as P(3HDD-co-3H9D), were explored for syn-
thesis of PHA-graft-graphene nanocomposites with graphene
content ranging from 0.2 to 1.5 wt%. PHA-graft-graphene nano-
composites exhibited higher thermal degradation temperature
and enhanced electricity conductivity compared with that of neat
PHA [71].

A highly efficient rare-earth-modified fluorescent material was
successfully designed and fabricated based on functional-PHA
containing terminal double bonds to generate the rare-earth-
modified PHA [72]. N-Acetyl-L-cysteine-grafted PHA (NAL-graf-
ted-PHA) was first produced via a UV-initiated thiol-ene click re-
action and the rare earth ions (Eu3þ and Tb3þ) were subsequently
chelated onto the NAL-grafted-PHA. The composite material
exhibited intense photoluminescence properties under UV laser
References
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ce under UV laser excitation [72]
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excitation, indicating its excellent features as a fluorescent material
with enhanced hydrophilicity and superior biocompatibility for
potential applications in biomedical fields [72]. Fig. 5.

A new family of PHA-based organogels was synthesized via UV
photo-crosslinking, using unsaturated PHA copolymer Poly[(R)-3-
hydroxyundecanoate-co-(R)-3-hydroxy-10-undecenoate]
(PHU10U) and polyethylene glycol dithiol (PDT) as precursors [73].
Increasing the densities of the organogel networks resulted in a
higher compressive modulus. Both the PHU10U precursor and
PHU10U/PDT hydrogels showed relatively good biocompatibility.
Table 2.

8. Conclusion and perspective

With the increasing diversity of PHA, the application of PHAwill
be more and more extensive. However, the large-scale industriali-
zation and commercialization of PHA has been restricted by the
production cost, especially the production cost of the new PHA,
which is much higher than the traditional PHA. By means of syn-
thetic biology, systems biology, morphology engineering and next
generation industry biotechnology, the synthesis of all kinds of PHA
can be integrated to realize a low-cost production platform, which
bases on one chassis bacteria harboring multiple metabolic path-
ways and can synthesize certain kind of PHA on demand. Eventu-
ally, it will be possible to reduce the production cost of all kinds of
PHA, thus promoting the application of different types of PHA in
different fields.
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