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Summary. Polyhydroxyalkanoates (PHAs) are biodegradable biocompatible polyesters, which accumulate as granules
in the cytoplasm of many bacteria under unbalanced growth conditions. Medium-chain-length PHAs (mcl-PHAs), char-
acterized by C6-C14 branched monomer chains and typically produced by Pseudomonas species, are promising thermoe-
lastomers, as they can be further modified by introducing functional groups in the side chains. Functionalized PHAs are
obtained either by feeding structurally related substrates processed through the B-oxidation pathway, or using specific
strains able to transform sugars or glycerol into unsaturated PHA by de novo fatty-acid biosynthesis. Functionalized mcl-
PHAs provide modified mechanical and thermal properties, and consequently have new processing requirements and
highly diverse potential applications in emergent fields such as biomedicine. However, process development and sample
availability are limited due to the toxicity of some precursors and still low productivity, which hinder investigation. Con-
versely, improved mutant strains designed through systems biology approaches and cofeeding with low-cost substrates
may contribute to the widespread application of these biopolymers. This review focuses on recent developments in the
production of functionalized mcl-PHAsS, placing particular emphasis on strain and bioprocess design for cost-effective
production. [Int Microbiol 2013; 16(1):1-15]
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The relevance of functionalized medium-
chain-length-PHAs

From an industrial standpoint, polyhydroxyalkanoates
(PHAs) are biopolyesters attracting extensive interest as
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technical-grade polymers due to their singular set of prop-
erties: (i) substitution potential for industrial thermoplas-
tics such as polypropylene, polyethylene, polyvinylchlo-
ride and polyethylene terephthalate, (ii) biodegradability
both in aerobic and anaerobic conditions, including aquatic
environments, (iii) bio-based, renewable origin, (iv) bio-
compatibility with cells and tissues and (vi) structural di-
versity [4]. This last characteristic is critical to define po-
tential applications, since the specific chemical monomer
composition and molecular structure will determine the
biological, thermal and mechanical properties of the result-
ing polymer.
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Fig. 1. Schematic representation of the chemical structure of PHAs. (A)
PHAs are generally composed of 3-hydroxy fatty acids, where the pendant
group (shown as R) varies from methyl (C1) to undecyl (C11). C3 carbon
atom is asymmetric leading to pure R enantiomers as monomers. Thus,
PHA monomers can be useful synthons in the pharmaceutical industry
[9]. The best-known PHAs are PHB (R = methyl), P(HB-co-HV) (R
= methyl or ethyl), and P(HO-co-HH) (R = pentyl or propyl). Second
generation mcl-PHAS carry functionalized substitutions at pedant group.
(B) Schematic representation of the chemical structure of the family of
PHACOS, the acetylthioester-functionalized mcl-PHA [18]. OH-Alk
3-hydroxyalkanoate, OH-6ATH 3-hydroxy-6-acetylthiohexanoate, OH-
4ATB 3-hydroxy-4-acetylthiobutanoate.

In this respect, PHAs have been classified attending to
various criteria (Fig. 1): (i) their monomer size as short-
chain-length PHAs (scl-PHAs), with C4-C5 monomers
and medium-chain-length PHAs (mcl-PHAs) with C6-C14
monomers, (ii) their functional substituents found in the
radical chain (such as double bonds or aromatic groups),
and (iii) the structure of the polymer (formed by homoge-
nous, random or block copolymers [46]). Although other
added-value PHAs have been described, including in vivo
protein-anchored, bioactive PHAs for biomedical applica-
tions [22,,49], this review will focus on functionalized
mcl-PHAs as promising and versatile candidates for high
added-value applications.

Short-chain-length-PHAs (scl-) such as poly-3-hydroxy-
butyrate (PHB) and its copolymers with poly-3-hydroxy-

valerate (PHB-co-HV) are being produced on a commer-
cial scale and have extensive application in packaging,
moulding, fibres and other commodities [4]. Currently,
mcl-PHAs are considered to be promising candidates for
special bioplastic applications due to properties derived
from their longer side-chains and altered crystalline struc-
ture, such as elasticity, hydrophobicity, low oxygen perme-
ability, water resistance, and biodegradability. They can be
moulded and processed into compostable packaging and re-
sorbable materials for medical applications, and have also been
used as food coatings, pressure-sensitive adhesives, paint bind-
ers and biodegradable rubbers [73].

Furthermore, unconventional mcl-PHAs bearing differ-
ent functional moieties in their side chains can be produced
through different biotechnological strategies, which will be
reviewed in detail in the following sections of this article.
These reactive groups enable tuning of the physical and
chemical properties of the polymer, and they are also po-
tential targets for post-biosynthetic modifications (Fig. 2).
For example, the higher the molar fraction of unsaturated
constituents in the monomers, the lower the resulting melt-
ing and glass transition temperatures due to crystallization
inhibition by unsaturated side chains. Double bonds are
also easily attacked in chemical reactions, allowing the
polymer properties to be diversified even more [25]. A
number of treatments have been described as responsible
for crosslinking of unsaturated PHAs, namely electron-
beam irradiation, UV-irradiation or even autoxidation and
in some cases these PHAs are transformed into rubbers [3].
Chemical epoxidation of the pendant vinyl groups has also
been applied to decrease melting temperature and increase
glass transition temperature [48].

Thus, controlling monomer composition provides the
chance to establish functionalized PHAs as tailor-made
polymers for different applications. However, this scenario
can be only achieved once we have gained a better under-
standing of how the incorporation of different monomers
into PHA is controlled and how material properties are in-
fluenced by PHA composition.

Biochemical pathways for medium-
chain-length-PHA synthesis

Chemically, PHAs are branched hetero-oxo-polyesters
composed of (R)-3-hydroxy-alkanoic acid monomers
(Fig. 1). Polyhydroxyalkanoates are synthesized as storage
polymers by some Archaea and by a wide range of gram-
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Fig. 2. Diagram of the key challenges for the production of added-value bacterial polyesters.

positive and gram-negative bacterial species, both in aero-
bic and anaerobic environments, although only a few
strains produce PHAs at industrially significant rates.
These biopolymers are accumulated as hydrophobic inclu-
sions (PHA granules) (Fig. 3) in the bacterial cytoplasm,
generally as a response to unbalanced growth conditions,
such as inorganic nutrient limitations in the presence of ex-
cess carbon source [56].

A large array of bacterial species can produce PHB;
however, mcl-PHAs are mainly, though not exclusively,
produced by fluorescent Pseudomonads such as Pseu-
domonas putida [54] (Fig. 3). This division arises on ac-
count of differences in the in vivo substrate specificity of
the PHA polymerase or synthase, the enzyme responsible
for the assembly of PHA monomeric precursors, (R)-3-hy-
droxyacyl-CoAs, together with the evolved specialization
of peripheral metabolic pathways and regulatory networks

in each species. To date, the most widely studied and refer-
ence mcl-PHA producers are P. putida KT2440 (and its ri-
fampicin-resistant mutant, KT24) and P. oleovorans GPol
(ATCC 29347), reclassified and referred to herein as P,
putida GPol [50,70].

In PHB producers, such as the paradigmatic Ralstonia
eutropha H16 strain, the main enzymes involved in PHB
synthesis are encoded in a gene cluster expressing: (i) a
3-ketothiolase, which condenses two acetyl-CoA mole-
cules into acetoacetyl-CoA, (ii) a NADPH-dependent ace-
toacetyl-CoA reductase, which stereo-selectively reduces
acetoacetyl-CoA to (R)-3-hydroxybutyryl-CoA, and (iii) a
PHB synthase that finally converts (R)-3-hydroxybutyryl-
CoA into PHB releasing free CoA [56]. Depending on the
capacity of each strain to metabolize either simple or com-
plex sugars, fats or oils into acetyl-CoA, PHB will be pro-
duced out of all, or only some of these substrates. Con-



4

INT. MicrosioL. Vol. 16, 2013

TORTAJADA ET AL.

Int Microbiol

versely, Pseudomonads have a much more complex me-
tabolism (Fig. 4). The pha cluster is formed in mcl-PHA
producers by the genes encoding two synthases (PhaCl
and PhaC2), a depolymerase (PhaZ) [11] and other PHA-
related proteins, including phasins, involved in formation,
maintenance and segregation of PHA granules (PhaF and
Phal) [19]. The substrates for PHA synthesis, (R)-3-hy-
droxyacyl-CoAs, are supplied by two central pathways,
B-oxidation pathway and de novo fatty acid synthesis, fed
by fatty acids or other non-PHA-related substrates such as
carbohydrate intermediates, respectively. In addition, these
central pathways are supplemented by strain-dependent
peripheral routes that transform non-conventional precur-
sors into PHA.

Structurally related substrates, such as fatty acids, are
processed by Pseudomonads through p-oxidation cycle
[39]. The resulting acyl-CoAs are sequentially oxidized
into enoyl-CoA, (S)-3-hydroxyacyl-CoA and (R)-3-ketoa-
cyl-CoA. All of these intermediates may then be converted
into (R)-3-hydroxyacyl-CoA by a stereospecific trans-
enoyl-CoA hydratase (Phal), an epimerase, or a specific
(R)-ketoacyl-CoA reductase (FabG), respectively [61].
Pseudomonas putida KT2440, in particular, has a large array
of B-oxidation enzymes [43]. Concerning the fatty acids
B-oxidation protein complex (FadAB), two sets of fadAB
genes have been described in the strain P. putida KT24
[5,47]: fadB and fadA (PP_2136 and PP_2137), and fadBx
and fadAx (PP_2214 and PP_2215). The former set would
appear to play a role in fatty acid degradation, since al-
though fadB and fadA deletion mutants do not show com-
pletely blocked B-oxidation, they produce PHA with a
higher content of longer chain monomers, possibly due to
their defective B-oxidation pathway [5,18,47].

Non-fatty acid precursors can be oxidized to acetyl-
CoA and channelled into PHA by the de novo synthesis
pathway, via (R)-3-hydroxyacyl-acyl carrier protein (ACP)
intermediates. In this process, malonyl-CoA and its precur-
sor, acetyl-CoA, are activated by transacylation to acyl-
carrier protein (ACP). Malonyl and acyl-ACP derivatives

Fig. 3. (A) Transmission electronic microscopy (TEM) image of mcl-
PHA-producing cells of Pseudomonas putida KT2442. (B) TEM image
of a mcl-PHA granule isolated from P. putida KT2442. Granules are
composed of mcl-PHA (shown as whitest core of the granule) coated
by a monolayer of phospholipids and granule-associated proteins
(gray layer at the surface of the granule). The most abundant proteins
in the surface granules are phasins. Polymerases and intracelluar
depolymerases are also associated to granules. (C) mcl-PHA film
isolated from P. putida KT2440 and octanoic acid as growth and mcl-
PHA precursor.
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are condensed by ketoacyl-ACP synthetase, reduced, los-
ing a ketone group, dehydrated, and saturated to the corre-
sponding (R)-3-hydroxyacyl-ACP chain (Fig. 4), which
may be further elongated in two-carbon growing chains.
Acyl-ACP intermediates can then be re-transformed into
(R)-3-hydroxyacyl-CoAs by a specific transacylase, PhaG,
present in most Pseudomonas. Only P. putida GPol and
P, fragi are unable to synthesize mcl-PHA out of non-fatty
acid substrates, such as gluconate, apparently due to defi-
ciencies in PhaG transcription [29,55]. Unsaturated mono-
mers such as 3-hydroxy-5-dodecenoate and 3-hydroxy-
7-tetradecenoate are also generated in this process [30], by
fatty acid de novo synthesis that introduces double bonds
into acyl-CoA or acyl-ACP intermediates, a regulatory
mechanism of membrane fatty acid composition that alters
membrane fluidity in response to changes in ambient tem-
perature [14]. Tables 1, 2 and 3 revise the precursors de-
scribed in the literature to produced mcl-PHA with substi-
tutions at the side chain.

Functionalized PHAs through p-oxida-
tion pathway

Structurally related carbon sources, such as alkanoic and
alkenoic acids are incorporated to PHA by mcl-PHA pro-
ducers through the p-oxidation pathway without being
completely oxidized to acetyl-CoA [54]. The resulting
PHAs are generally copolymers, a consequence of the se-
quential degradation of acetyl-CoA units (e.g., poly[3-hy-
droxy-octanoic-co-3-hydroxy-hexanoic]), at around 95 mol%
of 3-hydroxy-octanoic acid and 5 mol% of 3-hydroxy-hex-
anoic is produced when P, putida is fed with octanoic acid).
Linear and branched n-alkanes and alkenes can also be
channelled to polymer accumulation, when processed by
the alkane oxidation pathway encoded on the octane (OCT)
plasmid [70]. Fatty acids however are usually preferred for
bioprocessing as they overcome the limitations derived
from two-phase fermentation systems required for hydro-
carbons and avoid risk of explosion [67].

The structure of the precursor, including unsaturations,
is recovered in the resulting mcl-PHA. Early reports by La-
geveen and co-workers [34] describe the generation of
PHA containing 3-hydroxy-5-hexenoate, 3-hydroxy-7-oct-
enoate, 3-hydroxy-8-nonenoate and 3-hydroxy-9-deceno-
ate when octene, nonene or decene were supplied. Non-
terminal unsaturations were also successfully introduced.
The molar fraction of unsaturated monomers depends on

both the carbon source supplied and the metabolic capa-
bilities of the bacterial strain. For example, whereas
P. putida GPol fed with octene produces PHA with 50
mol% 3-hydroxyalkenoate content [53], when 10-unde-
cenoate is used, practically all monomers are unsaturated.
The molar content of unsaturated monomers can then be
controlled by co-feeding nonanoic acid, as it correlates
with the amount of 10-undecenoate. When P. putida was
fed with mixtures of octanoic acid and undecenoic acid, the
monomeric composition seemed to depend on the growth
rate both in batch and chemostat cultures, but also corre-
lated linearly with the fatty acids fed [24].

This strategy can be extended to a large variety of or-
ganic compounds in order to generate functionalized PHAs
[62]. Depending on their chemical structure and the spe-
cific bacterial species, the compounds will support both
cell growth and PHA accumulation, growth alone, or will
support neither cell growth nor PHA accumulation [31].
Simultaneous feeding strategies based on co-metabolism
can be applied to address the last two cases, as it has been
shown that precursors that do not enable PHA production
or growth can be processed when accompanied by an effi-
ciently processed substrate, such as octanoic or undecenoic
acid [24]. The first examples of these strategies include co-
polyesters obtained from mixtures of octanoic acid and
methylalkanoic acids such as 7-methyloctanoate, which
contained both the unsubstituted and the methyl-branched
3-hydroxyoctanoate and 3-hydroxyhexanoate units. Al-
though no polymer was formed when P. putida GPol was
grown on pure 5- and 6-methyloctanoates, the presence of
methyl-branched units in the polymer obtained by co-me-
tabolism was detected when 5- and 6-methyloctanoate
were fed as mixture with octanoate [37]. There was a direct
correlation between the variation in ratios of PHA repeat-
ing units and feeding mixture composition.

This concept has been exploited to produce a plethora
of tailor-designed mcl-PHAs, with highly diverse struc-
tures that include acetylthioester, acetoxy, alkoxy, amino,
cyano, cyclohexyl, epoxy, halogenated, hydroxy or pro-
pylthiol groups (Tables 1 and 2). Note that besides the pre-
cise functional moeity introduced, a larger variety of PHA
compositions can be generated in most cases, with varying
molar amounts of functional groups, by altering the ratio of
co-substrates.

Together with unsaturations, functional groups prone to
chemical modifications have been introduced, mainly in
the canonical P. putida GPol and KT24 strains, such as
thio, bromine, chlorine and fluorine radicals, cyano and
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Table 1. Precursors used in the literature to produce functionalized mcl-PHA (branched alkyl, cyclohexyl, halogenated)

Precursor % Mol functional % PHA Pseudomonas strains Ref.
groups
Group at mcl-PHA side chain: Branched alkyl
Citronellol >99.0 27.2 P. citronellolis ATCC 13674 [1-T1]
Alkylhydroxyoctanoates 5.0 16.0-22.0 P, putida GPol [2-T1]
Methyloctanoates 3.0-96.4 7.3-19.2 P, putida GPol [3-T1, 4-T1]
Group at mcl-PHA side chain: Cyclohexyl
Cyclohexylbutyric acid >99.0 21.0 P. cichorii YN2 [5-T1]
Cyclohexylvaleric/butytic acid 13.2-100.0 2.0-31.0 P, putida GPol [6-T1, 7-T1]
Unsaturated
Alkenes (C7-C9) 45.0-55.0 5.0-13.4 P, putida GPol [8-T1]
Undecenoic acid 27.1-100.0 1.8-37.4 P. putida KCTC 2407 [9-T1]
Undecenoic acid 5.0-99.0 17.0-34.0 P, putida GPol [10-T1,11-T1,
12-T1]
Hydroxyoctenoic acids 63.5-81.6 10.3-12.5 P, putida GPol [13-T1]
Dicarboxylic acids (C4-C10) 4.7-11.7 7.3-14.4 P, citronellolis ATCC 13674 [14-T1]
Undecynoic acid 32.0-100.0 N/A P. putida GPol [15-T1]
Undecynoic acid 22.0-100.0 7.5-22.5 P. putida KCTC 2407 [15-T1]
Group at mcl-PHA side chain: Halogens
Bromoalkanoic acids (C6-C11) 3.7-38.0 4.5-38.2 P. putida GPol [16-T1, 17-T1]
Chlorooctane 69.0 5.0-19.0 P. putida GPol [18-T1]
Fluorohexanoic/nonanoic acids 1.9-8.8 N/A P. putida GPol [19-T1]
Fluorohexanoic/nonanoic acids 1.0-17.3 N/A P. putida KT2440 [19-T1]
Fluorophenoxyundecanoic acid >99.0 8.5-13.9 P, putida 27N01 [20-T1]

[1-T1] Choi MH, Yoon SC (1994) Appl Environ Microbiol 60:3245-3254 - [2-T1] Scholz C, et al. (1994) Macromolecules 27:6358-6362 -
[3-T1] Fritzsche K, et al. (1990) Int J Biol Macromol 12:92-101 - [4-T1] Lenz RW, et al. (1992) FEMS Microbiol Lett 103:207-214 -
[5-T1] Honma T, et al. (2004) J Environ Biotechnol 4:49-55 - [6-T1] AndGjar M, et al. (1997) Macromolecules 30:1611-1615 -

[7-T1] Kim DY, et al. (2001) Int J Biol Macromol 29:145-150 - [8-T1] Lageveen RG, et al. (1988) App Environ Microbiol 54:2924-2932 -
[9-T1] Kim DY, et al. (2000) Int J Biol Macromol 28:23-29 - [10-T1] Kim YB, et al. (1995) J Polym Sci Part A: Polym Chem 33:1367-1374 -
[11-T1] Park WH, et al. (1998) Macromolecules 31:1480-1486 - [12-T1] Sparks J, Scholz C (2008) Biomacromolecules 9:2091-2096 -
[13-T1] Fritzsche K, et al. (1990) Int J Biol Macromol 12:85-91 - [14-T1] Choi MH, Yoon SC (1994) Appl Environ Microbiol 60:3245-3254 -
[15-T1] Kim DY, et al. (1998) Macromolecules 31:4760-4763 - [16-T1] Kim YB, et al. (1992) Macromolecules 25:1852-1857 -

[17-T1] Lenz RW, et al. (1992) FEMS Microbiol Lett 103:207-214 - [18-T1] Doi Y, Abe C (1990) Macromolecules 23:3705-3707 -
[19-T1] Kim O, et al. (1996) Macromolecules 29:4572-4581 - [20-T1] Takagi Y, et al. (2004) Eur Polym J 40:1551-1557
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Table 2. Precursors used in the literature to produce functionalized mcl-PHA (acetoxy, ester, alkoxy, epoxy, thio, cyano, nitro)

Precursor % Mol functional % PHA Pseudomonas strains Ref.
groups
Group at mcl-PHA side chain: Acetoxy
Octanone , octylacetate 3.3-10.3 19.0-26.0 P. putida GPol [1-T2]
Ester, alkoxy, epoxy
Alkylheptanoate 2.5-60.0 0.27-6.9 P. putida GPol [2-T2]
Alkxyhexanoic/octanoic/undecanoic acids 31-100.0 3.0-15.0 P. putida GPol [3-T2]
10-epoxyundecanoic acid 25.0-75.0 3.0-18.0 P. putida GPol [4-T2]
C7-C12 alkenes 4.2-20.0 25.0-35.0 P. cichorii YN2 [5-T2]
Soybean oil 63.0 63.0 P, stutzeri 1317 [6-T2]
Group at mcl-PHA side chain: Thio, sulfanyl
Acetylthiohexanoic acid 16.5-78.5 5.0-37.0 P, putida KT2442, KT24FadB [7-T2]
Propylthiohexanoic acid 14.5-17.5 24.0-43.0 Ralstonia eutropha DSM541 [8-T2]
Propylthioundecanoic acid 6.02% w/w S N/A P, putida KT2440 [8-T2]
Methylsulfanylphenoxyvaleric acid 12.2-35.6 10.9-21.4 P, cichorii H45, YN2 [9-T2]
Methylsulfanylphenoxyvaleric acid 18.4 9.9 P, jessenii P161 [9-T2]
Thiophenoxyundecanoic acid >99.0 9.6-19.5 P, putida 27N01 [10-T2]
Group at mcl-PHA side chain: Cyano, nitro
Cyanoundecanoic acid 17.0-32.0 19.5-36.2 P. putida GPol [11-T2]
Cyanophenoxyhexanoic acid 0-2.2 N/A P. putida GPol [13-T2]
Cyanophenoxyhexanoic acid 0.0-34.0 2.8-12.0 P. putida KT2440 [12-T2,
13-T2]
Nitrophenoxyhexanoic acid 4.2-5.1 N/A P. putida GPol [13-T2]
Nitrophenoxyhexanoic acid 1.04.8 N/A P, putida KT2440 [13-T2]
Dinitrophenylvaleric acid 1.2-6.9 15.040.0 P. putida GPol [14-T2]

[1-T2] Jung K, et al. (2000) Macromolecules 33:8571-8575 - [2-T2] Scholz C, et al. (1994) Macromolecules 27:2886-2889 -
[3-T2] Kim DY, et al. (2003) J Microbiol Biotechnol 13:632-635 - [4-T2] Bear MM, et al. (1997) React Funct Polym 34:65-77 -
[5-T2] Imamura T, et al. (2001) Int J Biol Macromol 29:295-301 - [6-T2] He W, et al. (1998) FEMS Microbiol Lett 169:45-49 -

[7-T2] Escapa IF, et al. (2011) App Microbiol Biotechnol 89:1583-1598 - [8-T2] Ewering C, et al. (2002) Microbiology 148:1397-1406 -

[9-T2] Kenmoku T, et al. (2002) EP1275727 B1. Priority date: 10-07-2002 - [10-T2] Takagi Y, et al. (1999) Macromolecules 32:8315-8318 -

[11-T2] Lenz RW, et al. (1992) FEMS Microbiol Lett 103:207-214 - [12-T2] Gross RA, Kim O-Y, et al. (1996) Polym Int 39:205-213 -

[13-T2] Kim O, et al. (1995) Can J Microbiol 41:32-43 - [14-T2] Arostegui SM, et al. (1999) Macromolecules 32:2889-2895

epoxy groups (Table 2). The introduction of such groups
also modifies the thermal properties, and thus the process-

ing requirements of the resulting polymers, enabling higher
melting and lower glass-transition temperatures, or modi-
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fied biological activities. For example, different PHA com-
positions bearing acetylthioester groups in the side chain
have been produced using P. putida KT24. These novel
mcl-PHAs (PHACOS) can be obtained using decanoic
acid as an inducer of growth and PHA synthesis, and
6-acetylthiohexanoic acid as PHA precursor, in one or two-
stage cultivation strategies. The composition of PHACOS
includes 6-acetylthio-3-hydroxyhexanoic acid (OH-6ATH)
and the shorter derivative 4-acetylthio-3-hydroxybutanoic
acid (Fig. 1). These polymers have tunable thermal proper-
ties as a result of different glass transition temperatures.
Use of the derived strain KTFadB, mutated in the fadB
gene from the B-oxidation pathway, gives rise to PHACOS
overproduction and the polymer contains mainly OH-
6ATH units [18] [Escapa IF, Morales V, Garcia JL, Prieto
MA (2012) Synthesis of polyhydroxyalkanoates (PHAS)
with thioester groups in the side chain. International Patent
WO 2012/038572].

Many reports have been devoted to the accumulation of
aromatic radicals in P, putida strains (Table 3), in order to
mimic widespread synthetic aromatic polyesters such as
polyethyleneterephtalate (PET). Processing of aromatic
substrates into PHA seems to depend both on the chemical
structure of the precursors and the bacterial strain.
Homopolymers with 100 mol% content of aromatic moie-
ties, random copolymers or a blend of both have been pro-
duced. Bacterial isolates that are able to transform aromat-
ic precursor into alkyl-PHAs have also been reported [72].
Hydrophilized PHAs bearing alkoxy, acetoxy or hydroxy
groups are also of great interest, as they show enhanced
solubility and biocompatibility [26].

Although diverse fermentation strategies based on co-
metabolism have been extensively applied to produce
functionalized mcl-PHAs, few works have been published
connecting these findings to the molecular basis driving
the carbon metabolism in Pseudomonas [10,20]. This is
partially caused by the complex regulation of mcl-PHA
metabolism, which is controlled: (i) at the enzymatic level,
by cofactor inhibition and metabolite availability [17], (ii)
at the transcriptional level, by specific and global tran-
scriptional regulatory factors [9,10], and (iii) at the transla-
tional level, driven by global post-transcriptional regula-
tors.

Recently, it has been shown that synthesis and degrada-
tion of mcl-PHA consist of a synchronous cycle in P. puti-
da KT2440, as PHA synthase and depolymerase are simul-
taneously produced ensuring the PHA turnover. In P. puti-
da KT2440, simultaneous production of PhaC (C1 and C2)

and PhaZ enzymes is controlled by the protein PhaD [10],
one of the few activators of the TetR-like family of tran-
scriptional regulators. The phaD gene controls its own
transcription and that of phalF operon coding for phasins.
Mutagenesis analyses and 3D structural models suggest
that PhaD behaves as a carbon-source-dependent activator
of the pha cluster, possibly induced by CoA intermediates
of B-oxidation. The pha cluster would only be indirectly
induced by fatty acids, such as octanoic acid, the true in-
ducer being CoA derivatives of B-oxidation. This hypoth-
esis supports co-metabolism effects and also the lower ac-
tivation of PHA production on non-structurally related
carbon sources, such as glucose, for which PHA cycle is
only driven on basal activities of the pha promoters. How-
ever, differences in activation mechanisms are expected
among the different mcl-PHA-producing strains because
phylogenetically related strains, such as Pseudomonas
corrugata and Pseudomonas mediterranea, bear vast dif-
ferences in nucleotide sequences in the intergenic regions
of pha cluster [66]. In addition to the intrinsic interest in
PHAs due to their wide ranging biological, mechanical and
thermal properties, much effort is still required to unravel
the molecular and biochemical underpinnings of tuned
PHA production.

De novo synthesis for functionalized
PHAs

Although most mcl-PHA intermediates are obtained
through fatty-acid f-oxidation, non-related carbon sources
such as acetate, ethanol, fructose, glucose, gluconate or
glycerol are also channelled to PHA by the de novo fatty
acid pathway in Pseudomonas species such as P. putida or
P. aeruginosa [68]. The main monomer found in these mcl-
PHAs is 3-hydroxydecanoate, but unsaturated 3-hydroxy-
5-dodecenoate and 3-hydroxy-7-tetradecenoate are also
found [30]. The molar fraction of unsaturated monomers
usually ranges from around 5 to 10 mol% depending on the
strain [60,64], and it can be increased by reducing culture
temperature [30]. This is consistent with the isolation of a
psychrotrophic P. fluorescens strain able to accumulate
mcl-PHA with up to 35 mol% of 3-hydroxy-5-dodecenoate
content [36].

The use of carbohydrate-related sources to partially un-
saturated PHA side chains is advantageous in terms of sub-
strate cost and invariant monomer composition although
PHA yields are generally lower in comparison to fatty acid
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Table 3. Precursors used in the literature to produce functionalized mcl-PHA (aromatics)

Precursor % Mol functional % PHA Pseudomonas strains Ref.
groups
Group at mcl-PHA side chain: Aromatics (benzoyl, methylphenoxy, phenoxy, phenyl)
Benzoylalkanoic acids (C4-C8) 8.3-79.8 3.0-41.0 P, cichorii YN2 [1-T3]
Methylphenoxyalkanoic acids (C6, C8) 40.0-65.0 0.8-13.0 P. putida KCTC 2407 [2-T3]
Methylphenoxyalkanoic acids (C6, C8) 68.0-100.0 N/A P. putida GPol [3-T3]
(PVA, NA)
Methylphenoxyalkanoic acids (C6, C8) 24.0-100.0 0.8-23.7 P. putida KCTC 2407 [3-T3]
Phenoxyundecanoic acid >99.0 >19.0 P, putida GPol [4-T3]
Phenoxyalkanoic acids (C6,C8,C11) 100.0 10.0-11.0 P. putida GPol [5-T3]
Phenoxyundecanoic acid 12.0-100.0 13.1-46.8 P. putida BMO1 [6-T3]
Phenylvaleric acid 13.7-19.5 18.0-56.0 P. putida BMO1 [7-T3]
Phenylvaleric acid >99.0 N/A P. putida GPol [8-T3]
Phenyl, tolylvaleric/octanoic acids 3.0-64.0 0.03-23.0 P. putida GPol [9-T3]
Phenylalkanoic acids (C4-C8) >95.0 22.0-42.0 P, jessenii C8 [10-T3]
Phenylalkanoic acids (C4-C8) >95.0 8.0-36.0 P, putida S12, CA-1, [10-T3]
H4, Fo, D5
Phenylalkanoic acids (C6-C11) >99.0 10.0-87.0 P, putida U fadA-, [11-T3, 12-
AFadBA-PhaZ T3, 13-T3]
Phenylvaleric acid >99.0 25.0 P. putida GPol [14-T3]
Phenylvaleric acid 12.6-40.6 15.1-39.2 P. putida GPol [15-T3]

[1-T3] Honma T, et al. (2004) J Environ Biotechnol 4:49-55 - [2-T3] Kim DY, et al. (2000) Int J Biol Macromol 28:23-29 -

[3-T3] Kim YB, et al. (1999) Macromolecules 32:6058-6064 - [4-T3] Ritter H, Spee von AG (1994) Macromol Chem Phys 195:1665-1672 -
[5-T3] Kim YB, et al. (1996) Macromolecules 29:3432-3435 - [6-T3] Song JJ, Yoon SC (1996) App Environ Microbiol 62:536-544 -

[7-T3] Song JJ, et al. (2001) J Microbiol Biotechnol 11:435-442 - [8-T3] Curley JM, et al. (1996) Int J Biol Macromol 19:29-34 -

[9-T3] Curley JM, et al. (1996) Macromolecules 29:1762-1766 - [10-T3] Tobin KM, O’Connor KE (2005) FEMS Microbiol Lett 253:111-118 -
[11-T3] Abraham GA, Get al. (2001) Biomacromolecules 2:562-567 - [12-T3] Garcia B, et al. (1999) J Biol Chem 274:29228-292241 -

[13-T3] Olivera ER, et al. (2001) Mol Microbiol 39:863-874 - [14-T3] Fritzsche K, et al. (1990) Macromol Chem Phys 191:1957-1965 -

[15-T3] Kim YB, et al. (1991) Macromolecules 24:5256-5260

substrates. Nevertheless, the wide metabolic versatility of
Pseudomonads, which do not prefer glucose over alterna-
tive carbon sources, can be exploited to generate function-
alized PHAs out of a variety of substrates. Pseudomonads
lack the main glycolytic enzyme, phosphofructokinase, but
instead transform glucose into 6-phosphogluconate (6PG)
through three convergent pathways. Then 6PG is metabo-
lized by the Entner-Doudoroff (ED) enzymes into pyruvate

to finally yield acetyl-CoA, which may be channelled into
citric acid cycle or PHA cycle through de novo fatty acid
synthesis (Fig. 4) [50].

The expression of the main metabolic steps of the phos-
phorylative branch of carbohydrate metabolism and ED
pathways in P. putida KT2440 is tightly regulated by tran-
scriptional repressors such as HexR, specifically induced
by 2-keto-3-deoxy-6-P-gluconate (KDPG). Modified tran-
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Fig. 4. (A) Metabolic pathways involved in PHA biosynthesis of Pseudomonads. In Pseudomonas putida synthesis and degradation of PHA were
found to operate as a continuous cycle with 3-hydroxy-fatty acids released from PHA granules by PhaZ depolymerase and activated to 3-hydroxyacyl-
CoAs by ACSI acyl synthetase with the concomitant consumption of one ATP molecule. These activated monomers will be either metabolized
via fatty acid degradation or re-incorporated into PHA by PHA synthase. The specific PHA metabolic pathways are interconnected with the main
central pathways that converge in acetyl-CoA. (B) Genetic organization of pha cluster in P. putida. The open arrows indicate the directions of gene
transcription. Phasins Phal and PhaF encoding genes are shown in black. Enzymes-encoding genes are shown in blue; phaCI and phaC2 genes (light
blue) code for two synthases and are separated by the phaZ gene (dark blue) coding for an intracellular depolymerase. phaD gene (yellow) encodes

a transcriptional regulator.

scription of HexR has been shown to improve the efficiency
of the use of alternative carbon sources, such as xylose, in
engineered P. putida S12 strain, balancing ED and pentose
phosphate pathway activities [41].

Besides sugars, glycerol has also been considered to be an
advantageous raw material for PHA production due to its
availability as a by-product of the biodiesel industry [21]. In
Pseudomonas strains, glycerol is converted into glycerol-
3-phosphate and then to dihydroxyacetone phosphate, which
is catabolized by a branch of the ED pathway [16,63]. Glyc-

erol use is hindered by a prolonged lag phase, caused by the
transcriptional repressor GIpR. However, GlpR repression can
be overcome by adding small amounts of fatty acids as co-
feeders, fully eliminating lag-phase in P putida KT2440.
Knock-out GlpR mutants also result in faster consumption of
glycerol, together with improved PHA accumulation, possibly
as a consequence of the larger availability of intermediates
generated by de novo fatty acid synthesis [16].

Hence, to improve the utilization of non-structurally
related carbon sources in bacterial PHA production re-



MEDIUM-CHAIN-LENGTH PHAs

INT. MicrosioL. Vol. 16, 2013 11

quires knowledge of the metabolic steps involved in their
catabolism. It is also necessary to study their relationship
with the central metabolic pathways, possibly through the
cellular levels of key metabolic intermediates that may be
directed to growth, energy generation or PHA synthesis.
In-depth knowledge of the PHA cycle is therefore essential
to coordinate global metabolism with resource availability
in PHA producing microorganisms [9,17].

Functionalized PHAs from non-food
raw materials

In addition to high-added value applications for function-
alized PHAsS, cost-efficient exploitation of these polymers
can be approached through the use of different agro-indus-
trial by-products [33]. Raw materials that do not compete
or interfere with food supply are preferred in line with
global sustainability strategies and biorefinery concepts.

The ability of different bacteria to use plant oils or ani-
mal fats to produce PHA has been widely described
[7,23,27,40,65]. The same concept of controlling PHA
composition in functionalized PHAs by feeding mixtures
of carbon sources can be readily translated to unsaturated
plant or animal derived fatty acids.

Accordingly, by using oleic or linoleic acid, which are
constituents of a large number of plant oils, the monomers
3-hydroxy-6-dodecenoate, 3-hydroxy-5-tetradecenoate and
3-hydroxy-5,8-tetradecenoate have been incorporated into
the PHA produced by P. putida GPol [12]. Also 10-undece-
noic acid can be derived from inexpensive castor oil, and
used to produce PHA containing 3-hydroxy-10-unde-
cenoate, 3-hydroxy-8-nonenoate and 3-hydroxy-6-hep-
tenoate in this strain [32]. Ashby and co-workers [2] evalu-
ated the production of mcl-PHA by Pseudomonas resinovo-
rans from glucose, soybean and coconut oils. Culture on
mixtures of these substrates led to monomer composition,
and thermal and mechanical properties that were intermedi-
ate to those of PHAs obtained from pure glucose or plant
oils. Also mixtures of linoleic and oleic acids as well as
different plant oils were supplied to P. putida IPT046 and P,
aeruginosa IPT171 to evaluate the contribution of unsatu-
rated fatty acids to the insertion of unsaturated monomers
into the polymer [64]. A non-linear relationship between the
molar fractions of 3-hydroxy-6-dodecenoate detected in
PHA and the linoleic acid supplied was observed, which is
compatible with the ability of biosynthesis system saturation
to channel intermediates of B-oxidation to PHA synthesis.

Some bacterial species have also been shown to pro-
duce functionalized mcl-PHA from non-related carbon
sources. P. aeruginosa 44T1 cultured in Euphorbia and
castor oils produced mcl-PHA containing epoxy groups,
besides other constituents normally found in PHA pro-
duced from fatty acids. Additional hydroxyl groups not in-
volved in ester bond and the unsaturated monomer 6-hy-
droxy-3-dodecenoate have also been detected [15]. Epoxy
group formation from soybean oil and 1-alkenes has been
also reported for Pseudomonas stutzeri and Pseudomonas
cichorii [28]. Concomitant lipase-catalysed self-epoxida-
tion of the unsaturated precursors may be hypothesized as
the underlying mechanism.

Triglycerides present in plant oils and animal fats can
also be used for mcl-PHA production although the ability
to convert these substrates is associated to lipase produc-
tion and therefore much more restricted [1,7,66]. Recom-
binant expression of lipase genes has been used to improve
triglyceride use [66]; however, functional expression of li-
pase in P. putida GPol did not enable growth on soybean
oil (JGC Gomez, personal communication).

In relation to sugars, the use of an engineered strain of
P. putida KT2440 for PHA production out of xylose has
been reported recently [35]. The hemicellulose derivate,
second in abundance after glucose and important for the
production of second-generation bioethanol [13], can be
used to support growth whereas mcl-PHA production is
sustained by fatty acid addition in a sequential feeding
strategy. Although only 20% w/w PHA content was ob-
tained, the scheme may possibly be extended to combine
cheap hemicellulosic hydrolysate with more expensive
precursors to produce functionalized mcl-PHAs.

Perspectives and challenges

Research into functionalized mcl-PHAs spans the last 25
years; nonetheless, opportunities remain open for the en-
hancement both of microbial strains and bioprocesses to
produce optimal mcl-PHA compositions. /n silico genome-
scale analysis of P. putida KT2440 has unveiled several
isoenzyme-coding genes involved in hydroxy-acyl-CoA
generation [43], which supports the well known high meta-
bolic diversity of this strain, enabling it to incorporate dif-
ferent monomers into biopolyester. A higher fraction of
long-chain-length monomers was produced when the main
set of genes fadA and fadB was knocked-out [45,47]. This
could be due to lower efficiency of the alternative
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B-oxidation routes on mcl-fatty acid precursors. In fact,
when fadAB mutant cells were cultured with conventional
aliphatic precursors, such as decanoic acid, a higher pro-
portion of 3-hydroxydecanoic acid monomer was detected
when compared to that of the wild type. However, this ef-
fect was less evident when unsaturated fatty acids, such as
10-undecenoic acid, were used as carbon sources [18]. It
would be interesting to ascertain if this could be ascribed to
a kinetic effect or to the substrate specificity of the active
B-oxidation routes. The possibility of controlling PHA
monomer composition has been demonstrated by the inac-
tivation of various selected sets of those fad genes, and a
collection of homopolymers has been produced [6,38,69,
71]. An interesting approach would be to verify the effect
of those mutations on the incorporation of unsaturated
monomers into the polymer when produced not only from
pure fatty acids, but also from fats and oils. Unsaturated
monomers have also been detected in scl-PHA producers,
such as Rhodospirillum rubrum or Burkholderia sp. [57].
Although some evidence would suggest the existence of
two PHA synthases in Burkholderia [58,59], the metabolic
pathway supplying 3-hydroxy-4-pentenoic acid monomers
remains unknown, thus hindering the performance of pro-
cesses with controlled insertion of this monomer in the
PHA.

The growing availability of omics data and increased
understanding of model strains have facilitated bottom-up
approaches to design specialized strains [17,44]. By com-
bining transcriptomic, proteomic and metabolomic meas-
urements under well-controlled nutrient limitations, Poblete
and co-workers [52] have reported the global multi-omics
analysis of the P, putida KT2440 response to various nutri-
ent limitations. Such studies provide a tremendous amount
of knowledge that will be of great assistance in metabolic
engineering design, thereby enhancing and diversifying
mcl-PHA production. Furthermore, in-depth modelling
and computational analysis of both metabolic versatility
and PHA biosynthesis pathways represent a valuable tool
for the design and production of less common and/or new
functional PHA monomers. One example is the use of a
detailed genome-scale model of P. putida (1JN746) to iden-
tify in silico a large set of non-glycolytic substrates, such
as aromatic compounds, which are highly suitable for the
production of different PHA monomers [44]. Very recently,
a systems metabolic engineering approach has been report-
ed, driven by in silico modelling to tailor P. putida for mcl-
PHA synthesis on glucose [51]. Using the physiological
properties of the parent wild type as constraints, elemen-

tary flux mode analysis of a large-scale model of P. putida
metabolism was used to predict genetic targets for strain
engineering. Among a set of priority-ranked targets, glu-
cose dehydrogenase (encoded by gcd) was predicted as the
most promising deletion target. This study illustrates the
power of computational prediction to tailor microbial
strains for the enhanced biosynthesis of added-value com-
pounds. Moreover, the control of unsaturated content when
mcl-PHA is produced from carbohydrates and related car-
bon sources will depend on the selection of strains showing
enzymatic systems with a greater ability to channel such
monomers into PHA precursors. In this respect, directed
evolution strategies should be applied to modify enzymes
involved in directing intermediates from fatty acid biosyn-
thesis to PHA biosynthesis.

With regard to low-cost substrates, unsaturated fatty
acid constituents present in oils or fats offer an excellent
opportunity to insert functional groups in PHA. However,
fats and oils are mixtures of different fatty acids that imply
an even more complex metabolic network for tailoring
polymers. This represents a challenge to mcl-PHA produc-
tion and will depend on acquiring comprehensive knowl-
edge of the factors involved in fatty acid and PHA metabo-
lism. To reduce PHA production costs, crops could be used
as a raw material source, though preferably those not com-
peting with food sources. However, the greatest challenge
will be the use of waste and biowaste, mostly because of
their substrate and contaminant contents. Some such tested
wastes from fats, oils and fatty acids include residues from
food processing, such as waste frying oil [7] and residues
from oil processing, such as oil sludge [23]. Considering
carbohydrates and related carbon sources, a number of bio-
wastes have been tested as substrates to produce PHA,
namely glycerol, rice chaff, coconut oil cake, cotton seed
cake, wafer residue, citrus pulp waste. Glycerol is an im-
portant carbon source, since it is the main residue from bio-
diesel production [8,21]. Although some of those residues
may have the potential to generate unsaturated monomers,
PHA composition has not been reported for most of them.

Last but not least, it is essential to define which PHA
compositions are the best. This should be done by perform-
ing processing and technological assays to further charac-
terize emerging strategies. To achieve this goal requires
precise and robust manufacturing processes, to scale-up
and provide samples to consolidate the design of tailor-
made PHAs. Data correlating the type and amount of pre-
cursors used with the molar fraction of monomers detected
in the polymer, and the changes in physical and chemical
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properties of the resulting PHA could be used in the future
to establish mathematical models. The different variables
involved in these processes could be defined in order to
provide a robust basis for directed optimization strategies
to produce tuned functionalized mcl-PHAs.

Acknowledgements. This work was supported by the Ibero-Ameri-
can Programme for Science, Technology, and Development (CYTED) and
by the Spanish Ministry of Economy and Competitiveness (BIO2010-
21049). The authors are members of the CYTED network 310rt0393.

Competing interests. None declared.

References

10.

11.

12.

Alias Z, Tan IKP (2005) Isolation of palm oil-utilising, polyhy-
droxyalkanoate (PHA)-producing bacteria by an enrichment tech-
nique. Bioresource Technol 96:1229-1234

Ashby RD, Solaiman DK, Foglia TA, Liu CK (2001) Glucose/lipid
mixed substrates as a means of controlling the properties of medi-
um chain length poly(hydroxyalkanoates). Biomacromolecules
2:211-216

Bassas M, Marqués AM, Manresa A (2008) Study of the crosslink-
ing reaction (natural and UV induced) in polyunsaturated PHA from
linseed oil. Biochem Eng J 40:275-283

Chen GQ (2009) A microbial polyhydroxyalkanoates (PHA) based
bio- and materials industry. Chem Soc Rev 38:2434-2446

Chung A, Liu Q, Ouyang SP, Wu Q, Chen GQ (2009) Microbial
production of 3-hydroxydodecanoic acid by pha operon and fadBA
knockout mutant of Pseudomonas putida KT2442 harboring tesB
gene. Appl Microbiol Biotechnol 83:513-519

Chung AL, Jin HL, Huang LJ, Ye HM, Chen JC, Wu Q, Chen GQ
(2011) Biosynthesis and characterization of poly(3-hydroxydode-
canoate) by B-oxidation inhibited mutant of Pseudomonas ento-
mophila L 48. Biomacromolecules 12:3559-3566

Cromwick AM, Foglia T, Lenz RW (1996) The microbial production
of poly(hydroxyalkanoates) from tallow. Appl Microbiol Biotechnol
46:464-469

Da Silva GP, Mack M, Contiero J (2009) Glycerol: A promising and
abundant carbon source for industrial microbiology. Biotechnol Adv
27:30-39

De Eugenio LI, Escapa IF, Morales V, Dinjaski N, Galan B, Garcia
JL, Prieto MA (2010) The turnover of medium-chain-length polyhy-
droxyalkanoates in Pseudomonas putida KT2442 and the funda-
mental role of PhaZ depolymerase for the metabolic balance. Envi-
ron Microbiol 12:207-221

De Eugenio LI, Galan B, Escapa IF, Maestro B, Sanz JM, Garcia JL,
Prieto MA (2010) The PhaD regulator controls the simultaneous ex-
pression of the pha genes involved in polyhydroxyalkanoate me-
tabolism and turnover in Pseudomonas putida KT2442. Environ
Microbiol 12:1591-1603

De Eugenio LI, Garcia P, Luengo JM, Sanz JM, Roman JS, Garcia
JL, Prieto MA (2007) Biochemical evidence that phaZ gene encodes
a specific intracellular medium chain length polyhydroxyalkanoate
depolymerase in Pseudomonas putida KT2442: characterization of a
paradigmatic enzyme. J Biol Chem 282:4951-4962

De Waard P, Van der Wal H, Huijberts GN, Eggink G (1993) Hetero-
nuclear NMR analysis of unsaturated fatty acids in poly (3-hydroxy-

13.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

alkanoates). Study of beta-oxidation in Pseudomonas putida. J Biol
Chem 268:315-319

Dias MOS, Cunha MP, Maciel Filho R, Bonomi A, Jesus CDF, Ros-
sell CEV (2010) Simulation of integrated first and second generation
bioethanol production from sugarcane: comparison between differ-
ent biomass pretreatment methods. J Ind Microbiol Biotechnol
38:955-966

. Diefenbach R, Heipieper HJ, Keweloh H (1992) The conversion of

cis into trans unsaturated fatty acids in Pseudomonas putida PS:
evidence for a role in the regulation of membrane fluidity. Appl Mi-
crobiol Biotechnol 38:382-387

Eggink G, de Waard P, Huijberts GNM (1995) Formation of novel
poly(hydroxyalkanoates) from long-chain fatty acids. Can J Micro-
biol 43:14-21

Escapa IF, del Cerro C, Garcia JL, Prieto MA (2013) The role of
GIpR repressor in Pseudomonas putida KT2440 growth and PHA
production from glycerol. Environ Microbiol 15:93-110

Escapa IF, Garcia JL, Biihler B, Blank LM, Prieto MA (2012) The
polyhydroxyalkanoate metabolism controls carbon and energy spill-
age in Pseudomonas putida. Environ Microbiol 14:1049-1063

. Escapa IF, Morales V, Martino VP, Pollet E, Avérous L, Garcia JL,

Prieto MA (2011) Disruption of B-oxidation pathway in Pseu-
domonas putida KT2442 to produce new functionalized PHAs with
thioester groups. Appl Microbiol Biotechnol 89:1583-1598

Galan B, Dinjaski N, Maestro B, de Eugenio LI, Escapa IF, Sanz JM,
Garcia JL, Prieto MA (2011) Nucleoid-associated PhaF phasin
drives intracellular location and segregation of polyhydroxyal-
kanoate granules in Pseudomonas putida KT2442. Mol Microbiol
79:402-418

Garcia B, Olivera ER, Mifiambres B, Fernandez-Valverde M, Carfie-
do LM, Prieto MA, Garcia JL, Martinez M, Luengo JM (1999) Nov-
el biodegradable aromatic plastics from a bacterial source. J. Biol
Chem 274:29228-29241

Gomez JGC, Méndez BS, Nikel PI, Pettinari MJ, Prieto MA, Silva
LF (2012) Making green polymers even greener: towards sustaina-
ble production of polyhydroxyalkanoates from agroindustrial by-
products. In: Petre M (ed) Adv Appl Biotechnol Intech
doi:10.5772/31847

Gumel AM, Annuar SM, Heidelberg T (2012) Single-step lipase-
catalyzed functionalization of medium-chain-length polyhydroxyal-
kanoates. J Chem Technol Biotechnol doi:10.1002/jctb.3980

Haba E, Vidal-Mas J, Bassas M, Espuny MJ, Llorens J, Manresa A
(2007) Poly 3-(hydroxyalkanoates) produced from oily substrates
by Pseudomonas aeruginosa 47T2 (NCBIM 40044): Effect of nu-
trients and incubation temperature on polymer composition. Bio-
chem Eng J 35:99-106

Hartmann R, Hany R, Pletscher E, Ritter A, Witholt B, Zinn M
(2006) Tailor-made olefinic medium-chain-length poly[(R)-3-hy-
droxyalkanoates] by Pseudomonas putida GPol: Batch versus che-
mostat production. Biotechnol Bioeng 93:737-746

Hazer B, Steinbiichel A (2007) Increased diversification of polyhy-
droxyalkanoates by modification reactions for industrial and medical
applications. Appl Microbiol Biotechnol 74:1-12

Hazer B (2010) Amphiphilic poly(3-hydroxy alkanoate): potential
candidates for medical applications. Int J Polym Sci
doi:10.1155/2010/423460

Hazer B, Torul O, Borcakli M, Lenz RW, Fuller RC, Goodwin SD
(1998) Bacterial production of polyesters from free fatty acids ob-
tained from natural oils by Pseudomonas oleovorans. J Polym Envi-
ron 6:109-113



INT. MicrosioL. Vol. 16, 2013

TORTAJADA ET AL.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

He W, Tian W, Zhang G, Chen GQ, Zhang Z (1998) Production of
novel polyhydroxyalkanoates by Pseudomonas stutzeri 1317 from
glucose and soybean oil. FEMS Microbiol Lett 169:45-49
Hoffmann N, Steinbiichel A, Rehm B (2000) Homologous function-
al expression of cryptic phaG from Pseudomonas oleovorans estab-
lishes the transacylase-mediated polyhydroxyalkanoate biosynthetic
pathway. Appl Microbiol Biotechnol 54:665-670

Huijberts GN, Eggink G, De Waard P, Huisman GW, Witholt B
(1992) Pseudomonas putida KT2442 cultivated on glucose accumu-
lates poly (3-hydroxyalkanoates) consisting of saturated and unsatu-
rated monomers. Appl Environ Microbiol 58:536-544

Kim DY, Kim YB, Rhee YH (2000) Evaluation of various carbon
substrates for the biosynthesis of polyhydroxyalkanoates bearing
functional groups by Pseudomonas putida. Intern J Biol Macromol
28:23-29

Kim YB, Lenz RW, Fuller RC (1995) Poly-3-hydroxyalkanoates
containing unsaturated repeating units produced by Pseudomonas
oleovorans. J Polym Sci, Part A: Polym Chem 33:1367-1374
Koller M, Atli¢ A, Dias M, Reiterer A, Braunegg G (2009) Micro-
bial PHA production from waste raw materials. In: Chen GGQ (ed)
Plastics from bacteria. Microbiol Monographs Vol 14. Springer-
Verlag, Berlin, Germany pp 133-186

Lageveen RG, Huisman GW, Preusting H, Ketelaar P, Eggink G,
Witholt B (1988) Formation of polyesters by Pseudomonas oleo-
vorans: effect of substrates on formation and composition of poly-
(R)-3-hydroxyalkanoates and poly-(R)-3-hydroxyalkenoates. Appl
Environ Microbiol 54:2924-2932

Le Meur S, Zinn M, Egli T, Thony-Meyer L (2012) Production of
medium-chain-length polyhydroxyalkanoates by sequential feeding
of xylose and octanoic acid in engineered Pseudomonas putida
KT2440. BMC Biotechnol 12:53-64

Lee HJ, Choi MH, Kim TU, Yoon SC (2001) Accumulation of poly-
hydroxyalkanoic acid containing large amounts of unsaturated mon-
omers in Pseudomonas fluorescens BMO7 utilizing saccharides and
its inhibition by 2-bromooctanoic acid. Appl Environ Microbiol
67:4963-4974

Lenz RW, Kim YB, Fuller RC (1992) Production of unusual bacte-
rial polyesters by Pseudomonas oleovorans through cometabolism.
FEMS Microbiol Lett 103:207-214

Liu Q, Luo G, Zhou XR, Chen GQ (2011) Biosynthesis of poly(3-
hydroxydecanoate) and 3-hydroxydodecanoate dominating polyhy-
droxyalkanoates by B-oxidation pathway inhibited Pseudomonas
putida. Metab Eng 13:11-17

Madison LL, Huisman GW (1999) Metabolic engineering of poly
(3-hydroxyalkanoates): from DNA to plastic. Microbiol Mol Biol
Rev 63:21-53

Marsudi S, Unno H, Hori K (2008) Palm oil utilization for the si-
multaneous production of polyhydroxyalkanoates and rhamnolipids
by Pseudomonas aeruginosa. Appl Microbiol Biotechnol 78:955-
961

Meijnen JP, de Winde JH, Ruijssenaars HJ (2012) Metabolic and
regulatory rearrangements underlying efficient d-xylose utilization
in engineered Pseudomonas putida S12. J Biol Chem 287:14606-
14614

Moldes C, Garcia P, Garcia JL, Prieto MA (2004) In vivo immobili-
zation of fusion proteins on bioplastics by the novel tag BioF. Appl
Environ Microbiol 70:3205-3212

Nelson KE, Weinel C, Paulsen IT, et al. (2002) Complete genome
sequence and comparative analysis of the metabolically versatile
Pseudomonas putida KT2440. Environ Microbiol 4:799-808
Nogales J, Palsson B@, Thiele I (2008) A genome-scale metabolic

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57

58.

59.

reconstruction of Pseudomonas putida KT2440: iJN746 as a cell
factory. BMC Syst Biol 2:79-100

Olivera ER, Carnicero D, Garcia B, Miflambres B, Moreno MA,
Cafiedo L, DiRusso CC, Naharro G, Luengo JM (2001) Two differ-
ent pathways are involved in the B-oxidation of n-alkanoic and n-
phenylalkanoic acids in Pseudomonas putida U: genetic studies and
biotechnological applications. Mol Microbiol 39:863-874

Olivera E, Arcos M, Naharro G, Luengo JM (2010) Unusual PHA
biosynthesis. In: Chen GGQ (ed) Plastics from bacteria. Microbiol
Monographs, Vol 14 Springer-Verlag, Berlin, Germany, pp 133-186
Ouyang SP, Luo RC, Chen SS, Liu Q, Chung A, Wu Q, Chen
GQ (2007) Production of polyhydroxyalkanoates with high
3-hydroxydodecanoate monomer content by fadB and fadA knockout
mutant of Pseudomonas putida KT2442. Biomacromolecules
8:2504-2511

Park WH, Lenz RW, Goodwin S (1998) Epoxidation of bacterial
polyesters with unsaturated side chains. I. Production and epoxidation
of polyesters from 10-undecenoic acid. Macromolecules 31:1480-
1486

Peters V, Rehm BH (2006) In vivo enzyme immobilization by use of
engineered polyhydroxyalkanoate synthase. Appl Environ Microbiol
72:1777-1783

Poblete-Castro 1, Becker J, Dohnt K, Santos VM, Wittmann C
(2012) Industrial biotechnology of Pseudomonas putida and related
species. Appl Microbiol Biotechnol 93:2279-2290

Poblete-Castro I, Binger D, Rodrigues A, Becker J, Santos dos
VAPM, Wittmann C (2013) In-silico-driven metabolic engineering
of Pseudomonas putida for enhanced production of polyhydroxy-
alkanoates. Metab Eng 15:113-123

Poblete-Castro 1, Escapa IF, Jager C, Puchalka J, Lam CMC,
Schomburg D, Prieto MA, Santos dos VAM (2012) The metabolic
response of Pseudomonas putida KT2442 producing high levels of
polyhydroxyalkanoate under single-and multiple-nutrient-limited
growth: Highlights from a multi-level omics approach. Microb Cell
Fact 11:34-56

Preusting H, Nijenhuis A, Witholt B (1990) Physical characteristics
of poly(3-hydroxyalkanoates) and poly(3-hydroxyalkenoates) pro-
duced by Pseudomonas oleovorans grown on aliphatic hydrocar-
bons. Macromolecules 23:4220-4224

Prieto MA, Eugenio LI de, Galan B, Luengo JM, Witholt B (2007)
Synthesis and degradation of polyhydroxyalkanoates. In: Ramos JL,
Filloux A (eds) Pseudomonas. Springer, Dordrecht, the Netherlands,
pp 397-428

Rehm BHA (1998) A new metabolic link between fatty acid de novo
synthesis and polyhydroxyalkanoic acid synthesis. The phaG gene
from Pseudomonas putida KT2440 encodes a 3-hydroxyacyl carrier
protein-coenzyme A transferase. J Biol Chem 273:24044-24051
Rehm BHA (2010) Bacterial polymers: biosynthesis, modifications
and applications. Nature Rev Microbiol 8:578-592

Rodrigues MFA, Silva LF, Gomez JGC, Valentin HE, Steinbiichel A
(1995) Biosynthesis of poly (3-hydroxybutyric acidco-3-hydroxy-4-
pentenoic acid) from unrelated substrates by Burkholderia sp. Appl
Microbiol Biotechnol 43:880-886

Rodrigues MFA, Valentin HE, Berger PA, Tran M, Asrar J, Gruys
KJ, Steinbiichel A (2000) Polyhydroxyalkanoate accumulation
in Burkholderia sp.: a molecular approach to elucidate the genes
involved in the formation of two homopolymers consisting of short-
chain-length 3-hydroxyalkanoic acids. Appl Microbiol Biotechnol
53:453-460

Rodrigues MFA, Vicente EJ, Steinbiichel A (2000) Studies
on polyhydroxyalkanaoate (PHA) accumulation in a PHA



MEDIUM-CHAIN-LENGTH PHAs

INT. MicrosioL. Vol. 16, 2013 15

60.

61.

62.

63.

64.

65.

66.

synthase I-negative mutant of Burkholderia cepacia generated by
homogenotization. FEMS Microbiol Lett 193:179-185

Sanchez RJ, Schripsema J, da Silva LF, Taciro MK, Pradella JGC,
Gomez JGC (2003) Medium-chain-length polyhydroxyalkanoic ac-
ids (PHAmcl) produced by Pseudomonas putida IPT 046 from re-
newable sources. Eur Polym J 39:1385-1394

Sato S, Kanazawa H, Tsuge T (2011) Expression and characteriza-
tion of (R)-specific enoyl coenzyme A hydratases making a chan-
neling route to polyhydroxyalkanoate biosynthesis in Pseudomonas
putida. Appl Microbiol Biotechnol 90:951-959

Scholz C (2010) Perspectives to produce positively or negatively
charged polyhydroxyalkanoic acids. Appl Microbiol Biotechnol
88:829-837

Schweizer HP, Jump R, Po C (1997) Structure and gene-polypeptide
relationships of the region encoding glycerol diffusion facilitator
(glpF) and glycerol kinase (g/pK) of Pseudomonas aeruginosa. Mi-
crobiol 143:1287-1297

Silva-Queiroz SR, Silva LF, Pradella JGC, Pereira EM, Gomez JGC
(2009) PHAmcl biosynthesis systems in Pseudomonas aeruginosa
and Pseudomonas putida strains show differences on monomer spe-
cificities. J Biotechnol 143:111-118

Solaiman DK, Ashby RD, Foglia TA (1999) Medium-chain-length
poly(B-hydroxyalkanoate) synthesis from triacylglycerols by Pseu-
domonas saccharophila. Curr Microbiol 38:151-154

Solaiman DK, Ashby RD, Foglia TA (2001) Production of polyhy-
droxyalkanoates from intact triacylglycerols by genetically engi-
neered Pseudomonas. Appl Microbiol Biotechnol 56:664-669

67.

68.

69.

70.

71.

72.

73.

Schmid A, Sonnleitner B, Witholt B (1998). Medium chain length
alkane solvent-cell transfer rates in two-liquid phase, Pseudomonas
oleovorans cultures. Biotechnol Bioeng 60:10-33

Timm A, Steinbiichel A (1990) Formation of polyesters consisting of
medium-chain-length 3-hydroxyalkanoic acids from gluconate by
Pseudomonas aeruginosa and other fluorescent Pseudomonads.
Appl Environ Microbiol 56:3360-3367

Tripathi L, Wu L-P, Chen J, Chen GQ (2012) Synthesis of diblock
copolymer poly-3-hydroxybutyrate-block-poly-3-hydroxyhex-
anoate [PHB-b-PHHx] by a p-oxidation weakened Pseudomonas
putida KT2442. Microb Cell Fact 11:44-56

van Beilen JB, Panke S, Lucchini S, Franchini AG, Réthlisberger M,
Witholt B (2001) Analysis of Pseudomonas putida alkane-degrada-
tion gene clusters and flanking insertion sequences: evolution and
regulation of the alk genes. Microbiol 147:1621-1630

Wang HH, Zhou XR, Liu Q, Chen GQ (2010) Biosynthesis of poly-
hydroxyalkanoate homopolymers by Pseudomonas putida. Appl
Microbiol Biotechnol 89:1497-1507

Ward PG, O’Connor KE (2005) Bacterial synthesis of polyhydroxy-
alkanoates containing aromatic and aliphatic monomers by Pseu-
domonas putida CA-3. Int J Biol Macromol 35:127-133

Zinn M, Witholt B, Egli T (2001) Occurrence, synthesis and medical
application of bacterial polyhydroxyalkanoate. Adv Drug Deliv Rev
53:5-21





