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PHA-producing genetically engineered microorganisms

Description

The present invention relates to the field of biosynthesis of polyhydroxyalka-
noates (PHAs). In particular, the invention relates to a genetically engineered mi-
croorganism, which is stable on reproduction and has an increased number of
copies, compared to the wild type microorganism, of at least one gene encoding
a PHA synthase, wherein the genetic engineering causes the microorganism to
overproduce medium- or long-chain-length PHAs.

PHAs belong to the type of polymers, which are biodegradable and bio-compatible
plastic materials (polyesters of 3-hydroxy fatty acids) produced from renewable
resources with a broad range for industrial and biomedical applications (Williams
& Peoples, 1996, Chemtech 26: 38-44). PHAs are synthesized by a broad range of
bacteria and have extensively been studied due to their potential use to substi-
tute conventional petrochemical-based plastics to protect the environment from
harmful effects of plastic wastes.

PHAs can be divided into two groups according to the lengths of their side chains
and their biosynthetic pathways. Those with short side chains, such as PHB, a
homopolymer of (R)-3-hydroxybutyric acid, are crystalline thermoplastics,
whereas PHAs with longer side chains are more elastic. The former have been
known for about 70 years (Lemoigne & Roukhelman, 1925, Ann Des Fermenta-
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tion, 527-536), whereas the latter materials were discovered relatively recently
(deSmet et al., 1983, J. Bacteriol. 154: 870-78). Before this designation, how-
ever, PHAs of microbial origin containing both (R)-3-hydroxybutyric acid units and
longer side chain (R)-3-hydroxyacid units with 5 to 16 carbon atoms had been
identified (Wallen & Roweder 1975, Environ. Sci. Technol. 8: 576-79). A number
of bacteria which produce copolymers of (R)-3-hydroxybutyric acid and one or
more long side chain hydroxy acid units containing from 5 to 16 carbon atoms
have been identified (Steinbuchel & Wiese, 1992, Appl. Microbiol. Biotechnol. 37:
691-97; Valentin et al., 1992, Appl. Microbiol. Biotechnol. 36: 507-14; Valentin et
al., Appl. Microbiol. Biotechnol. 1994, 40: 710-16; Abe et al., 1994, Int. J. Biol.
Macromol. 16: 115-19; Lee et al., 1995, Appl. Microbiol. Biotechnol. 42: 901-09;
Kato et al., 1996, Appl. Microbiol. Biotechnol. 45: 363-70; Valentin et al., 1996,
Appl. Microbiol. Biotechnol, 46: 261-67; and US-Patent No. 4,876,331). These co-
polymers can be referred to as PHB-co-HX (wherein X is a 3-hydroxy alkanoate or
alkenoate of 6 or more carbon atoms). A useful example of a specific two-
component copolymer is PHB-co-3-hydroxyhexanoate (PHB-co-3HH) (Brandi et
al., 1989, Int. J. Biol. Macromol. 11: 49-45; Amos & MclInerey, 1991, Arch. Micro-
biol. 155: 103-06; US-Patent No. 5,292,860).

Although PHAs have been extensively studied because of their potential use as a
renewable resource for biodegradable thermoplastics and biopolymers (as men-
tioned above) and have been commercially developed and marketed (Hrabak,
1992, FEMS Microbiol. Rev. 103: 251-256), their production costs are much
higher than those of conventional petrochemical-based plastics. This represents a
major obstacle to their wider use (Choi & Lee, 1997, Bioprocess Eng. 17: 335~
342). As described above, many bacteria produce PHAs, e.g. Alcaligenes eutro-
phus, Alcaligenes latus, Azotobacter vinlandii, Pseudomonas acitophila, Pseudo-
monas oleovarans, Escherichia coli, Rhodococcus eutropha, Chromobacterium
violaceum, Chromatium vinosum, Alcanivorax borcumensis, etc. All these PHA
producing bacteria are known in the art to produce intraceliular PHA and accumu-
late it in PHA granules (Steinblichel, 1991, Biomaterials, pp. 123-213).

The main aspects, which render PHA production expensive and therefore unfa-
vorable as compared to petrochemical-based plastics, are that it is difficult to
produce the material in high yield and to recover the produced PHA from within
the bacterial cells where it is accumulated. In order to reduce the total produc-
tion costs of PHA, the development of an efficient recovery process was consid-
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ered to be necessary generally aiming at cell disruption (Lee, 1996, Biotech. Bio-
eng. 49: 1-14) by i) an appropriate solvent, ii) hypochlorite extraction of PHA
and/or iii) digestion of non-PHA cellular materials.

At an industrial scale, the available microorganisms still provide relatively little
PHA, which renders the production of PHA with these microorganisms economi-
cally non-feasible. For example, when the wild type cells of Pseudomonas putida
U is cultivated in modified MM media containing sodium octanoate (15 mM) as a
carbon source, only 24.4% of PHA accumulated in the microorganism during the
first 24 hours. All methods for microorganism based PHA production known in the
art require large amounts of water during the production and in addition chemical
reagents and/or enzymes for their recovery, which is an obstacle to reducing the
production costs. Therefore, alternative strategies for PHA production are in ur-
gent need.

In addition to overall low PHA production by microorganism, the amount of accu-
mulated PHA at a certain stage of the cultivation starts to decline. The reason for
this decline can be traced back to the fact, that the microorganisms produce PHA
as a food storage material, which serves the bacteria as a swift source of energy
and reducing power in changing environments. All free-living microorganisms
practice some kind of carbon resource management to the extent that is possible.
Whereas many animals and plants generally regulate carbon uptake to match
metabolic needs, other organisms, particularly opportunistic environmental mi-
crobes subjected to widely fluctuating carbon availability can capture excess car-
bon and manage its utilization as through consumption and growth on one hand,
and conservation by conversion to storage polymers on the other. Interconver-
sions between readily metabolizable and more inert intracellular, and to some ex-
tent also extracellular storage products, are central to this mechanism. Even or-
ganisms that regulate carbon uptake exploit such interconversions for fine-tuning
of their carbon management to optimize their cellular metabolic networks and or-
ganismal ecophysiological processes.

As mentioned above, PHAs are widely exploited storage products in the microbial
world. To allow for the utilisation of the carbon stored as PHA in the microorgan-
ism, it is vital for the organism, that the PHA can be reconverted to hydroxyalka-
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noates (i.e. the monomers) when the microorganism is in need of extra carbon
sources. Responsible for this reconversion of the polymer to individual monomer
units are PHA depolymerases.

Since the microorganism contains both types of proteins responsible for PHA pro-
duction and degradation, one key issue for the organism to ensure its survival
and prosperity is the regulation of the relative amounts of PHA synthase and PHA
depolymerase, which are determined by their regulated production (Uchino et al.,
2007; Ren et al., 2009a; and de Eugenio et al., 2010a, 2010b). Thus far, how-
ever, the factors controlling the processes of polymerization and depolymerization
are poorly understood. For example, the mere knock-out of PHA depolymerases in
Pseudomonas strains did not result in improved accumulation of PHA (Huisman et
al., 1991; Solaiman et al., 2003). Thus, it turns out that the mere silencing of
genes responsible for PHA depolymerization is not sufficient to effectively in-
crease the PHA content in microorganisms.

A different approach to increase the PHA production in a microorganism has been
to manipulate the PHA synthases responsible in the microorganism for the pro-
duction of PHAs. For example, the metabolic engineering of PHA genes was found
as a good strategy for the scale up of medium-chain-length PHA production. Pre-
vious studies attempted to increase PHA yields in Pseudomonas putida by an
overexpression of phaCl (Kraak et al., 1997; Prieto et al,, 1999; Conte et al.,
2006; Kim et al,, 2006; Ren et al., 2009b). However, these studies encountered
the problem that phaC-containing plasmids are lost when they are not vital for
growth and impose detrimental effects in the cells. As a result, the modified mi-
croorganisms were not stable upon reproduction and lost the genetic information
responsible for the overproduction of PHA. In other cases, less PHA accumulation
was attained, since high induction of a promoter did not always entail high activ-
ity of the gene product (Diederich et al., 1994; Ren et al., 2009).

The reason for these attempts being unsuccessful may be found in the many dif-
ferent proteins involved in the production, storage and degradation of PHA in the
microorganism. Most microorganisms have more than one PHA synthase, so in-
creasing the number of genetic copies of one synthase may deplete the microor-
ganism from metabolites important for the production of other PHA synthases re-
sulting in only a modest improvement of PHA synthesis in the microorganism.
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In addition, phasines play an important role in PHA-granule stabilisation in the
microorganism. For example, phasines control the number and size of the PHA
granules (Grage et al., 1999) creating an interphase between the cytoplasm and
the hydrophobic core of the PHA granule, thus, preventing the individual granules
from coalescing (Steinbiichel et al., 1995; York et al., 2002). It also has been
suggested that the phasin PhaF and some global transcriptional factors (as Crc)
are important for the regufation of the PhaC activity (Prieto et al., 1999b; Casta-
neda et al., 2000; Kessler & Witholt, 2001 ; Hoffmann & Rehm, 2005; Ren et al.,
2010). Recent studies in P. putida KT2440 (Galan et al., 2011) have demon-
strated that PhaF plays an important role in the granule segregation, and even
more, that the lack of this phasin entails the agglomeration of these inclusion
bodies in the cytoplasm.

It therefore represents a considerable challenge to modify microorganisms such
that they overproduce PHA to a significant extent, while at the same time ensur-
ing that the modification leading to overproduction is stable upon reproduction of
the microorganisms and that no proteins involved in the handling of the microor-
ganism of PHA are affected so severely that the desired result is overcompen-
sated. With most approaches pursued so far it has in addition been difficult to
find the precise point in time where PHA accumulation is at its peak, and to re-
cover the PHA before PHA decompaosition sets in.

One approach, which has been successful to some extent in this regard has been
described in WO 2007/017270 A1, wherein Alcanivorax borcumensis has been
modified by silencing the fesB-like gene. This gene encodes for a thioesterase,
which converts the (R)-3-OH-Acyl-CoA intermediate to the corresponding acid.
This is an important side reaction, depleting the microorganism from an interme-
diate vital for PHA synthesis. While this approach has been proven successful to
some extent in that a higher accumulation of PHA was achieved, it remains to be
seen whether the modified microorganism has the required stability to allow for
successful implementation into an industrial scale production of PHA.

Another approach has been to overexpress PHA synthases like phaCl and phaC2
in P. putida KCTC1639, which has been described by Kim et al (2006, Biotechnol.
Prog. 22: 1541-1546). In this investigation, additional copies of phall and phal2
genes were introduced into the microorganism via plasmids, wherein the genes
were not under the control of a promoter. Kim et al. describe that the PHA syn-
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thase activity in the modified microorganism was more than 1.6 fold the activity
of the wild type. While in case of the microorganism overexpressing phaCl an in-
creased PHA production (up to about 0.8 g I'!) could be observed, the microor-
ganism overexpressing phaCZ did not show an increase of PHA production over
the wild type. This observation is likely due to the formation of non-active forms
of phaC2 synthase.

A yet further approach was to insert PHA synthase genes into microorganisms,
which in their wild type form do not produce PHA. For example WO 99/14313, DE
44 17 169 Al or Qi et al. (1997, FEMS Microbiol. Lett, 157: 155-162) describe the
introduction of PHA synthase genes into £, coli. However, in these engineered
microorganisms, the vield of PHA produced was very low, making them unsuitable
for the industrial production of PHAs.

Finally, Cai et al. (2009, Biores. Technol. 100; 2265-2270) has reported the en-
hanced production of PHA via knock-out of the PHA depolymerase gene in

P. putida KT 2442. In this study, an increase of PHA production could be
observed, when the microorganism was cultivated in the presence of high carbon
source concentrations such as 12 g I'%,

Despite of these advancements, there remains a need for genetically modified
microorganisms, which have an increased overproduction of PHA and at the same
time are stable upon reproduction in that they do not loose the genetic informa-
tion inserted for this purpose. The present application addresses this need.

Brief description of the invention

One aim of the present application is to provide a genetically engineered micro-
organism wherein the genetic information responsible for the overproduction of
medium- or long-chain-length PHAs in the microorganism is stable upon repro-
duction. Another aim of the present invention is to modify the microorganism
such, that the decline of PHA after a certain exposure time to cultivation medium
is avoided and at the same time the percentage of PHA accumulation is in-
creased. Yet, another aim of the present application is to modify the microorgan-
ism such, that significant PHA degradation, once the PHA has been accumulated,
is prevented.
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The present invention is based on the finding that these goals can be achieved by
modifying PHA-producing microorganisms such that they have an increased num-
ber of copies compared to the wild type microorganism, of at least one gene en-
coding a PHA synthase. Preferably the gene present in additional copies encodes
for phaC2 or homologues thereof. The wild type microorganism, as this term is
used in the present application, means the typical form of the microorganism as it
occurs in nature. Preferably, the wild type microorganism, in its native form,
comprises at least one gene encoding a PHA synthase.

The term “homolog” is defined in the practice of the present application as a pro-
tein or peptide of substantially the same function but a different, though similar
structure and sequence of a parent peptide. In the context of the present appli-
cation the terms "percent homology" and "sequence similarity" are used
interchangeably. In the practice of the present application is preferred that the
homolog should have at least 40%, 50%, 60%, 70%, 75%, 80%, 85%, 90 % and
most preferably at least 95% sequence identity to the parent peptide. A preferred
non-limiting example of a mathematical algorithm used for the comparison of two
sequences is the algorithm of Karlin et al. (1993, PNAS 90: 5873-5877). Such al-
gorithm is incorporated into the NBLAST program, which can be used to identify
sequences having the desired identity to nucleic acid sequences of the invention.

Thus, one primary aspect of the present application is a genetically engineered
form of a naturally PHA producing microorganism, which has an increased num-
ber of copies compared to the wild type microorganism of at least one gene en-
coding a PHA synthase, wherein said increased number of copies provides a bal-
anced overproduction of said PHA synthase and eventually causes the microor-
ganism to overproduce medium- or long-chain-length PHAs in an amount of at
least 1.2 times compared to the wild type after 24 h, wherein the reference con-
dition for assessing the overproduction is modified MM medium containing 15 mM
sodium octanoate. In a preferred embodiment, the genetically engineered micro-
organism is stable upon reproduction and preferably has one additional copy
compared to the wild type microorganism of the at least one gene encoding a
PHA synthase.

It has unexpectedly been discovered, that these genetically modified microorgan-
isms allow for the highly cost efficient production of PHA from cheap and readily
available feedstocks including fatty acid derived from vegetable fats and oils. The
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inventive microorganisms have been observed to provide high PHA peak concen-
tration, which is reached, depending on the cultivation conditions, in some cases
even after only 24 h, Moreover the inventive microorganisms exhibit a high ge-
netic stability and fusion of individual PHA granules in the microorganism to form
a single PHA granule. This in turn greatly simplifies the recovery of the PHA from
the microorganisms, because they can be extracted with non-chlorinated solvents
such as acetone with yields comparable to the extraction with chlorinated sol-
vents.

The term “genetically engineered” (or genetically modified) means an artificial
manipulation of a microorganism of the invention, its gene(s) and/or gene prod-
uct(s) (polypeptide).

Preferably, the inventive microorganism is stable upon reproduction. “Stable upon
reproduction” (as this term has to be understood in the practice of the present
application) means, that the organism maintains the genetic information upon
multiple (such as e.g. 5 or more) reproduction cycles and that the genetic infor-
mation is not lost.

As stated above, the inventive microorganisms are preferably stable upon repro-
duction, which means that the genetic modification is maintained in the microor-
ganism on reproduction and/or cultivation. In addition to such stability it is pre-
ferred that the microorganism does not require the pressure of an antibiotic to
preserve the genetic modification. Such microorganisms are highly advantageous
for PHA production, since addition of antibiotic can be omitted and thus the risk
to contaminate PHA with antibiotics is eliminated. In a preferred embodiment of
the present application the inventive microorganism thus maintains its genetic
modification during reproduction and/or cultivation independent on the presence
or absence of an antibiotic.

The term “balanced overexpression” means that the overexpression is such that
the protein produced by overexpression is produced in less than the amount ex-
pectable from the increased number of copies. For example, if the wild type com-
prises one copy of the gene and the genetically modified microorganism com-
prises two copies, one can expect the genetically modified microorganism to pro-
duce about twice as much of the protein compared to the wild type. The amount
of protein can be estimated from the intrinsic PHA synthase activity in the growth
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phase of the microorganism. The term balanced overexpression means that the
overexpression preferably only leads to an increase of the intrinsic PHA synthase
activity in the growth phase after 24h of up to 0.6 times, preferably up to 0.5
times, more preferably up to 0.35 times and most preferably up to 0.2 times rela-
tive to wild type microorganism.

By using a “balanced overexpression” it is ensured that no substantial amounts of
inactive proteins are formed. For example, extensive (or unbalanced) overexpres-
sion of proteins may lead to the formation of inclusion bodies which comprise the
protein in a non-active form and as undissolved protein. Hence, despite of an
overexpression of the protein, no improved protein activity can be observed. One
method to ensure a balanced overexpression is the use of a leaky promoter sys-
tem, which allows a suppressed protein production even in the absence of an in-
ducer.

In a preferred embodiment of the present application, the overproduction is at
least partially caused by the increased number of copies of the at least one gene
encoding a PHA synthase. In a further preferred embodiment, the gene of which
the microorganism contains more than one copy is the gene encoding for the
PhaC2 synthase. In the practice of the present application it has been found, that
the insertion of multiple copies of the phaC2 gene or homologs thereof is associ-
ated with beneficial effects, in particular that the hyperexpression of a phaC2 in-
volves changes in the morphology of the PHA granules, which appear to coalesce
together, especially during the exponential growth phase.

Moreover, it is believed that the insertion of multiple copies of PhaC2 synthase
gene under the control of a leaky promoter positively affects other proteins in-
volved in PHA metabolism so that the overall PHA production and storage system
of the microorganism is not negatively affected.

In a further preferred embodiment, the expression of PHA synthase gene is thus
regulated by a leaky promoter system. A leaky promoter system allows for the
transcription of the promoter controlled gene, albeit with suppressed efficiency
compared to the system in which the promoter is activated with a corresponding
activator. The leaky promoter system is preferably a protein-based promoter sys-
tem and more preferably a T7 polymerase/T7 polymerase promoter system. In an
even more preferred embodiment, the production of the T7 polymerase in this T7
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polymerase/T7 polymerase promoter system comprises an inducer capable to in-
duce the formation of T7 polymerase upon exposure to a small molecule. Such
system has the added benefit that it is possible to selectively trigger the produc-
tion of T7 polymerase by the addition of a small molecule resulting in an induc-
tion of the formation of the T7 polymerase. This in turn then triggers the PHA
synthase production. In a particular preferred embodiment, the small molecule is
3-methyl-benzoate.

One highly preferred inventive genetically engineered form of an naturally PHA
producing microorganism is of the genus Pseudomonas as deposited under DSM
26224 with the Leibnitz Institute DSMZ German collection of microorganisms and
cell cultures which will in the following be designated as PpU 10-33.

It is further preferred in the practice of the present application that genetically
engineered microorganisms, which in addition to an increased number of copies,
compared to the wild type microorganism, of at least one gene encoding a PHA
synthase contains at least one modification in at least one gene encoding a pro-
tein involved in the degradation of PHA. Such a combination of modifications in a
microorganism has been found to result in a synergistic effect with regard to the
observed PHA accumulation. In a preferred embodiment, the at least one modifi-
cation in at least one gene encoding a protein involved in the degradation of PHA
in said microorganism causes complete or partial inactivation of said gene, pref-
erably complete inactivation of the gene. Such microorganisms are also called
knock-out microorganisms for the respective gene.

The knock-out mutants can be prepared by any suitable process known to the
skilled practitioner. It is preferred however, that complete or partial inactivation
of the gene is achieved by a double recombinant crossover-event approach.

In a particularly preferred embodiment, the protein involved in the degradation of
PHA is a PHA depolymerase, preferably PhaZ or a homologue thereof. In addition,
it is preferred, that the genetically engineered microorganism, wherein the gene

encoding a protein involved in the degradation of PHA contains at least one modi-
fication, only contains a single gene encoding a protein involved in the degrada-

tion of PHA in said microorganisms, i.e. only the gene which is modified. In other
words, it is preferred that the microorganism does not contain any other enzymes
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which can replace the enzyme involved in the degradation of PHA in said micro-
organism.

One highly preferred inventive genetically engineered form of an naturally PHA
producing microorganism comprising both, multiple copies of a gene encoding a
PHA synthase and a deactivated phaZ gene, is of the genus Pseudomonas as de-
posited under DSM 26225 with the Leibnitz Institute DSMZ German collection of
microorganisms and cell cultures. This microorganism will in the following be des-
ignated as PpU 10-33-AphalZ.

A typically polyester of hydroxy acid units (PHA) contains side chain hydroxy acid
units [(R)-3-hydroxy acid units] from 5 to 16 carbon atoms. The term “long-
chain-length PHA" is intended to encompass PHAs containing at least 12, prefera-
bly at least 14 carbon atoms per monomer (molecule), whereas 5 to 12 carbon
atoms are intended to be meant by “medium-chain-length PHAs" in the practice
of the invention. In a preferred embodiment, the genetically engineered microor-
ganism overproduces medium-chain-length PHAs.

In a particularly preferred embodiment of the present application, the genetically
engineered microorganism is caused by the genetic engineering, i.e. for example
the insertion of an increased number of copies compared to the wild type of at
least one gene encoding a PHA synthase and/or the insertion of at least one
modification in at least one gene encoding a protein involved in the degradation
of PHA in said microorganism, to overproduce PHA in an amount of at least 1.2
times, preferably at least 1.5 times and in particular at least 2 times (by weight)
compared to the wild type after 24 h, wherein the reference condition for assess-
ing the overproduction is modified MM medium containing 15 mM sodium oc-
tanoate,

The microorganism, which forms the basis of the genetically engineered microor-
ganism of the present application, is not restricted by any means, except that the
microorganism must possess at least one gene encoding for a PHA synthase.
Preferably, the microorganism should also have at least one gene, more prefera-
bly a single gene, encoding for a protein involved in the degradation of PHA in
said microorganism.
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The inventive microorganism in accordance with the present application is pref-
erably selected from the group of PHA producing bacteria, in particular from
Pseudomonas putida, Pseudomonas aeruginosa, Pseudomonas syringae, Pseudo-
monas fluorescens, Pseudomonas acitophila, Pseudomonas olevarans, Idiomarina
loihiensis, Alcanivorax borkumensis, Acinetobacter sp., Caulobacter crescentus,
Alcaligenes eutrophus, Alcaligenes latus, Azotobacter vinlandii, Rhodococcus eu-
tropha, Chromobacterium violaceum or Chromatium vinosum. An especially pre-
ferred microorganism according to the present invention is a Pseudomonas putida
strain, more preferably Pseudomonas putida U.

It has been observed, that the microorganisms of the present application exhibit
an overproduction of PHA synthases in the absence of an inducer molecule. Un-
expectedly, the production of PHA by the non-induced microorganisms matched
or even exceeded the PHA production of identical microorganisms which were
treated with an inducer. This suggests that the induced microorganisms can over-
shoot the optimum amount of overexpressed PHA synthase, which results in the
formation of non-active forms of the synthase such as inclusion bodies or non-
dissolved forms. Therefore, a further aspect of the present application is directed
at genetically engineered microorganisms as described above, wherein the micro-
organisms are capable to produce PHA without the addition of an inducer mole-
cule. This has advantages for the industrial scale production of PHA as it is possi-
ble to omit expensive inducer and potential contamination risks from the produc-
tion process.

1t has further been unexpectedly observed, that the microorganisms of the pre-
sent application produce PHA with a different morphology compared to the wild
type, in that the individual cells produce a reduced number or even only a single
granule of PHA. Therefore a further aspect of the present application is directed
at genetically engineered microorganism as described above, wherein the micro-
organism is capable to produce a reduced number of intercellular PHA granules
per microorganism compared to wild type cells, preferably in the form of a single
intercellular PHA granule. The formation of a single granule is believed to be as-
sociated with a reduced amount of PHA stabilizing enzymes, which simplifies PHA
isolation and purification.

It has also been unexpectedly observed, that the microorganisms of the present
application produce PHA faster and in some cases maintain a high level of accu-
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mulated PHA over a long period. Therefore a further aspect of the present appli-
cation is directed at genetically engineered microorganism as described above,
wherein the microorganism is capable to produce a maximum content of PHA af-
ter 24 h upon exposure to modified MM medium containing sodium octanoate and
preferably is also capable to maintain a PHA content, which is in a range of *
20% by weight of the maximum PHA content, for a time of at least 48 h after the
initial 24 h accumulation period, wherein the reference condition for assessing
the PHA production is modified MM medium containing 15 mM sodium octanoate.

A further aspect of the present invention relates to a method for producing PHAs
comprising the following steps:

a. Cultivating a microorganism or a cell of the invention and

b. recovering PHA from the culture medium.

Standard methods for cultivating a microorganism or a cell under suitable condi-
tions are well-known in the art. See for example below under examples, materials
and also Sambrook & Russell (2001). PHA can be isolated from the culture me-
dium by conventional procedures including separating the cells from the medium
by centrifugation or filtration, precipitating or filtrating the components (PHA),
followed by purification, e.g. by chromatographic procedures, e.g. ion exchange,
chromatography, affinity chromatography or similar art recognized procedures.

It is preferred that the PHA in the above mentioned process is recovered by ex-
traction with a ketone having 3 to 8 carbon atoms, preferably with acetone. In-
dependent of the extraction solvent, the extraction is preferably carried out at a
temperature of 60°C or less, preferably at 20 to 40°C.

In a particularly preferred embodiment of the present application, the method
does not involve or require the addition of an inducer molecule to initiate PHA
overproduction and/or overproduction of PHA synthases. In addition, in the prac-
tice of the present application it is not necessary to cultivate the inventive micro-
organisms in the presence of an antibiotic, as it has unexpectedly been found
that the microorganisms are stable with regard to the introduced maodifications
even in the absence of an antibiotic. Such antibiotics include without limitation
Tellurite, Rifampicin and Kanamycin,
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As the carbon feedstock for the above described process it is possible to use
readily available and cheap fatty acids derivable from vegetable fats and oils.
Preferred examples of such fatty acids include saturated carboxylic acids such as
hexanoic, heptanoic, octanoic and decenoic acid, and unsaturated fatty acids
such as 1-undecenoic acid, oleic acid or linoleic acid. In addition it is possible to
use polyhydric alcohols as the feedstock such as preferably glycerol.

Another aspect of the invention relates to the use of a microarganism, a nucleic
acid, a vector and/or a cell of the invention for the overproduction of PHAs, espe-
cially medium- and/or long-chain-length PHAs.

Brief description of the figures

Figure 1. Electron micrographs of PpU (a-c); PpU 10-33 non-induced (d-f) and
PpU 10-33 induced cells (g-i); AphaZ-PpU10-33 non-induced (j-1) and induced (m-
0) cells. Cultures were grown in modified MM containing 35 mM sodium octanoate
as a carbon source (given in two pulses of 15 mM and 20 mM) and sampled at 31
h(a, d, g, jm),48h(b,e h k,n)yand 72 h (c f, i, 1, 0).

Figure 2. Expression of pha genes and PHA accumulation in P. Putida U. Each
panel shows normalized fold-increased in expression of the pha genes in PpU
(first bar for each number), PpU 10-33 non-induced (second bar for each number
in (a) and (c)) and PpU 10-33 induced (third bar for each number in (a) and (c)),
AphaZ-PpU10-33 non-induced (second bar for each number in (b)) and Aphaz-
PpU10-33 induced (second bar for each number in (b)). The PHA content (g I} is
also shown in a straight line with dots (PpU), lower broken line with triangles
(PpU 10-33 induced), dots (PpU 10-33 non-induced), upper broken line with tri-
angles (AphaZ-PpU10-33 non-induced) and broken line with rectangles (AphaZ-
PpU10-33 induced) in graph (c).

Figure 3. Genetic organization of the bipartite system for hyper-expression of
phaC2in P. putida U. The diagram shows the two vectors, pCNB1mini-Tn5
xylS/Pm::T7pol and pUTminiTn5-Tel-T7phaC2, integrated into the chromosome.

Figure 4. PHA production overtime in the wild type PpU (squares), as well as the
genetically engineered constructs PpU 10-33 non-induced (filled circles), PpU in-
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duced (open circles), AphaZ-PpU10-33 non-induced (filled triangles) and AphaZz-
PpU10-33 induced (open triangles).

Figure 5. Biomass and PHA yields of PpU and PpU 10-33-AphaZ when were culti-
vated in MM+0.1%YE medium and octanoate (20 mM) as substrate, with and
without the corresponding antibiotics. Results are means of duplicates.

In the following, the present application is further illustrated by way of examples,
which however are not intended to limit the scope of the present application by
any means.

Examples

Experimental procedures

Microorganisms and vectors, Bacterial strains, mutants and plasmids used in this
work are summarized in Annex 1.

Culture media conditions

Unless otherwise stated, E. coli and P. putida strains were cultured in Luria Miller
Broth (LB) and incubated at 37°C and 30°C, respectively. Where required, antibi-
otics were added to media as follows: rifampicin (Rf, 20 pug mi! in solid, or 5 pg
ml in liquid media), kanamycin (Km, 25 pg mi™ in solid, or 12,5 yg mi™ in liquid
media), ampicillin (Ap, 100 pg ml™ ), tellurite (Tel, 100 ug ml™), gentamicin (Gm,
30 ug mi™"), chloramphenicol (Cm, 30 pg mi™), Isopropyl-B-D-
thiogalactopyranosid (IPTG, 70 uM) and 5-bromo-4-chloro-3-indolyl-beta-D- ga-
lactopyranoside (XGal, 34 pg mi™?).

DNA manipulations
All genetic procedures were performed as described by Sambrook & Russell

(2001). Genomic and plasmid DNA extraction, agarose gel purification and PCR
cleaning were carried out using the corresponding Qiagen kits (Germany), as per
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the manufacturers' instructions. All DNA modifying enzymes (restriction endonu-
cleases, DNA ligase, alkaline phosphatase, etc.) used in this work were purchased
from NEB (Massachusetts, USA). Polymerase chain reactions (PCR) were per-
formed in an Eppendorf vapo.protect Thermal Cycler (Germany). The 50 pyl PCR
reaction mixtures consisted of 2 pl of the diluted genomic DNA (50 ug mi™), 1 x
PCR buffer and 2 mM MgCl, (PROMEGA Co., USA), 0.2 UM of each primer (Eu-
rofins mgw Operon) 0.2 mM dNTPs (Amersham, GE HealthCare, UK), 1.25 U Go-
Taq Hot Start Polymerase (PROMEGA Co., USA). PCR cycling conditions were: an
initial step at 96°C / 10 min, followed by 30 cycles of 96°C / 30 s - -60°C / 30 s -,
72°C / 1 min, with a final extension at 72°C / 5 min. Plasmid transfer to Pseudo-
monas strains was made by triparental conjugation experiments (Selvaraj & Iyer,
1983; Herrero et al., 1990), Briefly, the £. co/i CC 18Apir donor strain harbouring
the suicide plasmid pCNB1mini-Tn5 xy/SPm::T7pol or pUTminiTn5-Tel-phaC2, the
E. coli RK600 helper strain, and the Pseudomonas recipient strain, were cultivated
separately for 8 h, mixed in the ratio 0.75:1:2, and washed twice with LB, The
suspension was collected on a nitrocellulose filter and incubated overnight on an
LB plate at 30°C. Bacteria growing on the filters were then re-suspended in 3 ml
of sterile saline solution (NaCl 0.9 %) and serial dilutions plated on LB agar sup-
plemented with the corresponding selection antibiotics. Plates were incubated
overnight at 30°C and transconjugants clones developing on the plates were con-
firmed by PCR.

DNA sequencing

PCR reactions for sequencing were performed using either a set of specific oli-
gonucleotides or the universal primers M13F and M13R (Annex 3). The 10 pl reac-
tion mixtures consisted of 6-12 ng of the purified PCR product (or 200-300 ng
plasmid), 2 yl BigDye Ready Reaction Mix, 1 pl of BigDye sequencing buffer and 1
ul of the specific primer (25 pM). The cycling conditions included: an initial step
at 96°C 71 min, followed by 25 cycles of 96°C / 20 s - 52°C-58°C / 20 s - 60°C/
4 min, with a final extension step at 60°C / 1 min. Nucleotide sequences were de-
termined using the dideoxy-chain termination method (Big Dye Terminator v3 .1
Kit, Applied Biosystems, Foster City, USA). PCR products were purified using the
Qiagen DyeEx 2.0 Spin Kit (Germany). Pellets were resuspended in 20 pl water
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and loaded onto the ABI PRISM 3130 Genetic Analyser (Applied Biosystems, Cali-
fornia, USA). Partial sequences obtained were aligned with known sequences in
the non-redundant nucleotide databases (www.ncbi.nlm.nih.gov). Identification of
potential tanscriptional promoter regions and terminators was made using the
Softberry, (http://linux1.softberry.com/cgi-bin/programs/gfindb/bprom.pl), Prom-
Scan (http://molbiol-tools.ca/promscan/), and PDBG online
(http://www.fruitfly.org/seq_tools/promoter.html); and Arnold
(http://rna.igmors.u-psud.fr/toolbox/amold/index.php#Results) bioinformatics
tools.

Design and construction of the phaC2 hyper-expression strain PpU 10-33

PpU 10-33 is a Pseudomonas putida U derivative in which the extra copy of the
phaC2 gene expression is driven by the T7 polymerase promoter: T7 polymerase
system. It consists of two chromosomally-integrated cassettes: one containing
the phaC2 gene expressed from the T7 polymerase promoter, and another con-
taining the T7 polymerase gene expressed from the Pm promoter and regulated
by the cognate benzoate/toluate-inducible XyIS regulator derived from the TOL
plasmid. The phaC2 cassette was constructed as follows: The phaC2 gene of P.
putida U was excised from the pBBR1MCS-3-phaC2 plasmid (Arias et a/.,, 2008),
cloned into the pUC18Notl/T7 vector (Herrero ef al., 1993), and the correct ori-
entation of the gene confirmed by sequencing. The phaC2 gene and the T7 pro-
moter were then transferred as a cassette into the pUTminiTn5-Tel vector (San-
chez-Romero et al.,, 1998). First, the miniTn5 derivative pCNB 1 xy/S/Pm.:T7pol,
was transfened to P. putida U by filter-mating and selected by the Km selection
marker (Harayama et a/, 1989; Herrero et a/., 1993). Since integration of the
transposon in the genome is essentially random, and different sites of insertion
can markedly influence transcription levels of inserted genes, a pool of approxi-
mately 100 transconjugants was prepared for the second transfer. A 5ml LB cul-
ture of this pool was incubated for 3 h (30 °C, 180 rpm), and used a pool of re-
cipients for transfer of the pUTmini-Tn5-Tel- T7phaC2 construct. Transconjugants
were readily scored by the black colour they display when they transform the tel-
lurite (selection marker), and subsequently confirmed by PCR. The final recipients
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varying in insertion sites of both cassettes were subsequently scored for levels of
PhaC2 and PHA (Results) and the best selected and designated PpU 10-33.

Knock-out of phaZin PpU 10-33 and complementation

Deletion of the phaZ gene was accomplished by using a method described by
Quant & Hynes, 1983; Donnenberg & Kaper, 1991, involving a double-
recombination event and selection of the required mutant by expression of the
lethal sacB gene. First, a DNA containing the ORFs adjacent to the phaZ gene,
encoding the PhaCl and PhaC2 synthases, was synthesized by GENEART AG
(Germany), was and subsequently cloned into the pJQ200SK vector containing
the Gm and SachB selection markers. The hybrid plasmid was then introduced by
triparental mating into the PpU 10-33 strain. Transconjugants in which the plas-
mid was integrated into the chromosome by a single crossover, were selected on
Gm -plus km and Tel- containing plates and confirmed by PCR. Deletion mutants
resulting from the second recombination were subsequently selected on LB plates
with 10% sucrose, scored for sensitivity to Gm, and further analyzed by PCR to
confirm the position and extent of the deletion. For this, two different primer
sets, annealing either outside or inside of the fragment used for the homologous
recombination were used, namely PhaCl-check-F / PhaC2-check-R and RT-phaZ
F_PpU / RT-phaZ R_PpU, respectively. One deletion mutant was selected and
designated AphaZ PpU 10-33. For complementation of the deletion mutant, the
phaZ gene (921 bp) was amplified by PCR (phaZ-F-Kpnl [phaZ-R-Xbal) and cloned
into the pBBR1MCS-5 vector. Transcojugants were selected for their Gm resis-
tance and further confirmed by PCR.

Fluorescence microscopy

One mi of culture was mixed with 2 drops of a Nile red solution in dimethylsulfox-
ide (0.25 mg mI™) in a 1.5 ml Eppendorf tube and centrifuged at 6,500 rpm at
4°C, 5 min. Pellets were washed twice with 2 ml MgCl, (10 mM), resuspended in
500 pl of the solution and 5-10 pl of the cell suspension mounted on a micro-
scopic slide. The presence and morphology of PHA granules was visualized with a
ZEISS Axio Imager Al epiflourescence microscope equipped with a Cy3 filter (EX
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BP 550/25, BS FT 570, EM BP 605/70) (ZEISS, Jena, Germany) and the AxioVision
rel 4.6.3 software (Zeiss Imaging solutions GmbH, Germany). Cells were imaged
at an exposure time of 1.1 s (Bassas et a/., 2009).

Transmission electron microscopy

Bacteria were fixed with 2% glutaraldehyde and 5% formaldehyde in the growth
medium at 4°C, washed with cacodylate buffer (0.1 M cacodylate, 0.01 M CaCl,,
0.01 M MgCl,, 0.09 M sucrose, pH 6.9), and osmificated with 1% aqueous osmium
for 1 h at room temperature. Samples were then dehydrated in a graded series of
acetone (10%, 30%, 50%, 70%, 90%, and 100%) for 30 min at each step. The
70% acetone dehydratation step included 2% uranyl acetate and was carried out
overnight. Samples were infiltrated with an epoxy resin according to the Spurr
formula for hard resin, a low-viscosity epoxy resin embedding medium for elec-
tron microscope (Spurr, 1969). Infiltration with pure resin was done for several
days. Ultrathin sections were cut with a diamond knife, counterstained with
uranyl acetate and lead citrate, and examined in @ TEM910 transmission electron
microscope (Carl Zeiss, Germany) at an acceleration voltage of 80 kV. Images
were taken at calibrated magnifications using a line replica and recorded digitally
with a Slow-Scan CCD-Camera (ProScan, 1024x1024, Scheuring, Germany) with
ITEM-Software (Olympus Soft Imaging Solutions, Germany).

RNA manipulations

Samples (3 ml) were taken from cultures through the growth phase (4 h, 7 h, 24
h, 27 h, 31 h, 48 h and 55 h) and immediately mixed with an equal volume of
RNA protect Buffer (Qiagen, Germany). After incubation for 5 min at room tem-
perature, suspensions were centrifuged at 13,000 rpm, the supernatant fluids
discarded and pellets kept at -80°C. Total RNA was extracted using the RNeasy
mini kit (Qiagen, Germany) including the DNase treatment, as per the manufac-
turer's protocol. Finally, RNA was eluted in 100 pL of free-RNase water and kept
at -80°C. The integrity of the RNA was assessed by electrophoresis in formalde-
hyde agarose gels and the concentration and purity determined spectrophotomet-
rically (Spectrophotometer ND-100, peQlab-biotechnologie GmbH, Germany).
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cDNA was carried in 20 pl reactions using 10 pg of total RNA and Random Prim-
ers. All reagents (included Superscript III RT), were purchased from Invitrogen
(USA) and reactions performed according manufacturer's protocols. Samples in
which Superscript ITI RT was not added were used as negative controls. After
cDNA synthesis, the remaining RNA was precipitated with 1 M NaOH, incubated at
65°C / 10 min, followed by 10 min at 25°C. Immediately, the reaction was equili-
brated with KCI 1 M. The resultant cDNA was then purified using the PCR purifica-
tion kit (Qiagen) and the concentration and purity was measured with the Spec-
trophotometer. cDNAs were diluted with DEPC water to 100 ng pl™ and kept at
4°C,

Relative RT-PCR assay

Oligonucleotides used for the RT-PCR assays (Eurofins mgw Operon, Germany)
were designed with the help of the Primer3 (http://frodo.wi.mit.edu/primer3/)
and Oligo Calc (http://www.basic.northwestem.edu/biotools/oligocalc.html) bio-
informatic tool and are summarized in Annex 2. Each set was designed to have
similar G+C contents, and thus similar annealing temperatures (about 60°C), an
amplicon product size no longer than 300 bp, and absence of predicted hairpin
loops, duplexes or primer-dimmer formations. The MIQE guidelines for the ex-
perimental design were followed (Bustin et a/., 2009). First, each set of primers
was assayed for optimal PCR conditions, and annealing temperature and primer
concentrations were established using a standard set of samples (genomic DNA)
as templates. Primer specificity was determined by melt curve analysis and gel
visualization of the amplicon bands. Primers efficiency was determined with a
pool of cDNAs and underwent to serial 4-folds dilutions series over five points to
perform the standard curve. A standard PCR protocol was performed in triplicate
for each dilution. In all cases, efficiencies were measured in the range between
89% and 100%. For this assay the CFX96™ real-time PCR detection system (Bio-
Rad, USA) and the CFX Manager software (version 1,5.534.0511, Bio-Rad) was
used. The choice of appropriate reference genes for data normalization was car-
ried out using the geNorm method existing in the CFS software and taking into
consideration the target stability between the different experimental conditions
and the time points, considering good values a coefficient variance and M value
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around 0.5-1. Several candidate genes including "housekeeping” genes (rpsL),
others involved in the general metabolism (g/td , gap-1, proC1, proC2), cell divi-
sion {mreB, ftsZ) or signaling functions (/fH) were tested and finally, g/tA and
proC2 were selected as reference genes. For relative RT-PCR, experimental tripli-
cates were performed, including always an internal calibrator in each plate, for
data normalization. Samples without cDNA were used as negative controls. PCR
reactions contained 12.5 pL of iQ™ SYBR Green Supermix {2x) (Bio-Rad, USA), 1
Wl forward primer (10 pM), 1 pl reverse primer (10 pM), 2 pl of cDNA. (1 /10 di-
luted), and was made with milliQ water up to 20 pl. The PCR cycling conditions
were: 50°C / 2 min and 95°C/ 10 min, followed by 40 cycles of 95°C /15 s - 60°C
/30 s - 72°C /30 s, with a final extension at 72°C / 10 min. Fluorescence was
measured at the end of each cycle. For the melting curve, an initial denaturation
step at 95°C / 10 min was set up, followed for increments of 0.5°C/5 s starting
with 65°C up to 95°C, and continue signal acquisition. The relative expression ra-
tio of the target genes was calculated automatically with the CFX software (Bio-
Rad, USA) using the standard error of the mean and the normalized expression
method (AA(Ct)). Values are expressed as Normalized fold increases in expres-

sion.
Culture conditions for PHA production

3-methylbenzoate (3-MB) was used as inducer for the activation of the XyIS tran-
scriptional activator by the Pm promotor that drives the T7 polymerase gene,
which in turns, triggers the expression of the phaC2 synthase. In order to deter-
mine optimal conditions for phaC2 expression/PHA synthesis in PpU 10-33, con-
centrations of 3-MB (from 0.2-3 mM), times of induction (ODsspnm 0.4 - 1.5), and
carbon sources concentrations were raised in different conditions. Erlenmeyer
flasks (2 liter) containing 400 ml of MM modified medium (Martinez-Blanco et a/,
1990) plus 0.1% of yeast extract, 15 mM sodium octanoate and appropriate anti-
biotics were inoculated with a cell suspension of an overnight culture at 30°C on
MM agar plates with 20 mM succinate. Flasks were then incubated at 30°C in a
rotary shaker (INFORS AG, Switzerland) at 180 rpm, Once the cultures reach an
ODssonm Of about 0.8, the cuiture was split into two (1 liter Erlenmeyer flasks con-
taining 200 ml) and 3-MB added to a final concentration of 0.5 mM to one of the
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flasks. At the same time a second pulse of sodium octanoate (20 mM) was added.
For the wild type control strain, the procedure was the same but without the in-
duction. Samples were collected every 24 h and the biomass (CDW, cellular dry
weight), PHA, ODssgqm, Nile red staining and NH;* concentration determined. For
CDW determination, samples were dried at 80°C for 24 h and expressed in g/l of
original culture.

PHA extraction and purification

Culture samples were centrifuged at 6,500 xg for 15 min at 4°C (Allegra 25R,
Beckman Coulter, USA), and pellets washed twice in distilled water and lyophi-
lized (Lyophilizer alpha 1-4 LSC, Christ, Germany) at -59°C and 0.140 mbar. Five
ml samples were taken along the growth phase to monitor the PHA production
and were lyophilized as described above. The lyophilized biomass was extracted
with 10 ml chloroform for 3 h at 80°C as described previously (Basas-Galia et al,
2012). PHA content (%wt) is defined as the percentage of CDW represented by
PHA.

NMR analysis

For '"H-NMR analysis, 5-10 mg of polymer was dissolved into 0.7 ml of CDCl; and
5-10 mg of polymer was used for recording the '°C spectra. 'H and *C NMR spec-
tra were recorded at 300K on a Bruker DPX-300 NMR Spectrometer locked to the
deuterium resonance of the solvent, CDCl;. Chemical shifts are given in ppm rela-
tive to the signal of the solvent (*H: 7.26, **C 77.3) and coupling constants in Hz.
Standard Bruker pulse programs were used throughout,

Detection of Molecular weights of PHA

Average molecular weights were determined by gel permeation chromatography
(GPC) in a HPLC system (Waters 2695 Alliance separations Module) with a column
Styragel HR5E and equipped with a 2414 differential-refractive index detector
(Waters, USA). Tetrahydrofuran (THF) was used as eluent at 45°C and flow rate
of 0.5 ml min™* (isocratic). Sample concentration and injection volume were 0.5
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mg mi™* and 50 pl, respectively. The calibration curve was obtained using polysty-
rene standards kit (Fluka) in the Mw range of 10,000-700,000 g mol™.

Thermal properties of PHAs

The thermal properties of the microbial polyesters were determined by differen-
tial scanning calorimetry (DSC), using 10-20 mg of the purified polymer for analy-
sis. DSC analyses were performed with a DSC-30 (Mettler Toledo Instruments,
USA). Samples were placed on an aluminium pan and heated from -100°C to
400°C at 10°C min"! under nitrogen (80 mi/min). All data were acquired by STARe
System acquisition and processing software (Mettler Toledo).

Example 1: Hyper-expression of phaC2in Pseudomonas putida U

A bipartite, mini-transposon-based hyper-expression system for the PpU PhaC2
synthase, consisting of (i) a specialized mini-Tn5, pCNB1xylS/Pm::T7pol, express-
ing T7 polymerase from the XyliS-3-metylbenzoate (3-MB)-regulated promoter Pm;
and (ii) a hybrid pUT-miniTn5-Tel derivative expressing phaC2 from the T7 poly-
merase promoter was designed (see figure 3). The two minitransposon compo-
nents were separately and randomly inserted into the P. putida U (in the follow-
ing "PpU") chromosome. The best PHA producer was selected after two rounds
of screening, involving semi-quantification of PhaC2 production by SDS-PAGE
separation of cellular proteins and inspection of PHA granule formation by fluo-
rescence microscopy of Nile Red-stained cells. This strain was designated PpU
10-33.

In the following it will be referred to the non-induced cultures as NI and the cells
induced with 0.5 mM of 3-MB as I. The effect of the phaC2 gene dosage in PHA
content in the recombinant strain PpU 10-33 was assayed. Cultures were grown
in modified MM with sodium octanoate given in two pulses of 15 mM and 20 mM
(the second pulse was given in the moment of the induction), respectively. The
peak biomass production was reached after 48 h for both strains, PpU and
PpU10-33 (3.1 and 3.2 g 1-1 CDW, respectively). The results are shown in Table
1
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Table 1. Biomass yields of strain PpU, PpU 10-33 and PpU 10-33-AphaZ

Time CDOW (g 1))
(h) | PpU | PpU 10-33 | PpU 10-33 | PpU 10-33- | PpU 10-33-
(NI) (1) AphaZ (NI) | AphaZ (1)
24 | 1.31 1.36 1.09 1.49 1.20
48 | 3.07 2.52 3.16 1.83 3.10
72 12.50 2.42 2.39 3.11 3.2%
96 | 2.13 2.16 2.68 3.20 3.25

Cells exposed to 3-MB were able to accumulate higher amounts of PHA (44 %)
during the first 24 hours of culture, compared with the wild type and non induced
cells (24.4 % and 34.6%). The results are shown in the following Table 2 and
Figure 4:

Table 2. PHA vields in PpU, PpU 10-33 and PpU 10-33-AphaZ uninduced (NI) and

induced (I)

Time PHA (g 1Y) "PHA (%wt)

(h) | PpuU | PpU | PpU | PpU PpU | PpU | PpU 10- | PpU | PpU PpU |
10- | 10- | 10-33 | 10-33 33 (NI) | 10- | 10-33 | 10-33
33 | 33 | AphaZ | AphaZ 33 | AphaZ | AphaZ
(NI) | (1) | (NI () (I) | (ND) (I

24 {0.321047|0.48| 0.88 0.75 |24.4 34.6 44.0 | 59.1 62.5

48 |1.08|1.14|1.08| 1.20 1.56 |35.2 45.2 34.2 | 65.6 50.3

72 10.53]0.76[0.63| 1.67 2.03 |21.2] 31.4 26.5| 53.7 | 61.7

96 10.14/1048)|0.39| 1.67 1.80 | 6.6 20.5 146 | 52.2 | 54.5

Cultures were grown in modified MM with sodium octanoate 35 mM (given in two
pulses of 15 and 20 mM) and were induced (I) with 0.5 mM 3-MB at an ODssonm Of
0.8 or not induced (NI).
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PHA levels in the hyperexpressing strain were around 50% higher than those in
the parental strain at 24 h but were around 25% lower than those of the parental
strain at 48 h and similar at 72 h, suggesting that an increase in PhaC2 causes a
transient increase in PHA, which in turn provokes an increase in depolymerization
activity until levels are normalized. Importantly, the PHA percentage of cellular
dry weight (%wt) dropped precipitously after 48 h from 35% to 7%wt, in the
case of PpU, and from 39% to 15%wt, in the case of PpU 10-33 induced cultures.

The reason why non-induced cultures of PpU 10-33 also showed a 50% increase
in PHA accumulation over that of the wild-type strain at 24 h was not investigated
further, but was assumed to reflect leakiness of the T7 promoter (also indicated
by RT-PCR results). The highest biomass levels, 3.07 g I'! in the case of PpU, and
2.67 g I'* (uninduced, NI) and 2.73 g I"* (induced, I) in the case of PpU 10-33
(Fig. 1A, Table 1), and PHA accumulation, 1.08 g I'*, 0.74 g I'* and 1.07 g I'", re-
spectively (Fig. 4, Table 2), were attained at 48 h of cultivation with both strains.
After 48 h, biomass and PHA levels dropped, with PHA levels diminishing or fal-
ling more significantly than biomass levels. The PpU 10-33 strain gave higher
yields of PHA, expressed as percentage of biomass, at almost all sampling times.
The highest PHA vield measured in this experiment, 44%wt, was obtained in PpU
10-33 induced cells at 24 h, compared to 24%wt in PpU and 35%wt in uninduced
PpU 10-33 cells (Table 2). At 48 h, when the highest biomass yield was obtained,
the highest absolute yield, 41% of cellular dry weight (CDW) of PHA, was ob-
tained in uninduced cells of 10-33, compared with 35% wt in PpU and 40% wt in
induced PpU 10-33 cultures. Thus, the effect of induction is seen primarily in
relatively young cultures. Importantly, the percentage of PHA dropped precipi-
tously after 48 h to 7%wt in the case of PpU and 15-22%wt in the case of PpU
10-33.

Example 2: Effect of the AphaZ mutation on PHA production

A phaZ deletion mutant of the PpU 10-33 strain, designated PpU 10-33-AphaZ,
was created and subsequently assessed for PHA accumulation. As can be seen in
Fig. 4 and Table 2, cultures of the mutant exhibited higher PHA levels (62%wt)
and, in contrast to the situation with the PhaZ-producing strains, these levels
were maintained until at least 96 h of cultivation. Thus, the AphaZ knockout phe-
notype suggests that the PhaZ depolymerase is a major determinant of PHA
accumulation and maintenance in the cell.
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Reference example: Complementation of the AphaZ-PpU10-33 mutant

In order to causally relate the phaZ gene mutation to the observed phenotype,
and to rule out any indirect effects on expression of the pha cluster, the phaZ
gene was PCRamplified, cloned in the pBBR1MCS-5 plasmid vector, and
introduced into the PpU 10-33-AphaZ strain. PHA production and maintenance in
the complemented mutant, PpU 10-33-AphaZ pMC-phaZ, designated strain pMC-
phaZz, was then assessed. Table 3 shows the biomass and PHA yields of the PpU
10-33 strain, its pha deletion mutant and the complemented derivative, after
growth for 44 h in modified MM with sodium octanoate (20 mM).

Table 3: Effect on PHA vields of accumulation. PhaZ constructions and comple-

mentation of the defect.

Strains “CDW | "PHA | “PHA
| @ | @1 | (%wt
PpU 10-33 (NI) 2.11 045 | 21.0
AphaZ-PpU10-33 (NI) 218 090 | 41.0
pMC-PhaZ (NI 1.98 0.10 50

Biomass yields for the three stains were similar at about 2 g I whereas PHA

yields were 21%wt for the PpU 10-33 strain, 41%wt for its AphaZ mutant, and
5%wt for the complemented strain. The lower than wild-type levels of PHA in the
complemented strain presumably reflects higher cellular depolymerase levels, re-
sulting from the complementing gene being located on a multicopy vector,

Polymer characteristics

Since hyperexpression of PhaC2 polymerase and inactivation of PhaZ depoly-
merase may entrain changes in the normal cellular stoichiometry and activity of
PHA proteins, and associated proteins, other changes in phenotypes may result
from these genetic manipulations. To assess this possibility, the ultrastructure of
the PHA granules in cells of the different constructs was compared by transmis-
sion electron microscopy {(TEM). Figure 1 shows that the PpU wild-type strain
(Fig. 1A-C) contains one or two defined PHA granules per cell, distributed evenly
within the cytoplasm, while the PpU 10-33 phaC2 hyperexpression strain (Fig.
1D~F) tends to contain one main granule with a morphology suggestive of the
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coalescence of smaller granules. This is particularly evident in the induced cul-
tures, specifically during the mid-exponential growth phase. The phaZ deletion
mutant tended to have multiple granules, some of which had irregular boundaries
suggestive of granule fusion (Fig. 1G~I). The microscopic analysis also confirmed
the results shown in Fig. 4, namely that intracellular PHA accumulated in the PpU
and PpU 10-33 strains starts to diminish after 48 h of cultivation, whereas the
mutant lacking the depolymerase maintained accumulated PHA until the end of
the experiment.

Given that the two PHA synthases of PpU have slightly different substrate speci-
ficities, with PhaC2 exhibiting a preference for 3-hydroxyhexanoyl-CoA and PhaCl
biased towards 3-hydroxyoctanoyl-CoA (Arias et al., 2008), it was possible that
hyperexpression of the PhaC2 polymerase in PpU 10-33 might alter the monomer
composition and/or physicochemical properties of the polymer produced. Table 4
shows that PHAs produced during growth on sodium octanoate by PpU, PpU 10-
33 and its phaZ deletion mutant had similar compositions, as determined by NMR,
and were copolymers of P(3-hydroxyoctanoate-co-3-hydroxyhexanoate), com-
posed of 3-hydroxyoctanoate (91.4-92.5% mol) and 3-hydroxyhexanoate (7.5~
8.6% mol).

Table 4: physico-chemical properties of the PHA from different strains

1 B i o T-
Strains Mn Mw | cpg OTE f m ;Tﬂ Monomer

(kD) | (kDa) {°C) (°C) (°C) | composition (Yemol)

3-HHx 3-HO

PpU 76.6 126.3 1.65 | -3590 | 6140 | 29403 | 86 91.4
PpU 10-33 NI 757 1329 1.76 | -3592 | 59.68 | 29493 7.5 92.5
PpL10-331 74.9 141.1 1.88 | -37.16 | 59.21 | 29404 8.4 91.6
PpU10-33 AphaZ N] 52.1 95.6 183 | 4082 | 59.60 | 29384 8.6 9.4
PpU10-33 AphaZ ] 50.1 96.2 1.92 | -36.00 | 61.57 ; 293,65 8.7 91.3

Polymers were obtained from PpU, PpU 10-33 and PpU 10-33-AphaZ uninduced
(NI) and induced (I) cells cultured in modified MM octanoate 35 mM (given in two
pulses of 15 mM and 20 mM)

® number average molecular weight; ® weight-average molecular weight;

¢ polydispersity index (Mw/Mn); ¢ melting temperature; © enthalpy of fusion;

" decomposition temperature; 3-HHx = 3-Hydroxyhexanoate; 3-HO = 3-
hydroxyoctanoate

Also, the glass transition temperature of the three polymers, Tg -35.9 to -40.8°C
(Table 4), was in agreement with the Tg described previously for medium chain
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length (mcl)-PHAs, and they had similar melting temperatures (Tm, 59-61°C),
indicating similar crystallinity grades.

However, the polymers differed in length: the molecular weights (Mw and Mn
values) of the polymers from the PpU parental strain and the PpU 10-33 (PhaC2
polymerase hyperexpressing construct) were similar, ranging from 126-142 and
74-77 kDa respectively, whereas those from the PhaZ knockout were considera-
bly lower, 96 and 50 kDa respectively

Transcriptional analysis of the pha operon by relative RT-PCR in PpU, PpU10-33
and PpU10-33-AphaZ

In order to investigate the relationship between PHA turnover and the hyperex-
pression of phaC2 and phaZ inactivation, transcriptional analysis was carried out
by relative RT-PCR of the pha cluster (Fig 2) in the three strains. Reference
genes for the RT-PCR data normalization were g/t4 and proC2.

In the wild type, no major changes were detected in transcript levels of the two
PHA polymerases, PhaCl and PhaC2, during the first 24 h of cultivation (P > 0.1),
and this was accompanied by a steady increase in PHA accumulation. However, a
twofold increase (P < 0.001) in phaZ transcripts was measured at 4 h, corre-
sponding to the onset of PHA production, which then fell back to lower levels. At
48 h, correlating with maximum levels of PHA accumulation, a rapid and substan-
tive increase in the transcription of phaCl was observed (4.5-fold, P < 0.0001)
and, in parallel, a sixfold increase (P < 0.001) in phaZ transcriptional activity.
This was followed by a rapid decrease in the PHA content (Fig. 2), and phaCl
and phaZ transcript levels. These results are indicative of a finely tuned coupling
of phaCl transcription and PHA accumulation, on one hand, and phaZ transcrip-
tion and PHA mobilization, on the other.

In the case of the PpU 10-33 strain, expression of the phaCZ gene was, as ex-
pected, found to be higher than in the PpU parental strain throughout the cultiva-
tion period (P < 0.008) and especially at 48 h, when it peaked (3.5-fold increase,
P < 0.0001). Interestingly, the expression of phaCl in this strain was mostly
lower than in PpU, especially in induced cultures at 7 h, 24 h and 48 h, suggest-

ing
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that hyperexpression of phaC2 negatively influences expression of phaCl (Fig. 2).
However, even though hyperexpression of phaC2 resulted in decreasing expres-
sion of phaCl, the combined cellular synthase activity resulted in an increased
PHA production. Transcription levels of phaZ in PpU 10-33 tended to be similar to
those in the parental strain, except at 24 h, when it was higher, correlating with
the higher expression of phaC2 and in cultures older than 48 h in which it was
also higher, consistent with the higher levels of PhaC2 and PHA. There is thus
also a strong coupling of PhaC2 polymerase and depolymerase synthesis.

In the PpU 10-33-DphaZ strain, significantly higher transcription levels of phaC2
were observed throughout the cultivation period when compared with the wild
type (P 0.0005-0.017), which is consistent with the higher PHA yields obtained
(from 60%wt to 66%wt, see Fig. 4). In the case of phaCl also higher levels were
measured at 24 and 38 h, but only when phaC2 was induced (P < 0.0017).

Thus, inactivation of phaZ not only prevents turnover and recycling of synthe-
sized PHA, but also allows higher transcription levels of the PHA polymerases.

Solvent extraction methods for PHA recovery from PpU strains

The extraction conditions for the PHA produced in the modified PpU strains were
investigated in different solvent systems, selected from chloroform, dichloro-
methane and acetone. Extractions were performed at two different temperatures,
room temperature (RT) and 80°C, and using three times of extraction (30 min,
1 h, 3 h and 18 h). The lyophilized cells used in this experiment were obtained
following the standard culture conditions for P. putida U and its derivatives: the
three strains were cultivated in MM+0.1%YE for 72 h, at 30°C and 200 rpm, in 1
L flask containing 200 m! of medium and using octanoic acid (10+20 mM) as sub-
strate. The mutant strains (PpU 10-33 and the PpU 10-33-Aphal) were not in-
duced. Samples of 40 mg of lyophilized biomass were disposed in the extraction
tubes, resuspended in the corresponding solvent and extracted under the differ-
ent conditions described above. Percentages of PHA recovery are referred to the
initial 40 mg of lyophilized biomass (Table 5). The classical extraction with chlo-
roform (3 h and 80°C) was used as control.
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Table 5 PHA recovery (%wt) using different solvents, time of extraction and
temperatures.

3 h-80C 1 h-RT 3b-RT 18h-RT

PpU CHCl; 33109 30601 324423 30647
CH:Ch: 344£20 31507 307206  31.6£25

Acetone 21318 25, 1%0.5

| o 3h-80°C 1IW-RT 3h-RT 18h-RT
S CHOB 36408 336£12  340:l1  332%17
ppU10-33 e @ A4 2ed- At o adden

T CHCh 30.0£2.8  343£32 34119 344823

~ Acetone 268425 27917

3h-80°C  1h-RT 3h-RT ISh-RT

PpU10-332phaz. CHCL 588£3.2  36.2%20  580£02  56.9+23
CH:Cl: 505412 58743 566226  583+0.1

Acetone 87311 537422

Results are means of triplicates+ standard deviation. CH,Cl,: dichloromethane
and CHCl;: chloroform

In PpU 10-33-AphaZ, no significant differences among the conditions were ob-
served and the percentage of PHA recovery ranged between 56 and 59%wt.
However, in the PpU (wild type) and the single mutant, the percentages of PHA
recovery, when acetone was used as solvent, were between 21-28%wt, while for
the other solvents, the percentages of recovery were about 31-34%wt.

Assuming that for the control conditions (chloroform, 3 h and 80°C) the PHA re-
covery was the maximum (100%), a relative percentage of PHA recovery was cal-
culated in order to evaluate whether there was any difference among the strains.
In case of chloroform as the extraction solvent, no significant differences were
observed in any of the strains. Nevertheless, the relative percentage of PHA re-
covery was slightly higher in the AphaZ mutant (96-98 rel.%), while for the wild
type and the single mutant the recovery was at about 91-93 rel.%.

Similar behaviour was observed when dichloromethane was used as solvent. The
AphaZ mutant showed rel.% PHA recovery of 96-100 rel.%, while the two other
strains (revealed values of PHA recovery between 93-96 rel.%.
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The most significant differences could be observed, when acetone was used as
solvent. Among the solvents tested, acetone is the most environmentally friendly
one, but at the same time probably also the solvent with the least extraction ca-
pacity. This latter aspect likely was key to unravel the differences in the percent-
ages of PHA recovery between the double mutant (PpU 10-33-AphaZ) and the two
other strains (PpU and PpU 10-33).

The AphaZ mutant is the one, which showed the highest yield of recovery, 97-98
rel.%. Surprisingly no differences were observed after 3 h or 18 h of extraction,
indicating that 3 h of extraction is already sufficient. In contrast, in the other two
strains (PpU and PpU 10-33), the relative percentages of PHA recovery decreased
drastically being 64 rel.% and 74 rel.%, respectively, after 3 h of extraction.
These percentages increased to some extent after 18 h of extraction, up to 76
rel.% and 78 rel% for the wild type and the single mutant, respectively.

Remarkable are the results obtained with acetone as solvent and short time of
extraction {30 min) that showed the highest differences in the relative PHA re-
covery percentages, being of 50-55 rel.% for the wild type (PpU) and the single
mutant (PpU 10-33) and 86 rel.% in the double mutant (PpU 10-33-AphaZ). Thus,
acetone is the solvent in which the strains displayed the most pronounced differ-
ences, with the double mutant (PpU 10-33-AphaZ) being the strain that exhibited
the highest yield of relative PHA recovery.

Thus, for the strain PpU 10-33-AphaZ acetone represents an equally good and
environmentally friendly alternative solvent to replace chloroform in the PHA re-
covery process. Furthermore, the results indicate that is effect is largely facili-
tated by the cell morphology i.e. PHA granula coalescence.

Optimization of substrate dependant PHA production of PpU 10-33-
AphaZ

The engineered strain was initially cultivated in three different media (EZ2,
MM+0.1%YE and C-Y(2N)) and eight different substrates were tested (hexanoate
(C6), heptanoate (C7), octanoate (C8), decanoate (C10), 10-undecenoate



WO 2013/153180 PCT/EP2013/057630

32

(C11:1), oleic acid, linoleic acid and glycerol). The media had the following com-

positions:

1. E2 medium as described by Vogel & Borner (1956, 1. Biol. Chem. 218: 97-106).
2. MM medium + 0.1% yeast extract as described by Martinez-Blanko et al.
(1990, J. Biol. Chem. 265: 7084-7090).

3. C-Y medium as described by Choi et al. (1994, Appl. Environ. Microbiol. 60:
3245-3254) with regular or twice (C-Y(2N)) the nitrogen concentration (0.66 und
1.32 g/l (NH4);:S04).

The best results were obtained in MM+0.1%YE and C-Y(2N) media, thus kinetic
production studies were carried out in these two media using the eight substrates
and using P. putida U wild type (PpU) as control. Samples were taken every 24 h
in all strain/medium/substrate combinations to determine biomass and PHA pro-
duction. The best production yields regarding PHA production in the different cul-
ture conditions tested as well as the harvesting time are compiled in Table 6.
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Table 6 Biomass and PHA production yields obtained with P. putida U (PpU)
and the engineered strain PpU 10-33-AphaZ cultivated in two different media,
MM+0.1%YE and C-Y(2N)

substrate time (h) ‘{:g L) EHL”‘; (f:i?) time (I) %gf‘L) PHA@Z L) (fﬁ:}
C'6 (10+20mM) 72 169 004 24 72 163 015 9.1
€7 (16+20mM]) 72 138 023 16.7 72 2.04 067 328§
LC8(10+20mM) 18 356108 410 a8 325 L8260
Clo(10+20mM) 72 340 LM 35S 72 2.49 1.21 186
CIL1:1(27 mh]) 72 046 026 365 72 0.42 023 348
glycerol (3%) 96 668 1.00 150 96 644 [ 35 200
glycerol (4%) 120 609 07§ 128 120 6.3 14 228
[oleic(1%) 96 90 IO TR T R 333 3673
linoleic (1%) ER 4,758 1.28 260 71 578 147 437

bstrate

€6 (10+20 mMD) 2 069 011 139 12 013 0.07 46.6

O (104200 7k 219 037 260 72 133 074 48 4
CC8 (10420 md) kX T B T N S5 38R 186 RN
LCI0200 D). .24 283127 449 24 1.68 248 33,0}

CHI:1 (27 mM) 96 378 0.94 251 96 3.83 168 438

glyeerol (3%) 126 397 31 78 120 409 0.64 0

glycerol (4%) 120 494 035 1.1 120 631 LIS 230

oleic (1%) 72 518 148 286 96 182 199 412

linoleic (1%) 96 568 172 303 96 421 131 337

C6: hexanoate; C7: heptanoate; C8: octanoate; C10: decanoate; C11:1: 10-
undecenoate.

In most of the substrates tested, the PHA production was higher in the engi-
neered strain than in the wild type, obtaining an increment that ranges from 6%
to 300%. PpU-10-33-Aphal showed a poor polymer production when cultivated in
both media with hexanoate or 10-undecenoate as carbon source. In contrast, a
significant increase in PHA production was observed when PpU 10-33-AphaZ was
grown in C-Y(2N) using decanoate as substrate, with a PHA yield largely the PHA-
yield obtained in the MM+0.1%YE with the same carbon source. The double mu-
tant was able to accumulate up to 2.48 g/L (53.0%wt) of PHA in 24 h when was
cultured in C-Y (2N), while in MM+0.1%YE it took up to 72 h to produce 1.21 g/L
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(48.6 %wt) of PHA. In contrast, similar production levels were obtained when
PpU-10-33-AphaZ was cultivated using octanoate, reaching a PHA production of
1.82-1.86 g/L (55.0-56.0%wt) in both media.

In general, PHA peak production in glycerol, oleic and linoleic acid required
longer time of cultivation. In case of glycerol, PHA accumulation of the mutant
was higher than for the wild type (21-23 %wt vs. 8-15 %wt, respectively). A
similar pattern was observed with oleic acid and (partially) linoleic acid, although
both latter substrates generally allowed for higher percentages of PHA accumula-
tion (35-42 %wt), even though there was a significant increase with respect the
wild type (8-15 %wt), the PHA production was lower in comparison with the other
substrate tested.

The strain PpU-10-33-AphaZ showed the highest PHA yields when cultivated in
MM+0.1%YE/octanoate, MM+0.1%YE/oleic acid and C-Y (2N)/decanoate. Any of
these three medium/substrate combinations are good candidates to scale up to
small-scale (5L) bench-top bioreactors in order to enhance the PHA production.

Investigation of PHA-production in the absence of antibiotic pressure

In order to facilitate the scale up of the process and to reduce the cost of the
fermentation, the maintenance of the mutant strain under antibiotic pressure was
studied. The engineered strain was usually preserved under Rifampicin (Rf),
Kanamycin (Km) and Tellurite (Tell). The presence of Tellurite (Tell) and its oxi-
dation in the culture provokes the darkening of the liquid media affecting the
biomass measurements and recovery. In the following investigations the antibi-
otic was thus omitted from the cultures. Cultures with and without Tellurite were
performed to evaluate its effect on the production yields. The investigations
showed that no variations could be detected. Furthermore, in order to study the
influence of the presence of Rifampicin and Kanamycin in the biomass and poly-
mer production, the wild type and the engineered strains were cultured in mineral
medium MM+0.1%YE using octanoate as substrate with and without the respec-
tive antibiotics Rifampicin (Rf) for the wild type and the combination Rifam-
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picin+Kanamycin (Rf+Km) for the engineered strains. The results of these inves-

tigations are shown in Figure 5.

No differences were observed in the biomass and polymer production, meaning
that the presence or not of the antibiotics is not affecting to the production
yields. Additionally, it was corroborated that the genotype of the engineered
strains was not modified by the absence of the antibiotics. Both strains were cul-
tured as previously described without antibiotic. At 48 h and 72 h, a dilution of
each culture was plated in a LB plate without antibiotic and after 24h of incuba-
tion at 30°C, 50 colonies were picked and streaked on a LB plate+antibiotic and
incubated for 24 h at 30°C to verify the maintenance of the resistance pattern in
each strain. After incubation, all the colonies grew in the plates with antibiotics,
indicating that the absence of the antibiotics was not affecting the resistance
phenotype, thus the resistance genotype should be preserved in the engineered
strain,

The obtained results indicate that the cultivation of the double mutant, PpU 10-
33-Aphaz, without the antibiotic (Rf+Km) pressure and Tellurite is not affecting
the PHA production.
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Annex 1: Strains, mutants and plasmids used

Vectors and o
consiructions Deseription Reference

Cm", 0riColEl, oriV, RK2mob tra”. Helper plasmid in triparental Herrero et al,,
RK600 . .

conjugation events, 1990

Ap~, oriColEl, lacZa+, promoter lac, pUCIBNorl derivative u .
pUC18Nat/T7 vector in which & synthetic T7 promoter sequence has been ern;;%;ta "

pCNBlmini-Tns
xylS/PmuTTpol

Km®, tnp, xyISPm promoter, T7 RNA polymerase.

Harayama et al,
1989; Herrero o

al., 1993
pUTminiTns-Tel Tel®, tmp'. Sanchez-Romero
i ef al., 1998

pGEM®-T Easy Ap~, oriColEl, lacZa+, SP6 T7, lac promoter.. PROMEGA

Gm", oripl3A, Mob+, lacZu+, sacB, vector used for generate | Quandt & Hynes,
pJQ200 (KS/SK) deletions by double recombinant events. 1993
pBBRIMCS-5 Gm’f, oriBBil, Mc?b%*, lacZo+, promoter lac broad-host-range Kovach et al,,

cloning and expression vector, 1995

A pGEMT Easy insert from position -26 to +1832 from ATG of
pBBRIMCS-3-phaC2? | phaCl was cloned into pBBRIMCS-3 vector using the restriction | Arias er al,,. 2008

sites Sacll-Sacl. Tc®, ‘

pUC18Noi/T7 containing the phaC2 excised from the
pUCI8Not/T7-phaC2 pBBRIMCS-3-phaC2 construct and cloned using the restriction This study

site EcoRl.
pUTminiTn5-Tel- Mini-TnS5-Tel containing the T7promoter-phuC2- excised as a Norl his stud
TIphaC2 cassette from pUC18Not/T7-phaC2. This study

pMS vector containing a synthetic DNA cassette (3531 bp) .
g;\i?g;!;a(i‘l(f.?» encoding the PhaCl and PhaC2 synthases, and cloned into t}};e (GE?EZSQT?? G)

Hindlll and Kpnl restriction sites. Sm

A synthetic DNA insert from position -106 to +3383 from ATG of .
pJQ200SK-phaCl1C2 phayg] cloned into pJQZOQSK%y using the restriction site Notl, This study

A pGEMT Easy insert from position -27 to + 890 from ATG of :
pBBRIMCS-5-phaZ phciz)z cloned into the Kpnl-Xbal sites of pBBRIMCS-5. This study
Strains :

F-, merA, A(mrr-hsdRMS-morBC) 280dlacZIM1S, AlacX74,
E. coli DHI0B deoR, recAl, endAl, araD139, Alara, 1e)7697, gallJ galK, 3-, Invitrogen

rpsL, nupG.

E, coli CC18hpir

F-, Alara-lew, araD, AlacX74, galE, galK, phoA20, thi-l rps-1,
rpoB, argB(Amp), recA, thi pro hsdRM+, RP4-2-Tc (CCi8

Herrero ef al.,

lysogenised with the Apir phage) 1990
PpU P. putida U strain (CECT4848), Rf*, M‘"‘z"z‘;’f‘ggﬂm
gig;igg’lzn;g;g[ i,m%zgga U contamfnig pCNBImmrj'Iiﬁ,%q; 1S/PmT7pol vector. This study
R e
AphaZ-PpU 10-33 PhaZ deleted PpU 10-33 Km" Tel' Rf. This study
N S L
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Annex 2 List of oligonucleotides employed for the PT-PCR assay in this study. The
numbers (*?) indicate whether the DNA from P. putida KT2440 or P. putida U was

used as a template, respectively.

Gene Forward Primer (§°3") Reverse Primer (5" 3")
T16s ribosomal DNA (16s ; ]
DNA) ACGATCCGTAACTGGTCTGA TTCGCACCTCAGTGTCAGTA
Toe
Cﬁm‘e;g“fi";f (glp4) GCCGATTTCATCCAGCATGGTC TGGACCGGATCTTCATCCTCCA
oo T —
R’bf’mmag“’gzg‘gsu (rpsL) GGCAACTATCAACCAGCTGGT GCTGTGCTCTTGCAGGTTGTG

'Glyceraldehyde 3-phosphate
dehydrogenase (gap-1) PP_1009

CTTGAGGTTGACGGTGAGGTC

AGGTGCTGACTGACGTTTACCA

'Signal recognition particle
protein Fih (fH) PP_1461

CGGTAGTCAAGGATTICGTCAAC

CACCATCACGCTCTITITCITG

'Rod shape-determining protein
MreB (mreB) PP_0933

CGTGAAGTGTTCCTGATCGAAG

CCGATTTCCTGCTTGATACGTT

'Cell division protein FtsZ (fisZ)
PP_1342

CGGTATCTCCGACATCATCAAG

GAGTACTCACCCAGCGACAGGT

"Pyrroline-5-carboxylate
reductasel (proCl) PP_3778

GCATTTACCAGCCCTTITGAAGC

CAATGACGAAAGGCAAATCGAC

"Pyrroline-5-carboxylate

reductase 2 (proC2) PP_5095 CTCCCAACTGACCTTGCAGAC GCTCCTTATTTGCCCAGTTGTTC
*PHA synthase | (phaCl) GCATGTGGCCCACTTTGGE CCCAGGTTCTTGCCCACTT
*PHA depolymerase (phaZ) AGCAGTTTGCCCACGACTACC GGTGGATCTTGTGCAGCCAGT
“PHA synthase 2 (phaC2) GGCAACCCCAAGGCCTACTAC CCGAGCGGTGGATAGGTACTG
“Phasin PhaF (phaF) GTCAGCTTCTCGATCTGCTTGGT | GAAGAAGACGGCTGAAGATGTAGC
“Phasin Phal (phal) CTCTTTGTCGATGCGTTTCTTG CATGGCCAAAGTGATTGTGAAG
- —
PhaD tr ans’;;;g ;‘al regulator | A CGTATCCACCCTGGAGATT | ATAAGGTGCAGGAACAGCCAGTAG

“Long-chain-fatty-acid-CoA
ligase 1 (fudD1)

COTGATCAAGTACGTGAAGAAGATG

GTGAAGGUGTAGATGTGGTACAG

“Long-chain-fatty-acid-CoA
ligase 2 {fadD2)

GCTGTACCACATCTATGCCTTCAC

GCCGGAGTTGGTGACTTTCAG
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Annex 3: List of additional oligonucleotides used

Primer Sequence (8" 3")

MI3F GTAAAACGACGGCCAG

M13r AGGAAACAGCTATGAC
PhaCl-check-F

GAATCGGTTGTGAAACTCATGCTC

PhaC2-check-R
RTphaZ E_PpU

CCTTGCCATGGAAGTGGTAGTACAG

AGCAGTTTGCCCACGACTACC
RT-phaZ R_PpU GGTGGATCTTGTGCAGCCAGT
phaZ-F-Kpnl GGGGTACCCCCACTTTTTCACGACAGAGTCGAACG
phaZ’-R-Xbal

GCTCTAGAGCGCAACACTCCCTCGTCTTACC
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Claims

1. A genetically engineered form of a naturally PHA-producing microorganism,
which has an increased number of copies compared to the wild type mi-
croorganism of at least one gene encoding a polyhydroxyalkanoate (PHA)
synthase, wherein said increased number of copies provides a balanced
overproduction of said PHA synthase and wherein the genetic engineering
causes the microorganism to overproduce medium- or long-chain-length
PHAs in an amount of at least 1.2 times compared to the wild type after
24 h, wherein the reference condition for assessing the overproduction is
modified MM medium containing 15 mM sodium octanoate.

2. The genetically engineered microorganism of claim 1, wherein the gene
encodes for the PhaC2 synthase or homologues thereof.

3. The genetically engineered microorganism of claim 1 or 2, wherein the ex-
pression of the PHA synthase is regulated by a promoter system, which is
preferably protein based, more preferably a T7 polymerase/ T7 polymerase
promoter system.

4. The genetically engineered microorganism of any one of claims 1 to 3, fur-
ther having at least one modification in at least one gene encoding a pro-
tein involved in the degradation of PHA in said microorganism, wherein the
modification causes complete or partial inactivation of the gene encoding a
protein involved in the degradation of PHA, more preferably complete inac-
tivation of said gene.

5. The genetically engineered microorganism of claim 4, wherein the protein
involved in the degradation of PHA is a PHA depolymerase, preferably phaZz
and homologues thereof.

6. The genetically engineered microorganism any one of claims 1 to 5,
wherein the genetic modification is maintained in the microorganism on
reproduction and/or cultivation, preferably both in the absence or presence
of antibiotics.
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7. The genetically engineered microorganism of any one of the preceding
claims, wherein the genetic engineering causes the microorganism to
overproduce medium chain polyhydroxyalkanoate(s) PHA, preferably in an
amount of at least 1.5 times and more preferably at least 2 times com-
pared to the wild type after 24 h, wherein the reference condition for as-
sessing the overproduction is modified MM medium containing 15 mM so-
dium octanoate.

8. The genetically engineered microorganism of any one of the preceding
claims, wherein the microorganism is selected from the group consisting of
Pseudomonas putida, Pseudomonas aeruginosa, Pseudomonas syringae,
Pseudomonas fluorescens, Pseudomonas acitophila, Pseudomonas oleva-
rans, Idiomarina loihiensis, Alcanivorax borkumensis, Acinetobacter sp.,
Caulobacter crescentus, Alcaligenes eutrophus, Alcaligenes latus, Azoto-
bacter vinlandii, Rhodococcus eutropha, Chromobacterium violaceum or
Chromatium vinosum, preferably Pseudomonas putida strains, and more
preferably Pseudomonas putida U.

9. The genetically engineered microorganism of any one of the preceding
claims, wherein the microorganism is capable to produce PHA without the
addition of an inducer molecule.

10.The genetically engineered microorganism of any one of the preceding
claims, wherein the microorganism is capable to produce PHA in the form
of a single intercellular granule.

11.The genetically engineered microorganism of any one of the preceding
claims, wherein the microorganism is capable to produce a maximum con-
tent of PHA after 24 h upon exposure to modified MM medium containing
sodium octanoate and preferably is also capable to maintain a PHA con-
tent, which is in a range of £ 20% by weight of the maximum PHA con-
tent, for a time of at least 48 h.
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12.A method for producing PHA comprising the following steps:

a. cultivating a microorganism of any one of claims 1 to 11 and
b. recovering PHAs from the culture medium.

13.The method according to claim 12, wherein said method does not involve
or require the addition of an inducer molecule to initiate PHA overproduc-
tion and/or overproduction of PHA synthases in the microorganism and/or
the addition of an antibiotic to prevent loss of the genetic modification.

14. The method according to claim 12 or 13, wherein the PHA is recovered by
extraction with a ketone having 3 to 8 carbon atoms, preferably with ace-
tone, at a temperature of 60°C or less, preferably at 20 to 40°C.

15.Use of a microorganism of any one of claims 1 to 11 for the overproduc-
tion of medium- and/or long-chain-length PHA.



