woO 2013/153180 A1 000 0PI R0 OO 0

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

=

17 October 2013 (17.10.2013)

WIPOIPCT

0000 0
(10) International Publication Number

WO 2013/153180 A1l

€)Y

@1

(22)

@23
(26)
(30)

(n

(72)

(74

(81)

International Patent Classification:
CI12P 7/62 (2006.01) CI2N 9/18 (2006.01)
C12N 9/10 (2006.01) CI2N 1/20 (2006.01)

International Application Number:
PCT/EP2013/057630

International Filing Date:
11 April 2013 (11.04.2013)

Filing Language: English
Publication Language: English
Priority Data:

12163787.0 I1 April 2012 (11.04.2012) EP

Applicant: HELMHOLTZ-ZENTRUM FUR INFEK-
TIONSFORSCHUNG GMBH [DE/DE]; Inhoffenstrafic
7, 38124 Braunschweig (DE).

Inventors: ARIAS, Sagrario; Avd. Calvo Sotelo 29,
24500 Villafranca del Bierzo, Leon (ES). BASSAS, Mon-
ica; Crtal St. Celoni 37, 08358 Arenys de Munt, Barcelona
(ES). MOLINARI, Gabriella; Mancinusweg 43, 38304
Wolfenbiittel, DE (DE). TIMMES, Kenneth, Nigel; Sto-
benstrasse 5, 38300 Wolfenbiittel, DE (DE).

Agent:. MEISSNER, BOLTE & PARTNER GBR;
Widenmayerstrae 47, 80538 Miinchen (DE).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(84

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, F1, FR, GB, GR, HR, HU, [E, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))
with amended claims and statement (Art. 19(1))

with (an) indication(s) in relation to deposited biological
material furnished under Rule 13bis separately from the
description (Rules 13bis.4(d)(i) and 48.2(a)(viii))

with sequence listing part of description (Rule 5.2(a))

(54) Title: PHA-PRODUCING GENETICALLY ENGINEERED MICROORGANISMS

(57) Abstract: The present invention is directed at genetically engineered form of a naturally PHA producing microorganism, which
has an increased number of copies, compared to the wild type microorganism, of at least one gene coding a polyhydroxyalkanoate
(PHA) synthase, wherein said increased number of copies provides a balanced overproduction of said PHA synthase, and eventually
causing 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. The production of PHAs in the microorganism can in addition be favourably influenced by the inactivation of
genes encoding for proteins involved in the degradation of PHA, resulting in an even increased production of the microorganism of
this compound without a decline in the PHA content over time. The inventive microorganisms are useful in the commercial produc-
tion of PHAs. The present invention further relates to a method for the production of PHA.



WO 2013/153180 PCT/EP2013/057630

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-
croorganisrm; which is stable on reproduction’and has an increased number of
copies, compared to the wild type microorganisi; of at least one gene encading
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-ionger 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 Iatter materralse"were discovered relatively recently

longer’ .s_.:d._e.- cham (R) -3- .hydr...o.xyaad un‘r_ts. wnth__S’ to ’.'1-;6'-‘fc.arbbn. a‘to'ms :h'a'f‘d 'be_it.%-*n
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 fong side chain hydroxy acid units containing from 5 to 16 carbon atoms
have been identified (Steinbuchel & Wiese, 1992, App!. Microbiol. Biotechnol..37:
691-97; Valentinet: al., 1992 App1 M&crobioi Biotechnol. 36:.507-14; Valentin: et

' '_.Abe ’t};{al 1994 Int J. B I

‘al.,.Appl. Microbiol. B
Macromol. 16: 115-19;
Kato et-al., 199 .sAppI Mtcrobsol Bii e__chnol..,45. 363*710:,_- Val_e_ntm, e,t;_al 19.96
Appl. Microbiol. Biotechnol. 46:°261-67; and US-Patent No. 4,876,331). '_[hese 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) (Brandl et
al., 1989, Int. J, Biol. Macromol, 11; 49-45; Amos & McInerey, 1991, Arch, Micro-
biol, 155: 103-06; US-Patent No: 5,292,860).

Although. PHAs have been extensively studied because of their potentsal use:as.a:
renewable reésource for biodegradable: thermoplast!cs and s(as men=
ftlened 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, A/ca//genes 15tis, Azotobacter vinlandil; Psévdomonas acitophils; Pseudo-
‘monas oleovarans, Escher/ch/a coli, Rhoa’acaccus eutropha, Chromobacter/um
violaceum, Chromatium vinosum, Alcanivorax borcumensis, etc. All these. PHA
producing bacteria are known in the-art:to produce intracellular PHA and accumu-
late it/in PHA graniles:(Steinbiichiel, 1991, Biomaterials, pp. 123-213).

The main aspects, which render PHA production expérisive anid therefore unfa-
vorable as:compared to petrochemical-based plastics, are thatit 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%:6f PHA accumulated in'the microorganism during the:
first 24 hours:.All methods for microorganism based PHA productionknown in the
art require large amounts of water during the production and in addition chemical
reagents and/or enzyl esfor thiir recovery, which is-an obistacle to reducing the
production:costs. Therefore, alternative strategies for PHA production are if 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 materlal whwh serve' ";he bacter:a as a: swsft source of energy

Whereas many ammais and plants generaliy regulate carbon uptake to match
metabolic needs, other organisms; particularly opportunistic environmental mi-
crobes subjected to ‘_w}de‘fly'i {ﬂ"_uétu;'a'ﬁﬁgyzc'a;rbon aj.vaj_lafbi lity 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 intraceliular, and to-some ex-
t'e‘nt -‘ai‘so éxtra'cellula“r* ’stdr‘a'ge pro‘d‘ucts‘, “a'r"'e" Central f’to this methah‘iSm' E?vven or-

o,f thelr car,b_on-. ma.n.agem_.ent._to ..op_tlmtz,e_ thei-r :ce!l.uflar me._ta.b.ohc .n,etwo.rks an.d 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 tohydroxyalka-
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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 depolymeérases:

Sincethe mtcroorgamsm contains both types of protems responSlbte for PHA pro--
duction-and degra-d‘anon, one Key issue for'the organismito ensure its surviva |
and prosperity is the regulatmn of the relative amounts of PH-A:.-:synthase and PHA
depolymerase; which are: d.e,term.ined.gb,y.,th.elr regulated p,rodu\c_._ttan. (Uchino-et al.,.
2007; Ren-et al.,.2009a; and de Eugenioet:al.; 201_1;03-, 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
Psetidomonas strains did riot result in improved accumlation 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 engineeting: 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. phaCI (Kraak et al., 1997; Prieto et al., 1999; Conte et ali;
2006; Kim et al,, 2006; Ren et al;, 2009b). However, these: studues encountered

the'pr‘o‘bt‘e‘m fie ‘t:_-pha(f-"cb'“hfa'fh'i'n‘g_::-_;pl’asmsds are lost when they are.not-vital for
-growth and lmpose detrlmentat effects in the ceiis As a3- result the: .modiﬂed -

‘|ty ‘of ,the__g_e_,ne\prod,ucx (ﬁDne_der;ch e_t_.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
mvcroorgamsm Most microorganisms have moreé than one PHA synthase, so in-

-ga hism .fr_om me.tab.o! tes .:mpo_rtan:t..for,the, _p_ro.ductuon.,,_o.f oth,er..PHA_synthases re-
sulting in only a modest.improvement of PHA synthesis in the microorganism,
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1n 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 regulation 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: gtranu.le 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 overprodiice 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 pointiin time where PHA accumulation is at its peak, and to re-
cover the PHA before PHA decomposition sets.in.

One-approach; which has been successful to-some extent:n this regard has been
described in' WO 2007/017270. A1, wherein.Alc 'n7V6féx--’bbrcumén:'s'ié"ha‘s‘ been
modified by sulencmg the tess-like ge ; gene encodes for a thioesterase;
which converts the (R) -3:0H-=Acyl CoA mtermednate to'the: correspondmg 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 p#aCl and phaC2
in P, putida KCTC1639, which has been:described by Kim et al (2006, Biotechnol.
Prog 22¢ 1541- 1546) In this mvest!gatlon ‘additional: copies:of phaCJ and phaC2
-geneés were. introduced {nto” the microorganism via plasmxds, wherein the genes
‘wera.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 phaC2did net 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 ‘W0 99/14313, DE
44 17 169 Al or Qi et'al, (1997, FEMS Microbiol. Létt. 157: 155-162) describe the
introduction of PHA synthase:genes into £. coli. However, inthese engineered
microorganisms, the yield of PHA produced was very low, making them unsuitable
for the industrial production of PHAs. |

Finally, Caiet al. (2009, Biores. Technol. 100: 2265-2270) has reported the en-
hanced production of PHA via knock-out of the PHA depolyrnierase gene:in

P. putida KT 2442, In this study; an increéase of PHA' p.r.‘dduct_ioh 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: overproductlon of PHA. and at:the same
time are stable upon reproduction in that:t ey-do.not loose the g forma-:
tion ingerted for-this putpose. The present application addressesith :

Brief description of the.invention

Onie alm ‘of the present application Is to provide:a genetically engineered micro-
organism-wherein the genetic information responsible for the overproduction of
medium- or long- cham-tength PHAs in the microorganism: is stable upon repro--
duction. Another aim of the present invention is'to: modlfy the m:croorganism
such, that the decline of PHA-after a-certdin 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 tomodify 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
uséd 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 asa 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 “;p‘_erc‘.‘envt.'ho‘_.mo,_!;pg‘\y" and "sequence similarity" are used
interchangeably. In the practice -o'f"-the'___pre.,s.ent;»a'p,p_l"i{c-ati’on is'preferred that the
homolog should have at least 40%; 50%, 60%, 70%, 75%;.80%, 85%, 90 % and
most preferab st"95%: sequence entity to the parent pepttde A preferred
non- hmitmg exampie 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-
gotith is incorporated into the NBLAST prograim, 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 engi neered
form ‘of"‘a' ﬁ’a‘turallv 'P'HA 'pro-du cang 'mi'c‘roorge‘ms"m, Wwhich has an 'in“"c"rea’éed Aum-
codmg a PHA synthase, wherem sard ancreased number of copies provades a: bat«
ancéd overproduction of said PHA synthase and eventually causes:the microor-
ganism to overproduce f.??‘.;e;d:'.l!m'-*QF.'QHQTEha.!\Q _.!,ength 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 octancate. In a preferred embodiment; the genetically engingered 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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inventivé microorganisms have been obsérved to provide high:PHA peak concen-.
tration, which s reached, depending on the cultivation conditions, in some cases
even after-only 24 h. Moreover the inventive microorganisms exhibita high ge-
netic stabmty and fusion-of individual PHA grafules in'the microorganism to. form
a ginglé PHA' granule Th:s in‘turn greatly. simpnﬁes the recovery of the PHA: from
the: microorganisms, because-they can be extracted with.non-chlorinated solvents.
suchias acetohe-with yields ‘comparablé to the éxtraction with chiorinated sol-
vents,

The term “genetncal!y engineered” ’(;or genetzcauy modified) means an artificial
manlpulation of a micreorganism: 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 génetic infor-
mation is not lost.

duction, whlch ‘means that the genetlc modi,fi_____;j mail .
ganism on reproduction and/or cultivation. In addntlon to such stabmty itis pre-
ferred that the microorganism: does not.require: the pressure:of an antibiotic to
preservé the genetic modtﬁcatlon Such miicroorgamsms are highly' advantageous.
for PHA production; sir dition ‘of antibiotic can’ be omitted-and thus the risk.
to: contaminate PHA: with.antlbxotics is: elummated Ina preferred -embodiment:of:
the present application the inventive microorganism thus maintains its:genetic
modification during reproduction andfor 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-
e about twice -as much of the:pfotein compared: to:the wild type. “The:amount
of protem can-he: 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 incréase 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 fotmed. For example; extensive (or unbalariced) overexpres-
sion-of proteins:may lead to the formation of inclusion bodies which comprise the
protein ina non-active:form and as undissolved protein, Hence, despite of an:
overexpression of the protein, no improved protein activity can be observed. One
miethod 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 eémbodiment, the: gene of which
the-- _mi_cr».oorg-an)sm:g;ontarns ‘more than one copy Is the geneencoding for. the
PhaC2 synthase. In the-practice of the present-application:it has:been found, that
the insertion.of: multlple coples of the ;phaC2 gerie or homoiogs 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-
-vo!ved In PHA metabolism so that the overall PHA production and storage system

transcnpt;on of~ the promoter controlled gene, albelt W|th suppressed efﬂuency
compared.to the:system in which-the promoter is activated with a corresponding
activator. ,T,.h‘e-fleaky{_ip‘rdmoi_t'er 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 pelymerase in this T7
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polymetase/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-
tiori‘of T7 polymerase by the addition of a-small molecule resulting inan induc-
tion of the formation of the T7 polymerase: This in‘turn:then triggers.the PHA
synthase productlon In a particular préferred embodiment, the small molecule is
3-methyl- benzoate

One highly preferréd inventive genetically engineered form of an naturally PHA
p'r'c')d;uci'ﬁ‘g microgrganism is ofthe jenus Pqeqdemvﬁasl-~a'3’:~'depﬁréi"t_edi under DSM
26224 with the Lelbnitz 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 fiumber of copies,
cofipared 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
mlcroorgamsm has been found to result in a synerglstlc effect with regard to:the
obsérved PHA accumulation:.In a preferred embodiment, the at least one moduﬂ»—
cation in at least:one gene encodinga protem ihvolved in the degradatlon of PHA
in:said microorganism causes complete or partlal inactivation of said gene, pref~
erably complete inactivatien 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 genie is achieved by a double recombinarit crossover-event-approach.

Ina partlcularly preferred embodiment, the: protein invelved in the degradation of
PHAis a PHA depolymerase, preferably PhaZ or a homologue thereof, In-addition,
it-is preferred, that the genetically engineered mic organism, wherein the gene

encoding-a protein involved in the degradation of PHA containg at'least one modi-
fication, only contains:a smgle gene encodmg a protein involved in:the degrada-

tion of PHA in said microorganisms;.i.e.-only the gene whlch is modified. In-other
wotds, 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.

Oné highly préferred inventive genetically engineered form of an naturally PHA
producmg m:croorganism comprising both, multlp[e copies of a: gene encoding-a
PHA: synthase and a.deactivated phaZ gene, is of the:genus Pseudomonas és de-
posited under DSM 26225 with the Leibhitz Institute: DSMZ German collection of
mlcrporgamsms.;and.ce,l.!.:.cultures.._'I-’ms. mlcreorgz_:_anlsm,uwul in the following be des-
ignated as PpU 10-33-AphaZ.

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 pract:ice
of the invention. In a preferred:embodiment;.the genetically: englneered microor-
ganism overproduces medium-chain-length PHAs.

In a: partlcularly preferred embodiment of thé present -application, the genetically:
englneered microorganism:is caused by the genetic engineeting, 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 Jeast one gene encoding a protein: involved in the degradation
of PHA in said _mlg.;gprganp_sm, t-__q...qy.e_fpro.duce_.;.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 modlfued MM miedium contai hing 15 mM sodium oc:
tanoate:.

The microorganisim, which foris 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, encading for a protein involved in the degradation of PHA in
‘said microorganism.
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The inveritive microorganism in accordance with the présent application is pref-
‘erably selected from the group-of PHA producing bacteria; in particular from
Pseudomonas:putida, Pseudomonas aerugmosa, Pséudomonas syringae, Pseudo-
monas fluorescens, Pseudomonas acitophila, Pseudomonas o/evarans, Jdiomarina
loihiensis, Alcanivorax borkumensis, Acinetobacter sp., Caulobacter crescentus;
Alcaligenes eutrophus, Alcaligenes 1atus, Azotobacter vinlandi, 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 Psevdomonas putida U.

1t 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 thie PHA production of identical microorganisms which were
:treated with an inducer. This: suggests ‘that the lnduced mlcroorgamsms can overs

di’s_,sp_l,ve;d forms Tberef.o_re, further aspe"f._ of the present app!i" tion is. directed
at genetically engineered microorganisms as described above, whereln 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.

It has'further been-unexpectedly observed; that the microorganisms of:the pre-
sent application produce PHA with a different.morphology compared to the wild
type; ifi that the individual cells produce a reduced humber or evenonly a single:
graniile 'of PHA. Therefore a furthér aspect: of the present: appwcatlon is:directed
at genetically engineered microorganism: as: described above, wherein-the-micro-
organism is capable’to:produce:a reduced number of mtercellular PHA g‘ranules

pér microorganism compared to-wild type cells, preferably in the fc ( f ,
mterceﬂul‘a“PHA granule. The formation of a: single: granule is beheved to be as-
sociated with-a reduced amount of PHA stabi.l,azmg_.,enz,ym,es.,‘ 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 fong period. Therefore a further aspect of the present appli-
cationis 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 contdining. sodium octanoate and
preferably is also capable to-maintain.a PHA content, which is.in.a range of
20%: by wei"g’ht-'of the-maximum:PHA content, for a time iof at least 48 h after the
initial 24 h accumulation peériod, wherein the refererice 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 mediun.

Standard methods for cultivating-a microorganism or-a cell-under suitable.condi-
tions are well-known: in:the art. See for exam ple below uhdér 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 centrnfugat:on or:filtration, precipitatmg or filtrating the components (PHAY;
followed: by purification; €:g. by chromatographic procedures, €.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 orrequire the addition of an inducer molecule to-initiate PHA:
overproduction: and/er 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 présence of .,an...a,,_n_tipaomc, asiit has unexpectedly been found
that'the microorganisms are stable:with regard to the introduced modifications
even in the absence of an antibiotic, Stich antibiotics inciude: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 avallable and cheap fatty-acids derivable from vegetable fats and oils.
Preferred examples of such fatty acids include:saturated. carboxyhc acids-such-as
hexandoic,-Heptanoic, octanoic-and.decencic acid, and unsaturated fatty acids
such as 1-undecenoic acid; oleic acid or-linoleic acid.-In:addition itis possible to
use polyhydric alcohols as the feedstock.such as preferably:glycerol.

Another aspect of the invention r_e‘l'at_ies‘-jto the use of a microorganism, 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 nen-induced:(d-f) and
PpU 10-33 induced cells: (g~|), AphaZz-PpU10-33 non-induced (j- ) andinduced (m-
o) cells. Cultures were grown in. modlf’éd MM containing 35 mM. sodium ‘octanoate
as a,carbon source (given in-two pulses of 15 mM .and.»Zov_mM:.),.and_. sampled at 31
h(a,d,g, j» m), 48h (b, e, 'h, k, n)and 72°h (¢, f, i, |, 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 nbe
in"(a)and:(c)) and PpU:10-33 induced (third bar for each:numberin
AphaZ-PpU10-33 non:induced’ (second bar for each number in
PpU10-33-induced (second bar- for-each number in (b)). The: | ;
also:shown in a:straight line with dots (PpU); lower broken: line with- tnangles
(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 (dphaz-
PpU10-33 induced) in graph (c).

Figure 3. Genetac orgamzation of the: bipartxte system: for: hyper=expression of
:}phacz in P punda U. The: dlagram shows:the two: vectors, pCNBLmini-TnS5
XyIS/Pm:: T7pol and pUTminiTn5-Tel-T7phaC2, Integrated into the. chromosome

Figure 4. PHA production overtime inthe wild type PpU (squares), as:well as the:
genetically engineered constructs PpU 10-33 non-induced (filled circles), PpU in-
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-’dfuj_(-_:ed._’\(von'pen'.-‘%evi,‘r‘cl,_es?);s AphaZz-Ppy10-33-non-induced (filled-triangles) and AphaZ-
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 iliustrated 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, £ coliand A. ,-;Pll‘t‘ia’a‘.-stra‘ins‘ 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 g mI™ in solid; or 5 yg:
ml™ in liquid -media), kanamycin:(Km, }235'*-:‘.p;g_' mi* in-solid, or 12,5 pg-mp° ! in liquid

media); ampicillin (Ap, 100 yg mi* ), tellurite {Tel,-100 pg ml™), gentamicin (Gm,
30'ug mi™), chioramphenicol (Cm, 30 pug mi™), Isopropyl-g-D-
thiogalactopyranosid (IPTG, 70 uM)-and 5-bromo-4-chloro-3-inddlyl-beta-D- ga-

lactopyranoside: (XGal, 34 ug mi?).

DNA manipulations

Al genetic procedu res 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) fﬁb’liym erase chain reactions (PCR) were per-
formed in-an Eppendorf vapo.protect Thermal Cycler (Germany). The 50 pl PCR
reaction mixtures consisted of 2 il of the diluted genomic DNA (50 g mI™), L.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-
ation experiments:(Selvaraj & Iyer,

monas strains was made by triparental con
1983; Herrero et al., 1990). Briefly; the £ coli'CC 18Apir dfmor strain’ harbouring;
the suicide plasmid pCNB1mini-TnS xy/SPm: . T7pol or pUTMiniTnS-Tel-phacC2, the
E co//f._RK6(").'0~hé_l'per .sitrai'n__,_.;__a_nd_ the Pseudomonasrecipient strain, were cultiVated
separately for 8 h, mixed in the ratio 0.75:1:2, and washed twice:with LB. The
suspension was:collécted on a, hitroceliulose filter and incubated overnight on.an
LLB-plate :at 30°C : jing. on the filters were then re-suspended in 3:ml
of sterile saline solution (NaCi 0. 9 %) and 'sen_“l dilytions plated on LB agar sup-
plemented with the co-rtespo_rrd»mg 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-setof specmc oli=
gonucleotides or the:universal prime ' “MI13R (Annex 3). Ther 10 pl reac:
tion mixtures consisted of 6-12 ng of the: -putified PCR product. (or: 00-300:ng
plasmid), 2 pl BigDye Ready Reaction Mix, 1 pf of BigDye sequencing buffer and 1
il of the specific primer (25 uMJ. The eycling conditions included: an initial step
at 96°C I'1 min, followed by 25 cycles of 96°C:/ 20 s -.52°C-58°C / 205.-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 ul-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 i
the non-redundant nucleotide databases (www.ncbi.nlm.nih.gov). Identification of
potential tanscriptional promoter regions and terminators was made using the.
Softberry, (http://linuxl.softberry.com/cgi-bin/programs/gfindb/bprom.pl), Prom-
Scan (http://fmolbiol-toois.ca/promscan/), and PDBG online

(http://www.fruitfly .org/seq_tools/promoter.html); and Arnold.
(http://rna.igmors.u-psud:fi/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 drivery by the T7 polymerase promoter: T7 polymerase
system. It consists of two chromosomally=integrated cassettes: onecontaining
the phaC2 gene: expressed from the T7 polymerase promoter, -and: anather ‘con=
ifing th 561y & géne expressed from the Pm promoter-and re
by the: cognate benzoa‘te/toluate sinducible: XylS_reguiator derived from’ ‘_the TOL
plasmid. The phaC2cassette was constructed as follows: The ,,_gha_CZ,_gene of -2,
putida U:was excised from:the pBBRIMCS+3-phaC2 plasmid (Arias et al., 2008),
cloned into the pUCIBNOLI/T7 Vector (Herrero et al., 1993),-and the correct ori-
‘entation of the:gené confirmed by ‘sequencing. The phaC2 gene and the T7 pro-
‘moter. w,e:re'é‘the'nﬁsfra nsferred as-a cassetteinto:thé pUTminiTn5-Tel vector (San-
chez-Romero et al., 1998). First, jthe‘»::m‘ijri}iTn:S»»:.de,r,xivati_-v.e PCNB 1 xyiS/Pm:T7pol;
was transfened to 2. putida-U by filter-mating-and selected by the Km selection
marker (Harayama et a/, 1989; Herrero et al, 1993). Since integration of the
transposon in the gerome is essentially-random, and different sites of insertion

.can:markedly influence: transcription levels of inserted genes, @ pool:of approxi-
mately 100 transconjugants was: prepared for the:second transfer. A 5mi 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 pUTmi ni-Tns-Tel- T7phaC2 construct. Transconjugants
‘were readily scored by the black colour fthieyvdis;p’!:ay when they transform the tel-
lurite (selection marker), and subsequently confirmed by PCR. The final reciplents
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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 accomplishéd by usirig a method described by
Quant & Hynes, 1983; Donnenberg & Kaper, 1991;:involving a double-
recombination -event and-seléction of the réquired 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'-doned into the pJQ200SK vector containing

v ke ;then introduced by
triparental: mating into the PpU 10 33 strain. Transcon)ugants 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 { Phacz check: R and RT-phaZ
F_PpU./ RT-phaZ R_PpU; respect (@ Y s selected and
designated AphaZ PpU 10:33. Fi
phaZ gene:(921 bp)-was: amphﬂed by PCR (phaZ-F—Kpnf /phaZ-R—XbaI) and cloned
into the pBBRIMCS-5 vector, Transcojugarts were selected for their Gm resis-
tance and further confirmed by PCR.

mutant, the

Fluorescence microscopy

One i of culture was mixed with 2 drops ofa 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. Pelléts were washed twice with 2-ml MgCl; (10 mM), resuspended in
500 pil-of the:solution-and 5-10 ul of the cell suspension mounted: on & Mmicro-
scopic slide. The presence and morphology:of PHA granules was visualized with-a
ZEISS Axio Imaget Al epifiourescence 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). Ceils were imaged
at an-exposure time of 1.1:s.(Bassas et-al,, 2009).

Transmission electron microscopy:

Bacteria were fixed with 2% glutaraldehyde and 5% formaldehyde in the growth
medium at 4°C, washed *wi’thf&a;codytate buffer<(0.1 M cacodylate, 0.01. M CaCly,
0.01 M MgCl;, 0.09 M sucrase, pH 6.9), and osmificated with 1% agueous osmium
fort 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

£ one.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 forseveral

days. Ultrathin‘sections were cut'with a diamond knife; ‘counterstained with
Uranyl acetate and lead citrate, and examined in.a TEM910 transmission electron
microscope (Carl Zelss, 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  €CD-Camera (ProScan, 1024x1024, Scheuring, Germany) with
ITEM-Software {Olympus Soft Imaging Solutions, Germany).

RNA:manipulations

Samples (3 ml) were taken from cuitures through the growth phase (4 h, 7 h, 24
h,.27 h, 31 h, 48'h and 55 R) and‘immediately mixed with-an equal volume of
RNAprotect 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 protocal. 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 concentrationand purity determined spectrophotomet-
biotechnologie GmbH, Germany).

rically (Spectrophotometer ND-100, peQlab:
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CcDNAWas carried:in 20'p! reactions:using 10 pg of total RNA and Random Prim-.
ers. All reagents (Included Superscript IIL RT), were: purchased from Invitrogen.
(USA) and reactions pe‘rﬁfbrm.ed according manufacturer's protocols. Samples in
which Superseript. 111 RT was not added were used as :n;egajtfivve'-controls. After
CDNA synthesis, the remaining RNA was precipitated with 1. M NaOH, incubated-at
55°C./ 10-min, followed by 10 min at 25°C, _‘medxately, the reaction was: equih-
brated with KCl'1 M. The resultant cDNA was: thén 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
4o,

Relative RT-PCR assay

Oligonucleotides used for the RT-PCR assays (Eurofins:mgw Operon, Germany)
were designed with the help of the Primer3 -'(h’ftp;{/ﬁodﬂ:-;Wi’.mti't;;e,diul'prir‘nejré’/;_)f

and Oligo Calc (http://www,basic.northwestem.edu/biotools/eligocaic: hitml) bio:
et was designed to have.

informatic tool and are summarized in Annex 2. Ea
similar G+C contents, and thus similar annealing: temp;eratures (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 désign-were followed (Bustin et af;, 2009). First, each ét-.:*c;‘"f'“;pr‘iﬁme‘r:s_-
was assayed for optimal PCR conditions, and annealing:temperature .and prime
concentrations were established using a standard setof samples:(genomic: DNA)
as templates. Pr:mer,sp;.ecnf city-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, efficlencies 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 (7psL);
others involved in the general metabolism (g/tA , gap-1, pro€l; pro€2), cell divi-
sion: (mreB, ftsZ) or signal i"ng_v--fu nctions. (ffH) wére 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 jL of iQ™ SYBR Green Supermix (2x) (Bio-Rad, USA), 1
r(10 M), 1 jil reverse primeér-(10 M), 2 il of CDNA. (1 /10-di-
ycling conditions:

ul-forward prime
luted), and was made with milliQ water up to 20 jil. The PCR ¢
were: 50°C/ 2 min:and 95°C/ 10 min, followed: by 40.cycles of 85°C /15.5 - 60°C
/30s - 72°C /305’ with a-final extension at 72°C 7°10 min. Fluorescence was
measured at the end of each cycle, For the melting cutve, ‘an initial denaturation
step.at 95°C /10 min was set up, followed for "i:ﬁ'fﬁe'mfeﬂ'ts'Gf:’{G%;.;SPG /_;;5‘ s S"ta"rtji'h 5
‘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 (AM(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 XylS tran-
scriptional activator by the Pm: promotor that drives the T7-polymerase gene,
‘which-in turns, triggers the expression of the phaCZ synthase. In order-to deter-
‘mine optimal conditions for phaC2 expression/PHA syﬁithse:sis--’-zin- PpU 10-33, con-
centrations of 3-MB (from:0.2-3 mM), times-of induction (ODssonm 0.4 = 1.5), and
¢arbon sources:éoncentrations were raised in-different conditions. Erlenmeyer
flasks: (2 liter) contalning 400 ml of MM:-modified medium (Martinez-Blanco-et 4/,
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°Cin‘a
‘rotary shaker (INFORS AG, Switzerland) at 180 rpm. Ofce the-cultures reach an
‘ODssonm Of about 0.8, the culture 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 procédure:was the same but without the in-
duction. QiiS;a‘m;pl}es; were:collected every:24 h ‘and the biomass (CDW, cellular dry
weight), PHA, ODssgam; Nile red: staihih_;g 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
e growth phase to monitor the PHA production

" ‘biomass was extracted

mi:samples were taken alon
and were lyophilized as:described aboye. The lyophilized
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 COW represented by
PHA.

NMR analysis

into 0.7 ml of CDCl3 and

, . 'H and '3C NMR-spec-
tra were: recorded at 300K:on a: Bruker DPX- 300 ‘NMR: Spectrometer locked to the

deuterium resonance of the salvent CDCl;. Chemiical shifts are ;g; shif ppm rela-
tive to thesignal of the solvent( H: 7.26, € 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 chromatog raphy
(GPC) in @ HPLC system (Waters 2695 Alliance separations. Module) with a column
S:'tyra"g'e'l-v 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 o.;-_’s-‘gm'l;;-x&;jﬂi’hﬁf1*_:,(1"§;Q.g'rvé;‘tijc;;)_g;.i__-._s;‘a{mplj_é“'-*- c;q;nﬁ;e’hpfa-ti;on_s:;_a’_;;‘rjid‘:fff'l‘_n__’j;e.cfi-on volume were 0.5
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mg mi™-and 50 pl,.respectively. The calibration curve was obtained using palysty-
rene standards kit (Fluka) inthe 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 lhstlz.umen.ts_»’,_
USA). Samples were placed on an aluminium pari and heated from ~100°C to
400°C at 10°C min™ under nitrogen (80 mi/min). All data were atquired by STARe
System acquisition-a n‘dt}-pro,cesslﬁg;sSbftWar{e-LM‘e*cfél_,?é‘jr”?:Tﬁgle.d.‘é})_-;.v;

Example 1: Hyper-expression of phaC2in Pseudomonas putida U

A bipattite; mini-transposon-based hyper-expression system for the PpU PhaC2
‘synthase, consisting of (i) a specialized mini=Tn5, pCNBIxyIS/Pm::T7pol, express:
ing T7 polymerase from the: XylS-3- -metylbenzoate (3 MB)- regulated promoter Pm;
and (i) a hybrid pUT-miniTn5-Tel derivative expressing phaC2from the T7 poly-
merase promoter was de ,g‘ned (see figure:3). The two: mmltransposon COMPO=-
nents:were separately-and: randomly- inserted into the A. put/da U-(in the follow-
ing "PpU"): chromosomé. The best PHA producer-was selected after two rounds
of’ screening, involving seri-quantification: of PhaC2 productlon by SDS- PAGE
-separation: of cellular proteins and: mspectlon :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 1. 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 sedium octanoate:given in'two pulses of 15 mM and 20 mM.
respectively. The.

(the-second pulse was given in the: moment:of the/induction),
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 ylelds of strain.PpU, PpU 10-33 and PpU 10-33-AphaZ

()

“Time |
| PpY:

cow (g h

PpU.10-33:
N |

PPU 10 33 _:5 00 1 —

- | PR 10-33-

1.36.

;:1.'0‘9;-

149

1. 20;

48

2.52

3 -16

1.83

72

2.50

2.42.

2.39:

3.1

96

2.16

Cells exposed to 3-MB were ablé to accumulate higher amounts of PHA (44 %)

during the first 24 hours of culture;

ompared With the wild type and non induced

cells (24.4 % and'34.6%). The results are shown-in the following Table 2 and

Table 2. PHA yields in PpU, PpU 10-33 and PpU 10:33-AphaZ uninduced (NI) and
induced (1)

Time

"PHA (%wt)

| h)

PpU. |

PpU- P
- 10-

3

(NI

10-33
AphaZ

(NI) |

PpY |
110-33 |
 AphaZ |

(D

| 33 (\ND

PpU 10- .
| 10- |
| 33

“PpU - .‘

L

| Aphaz | A
(ND) '{5

24

-0.32

047

0:48

0.88:

- 0.75

24,4 |

34.6: |44. 0 ¢

48

‘. 1&08

-_1:56.

452 342

; 65 6 | 503

72

0.53

-0:63

167"

- 2.03

352

1265

537 | o7

0:39.

1.80 | 6.6 | 205 |

522 | 54.

| 96

0:48

167 |

Cultures'were. -grown in todified. MM with sodium octanoate 35-mM (given in two
pulses of 15 and 20 mmy: and were’ mduced (I) with-0.5 mM 3-MB at.an ODsso,,m of
0.8 or not induced: (NI).
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PHA levels in‘the hyperexpressing strain were around 50% higherthan 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 turnprovokes 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 réason why rion-induced cultures of PpU 10-33 also:shiowed 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:|eakiness of the T7 promoter (also indicated
by RT-PCR resuits). The highest biomass levels, 3:07 g I inthe case of Ppy, 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 g1, 0.74 g I and 1.07 g 1!, re-
:spechvely (Flg 4, Table 2), were: attamed at 48 h of -'cultivata'on wnth both strams.

The,-,hig_.‘r-v.e._s_.t_.RHA ,;vie.i..d, m.easu_re.d .m .t.h..i_s. experiment; 44%wt
10-33 induced cells at:24 h; compared to 24%wt in PpU and 35%wt in uninduc,e_d
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 after48 h-to 7%wt.in the cdse 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 sub_se'que,‘ntly"ﬁas’__j‘sbesse_d, 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-producmg strains, these levels
were maintained. until-at least 96 h 6f 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 oh expression of the pha cluster; the phaZ
gene was PCRamplified, cloned.in the pBBR1IMCS-5 plasm|d vector; and.
mtroduced into the Ppy 10-—33 AphaZ strain PHA productionaand maintenance in

0—33 st:ram, its phaz d'_ _ __ _,;asnd the compl‘f _*_ented derivatwe, after
‘gr_q_wt;_h for 44.h in modified MM with sodium octanoate;..(;_zo mM).

Table 3: Effect on PHA yields of accumulation. PhaZ :coih’S“tr‘u‘ct{i;_jci_m__s;.“_a;h_’_d, (;dm'pi"e—

mentation of the defect.

['PpU 10-33 (N1) T 211 T 045 | 210 |
| AphaZ-PpU10-33(NI) | 2.18 090 | 41.0
[pMC-PraZ (NI)_ [ 198 | 010 | 50

" Strains

Biomass yields:for the three stains were simifar at about:2 g I’V whereas Pl
yiélds were 21%wt for the PpU 10-33 straifn, 41%wt for its. AphaZ _m:utant and
5%wt for the conplemented strain.. Th;e_ 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: stojchiom sty and activity ‘of
PHA proteins, and ‘associated proteins, otherchanges in phenotypes may result
from these genetic manipulations. To 45sess this possrbility, 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
(F:g 1A~C) contains one or two.defined PHA ‘granules per- cell, distributed evenly
wuthln the cytoplasm, while the PpU 10=33. phacz hyperexpressuon straln (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 particula rly-evident in the induced cul~
tures, specifically-during the:mid-exponential-growth phase. The phaZ deletion:
mutant tended to -have fmUIti"p'Ie; 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 aftef 48'h of cultivation, whereas the
mutant lacking the depolymerase maintained accumulated PHA until the end of
the experiment.

Givén 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« hydmxyoctanoyl <CoA:(Arias et ali; 20’08‘), it wa's possible that
Hyperexpression of the PhaC2 polymerase in Ppy . ‘10-33 mi ght alter the monomer
composition and/or:physicochemical properties of the polymer produced. Table:4
shows that PHAs produced during.growth on sedium 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; phys:co~chemical propert:es of the PHA:from different strains

'.'"‘ Mw' °PI : dTg ‘ ch

Strains ' _‘ ,:f-composmoh (Yomol) |

..... 3HHx | 3HO

e T f';'ff'?ié'f‘.e-i“'j.f 163 | 185 [ =3590 | 6140 .-«294-.;635.. %5 | 914 |

Ppl10-33 N 1957 | 1329 | 176 | -35.92 | 59.68 | 294.93 7.5 92.5

| PpUL0=33 1 4 745 ] 14L:t | 188 | 3746 [ 35921 7 294.04- 84 916

1 PpU10:33 AphaZ NI 521 9556 | 1.83 | -40.82: | 59.60 [ 293.84 8.6 91.4

(BpUI0:33 aphazY | 500 | 962 | 192 | 3609 | 6137 1203857 &7 | 913

Polymers were obtained from: PpU PpU'10-33 and PpU 10-33-AphaZ uninduced
(NI).and induced (1) cells-cultured in modified MM.octanoate 35:mM {given in two
pu[ses of 15 mM and.20 mM)
number:average molecular weighf‘ b weight-average m‘o‘lejc'tj'l_-éf weight;:
polydispersnty 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 descnbed previously for-medium chain
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length (mcl)-PHAS, andthey 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
anging from 126-142 and

polymerase hyperexpressing construct) were simifar;
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 rélative RT-PCR in PpU, PpU10-33
and Ppl10-33-AphaZ

pression: of phaCZ and phé Z lnactivatlo"‘ "transcraption -;-ia’nalyst was: camed out
by relative RT-PCR of the pha clust (Fig 2) in the three strains. Reference
genes for the:RT-PCR data normalization-were g/tA and proC2.

Ih the wild type, ro.major chianges were. detected In transcript levels of the two
PHA polyimerases, PhaC1 and PhaC2, during the first 24 b of cultivation (7> 0.1),
and this was:accompanied by a steady increase in PHA accumulation. However, a
twofold increase (‘P’< 0. 0"0"1") in: phaZ transcripts was-im_eajsuﬁed}.at:ﬂ h, corre-
sponding: to'the onset of PHA production; which then fell back to lower levels. At
18'h, correlating with maximum levels of PHA accumulation, a rapid and substan-
tlve mcrease 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 phaCI
and phaZ transcript levels. These results are indicative of a- ﬂnely tuned couplmg
of phaCI transcription and PHA accumulation, on one hand, and phaZ transcrip-
tion and PHA mobilization,.oh 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 stram 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. Ppy, especially in induced cultures-at 7 b, 24 h and 48.h, suggest-
ing
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that hiyperexpression of phaC2 negatively‘influences-expression of phaCl:(Fig. 2).
However, even: though- hyperexpresswn of phaCZ resulted in: decreasmg expres-
sion.of phaCl; the combined céllular-synthase activity resulted inan mcreased
PHA productlon Transcrlptuon 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
alsa hlgher, consnstent with the: hlgher levels.of PhaC2 and PHA. There is thus:
also-a strong coupling-of-PhaC2 polymerase and depolymerase synthesis.
In thé PpU 10-33-DphaZ strain, significantly higher transcription. levels of phaCZ
were: observed throughout the cultivation period when compared: with the wild
type (P 0.0005-0.017), which-is. consistent with the higher: PHA: y|elds obtained
(from 60%wt to 66%wt, sée Fig. 4). In'the case of phaCl alse hlgher levels were
measured at 24 and: 38 h, but only when: phaC2was induced (P < 0.0017).
Thus; inactivation-of- -_pf;aZ 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 chloroferm, dichloro-
methane and acetone, Extractions were performed -at two-different-temperatures, |
room 'temper'ature-: -(’R‘f‘r) and. 80°C, and 'us‘ing three: times of extraction (30.: min,

rfellow,lnﬁg-.the standard-v_cult_ure,.,condltaons._ for. P. putzda_ U., and,__,‘tts d_emv._ati_,v_es the |
‘three strains were cultivated in MM+0.1%YE for 72 h, at 30°Cand 200 rpm; in 1
L:flagk contdining 200:mi of medium:and. using octanoic: acld (10420 mM) as sub-
strate, The mutant strains (PpU 10-33 and the PpU 10-33-AphaZ) 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 blomass: (Table: 5). The-classical extraction with chio-
-roform (3 h and 8°°C) was used as control.
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Table 5 PHA recovery (%wt) using different solvents, time of extraction and
temperatures.

Results are means of triplicates+ standard deviation. CH,Cly: dichloromethane
and. CHCl3: 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 acétone was used as solvent, were between 21-28%wt, ‘while for
-the;-othe‘i’ 'solvents, the percentages of recovery were:about:3 1-34%wt..

‘Assuming that for the: control conditions (chloroform; 3 h and 80°C) the PHA re-

covery was the maximim (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
obiserved 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 [s.the most. environméntally. friendly
one, but at the.same time probably also the solvent with the:least extraction ca-
pacity. This latter aspect likely -was-‘:.ke_y to unravel the differences:in the percent-
ages of PHA recovery between the double:mutant (PpU 10-33-Aphal) ajn‘d?:t‘he; 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 othertwo
strains (PpU and Ppu. 10-33), the relative percentages:of PHA recovery decreased
drastically being 64 rel.% and 74 rel.%, respectivély, after 3 h. of extraction.
These: percentages increased to some extent -after 18 h of extraction, upto 76
rel.% and 78 rel%:for the wild type and the single mutant, respectively.

Remarkable-aré 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, bemg of 50=55 rel.% for the wilc ype (PpU) and the single
mutant (PpU.10- <33) and 86 rel.% in the double mutant {PpyU 10-33- sAphaZ). Thus,
acetone Is the solvent in which the strains:displayed: the most pronounced differ-
ences; with the doubleé 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.

Optumizatlon of substrate dependant PHA productwn of PpU 10-33-
aphaz

‘The ‘engineered strain was. initially- cultivated in: three different media (E2,
MM+0:1%YE and C-Y{2N)) and-eight differerit:substrates were tested (hexanoate
(C6), heptanoate: (C7), ‘octanoate (C8), .decancate (C10), 10-undecenoate
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(Ct1:1), oleic acid, linoleic acid and glycerol). The media had the following com-=

positions:

1. E2-medium as:described by Vogel & Borner (1956, J. 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 Chioi 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);504).

The best results were obtained in MM+0.1%YE and C-Y(2N) media, thus kinetic
production stidies were carried out in these two media using the eight substrates
and using P. putida U wild type (PpU) @s:¢ontrol. Samples ‘were taken every 24 h
in all stram/medium/substrate combinations to-determine. biomass and PHA pro-
duction. The best: production yieids 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 ‘ields-obtained with /. putida U (PpU)
and the engineered strain PpU- 10-33-AphaZ cultivated in two. different media,
‘MM+0.1%YE and C-Y(2N): |
CoPpul PPURO-33-ApNAT
amety SO PHA@D) O

N .. CDW PHA  PHA
Hubstrate time (). i;’ ‘L‘; (L) : (“,{g“_ t).

C6(10+20mhD)
C7(10+20mM).
Lesor20mhy_

38 0.23 167
' oAne
36.5

0.3 il
067 3E
U860
E21 48.6¢
0.23. 348

R Hha 1

19 4 a2 ED:

cuaozoms
@11 Q2T MM

i e i

926
120 09

72

72
7
O e
. ¢ M
51 9

0:07 46.6
0,74 484
186 TR
248530
1.68 438

C6(10+20mM): 2
CTA0R20N). 72
{8 (10+20 M), 4
ECIQOE200M). . 24
L1127 M) 96

DA W e

..
1
el G

, ,
E M 3
s b e S

7§ 120 0.64- 21.0.
Ll 100 63l Lis 230
e 96 A8 199 412
303 96 421 F51 337

*
<
Bt

A
o
5

C6: hexanoate; C7: heptancate; C8: octanoate; C10: decanoate; C11:1y 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-AphaZ 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
loriger time ‘of cultivation. Tn 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, althb'jugh
both latter substrates generally allowed for higher per,ce;nfages- 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 iower in-comparison with the other
substrate tested.

The strain PpU-~10-33-AphaZ showed thie 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 candi[daiies;itb- 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"-ﬁth‘e mutant straifi Under antibiotic:pressure was
studied. The engineered strain was usually preserved under Rifampicin: (Rf),
Kanamycin (Kmy 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 pr‘oducﬁoh’-- yields. The investigations
showed that no variations could be detected.. Furthermore, In order to-study the
influence ‘of the presence of leampicin and Kanamycin in-the big s.and poly-
mer production, the wild type and the: engmeered 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+Kanamyein (Rf+Km) for the engineered ‘strains. The resuits of these Inves-
tigations are shown in Fi:gure;s.

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. vAddi'tfi_bfia”vY:; it was corroborated that the genotype of the -engineered
strains was not. méd’i’fi?ed*?by: the absence:of the antibiotics. Both strains were cul-
tured as previously described- without antibietic. At 48 h-and 72 h, a dilution of-
each culture was plated in-a LB plate without antibiotic and after 24h of incuba-
tiofi 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
p‘hgn_gty"pﬁe;._'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 7

| introduced from tlie: EcoR] site of the polylinker;.

constructions L | Description Reference

RKG'OO» ’ :. Cm", orColEL, oriV, RK2mob tia". Helper plasmid in triparental Herrero et al.,

o ‘:con_]uﬁgauon events. 1990
-}Ap, oriColEl, lacZa+, promoter lac, pUC18Norl  derivative

pUCISNo!TT - vector in. which & synthetic T7 promoteér sequence has been .Herr;;rgog;t al.

pCNB1mini-Tns

| Km®, tnp’, xylSPm promoter, T7T RNA polymerase:

Harayama: ez dl,
1989;. Herrero et

.i*‘yIS/Pm::T7poI | al, 1993
pmgﬁn}rns;rel Tel®, tnp S“‘;i*;“,f‘ﬁ‘;’;“;"’
pGEM®-T Easy Ap onColEI IacZu+ SP6: T7, ldc promoter _ PROMEGA ‘
oy | Stk o, e et S T | Qo
: pBBRlMCS_-S'. gt;; mgo;‘}?i}ir:pri\;ls:: : és‘co’f:wk promoter lac broad-host—range Kova;vt;hg;t al,

pBBRIMCS-3-pitaC?

A pGEMT Easy insert from position -26 to +1832 from ATG of

phaCl was cloned mto pBBRIMCS-3 vector asing the restriction
| sites Sacll-SacL. Tk,

Arias.er al., 2008

- pUCT8Not/T7

containing the phaC2 excised from the

| rpsL,nupG.

pUCI8Not/T7-phaC2 | pBBRIMCS:3-phaC2 construct and cloried using the: restriction This study
s | site EcoRl,

pUTminiTn3-Tel: 1 Mini=Tn5-Tel containing.the T7promoter- phaCz- excised as a Notl. This stud
TphaC2 _cassette from pUCI8Not/TT-phaC2. s study

A rs s T PMS. vector containing a synthetic DNA cassette (3531 bp) — .
891\:%;;1;@1& encoding the PhaCl .and PhaC2 synthases, and cloned into the GE?‘:ES:;{U’I?XG

: ) Hindlll and Kpnl restriction sites. Sm* ) ( e 3)

, A synthetic DNA insert from position. -106 to +3383 from ATG of
pJQZOOSK-phac.“]C.'Z‘ | phaCl cloned into-pYQ200SK by using the Testichioh site Notl. This study
' A pGEMT Easy insert from position -27 to + 890 ffom ATG of .
PBERIMCS-5-p sz | phaZ cloned info the . KpnI-Xbal sites of pBBRIMCS-S5. This study
Strains - B ’
F-, merA, A(rnr‘(f-hstMS-m07'B'C) QSOdIacZJMIS--, AlacX 74,

E. coli DH10B deoR, recAl, endAl, araD139, Alara, lei)7697, galU galK, A-, Invitrogen

F-. Mava-lev), araD, AlacX74, galE, galK, phoAs0, il rps-1,

Hérrero.et @l.,

E. coli- CC18%pir 1 1poB; argE(Amp), recA, thi pro KsdRM+, RP4-2-Tc (CCI8. 1990
: 1 1ysogemsed with the Apir phage) . ‘ . —
. : Martinez- Blanco -

PpU o e P. puitida U strain (CECT4848), Rf". | el 000
. PpU-pCNB1mini- P putula U contdining p(‘NBlmmanSxylS/Pm Tpaol vector. This-stud

| TnsxylSiPm:TTpol Km*Rf* v s u.y.
B P. putida U contammg pCNBlmlm Tn5xylS/Pm T7pol and e

PpU 10-33 pUTimiiniTns-Tel-phaC2. Km® Tel” RF". | Thisstudy
_AphaZ-PpU 10-33 1 PhaZ deleted PpU 10-33 K™ Tel™ RE This study
: onaiy | ApkaZ PpU 10-33 complemented by the phaZ gene {pPBBRIMCS- e
pMC-PhaZ | S-phaz:1-aphaz-PpU 10-33), Gm* Km® Tel* R v This study
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Annex 2 List of oligonucleotides employed for the PT-PCR assay in this study. The
numbers (*2) indicate whether the DNA from A. putida KT2440 or P. putida U was

used as a template, respectively.

Forward Primer (5’ 3 )

Reverse Primer (5" 3")

Gene
16s nbo_sgmal DNA (16s ACGATCCGTAACTGGTCTIGA TTCGCACCTCAGTGTCAGTA
DNA) e " orens
Cma‘e;g’“fi‘;f (glp4) GCCGATTTCATCCAGEATGGTC TGGACCGGATCTTCATCCTCCA
=0 , ‘ = - 2 -
| R’lb°5°magf°0‘:14ﬂ9$12 (rpsL) GGCAACTATCAACCAGCTGGT GCTGTGCTCTTGCAGGTTGTG
| Glyceraldehyde 3-phosphate: | .\, orreacGaTGAGETCE AGGTGCTGACTGACGTTTACCA
dehydrogenase-(gap-/) PP_1009 '
T T =
Signal recognition particle CGGTAGTCAAGGATTTCGTCAAC CACCATCACGCTCTTTTTCTTG
protein Ffh (§H) PP_1461 , L L L
CCGATTTCCTGCTTGATACGTT

Rod shape-determining protein CGTGAAGTGTTCCTGATCGAAG

| MreB.(mreB) PP_0933
T, PO TN "~ y i
vision pro IYAR ; )
Cell dwm?}-)p,rl,;:? FISZ(S2) | o G ATCTCCGACATCATCAAG GAGTACTGACCCAGCGACAGGT
Fyoline-s-carbon e 'GCATTTACCAG'C&(S;f;I‘G:.;\‘A(‘;C- CANTGACEARAGGCAMTEGAC
reductasel (proC1) PP 3778 T T k. o
Pyrroline-5-carboxylate ,
L » CTCCCAACTGACCTTGCAGAC |  GCTCCTTATTTGCCCAGTTGTTC
reductase 2 (proC2) PP_5095 e
“PHA:synthase }-(phaCl) GCATGTGGCCCACTTTGGC ~ CCCAGGTTCTTGCCCACTT
’PHA depolymerase (phaZ) AGCAGTTTGCCCACGACTACC GGTGGATCTTGTGCAGCCAGT
*PHA synthase 2 (phaC2) GGCAACCCCAAGGCCTACTAC CCGAGCGGTGGATAGGTACTG!
“Phasin PhaF (phaF) ‘GTCAGCTTCTCGATCTGCTTGGT | GAAGAAGACGGCTGAAGATGTAGC
“Phasin Phal (phal) CTCTTTGTCGATGCGTTTCTTG CATGGCCAAAGTGATTGTGAAG

. —
transcriptional regulator
PhaD transcriptional regulato GAACGTATCCACCCTGGAGATT | ATAAGGTGCAGGAACAGCCAGTAG

__(phaD) o
’Long-chain-fatty-acid-CoA | ... ) .
‘ - o GTGATCAAGTACGTGAAGAAGATG
ligase 1 (fadD1) CoToRTeARTTRETTAAT
“Long-chain-fatty-acid-CoA | _ i
o RN 1 GCTGTACCACATCTATGCCITCAC
ligase 2 (fadD2) ' ’ L

GTGAAGGCGTAGATGTGGTAGAG

‘GCCGGAGTTGGTGACTTTCAG
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Annex 3: List of additional oligonucleotides used

Primer | Sequence (5" 3")

Mi3E T GTAAAACGACGGCCAG

Mi3r | TAGGAAACAGCTATGAC

PhaCl-check-F _ GAATCGGTTGTGAAACTCATGCTC
PhaC2-check-R

RT-phaZ E_PpU_ AGCAGTTTGCCCACGACTACC

COTTGCCATGGAAGTGGTAGTACAG

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 phaZ
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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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.

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.

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 @ microorganism of any one of claims 1 to 11 for the overproduc-
tion of medium- and/or long-chain-length PHA.
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AMENDED CLAIMS

received by the International Bureau on 26 August 2013 (26.08.2013)

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-iength
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, and has at least
one modification in at least one gene encoding a protein 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 Inactivation of said
gene, wherein the microorganism, which forms the basis of the genetically
engineered microorganism, possesses a gene encoding for a PHA synthase.

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,
wherein the protein involved in the degradation of PHA is a PHA depoly-
merase, preferably phaZ and homologues thereof,

5. The genetically engineered microorganism any one of claims 1 to 4, where-
in the genetic modification is maintained in the microorganism on repro-
duction and/or cultivation, preferably both in the absence or presence of
antibiotics.

AMENDED SHEET (ARTICLE 19)
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6. 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,

7. 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
oflevarans, Idiomarina loihiensis, Alcanivorax borkumensis, Acinetobacter
sp., Caulobacter crescentus, Alcaligenes eutrophus, Alcaligenes latus, Azo-
tobacter vinlandii, Rhodococcus eutropha, Chromobacterium violaceum or
Chromatium vinosum, preferably Pseudomonas putida strains, and more
preferably Pseudomonas putida U.

8. 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.

9. 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,

10. 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.

11. A method for producing PHA comprising the following steps:

a. cultivating a microorganism of any one of claims 1 to 10 and"

AMENDED SHEET (ARTICLE 19)
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b. recovering PHAs from the culture medium,

12. The method according to claim 11, 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.

13. The method according to claim 11 or 12, wherein the PHA Is recovered
by extraction with a ketone having 3 to & carbon atoms, preferably with

acetone, at a temperature of 60°C or less, preferably at 20 to 40°C.

14. Use of a microorganism of any one of claims 1 to 10 for the overproduc-
tion of medium- and/or long-chain-tength PHA,

AMENDED SHEET (ARTICLE 19)
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STATEMENT UNDER ARTICLE 19 (1)

In the Written Opinion of the International Searching Authority, the documents D2
and D3 have been considered as relevant to the novelty of claims 1, 2, 12, 13 and
15, respectively. Due to the combination of previous claims 1 and 4, it is believed that
these novelty objections have been properly addressed. Moreover, it is noted that
both documents D2 and D3 describe genetically modified E. coli strains which, in
their natural form, do not possess a PHA-producing capability. These microorganisms
in their wild type form do thus also not comprise a PHA-synthase, respectively, a
gene encoding for such a protein.

With regard to the observation in the Written Opinion as to D1 disclosing that the
overexpression of a P, putida phaC2-gene in a P. putida does not result in an
overexpression of PHA, it is pointed out that this system does not involve a "balanced
overexpression" as this term is defined on page 8, last paragraph, to page 9, 1*
paragraph of the present application. The microorganism prepared in D1 evidently
suffers from excessive overexpression of phaC2 which results in the production of
phaC2 in the form of inclusion bodies (i.e., inactive species of the PHA-synthase). In
retrospect, it is hence no surprise that no PHA overproduction could be observed in
the practice of D1. In this regard, it is requested that the explanation provided on
page 9, 2" paragraph of the application as filed is taken into account for the further
prosecution of this case.
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Figure 3
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