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Zusammenfassung
In der heutigen Zeit sind Kunststoffmaterialien ein fester Bestandteil unseres Lebens, aber ihre
Herstellung basiert noch immer hauptsächlich auf fossilen Rohstoffen, deren Vorkommen stetig
abnehmen. Gewinnung und Verarbeitung dieser nicht-erneuerbaren Rohstoffe bringen darüber
hinaus negative Auswirkungen auf die Umwelt mit sich. Einer der vielversprechendsten und
umweltfreundlichsten Ansätze stellt die Verwendung von Mikroorganismen zur Bereitstellung
der Ausgangsstoffe bzw. zur direkten Synthese der Polymere dar. Die vorliegende Arbeit stellt
die nicht-konventionelle Hefe Arxula adeninivorans als Wirt für die Produktion der biobasierten und biologisch abbaubaren Polyhydroxyalkanoate Poly(Hydroxybutyrat) und Poly(3Hydroxybutyrat-Co-3-Hydroxyvalerat) vor. Darüber hinaus konnte auf diesem Weg
Enantiomeren-reine (R)-3-Hydroxybuttersäure durch diese Hefe synthetisiert und ins
Kulturmedium sezerniert werden.
Die Herstellung von PHAs erfordert drei Enzyme: β-Ketothiolase, Acetoacetyl-CoA-Reduktase
und PHA-Synthase. Zunächst wurde die PHA-Synthese mit A. adeninivorans in zwei
Abschnitte unterteilt. Während alle drei genannten Enzyme für die intrazelluläre Synthese von
PHA verantwortlich sind, führen die ersten beiden nur zur Sekretion von (R)-3Hydroxybuttersäure in das Kulturmedium. Dies wurde im ersten Schritt zur Auswahl und
Optimierung der entsprechenden Gene für β-Ketothiolase und Acetoacetyl-CoA-Reduktase
verwendet. Dabei wurden sowohl verschiedene Bakterienstämme als auch die Hefe A.
adeninivorans als potentielle Gen-Donoren untersucht. Bakterielle Gene wurden chemisch,
unter Verwendung eines Codon-Optimierungsmusters, synthetisiert. Endogene Gene von A.
adeninivorans LS3 wurden mittels PCR aus genomischer Wild-Typ-DNA amplifiziert und
isoliert. Jedes Gen wurde in den Xplor2-Vektor zwischen den konstitutiven TEF1-Promotor
und den PHO5-Terminator kloniert. Die aus diesem Prozess resultierenden Vektoren mit
entsprechenden Thiolase- und Reduktase-Genen wurden für die Transformation von A.
adeninivorans verwendet. Die höchste Konzentration an 3-HB in Schüttelkulturen von 4,84 g
L-1 wurde nach 214 h mit einer Produktivität von 0,023 g L-1 h-1 unter Verwendung der GenKombination aus C. acetobutylicum β-Ketothiolase und Cupriavidus necator Acetyl-CoAReduktase erreicht. Durch Fed-Batch Kultivierung unter Zugabe von Glucose konnte die
Sekretion von 3-HB nicht erhöht werden, jedoch wurde die Produktivität auf einen Wert von
0,043 g L-1 h-1 verdoppelt [3,78 g L−1 (R)-3-HB nach 89 h].
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Das eigentliche Produkt der Acetoacetyl-CoA-Reduktase ist (R)-3-HB-CoA, daher ist die
Entfernung der CoA-Einheit für die Sekretion von 3-HB ins Kulturmedium erforderlich. A.
adeninivorans kann diesen Prozess ohne zusätzliche Modifikation durchführen, aber die
Geschwindigkeit dieses Schrittes ist unbekannt. Zwei Thioesterasen, cytosolische TesBp und
mitochondriale ATes1p, die durch das TesB-Gen aus E. coli beziehungsweise durch das ATES1Gen von A. adeninivorans kodiert werden, wurden analysiert, um den Sekretionsprozess zu
verbessern. Zusätzlich wurde eine zytosolische Version des ATES1-Gens (ATES1cyt) erstellt
und getestet. Alle drei Gene wurden in A. adeninivorans-Zellen unter Kontrolle des
konstitutiven TEF1-Promotor zusammen mit Thiolase- und Reduktase-Genen exprimiert. Trotz
nachgewiesener enzymatischer Aktivität wurden - im Vergleich zu Stämmen ohne zusätzliches
Thioesterase-Gen - keine erhöhten Konzentrationen an 3-HB detektiert. Darüber hinaus hatten
überexprimierte Thioesterasen einen negativen Einfluss auf das Zellwachstum, was auf deren
Einfluss auf Stoffwechselkomponenten hindeutet. Aus diesem Grund wurde das endogene
Sekretionssystem von A. adeninivorans als ausreichend für die Synthese von 3-HB
angenommen. Des Weiteren muss das Screening nach passenden Genen zur Erhöhung der 3HB-Sekretion fortgesetzt werden.
Basierend auf den Ergebnissen zur Optimierung der (R)-3-HB-Synthese wurden das ThiolaseGen (Thl) aus C. acetobutylicum und das Reduktase-Gen (PhaB) aus C. necator zur weiteren
Stammkonstruktion ausgewählt. Zur Ermöglichung der Synthese von PHA-Polymeren mussten
diese mit dem PHA-Synthase-Gen PhaC kombiniert werden. Das PHA-SynthaseExpressionsmodul, das den TEF1-Promotor und den PHO5-Terminator enthält, wurde
zusammen mit den Thiolase- und Reduktase-Expressionsmodulen in den Xplor2-Vektor
kloniert und für die Transformation von A. adeninivorans verwendet. Der konstruierte Stamm
akkumulierte bis zu 7,47% PHB bezogen auf die Zelltrockenmasse. Jedoch verloren die
Stämme nach mehrmaligem Passagieren in Hefeminimal- und YPD Medium ihre Fähigkeit zur
Akkumulation von hohen Konzentrationen an PHB. Die Polymerakkumulation erreichte nur
noch 23,1% des zuvor erreichten Niveaus. Dieser Umstand konnte nicht durch den Einsatz des
dominanten Markers Hygromycin B korrigiert werden, sodass weitere Ansätze untersucht
wurden.
Um dem Effekt des Verlustes der Akkumulationsstabilität entgegenzuwirken, wurde das von
C. necator stammende Phasin-Gen (PhaP1) zusammen mit den Genen des PHA-SyntheseWeges eingeführt. Dies führte in ersten Kultivierungen zu einer Stabilisierung der
Polymersynthese mit einer Akkumulation von 9,58% PHB bezogen auf die Zelltrockenmasse
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und einem Verlust der Produktionsfähigkeit von nur 12,0%. Weitere Experimente erhöhten den
PHB-Gehalt auf 19,9% PHB der Zelltrockenmasse (3,85 g L-1) nach 180 h Kultivierung in
Vollmedium. Die Verwendung eines anderen Thiolase-Gens, der zweiten Thiolase von C.
necator (BktB), die – theoretisch – die Produktion von PHB-V-Copolymer induzieren sollte,
führte nach 139 h zu einer Akkumulation von nur 11,4% PHB bezogen auf die
Zelltrockenmasse und es konnte keine PHV-Fraktion nachgewiesen werden.
Die Polymerakkumulation wurde stark durch den Grad an Belüftung, infolge variierender
Verhältnisse von Kolben- und Medienvolumen, beeinflusst. Dabei nahm die Akkumulation mit
steigendem Belüftungsgrad ab. Zusätzlich wurde die Akkumulation von PHB-V-Co-Polymeren
durch die Verwendung von verschiedenen Co-Substraten induziert. Durch Zusatz von Ethanol
zum Vollmedium akkumulierte der Stamm mit Thiolase bis zu 42,9% PHB der
Zelltrockenmasse ohne PHV-Fraktion. Der Stamm mit bktB-Thiolase akkumulierte dagegen
nur bis zu 30,5% PHB der Zelltrockenmasse. Trotz der geringeren Gesamtmenge an Polymer
ermöglicht es die Zugabe von 1-Propanol beiden Stämmen PHB-V-Copolymer mit 7,30 Mol% und 22,5 Mol-% PHV für Thl bzw. BktB zu akkumulieren.
Durch weiterführende genetische Optimierung konnte der PHB-V Gehalt auf über 50% der
Trockenmasse gesteigert werden. Hierfür wurden die PHA synthetisierenden Stämme von A.
adeninivorans erneut mit dem Xplor2-Vektor transformiert, sodass die daraus erhaltenen
Stämme einen doppelten Satz der Gene des PHA-Synthese-Weges enthielten. Aufgrund der
nun verdoppelten Expression dieser Gene war die Aktivität der Enzyme Thiolase und
Reduktase zweimal höher im Vergleich zum Ausgangsstamm, der nur ein Gen-Set enthält. Im
Schüttelkolbenexperiment erreichte ein Stamm, der zweimal den bktB-Thiolase enthaltenden
Vektor enthielt, einen Gehalt an PHB-V von 52,1% der Trockenmasse (10,8 g L-1) mit einem
PHV-Anteil von 12,3%Mol. Dies war der höchste Gehalt, der bis dahin in Hefen gemessen
wurde. Ein weiterer Ansatz stellte die Konstruktion eines Fusionsstammes mittels
Protoplastenfusion dar, wodurch ebenfalls die Expression der PHA-Synthese-Gene verdoppelt
wurde. Hiermit konnten mit den Doppeltransformanden vergleichbare Ergebnisse erzielt
werden (50,2% PHB-V bezogen auf Trockenmasse, 10,7 g L-1).
Zur Optimierung der Kultivierungsbedingungen wurden Fed-Batch Fermentationen mit
geregelter Sauerstoffkonzentration, pH-Wert und Temperatur durchgeführt. Trotz Zufuhr von
C- und N-Quelle konnte nur ein Drittel des PHB-V-Gehaltes im Vergleich zu den
Schüttelkolbenkultivierungen erzielt werden. Trotzdem führte ein effizientes Wachstum
während der Fermentationen zu einer Erhöhung der Gesamtpolymerproduktion auf 16,5 g L-1
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im Vergleich zu 10,8 g L-1, die in Schüttelkultur erreicht wurden. Aus diesem Grund kann der
final erhaltene Stamm für eine Maßstabsübertragung der PHA-Synthese verwendet werden.
Für eine weitere Optimierung der PHB-V-Synthese wurde der zellinterne Umsatz von AcetylCoA, dem wichtigsten Metaboliten des PHA-Synthese-Weges, untersucht. ATP-Citrat-Lyase,
ein zytosolisches Enzym, spaltet Citrat in Oxalacetat und Acetyl-CoA und unterstützt so die
Fettsäuresynthese. Die Gene, die für die beiden Untereinheiten (AnAcl1 und AnAcl2) dieses
Enzyms codieren, wurden aus Aspergillus nidulans isoliert, wiederum in den Xplor2-Vektor
inseriert und zur Transformation des PHA synthetisierenden A. adeninivorans Stamm
verwendet. Trotz der höheren enzymatischen Aktivität von AnAclp war die Polymerakkumulation im Kontrollstamm ohne Expression von Lyase-Genen etwa dreimal höher.
Erwartungsgemäß akkumulierte der Stamm mit Expression von AnAcl1/2 aber eine höhere
Menge an Stearin-, Palmitin- und Ölsäure, sowohl unter Standard- als auch unter FettsäureSynthese-induzierenden Bedingungen (niedrigerer Stickstoffgehalt). Die Überexpression von
AnAcl1/2 in A. adeninivorans-Zellen kann zwar die Fettsäuresynthese verbessern, ist aber für
die Akkumulation von PHB unwirksam.
Ziel des Projektes war die Verwendung von Stärke-basierten Nebenprodukten der weizenverarbeitenden Industrie zur Synthese von PHA-Polymeren. Die genetisch veränderten ArxulaStämme wurden unter Verwendung dieser Nebenprodukte anstelle von Glukose kultiviert.
Obwohl Hefezellen in der Lage waren, sowohl (R)-3-HB zu sekretieren als auch PHB zu
akkumulieren, war die Ausbeute im Vergleich zu zuvor beschriebenen Versuchen geringer.
Zusätzlich konnten am Ende der Kultivierungszeit nur Spuren an PHV detektiert werden, wenn
1-Propanol zur Kultivierung hinzugefügt wurde. Die erhaltenen Ergebnisse zeigten, dass die
Verwendung

billigerer

Medien

ein

vielversprechender

Ansatz

zur

Senkung

der

Produktionskosten ist, jedoch müssen weitere Optimierungen durchgeführt werden,
insbesondere in Bezug auf die industrielle Produktion.
Die Bestimmung des hergestellten Co-Polymers wurde basierend auf mikroskopischen
Analysen und Untersuchungen der physikalisch-chemischen Eigenschaften durchgeführt. In
den Aufnahmen konnten zytosolische Granulae als Form der Polymerakkumulation identifiziert
werden. Die Größe der Granulae entsprach dabei der Größe der in PHA-akkumulierenden
Bakterien vorkommenden Polymerpartikel. Bei der Untersuchung der physiko-chemischen
Eigenschaften konnten gegenüber vergleichbaren bakteriellen Polymeren leicht verschiedene
Eigenschaften ermittelt werden. Dazu gehören eine kleine Molmasse, eine höhere
Schmelztemperatur sowie eine höhere Glasübergangstemperatur.
4

Alle obigen Ergebnisse zeigten, dass A. adeninivorans ein vielversprechender Wirt für die
PHB-V-Produktion ist. Die Expression von Phasin erhöhte die Produktion und Stabilität des
Polymers stark, was zum bisher höchsten, für Hefezellen beschriebenen Akkumulationsniveau
führte. Eine weiterführende Optimierung der kostengünstigen, stärkebasierten Medien könnte
den in dieser Arbeit erhaltenen Stamm als wertvolles Werkzeug für die industrielle Produktion
von PHB-V-Co-Polymeren etablieren.
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Summary
Currently, plastic materials are an integral part of our lives, but their production mostly bases
on fossil fuels or derivatives, which resources are decreasing. Extraction and processing of nonrenewable resources have also negative impact on environment. One of the most promising and
environmentally friendly approaches is use of microorganism. This PhD dissertation presents
the non-conventional yeast Arxula adeninivorans as a host for production of bio-based and
biodegradable poly(hydroxyalkanoates) plastics poly(hydroxybutyrate) and co-polymer
poly(hydroxybutyrate-co-hydroxyvalerate). Additionally, the constructed yeast strain was able
to secrete enantiomerically pure (R)-3-hydroxybutyric acid.
The production of PHAs requires three enzymes: β-ketothiolase, acetoacetyl-CoA reductase
and PHA synthase. The strategy followed in this project was divided into two parts. While all
three enzymes are responsible for intracellular production of PHA polymer, first two only lead
to secretion of (R)-3-HB into culture media, which was used in a first stage of work to establish
and optimize polymer production. Both, different bacterial strains and yeast A. adeninivorans
were taken into account in screening of the genes encoding aforementioned enzymes. Bacterial
genes were chemically synthesized using codon optimization pattern and endogenous genes
were obtained using PCR and genomic DNA template from A. adeninivorans LS3 wild-type
strain. Each gene was cloned into Xplor2 vector between TEF1 constitutive promoter and
PHO5 terminator. Vector containing both thiolase and reductase genes was used for A.
adeninivorans transformation.
The best combination of heterologous genes was overexpression of β-ketothiolase gene from
Clostridium acetobutylicum and acetoacetyl-CoA reductase gene from Cupriavidus necator
which led to secretion of 4.84 g L−1 (R)-3-HB, at a rate of 0.023 g L−1 h−1 over 214 h in shaking
flask cultivation. Further optimization by fed-batch culturing with glucose as a carbon source
did not improve (R)-3-HB secretion, but the rate of production was doubled to 0.043 g L−1 h−1
[3.78 g L−1 of (R)-3-HB at 89 h].
The product of acetoacetyl-CoA reductase is (R)-3-HB-CoA and further removing of CoA
moiety is needed for acid secretion into culture media. A. adeninivorans is able to conduct this
process without any additional modification but the conversion rate is unknown. Two
thioesterases, cytosolic TesBp encoded by TesB gene from E. coli and mitochondrial ATes1p
encoded by ATES1 gene from A. adeninivorans, were analysed to enhance secretion process.
Additionally, a cytosolic version of ATES1 gene (ATES1cyt) was tested. All three genes were
expressed in A. adeninivorans cells under TEF1 constitutive promoter together with thiolase
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and reductase genes. Despite detected enzymatic activity the yield of (R)-3-HB synthesis and
secretion was not increased. Moreover, overexpressed thioesterases negatively influenced cell
growth, indicating that they act on other metabolic components. The results provided two sets
of information, first, the endogenous secretion system is sufficient for (R)-3-HB production;
second, further screening of suitable genes needs to be performed.
Based on optimization of (R)-3-HB synthesis, thiolase gene (thl) from C. acetobutylicum and
reductase gene (phaB) from C. necator were chosen to combine with PHA synthase gene
(phaC) for creating the PHB-V producing strain. The PHA synthase expression module,
containing TEF1 promoter and PHO5 terminator, was cloned into Xplor2 vector together with
thiolase and reductase expression modules and used for A. adeninivorans transformation. The
engineered strain accumulated up to 7.47% PHB of dcw. During the set of cells passaging
A. adeninivorans lost the ability to accumulate polymer with maximal 23.1 % of primary
accumulation level. Additionally, use of a vector including hygromycin B antibiotic resistance
marker (instead of auxotrophic marker in Xplor2) did not improve polymer accumulation and
stability.
To counteract the effect of loss of accumulation stability, phasin gene (phaP1), originated from
C. necator, was introduce together with PHA pathway genes. First screening cultivations
resulted in stabilizing of polymer production reaching 9.58 % PHB of dcw and only 12.0 %
loss of production ability. Further experiments increased PHB content with 19.9% PHB of dcw
(3.85 g L-1) after 180 h of cultivation using rich medium. Use of another thiolase gene, the
second thiolase from C. necator (bktB), which theoretically should induce production of PHBV copolymer, led to accumulation only 11.4% PHB of dcw after 139 h and no PHV fraction
was detected.
Variation of the ratio between flask volume and amount of media influences the level of
aeration. Importantly, decrease of aeration level significantly increased polymer synthesis.
Additionally, PHB-V copolymer accumulation has been induced by use of different carbon
source co-substrates. Use of rich media supplemented with ethanol allow the strain with thl
thiolase to accumulate up to 42.9 % PHB of dcw without PHV fraction and with bktB thiolase
to 30.5 % PHB of dcw. Nevertheless, despite of lower total amount of polymer,
supplementation with 1-propanol allow both strains to accumulate PHB-V copolymer with 7.30
%mol and 22.5 %mol of PHV for thl and bktB strains, respectively.
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Optimization based on genetic engineering further enhanced polymer production yield led to
exceeding of 50 % PHB-V of dcw. For doubling the gene dosage, PHA synthesizing strains of
A. adeninivorans were again transformed with Xplor2 vector containing PHA pathway genes.
Resulting strains exhibited twice the level of enzymatic activities of thiolase and reductase
compared with strains transformed once with expression vector. In a shaking flask experiment
the strain transformed twice with vector containing bktB thiolase reached after 240 h 52.1%
PHB-V of dcw (10.8 g L-1) with 12.3 %mol of PHV fraction which is the highest level found
in yeast. As another genetic approach, a fusion strain has been created. Two different strains
have been established and merged using protoplast fusion technique. Doubling of genetic
material resulted in similar level of copolymer produced by Arxula as in former experiments
(50.2% of dcw, 10.7 g L-1).
Culture conditions were optimized in controllable cultivation using fed-batch mode. Although
optimal oxygen and pH level and continuous carbon source and nitrogen feeding were
maintained, final polymer level in % of dry mass was around three times lower than for shaking
flask experiment. Nevertheless, efficient growth of Arxula in fed-batch mode led to increase of
total copolymer level in g L-1 (16.5 g L-1 compare to 10.8 g L-1 for shaking flasks) showing the
feasibility of using Arxula strain for up-scaling production of copolymer.
Acetyl-CoA is a main precursor in synthesis of PHB-V copolymer and change of its pool was
investigated. ATP citrate lyase is a cytosolic enzyme converting citrate into oxaloacetate and
acetyl-CoA, supporting the biosynthesis of fatty acids. Two genes encoding Acl subunits from
Aspergillus nidulans (AnAcl1 and AnAcl2) were again cloned into Xplor2 vector and
transformed into A. adeninivorans PHA producing strain. Despite of higher enzymatic activity
of AnAclp, accumulation of polymer was around three times higher for control without
expression of lyase genes. Expectedly, the strain expressing AnAcl1/2 genes accumulated larger
amount of each stearic, palmitic and oleic acid in both standard and fatty acid inducing
conditions (lower nitrogen level). Thus, overexpression of AnAcl1/2 genes in A. adeninevorans
cells may improve biosynthesis of fatty acids but is ineffective for PHB polymer accumulation.
The aim of the project was use of starch-based media, manufactured as by-products, for polymer
production. Genetically engineered Arxula strains were cultivated using these media instead of
glucose-based media. Although yeast cells were both able to secrete (R)-3-HB and to
accumulate PHB, the yield was lower than for previous media. Additionally, only trace of PHV
was found at the end of cultivation time when 1-propanol was supplemented. Obtained results
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showed that use of cheaper media is a promising approach to decrease production costs but
further optimization needs to be performed especially for extended scale of production.
Determination of produced copolymer has been done based on microscopic analysis and studies
of physical and chemical properties. Results revealed that Arxula accumulated PHA polymer
in cytosolic granules with a similar size range compared to the ones produced by bacteria. The
physicochemical study showed that produced polymer exhibited slightly different properties in
comparison to bacterial polymer with similar content of PHV, i.e. very-low molecular mass,
higher melting and glass transition temperature.
All above results showed that A. adeninivorans is a promising host for PHB-V production.
Expression of phasin greatly increased production and stability of polymer, which led to an
accumulation level never found before in yeast. Further optimization in higher production scale
using cheap starch-based media may establish Arxula strain as a valuable tool for industrial
production of PHB-V copolymer.
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1
1.1

Introduction
Biopolymers

Nowadays, the increase in the numbers of garbage dumps is becoming a large environmental
problem. A large fraction of the waste comprises plastic polymers, which are now widely used
in all aspects of our lives. Additionally plastics are produced from fossil fuels, which are nonrenewable resources. One solution is the recycling of used plastics. However, recently new
approaches for decreasing deposition of plastics in garbage dumps have been developed. This
solution focuses on production of environmental friendly materials, termed bio-plastics. These
“bio-plastics” may be divided to two subgroups: bio-based plastics and biodegradable plastics
(Figure 1.1) [1]. The first group are materials produced from renewable resources or biomass,
for example polyethylene (PE). The second group are plastics which are degradable by
microorganisms and included poly(caprolactone) (PCL) or poly(butylene succinate) (PBS).
There also exist materials which belong to both groups, e.g. poly(lactide) (PLA) or acetyl
cellulose (AcC). The latter can be both biodegradable and non-degradable which is dependent
on degree of acetylation. To the bio-based and biodegradable plastics also belong
poly(hydroxyalkanoates) (PHA) – the big group of polyesters.
Bioplastics

biodegradable
plastics
PBS

bio-based
plastics

PHA

PCL

PE

NY11

PLA
AcC
PES

starch

Figure 1.1 The bioplastics diagram. PBS – poly(butylene succinate); PCL – poly(caprolactone);
PES – poly(ethylene succinate); PLA – poly(lactide); PE – poly(ethylene); NY11 – Nylon 11; AcC
– acetyl cellulose. Based on Tokiwa et al. [1].

1.2

Poly(hydroxyalkanoates)

PHA is a group of linear biopolyesters, which are naturally produced by various
microorganisms. Lemogine discovered them in 1926 [2] and subsequently much research has
focused on PHA, its properties and development. Moreover, the market of biodegradable
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plastics reached value of 2 billion US$ in 2015 with forecast up to 3.4 billion US$ in 2020
[http://reportbuyer.com].
PHAs are made up of (R)-hydroxy fatty acid monomer units and more than 150 different
monomers have been found to be building blocks of various homo- and co-polymers with the
number steadily increasing due to chemical modification of naturally occurred monomers [3].
Based on the number of carbon atoms in monomer, PHA were classified to three main groups:
short-chain-length (PHAscl, 3-5 carbon atoms), medium-chain-length (PHAmcl, 6-15 carbon
atoms) and long-chain-length (PHAlcl, 15 or more carbon atoms) [4]. The number of carbon
atoms in monomers determines its physical and chemical properties and also its
biodegradability [1].
PHAs were named “head-to-tail” polyesters because the carboxyl group from one monomer
forms ester bond with hydroxyl group of the next monomer (Figure 1.2). Usually the hydroxyl
group is positioned on 3rd carbon, but in some polymers 4-, 5- and 6-hydroxy acid monomers
have been incorporated [5]. Additionally, the side chain (Fig. 1.2, designated as R) of monomer
may vary and saturation is not required – aromatic, unsaturated, halogenated, epoxidized and,
sometimes, branched monomers have been described which greatly extend its properties and
applications [5].

PHA
R
O

CH

PHB-V
CH3

O
CH2C

O

CH

O
CH2C

C2 H5
O

CH

O
CH2C
n

n
Figure 1.2 The general molecular formula of PHA polymer (left) and PHB-V co-polymer (right).

1.3 Physical properties of PHAs
1.3.1 Poly(hydroxybutyrate) (PHB)
PHB is the first discovered and described PHA and has been produced at industrial scale for
more than 30 years [6]. PHB is a homopolymer consisting of (R)-3-HB monomers and can be
synthesized in a range of molecular mass between 20 to 20,000 kDa, which determines its
thermal and mechanical properties. Low-molecular-mass PHB is characterized by brittleness
and thermal degradation near its melting temperature (~ 180 °C) [7]. In contrast ultra-highmolecular-mass PHB (mM=5.3 × 103 kDa) exhibits very high tensile strength, higher than
11

reported for polyethylene, polypropylene or polyvinyl alcohol [8]. However, production of this
kind of polymer is still restricted to low cell density cultivation. PHB is semi-crystalline
polymer with polymorphic crystallization that may affect its biodegradation [9]. The melting
point is between 173 °C and 180 °C and glass transition temperature lies between 5 and 9 °C
[10]. PHA is also non-toxic, biocompatible, optically active, insoluble in water but soluble in
organic solvents such as chloroform.
1.3.2 Poly(hydroxybutyrate-co-hydroxyvalerate) (PHB-V)
The second well known PHA is PHB-V co-polymer, which is constructed from (R)-hydroxybutyrate and (R)-hydroxyvalerate monomer. The 3HV fraction may vary between 0 %mol up
to pure PHV polymer and this factor is crucial for copolymer properties. Like PHB, PHB-V is
thermoplastic material and can be melted to form various products such as plastics, films and
fibers [11]. However, compared to PHB, PHB-V is less crystalline and the higher the PHV
contribution, the slower crystallization occurs which results in increased flexibility, toughness
and less brittleness of material. The glass transition temperature is slightly lower than for PHB
and linearly decreases with the rise in the 3HV fraction (with around -10 °C for pure PHV) and
melting temperature is also dependent on 3HV fraction contribution but in nonlinear manner
(Table 1.1) [12]. Generally, PHB-V exhibits better properties than PHB and may thus be useful
in various applications. Additionally, most research has found that PHB-V is more rapidly
degraded by microorganisms and makes this co-polymer better for protection of environment
[13].
Table 1.1 Relationship between melting temperature and 3HV monomer content in PHB-V copolymer.
3HV

Tm

3HV

Tm

[%mol]

[°C]

[%mol]

[°C]

0

164/173

58.4

75/86

9

153/169

73.9

85

15

151/161

88.6

92

21

159

100

118

28.8

100

1.3.3 Other PHAs
As previously mentioned, many of different PHA polymers and co-polymers exist.
Nevertheless, only few of them have been tested for potential application. One of them is
poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBHHx). Its remarkable biocompatibility,
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biodegradability and mechanical properties make this polymer a promising material for medical
purposes [14]. With rise of 3HHx monomer content, the increase of hydrophilicity has been
observed and the experiments with bone, cartilage and tendon regeneration using PHBHHx as
a scaffold have been successful [15]. Another co-polymer P(3HB-4HB) also displayed superior
biocompatibility, mainly due to (R)-4-hydroxybutyrate monomer and its ability to tolerate
tissue inflammatory responses [16]. Poly(hydroxybutyrate-co-hydroxyoctanoate) (PHBHO)
has been tested as a part of drug delivery carrier, successfully releasing the antitumor agent
doxorubicin and suppression of HeLa tumour cells [17]. The capabilities of PHA application
are enormous and new combinations of monomers could result in the synthesis of advanced
materials with unusual properties.

1.4 Synthesis pathway of PHAs
Microbial synthesis of PHAs requires three main enzymes: β-ketothiolase, acetoacetyl-CoA
reductase and PHA synthase. β-ketothiolase is an enzyme which condenses two acyl-CoA
compounds into 3-ketoacyl-CoA and thus determines the type of monomer in final polymer. Its
substrate specificity depends on the type of thiolase in the reaction. For example, in the
synthesis of PHB, two acetyl-CoA compounds form acetoacetyl-CoA and for PHV one acetylCoA and one propionyl-CoA condense to form 3-ketovaleryl-CoA. Subsequently, the second
enzyme, acetoacetyl-CoA reductase, reduces 3-ketoacyl-CoA into 3-hydroxyacyl-CoA with the
participation of NADPH as a cofactor. This stage is also stereoselective and only the (R) form
is used for polymer synthesis. The last step is polymerization of (R)-monomers by PHA
synthase without energy requirement with concomitant release of CoA (Figure 1.3). There exist
four classes of PHA synthase and each of them determines final polymer composition and its
molecular mass. Class I and II exist as a single subunit or homodimer and thus they are valuable
for use in transgenic organisms [18]. The most well known synthase PhaC from C. necator H16
belongs to class I. Class III and IV synthases require additional subunits for activity, namely
PhaE and PhaR, respectively. Due to additional subunits, these synthases may play other roles,
e.g. class IV PHA synthase from Bacillus cereus YB-4 may have an alcoholytic activity toward
PHB in case of absence of HA-CoA monomers and presence of alcohol [19].
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3-hydroxyvaleryl-CoA
PHA
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Figure 1.3 General pathway for PHA synthesis.

Several strategies may be employed for the synthesis of PHB-V. The simplest approach is the
adoption of naturally occurring bacterial strains able to accumulate PHB-V copolymer and then
optimize the cultivation conditions. However, 3HV content in copolymer is then difficult to
control. However, supplementation of culture media with sodium propionate/sodium valerate
[20] or other relevant compounds may allow some control. The second method is to increase
the propionyl-CoA level present in bacterial cells by inducing the endogenous citramalate
pathway and manipulating of threonine biosynthesis pathway together with blocking the
pyruvate and propionyl-CoA catabolism [21]. A similar approach with direct conversion of 2ketobutyrate into propionyl-CoA led to synthesis of PHB-V when glucose was used as a main
carbon source [22]. Use of another thiolase more specific to propionyl-CoA also induced
accumulation of PHB-V copolymer [21, 23]. One of the latest concepts has been described by
Srirangan et al. [24] which employed the sleeping beauty mutase (Sbm) operon of E. coli
encoding four different enzymes which, however, are usually silenced in E. coli cells. These
enzymes are able to convert the tricarboxylic acid cycle (TCA) intermediate succinyl-CoA into
propionyl-CoA, thus increasing 3HV precursor level in cells, resulting in induction of PHB-V
co-polymer accumulation.
In bacteria, which naturally accumulate stored PHA, several additional proteins play an
important role in development of PHA granules, its stabilization and degradation. Stabilization
of polymer granules is a role of phasin (PhaPp), a protein which directly binds to the polymer
(further described in section 1.5). Another factor – PhaRp – is a regulatory protein, which is
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considered to control phasin expression at the transcription level [25]. PhaM has been found to
play a significant role in determination of the number of PHB granules, their subcellular
localization and distribution to daughter cells in C. necator [26]. PhaMp owes its
multifunctionality to an ability to bind to DNA and proteins, particularly PhaC1p synthase and
PhaP5p phasin.
In addition to synthases and stabilization proteins, intracellular PHA depolymerases (PhaZ)
exist on the surface of PHA granule. PhaZp plays a crucial role in mobilization of accumulated
PHA for cell survival in case of nutrient availability but carbon source starvation. It has been
reported that Legionella pneumophilia with stored PHB is able to survive up to 600 days in tap
water [27]. Nevertheless, no specific PHA depolymerases were identified in yeast thus making
them an interesting host for polymer production.
From an environmental perspective, extracellular PHA depolymerases are interesting. They can
convert the polymer to CO2 and water in aerobic conditions or to methane and water in
anaerobic conditions [28]. PHA may be degraded in contact with soil, compost, sewage sludge
or marine sediment and the process is dependent on exposed surface area, moisture,
temperature, pH, molecular weight, microbial activity, polymer composition and crystallinity
[29]. An interesting approach is to use purified extracellular PHA depolymerases to produce
enantiopure hydroxyalkanoic acids by digestion of a suitable PHA polymer [30].

1.5 Phasins
PHA exists in bacterial cells as a few of polymer granules. The surfaces of granules are coated
with phospholipids, PHA synthase subunits, PHA depolymerases and by small proteins with
the ability to bind to the hydrophobic polymer. These proteins are named phasins, PHA granuleassociated proteins (PhaPp). Phasins are small amphiphilic non-enzymatic proteins with ability
to

bind

to

hydrophobic

PHA

polymers

and

may

constitute

as

much

as

5 % of the total cell protein [31]. In C. necator PhaP1 deletion strain, production of the polymer
was strongly disturbed and PHB accumulated in one large granule, while overexpression of
PhaP1 induced the formation of many of small granules [32]. It was concluded that phasins
play a role in determining the surface-to-volume ratio of PHB granules, which also prevents
fusion of adjacent granules due to covering its surface. Phasins also shield the hydrophobic
environment of polymer granule from contact with hydrophilic cytoplasm. In the model
organism C. necator H16, seven phasin genes have been identified. As described above, PhaP1
is a crucial factor for PHA granule development. Separate deletion of the remaining PhaP genes
did not significantly reduce polymer accumulation but they still play an important role in PHA
15

accumulation and stabilization and may appear in different stages of cell development. PhaP3
expression level strongly increased in PhaP1-negative mutants, but this level still did not
completely compensate for the lack of PhaP1 [33]. PhaP2 did not exhibit binding ability to
PHA granules in vivo, but strong attachment has been observed in vitro. Another phasin –
PhaP5 – plays an essential role in DNA binding and is involved in distribution of PHA to
daughter cells during cell division [34]. Overexpression of PhaP5, PhaP6 and PhaP7 resulted
in localization of PHB granule in the cell poles, which suggests additional functions of these
phasins [34].
Phasin genes have been also successfully expressed in non-PHA bacteria. Overexpression of
PhaP gene from Azotobacter sp. FA8 in E. coli, both together and without PHA pathway genes,
unexpectedly decreased the level of stress-related protein, thus confirming that phasins play a
protective role, even in non-PHA bacteria [35]. Moreover, until now there is no evidence of
expression of phasin genes in any of yeast species and introducing of one of the phasin gene
may exhibit unexpected consequences.

1.6 Microbial production of PHAs
1.6.1 Bacteria
Over the last 90 years, numerous of articles have described PHA accumulation in bacteria, both
scientifically and commercially. The first demonstration of PHB production by bacteria was by
Lemogine in 1926 [36]. In 1974, Wallen and Rohwedder [37] announced that a chloroform
extract obtained from activated sewage sludge contains heteropolymers mainly composed by
PHB and PHV with additional C6 and C7 monomers. Generally it has been reported that more
than 70 bacterial and archeal genera are able to naturally accumulate PHA polymer as a storage
material. This diversity allows microorganisms to synthesise PHA from a number of carbon
sources such as saccharides (mainly glucose), n-alkanes (e.g. hexane), n-alkanoic acids (e.g.
acetic acid), n-alkohols (e.g. ethanol) or gases (e.g. methane) [38]. PHA accumulation has been
also found in waste materials such as waste fats, domestic waste water, crude glycerol from
industry, etc.
Model organism for PHA production, C. necator H16 (formerly known as a Ralstonia
eutropha), has been reported to accumulate mainly PHB (14.8% - 88.9% of dcw) and PHB-V
(80.0% of dcw) when carbon sources such as 4-hydroxyhexanoic acid, glucose, propionic acid,
waste glycerol or CO2 are utilized [38]. Also Gram-negative methylotrophic bacteria may
produce significant amount of PHA. For example, Methylobacterium extorquens and
Paracoccus denitrificans accumulated 46% of dcw of high-molecular-mass PHB when
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methanol was used and 24% dcw of PHV from n-pentanol, respectively [39, 40]. In contrast to
PHAscl, PHAmcl production is usually associated with Pseudomonas sp. The benefit of using
this genera is being able to use toxic pollutants such as benzene or toluene as a substrate and
converting them to PHAmcl [41]. Nevertheless, the main disadvantage in case of Gram-negative
bacteria is a presence of lipopolysaccharide (LPS), which is a pyrogen and may be co-extracted
with polymer. LPS containing PHA polymer prevents its use in biomedical application and
removing the LPS can increase overall cost of production and may alter the polymers properties.
In contrast, non-LPS Gram-positive bacteria accumulate lower amount of PHAscl between 2
and 50% of dcw [38] and further investigations have to be performed with these organisms for
commercialization of production.
In contrast to naturally polymer producers, genetically engineered non-PHA bacterial strains
seem to be a promising host for PHA synthesis. E. coli was the first bacterium to be considered
for engineering for PHA production since it grows relatively fast, is easy to lyse and PHA
degradation does not occur [29]. To date, many metabolic pathways have been tested for
incorporating and improving polymer production in non-PHA bacteria, which is usually based
on three PHA pathway genes from C. necator H16. Additional strategies are based on
increasing of precursor level, mainly acetyl-CoA, by modifying fatty acid biosynthesis and
oxidation pathways, amino acid metabolism, Calvin cycle, glycolysis, Krebs cycle and
degradation pathways of different carbon sources [38, 42]. Changing of NADPH/NADP and
CoA pools is also a point of interest for researchers. While production of PHB is relatively
simple, synthesis of co-polymers requires supplementation with additional carbon sources, e.g.
propionic acid for PHB-V accumulation. To decrease costs of the process, researchers try to
design bacterial strains which would be able to produce co-polymers using an unrelated carbon
source. For this approach, Chen et al. engineered a metabolic threonine pathway in E. coli [43].
By overexpression of three threonine-synthesising genes thrAC1035TBC, the E. coli strain
accumulated threonine followed by conversion to 2-ketobutyrate. To increase the propionylCoA pool, the competitive conversion pathway was blocked allowing this strain to accumulate
PHB-V copolymer up to 17.5 %mol of 3HV when cultivated on xylose only. To further enhance
polymer production, organisms which naturally produce PHA were also genetically engineered.
One example is production of polymer containing 2-hydroxy acid instead of 3-hydroxyacid
presented by Park et al. [44]. In modified C. necator strain, endogenous PhaC synthase was
replaced by either a synthase gene containing two point mutations or a synthase originated from
Pseudomonas sp. MBEL 6-149. Additionally, PhaAB in the chromosome was replaced by the
Clostridium propionicum pct540 gene. When grown on nitrogen-free medium containing
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glucose and 2-hydroxybutyrate, the modified C. necator strain was able to accumulate polymer
with different composition (3HB, 2HB, 3HV and lactic acid monomers), which does not occur
in wild type strain in the same conditions.
Despite of several disadvantages, PHA production systems are still mainly based on bacteria
due to high yield, diversity of PHA-storing strains and good knowledge about PHA and its
metabolic precursors. In addition, many of the strains do not require genetic modification for
improving PHA accumulation and only optimization of culture conditions and carbon sources
is needed for synthesis of the desired product.
1.6.2 Yeasts
Compared to bacteria, yeast exhibit some advanced properties for polymer production. Yeast
morphology, i.e. cell size may help to store more inclusion bodies where PHA is accumulated.
Generally, yeasts are physiologically more flexible, resistant to harsh environments and
inhibitors and can also utilize a broader spectrum of carbon sources, especially those originating
from industry as by-products such as cheap starch based media or lignocellulosic biomass [45].
Additionally, yeasts are resistant against phage infections which may interrupt PHA production
in E. coli [46]. One of the big advantages is a lack of specific endogenous PHA depolymerases
that can reduce production yield. First attempt for PHA production in yeast has been described
by Leaf et al. in 1996 [47] where overexpression of PHA synthase from C. necator in the
cytoplasm of S. cerevisiae led to the accumulation of 0.5% PHB of dcw. Furthermore,
overexpression of all three PHA pathway genes allowed S. cerevisiae to accumulate 6.7% PHB
of dcw [48]. Poirer et al. [49] transformed S. cerevisiae with PhaC1 synthase from
Pseudomonas aeruginosa modified for peroxisome targeting. Yeast growing in media
containing fatty acids accumulated up to 0.45% dry mass medium-chain-length PHA, which
demonstrated that S. cerevisiae could use 3-hydroxyacyl-CoA intermediates of β-oxidation of
fatty acid for production of PHAmcl. The same PhaC1 synthase was introduced to Pichia
pastoris resulting in accumulation of up to 1% PHAmcl of dcw in peroxisomes when oleic acid
was used as a carbon source [50]. The possibility of modifying the composition of PHAmcl
accumulated by S. cerevisiae was the point of investigation by Marchesini et al. [51]. The
researchers demonstrated that use of a modified form of the peroxisomal multifunctional
enzyme 2 (MFE-2; fox2) may alter the proportions of different monomers in accumulated
polymer. One of the mutants (MFE-2[bΔ]) together with peroxisomal-targeted PhaC1 synthase
produced PHAmcl polymer with an improved fraction of shorter chain (R)-hydroxyacyl
monomer.
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Use of peroxisomal targeted short-chain-length PhaC polymerase from C. necator allowed S.
cerevisiae to accumulate up to 7% PHA dcw, mainly composed of the C4 monomer [52]. Other
approaches have been also tested for PHA production. Kocharin et al. [53] have demonstrated
that a S. cerevisiae strain harbouring PHA pathway genes from C. necator and phosphoketolase
pathway genes from Aspergillus nidulans led to accumulation of 2.79% PHB of dcw when yeast
grew on glucose. Xylose has also been tested as a main carbon source for PHA production by
S. cerevisiae but with poor results [45].
In contrast to the well-known and described S. cerevisiae species, PHA production has been
also demonstrated in non-conventional yeasts. A. adeninivorans harbouring PHA pathway
genes from C. necator produced 0.019% PHB and 2.2% PHV of the dcw using controllable
ethanol fed-batch fermentation [54]. Another yeast, Kloeckera spp. accumulated 7.03% PHBV of the dry mass using glucose only [55]. Due to its oleaginous nature, Yarrowia lipolytica
was considered to be a promising host for PHA production. Indeed, Li et al. [56] recently
described a genetically modified Y. lipolytica strain which accumulated up to 10.2% PHB of
dcw (7.35 g L-1) which is the highest level obtained in yeast to date.
1.6.3 Plants
Production of PHA polymer has also been described in plants. The reasons for using plants as
host organisms are costs of production compared to bacterial and yeast systems and requirement
of sunlight, CO2 and water only. The first attempt in plants was described by Poirier et al. [57].
The researchers overexpressed PhaB and PhaC genes from C. necator in Arabidopsis thaliana
cells and PHB granules were detected in cytoplasm, nucleus and vacuole. This work started a
wave of investigation of PHA production in various plant species containing a range of
monomers within different tissues and organelles. Due to relatively high acetyl-CoA level, the
polymer is usually accumulated in plastids and production in these organelles has provided the
most successful results to date [58]. The content of PHA may vary between very low (10-5 %
of dcw) up to relatively high level (10-14% of dcw). To date, the highest level of PHB (approx.
40 % of dcw) has been found in A. thaliana leaves when a multi-gene vector was used [59].
However, high accumulation level led to poor growth, severe chlorosis and loss of fertility.
Plenty of work is needed to commercialize production of PHA in plants with higher
accumulation yields. Additionally, the companies must face with the discussion about GM
crops safety usage.
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1.6.4 Other organisms
An interesting approach was presented by Williams et al. [60, 61]. In the first attempt, phaC1
synthase from C. necator was expressed in cabbage looper cells and soluble form was purified.
In the second attempt, fall armyworm cells were transfected with modified eukaryotic fatty acid
synthase together with PhaC1 gene from C. necator, which resulted in accumulation of PHB at
a level below 1 % of dry mass. Both of these attempts showed potency of PHA production
through different organisms and domains.

1.7 Polymer extraction
Accumulation of polymer in microbial cells is a first step of PHA production. After cultivation
stage cells need to be processed to obtain pure polymer material used in various applications.
The cell material is usually collected by centrifugation or filtration and subsequently dried or
directly used for extraction. The most common extraction method based mainly on chemical
solvent [62]. The most popular solvent was chloroform used for boiling with cells or using
Soxhlet extraction method followed by solvent reduction and precipitation in cold ethanol. This
method is simple, gives high polymer recovery and may be carried out using simple accessory.
Additionally,
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endotoxins,

such
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lipopolysaccharide, and produces intact polymer [63] thus is commonly used in research
laboratories around the world. Nevertheless, use of large amount of chlorinated solvents and
alcohols are unfriendly to the environment and are usually omitted in common industrial
processes.
One of the candidate for replacing of chlorinated solvent is 1,2-propylene carbonate, an organic
solvent characterized by high boiling point (240 °C) which prevent from evaporation during
extraction process and allows to reuse in several cycles of purification. Additionally, it is
generally low-toxic [64]. Fiorese et al. [65] presented a maximum PHA yield of 95% with purity
of 84% when used 1,2-propylene carbonate for extraction which are values comparable to
extraction with chlorinated solvents (94% yield and 98% purity).
Beyond of solvent extraction, several different extraction methods have been developed to
make polymer production cheaper and eco-friendly. One of the most developed methods is
digestion of the cellular material surrounding PHA granules. In chemical digestion the most
favored are sodium hypochlorite and surfactants such as sodium dodecyl sulfate (SDS) or Triton
X-100. However, use of them alone lead to low quality of obtained PHA polymer and
combination of hypochlorite-surfactant is necessary [66]. Another approach assumes use of
enzymes instead of chemicals for digestion. The extraction procedures are rather complex and
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require additional extraction steps to obtain good yield and quality. Moreover, the costs of
enzymes overwhelm advantages of its use. One of the approaches which do not involve any
solvents is mechanical disruption, involving bead mill and high pressure homogenization. The
advantages are economic efficiency and mild damage to the products [66]. Nevertheless, many
factors have to be considered before establishing the process, i.e. shear forces, extracted
material concentration, design of the stirrer, agitation speed and temperature or number of
passes. All these factors, together with difficulty in scale-up and high investment costs, make
this method less common to use in PHA recovery.
The most promising technique for polymer extraction is employ of supercritical fluids (SCF).
Their low viscosity and high density are advantageous for PHA recovery. The well-known
supercritical carbone dioxide (scCO2) exhibits low reactivity and toxicity, moderate critical
temperature and pressure (31 °C, 73 atm), non-flammability, low cost and availability. All
mentioned properties make scCO2 a convenient solvent for PHA recovery [67]. Hejazi et al.
[67] reported that use of scCO2 allows recovering of PHB from C. necator cells with yield of
89%. Further modification with pre-treatment of cell material using 1% toluene or 0.4% NaOH
led to recovery up to 81%. The advantage of pre-treatment step is avoiding costly freeze-drying
of cells. The adoption of SCF for PHA polymer recovery from cells seems to be promising and
encouraging for future industrial application considering its economically and environmentally
aspects. The rest of methods includes gamma irradiation, flotation, cell fragility and aqueous
two-phase system (ATPS), however, there are approaches investigated only on laboratory scale.
A summary of all extraction methods is presented in Table 1.2.
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Table 1.2 Methods of PHA recovery from cell material and theirs advantages and disadvantages;
based on Kunasundari and Sudesh [62].
method

advantages

disadvantages

solvent extaction

- high yield and purity
- elimination of endotoxins
- negligible polymer degradation

- environmentally unfriendly
- high costs
- native order of PHA chains may be
disrupted

chemical digestion
(sodium hypochlorite
with surfactants)

- simple process
- native order of PHA chains
- high purity

- relatively high cost
- wastewater contains surfactants
and hypochlorite

enzymatic digestion

- mild conditions
- acceptable quality and yield

- complex process
- high cost

bead mill

- non-chemical process
- lower amount of waste
- no micronization of PHA granules

- long process
- several parameters need to be
controlled

high pressure
homogenization

- non-chemical process
- lower amount of waste

- micronization of PHA granules
- possible thermal degradation
- both homogenization and cultivation
process have strong influence on
product

supercritical fluids
(SCF)

- low cost
- simple, rapid process
- environmentally friendly

- difficulties for polar materials
- several process parameters

cell fragility

- simple process
- mild conditions

- balance between cell wall sensitivity
and integrity

self-flotation

- low cost

- environmentally unfriendly

aqueous two phase
system (ATPS)

- high yield and capacity
- short process
- low cost

- several process parameters
- the principles of process poorly
understand
- issue with reproducibility and
robustness

gamma irradiation

- non-chemical process
- lower amount of waste

- process time
- high investment cost

1.8 (R)-3-hydroxybutyric acid and (R)-3-hydroxyvaleric acid
The best known monomer for PHA synthesis is (R)-3-hydroxybutyric acid (Figure 1.4). This
compound naturally occurs in human body and belongs to ketone bodies. (R)-3-HB can be
synthesized both chemically and microbiologically; however, due to difficulty of chiral
synthesis, the chemical approach was not further investigated. Microbiologically (R)-3-HB can
be synthesized in different ways. The first method employs synthesis of intracellular PHB
followed by enzymatic depolymerization and secretion of acid. This process, however, involves
two-step fermentation and may increase production costs [68]. The second approach includes
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straightforward enzymatic synthesis of (R)-3-HB-CoA followed by cutting off the CoA moiety
and secretion of acid into the culture medium. This method requires the first two enzymes from
the PHA pathway, β-ketothiolase and acetoacetyl-CoA reductase. After condensation of two
acetyl-CoA to acetoacetyl-CoA by thiolase, reductase converts it into 3-hydroxybutyryl-CoA.
The latter stage is stereoselective; phaB reductase from C. necator produces the (R) form while
hbd from Clostridium acetobutylicum synthesizes the (S) form [69]. The second, but less known
hydroxyacid produced by bacteria is 3-hydroxyvaleric acid (3-HV), the monomer of PHB-V
copolymer. In general, it exhibits similar properties like 3-HB but the applications may be
extended into different copolymers production and synthesis of more complex compounds.

OH

OH

O

O
OH

OH

Figure 1.4 The molecular formula of (R)-3-hydroxybutyric acid (left) and (R)-3-hydroxyvaleric acid
(right).

(R)-3-HB synthesis described in the literature usually includes the aforementioned enzymes
and additional ones to improve secretion into culture medium. Use of E. coli as a host organism
and overexpression of phaA and phaB genes from C. necator together with pct gene from
Clostridium propionicum (encoding propionyl-CoA transferase) led to synthesis of 5.2 g L-1 of
(R)-3-HB [70]. Liu et al. [71] adopted another secretion system with tesB gene (encoding
thioesterase type II from E. coli) and obtained up to 12 g L-1 of (R)-3-HB. Further, not only
glucose can be used for 3-HB production. Burkholderia cepacia, utilizing wood extract
hydrolysates, has been able to accumulate 16.8 g L-1 of (R)-3-HB after 9 day of fed-batch
cultivation [72]. An unusual approach has been described by Wang et al. [73] who employed
cyanobacteria for 3-HB synthesis. Genetically engineered Synechocystis sp. PCC 6803 strain
was able to produce 533.4 mg L-1 after 21 days using only sunlight and CO2. To date the highest
level (40.3 g L-1) of (R)-3-HB was achieved using glucose and the bacterium Halomonas sp.
KM-1 [74]. Direct biosynthesis of 3-HB has also been described in yeast. Yun et al. [75]
employed genetically modified S. cerevisiae to produce 12 g L-1 of (S)-3-HB after 220 h of
cultivation using ethanol as a carbon source. However, the synthesis of the (R) form by yeast
has not been reported.
Synthesis of 3-HV was previously described in 1981 by Hasegawa et al. [76] as a hydroxylation
of valeric acid by Candida rugosa. Direct production of 3-HV using levulenic acid and
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Pseudomonas putida KT2440 was reported [77], although the synthesis pathway had not been
fully described. Both aforementioned processes require supplementation with a secondary
carbon source which is usually expensive and enantiopurity of product is unknown. More
recently, Tseng et al. decribed metabolically engineered E. coli strains which are able to
synthesize enantiopure (R)-3-HV and (S)-3-HV using only simple carbon source like glucose
or glycerol [77]. The researchers introduced threonine metabolic pathway to provide
endogenous propionyl-CoA synthesis and enantioselective acetoacetyl-CoA reductases phaB
for (R)-3-HV and hbd for (S)-3-HV production. Both forms were successfully secreted into
culture medium with the required enantioselectivity but with relative low yield (0.31 g L-1 for
(S)-3-HV and 0.96 g L-1 for (R)-3-HV).

1.9 Applications
Depending on their properties, PHAs may be useful in various fields of application. Mostly
common is use of PHAs in packaging, for example for the production of shopping bags,
containers, disposable items such as razors, utensils, feminine hygiene products or cosmetics
packages. PHA can also be employed in agriculture to create compostable bags or covering
foils. Furthermore, very strong fibers made of PHA have promising applications [78]. PHAs
also have applications as medical products such as sutures, bone plates, stents, nerve guides
[79], bone marrow scaffolds or skin substitutes [42]. It was also shown that poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBHHx) microparticles may increase cellular proliferation
and elevate intracellular calcium concentration [80]. PHAs particles have been considered to
be a good drug delivery carrier and studies with antibiotic sulfamethizole and the anticancer
drug lomustine have been completed with success [81, 82]. Wang et al. [83] proposed a novel
drug delivery system where PHA particles are associated with PhaP protein able to bind to
hydrophobic polymers. Additional ligands may be fused with PhaP thus making PHA-PhaP
particles able to target specific receptors.
When PHA monomers or oligomers are taken into account, the applications are extended to
biofuels, precursors for synthesis of active compounds such as antibiotics, vitamins and
pheromones or nutrients for animals including humans [6, 20, 84, 85]. Monomers, such as 3HB, may also be used for synthesis of novel β- and γ-peptides [86]. These proteins are stable to
peptidases, have a long lifetime in mammalian serum and may have antibacterial,
antiproliferative and hemolytic properties.
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1.9.1 Commercial products
First commercial large-scale production of PHB-V copolymer was introduced by ICI
Bioproducts & Fine Chemicals in 1983 [87]. The yield of production reached 70-80 g L-1 after
70 h of cultivation when C. necator strain and glucose as a main carbon source were used. The
final product, trademarked as BIOPOL, was used in shampoo bottles manufacturing. After
several years, mainly due to economic reason, trademark and patents were sold to Monsanto.
In 2001, another US company, Metabolix, bought rights to BIOPOL manufacturing and in 2005
this company avarded the Presidential Green Chemistry Challenge Award for development and
commercialization of a cost-effective production of PHAs polymers.
Chinese company Hangzhou Glutamate Ltd. together with Chinese scientists from Chinese
Academy of Science improved the microbial process of copolymer production. Within 48 h of
cultivation, C. necator cells reached growth density of 160 g L-1 with accumulation of 80 %
PHB-V of dcw. Additionally, the PHV content ranged from 8 to 10 %. Another Chinese
company, Tianan Biological Materials, which started in 2000, is the worldwide largest PHB-V
producer [88]. The capacity of production reached 2000 metric tons per year of co-polymer
named ENMATTM. The company use dextrose from corn or cassava as a nutrient for C. necator
production and additionally, they use patented water-based extraction method without
employing of enzymes or chemicals. ENMATTM is a thermoplastic co-polymer which is
available both in powder and pellet format and can be used in wide range of biodegradable
plastic products.
Another commercial product of PHA copolymers was named NODAXTM [89]. The initial
development of this class of polymers was conducted by Procter & Gamble (USA) at the end
of 1980s. In 2007, all technologies and knowledge related to NODAXTM co-polymers were
taken over by Meredian Bioplastics Inc. (USA) which realigned to Danimer Scientific in 2016.
NODAXTM are a group of co-polymers mainly build by (R)-3-hydroxybutyrate monomer
together with different medium chain length 3-HA monomers (Figure 1.5). Such 3HA units
include

(R)-3-hydroxyhexanoate

(3HHx),

(R)-3-hydroxyoctanoate

hydroxydecanoate (3HD), and (R)-3-hydroxyoctadecanoate (3HOd).
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(3HO),

(R)-3-

Figure 1.5 General structure of NODAXTM class of polymers. The x value ranges from 2 to 50 % [89].

PHB homopolymer and PHB-V co-polymer are generally designated as linear polymers while
introduction of medium chain length monomers into polymer changes them into moderately
branched class of polymers. The branching may utterly change the physical properties of
polymer which was adopted to NODAXTM polymers. In contrast to homopolymer PHB,
copolymers with medium size chain side groups are characterized by much lower Tm value and
crystallinity degree. Produced co-polymers are essentially more flexible and ductile and could
be used for preparing films and other soft articles. NODAXTM polymers demonstrated also
polyolefin-like thermomechanical properties and some interesting biological properties such as
aerobic and anaerobic biodegradation in soil, freshwater, saltwater and home compost. The
great advantage for use of NODAXTM products is approval of US Food and Drug
Administration (FDA) for using in contact with food and being classified as a nonhazardous
waste. The products made of NODAXTM included:
-

diapers

-

toys

-

medical implements

-

beverage bottles

-

shipping material

-

glues

-

trash bags

-

agricultural mulch films

-

flexible films

-

food packaging and storage products

List of the largest and most known producers of PHA polymers around the world, together with
C-source and capacity, is presented in the table below.
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Table 1.3 Worldwide production of PHA based polymers; based on Wond et al. [88].
Capacity

Trade

Class of

name

polymer

Telles

Mirel

PHB
copolymers

USA

Mitsubishi

Biogreen

PHB

Japan

Methanol

10,000

TianAn
Biopolymer

Enmat

PHB-V

China

Dextrose

2,000

Kaneka

Kaneka

PHBHHx

Japan

Vegetable oil

1000

PHB
Industrial

Biocycle

PHB

Brazil

Sugar cane

600

Danimer
Scientific

Nodax

PHBHHx

USA

Canola oil

unknown

Biotechnology
Co.

Biomer

unknown

Germany

Sucrose

50

Company

Place

C-source
[tons/year]
Corn sugar

50,000

1.10 Non-conventional yeast Arxula adeninivorans
As well as the well-known yeast S. cerevisiae, which is used for synthesis of many valuable
products, non-conventional yeasts are becoming powerful platforms for protein and secondary
metabolite production. One of these yeasts is Arxula adeninivorans, which exhibits some
unusual biochemical characteristics. The first strain isolated and was described by Middelhoven
et al. [90] who designated it as Trichosporon adeninovorans (Blastobotrys adeninevorans)
CBD 8244T. The other wild-type strain, LS3 (PAR-4) was found in wood hydrolysates in
Siberia. The name of the new genus was changed to Arxula [91]. Arxula exhibits no sexual
reproduction which placed it in the group of anamorphic ascomycetes and is characterized by
nitrate assimilation, xerotolerance, halotolerace and ability to assimilate of several amines,
adenine and other purines, soluble starch, melibiose and uric acid as an energy, nitrogen and
carbon source [90]. To date, A. adeninivorans has been demonstrated to be a useful platform
for protein expression and other biotechnological uses. Examples include the production of
tannases, β-D-galactopyranoside and low purine-content foods [91]. Recent expression of
alcohol dehydrogenase from Rhodococcus ruber led to synthesis of 98% pure 1-(S)phenylethanol and the co-expression of glucose dehydrogenase gene from Bacillus megaterium
allowed Arxula to simultaneously regenerate essential cofactors [92]. Bischoff et al. [93] have
reported production of 3 cutinases from Arxula (Acut1p, Acut2p, Acut3p), which are now
commercially available from ASA Spezialenzyme GmbH (Germany). A. adeninivorans was
also employed as a hormone detection system [94-96] with the commercialized A-YES kit for
detection of oestrogen available from ‘Quo data’ Gmbh, Germany.
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In 2004, Terentiev et al. [54] have described a genetically engineered A. adeninivorans strain
harboring three main PHA pathway genes (phaA, phaB, phaC) from C. necator. Despite
enzymatic activity and optimized fed-batch cultivation, the yeast was only able to accumulate
a small amount of polymer mainly composed of the 3HV monomer (0.019% PHB and 2.2%
PHV, dcw). Nevertheless, Arxula still seems to be a promising host for PHA production due to
some advantages. Similar to Y. lipolytica, Arxula has an oleaginous nature, hence exhibits high
NADPH reducing power also required for PHA synthesis and is able to utilize a wide spectrum
of carbon sources, e.g. starch which comes from industry as a by-product. Arxula grows as a
dense culture, which may help with accumulation of PHA at a high level and in addition an
expression platform has been optimized to improve protein expression level.
Xplor®2 expression platform
For efficient and sustained protein expression in A. adeninivorans cells, a new expression
platform had to be designed. Based on Xplor1, a new transformation system has been developed
and designated as Xplor®2 [97]. Xplor®2 vector includes both bacterial and A. adeninivorans
DNA, first for cloning and propagation of vector in E. coli cells and second for yeast
transformation (Figure 1.6). Using the Xplor®2 system, heterologous gene expression may be
carried out in two ways, either by YRC – a yeast rDNA integrative expression cassette – genes
are targeting into rDNA clusters or YIC - a yeast integrative expression cassette – genes are
randomly incorporated into genomic DNA. The choice of transformation method requires only
the use of an appropriate restriction enzyme, AscI for YRC and SbfI for YIC. Furthermore, a
multicloning sites (MCS) allows it to incorporate up to 5 expression modules including genes
flanked by a promoter and a terminator, an auxotrophic marker, ARS and chaperones.
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AscI

AscI

d25S
auxotrophic
rDNA-1
marker

expression modules

auxotrophic
marker

expression modules

SbfI

d25S
rDNA-2

SbfI

Figure 1.6 Above - genetic map of Xplor2 plasmid, below - YRC and YIC approach
used for yeast transformation; MCS refers to multicloning sites.
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2

Aim of the study and research strategy

The aim of this study is production of PHB-V copolymer using yeast Arxula adeninivorans as
a host organism. The strategy of the project was based on overexpression of three bacterial PHA
pathway genes in yeast for intracellular accumulation of copolymer. Based on the fact that
overexpression of β-ketothiolase and acetoacetyl-CoA reductase genes without PHA-synthase
gene may lead to secretion of 3-hydroxybutyric acid, this approach was chosen as a first step
for selection of the best combination of thiolase and reductase genes (from different origin) for
the highest production of 3-HB. Tested genes originated from both bacteria (C. necator H16,
E. coli K12 and C. acetobutylicum ATCC 824) and yeast (A. adeninevorans LS3). In the next
phase, PHA-synthase gene (C. necator H16) will be combined with selected thiolase and
reductase genes and accumulation of PHB-V copolymer checked by GC/MS analysis.
In the primary experiments, gene templates will come directly from bacteria, without codon
optimization. The second strategy assumes de novo synthesis of the genes using codon
optimization pattern for A. adeninivorans in order to improve gene overexpression and protein
synthesis.
After construction of the strains with ability to accumulation of PHB-V copolymer or
production of 3-HB, subsequent approaches will be performed in order to enhance production,
reduce cultivation time and optimize culture condition:
-

additional overexpression of phasin gene from C. necator K12 for possible stabilization
of polymer accumulation,

-

overexpression of endogenous ATP citrate lyase gene or gene originate from A. nidulans
to increase cellular acetyl-CoA pool, the main precursor for polymer and acid synthesis,

-

influence of above modification on fatty acid production by A. adeninivorans,

-

enhance of PHV level in PHB-V copolymer by employing of second thiolase gene from
C. necator (bktB),

-

construction of fusion strain and increasing of enzyme level by doubling of gene
material,

-

to improve 3-HB production, examination of different secretion system,

In opposite to genetic engineering approaches, several culture condition optimization strategies
will be implemented:

30

-

screening of co-substrates in order to enhance PHB-V accumulation and PHV level in
copolymer,

-

carrying out of cultivation in 5 L bioreactor at fed-batch mode,

-

Usage of media containing starch as a by-product from starch industry to decrease the
overall costs of production.

In order to examine properties of produced co-polymer, optimization of extraction will be
performed and obtained material will be investigated. Additionally, after construction of the
final PHB-V producing strain, confocal and transmission electron microscopy analysis may
provide valuable knowledge about molecular localization of polymer granules, size and
distribution. The enantiopurity of 3-HB will be also tested to determine possible applications.
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3

Materials and methods

3.1 Oligonucleotide primers
Table 3.1 Oligonucleotide primers used in research. Restriction sites were designated in italic.
designation

sequence

Akat1_start_MunI

TAGACAATTGATGGACAGACTCAACAACGTAGC

Akat1_stop_BamHI

GCAAGGATCCTTACTCCCGGATAAACAGAGC

Akat2_start_BamHI

TAGAGGATCCATGGAAAGAGCATCTAATCTTGCC

Akat2_stop_NotI

GCAAGCGGCCGCCTACTCCCTAATGAAGAGCG

Akat4_start_EcoRI

TAGAGAATTCATGTCTGTTTATATTCTTAGTGCTAAG

Akat4N10_start_EcoRI

TAGAGAATTCATGACACCCATTGGTTCGTTTTTGGG

Akat4 N17_start_EcoRI

TAGAGAATTCATGGGATCTCTGTCTTCTCAGAC

Akat4_stop_BamHI

GCAAGGATCCTCAAACTCTCTCAATTACAAGAGC

Atpk2_start_BamHI

GCAAGGATCCATGCTACGACGGGGAATTC

Atpk2_stop_NotI

TAGCGGCCGCTCACAACTTTGCCCCAGC

Afox2_start_EcoRI

TAGAGAATTCATGTCGGTGCCAACGGC

Afox2_stop_NotI

TAGCGGCCGCTTAAAGCTTGGCTCCTCCG

AAcl1_start_EcoRI

TAGAGAATTCATGTCGGCAAACGAGAAG

AAcl1_stop_NotI

TAGCGGCCGCTTACTTTGCCTTGGCC

AAcl2_start_EcoRI

TAGAGAATTCATGTCTGCCAAATCGATTC

AAcl2_stop_NotI

TAGCGGCCGCTTAGGTCGACAGAGGGG

ATES1_start_EcoRI

TAGAGAATTCATGACTGAGCTTCGAGATC

ATES1_stop_NotI

TAGCGGCCGCTTAGAGCTTTGAATTTGACTG

ATES1_cyt_stop_NotI

TAGCGGCCGCTTAGAAGATAGAGCTTACCTTG

TesB_start_EcoRI

TAGAGAATTCATGAGTCAGGCGCTAAA

TesB_stop_NotI

TAGCGGCCGCTTAATTGTGATTACGCATCAC

AnACLa_start_EcoRI

TAGAGAATTCATGTCCGCCAAGTCGATTTTC

AnACLa_stop_NotI

TAGCGGCCGCTTACGCAGTACCAAACTCCTTG

AnACLb_start_EcoRI

TAGAGAATTCATGCCTGCCGCTCCTC

AnACLb_stop_NotI

TAGCGGCCGCTTATACGTTGACCTCAACACGAC

TEF1_SpeI

TATAACTAGTTAGTAGCGCTAATCTATAATCAG

PHO5_BsiWI

CGGACGTACGAGCTTGCATGCCTGCAGA

TEF1_SpeI_BsiWI

function

TATACTAGTACTTCGTACGCTCGACTTCAATCTATAATC
AGTC
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gene amplification from
A. adeninivorans
genomic DNA

gene amplification from
E. coli genomic DNA

gene amplification from
A. nidulans cDNA

cloning procedure

PHO5_SacII_MluI

GGATCCGCGGCCGAACGCGTAGCTTGCATGCCTGCA
GATTTTAATC

TEF1_MluI

TGACTACGCGTCTCGACTTCAATCTATAATCAGTC

PHO5_SacII

TATACCGCGGCGGCCCCAGCTTGCATGCCTGCAGA

atoB_start

ATGAAGAACTGCGTCATTGTCTC

atoB_stop

CTAGTTCAGTCGCTCAATGACCA

phaB_start

ATGACTCAGCGCATTGCGTATG

phaB_stop

TCAGCCCATATGCAGGCCGCCGTTGA

phaC_start

ATGGCGACCGGCAAAGGCGC

phaC_stop

TCATGCCTTGGCTTTGACGTATC

gene integration analysis

3.2 Cultivation media
Both liquid and solid media were used for cultivating the microorganisms. Components of both
liquid and solid media were identical except for the addition of 20-50 g L-1 of agar for solid
media. The media were sterilized by autoclaving at 121 °C for 20 min or filtering via 0.22-µm
sterile membrane filters. Thermo-sensitive compounds (antibiotics, glucose, vitamins) were
added after cooling the medium to 50 °C.
3.2.1 Bacterial medium
LB
20 g L-1 of LB Broth (Sigma-Aldrich, USA) was dissolved in distilled water and autoclaved.
Before cultivation, 100 µg mL-1 ampicillin or 50 µg mL-1 kanamycin or 25 µg mL-1
chloramphenicol was added to select E. coli positive transformants.
SOB
2.0 %

Bacto-Trypton

0.5 %

Yeast extract

10 mM

NaCl

2.5 mM

KCl

10 mM

MgCl2

10 mM

MgSO4

SOC
SOB medium with additional 20 mM of glucose.
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3.2.2 A. adeninivorans medium
YPD
20 g L-1

Bacteriological peptone

-1

10 g L

Yeast extract

20 g L-1

Glucose

Components were dissolved in distilled water and autoclaved.
Component II solution

YMM
3.70 g L-1

NaNO3

0.5 g L-1

H3BO4

6.75 g L-1

KH2PO4

0.1 g L-1

CuSO4 x 5 H2O

K2HPO4

-1

KI

-1

-1

1.75 g L

-1

0.1 g L

1.00 g L

MgSO4 x 7 H2O

0.4 g L

MnSO4 x 4 H2O

2.00 mg L-1

FeCl3 x 6 H2O

0.4 g L-1

ZnSO4 x 7 H2O

-1

20.0 mg L

-1

1.00 mL L

Ca(NO3)2 x 4 H2O

-1

Na2MoO4

-1

CaCl2

0.2 g L

Component II solution

0.1 g L

Components of YMM were dissolved in distilled water and autoclaved. Before cultivation,
vitamin mix and glucose were supplemented.
Vitamin mixture
0.4 g L-1

Ca-D-phantothenate

0.4 g L-1

Thiaminiume dichloride

-1

Nicotinic acid

-1

0.4 g L

Pyridoxine

4.0 mg L-1

Biotin

0.1 g L

-1

4.0 g L

Inositol

Component of Vitamin mixture were dissolved in double distilled water and passed through
0.22-µm sterile membrane filter.
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Fermentation medium

Nitrogen feed

55 g L-1

Glucose

163 g

40 g L-1

Peptone

64 g

-1

20 g L

MgSO4
-1

Yeast extract

-1

NH4H2PO4

60 mL L

-1

Component II solution

10 g L

NH4H2PO4

120 mg L

FeCl3 x 6 H2O

3.5 g L-1

K2HPO4

1.2 g L-1

Ca(NO3)2 x 4 H2O

-1

KH2PO4

3.5 g L
2 g L-1

MgSO4 x 7 H2O
-1

1.00 mL L

Component II solution

2.00 mg L-1

FeCl3 x 6 H2O

20.0 mg L-1

Ca(NO3)2 x 4 H2O

Fermentation medium was prepared in distilled water and autoclaved directly in 5 L bioreactor.
Nitrogen feed was autoclaved separately.
Regeneration medium to protoplast fusion (solid)
5 g L-1

NH4H2PO4
-1

1.75 g L

K2HPO4

3.5 g L-1

KH2PO4

-1

2gL

MgSO4 x 7 H2O
-1

1.00 mL L

Component II solution

2.00 mg L-1

FeCl3 x 6 H2O

-1

2.00 mg L
-1

50 g L

Ca(NO3)2 x 4 H2O
Agar

Components of Regeneration medium were dissolved in distilled water and autoclaved. Before
cultivation, vitamin mix, glucose and 2 mg L-1 thiamine were supplemented.
3.2.3 A. nidulans medium
AMM
10 g L-1

Glucose
-1

50 mL L

-1

20x Nitrate salts

1 mL L

1000x Trace elements

10 mg L-1

Thiamine

After dissolving in distilled water the pH of solution was adjusted to 6.5 with 1M NaOH,
filled to appropriate volume and autoclaved.
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20x nitrate salts
-1

120 g L

-1

NaNO3

1000x trace elements
22 g L-1
-1

ZnSO4 x 7 H2O

10.4 g L

KCl

11 g L

H3BO3

10.4 g L-1

MgSO4 x 7 H2O

5 g L-1

MnCl2 x 4 H2O

30.4 g L-1

KH2PO4

5 g L-1

FeSO4 x 7 H2O
-1

CoCl2 x 6 H2O

-1

1.6 g L

CuSO4 x 5 H2O

1.5 g L-1

Na2MoO4 x 2 H2O

1.7 g L

-1

50 g L

Na4EDTA

Components of nitrate salts solution were dissolved in distilled water and autoclaved.
Components of trace elements were dissolved in distilled water in the order listed, boiled and
cooled to 60 °C. The pH of solution was then adjusted to 6.5 with KOH and the solution was
cooled to room temperature and filled to appropriate volume with sterile distilled water. Before
use the solution of 1000x trace elements should be thoroughly mixed in order to dissolve
possible precipitates.

3.3 Cultivation conditions
3.3.1 Shaking flasks
Cultures of E. coli were overnight cultivated in 50 mL flasks with 10 mL of LB medium or in
test tubes with 3 mL medium at 37 °C and 180 rpm. Plate cultures was prepared on LB agar
medium and incubated overnight at 37 °C.
A. adeninivorans were cultivated in YMM-glc-NO3 or YPD medium at 30 °C and 180 rpm for
different time period. The ratio between medium and flasks volume was dependent on desired
aeration level. Solid cultures were cultivated on YMM-glc-NO3 agar or YPD-agar plates at
30 °C for 3-5 days.
A. nidulans was cultivated in AMM medium at 34 °C and 180 rpm for 96 h.
3.3.2 Fed-batch cultivation
Fed-batch cultures were performed in a 5-L bioreactor (Sartorius, Germany) with optimal
conditions for growth and production of 3-HB and PHB/PHB-V. The temperature was
maintained at 30 °C and a pH of 6.0 was maintained by the addition of 2.5 M NaOH or 1 M
H2SO4. The level of oxygen was varied and maintained by the stirring rate and air-flow. The
culture was started in Fermentation medium at OD600=0.2. Glucose or ethanol/1-propanol
(1:1 v/v) and Nitrogen feed solution were supplemented to maintain the metabolism of the
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organism and to prevent C-source depletion. Controlled addition of a silicone-based anti-foam
agent (Strunktol SB 304, Schill+Seilacher GmbH, Germany) was employed to prevent foaming.
3.3.3 Storage of DNA and bacterial and yeast strains.
All strains were stored in 20 % glycerol at -80 °C. Oligonucleotide primers and plasmid DNA
were stored at -20 °C and RNA at -80 °C.
3.4

Molecular genetic techniques

3.4.1 Small-scale plasmid DNA isolations from E. coli
The alkaline lysis extraction method was employed to isolate plasmid DNA from bacteria
according to QIAprep Spin Miniprep Kit (QIAGEN, Germany) without use of a purification
on-column step. Cells from 2 mL of an overnight E. coli culture were collected by 5 min
centrifugation at 5,000 x g at RT and resuspended in 200 µL of P1 buffer. 200 µL of P2 buffer
was then added and the sample mixed 5-6 times by inverting the tube and incubated for 3 min
at RT. Afterwards 200 µL of cold P3 buffer was added, gently mixed and the solution was
centrifuged for 15 min at 13,000 x g at 4 °C. 500 µL of supernatant was transferred to the new
1.5 mL Eppendorf tube, 350 µL of 4 °C isopropanol was added, mixed and incubated at -20 °C
for 15 min. Precipitated DNA was then collected by centrifugation at 13,000 x g at 4 °C for 20
min and the pellet was washed with -20 °C 70 % ethanol, dried and plasmid DNA was
resuspended in 50 µL of TE buffer.
P1

P2

50 mM

Tris-HCl, pH 8.00

10 mM

EDTA

100 µg mL-1

RNase A

200 mM
-1

10 g L

P3

NaOH
SDS

TE

3M

Potassium acetate, pH 5.5

10 mM

Tris-HCl, pH 8.0

1 mM

EDTA

3.4.2 RNA isolation from yeast and fungi
Isolation was performed using RNeasy Mini kit (QIAGEN, Germany). The total procedure was
carried out on a clean surface using nuclease-free tips, pipets, tubes and DEPC-treated water.
Cell material and lysate were prepared as follows:
-

A. adeninivorans was cultivated for appropriate time (depending of the cultivation
conditions); 2 mL of culture was centrifuged for 5 min at 5,000 x g in 4 °C, washed
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once with cold water, freezed in liquid nitrogen and stored in -80 ⁰C until use. After
thawing, 600 µL of RLT buffer was added and solution was vortexed followed by
addition of approx. 600 µL of silica beads. Afterwards cells were disrupted using Retch
bead-mill (RETSCH, Germany) at mode 30/s for 2 min, cooled on ice and again for 2
min. After settling down of beads, approx. 350 µL of cell lysate was transferred into
new 1.5 mL Eppendorf tube and centrifuged for 2 min at 10,000 x g at 20 °C. 300 µL
of clear supernatant was then placed into new 1.5 µL tube and 300 µL of 70 % ethanol
was added followed by mixing with pipette. Whole sample was transferred into an
RNeasy spin column (including any precipitate) placed in 2 mL tube. The rest of
procedure was conducted as described below.
-

A. nidulans strain was cultivated for 96 h in liquid culture and 10 mL of mycelium was
collected for 10 min centrifugation at 10,000 x g in 20 °C. Cell pellet was freezed in
liquid nitrogen and stored in -80 °C. Before RNA isolation, 20 mg of mycelium was
crushed in liquid nitrogen using mortar and pestle, transferred to 1.5 mL tube, liquid
nitrogen allowed to evaporate and 450 µL of RLT buffer was immediately added
followed by vortexing. To create the lysate, solution was firmly mixed by pipetting until
viscous solution appeared (approx. 15 sec). Afterwards sample was centrifuged for 2
min at 10,000 x g in 20 °C and 400 µL of clear supernatant was placed in new 1.5 mL
tube. 200 µL of 96 % ethanol was added and immediately mixed by pipetting followed
by transferring of whole sample into an RNeasy spin column (including any precipitate)
placed in 2 mL tube. The rest of procedure was conducted as described below.

Purification of RNA using RNeasy spin column:
The RNeasy spin column filled with cell lysate obtained before was centrifuged for 15 s at
8,000 x g in 20 °C and flow-through was discarded. Afterwards 700 µL buffer RW1 was added
into column and centrifuged as above. In the next step 500 µL buffer RPE was added,
centrifuged, flow-through was discarded and the next portion of 500 µL buffer RPE was used.
The column was then centrifuged for 2 min at 8,000 x g in 20 °C and column was carefully
placed in new nuclease-free 1.5 mL tube. For elution of isolated RNA 40 µL of DEPC-treated
water was added directly into column membrane and centrifuged for 2 min at 8,000 x g in 20 °C.
The concentration of purified RNA was measured and sample was stored at -80 °C until
downstream processing.
DNAse treatment:
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To eliminate trace of genomic DNA from RNA sample, PerfeCta DNase I (QuantaBio, USA)
was used according to producer manual.
Reaction mix
1-5 µL

RNA sample

1 µL

10x Reaction buffer

0.5 µL

PerfeCta DNase I (2U/µL)

3.5-7.5 µL

RNase/DNase-free water

1. Incubation of reaction for 30 min at 37 °C.
2. Addition of 1 µL of 10x Stop Buffer and accurate pipetting.
3. Incubation for 30 min at 65 °C.
4. Cooling to 4 °C and direct use the solution as a template in reverse
transcription PCR
3.4.3 Quantitative analysis of nucleic acids
Determination of DNA and RNA concentration was carried out using NanoDrop device
(Thermo Fisher Scientific, USA) based on spectrophotometric analysis. For measurement, 1 µL
of sample (either DNA or RNA) was used and MiliQ water (DNA) or DEPC-treated water
(RNA) were utilized as a blank sample. Additionally for determination of nucleic acids purity,
the ratio between absorbance were calculated at different wavelength.
Ratio

A260 nm/A280 nm

Values referring to high purity sample
DNA

RNA

~1.8

~2.0
1.8 – 2.2

A260 nm/A230 nm

3.4.4 Preparative and analytics agarose gel electrophoresis
Analysis of DNA was performed using agarose gel electrophoresis. Generally 1 % gel prepared
from Agarose (Sigma-Aldrich, USA) in 1x TBE buffer was used. In addition, 0.5 µg mL-1 of
ethidium bromide was added to the prepared gel to enable the DNA to be imaged under an
ultraviolet lamp. Electrophoresis was carried out at a constant voltage of 6 V cm-1. For
preparative isolation of DNA, gels with larger loading wells were used. The selected DNA
bands were cut from the gel using cutting edge and isolated with NucleoSpin Gel (MacheryNagel, Germany) according to producer’s manual. Molecular weights of DNA were estimated
based on λ PstI DNA marker.
10x TBE
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108 g L-1

Tris base

55 g L-1

Boric acid

-1

7.5 g L

EDTA

3.4.5 DNA sequencing
Sequencing of DNA synthesized by PCR was performed using Sanger sequencing technique
by PGRC sequencing service (IPK Gatersleben, Germany). The results were analyzed by Codon
Code Aligner software (Codon Code Corporation, USA) using genes sequences downloaded
from National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov) or from
gene synthesis report.
3.4.6 Polymerase Chain Reaction (PCR)
Standard PCR
For Polymerase Chain Reaction (PCR) DreamTaq or Phusion High-Fidelity DNA polymerases
(Thermo Fisher Scientific, USA) were employed. DNA primers were presented in Table 3.1.
The standard reaction mixture was as follow:
PCR using purified DNA template

direct PCR using yeast cells

15.3 µL

MiliQ water

14.9 µL

MiliQ water

2 µL

10x Green DreamTaq buffer

2 µL

10x Green DreamTaq buffer

0.4 µL

100 % DMSO

0.5 µL

dNTPs (10 mM, 2.5 mM of each
nucleotides)

dNTPs (10 mM, 2.5 mM of each

0.5 µL

Primer A (10 µM)

0.5 µL

0.5 µL

Primer B (10 µM)

0.5 µL

Primer A (10 µM)

1 µL

DNA template (for final 50 ng)

0.5 µL

Primer B (10 µM)

1 µL

DNA template (procedure below)

0.2 µL

Polymerase (5U µL-1)

0.2 µL

-1

Polymerase (5U µL )
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nucleotides)

Preparation of DNA template directly from yeast colonies:
1. Picking of single yeast colony using tip and transferring into 20 µL of sterile,
MiliQ water.
2. Boiling of solution for 15 min at 95 °C.
3. Immediate cooling to 4 °C.
4. Centrifugation of sample (1 min, 1000 x g), 1 µL of supernatant was used in PCR
reaction
The typical PCR program was as follow:
Step

Temperature

Time
[min : sec]

1.

95 °C

3:00

2.

95 °C

0:30

3.

55-65 °C

0:30

4.

72 °C

1:00

5.

repeat 30x steps 2.-4.

6.

72 °C

5:00

7.

4 °C

end

Temperature of melting step depended on primers sequence (Table 3.1) and was calculated
based on following equation:
𝑇𝑚 = 64.9 + 41 ∗

(𝐺 + 𝐶 − 16.4)
(𝐴 + 𝑇 + 𝐺 + 𝐶)

where:
Tm – melting temperature
A, T, G, C – number of individual nucleotides
After completion of reaction, PCR products were checked by gel electrophoresis and/or use
for downstream processing.
Reverse transcription PCR
Eucaryotic genes are characterized by non-coding regions named introns which make them
unable for direct amplification in gene expression. However, mRNA material does not include
these regions and could be used for obtaining DNA template with entire coding region. To
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prepare the cDNA (complementary DNA) from mRNA, reverse transcription polymerase was
employed (qScript® cDNA Synthesis Kit, QuantoBio, USA).
Reaction mix
1-5 µL

RNA template (final 1-10 pg of total RNA)

4 µL

5x qScript reaction mix

1 µL

qScript RT polymerase

up to 20 µL

RNase/DNase-free water

qScript reaction mix consist of buffer, magnesium ions, oligo(dT) primers, random primers and
dNTPs. After mixing of all reaction components, sample was placed in thermocycler and
reaction was programmed as follows:
Step

Temperature

Time
[min : sec]

1.

22 °C

5:00

2.

42 °C

30:00

3.

85 °C

5:00

4.

4 °C

end

After finishing of reaction, 1/10th of volume was directly used in standard PCR procedure with
specified primers to amplify desire DNA product (which included only coding regions).
3.4.7 DNA restriction
Digestion of PCR product or plasmid DNA was carried by suitable DNA restriction enzymes
(Thermo Fisher Scientific, USA). The reaction mixtures for analytical and preparative
processing of DNA product were presented below.
prepararive

analytical
8 μL

Nuclease-free water

38 μL

Nuclease-free water

1 μL

10x recommended buffer

5 μL

10x recommended buffer

1 μL

DNA (~500 ng)

5 μL

DNA (~2500 ng)

0.5 μL

Restriction enzyme

2 μL

Restriction enzyme

The reaction were carried at 37 °C for 1 h (analytical) or overnight (preparative). After reaction
DNA products were analyzed by agarose gel electrophoresis (section 3.4.4). When FastDigest
Green Buffer (Thermo Fisher Scientific, USA) was used, samples were directly loaded onto
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agarose gel. For the rest of samples DNA Gel Loading Dye (6X, Thermo Fisher Scientific,
USA) was added before loading onto the gel.
3.4.8 Extraction of DNA from agarose gels
To isolate DNA from preparative agarose gel electrophoresis, extraction procedure was
performed using NucleoSpin® Gel and PCR Clean-up extraction kit (Machery-Nagel,
Germany). The isolation was carried out as follows:
1. Excising of DNA fragment from gel was made using razor blade, the slice was
weighed and put into clean 2 mL tube.
2. For each 100 mg of gel slice 200 µL of NTI buffer was added (solution colour should
remain orange/yellow) and the tube was incubated for 10 min in 50 °C until total
dissolving gel sample.
3. Entire solution was transferred into isolation silica column, centrifuged 1 min at
11,000 x g and flow-through was discarded.
4. The column was then washed twice with 700 µL of buffer NT3 each time centrifuged
1 min at 11,000 x g.
5. The column was dried by transferring into new collection tube and 2 min
centrifugation.
6. Elution of DNA was carried by transfer of the column into new, clean 1.5 mL tube,
loading 30-50 µL of NE buffer into column membrane, incubation for 1 min at RT
and centrifugation for 1 min at 11,000 x g.
7. Isolated DNA was then checked by NanoDrop device (section 3.4.3) and
purification grade estimated by calculated A260/A230 ratio.
3.4.9 DNA ligation
T4 DNA Ligase (Thermo Fisher Scientific, USA) was used to ligate digested plasmid DNA
with DNA insert. The reaction was carried out at room temperature for 15 min and 3 μL of
reaction mixture was directly used for bacterial transformation.
Ligation mixture
to 20 μL

Nuclease-free water

2 μL

10x T4 DNA Ligase buffer

1 μL

Digested vector DNA (50 ng)

1 μL

Insert DNA (3:1 molar ratio over vector DNA)

1U

T4 DNA ligase
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3.5 Yeast and bacterial transformation
3.5.1 Bacterial transformation
Heat-shock transformation of E. coli CaCl2 competent cells with plasmid DNA used a cloning
procedure according to Hanahan [98]. 3 µL of DNA ligation mixture was placed on ice and 50
µL of freshly thawed E. coli competent cells was added. After 30 min incubation on ice, the
cells were heated in a 42 °C water bath for 90 s and immediately cooled on ice for 3 min. 450
µL of SOC medium was then added to cells which were then shaken for 1 h at 37 °C. Finally
the cells were spread onto LB plates with appropriate selection antibiotics and incubated at 37
°C overnight.
3.5.2 Preparation of yeast competent cells
10 mL of YPD medium was inoculated with appropriate yeast strain (e.g. A. adeninivorans
G1216) and cultivated in 30 °C at 180 rpm. After 8 h two cultures were prepared as indicated
in the table and cultivated overnight in 30 °C at 180 rpm:
Culture

Medium

Inoculation

1st culture

9 mL YPD

1 mL 8h culture

2nd culture

9 mL YPD

1 mL 1st culture
(10-times dilution)

The main culture was started with overnight culture which did not exceed OD600=5.0 (usually
2nd). 50 mL of fresh YPD medium was used to set the main culture with start OD600=0.5 and
cultivation in 30 °C at 180 rpm. The incubation time depended on strain and was between 3 and
6 h until OD600=1.2 was reached. The next steps were carried out as follows:
1. Culture was cooled down on ice and centrifuged by 5 min at 1,000 x g in 4 °C.
2. The cell pellet was washed with 25 mL cold SBD buffer and centrifuged by 5 min at
1,000 x g in 4 °C.
3. The cells were resuspended in 1 mL cold SBD buffer.
4. Cell suspension was aliquoted in cooled 2 mL tubes (200 µL/tube), incubated for 2 h
at -20 °C and subsequently stored at -80 °C.
SBD buffer
1M

Sorbitol

10 mM

Bicine pH=8.35

3%

Ethylene glycol

5%

DMSO
H20
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3.5.3 Yeast transformation
Transformation of A. adeninivorans was carried out as described by Rösel and Kunze [99].
Plasmid DNA was linearized by AscI or SbfI and then used in yeast transformation procedure
which is as follow:
1. Mix 20 µL digested DNA with 20 µL carrier ssDNA (before addition incubate carrier
DNA in 95 °C for 5 min and immediately cool on ice).
2. Add DNA mix to 200 µL frozen competent yeasts cells (see section 3.5.2), mix gently,
incubate for 5 min in 37 °C with firmly shaking.
3. Add 1.4 mL of 40 % PEG1000 + 0.2 M bicine pH=8.35, mix by inverting the tube.
4. Incubate 1 h at 30 °C (without shaking).
5. Centrifuge the cells for 3 min at 1,000 x g in 20 °C.
6. Gently discard the supernatant using pipette and resuspend the cells in 1.4 mL solution
of 0.15 M NaCl + 10 mM bicine pH=8.35.
7. Repeat step 5.
8. Resuspend the cells in 0.5 mL of 0.15 M NaCl + 10 mM bicine pH=8.35.
9. Spread the cells onto YMM + NO3 + 1%glc + Vmix (1 mL/400 mL media) plates –
approx. 100 µL per plate.
10. Incubate the plates at 30 °C for 3-5 days.
3.5.4 Stabilization of potential transformants.
To obtain transformants with stable integrated transformed DNA, passaging through set of
liquid medium was applied. After each step, 10 µL of culture was transferred to the new portion
of 500 µL medium in 96-well plate and incubated for 2 days. After last step, transformants were
moved to YMM-glc-NO3 plates for short-term storing.
Transformants stabilization
step

medium

1.-8.

500 µL YMM + 10 µL culture

9.-10.

500 µL YPD + 10 µL culture

11.

500 µL YMM + 10 µL culture

12.

YMM plate

3.6 Yeast protoplast fusion
Yeast protoplast fusion was carried out as follows:
1. Overnight incubation of two relevant Arxula strains precultures in YPD medium.
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2. The main cultures were started in 50 mL YPD medium inoculated with precultures
at OD600=0.4.
3. Cultures were incubated in 30 °C until OD600 reached 1.2-1.5.
4. Both cultures were centrifuged for 5 min at 5,000 x g and washed once with 0.9 %
NaCl.
5. The cell pellets were resuspended in 50 mL of VBM solution and incubated 10 min
at RT.
6. Solutions were centrifuged for 5 min at 5,000 x g and washed twice with 0.9 % NaCl
and once with 1 M sorbitol.
7. Cell wall lysis was performed using 10 mL of PP medium and incubation at 37 °C
for about 2 h with slight agitation. After lysis, protoplasts were checked by
microscopy (addition of pure water onto microscopy slide should damage cell layer).
8. Protoplast suspensions were collected by 5 min centrifugation at 2,500 x g, washed
twice with 1 M sorbitol and resuspended in appropriate volume of 1 M sorbitol to
obtain 1 x 109 cells mL-1 (OD600≈33).
9. Fusion of protoplast was started by gently mixing of 0.5 mL of both protoplasts
suspensions, 5 min centrifugation at 2,500 x g, resuspension in 1 mL of Fusion
mixture and 10 min incubation at RT.
10. Finally the fusion mixture was spread onto Regeneration medium plates. The first
colonies were observed after 4 days.
VBM

PP media

10 mM

Tris-HCl, pH 9.00

1M

Sorbitol

5 mM

EDTA

30 mg

Lysing enzyme from T. harzianum

1 % (v/v)

β-Mercaptoethanol (before use)

Fusion mixture
300 g L-1

PEG 4000

0.1 M

CaCl2
-1

150 g L

3.7

DMSO

Enzyme activity assays

β-Ketothiolase and acetoacetyl-CoA reductase activity assays were performed using
permeabilized cells. In order to prepare permeabilized cells, yeast were cultivated in 10 mL
YMM-glc-NO3 medium for 48 h, centrifuged and the cell pellet was resuspended in 100 mM
Tris-HCl pH 8.1 (or 50 mM phosphate buffer pH 7.4 + 1 mM DTT for the reductase assay) with
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0,1% Triton X-100 and frozen at -20 °C. After thawing on ice, the cells were washed twice with
buffer without Triton X-100 and the OD600 was adjusted to 1 before using in the assay.
3.7.1 β-ketothiolase
Enzymatic activity was determined spectrophotometrically in the thiolysis direction using a
modified version of the method described by Lindenkamp et al. [100]. The reaction was started
with cells and carried out for 15 min at 30 °C. After incubation, the reaction mixture was
centrifuged at 3,000 x g for 1 min and the supernatant was analyzed spectrophotometrically
(Infinite M200, TECAN). The decrease of the peak height was due to the disappearance of
magnesium-chelated acetoacetyl-CoA and was observed at 303 nm. The concentration was
calculated using the extinction coefficient of acetoacetyl-CoA (16.5 mM-1 cm-1). Reactions
without cells were incubated on ice and used as a blank.
One unit of β-ketothiolase activity was defined as the proportion of 1 nmol acetoacetyl-CoA
that was cleaved to acetyl-CoA in one minute by 1 mg of permeabilized cells.
β-Ketothiolase reaction mix
100 mM

Tris-HCl, pH 8.1

25 mM

MgCl2

100 µM

CoA-SH

40 µM

Acetoacetyl-CoA

3.7.2 Acetoacetyl-CoA reductase
A reductase activity assay was performed according to Kim et al. [101] with slight
modifications. After addition of permeabilized cells the reaction mixture was incubated for
30 min at 30 °C, processed as in thiolase assay and oxidation of NADPH was monitored at 340
nm. The extinction coefficient used for calculation of NADPH concentration was 6.22 mM-1
cm-1. Blank samples were processed as for acetyltransferase.
One unit of reductase activity was defined as the proportion of 1 nmol NADPH oxidized to
NADP+ in one minute by 1 mg of permeabilized cells.
Acetoacetyl-CoA reaction mix
50 mM

Phosphate buffer, pH 7.4

1 mM

DTT

200 µM

NADPH

40 µM

Acetoacetyl-CoA
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3.7.3 Thioesterase
Thioesterase enzymatic activity was performed using the method described by Zheng et al.
[102] modified by using permeabilized cells. Cells were cultivated and prepared as in the
thiolase assay using 100 mM phosphate buffer (pH = 8.00) as a suspension medium and finally
adjusted to OD600 = 20. After preparation of reaction mix, cells were added and reduction of
DTNB by liberated CoA was carried out for 30 min at 30 °C. Afterwards the reaction was
centrifuged and the supernatant was spectrophotometrically measured at 412 nm. The
concentration was calculated using the extinction coefficient of DTNB (13.6 mM -1 cm-1).
Reactions without cells were incubated on ice and used as a blank.
One unit of thioesterase activity was defined as the proportion of 1 µmol of released CoA, by
1 mg of permeabilized cells, which reduced DTNB in one minute.
thioesterase reaction mix
100 mM

Phosphate buffer, pH 8.0

0.1 mM

(R)-3-hydroxybutyrate-CoA

0.2 mM

DTNB (fresh prepared in phosphate buffer)

3.7.4 ATP citrate lyase
ATP citrate lyase activity assay was carried out according to Chavez-Cabrera et al. [103]. Cell
extract was prepared as follows: the cells were cultivated in YMM-glc-NO3 at 30 °C for 48 h,
cell pellet was collected by centrifugation of 2 mL of culture at 5,000 x g by 10 min and
resuspended in 0.5 mL Tris-HCl buffer (pH=8.4), 200 µL of zirconia beads were added and
bead mill (Retsch, Germany) was used to disrupt the cells. Afterwards the disrupted cell
solution was centrifuged at 13,000 x g for 20 min at 4 °C and the supernatant was transferred
to the new tube. It was centrifuged again and supernatant was used in assay. The reaction
mixture was incubated in 30 °C for 5 min and then started by addition of ATP to final
concentration of 10 mM. Oxidation of NADH by malate dehydrogenase was observed at
340 nm at 30 °C and an extinction coefficient 6.22 mM-1 cm-1 of NADH was used for
calculations. 1 unit of activity [U] is the amount of enzyme [mg] that catalyses the reaction of
1 nmol of citrate per minute.

48

ATP citrate lyase reaction mix
100 mM

Tris-HCl, pH 8.4

10 mM

MgCl2

20 mM

Sodium citrate

5 U mL-1

Malate dehydrogenase

10 mM

DTT

0.2 mM

NADH

0.3 mM

CoA-SH

10 µL

Cell extract

3.7.5 Statistics
All analysis were performed in triplicates and the final results are average values of the obtained
data. Standard deviations were presented following each value and marked with ±.
3.8

PHA and (R)-3-HB analysis

3.8.1 GC/MS qualitative analysis
GC/MS analysis was used to determine the concentration of PHA in dried cells and 3-HB in
culture supernatant. For PHA, 3-4 mg of lyophilized cells and for 3-HB, 1 mL of the freezedried supernatant was subjected to propanolysis as described by Riis and Mai [104] with slight
modifications. 1 mL 1,2-DCE and 1 mL n-propanol-HCl solution (4:1 v/v) was added to the
lyophilisate and incubated at 90 °C for 4 h with occasionally mixing. After cooling to room
temperature the reaction mixture was extracted with 2 mL of triple distilled H2O and the lower
organic phase was taken for analysis in a Clarus® 680 GC combined with Clarus® SQ 8 S MS
(PerkinElmer, USA) equipped with Elite-624 column (PerkinElmer, 30m x 0.5mm, 1.4 µm).
The GC program was set up as follows: initial temperature 80 °C for 5 min, ramping at 10 °C
min-1 to 235 °C and held for 10 min.
Commercial PHB-V (Sigma-Aldrich, 12 %mol of PHV) was used to construct a standard curve.
The analysis was conducted in triplicate and results were analyzed by TurboMass 6.1 software.
3.8.2 (R)-3-HB enantiopurity
Enantiopurity analysis of 3-HB was performed using a D-3-hydroxybutyric acid assay kit
(Megazyme, Ireland), which is specific for (R)-3-HB. Samples were prepared as recommended
by the manufacturer and the results were compared with GC/MS measurements. Each sample
was analyzed 5 times.
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3.8.3 Extraction and polymer analysis
Solvent extraction was used to isolate PHB-V copolymer from Arxula cells [105] with several
modifications to optimize the process. Identical portions of cell material were collected after
fed-batch cultivation, washed twice with distilled water and different pre-treatments were
employed:
-

disruption in French Press,

-

disruption in a bead mill,

-

incubation with trypsin in 37 °C for 1 h.

The resulting cell debris was freeze-dried overnight and 5 g of lyophilized material was boiled
for 6 h in 100 mL of chloroform or 1,2-dichlorethane or was processed using Soxhlet extraction
for 24 h with the same solvents. Reaction mixtures were then filtered using hot solvent and the
excess solvent was reduced to make the solution viscous. To precipitate the final product,
chloroform/1,2-DCE-polymer solution was mixed dropwise with 10-times volume cold
ethanol. Afterwards the polymer was collected on a paper filter (2.7 µm, Whatman, USA) and
dried at 55 °C.
Material purity was determined by GC/MS. For detailed analysis Gas Permeation
Chromatography (GPC), thermoanalysis (DSC) and thermogravimetry (TGA) were conducted
by KIMW Prüf- und Analyse GmbH (Lüdenscheid, Germany) and mass spectrometry (TOFSIMS analysis) by OFG – Analytik (Münster, Germany).
3.9

Polymer imaging

3.9.1 Confocal light microscopy
The PHA containing cell material for microscopic analysis was collected after 240 h and
washed twice with distilled water. 200 µL of cell suspension was mixed with 20 µL of 0.01 %
solution of BODIPY 493/503 in DMSO and incubated in room temperature at 5 min. The
suspension was then centrifuged and cell pellet resuspended in an equal volume of distilled
water. Confocal laser-scanning microscope (Zeiss LSM 780; Zeiss, Jena, Germany) was used
to analyze freshly prepared material. BODIPY signal was detected using an Argon 488-laser
equipped with a 560–615 nm band pass filter.
3.9.2 Transmission Electron Microscopy (TEM)
To enable ultrastructural examination using transmission electron microscopy (TEM), high
pressure freezing followed by freeze substitution and resin infiltration were performed
according to the method described by Daghma et al. [106]. Ultrathin sections of ~70 nm
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thickness were prepared as described previously [107] for analysis with a Tecnai Sphera G2
(FEI Company, Eindhoven, The Netherlands) transmission electron microscope at 120 kV.

3.10 Metabolites determination
3.10.1 Fatty acids
Lyophilized cell pellet was analysed for fatty acid levels in A. adeninivorans cells using the
FAME procedure [108]. 5-10 mg of dried material was derivatized in a mixture of 1 mL
chloroform/methanol (2:1 v/v) and 1.5 mL hydrochloric acid/methanol (5 % v/v) for 1 h at
85 °C with occasional mixing. After cooling to RT, 1 mL of hexane was added to the reaction
mixture followed by 10 s vortexing, addition of 0.5 mL of saturated NaCl and vortexing again.
Subsequently the reaction vial was centrifuged at 1000 x g for 2 min and the hexane-FAME
upper phase was transferred into a GC/MS analytical tube. Sample was analysed in a Clarus®
680 GC combined with Clarus® SQ 8 S MS (PerkinElmer, USA) equipped with Elite-5MS
column (PerkinElmer, 30m x 0.25mm, 0.25 µm). The GC program was set up as follows: initial
temperature 80 °C for 5 min, ramping at 10 °C min-1 to 250 °C and held for 10 min.
3.10.2 Glucose
To determine glucose usage by cells, a modified DNS assay (based on dinitrosalicylic acid Miller 1959 [109]), which can indicate reducing sugars in culture medium, was performed.
100 µL DNS reagent (1% 3,5-dinitrosalicylic acid, 0.4 M NaOH, 0.4 M KOH, 30% Rochelle
salt) was added to 100 µL of filtered and diluted culture supernatant and incubated in 95 °C for
10 min. Afterwards solution was cooled to room temperature and analysis was performed at
530 nm with a reference wavelength of 600 nm. The concentration of glucose was calculated
from the measurement of standard dilutions.
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4
4.1

Results
Primary research for polyhydroxyalkanoates production.

Production of PHAs in the yeast Arxula adeninivorans requires introduction of exogenous
genes or induction of existing ones. At least three genes are required for polymer accumulation.
In initial research, the atoB gene from E. coli K12 encoding β-ketothiolase, phaB from C.
necator H16 encoding acetoacetyl-CoA reductase and phaC from C. necator H16 encoding
PHA synthase, were employed. All genes which came from laboratory repository were
originally amplified from bacterial genomic DNA and were used for cloning and yeast
transformation procedure. To distinguish the genes names, for genes referring to above, the
“org” suffix was added.
4.1.1 Construction of expression plasmids for primary research
All three analyzed genes were originally inserted into pBS-TEF1-PHO5-SA. This vector
included a pair of additional restriction sites; the A. adeninivorans derived TEF1 strong
constitutive promoter and the S. cerevisiae PHO5 terminator [110] to create gene expression
cassettes. In the next step, a set of primers (Table 3.1) and the original plasmids were used for
PCR amplification of DNA modules consisting of an ORF, promoter, terminator and additional
restriction sites. To construct final expression plasmids, the Xplor2® expression platform was
employed [111]. Xplor2.4 vector contained AADE2m auxotrophic marker, which allows
selection of positive transformants on medium without adenine. To create the final plasmids, a
three-step cloning procedure using E. coli XL1 Blue was used. In the first stage, the reductase
expression module (TEF1-phaBorg-PHO5) was used to create a DNA fragment flanked by 5’BsiWI/SpeI and 3’-MluI/SacII restriction sites. The module was cloned into the basic Xplor2.4
vector to make Xplor2.4-TEF1-phaBorg-PHO5. In the second stage, β-ketothiolase expression
module (TEF1-atoBorg-PHO5) from original construct was likewise used to create DNA
fragment, resulting in creation of expression modules containing the TEF1 promoter, PHO5
terminator, atoBorg β-ketothiolase gene and 5’-SpeI and 3’-BsiWI restriction sites. The
expression module was introduced into the former Xplor 2.4 vector to generate Xplor2.4-TEF1atoBorg-PHO5-TEF1-phaBorg-PHO5. The third step employed a similar procedure to introduce
TEF1-phaCorg-PHO5 expression module and creating the final expression plasmid Xplor2.4TEF1-atoBorg-PHO5-TEF1-phaBorg-PHO5-TEF1-phaCorg-PHO5. The final procedure included
linearization of expression plasmid with AscI or SbfI restriction enzymes and transformation
into the auxotrophic strain, A. adeninivorans G1216.
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4.1.2 PCR analysis for introduction of genetic material into A. adeninivorans genome
After yeast transformation, around 50 potential transformants were subjected to stabilization by
passaging through different media. After stabilization, single yeast colonies were transferred
onto YMM + NO3 + 2% glucose plates for further primary analysis and storage. One of the
characteristics of A. adeninivorans is the integration of introduced genetic material into the
genome instead of existing as a free plasmid. To check if all expression modules from plasmid
Xplor2.4-TEF1-atoBorg-PHO5-TEF1-phaBorg-PHO5-TEF1-phaCorg-PHO5 were integrated into
the Arxula genome, PCR reactions directly from plate colonies were performed (see section
3.4.6). Each gene was checked separately.
atoBorg

Figure 4.1 Agarose gel electrophoresis of PCR samples of integrated atoBorg gene. , NC is the
negative control, M is a Lambda PstI marker and PC refers to the positive control.

For analysis of atoBorg gene integration, 19 selected potential positive transformants were
analyzed by PCR reaction using specific primers for the gene (Table 3.1) and the amplified
product was the entire atoBorg gene (1182 bp). For the positive control sample, expression
plasmid Xplor2.4-TEF1-atoBorg-PHO5-TEF1-phaBorg-PHO5-TEF1-phaCorg-PHO5 was used
as a DNA template in the reaction; for negative control, non-transformed A. adeninivorans
G1216 cells were treated similarly to the positive transformants. The detection of bands at the
same position found in transformant samples and positive control by gel electrophoresis
suggested that the gene was integrated into the Arxula genome in eight transformants tested.
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phaBorg

Figure 4.2 Agarose gel electrophoresis of PCR samples of integrated phaBorg gene. PC refers
to positive control, NC refers to negative control and M is a Lambda PstI marker.

The next analysed gene was phaBorg. The same transformants used for atoBorg gene verification
were tested using specific primers in PCR. Resulting DNA fragment should have a length of
738 base pairs. As a result, six transformants with the phaBorg gene integrated in Arxula genome
were observed.
phaCorg

Figure 4.3 Agarose gel electrophoresis of PCR samples of integrated phaCorg gene. M is a
Lambda PstI marker, PC refers to positive control and NC ia a negative control.

The final analysed gene was PHAs synthase. The expected PCR product should have a size of
1767 base pairs on the electrophoresis gel. This was indeed observed for three of the tested
transformants. Furthermore, the positive control appeared in proper position and negative
control gave no signal.
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As a result of aforementioned PCR experiments, only three of transformants had a set of all
genes integrated into A. adeninivorans genome. These transformants were used for further
analysis of PHA production.
4.1.3 GC/MS analysis of accumulated polyhydroxyalkanoates.
The final product of the expression of three aforementioned genes in A. adeninivorans should
be the polymer poly(hydroxybutyrate) or its co-polymer poly(hydroxybutyrate-co-hydroxyvalerate) which was confirmed by Terentiev et al. [54]. One possibility to check the amount of
accumulated polymer in cells is propionyl esterification of sample and analysis by gas
chromatography combined with mass spectrometry. Three transformants with positive response
in PCR were cultivated in YPD medium for 96 h. Cell pellets were collected, freeze-dried and
subjected to propanolysis. The same reaction was performed for PHB-V standard (SigmaAldrich, USA). Afterwards, resulting solutions were checked by GC/MS (Fig. 4.4).

Figure 4.4 GC/MS spectrum of PHB-V standard after derivatization (propanolysis) reaction. The first
signal refers to the HB monomer and second signal to the HV monomer.

55

Figure 4.5 GC/MS spectrum for one of the tested transformants after derivatization (propanolysis)
reaction. No signal for HB and HV monomer was found.

The transformants produced several peaks in GC/MS analysis, which are derived from different
metabolites and/or components of cells (e.g. cell membrane) (Fig. 4.5). Nevertheless, there were
no characteristic signals of HB and HV monomers which were observed for PHB-V standard
spectrum (Fig. 4.4).
As a final conclusion of GC/MS analysis, none of the transformants accumulated PHB and/or
PHB-V which was confirmed by lack of specific signal in comparison to signal obtained for
PHB and PHB-V standard samples.
Since no polymer accumulation could be observed in these Arxula cells, two new strategies
were employed: artificial synthesis of all bacterial genes required for PHB-V synthesis and
optimization of (R)-3-hydroxybutyric acid production by choosing the best combination of first
two genes (thiolase and reductase).
4.2

(R)-3-hydroxybutyric acid synthesis

The main aim of the project was production of PHB-V copolymer by A. adeninivorans.
Production included overexpression of three main genes: β-ketothiolase, acetoacetyl-CoA
reductase and PHAs synthase. In theory, overexpression of the first two genes only should lead
to the excretion of 3-hydroxybutyric acid into the culture medium. At this stage of the project
it was intended to choose an optimal combination of thiolase and reductase genes by
construction of several expression plasmids, transformation of yeast and analysis of resulting
transformants for 3-HB production.
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4.2.1 Searching for suitable β-ketothiolase and acetoacetyl-CoA reductase genes
Three exogenous thiolase genes were chosen for this study: atoB gene from E. coli K12, thl
gene from C. acetobutylicum ATCC 824 and phaA from C. necator H16. All three genes were
synthesized by GeneArt (Life Technologies), using optimized codon usage. After analysis of
the A. adeninivorans genome, three versions of endogenous thiolase genes were also used for
analysis (Table 4.1). These ORFs were obtained by PCR using wild type A. adeninivorans LS3
genomic DNA as a template and appropriate primers (Table 3.1). One of the enzymes, Akat4p,
was predicted (MITOPROT http://ihg.gsf.de/ihg/mitoprot.html) to be a mitochondrial protein.
To obtain a cytoplasmic protein, ORFs without possible leader sequence (AKATN10 and
AKATN17 version of basic AKAT4 gene) were amplified by PCR using suitable primers.

Table 4.1 List of genes used in 3-HB production by A. adeninivorans.
gene

EMBL accession number
phaA

β-ketothiolase

acetoacetyl-CoA
reductase

LT608131

organism
C. necator H16

atoB
thl
AKAT1
AKAT2
AKAT4
AKAT4N10
AKAT4N17

LT608129
LT608130
LT608124
LT608125
LT608126
LT608127
LT608128

E. coli K12
C. acetobutylicum ATCC 824

phaB

LT608132

C. necator H16

AFOX2

LT632550

ATPK2

LT632551

A. adeninivorans LS3

A. adeninivorans LS3

As reductase candidates, genes for one exogenous and two endogenous reductases were chosen.
The exogenous reductase originated from C. necator H16 and was synthesized using optimized
codon usage. Analysis of the A. adeninivorans genome revealed two possible genes which may
encode enzymes with acetoacetyl-CoA reductase activity. AFOX2 and ATPK2 genes were
created by PCR following the method presented for endogenous thiolase genes.
4.2.2 Construction of expression plasmids
All synthesized ORFs were inserted into the pBS-TEF1-PHO5-SA vector as described in
section 4.1.1. To create the final plasmids, a two-step cloning procedure using E. coli XL1 Blue
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was used. In the first stage, the reductase expression module (TEF1-phaB-PHO5) was used to
create a DNA fragment flanked by 5’-BsiWI/SpeI and 3’-MluI/SacII restriction sites. The
module was cloned into the basic Xplor2.4 vector to make Xplor2.4-TEF1-phaB-PHO5. In the
second stage, β-ketothiolase expression modules, including all tested versions of gene (TEF1thiolase-PHO5) from pBS plasmid, were used in PCR to create a DNA fragment, resulting in
expression modules containing the TEF1 promoter and PHO5 terminator. Different versions of
β-ketothiolase gene (atoB, thl, phaA, AKAT1, AKAT2, AKAT4, AKAT4N10, AKAT4N17) and
5’-SpeI and 3’-BsiWI restriction sites were cloned into the former Xplor2.4 vector to generate
the final expression plasmid Xplor2.4-TEF1-thiolase-PHO5-TEF1-phaB-PHO5 (Figure 4.6).
Additionally, to create expression plasmids with endogenous reductase genes (ATKP2,
AFOX2), the TEF1-phaB-PHO5 module in final Xplor2.4 plasmid was replaced to prepare
Xplor2.4-TEF1-thl-PHO5-TEF1-ATPK2-PHO5

and

Xplor2.4-TEF1-thl-PHO5-TEF1-

AFOX2-PHO5 constructs. All variants of the final plasmids, after linearization with AscI or
SbfI restriction enzymes, were separately transformed into the auxotrophic strain, A.
adeninivorans G1216.

Figure 4.6 Map of the expression plasmid (containing an AADE2 auxotrophic
marker gene) used in A. adeninivorans transformation for (R)-3-HB synthesis.
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4.2.3 GC/MS (R)-3-HB standard curve
To calculate possible amounts of secreted (R)-3-HB into culture medium, (R)-3-HB standard
solution was used to create a calibration curve. A set of dilutions of acid was subjected to
derivatization by 1-propanol and analysed by GC/MS. Results revealed that signal intensity
increased proportionally to increase of standard concentration and estimated equation was fitted
with coefficient 0.997 (Fig. 4.7). This value is considered to be superior and the equation was
used for automatic calculation of (R)-3-HB concentration in tested samples.

Figure 4.7 Calibration curve for (R)-3-HB. X axis is acid concentration in mg mL-1.

4.2.4 Screening for transformants secreting 3-HB
After yeast transformation, around 50 potential transformants of each strain were subjected to
stabilization by passaging through different media. After 3 weeks of stabilization, yeast
transformants were tested for 3-HB secretion by cultivation in YMM-NO3 medium containing
2% glucose for 48 h. Cultures were centrifuged and the supernatants analyzed for 3-HB content
by chemical derivatization and GC/MS measurements. Results revealed that, except for
G1216/YIC104-AKAT4-phaB, G1216/YRC104-thl-ATPK2 and G1216/YRC104-thl-AFOX2,
most of the strains produced 3-hydroxybutyric acid. The highest level of product was found
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with G1216/YIC104-phaA-phaB (0.56 g L-1). Negative controls (transformed with empty
plasmid) did not secrete 3-HB into the culture media (Table 4.2).
Table 4.2 (R)-3-HB production in shake flask using different media. The final row is A. adeninivorans
G1216/YIC104 negative control strain transformed with an empty plasmid.
overexpressed genes

thiolase

reductase

(R)-3-HB
[g L-1]

atoB

0.29±0.03

thl

0.48±0.01

phaA

0.56±0.05

AKAT1

0.43±0.01
phaB

AKAT2

0.38±0.03

AKAT4

0.00

AKAT4N10

0.46±0.05

AKAT4N17

0.51±0.05
AFOX2

0.00

ATPK2

0.00

thl
negative control

0.00

4.2.5 Time course experiment.
Changes of (R)-3-HB level in time of cultivation were checked by time course experiments for
all of strains able to secrete (R)-3-HB. Additionally, to analyse the influence of the medium on
production, two different media were used: YMM-glc-NO3 with 5% glucose and YPD with
additional 30 g L-1 glucose (to compensate glucose content) as a carbon source. Each day
samples were taken and (R)-3-HB and dry cell weights (dcw) were determined. For both media
the highest level of (R)-3-HB was found in G1216/YIC104-thl-phaB (Figure 4.8). For YMMglc-NO3 medium the maximal production level (2.15 g L-1) was reached after 152 h with
productivity 14.1 mg L-1 h-1. The result obtained for rich media (YPD) was twice as high – 4.87
g L-1 of (R)-3-HB after 214 h (with productivity 22.8 mg L-1 h-1). The disparity between media
was probably caused by higher nutrient level for YPD but the growth rate was comparable for
both media. In both cases, production rapidly started after growth phase, which indicates that
synthesis of (R)-3-HB is biomass-dependent rather than growth-dependent. Furthermore,
measurement of basic carbon source content showed that most of product is formed after
glucose depletion. It is noteworthy that the three best strains in minimal media and two best in
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rich media are strains with overexpressed bacterial thiolases. This fact may suggest that
endogenous Arxula thiolases are not sufficient for (R)-3-HB and further PHA production.
Importantly, for all strains the level of (R)-3-HB decreased after the maximal production peak,
presumably caused by utilization of the product as a carbon source (described in 3.1.6). This
makes a sufficient production of (R)-3-HB by Arxula more difficult to achieve.

Figure 4.8 Synthesis of (R)-3-HB through time course cultivation. a YMM-glc-NO3, b YPD with
additional 3 % of glucose; names in legend represents adequate overexpressed genes and is referred
to both charts.

4.2.6 Relationship between (R)-3-HB production and enzymatic activity
Enzymatic activity of overexpressed thiolase and reductase is necessary for (R)-3-HB synthesis
and activity of enzymes involved in cleaving the CoA moiety and transport to medium for (R)3-HB secretion. To check the relationship between acid production and activity of first two
enzymes several experiments were performed. The best transformants of each strain were
chosen for enzymatic activity assays using permeabilised cells (which retain the optimal
environment for these enzymes).
The activity of thiolase was measured in thiolytic direction after 48 h cultivation in YMM-glcNO3 with 2% of glucose. The results revealed large differences between bacterial and Arxula
thiolases with higher activity of the former (Figure 4.9 a). While activity of phaAp, atoBp and
thlp were similar (1.38 ± 0.40, 1.37 ± 0.10 and 1.29 ± 0.05 U mg−1 respectively) and production
of (R)-3-HB for G1216/YIC104-thl-phaB and G1216/YIC104-phaA-phaB was comparable, the
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secretion of acid was significantly lower for G1216/YIC104-abktB-phaB. This indicates that
higher enzyme activity is not directly connected with higher (R)-3HB production. The activity
of A. adeninivorans thiolases were 2-4 times lower than those found for bacterial enzymes
which is associated with lower (R)-3-HB synthesis. The enzymatic activities ranged between
0.27 ± 0.01 and 0.65 ± 0.15 U mg-1 for Akat4p and Akat2p respectively. Additionally, activities
of enzymes without putative mitochondrial targeting sequences (Akat4pN10, Akat4pN17) were
higher than for native Akat4p. Moreover, G1216/YIC104-AKAT4-phaB with native
mitochondrial thiolase did not produce (R)-3-HB. Finally, the negative control exhibited low
activity (0.19 ± 0.07 U mg-1), which corresponds to 13.5 % of the maximal activity found in
transformants.
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Figure 4.9 Enzymatic activity of β-ketothiolase and acetoacetyl-CoA reductase overexpressed in
A. adeninivorans cells. a 24 h cultivation of strains with all different thiolases and PhaBp
reductase, b 24 h cultivation of strains with all different reductases and thlp thiolase, usage of
NADH as a cofactor instead of NADPH, c enzymatic activity in time course cultivation.

The activity of phaBp reductase was determined in enzymatic assay by measurement of
NADPH oxidation and, as predicted, was similar in all strains except for the negative control
with a range between 2.41 ± 0.08 and 1.93 ± 0.11 U mg-1 for G1216/YIC104-AKAT4N17-phaB
and G1216/YIC104-AKAT1-phaB respectively. The negative control had 0.49 ± 0.02 U mg-1
which corresponds to 20.4 % of the maximal determined activity. Because of different cofactor
specificities, the activity of endogenous Arxula reductases was assayed by oxidation of NADH
(instead of NADPH for phaB) (Figure 4.9 b). Higher activity was found for G1216/YIC104thl-ATPK2 with 1.31 ± 0.07 U mg-1 compared to 0.64 ± 0.07 U mg-1 for G1216/YIC104-thl63

sAFOX2. Nevertheless, both strains did not secrete (R)- or (S)-3-HB. The strain
G1216/YIC107-thl-phaB with NADPH-dependent phaB also exhibited little activity with 0.40
± 0.02 U mg-1 and the negative control (transformed with empty plasmid) showed 0.25 ± 0.02
U mg-1, which was 18.4 % of the highest activity detected. Interestingly, different production
of (R)-3-HB cannot be explained by variation of enzymatic activities. The threefold higher
enzymatic activity of thiolase compared to 1.75-fold higher (R)-3-HB production demonstrates
that enzymatic activity is not the only factor which influences (R)-3-HB synthesis and secretion.
The activity of enzymes was also analyzed during extended cultivation. The strains with
intermediate and highest (R)-3-HB production rates were chosen for thiolase and reductase
enzymatic activity measurement (Figure 4.9 c). The results revealed that the activity of
reductase in strain G1216/YIC104-thl-phaB was relatively constant up to the end of cultivation
after reaching 2.50 ± 0.10 U mg-1 at 48 h. The analogous trend was observed for strain
G1216/YIC104-atoB-phaB but with the slightly lower maximal activity after 240 h. However,
the activities of thiolase for both strains increased until the end of cultivation. Strain
G1216/YIC104-thl-phaB reached a maximal activity of 2.75 ± 0.21 U mg-1, showing a
substantial increase between 48 h and 192 h. The strain G1216/YIC104-atoB-phaB showed a
steep rise in enzymatic activity between 144 h and 288 h with the highest value being 2.16 ±
0.06 U mg-1.
4.2.7 Utilization of (R)-3-HB by A. adeninivorans.
Degradation of the product at the late stage of cultivation is the main factor limiting synthesis
of (R)-3-HB by A. adeninivorans. To check the influence of overexpressed genes on utilization
of (R)-3-HB, strains G1216/YIC104-phaB, G1216/YIC104-thl-phaB and G1216/YIC104
(negative control) were used in a time course experiment. The strains were cultivated in YMMglc-NO3 with 2% of glucose for 48 h and then were shifted to YMM-glc-NO3 with different
concentration of (R)-3-HB (0.2 / 0.1 / 0 %) and incubated for a further 48 h.
Measurements of (R)-3-HB level showed that overexpression of the single gene phaB has no
influence on acid utilization in comparison to the negative control (Figure 4.10). The strain
G1216/YIC104-thl-phaB exhibited a slightly slower utilization rate, possibly due to parallel
(R)-3-HB production by this strain. In addition, the cell mass (dcw) revealed that carbon from
acid is used in secondary metabolism rather than for growth.
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Figure 4.10 (R)-3-HB utilization by different A. adeninivorans strains; a (R)-3-HB concentration, b dry
cell mass (dcw).

4.2.8 Culture optimization by fed-batch fermentation.
All performed shaking flask experiments revealed that Arxula can utilize (R)-3-HB after
depletion of carbon sources which makes production more difficult to perform. To increase
growth rate and production and prevent (R)-3-HB utilization, fed-batch cultivations were
performed. The strain with maximum yield (i.e. G1216/YIC104-thl-phaB) and fermentation
medium (modified rich medium) were employed to optimize (R)-3-HB production. The
optimization of conditions was performed by varying the oxygen level and modifying the
growth medium (additional nitrogen and carbon source).
In the first experiment, optimal conditions for growth of A. adeninivorans (pO2=40 %, glucose
and nitrogen feeding) were applied. It resulted in high cell growth (90.1 g L-1 after 75 h) and
production of 1.31 g L-1 of (R)-3-HB after 20.5 h. After depletion of initial glucose, the product
was instantly utilized and despite glucose feeding, production did not restart. The experiment
was repeated with the same conditions except for the oxygen level which was hypoxic (pO2 =
1%) to prevent utilization of (R)-3-HB. As expected, the growth rate of cells was slower at the
end of the logarithmic phase after 42 h (specific growth rate of 0.066 h-1). Synthesis of (R)-3HB started at the beginning of cultivation and rose steadily up to 76 h, correlating with glucose
depletion (Figure 4.11). From this point, production rapidly increased from 1.66 g L-1 to 3.76 g
L-1 at 89 h. After maximal production peak, (R)-3-HB was utilized by Arxula as previously
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seen. Noteworthy, the fastest production was associated with utilization of endogenously
synthesized ethanol and once the ethanol was depleted, (R)-3-HB was used as the carbon
source. To determine if Arxula is able to increase its production level, a fed-batch cultivation
using a fermentation medium and ethanol as a feeding agent was carried out. Additionally, the
aerobic condition (pO2 = 40%) had to be set in order to optimize ethanol consumption by Arxula.
Faster cell growth was observed at the end of the logarithmic phase after 25 h. The (R)-3-HB
production started in logarithmic phase and up to initial glucose depletion rose to 0.55 g L-1.
Ethanol feeding was then started and the (R)-3-HB level rapidly increased to 3.28 g L-1 at 70 h
of cultivation, after which the level of product remained constant. However, at the end of
utilization of the remaining ethanol, (R)-3-HB was immediately consumed. Additionally,
because of ethanol usage, the final amount of cell mass was lower than for hypoxic conditions
(35.2 g L-1 compared to 53.1 g L-1).
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Figure 4.11 Production of (R)-3-HB in a controllable fed-batch cultivation with strain G1216/YIC-thlphaB.

4.2.9 Enantio-purity of secreted 3-HB
Based on literature and specificity of phaBp acetoacetyl-CoA reductase, 3-HB produced by A.
adeninivorans was predicted to be the (R)-enantiomer [112]. However the GC/MS column used
for determination of 3-HB level was not able to differentiate both enantiomeric forms. To
confirm enantiopurity of secreted acid, the GC/MS results were compared with those obtained
by D-3-hydroxybutyric acid assay kit, which detected only the (R)-form. The strain
G1216/YIC104-thl-phaB was cultivated for 120 h in a rich medium and a sample was taken
and concentration of (R)-3-HB was measured by both methods. The analyses showed nearly
the same (R)-3-HB concentration obtained by GC/MS and assay kit (3.029 ± 0.044 and
3.027 ± 0.090 g L-1). Based on the specificity of the assay kit, it was thus demonstrated that
(R)-3-HB secreted by A. adeninivorans is a pure enantiomer. The specificity of D-3hydroxybutyric acid assay kit was established by the use of (S)-3-HB as a substrate, which gave
no response in the same conditions.
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4.2.10 Enhancement of secretion of (R)-3-HB to culture media.
As previously seen, A. adeninivorans strain with overexpressed β-ketothiolase and acetoacetylCoA reducase was able to secrete (R)-3-HB without additional genes responsible for removing
the CoA moiety and secretion into culture medium. To check if the secretion system affects
production levels, the influence of two genes was analyzed. One of them was TesB, which
encodes acyl-CoA thioesterase type 2 originally found in E. coli K12 strain, which has been
successfully expressed in other bacteria and yeast systems and demonstrated to improve 3-HA
production [75].
The ORF of TesB was obtained using E. coli K12 genomic DNA and appropriate primers in
PCR reaction. The sequence of the fragment was then checked and inserted into pBS-TEF1PHO5-SA vector to obtain the expression module. Module TEF1-TesB-PHO5 was then cloned
into Xplor2.4-TEF1-thl-PHO5-TEF1-phaB-PHO5 and the final plasmid Xplor2.4-TEF1-thlPHO5-TEF1-phaB-PHO5-TEF1-TesB-PHO5 was linearized and transformed into the
auxotrophic strain, A. adeninivorans G1216. After stabilization of potential transformants,
enzyme activity assays were performed. Results showed no difference between the
transformants and negative control. Additionally, cultivation for analysis of (R)-3-HB
production revealed that the transformant secreted a similar amount of acid compared with the
control.
More than 20 potential genes which could be associated with (R)-3-HB secretion were found
in the A. adeninivorans genome. One of them was mitochondrial ATES1. The enzyme encoded
by ATES1 has a weak homology to the amino acid sequence of TesBp (26% identical,
https://blast.ncbi.nlm.nih.gov) and was chosen for further tests. Due to the mitochondrial
localization of ATes1p, two ORFs were created: the native version and a shorter variant without
potential signalling sequence (MITOPROT http://ihg.gsf.de/ihg/ mitoprot.html). Both
sequences were obtained using A. adeninivorans LS3 wild type genomic DNA and primers
using PCR and subsequently checked by DNA sequencing. Afterwards, the genes were
processed

as

described

above

to

obtain

final

strains

G1216/YIC104-thl-phaB-

ATES1/ATES1cyt.
First, the enzymatic activity in transformants was measured. The results revealed that both
versions of the enzyme similarly increased the enzymatic activity compared to the negative
control (G1216/YIC104-thl-phaB) – 0.207 U mg-1 and 0.204 U mg-1 for ATes1p and ATes1pcyt,
respectively. The negative control exhibited 0.096 U mg-1, which corresponds to 46.4% of the
maximal activity detected. The transformants with maximal enzymatic activity of
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ATes1p/ATes1pcyt were chosen for (R)-3-HB production. In the first test, cells were cultivated
in a rich medium with additional 3% glucose but lower aeration level (50 mL of medium in 100
mL flasks). After 200 h the control strain (G1216/YIC104-thl-phaB) reached its maximal level
of 2.62 g L-1 (R)-3-HB which was then followed by acid utilization as previously seen. In
contrast, both transformants G1216/YIC104-thl-phaB-ATes1p and G1216/YIC104-thl-phaBATes1pcyt produced a lower amount of (R)-3-HB after 248 h (0.869 g L-1 and 1.29 g L-1,
respectively; Figure 4.12). Surprisingly, while the control strain secreted more (R)-3-HB, both
ATES1 strains had a superior growth rate.

Figure 4.12 (R)-3-HB synthesis by strains with additional overexpressed ATES1/ATES1cyt genes. a, b
medium oxygen level (higher flask to media volume rate, higher aeration) c, d low oxygen level (lower
flask to media volume rate, lower aeration). Legend refers to all charts.
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A similar situation for acid production was observed when cells were cultivated utilizing
medium oxygen level conditions (higher aeration level, 20 mL medium in 100 mL flasks). The
control strain secreted maximal 2.95 g L-1 after 191 h and the strain G1216/YIC104-thl-phaBATes1p 0.8123 g L-1 after 217 h. The last strain with overexpressed ATES1cyt gene produced
significantly less acid after 238 h of cultivation (0.192 g L-1). Furthermore, the dry mass was
significantly lower compared to growth of the control strain (6.34 g L-1 dcw for ATES1cyt strain
compared with 14.5 g L-1 dcw for control strain). Interestingly, the produced (R)-3-HB was not
degraded until the end of cultivation for both ATES1 strains while degradation at the late stage
of cultivation occurred for the control strain.
These results concerning the enhancement of secretion of (R)-3-HB by A. adeninivorans
provide two conclusions: Arxula is able to sufficiently secrete of (R)-3-HB into the culture
media without an additional secretion system and introduction of such a system not only
decreases the production level of 3-HB but also disturbs the physiology of cells (e.g. growth).
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4.3 Production of polyhydroxyalkanoates (PHAs)
The previous research was carried out to choose the best combination of the first two genes of
the PHA biosynthetic pathway. The strain with co-overexpression of thl thiolase from C.
acetobutylicum and phaB reductase from C. necator produced the highest level of (R)-3-HB
and those genes were chosen to create a new strain with additional overexpression of the phaC
gene. This gene originates from C. necator H16 and encodes the most known and described
PHA synthase, the enzyme which converts (R)-3-HB-CoA into the PHA polymer accumulated
in bacteria.
4.3.1 GC/MS calibration curve for PHB-V
Similar to (R)-3-HB, a calibration curve was established to calculate the polymer level in the
strains. A set of different concentrations of PHB-V polymer standard samples (Sigma-Aldrich,
USA) was derivatized and measured by GC/MS. Both HB and HV monomers had an excellent
fitting coefficient and a calibration curve could be used for calculation of polymer content in
cells. Moreover, the signal which came from the HB monomer was identical to the signal of the
(R)-3-HB derivative which confirmed robustness of GC/MS analysis method.
4.3.2 Screening of the potential positive transformants.
The ORF of phaC was synthesized by GeneArt (Life Technologies) using optimized codon
usage and plasmid Xplor2.4-thl-phaB was used to construct the final expression plasmid. The
phaC gene fragment was inserted into pBS-TEF1-PHO5-SA vector and the resultant expression
module TEF1-phaC-PHO5 was introduced into the Xplor2.4 vector. The final expression
plasmid Xplor2.4-thl-phaB-phaC was linearized and transformed into A. adeninivorans G1216
auxotrophic strain. Around 50 of potential transformants, both before and after stabilization,
were checked for polymer accumulation. The cells were cultivated in YPD medium for 96 h,
the cells were collected and washed with distilled water, lyophilized, subjected to propanolysis
and PHA content was measured by GC/MS. The results for transformants before stabilization
showed that an A. adeninivorans strain which overexpressed thl, phaB and phaC genes is able
to produce up to 7.47% PHB of dcw. Unfortunately, the stabilization process significantly
decreased accumulation level, the highest detected level was 1.72% PHB of dcw which was
only 23.1 % of production by cells before stabilization process. A possible explanation for this
effect may be a strong negative influence of PHB accumulation on Arxula cells and only the
cells with a reduced production can survive.
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4.3.3 Hygromycin B resistance marker
Decrease of growth rate and another metabolic profile for auxotrophic strain compare to
A. adeninivorans LS3 wild type strain could be one of the reasons for poor stability of PHA
producing cells. A possible solution of this problem may be a change of the selection marker
platform from an auxotrophic marker to antibiotic resistance. One of the antibiotics used for
Arxula transformants selection is hygromycin B.

Figure 4.13 Map of expression plasmid used in A. adeninivorans transformation for PHA production
with hygromycin B resistance marker gene.

To create an appropriate expression plasmid, the Xplor2.4-thl-phaB-phaC construct was used.
All expression modules containing the TEF1 promoter, PHO5 terminator and thl, phaB and
phaC genes were cut from original plasmid and cloned into a vector containing the hygromycin
B resistance gene (hph – hygromycin B phosphotransferase). The resulting plasmid pB-Kan25S-hph-thl-phaB-phaC (Fig. 4.13) was linearized and transformed into A. adeninevorans LS3
competent cells using a procedure similar to that used for auxotrophic strains with plating of
cells onto YPD solid medium containing 175 µg mL-1 of hygromycin B.
Transformants were subjected to stabilization by daily passaging into fresh liquid YPD medium
containing 175 µg mL-1 of hygromycin B. After 12 passages the cells were plated onto solid
YPD medium without hygromycin B and stored in 4 °C for further analysis. Several of the
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transformants, both before and after stabilization, were cultured in YPD medium without
antibiotic for 96 h and the polymer content was checked by GC/MS method. Similar to the
auxotrophic strain, the cells before stabilization accumulated up to 7.74 % PHB of dcw; only
PHB homopolymer was detected (Fig. 4.14). Analysis of transformants after stabilization
revealed that hygromycin B resistant strains, carrying all genes for PHA synthesis, nearly lost
its ability to synthesize polymer with only 10.6 % of the primary accumulation capability
remaining. These results showed that change of the transformant selection method had no
influence on stability of polymer accumulation. Additionally, use of an antibiotic resistant strain
generally decreased the level of produced polymer before stabilization – only one transformant
exhibited an accumulation level similar to that of an auxotrophic strain. Stabilization of polymer
accumulation required another approach based on stabilizing protein rather than another
expression system.

Figure 4.14 Polymer accumulation by strain A. adeninivorans LS3/YRC(YIC)HPH-thl-phaB-phaC before
and after stabilization. Only PHB was found by GC/MS analysis. Hash (#) with numbers presents
subsequent transformants.

4.3.4 Stabilization of PHA polymer accumulation
Phasins are a group of non-enzymatic proteins which play a crucial role in development and
stabilization of PHAs granules in bacteria. One of them – phaP1 – was chosen to try to counter
the effect of polymer production decrease during stabilization in Arxula. The PhaP1 gene was
obtained and processed similar to the phaC gene previously described. The final expression
plasmid Xplor2.4-thl-phaB-phaC-phaP1 was then used for yeast transformation and the
resultant potential transformants were checked for polymer accumulation. The cells were
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cultivated in YPD media for 96 h and PHA level was measured by GC/MS. Results revealed
that additional overexpression of phaP1 gene not only stabilized PHB accumulation in Arxula
but even increased the production level. During stabilization and cultivation the strain
G1216/YIC104-thl-phaB-phaC-phaP1 lost only 12.0% of its polymer accumulation ability and
the highest obtained level after stabilization was 9.58% PHB of dcw (Figure 4.15 a, b).

Figure 4.15 Influence of phasin on PHB synthesis and accumulation. a G1216/YIC104-thl-phaBphaC, b G1216/YIC104-thl-phaB-phaC-phaP1, c G1216/YIC104-abktB-phaB-phaC-phaP1. Hash (#)
with numbers presents subsequent transformants.
.

4.3.5 Time-course experiments with different media
As was seen before for (R)-3-HB, synthesis of the desired product is dependent on cultivation
time. To check maximal accumulation and possible degradation of PHB by Arxula, shaking
flask time-course experiments were done. Additionally, two different media were compared –
minimal medium YMM-glc-NO3 with 2% glucose and rich medium YPD. The cells were
cultured for 240 h and samples were collected each day. The highest content of PHB was
obtained for YPD media after 144 h and reached 18.8% PHB of dcw. For comparison, in
minimal medium the maximum polymer level was 14.5 %. Additionally, the maximal cell mass
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clearly increased in the rich medium (14.6 g L-1 after 92 h compared to 7.62 g L-1 after 116 h),
resulting in a higher PHB level in the culture medium (2.63 g L-1 compared to 1.07 g L-1 of
PHB). In both cases, the polymer level slightly decreased after the highest peaks, possibly due
to cells death and release of PHB into the culture medium rather than utilization by A.
adeninivorans (associated with slight decrease of dcw). In the next experiment, the cells were
cultivated in YPD medium with additional 3% of glucose. It resulted in an increase of PHB
content reaching 19.9% PHB of dcw, albeit after a longer period of cultivation (180 h). Based
on above results, YPD medium was chosen for all further cultivation.
4.3.6 bktB thiolase
The main aim of the project is synthesis of PHB-V copolymer instead of PHB only. Previous
investigations showed that overexpression of the selected genes and cultivation conditions led
to accumulation of the latter only. One possible method to overcome this problem is to
overexpress a different thiolase which converts precursors into 3-ketovaleryl-CoA instead of
acetoacetyl-CoA only. One of the candidates was bktB thiolase from C. necator H16 which was
overexpressed in E. coli and has been described by Wang et al. [21] to increase 3-HV fraction
in accumulated copolymer. The bktB gene was synthesized and processed as described
previously for phaC and phaP1 genes. Finally, the expression module TEF1-bktB-PHO5 was
introduced into the plasmid Xplor2.4-thl-phaB-phaC-phaP1 in place of TEF1-thl-PHO5 to
create the expression plasmid Xplor2.4-bktB-phaB-phaC-phaP1 (Figure 4.16). As in previous
cases, the plasmid was linearized, transformed into A. adeninivorans G1216 strain and potential
transformants were stabilized by passaging in different media. The results of screening tests
before and after stabilization revealed that average loss of polymer production ability was
17.3% with the highest polymer content 6.71% PHB of dcw after stabilization (Figure 4.15 c).
Unfortunately, only PHB polymer was detected. Later accumulation of polymer and possible
PHB-V copolymer production was checked in time of cultivation. The initial experimental
strain G1216/YIC104-bktB-phaB-phaC-phaP1 was cultivated in YPD medium without any
additives. After 139 h cells accumulated only 11.4% PHB of dcw and no PHV fraction was
detected.
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Figure 4.16 Map of final expression plasmid used in A. adeninivorans transformation for PHA
production with two different thiolase genes and AADE2 auxotrophic marker gene.

4.3.7 Different co-substrates
So far, only glucose has been used as a carbon source (YPD medium with 2% of glucose). To
test an influence of other carbon sources on PHA accumulation, different co-substrates were
used in addition with basic YPD medium. Moreover, conditions with lower oxygen level were
employed (50 mL of medium in 100 mL flasks instead of standard 20 mL in 100 mL). At the
beginning, both strains G1216/YIC104-thl-phaB-phaC-phaP1 and G1216/YIC104-bktB-phaBphaC-phaP1 were cultivated in YPD medium with additional 1% glucose fed after 48 h and 96
h. Change of aeration rate and additional glucose resulted in an increase of polymer
accumulation for both strains. After 240 h, 30.9 % (5.67 g L-1) and 23.8 % (4.21 g L-1) PHB of
dcw was detected for strains G1216/YIC104-thl-phaB-phaC-phaP1 and G1216/YIC104-bktBphaB-phaC-phaP1, respectively. As before, use of glucose alone led to synthesis PHB instead
of co-polymer.
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Table 4.3 Accumulation of PHB-V co-polymer depends on different co-substrate. The co-substrates
were added after 48 h and 96 h with final concentration presented in round brackets. Strain A –
G1216/YIC104-thl-phaB-phaC-phaP1, strain B – G1216/YIC104-bktB-phaB-phaC-phaP1.
co-substrate
strain

A

(concentration in

PHB

PHB

PHB-V

PHB-V

PHV

%)

[% of dcw]

[g L-1]

[% of dcw]

[g L-1]

[%mol]

none

26.7

4.62

-

-

-

glucose (1.00)

30.9

5.67

-

-

-

ethanol (1.00)

42.9

8.35

-

-

-

1-propanol (1.00)

-

-

28.4

4.63

7.30

valeric acid (0.10)

-

-

23.0

2.86

1.86

-

-

21.1

2.17

1.07

butyric acid (0.10)

16.2

1.29

-

-

-

none

19.8

3.16

-

-

-

glucose (1.00)

23.8

4.21

-

-

-

ethanol (1.00)

30.5

3.49

-

-

-

1-propanol (1.00)

-

-

20.3

2.87

22.5

valeric acid (0.10)

-

-

21.8

2.04

6.32

-

-

18.6

2.04

3.89

16.0

1.09

-

-

-

0.00

0.00

0.00

0.00

-

propionic acid
(0.10)

B

propionic acid
(0.10)
butyric acid (0.10)
negative
control

Based on (R)-3-HB results, where degradation of ethanol was directly associated with acid
synthesis, ethanol was chosen as the first co-substrate to be tested. The strains were cultured as
before with additional feeding of ethanol at 48 h and 96 h to obtain a final concentration of 1%
each time. As expected, use of ethanol greatly increased polymer production with the highest
content 42.9% and 30.5% PHB of dcw after 240 h (8.35 g L-1and 3.49 g L-1) for G1216/YIC104thl-phaB-phaC-phaP1 and G1216/YIC104-bktB-phaB-phaC-phaP1, respectively. Despite of
high polymer content, PHV fraction was still not found. To induce accumulation of PHB-V copolymer, further carbon sources were employed. The cells were cultured in YPD media and
after 48 h and 96 h 1-propanol (1%), butyric acid (0.1%), valeric acid (0.1%) and propionic
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acid (0.1%) were added. Beyond 1-propanol, concentrations of acids were lower due to their
toxicity and troublesome handling (strong odour). Except for butyric acid, supplementation
with the remaining carbon sources led to accumulation of PHB-V co-polymer with maximal
level found in strain G1216/YIC104-thl-phaB-phaC-phaP1 and 1-propanol – 28.4% PHB-V of
dcw (4.63 g L-1) with 7.30 %mol of PHV after 240 h (Table 4.3). Despite of lower co-polymer
content for strain G1216/YIC104-bktB-phaB-phaC-phaP1 and 1-propanol (20.3% PHB-V of
dcw, 2.87 g L-1), the PHV fraction was three times higher and reached 22.5%mol of PHV. For
valeric and propionic acid, co-polymer content was similar but both substances strongly
decreased the growth rate, which resulted in lower PHB-V level in g L-1. The worst fed carbon
source was butyric acid which not only led to accumulation of low amount of PHB alone but
also reduced the growth rate.
Influence of acidic substrates on pH was also investigated. Propionic and valeric acid and 1propanol as a control were added after 48 h and 96 h of cultivation with final concentrations of
0.1% and the pH and PHB-V content were measured. As presented in Figure 4.17, addition of
1-propanol did not decrease pH which rose till the end of cultivation. For both acids, pH
dropped slightly after first dose but increased for the rest of cultivation despite the next dose of
acid. Measurements of polymer content additionally revealed no correlation of pH changes with
polymer accumulation.

Figure 4.17 Relationship between pH and PHB-V accumulation for different co-substrates; a pH, b PHBV content. 1-propanol was used as a control.
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In a separate experiment, the last co-substrate – sodium propionate – was investigated. The
concentrations of co-substrates were calculated to equal molar amount of carbon based on 0.5%
sodium propionate (the highest concentration without significant effect on cell growth – sodium
propionate is usually used as a food preservative). The strains G1216/YIC104-thl-phaB-phaCphaP1 and G1216/YIC104-bktB-phaB-phaC-phaP1 were cultivated for 240 h in YPD medium
and additional carbon sources: sodium propionate (0.5%), 1-propanol (0.38%) and glucose
(0.45%) were separately added after 48 h and 96 h. The GC/MS results revealed that both 1propanol and sodium propionate gave higher yields of product than glucose in both strains
(Table 4.4). However, despite of low concentration, sodium propionate still affected growth
and finally the cells fed with 1-propanol accumulated more PHB-V co-polymer in g L-1.
Table 4.4 Accumulation of PHB-V co-polymer depends on different co-substrate. The co-substrates
were added after 48 h and 96 h with final concentration presented in round brackets. Strain A –
G1216/YIC104-thl-phaB-phaC-phaP1, strain B – G1216/YIC104-bktB-phaB-phaC-phaP1

strain

co-substrate

PHB-V

(concentration in %)

[% of
dcw]

A

PHB-V

PHB-V

PHV

[g L-1]

[% of dcw]

[g L-1]

[%mol]

glucose (0.45)

27.3

4.03

-

-

-

1-propanol (0.38)

-

-

30.9

4.80

7.43

-

-

31.5

4.05

8.38

glucose (0.45)

15.9

3.16

-

-

-

1-propanol (0.38)

-

-

25.7

3.18

21.6

-

-

26.9

2.63

16.9

0.00

0.00

0.00

0.00

-

sodium propionate
(0.50)

B

PHB-V

sodium propionate
(0.50)
negative
control

Summarizing above results, ethanol is the best co-substrate for PHB production while
1-propanol was proved to be the best carbon source for PHB-V co-polymer accumulation.
Based on these data, the mixture of an equal volume of ethanol and 1-propanol was chosen as
the optimal co-substrate for co-polymer synthesis.
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4.3.8 Increased gene dosage of PHB biosynthetic genes
For (R)-3-HB it was shown that the level of enzymatic activities may have an influence on acid
production. One of the possibilities to increase this level is introduction of additional copies of
expression modules. A. adeninivorans is also available as double auxotrophic mutant strains –
strains that can be transformed with two different expression plasmids. The plasmid Xplor2.4
was designed to complement adenine biosynthetic pathway and the other one – Xplor2.2 – to
complement tryptophan biosynthetic pathway. Both plasmids can be transformed into A.
adeninivorans MS1006 double auxotrophic strain and make it able to grow on medium without
supplemented adenine and tryptophan. To create new expression plasmids, the modules TEF1thl/bktB-PHO5-TEF1-phaB-PHO5-TEF1-phaC-PHO5-TEF1-phaP1-PHO5

from

Xplor2.4

were simply cloned into Xplor2.2 creating final expression plasmids, Xplor2.2-thl-phaB-phaCphaP1 and Xplor2.2-bktB-phaB-phaC-phaP1. Initially, Xplor2.4 plasmids were linearized and
transformed into the MS1006 strain, potential transformants were stabilized and screened for
PHB-V accumulation. During these steps (including transformation plates) the media were
supplemented with tryptophan to maintain the auxotrophy marker. After choosing
transformants with the highest polymer accumulation, second transformations with Xplor2.2thl/bktB-phaB-phaC-phaP1 were carried out. For selection of potential transformants, adenine
or tryptophan were not included in the media. Resulting strains were screened for the highest
polymer production. The highest polymer level, 11.2% PHB of dcw (1.12 g L-1), was found in
strain MS1006/YIC102-bktB-phaB-phaC-phaP1-YIC104-bktB-phaB-phaC-phaP1.
The differences in enzyme activities of thiolase and reductase showed that increasing the
number of copies of expression modules had a positive effect (Figure 4.18). Introduction of the
second plasmid resulted in approximately doubling the activities of both thiolase and reductase.
The highest differences were between the single transformant strain G1216/YIC104-bktBphaB-phaC-phaP1 (1.65 U mg-1 and 1.17 U mg-1 for thiolase and reductase respectively) and
double

transformed

MS1006/YIC102-bktB-phaB-phaC-phaP1-YIC104-bktB-phaB-phaC-

phaP1 (3.72 U mg-1 and 2.96 U mg-1 for thiolase and reductase respectively). Compared to these
strains, the negative control (double transformed with empty plasmid) exhibited relatively low
enzyme activities (0.165 U mg-1 and 0.385 U mg-1 for thiolase and reductase, respectively).
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Figure 4.18 Enzymatic activity of β-ketothiolase and acetoacetyl-CoA reductase in single and double
transformed strains. Strain A – G1216/ YIC104-thl-phaB-phaC-phaP1, strain B – G1216/ YIC104-bktBphaB-phaC-phaP1, strain C – MS1006/YIC102-thl-phaB-phaC-phaP1-YIC104-thl-phaB-phaC-phaP1,
strain D – MS1006/YIC102-bktB-phaB-phaC-phaP1-YIC104-bktB-phaB-phaC-phaP1.

To check if higher enzymatic activity can increase polymer production, all new strains were
cultivated in YPD medium for 240 h with ethanol/1-propanol (1:1; v/v) feeding after 48 h and
96 h. A doubled number of expression modules led to an increase of accumulated PHB-V copolymer of over 50% of dcw (Figure 4.19). The strain MS1006/YIC102-bktB-phaB-phaCphaP1-YIC104-bktB-phaB-phaC-phaP1 reached 52.1% PHB-V of dcw (10.8 g L-1) after 240 h
with 12.3 %mol of PHV fraction, a level never seen before in yeast. The remaining strains also
accumulated more co-polymer than the strains transformed once with expression plasmid.
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Figure 4.19 Accumulation of PHB-V co-polymer by A. adeninivorans strains both once and double
transformed with expression plasmid. Legend refers to all charts. Strain A – G1216/ YIC104-thl-phaBphaC-phaP1, strain – B G1216/ YIC104-bktB-phaB-phaC-phaP1, strain C – MS1006/YIC102-thl-phaBphaC-phaP1-YIC104-thl-phaB-phaC-phaP1, strain D – MS1006/YIC102-bktB-phaB-phaC-phaP1YIC104-bktB-phaB-phaC-phaP1, strain E – MS1006/YIC102-thl-phaB-phaC-phaP1-YIC104-bktBphaB-phaC-phaP1.

4.3.9 Fed-batch cultivation
As for (R)-3-HB production, one of the methods for improving polymer production was
controlled cultivation in 5 L bioreactor. The optimization of conditions was carried out in
parallel with genetic optimization described previously. Unless otherwise stated, all cultivations
started with the same fermentation medium (M&M 2.2.2, except for one culture where the pH
was maintained at 6.00) and the temperature was set to 30 ⁰C. The first cultivation used the
cells that had exhibited best cell growth. The strain G1216/YIC104-thl-phaB-phaC-phaP1 was
cultivated in aerobic conditions (pO2=40%) and glucose and nitrogen were supplemented as a
feeding source. The feeding mode started directly after depletion of initial glucose and further
doses were added after utilization of previous ones (controlled by detecting oxygen use).
Despite a dense cell mass (102 g L-1), Arxula accumulated only 0.961% PHB of dcw after 52
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h. In the next step of optimization, influence of growth speed on polymer production was
checked. The cells were cultivated in similar conditions but the aeration level was lower (semianaerobic conditions with pO2=1%). Slower growth caused 4-times higher accumulation of
PHB after 111 h (4.03% of dcw) but the final cell mass was significantly lower (39.2 g L-1). In
the next two batches, YPD medium with additional 3% of glucose was employed. Application
of aerobic conditions (pO2=20%) and glucose feeding without additional nitrogen led to
accumulation of 6.66% PHB of dcw but the lower nutrition level in basic medium caused poor
cell growth (10.4 g L-1). Based on the results from the first experiments that (R)-3-HB level
strongly increased when ethanol was utilized, the second batch used ethanol as a feeding source.
Despite weak growth caused by YPD medium (dcw = 12.6 g L-1), use of ethanol to induce
polymer production increased the yield to 18.5% PHB of dcw after 138 h. Based on above
results, to improve cell growth with high polymer accumulation level, the cells were cultivated
in fermentation medium, with ethanol feeding, without nitrogen source and using aerobic
conditions (pO2=40%). As a result, the cells produced 10.7% PHB of dcw after 144 h, but
superior growth (100 g L-1) allowed accumulation of 10.7 g L-1 of polymer which is an amount
5-times higher than in previous experiments.
In all the above trials, A. adeninivorans accumulated only PHB homopolymer and to initiate
PHB-V co-polymer production in shaking flasks, a mixture of ethanol/1-propanol (1:1 v/v) was
used as a feeding source. In the first batch, hypoxic conditions were chosen (pO2=0%,
vvm=0.05) and the remaining settings were the same as for ethanol feeding. The results showed
that conditions used not only led to poor growth but also gave only a small yield of polymer
which was without a PHV fraction (4.10% PHB of dcw, 0.57 g L-1 of PHB). In full aerobic
conditions, cells accumulated 6.92% of PHB-V co-polymer (7.4 g L-1) with 0.24 %mol of PHV
at 112 h. To check whether Arxula may synthesize larger amounts of polymer with higher PHV
fraction, the remaining strains were cultivated using above optimal conditions (Figure 4.20).
As observed in shaking flasks experiments, both strains double transformed with expression
plasmids accumulated more PHB-V in fed-batch cultivations than the strains transformed once.
Both strains also produced a similar amount of co-polymer with analogous 3-HV monomer
contribution. Nevertheless, strain MS1006/YIC102-thl-phaB-phaC-phaP1-YIC104-bktBphaB-phaC-phaP1 grew better (101 g L-1 compare to 75.7 g L-1) and finally accumulated 16.3%
PHB-V (16.5 g L-1) of dcw with 23.5%mol of PHV.
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Figure 4.20 Fed-batch cultivation for PHB-V accumulation using double transformed strains. Strain D MS1006/YIC102-bktB-phaB-phaC-phaP1-YIC104-bktB-phaB-phaC-phaP1,
strain E - MS1006/YIC102-thl-phaB-phaC-phaP1-YIC104-bktB-phaB-phaC-phaP1.

4.3.10 Fusion strain
A. adeninivorans is a haploid yeast with asexual reproductive cycles. Nevertheless, doubling of
genetic material may lead to some positive effects [113, 114]. Preparation of a fused strain can
be carried out by fusion of protoplasts as follows: construction of two different double
auxotrophic strains transformed with one expression plasmid, formation of protoplasts by
enzymatic digestion of cell wall, protoplast fusion in specified media (promotion of fusion
process) and recovery of cell wall in solid media. Due to the use of two different auxotrophic
strains, only fused cells should grow on minimal medium without adenine and tryptophan
(Figure 4.21).
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Figure 4.21 Protoplast fusion of A. adeninivorans. Bold line refers to cell wall.

For

this

experiment,

two

strains,

MS1006/YIC102-thl-phaB-phaC-phaP1

and

MS1006/YIC104-bktB-phaB-phaC-phaP1, were constructed and screened for selecting
transformants with the highest polymer accumulation level. Strains with highest productivity
were subjected to the protoplast fusion process, resulting in a few transformants after 7 days
regeneration on solid media. After stabilization, these cells they were analyzed for polymer
level by cultivation in rich media for 96 h. The best transformant produced 9.60 % PHB of dcw
(1.91 g L-1) but this was lower than the positive control strain MS1006/YIC102-thl-phaB-phaCphaP1-YIC104-bktB-phaB-phaC-phaP1 with 11.3 % PHB of dcw (2.31 g L-1).
As before, the strain was also tested for accumulation over cultivation time. Two fused
transformants with the highest polymer accumulation level and positive control strain were
cultivated in rich media for 240 h with ethanol/1-propanol feeding. One of the transformants
accumulated more than 50% co-polymer of dry mass (50.2% of dcw, 10.7 g L-1) which was the
second best result obtained with Arxula in all cultivations. Additionally, PHV fraction was
doubled at 23.0%mol of PHV (compare to maximal 12.3%mol for the strains in shaking flask
experiments). Furthermore, microscopy revealed that cells of the fused strain are rather similar
in size compare to control strain (Figure 4.22). These results show that the strain obtained by
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protoplast fusion may be useful for polymer production but further investigation is required,
especially regarding stability of the cells during extended cultivation and storage.
a

b

5 µm

5 µm

Figure 4.22 Light microscopy of fusion and control strain. a Control strain MS1006/YIC102-thl-phaBphaC-phaP1-YIC104-bktB-phaB-phaC-phaP1, b Fusion strain YIC102-thl-phaB-phaC-phaP1-YIC104bktB-phaB-phaC-phaP1. Bars in right corner represent appropriate size.

4.3.11 ATP citrate lyase
One approach to improve polymer production is increasing precursor levels in the cytoplasm.
The main precursor is acetyl-CoA, a compound that is central to metabolism. In oleaginous
yeast, the first step of fatty acid production is conversion of citrate from the mitochondrion to
acetyl-CoA and oxaloacetate in cytoplasm by ATP citrate lyase (Acl). The acetyl-CoA is then
directed to the fatty acid synthetic pathway. In A. adeninivorans, there are two genes encoding
the two subunits of Aclp; AACL1 (ARAD1B07414g) and AACL2 (ARAD1D314060g). Overexpression of both genes did not lead to a higher fatty acid level in cells and together with PHA
pathway genes did not increase polymer accumulation. Both effects may be caused by posttranslational modifications which protect cells from disruption of metabolic homeostasis. To
counter this effect, overexpression of both Acl genes originated from Aspergillus nidulans
(AnAcl1/2) was analyzed. It has been shown that overexpression of AnAcl1/2 genes in S. cerevisiae increases enzymatic activity about 5-fold compared to a control and other tested Acl
genes and also led to a higher production of mevalonate [115].
At the beginning, RNA from A. nidulans mycelia was isolated and purified. Subsequently, RNA
was treated with DNAse to remove residual genomic DNA. Pure RNA and appropriate primers
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were then used for reverse transcription PCR to create complementary DNA (cDNA), which
was used as a template to amplify both AnAcl subunits. After sequencing, ORFs were cloned
into TEF1-PHO5 expression module and a final expression plasmid Xplor2.2-AnAcl1-AnAcl2
was created (as previously described). The transformed double auxotrophic strain
MS1006/YIC104-bktB-phaB-phaC-phaP1 was used for transformation with an AnAcl plasmid.
The resulting strain MS1006/YIC102-AnAcl1-AnAcl2-YIC104-bktB-phaB-phaC-phaP1 was
stabilized and screened for PHB-V accumulation and AnAcl1/2p enzymatic activity. Results
revealed that one of the transformants exhibited the highest PHB accumulation and specific
enzymatic activity (Figure 4.23).

Figure 4.23 Screening of AnAcl1/2 strain, a PHB-V accumulation, b specific enzymatic activity. Negative
control refers to strain MS1006/YIC102-YIC104-bktB-phaB-phaC-phaP1. Hash (#) with numbers
presents subsequent transformants.

Under conditions of nitrogen limitation together with an excess of carbon source, inhibition of
isocitrate dehydrogenase leads to citrate accumulation in mitochondria, followed by citrate
transport to the cytoplasm. ATP citrate lyase processes citrate, resulting in increased levels of
acetyl-CoA level in cytoplasm which may be used for fatty acid synthesis [116]. To imitate
these conditions, AnAcl and control strains were cultivated in minimal medium + 2% glucose
with a quarter of basic nitrite and fed with 5% additional glucose after 48 h. The control standard
was YMM + NO3 + 2% glucose. Analysis of polymer accumulation showed that the strain with
AnAcl and overexpressed PHA pathway genes produced only 3.87% PHB of dcw after 240 h
for standard minimal medium. For the “fatty acid promoting” medium the level was even lower.
Under identical conditions, the control strain accumulated up to 12.0% PHB of dcw (Figure
4.24).
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Figure 4.24 PHB accumulation by strain with overexpressed AnAcl1/2 and PHA pathway genes
compare to control strain.

GC/MS was also used to check the fatty acid content in cell material. As predicted, the strain
with additional overexpression of AnAcl genes was able to accumulate relatively higher levels
of palmitic, stearic and oleic acid in both media compared to the control (Figure 4.25). These
results may partially explain the lower level of PHB polymer accumulation by this strain.
Presumably, acetyl-CoA synthesized by ATP citrate lyase is transferred directly to fatty acid
synthesis and not to other pathways. The experiment revealed that overexpression of AnAcl
genes in A. adeninivorans cells may improve fatty acid synthesis but is ineffective for PHB
polymer accumulation.
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Figure 4.25 Production of fatty acids by A. adeninivorans strain with overexpressed AnAcl1/2 genes in
comparison to control.

4.3.12 Starch media based on industrial by-products
The main aim of the project was usage of inexpensive substrates as carbon and nitrogen sources.
A low-cost carbon source is starch, which originates from industrial by-products. A.
adeninivorans is able to use starch for growth and polymer production. Two different media
supplied by “The Jaeckering-Group” were chosen to test their potential application in PHB-V
production and the similarities and differences of both are presented in Table 4.5.
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Table 4.5 Properties of Hamino and Fermentino media.
Hamino

preparation

Fermentino

basic medium made from
starch by-products

enzymatically and
thermally processed
Hamino medium
mainly mono- and

sugars

mainly starch

nitrogen

high level

low level

solid particles

high level

medium level

colour

creamy

orange to light-brown

flavour

weak, slightly acidic

oligosaccharides

medium, sweet,
melanoidin

The new media were tested both for polymer and (R)-3-HB production. In the first experiment
Hamino, Hamino/Fermentino 50:50 mixture and three (R)-3-HB producing strains were
employed for acid synthesis (Figure 4.26). Results revealed that strain G1216/YIC104-thl-phaB
secreted 2.19 g L-1 (R)-3-HB when an equal mixture of Hamino/Fermentino was used.
Additionally, dry cell weight was around 40 g L-1, 3-times higher than for cultivation in rich
media. However, amount of acid was half that obtained for the rich media and production
occurred in shorter time of cultivation.

Figure 4.26 (R)-3-HB production using starch based media. a Hamino medium, Hamino/Fermentino
equal mixture. Legend refers to both charts.
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Accumulation of PHA polymers was analyzed using different media compositions and results
obtained are presented below. Unfortunately, it is not possible to calculate the amount of
polymer as a percent of dry mass (% of dcw) due to presence of solid particles in both media,
which may be partially utilized through cultivation and the only precise scale is g L-1.
Table 4.6 PHB accumulation using cheap substrate. Strain C - MS1006/YIC102-thl-phaB-phaC-phaP1YIC104-thl-phaB-phaC-phaP1, strain D - MS1006/YIC102-bktB-phaB-phaC-phaP1-YIC104-bktB-phaBphaC-phaP1.
strain

medium only
C

PHB [g L-1]

conditions

Hamino

Fermentino

3.71

0.47

3.45

0.23

1.02

0.23

1.24

0.12

medium +
EtOH/PrOH
medium only

D

medium +
EtOH/PrOH

In the first experiment, pure Hamino or Fermentino led to maximum accumulation 3.71 g L-1
of PHB for Hamino and strain MS1006/YIC102-thl-phaB-phaC-phaP1-YIC104-thl-phaBphaC-phaP1. In the second attempt, an additional ethanol/1-propanol mixture was used after
48/96 h to promote PHB-V copolymer production. Unfortunately, in most cultivation feeding
with alcohols did not increase polymer production level and only traces of PHV were found at
the end of the cultivations. This effect may be explained by the fact that alcohols are consumed
by yeast only when other carbon sources are depleted. Additionally, Fermentino turned out to
be a poor medium with low polymer accumulation mainly due to a low nitrogen level resulting
in weak cell growth.
Next cultivation focused on supplementation with macroelements. In general, addition of nitrate
or phosphate to basic medium did not enhance polymer accumulation level and only a high
nitrate concentration slightly increased PHB level for the Fermentino medium. An influence of
combining different media and addition of 1-propanol was shown in the last experiment.
Unexpectedly, production of PHB was halved when cultures were started with Hamino and fed
with different concentrations of Fermentino (additional monosaccharides). The cultures
additionally fed with 1-propanol grew poorly and the accumulation of PHB polymer was 10-20
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times lower than for the cultures with Hamino only and only a trace of PHV was detectable at
the end of the growth period. This effect may be partially explained by a toxic effect of 1propanol when it is not utilized during an early stage of cultivation.
Table 4.7 PHB accumulation using cheap substrate in strain - MS1006/YIC102-bktB-phaB-phaCphaP1-YIC104-bktB-phaB-phaC-phaP1; H – Hamino, F – Fermentino.
PHB [g L-1]

conditions
Hamino

Fermentino

medium only

1.25

0.47

+ 1.85 g L-1 NaNO3

1.01

0.32

+ 3.70 g L-1 NaNO3

1.16

0.64

+ 3.38 g L-1 KH2PO4 + 0.88 g L-1 K2HPO4

1.13

0.43

+ 6.75 g L-1 KH2PO4 + 1.75 g L-1 K2HPO4

1.22

0.37

H+F

0.645

H + 2x diluted F

0.604

H + F + 1 % PrOH (48h)

0.103

H + 2x diluted F + 1 % PrOH (48h)

0.167

H + F + 0.5 % PrOH (0h) + 1 % PrOH
(48h)
H + 2x diluted F + 0.5 % PrOH (0h) + 1 %
PrOH (48h)

0.072

0.154

4.4 Polymer analysis
4.4.1 Polymer extraction
Determination of polymer properties is essential for its further applications. Before analysis,
the accumulated polymer was extracted and purified from cell material. To optimize these
processes, several approaches were used based on the work of Li et al. [105]. A modification
of their solvent extraction method was chosen due to its efficiency at small laboratory scale.
The cell material was obtained from strain MS1006/YIC102-bktB-phaB-phaC-phaP1-YIC104bktB-phaB-phaC-phaP1 by fed-batch cultivation. By comparing the methods, Soxhlet
extraction turned out to be the worst approach with very low polymer recovery, both with
chloroform and 1,2-DCE and relatively low polymer purity in both methods. To improve
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recovery from cell mass, several pre-treatments were used. Use of a French Press together with
trypsin treatment and boiling in chloroform gave the best polymer recovery and high final
purity. The polymer material obtained with the last method was then sent for further analysis
performed by specialized companies (Figure 4.27; cf. Materials & methods, 3.9).

Figure 4.27 Extracted PHB-V co-polymer from A. adeninivorans.

4.4.2 Analysis
The purity of the resulting polymer material was 99.2% with 73.1%wt of PHB and 26.1%wt of
PHV. GPC analysis showed that polymer produced by Arxula is considered to be a very-lowmass polymer with MN (number average molar mass) and MW (weight average molar mass)
values 8630 and 17,300, respectively, and the calculated polydispersity index is 2.00 (MW/MN).
The next two factors, Tm (melting point) and Tg (glass transition temperature), were determined
using the DSC method. The first and second Tm values were 163.3 and 138.1 ⁰C, respectively,
and are unexpectedly higher compared to other PHB-V co-polymer with similar PHV content
[117]. The Tg value of 55.3 ⁰C is also significantly higher than found with other analogous copolymers (-5 ⁰C). Determination of thermal degradation was carried out by thermogravimetric
analysis. The degradation process started at 260 ⁰C, continued with rapid reduction of MW at
300 ⁰C and final loss of 99.2% of initial MW. The values obtained are comparable to other
polymers [118]. Finally TOF-SIMS analysis (Time-of-Flight secondary ion mass spectrometry)
supported the results obtained by GC/MS with similar proportions of PHB and PHV.
Additionally, the analysis revealed the presence of a trace of polydimethysiloxane, which is
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considered to be a contaminant possibly coming from anti-foam agent used in fed-batch
cultivation or from extraction process (grease used for laboratory glass).
4.4.3 Imaging
The imaging of accumulated polymer in A. adeninivorans cells was performed both by confocal
light microscopy and transmission electron microscopy.
Confocal light microscopy
Light microscopy was performed using BODIPY 493/503 (Thermo Fisher, USA). It exhibits
green fluorescence and strongly binds to neutral lipids and related compounds. In S. cerevisiae,
BODIPY 493/503 was described to be more suitable for PHA staining than well-known Nile
Red [119]. The polymer granules accumulated by Arxula were predicted to be located in the
cytoplasm and the imaging showed that this may be the case (Figure 4.28 a). Additionally, in a
single yeast cell a lot of different granule sizes are present. To confirm this and to obtain more
precise pictures, TEM microscopy was performed.
Transmission electron microscopy
TEM imaging enables ultrastructural analysis with accuracy not available for the other methods.
This approach may be useful especially when location and size of single PHB-V granules has
to be estimated. Arxula cells which accumulated PHB-V co-polymer were processed as
described in Materials and methods (section 3.9.2) and electron microscopy was used to
illustrate polymer granules (Figure 4.28 b). The results confirmed the data obtained by light
microscopy and allowed estimation of average granule sizes which turned out to be similar to
PHB-V granules found in bacteria [120].
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a

5 µm

b

1 µm
Figure 4.28 Imaging of accumulated polymer in A. adeninivorans cells. a confocal light microscopy;
polymer imaged as a green spots; top – negative G1216 strain; bottom – PHB-V producing strain b
transmission electron microscopy, left – G1216 transformed with empty plasmid; right – cells with stable
production of PHB-V. Polymer imaged as a blind spots. Bars in the right corner represent approximate
length.
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5
5.1

Discussion
(R)-3-hydroxybutyric acid

The non-conventional yeast A. adeninivorans was proposed to be a promising host for
poly(hydroxyalkanoates) accumulation. One of the intermediates in the pathway of polymer
synthesis is (R)-3-hydroxybutyryl-CoA, a compound which may be converted into polymer or
released to culture media as an acid after cutting off the CoA moiety. (R)-3-hydroxybutyrate
can be also produced by enzymatic degradation of PHB polymer which is a natural mechanism
of many bacteria where PHB is used as a storage material. Employing this approach for
industrial synthesis of (R)-3-HB may provide a high yield of production within a relatively
short time. Nevertheless, it requires a two step fermentation process which may increase process
costs and risk contamination. Thus, a one-step fermentation process or continuous synthesis of
product may provide benefits.
The second option occurs in the case of absence of PHA synthase. Indeed, overexpression of
first two PHA pathway genes, β-ketothiolase and acetoacetyl-CoA reductase, in A.
adeninivorans cells led to synthesis and secretion of (R)-3-HB acid into culture media. Low
expression levels of endogenous enzymes thiolase and reductase or their complete absence
allows yeast to secrete the product with properties dependent only on the overexpressed genes.
Moreover, employment of particular stereoselective reductase led to synthesis of enantiopure
(R)-3-HB.
The combination of overexpression of thiolase genes from bacteria and A. adeninivorans
together with reductase gene from C. necator H16 led to secretion of (R)-3-HB, with the
exception of G1216/YIC104-AKAT4-phaB which included a mitochondrial thiolase. The lack
of the product in case of mitochondrial thiolase, despite of detected enzymatic activity, suggests
that in A. adeninivorans acetoacetyl-CoA is not or at least not efficiently transported between
intracellular compartments, preventing the synthesis of detectable levels of (R)-3-HB. In
addition to bacterial reductase, two endogenous reductase genes were tested, resulting in lack
of acid production, despite detectable enzymatic activity. The screening tests revealed that
strain G1216/YIC104-thl-phaB synthesized the highest amount of (R)-3-HB. Analysis of acid
production in two different media by time course shaking flask cultivation revealed that a higher
rate of synthesis by all strains was obtained with yeast complex medium (YPD). Yeast minimal
medium with nitrate (HMM-glc-NO3) not only exhibited a lower production level but
additionally degradation of 3-HB occurred sooner. Differences in (R)-3-HB utilization could
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be explained by higher nutrients level in YPD medium, which led to greater synthesis of
secondary metabolites.
Determination of thiolase enzymatic activity from different sources revealed that enzymes
originating from bacteria exhibit at least twice the activity than those from A. adeninivorans.
The lower enzymatic activity may be explained by potential posttranslational down-regulation
of expressed endogenous proteins. Moreover, (R)-3-HB production level is not directly
associated with enzymatic activity. While transformant G1216/YIC104-thl-phaB showed a
relatively high enzyme activity of thiolase and exhibited the highest productivity, strain
G1216/YIC104-atoB-phaB overexpressing another bacterial thiolase with the highest activity
produced even less (R)-3-HB than transformant G1216/YIC104-AKAT4N10-phaB with
endogenous thiolase. The disparities between enzymatic activity and production rate could be
caused by other factors, for example by specificity of enzymes, its kinetic parameters, optimal
pH and temperature. As predicted, activity of phaBp reductase in different strains was similar
and about two to four times higher in comparison to endogenous Atpk2p and AFox2p,
respectively. Although enzymatic activity could be detected, overexpression of thl thiolase and
reductase genes from Arxula did not lead to secretion of either (R) or (S) form of 3-HB. The
lack of production may be explained by compartmentalization of enzymes to different
organelles. While bacterial phaBp is located in the cytosol, endogenous reductases are directed
into mitochondria and peroxisome, thus poor transport of intermediates between different
organelles and cytosol could be a reason for lack of (R)-3-HB production. Furthermore, another
argument for choosing of bacterial reductase is its use of NADPH as a cofactor instead of
NADH required for endogenous enzymes activity. A. adeninivorans is an oleaginous yeast and
a high level of NADPH is present due to its synthesis of fatty acids.
Akat4p endogenous thiolase was predicted to be a mitochondrial protein and two versions of
the AKAT4 gene without potential signalling sequences were created and analysed. Enzymatic
assay revealed that modified Akat4N10p and Akat4N17p exhibit slightly higher activity than the
wild type Akat4p. Nevertheless, transformant G1216/YIC104-AKAT4-phaB did not secrete
(R)-3-HB while strains G1216/YIC104-AKAT4N10-phaB and G1216/YIC104-AKAT4N17phaB with cytosolic versions of thiolase secreted a relatively high level of the product. The
above results prove that cytosolic targeting of enzymes is required for (R)-3-HB production in
genetically engineered A. adeninivorans strain. Moreover, the modified enzyme retains its
activity and led to secretion of acid. This approach may be useful for other applications where
targeting of protein to particular organelles is a key factor for successful result of research.
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Prolonged shake-flask cultures revealed that (R)-3-HB is accumulated in culture media over a
long period of cultivation (214 h). Two main factors could explain this phenomenon. Firstly, at
the early stage of cultivation acetyl-CoA arising from glucose catabolism is directed to
mitochondria for ATP and NADH production [121] followed by conversion into fatty acids in
case of nitrogen limitation [116]. After glucose depletion, fatty acids can be partially oxidized,
increasing the acetyl-CoA pool for (R)-3-HB synthesis. Additionally, utilization of
endogenously synthesized ethanol is strongly correlated with acid synthesis, demonstrating that
acetyl-CoA coming from a secondary metabolite may be a main source for (R)-3-HB synthesis.
Indeed, De Jong-Gubbels et al. [122] described that utilization of ethanol in yeast occurs in
cytoplasm thus any acetyl-CoA can be directly converted by cytoplasmic enzymes. The
enzymes involved in (R)-3-HB secretion by Arxula are unknown, thus the process cannot be
controlled. Moreover, it is unclear whether the excretion mechanism is active or passive. The
inefficiency of these systems may be the second reason for late production of acid. More than
20 genes were found in A. adeninivorans LS3 which could encode enzymes responsible for
secretion, but most of them are expressed in mitochondria or in peroxisomes. Liu et al. [72]
have described a modified E. coli strain which, besides genes responsible for production of (R)3-HB, overexpresses an endogenous thioesterase type II gene (TesB) for removing the CoA
moiety, thus leading to the secretion of 12 g L-1 (R)-3-HB. The similar protein Pte1p was found
in S. cerevisiae which is responsible for degradation of short fatty acids in peroxisome [123].
An analogous enzyme ATes1p exists also in A. adeninivorans and is present in peroxisomes as
well. Both TesB and ATES1 genes were overexpressed in Arxula and their influence on (R)-3HB secretion rate was examined. Additionally, based on effectiveness of protein targeting
strategy, a cytosolic version of ATES1 gene was created and tested. Surprisingly, the strain with
the overexpressed bacterial TesB gene exhibits similar enzymatic activity but no increase in
(R)-3-HB synthesis compared to the negative control, although its activity has been reported
both for bacteria and yeast expression systems [72, 75]. Overexpression of genes encoding
ATes1p and ATes1pcyt led to a 2-fold increase of the enzymatic activity, again proving the
efficiency of differential targeting by deleting signalling sequences through a simple PCR
reaction. Nevertheless, analysis of (R)-3-HB synthesis revealed an inhibition effect on secretion
for both overexpressed thioesterase genes. Interpretation of growth behaviour provided
interesting information. The strains G1216/YIC104-thl-phaB and G1216/YIC104-thl-phaBATES1 grew at a similar rate while the strain with overexpressed cytosolic thioesterase had
half the dry cell mass at the end of cultivation when conditions with a medium level of oxygen
was used. An opposite situation was observed for conditions with lower oxygen levels where
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both ATES1 strains grew better than the control strain and (R)-3-HB was not utilized at the end
of cultivation. These results provide two conclusions: firstly, overexpression of endogenous
ATES1 thioesterase may change Arxula metabolism, especially when the enzyme is directed to
the cytosol which can be caused by unspecific removal of the CoA moiety and secondly,
possibly A. adeninivorans is able to sufficiently secrete (R)-3-HB into the culture media and an
additional excretion system will not increase rate of production of acid.
Utilization of (R)-3-HB as a carbon source was studied more accurately using a strain with
overexpressed acetoacetyl-CoA reductase gene only and the analysis showed that there is no
relationship between overexpressed genes and acid secretion. The negative control and
G1216/YIC104-phaB strains catabolize (R)-3-HB in a similar manner. Furthermore, the acid
producing strain G1216/YIC104-thl-phaB utilizes (R)-3-HB slightly slower which is possibly
caused by parallel synthesis of acid. Additionally, the cell dry mass decreased during acid
degradation in all strains which may indicate that additional carbon is directed to secondary
metabolism rather than for growth. The results confirmed that (R)-3-HB can be a source of
carbon for A. adeninivorans and the control of this process requires further investigations.
An improvement in (R)-3-HB production was analysed using controllable fed-batch cultivation.
Oxygen levels turned out to be an essential factor for acid synthesis and aeration had to be
optimized. Aerobic conditions contributed to fast (R)-3-HB production but rapid product
utilization while hypoxic conditions (pO2=1%) led to three-fold higher synthesis after longer
time of cultivation (89 h compare to 26 h). Unfortunately, hypoxic conditions also lead to acid
consumption. In all cultivations, endogenous ethanol is catabolized after initial glucose
depletion and causes a steep increase of (R)-3-HB level. However, after the complete use of
ethanol, (R)-3-HB is used as a carbon source and obtaining a high production level is difficult
to achieve. Using ethanol as a fed carbon source also did not improve the level of synthesis
which may indicate that there is a maximal (R)-3-HB level produced in fed-batch cultivation.
Additionally, a problem with ethanol use is its high evaporation rate during aeration which may
waste as much as 30 % of the introduced ethanol [75]. In summary, despite controlling culture
conditions and the presence of an excess of carbon source, (R)-3-HB levels never surpassed
that obtained in shaking flask incubations.
5.2

Poly(hydroxyalkanoates)

The oleaginous nature, dense growth, robustness, carbon source versatility and optimized
expression platforms are factors which make A. adeninivorans a valuable candidate for
production of poly(hydroxyalkanoates). Another advantage is the fact that wild type A. adeni99

nivorans LS3 strain does not express an endogenous PHA degradation pathway which could
disturb polymer accumulation in long term cultivation. Moreover, synthesis of particular genes
using codon optimization is much more available and may improve heterologous gene
expression [124]. The previous research regarding (R)-3-HB synthesis gave information that
the most effective thiolase and reductase genes originate from C. acetobutylicum and C.
necator, respectively. Additionally, the bktB thiolase gene from C. necator was investigated for
development of PHV fraction in PHB-V co-polymer [21]. Previous research from 2004
performed by Terentiev et al. [54] also showed that Arxula is able to accumulate PHB-V
polymer but at a level much lower than that obtained in bacteria.
Optimization of PHA synthesis required a robust and sensitive system for polymer detection.
One of the most known techniques in polymer analysis is gas chromatography associated with
mass spectroscopy. Use of that detection system required degradation of polymer and
derivatisation of the resulting monomers into esters. For the PHB-V project, use of 1-propanol
with hydrochloric acid and 1,2-dichloroethane was employed to perform both of the aforementioned reactions in one solution. This method exhibited several advantages over the
commonly used methanol in sulphuric acid and chloroform [104]:
-

the time of reaction is not limited for hydrochloric acid compared to the limited reaction
time when sulphuric acid is used – the latter may degrade monomers beyond of
esterification,

-

propyl ester of hydroxybutyric acid is more hydrophobic than methyl ester resulting in
better extraction into the organic phase (1,2-dichloroethane) which increases test
sensitivity,

-

1,2-dichloroethane is generally regarded to be more environmentally safe than
chloroform.

The reaction for PHB and PHB-V standard and the creation of calibration curves showed that
chosen polymer analysis method is sensitive, robust, linear in concentration range assayed and
relatively quick to perform.
Initial research on PHA production in A. adeninivorans used genes with original, non-optimized
sequences. β-Ketothiolase gene (atoBorg) originated from E. coli K12 strain and both phaBorg
and phaCorg came from C. necator H16 strain. The reposited plasmids at our laboratory were
used to create expression cassettes containing A. adeninivorans derived TEF1 strong
constitutive promoter, the S. cerevisiae PHO5 terminator and respective PHA pathway genes.
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These modules were subsequently used to create final expression plasmids based on Xplor®2
expression platform. In comparison to the former system, Xplor®2 was believed to be more
optimal for protein expression, thus improving synthesis and accumulation of polymer. After
yeast transformation, potential positive transformants were analysed by PCR to check the
integration of all three genes into the Arxula genome. Set of reactions and agarose gel
electrophoresis revealed that only three of transformants had successfully integrated all of PHA
pathway genes. Afterwards, cultivation and GC/MS analysis for PHA accumulation were
performed for these transformants. Unfortunately, none of them exhibited both PHB and PHV
synthesis hence another strategy had to be employed.
Due to development of synthesis techniques, its availability and increased knowledge of the
molecular basis of protein translation, de novo synthesis of all ORFs used in the study was
performed using codon optimization method. Initial studies on PHA production by A.
adeninivorans, using new gene constructs, have shown that overexpression of thiolase and
reductase genes together with PHA synthase gene led to accumulation of PHB in yeast cells.
However, through stabilization process Arxula loses most of its production capacity, which may
be theoretically explained by increase in cell stress and the inability of PHA producing cells to
multiply. The other possible reason is the use of an auxotrophic strain, which has a lower growth
rate compared to wild type strain and exhibits slightly different metabolic profile.
Apart from several auxotrophic strains, A. adeninivorans has an ability to carry antibiotic
resistance marker for transformants selection. Use of A. adeninivorans LS3 wild type strain
may, in theory, counteract the aforementioned disadvantages. The selection agent was
hygromycin B which is highly toxic for cells without transformed resistance marker (hph –
hygromycin B phosphotransferase). Additional benefit of using antibiotics instead of
auxotrophy is lower risk of culture contamination. The strain transformed with all PHA pathway
genes together with hph marker showed a similar level of maximal PHB accumulation as the
strain obtained by complementation of an auxotrophic marker. Nevertheless, the cell lost its
capability of polymer synthesis and accumulation after strain stabilization. This kind of
selection system was chosen for further PHA production optimization because auxotrophic
strains are preferable in higher scale production. Moreover, another strategy based on molecular
stabilization of polymer accumulation, rather than various expression systems, was employed.
Phasin (PhaP1 gene) is a non-enzymatic protein playing an essential role in PHA granule
development in bacteria [125] and reduces cell stress when heterologously overexpressed in E.
coli [35]. A. adeninivorans naturally does not express that kind of protein which may result in
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unstable polymer accumulation. Surprisingly, using the PhaP1 gene together with PHA
pathway genes in A. adeninivorans stabilizes polymer accumulation, even during extended
cultivation. This result strongly suggests that the loss of polymer accumulation through
extended incubation and cell passaging was caused by the instability of growing PHA granules
and increasing cell stress. Moreover, overexpression and analysis of phasin gene has been never
reported in yeast.
As noted before for (R)-3-HB synthesis, yeast complex medium (YPD) turned out to be a
preferable environment for PHA accumulation, mainly due to the availability of precursors and
cofactors and better growth behaviour. Using YPD medium only, Arxula accumulates only PHB
polymer, even when bktB thiolase gene is overexpressed instead of thl. To investigate ability
of PHB-V co-polymerization, different co-substrates were examined as a carbon source.
Ethanol led to the highest product accumulation but only PHB polymer was detected by GC/MS
measurements. However, the remaining co-substrates tested, except of butyric acid, allowed
Arxula to accumulate PHB-V co-polymer with different 3HV monomer content. Two of the
best compounds for substantial accumulation of co-polymer were sodium propionate and 1propanol. When polymer content in % of dry mass is considered, sodium propionate is most
efficient but due to its toxicity the dcw is reduced. Nevertheless, the decisive parameter for
industrial production is mass of polymer per litre of culture. Use of 1-propanol gave the highest
yield in g L-1 and thus this co-substrate was chosen for all subsequent experiments for inducing
3HV monomer incorporation into PHB-V co-polymer. It is noteworthy that A. adeninivorans
is able to take up C2-C6 alcohols [126] and convert them into relevant CoA compounds which
in theory may be used to synthesize medium-chain-length PHAs but would require another
PHA polymerase [127]. Summarizing above results, equal mixture of ethanol and 1-propanol
was selected to maximize accumulation of PHB-V co-polymer.
The expression level of introduced genes seems to be a decisive factor involved in PHA
accumulation yield. Basically, A. adeninivorans was transformed once with linearized
expression plasmid resulting in PHA accumulation. Nevertheless, existence of a double
auxotrophic Arxula strain allowed a second transformation which, in theory, should lead to
increased expression levels. Indeed, double transformed strains exhibit about twice as much
enzymatic activity than the basic strains. Further investigation showed that all double
transformed strains accumulated a greater amount of PHA, proving the suitability of the applied
approach. Moreover, one of the strains exceeded 50 % of dry mass of accumulated co-polymer
which is the highest amount ever found in yeast.
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The main aim of the conducted research was the production of PHB-V co-polymer with
increased 3HV level. The strains used for polymer production differ only with respect to
thiolase, thl which comes from C. acetobutylicum and bktB which comes from C. necator.
Expression of the first gene together with PHA pathway genes led to superior polymer
production. However, the main product of this thiolase is the 3HB precursor acetoacetyl-CoA
with a low PHV fraction in the finally accumulated co-polymer (up to 8.38 %mol). On the other
hand, bktB thiolase generates more β-ketovaleryl-CoA (3HV precursor) and despite a lower copolymer level, it had 3-times as much PHV. These results are similar to the results demonstrated
for bktB thiolase expressed in E. coli [21]. Surprisingly, for both bktB double transformed
strains, the contribution of 3HV monomers showed half the level compared to single
transformed cells but this amount was still consistently 3-times higher than for the double
transformed strains expressing thl thiolase.
As for (R)-3-HB, controlled fed-batch cultivation was employed to boost polymer
accumulation. In theory, optimization of aeration rate, better growth or pH control should
increase product accumulation. The results obtained, however, showed the opposite situation.
The highest co-polymer level for optimized conditions was 16.3 % PHB-V of dcw compare to
52.1 % obtained by shaking flask cultivation. Nevertheless, significantly higher growth rate
(101 g L-1 compare to 20.8 g L-1) increased the total amount of co-polymer measured in g L-1
by 60.4 % with the final amount 16.5 g L-1. These results show a correlation between growth
behaviour and polymer accumulation in Arxula. Moreover, both bktB double transformed
strains in fed-batch culture accumulated co-polymer with twice the 3HV monomer content
compared to shaking flask cultivation which is a big advantage for further up-scale production.
Engineering of acetyl-CoA metabolism by overexpression of ATP citrate lyase was studied.
Due to oleaginous nature, the genome of A. adeninivorans contains Acl genes encoding two
subunits of ATP citrate lyase. However, overexpression of both genes in Arxula cells did not
increase enzymatic activity and had no influence on polymer accumulation. As an alternative,
two Acl genes originating from A. nidulans and previously expressed in S. cerevisiae have been
examined. Initial investigation revealed that the strain with overexpressed AnAcl1 and AnAcl2
genes exhibited around 3-times higher activity than the negative control. However, this activity
did not result in a higher level of PHA accumulation and gave a yield even lower than the
negative control. Since Acl is a component of the pathway of fatty acid synthesis, the medium
with reduced nitrate level for induction of fatty acid synthesis was examined but also with poor
result. To check whether overexpression of AnAcl1/2 had an influence on fatty acid production
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by Arxula, GC/MS measurements were conducted. Using both standard and lipid-promoting
media, higher levels of palmitic, oleic and stearic acid have been detected with the AnAcl1/2
expressing strain. These results may partially explain the lower level of PHA accumulation for
the AnAcl1/2 strain. It thus seems that acetyl-CoA generated by ATP citrate lyase is directed
into fatty acid synthesis rather than to other pathways. As a conclusion, overexpression of Acl
genes from A. nidulans in A. adeninivorans may be a promising solution for fatty acid
production while the combination with PHA accumulation systems gives unsatisfying results.
As another strategy for improving polymer production by genetic engineering, fusion of
protoplasts was examined. Doubling of genetic material may enhance protein expression and
amended yield of synthesis of desired product [113, 114]. A. adeninivorans as a haploid yeast
is a good candidate for conducting a fusion process. Indeed, the fusion strain containing all
PHA pathway genes was able to accumulate 50.2 % of PHB-V of dcw which is the second
highest result obtained by Arxula. Moreover, compared to the corresponding double
transformed strain, the fusion strain produced co-polymer with twice as much PHV.
Nevertheless, since fused strains of A. adeninivorans do not exist naturally, long-term storage
stability analysis has to be performed.
One of the largest expenses in industrial scale PHA production is cost of substrates [128]. Usage
of a cheap source of carbon can decrease overall costs of a process and may additionally protect
the environment by reduction of organic wastes. One of these substrates is starch originating
from the starch-industry as a by-product which can be catabolized by A. adeninivorans. Two
such media, Hamino characterized by plenty of starch and nitrogen and Fermentino with a pool
of mono- and oligosaccharides has been investigated for PHA and (R)-3-HB production. Using
an equal mixture of Hamino and Fermentino in shaking flask culture, Arxula secreted a
significant amount of acid. However, concentration obtained was half than that for an artificial
medium. Additionally, use of (R)-3-HB by Arxula occurred in a shorter period of cultivation.
Moreover, genetically modified Arxula was able to accumulate PHA when an inexpensive
medium was employed. Nevertheless, the maximum polymer level was 3-times lower than for
laboratory yeast complex medium (YPD) using the same strain and despite 1-propanol feeding;
only PHB polymer was detected. Hamino and Fermentino are good alternatives for laboratory
media but it is necessary to optimize cultivation conditions especially for industrial production
scale.
To study of polymer properties, PHB-V was extracted, purified and subjected to analysis. The
results revealed that polymer produced by A. adeninivorans has a very low average molecular
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mass compare to material extracted from other organisms which are up to 150-fold heavier
[128]. This feature has far-reaching consequences for other properties of the polymer. Higher
melting temperature makes the material more robust at a higher temperature. However,
substantially higher glass transition temperature (around 60 °C higher than for polymer with
similar PHV content) means that polymer becomes undesirable in some applications because it
remains brittle in higher temperatures. An advantage of low molecular weight may be also faster
biodegradation in environment [4]. The disparities in properties between polymers produced by
Arxula and other organisms may be explained by three factors. Firstly, due to lack of
endogenous control system, development of PHA polymers in yeast may be disturbed.
Secondly, the extraction method can have an influence on material properties and thirdly,
poly(dimethylsiloxane), an impurity found during analysis of purified polymer, may change its
characteristics.
Imaging of the polymer by confocal light microscopy using BODIPY 493/503 revealed that A.
adeninivorans accumulates PHA in many of granules within a whole cell. To confirm these
results and determine the granule size, transmission electron microscopy has been employed.
As expected, polymer granules are located in the cytoplasm due to cytosolic targeting of PHA
producing enzymes. Moreover, comparison of granules size revealed no differences between
those accumulated by Arxula and bacteria.
In conclusion, genetically engineered A. adeninivorans strains are able to accumulate a
significant amount of both PHB homopolymer and PHB-V co-polymer with different levels of
the 3HV fraction. The co-polymer level exceeded 50 % of dry mass, which is substantially
above the level reported for other yeast. Also the co-polymer amount in g L-1 of culture reached
by controllable fed-batch cultivation was much higher than achieved by other yeast. The fact
that expression of the phasin gene stabilizes accumulation and improves polymer production
suggests that this protein may be advantageous in other syntheses carried out by genetically
modified Arxula. The use of starch-based media showed the potential of using A. adeninivorans
for converting inexpensive substrates into a biodegradable polymer. Physicochemical analysis
of extracted polymer revealed unexpected properties which may be useful in new applications.
Moreover, enantiopure (R)-3-HB can be synthesized and secreted by Arxula when only two
additional genes are incorporated into the genome and no exogenous secretion system is needed.
The starch-based medium can be also employed for (R)-3-HB production. The results achieved
reveal the great potential of the non-conventional yeast A. adeninivorans for production of
valuable compounds.
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