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SOUHRN

PredloZena disertai prace se zabyva studiem produkce a degradagenewoiich
material s vyuzitim mikroorganisin V oblasti produkce je hlavni pozornost zgema na
studium tvorby polyestérbakterialniho fivodu — polyhydroxyalkanoét Tyto materialy jsou
akumulovany celodadou bakterii jako zasobni zdroj uhliku, energiedukeni sily. Diky
svym mechanickym vlastnostem, kterymi &ijsiipominaji tradéni syntetické polymery jako
jsou polyetylén nebo polypropylén, a také diky smadné odbouratelnosti vipdnim
prostedi, jsou polyhydroxyalkanoaty povazovany za ekickau alternativu k tradnim
plastim vyraktnym zropy. Polyhydroxyalkanoaty majfadu potencialnich aplikaci
v pramyslu, zenddélstvi, ale také v medicén

Vyznamnacéast gedlozené prace je za&bhena na produkci polyhydroxyalkandat
z odpadnich substatpochazejicich ffgdevsim z potraviigkych vyrob. Testovana byla
odpadni syrovatka nebo odpadni olejaizngch zdroj. Praw vyuZziti levnych odpadnich
substrai je strategii, ktera by mohlafippst ke sniZzeni ceny polyhydroxyalkand&t tim
usnadnit jejich SirSi vyuziti. Podle vysleédidosazenych v této praci jsou p¥aedpadni
olejové substraty velmi perspektivni cestou k ekoioky rentabilni biotechnologické
produkci polyhydroxyalkanoat

DalSi ¢ast gedlozené prace se zabyva studiem vztahu mezi niiefato roli
polyhydroxyalkanodi a stresové odezvou bakterii. V této praci byl@t&jo, Zze expozice
bakterialni kulturyiizené davce etanolu nebo peroxidu vodiku vyzriamavySi dosazené
vytéZky a to iblizné o 30 %. Po aplikaci vySe zngimych stresovych fakt@rdosSlo k aktivaci
metabolickych drah vedoucich k odbourani stresovitktoru z média. Vysledkem bylo
navy3eni porru NAD(P)H/NAD(P), coz vedlo kasténé inhibici Krebsova cyklu a naopak
aktivaci biosyntetické drahy polyhydroxyalkanbatDale doSlo k vyznamnému navyseni
molekulové hmotnosti vyprodukovanych matetriaPodle &chto vysledk se regulovana
aplikace vhod# zvolenych stresovych podminek zda byt zajimavmatesyii, ktera vede nejen
k navySeni celkovych v§Eka, ale také k vyznamnému zlepSeni vlastnosti polymer

Posledni ¢ast disertani prace byla zapiiena na biodegradai experimenty.
Podrobgji byl studovan proces biodegradace polyuretanovgcdierial. Polyuretanove
eleastomery byly modifikovany rozhymi biopolymery za &elem navySeni jejich
biodegradability. Tyto materialy byly posléze vystay pisobeni srsné termofilni kultury
jako modelového systému, ktery simulujgirgzené konsorcium bakterii. filFomnost
testovanych materi@lv kultivacnim meédiu vedla k neobvyklymistovym charakteristikam
bakterialni kultury. V pibéhu prvnich gkolika dni byl fist kultury silré inhibovan, nicmé#
po pekonani této neobvykle dlouhé lag-faze dosSlo knmtenimu naiistu. Behem
experimeni mél hlavni podil na hmotnostnim Gbytku testovanychemali jejich samovolny
rozpad, nicmé®x byl pozorovan i vliv bakterialni kultury, kdy mirhiotické degradace
zavisela na pouzitém modifikaim cinidle. NejvysSi mira biotické degradace byla
pozorovana u polyuretanového materialu modifikovanéacetylovanou celul6zou.
Neobvykle dlouhd lag-faze byla gpbena uvoknim nezreagovaného Kkatalyzéatoru
(dibutylcin laurat) a polyolu do kulti¢aiho média. Bakterialni kultura se vSak gase
dokazala naiftomnost toxickych latek v médiu adaptovat nebddkazala eliminovat.

Diserta&ni prace pedlozena ve forgh komentovaného souboru jiz wegenych
publikaci a rukopi& v recenznintizeni je v souladu s nastupujicim zdjmem o biodkdini
materialy, jejichz SirSi upla#ni v kazdodennim Zivétmoderni spoknosti by nglo vyrazny
pozitivni dopad na Zivotni prasdi.



SUMMARY

Proposed dissertation thesis is aimed at the stfigyroduction and degradation of
polymeric materials using microorganisms. In thedoiction way, the main attention is given
to polyesters of bacterial origin — polyhydroxyaikates. These materials are accumulated by
a wide variety of bacterial strains which use pgthtoxyalkanoates as a storage of carbon,
energy and reducing power. Thanks to their mechapioperties, which are similar to those
of traditional synthetic plastics such as polyethel or polypropylene, and thanks to their
biodegradability, polyhydroxyalkanoates are cons&de to be environmental-friendly
alternative to traditional plastics of petrocherhioagin. Thus, polyhydroxyalkanoates have
many potential applications in industry, agricuttas well as in medicine.

Important part of this thesis is focused on prdiduncof polyhydroxyalknotes from
waste substrates coming from food industry. Amoesield substrates were waste cheese
whey and waste plant edible oils of different amigutilization of cheap waste substrates for
polyhydroxyalkanoates production could facilitateoomically feasible process of large
scale production of polyhydroxyalkanoates. Accagdio the results presented in this thesis,
waste oils are very promising substrates for bilotetogical production of
polyhydroxyalkanoates.

Next part of the thesis deals with involvementpofyhydroxyalkanoates into stress
response of bacteria. It was observed, that expo2f bacterial culture to controlled dose of
ethanol or hydrogen peroxide resulted in signifigaenhanced yields (about 30 %). After
stress factors application, particular metabolith@aays involved in stress response were
activated in order to endure stress conditions.s&aeently, ratio NAD(P)H/NAD(P)
increased and, thus, Krebs cycle was partially biddl whereas polyhydroxyalkanoates
synthetic pathway was activated. Moreover, appboaof stress factors increased molecular
weights of polymers. Therefore, strategy based mpli@ation of controlled dose of stress
factors not only enhanced polymer yields, but, ravee, improved properties of materials.

The last part of thesis is focused on biodegradatixperiments. The investigation of
biodegradation of polyurethane elastomeric filmsdified by various biopolymers in
presence of mixed thermophillic culture as a modklnatural bacterial consortium is
discussed. The presence of materials in cultivati@dium resulted in delayed but intensive
growth of bacterial culture. The unusually long-[@ltase was caused by release of un-reacted
polyether polyol and tin catalyst from materialfieTmain part of material degradation was
caused by abiotic degradation of elastomeric filnesvjertheless, also bacterial culture slightly
contributed to material decomposition. The meastifgiotic degradation strongly depended
on the type of used modification agent. The highestlency to undergo biotic degradation
was observed for elastomeric film modified by atagd cellulose.

Doctoral thesis, which is in form of commented lmied papers and abstracts and
manuscripts currently under review process, is gre@ement with recent interest in
biodegradable materials. Wider application of thesgerials in life of modern society would
be beneficial for environment.
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1. INTRODUCTION

Synthetic polymers are a group of materials whigirainds us every day of our
life. Because of their mechanical properties theyable to possess various forms and serve
in many functions, therefore, it is almost impoksito image just one day without them. On
the other hand, the dark side of their expansiaes impact on environment. Because of
their resistance against action of microorganisnts@her environmental factors, half-life of
synthetic materials is expected to be tens maylmeldeds of years. Thus, accumulation of
solid waste constituting of synthetic polymers Haeen recently found to be serious
environmental issue. It is necessary to find atgmiuand prevent accumulation of thousands
tons of solid waste every year.

There are several possible strategies how to omercproblems with waste of
synthetic polymer origin. Among them, biodegradatad synthetic polymers is probably the
most promising one. Because synthetic polymers db tend to undergo microbial
degradation, or this process takes long time, nasessary to enhance biodegradability of
polymeric materials.

Microorganisms are able to produce wide variety ioflustrially interesting
metabolites. Some of them reveal mechanical priggedgimilar or superior to synthetic
polymers. The most promising representatives ahghpdroxyalkanoates. These polyesters
of bacterial origin are comparable with polypromdeor polyethylene in terms of mechanical
properties, but, moreover, polyhydroxyalkanoatesténdegradable and biocompatible. Thus,
they are considered as an alternative to traditiegathetic polymers in many fields of
industry, agriculture and medicine as well.

The second strategy that might reduce accumulatisolid waste is modification
of traditional synthetic polymers in order to enbanheir biodegradability. It is necessary to
develop such a modification strategy which will mdtuence desirable mechanical properties
of material, but, on the other side, which will reakaterial available to enzymatic action.

Proposed doctoral thesis deals with both possiibdtegies which could contribute
to reduction of solid waste accumulation. The fipstrt is focused on improvement of
polyhydroxyalkanoates production process emplogelgcted bacterial culture. The second
part aims at testing of biodegradability of polythene materials which were modified by
selected biopolymers. Hopefully, our small conttiba will be one of many steps on the way
to large scale production and application of envinental — friendly polymeric materials.

This thesis is based on papers and abstracts wiech already published and on
manuscripts which have been recently submittedptdslication. All these documents are
supplied in Chapter 9. Furthermore, the resultsdiseussed and commented from point of
view of current knowledge in Discussion part (Cleagt).

12



2. THEORETICAL PART

2.1  Microorganisms and polymeric materials

Microorganisms are one of the most important factofluencing natural processes in
environment. They participate in degradation anandgformation of most of organic
substances including synthetic polymeric materiBliocess of material decomposition by
microorganisms is called biodegradation and it dobé an innovative solution for the
environmental problems caused by accumulation kd seaste of synthetic polymer origin.
The main products of such processes are micro@genthemselves — biomass. Important
part of biomass is formed by polymeric materialsollably the most important ones are
proteins and nucleic acids, which are responsiméhfe main part of metabolic processes in
cell. Nevertheless, also polymeric storage materdl microorganisms such as polyesters,
polysaccharides or polyamides play important roleells as well as in natural environment.
Moreover, thanks to their mechanical propertiesctviare often similar to those of synthetic
polymers and higher biodegradability, these baaterbiopolymers could act as
environmental-friendly alternative to polymers ghthetic origin [1, 2].

2.2  Polyhydroxyalkanoates — structure and properties

Polyhydroxyalkanoates (PHA) are polyesters of ratarigin accumulated in form of
intracellular granules by a wide variety of baaeéstrains. The first example of PHA to be
discovered was poly(3-hydroxybutyrate) (PHB). In 289 Lemoigne isolated and
characterized PHB from bacterial stré&acillus megateriumSince that, PHA accumulation
ability has been reported for many microorganismduiding Gram-negative and Gram-
positive species (i.e. autotrophic, heterotropmd phototrophic microrganisms, aerobes and
anaerobes) as well as for some archae strains.obdganisms usually synthesize and
accumulate PHA as carbon, energy and reducing psiwesige material under conditions of
the nutrients limitation (such as nitrogen, phosploor iron limitation) and in presence of
excess of carbon source. Under the conditions iiocasource starvation, PHA are degraded
by intracellular depolymerases and subsequentlalodzed as a carbon and energy sources
[1].

Homopolymer PHB, the best characterized member daflewfamily of
polyhydroxyalkanoates, is not only present in mocganisms as storage material but is also
very ubiquitous in nature in different roles. A damting development in recent years has
been the discovery of the very wide distributiorPd{B as a low molecular weight oligomer
(120-200 monomers units) in microorganisms, plami$ animal, including humans. In many
cases this form of PHB is found as a PHB—calciutygtmsphate complex in membranes
that seems to function as an ion channel throudglhntembranes. IrEscherichia coli the
complex has been found to occur in large amountsermembrane of cells made competent
for genetic transformations [1].
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2.2.1 Chemical and mechanical properties of PHA

From chemical point of view, PHA are polyesterdigéiroxyalkanoic acids. PHA can
be classified according to number of carbon atomsnonomer unit: short-chain lengths
(SCL) PHA consist of 3-5 carbon atoms and mediumirckength (MCL) PHA contain 6-14
carbon atoms per monomer unit. More than 100 momn®im&ve been found in the naturally
synthesized polyester polymers. The monomer unithése microbial polyesters are all in
the R-configuration because of the stereospecificitytttgd biosynthetic enzymes. Among
these are 3-hydroxy- (rarely 4-6 hydroxy-) acids 314 carbon atoms with saturated,
unsaturated, straight or branched aliphatic sidensh Furthermore, monomers with various
functional groups in the chain, such as halogemird®y-, epoxy-, cyano-, carboxyl- and
esterified carboxyl groups, have been discoverad@i-PHA. It might be expected, because
of low substrate specificity of some of PHA syn@gsthat new constituents will continue to
be detected by using different precursor substi@tesher bacteria [2].

R = CH4-C,H; Short-chain-length PHAs
R = C;H;-C Hyy  Medium-chain-length PHAs

Fig. 1 General structure of PHA [1].

A wide range of molecular weights (usually I.203.1¢ g.mol*, polydispersity about
2) are exhibited by PHA from different microorgans and also from different stages of
cultivation. In addition, cultivation conditionsrehgly influence molecular weight of PHA
produced. For instance, it was shown that the pth@fculture medium can greatly affect the
molecular weight of the PHA produced. Also the tgpel concentration of the carbon source
supplied can influence the molecular weight of P[3A

Mechanical properties of individual PHA strongly pg¢@d on monomer unit
composition. The PHB homopolymer is a completelgrestregular polyester, with all
asymmetric carbon atoms in tReconfiguration, and it is, therefore, highly cryte. The
high crystallinity (typically 55-80%) makes it rélaely stiff and brittle. The glass transition
temperatureTg) of PHB lies between 5 and 9° C, and the melgomt (Tm) lies between
173 and 180° C. PHB polymer is decomposed at appeigly 200° C, which is close to its
melting temperature. Mechanical properties sucthasyoung's modulus (3.5 GPa) and the
tensile strength (43 MPa) of PHB material are clusdhose of isotactic polypropylene.
However, the extensions to break (5 %) for PHB ignificantly lower than that of
polypropylene (400 %). Therefore, PHB is stifferdamore brittle plastic material as
compared to polypropylene [3].

The incorporation of other monomer units into PBtucture can markedly improve
its mechanical properties. The flexibility of theaterial is changed when, for instance, 3-
hydroxyvalerate units are incorporated into theypr, resulting in a decrease of Young's
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modulus below 0.7 and a decrease of tensile strdsegjow 30 MPa. The elongation to break
also increases as the co-monomer fraction increabes melt temperature is greatly
depressed, down to 130° C, dependent on the 3-kyemterate content. This property
generates a relatively wide window of conditionatthllow thermal processing as a melting
of polymer without thermal degradation of the maleBecause of its mechanical properties,
copolymer of 3-hydroxybutyrate and 4-hydroxybutgraeems to be very promising material.
Its monomers can not form isomorphic crystals duthé extent of the structural differences
between the monomer units. The influences of momogwmposition on SCL-PHA
mechanical properties are summarizedai. 1[1, 3].

Tab. 1 The mechanical properties of some of SCL-PHA ahyppopylene [1]

P(3HB/3HV) P(3HB/3HV) P(3HB/4HB) P(3HB/4HB)

P(3HB) 90:10 20:80 P(4HB) 90:10 10:90 PP
Melting 179 150 135 53 159 50 170
point (°C)
Young’s
modulus 3.5 1.2 0.8 149 - 100 1.7
(GPa)
Elongation tg
break (%) 3 20 100 1000 242 1080 400

P(3HB) — poly(3-hydoxybutyrate), P(3HB/3HV) — p8iydroxybutyrate-co-3-
hydroxyvalerate), P(4HB) — poly(4-hydroxybutyrate{3HB/4HB) — poly(3-hydroxybutyrate-
co-4-hydroxybutyrate), PP — polypropylene

MCL-PHA have significantly lower melting point tgrrature as compared to SCL-
PHA and, moreover, this value is also strongly delpat on thermal history of material.
Melting point temperature varies about 39-61° Ce fhass transition temperature is usually
below room temperature, ranging from -43 to -258r@crystallinity of MCL-PHA achieves
about 25 % [3].

2.2.2 Structure of intracellular PHA granules

As was mentioned above, PHA are accumulated irs @elthe form of intracellular
granules. Nuclear magnetic resonance (NMR) spexpysof various bacteria has clearly
demonstrated that the polyester in the cells ocaura metastable amorphous state and
granule morphology is under kinetic rather thanrtaynamic control [4]. The density of
PHB granules is about 1.18 — 1.24 gtrfihe isolated granules consist of polyester, fmste
and phospholipids. The composition of PHB granulas determined for granules Bécillus
megaterium,which consist of 97.7 % polyester, 1.87 % proteamsl 0.46 % lipids or
phospholipids [1].

In native PHA granules, polyester material is sumaed by a phospholipids layer in
which proteins are incorporated. Because of stsonigydrophobic nature of PHA,
phospolipids with proteins present intermediatetdyetween cytoplasm and polyesters [1].

Many proteins have been discovered in the lipidetagf native PHA granules,
nevertheless, function of some of them has not bdentified so far. First of all, PHA
polymerases and depolymerases are present. Iniceddgranule associated proteins also

15



called phasins are embedded in the phospholipet |&yenerally, phasins are low molecular
weight proteins that are assumed to form a clostepr layer at the surface of the granules,
providing the interface between the hydrophilicopfasm and the hydrophobic core of the
PHA inclusion [5]. Furthermore, phasins are congddo be involved in regulation of PHA
synthesis, but mechanism has not been clearly stoder [6, 7]. Another important protein
called GA24 was identified irCupriavidus necator Mutants lacking the GA24 protein
synthesized only one large PHB granule per cetbintrast to 10-30 granules as found in the
wild type. The amino acid sequence of the GA24 ginotrevealed two closely related
stretches consisting exclusively of non-hydrophdimino acids at the C-terminal region,
which are presumably involved in the binding of GA® the granules [8].

Recently, Uchino et al. surprisingly reported theesence of other enzymes
responsible for PHB synthesis and mobilization ative PHB granules structure. These
enzymes were expected to be present only in cygop[Q].

Structural protein

Polyester synthase
Depolymerase l

Regulatorprotein

Phospholipids

300 - 500 nm

Fig. 2 Structure of PHA granule [5].

Gerngross and Martiim vitro experiments demonstrated that for synthesis of BRB

self-assembly of granules only PHA synthase andtsatie are needed [10]. On the other side,
biosynthesis of PHA granulés vivo is described by two models. The first - micelledsio-
Is based on the observation of PHA synthesigtro, whereas the second - budding model -
is supported by observation of membrane-like maltstarrounding PHA granules and by the
fact that early stage granules are not randomliyibliged in the cytoplasm but are situated
close to the membrane [11].

(a) @ @ Hydroxyacyl-CoA
09 —»
@

Soluble Amphlpathlc Polyester particle
polyester synthase polyester synthase

@

Fig. 3 Models for polyester granule self-assembly. a)itio\assembly process b) in vivo
assembly and its two possible routes 1 and 2 [12].
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2.3  Biosynthesis of polyhydroxyalkanoates

2.3.1 SCL-PHA biosynthetic pathway

The biochemistry of SCL-PHA biosynthesis is welidied [1, 3, 4, 6]. Bacterial strain
Cupriavidus necatorH16 (formerly known asHydrogenomonas eutropha, Alcaligenes
eutrophus Ralstonia eutropha and Wautersia eutropiapften in use as a model organism
for SCL-PHA metabolism.In C. necator,PHB is synthesized in a three-step reaction starti
with acetyl-CoA when cultivated on carbohydrategrupate, or acetate. Two acetyl-CoA
molecules are coupled to form acetoacetyl-CoA toadensation reaction catalyzed By
ketothiolase. The product is subsequently stereosetly reduced tdr-3-hydroxybutyryl-
CoA in a reaction catalyzed by NADPH-dependentaamtyl-CoA reductase. Finally, PHB
is synthesized by polymerization & 3-hydroxybutyryl-CoA molecules by the SCL-PHA
synthase [6].

A few exceptions to this general pathway are knosuch asRhodospirillum rubrum
where S-3-hydroxybutyryl-CoA is generated and convertedRt8-hydroxybutyryl-CoA by
two stereospecific enoyl-CoA hydratases [1].

A copolymer of 3-hydroxybutyrate and 3-hydroxyvaler can be synthesized Ry
necator and many other microorganisms from either a mixatdsgate of glucose and
propionic acid or a direct precursor of 3-hydroxgvate (e.g., valeric acid). If propionate is
fed, essentially the same biochemical pathway a$HB synthesis is used, but propionyl-
CoA and acetyl-CoA are condensed by fhketothiolase to give 3-ketovaleryl-CoA, which
leads to the incorporation of 3-hydroxyvalerate praers into the polymer. Alkanoic acids of
odd number carbon chain length can also serve dsrtasource. In this case, the 3-
hydroxyvalerate in the polymer arises directly frima S-oxidation of these fatty acids [1, 3].
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Fig. 4 PHB biosynthesis in C. necator [1].
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Another type of PHA biosynthesis pathway is exleithiby thePseudomonasvhich
can synthesize MCL-PHA from various alkanes, alkaraw alkanoates. In contrast @
necator mostPseudomonasp. generally do not synthesize PHA containing S@nomers.
Hence, the range of monomers incorporated into NPREIA synthesized by these
Pseudomonasp. is much wider. Bacteria in this group, deritkee 3-hydroxyacyl-CoA
substrates from the intermediates of fatty a@tdxidation pathway, de novo fatty acid
biosynthesis pathway and alkane oxidation path\say [

The intermediate precursors of MCL-PHA are keto&yh, S3-hydroxyacyl-CoA,
enoyl-CoA, orR-3-hydroxyacyl-acyl carrier protein (ACP). Regaglithe similarity between
the SCL-PHA synthases and the MCL-PHA synthasesed@ms likely that the ultimate
substrate for polymerization is thie-form of the CoA activated 3-hydroxy fatty acid
intermediates. Because the monomeric units in MEIAHike those in SCL-PHA, are in the
R-form, and the SCL-PHA synthases and MCL-PHA sysg#lsaare homologous, the
intermediates in fatty acid metabolism must presuynéde converted to th&-form of 3-
hydroxyacyl-CoA before transesterification. The MEHA precursors are generally
considered to be available in a much lower in sibacentration than the PHB precursors
because they are intermediates of ongoing fattg awtabolic cycles [1, 3]. The general
overview of metabolic pathway involved in SCL an€Mis provided inFig. 5.
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Fig. 5 Structure of PHA granule and metabolic interconimew between different pathways
involved in the biosynthesis of SCL and MCL-PHA Alkane oxidation pathway. (1) Alkane
1-monooxygenase, (2) alcohol dehydrogenase, (Bhgtie dehydrogenase (b) Fatty-agd
oxidation. (4) acyl-CoA ligase, (5) acyl-CoA deloginase, (6) enoyl-CoA hydratase, (7) 3-
hydroxyacyl-CoA dehydrogenase, (8) 3-ketothiol#8g,R-enoyl-CoA hydratase, (10) 3-
ketoacyl-CoA reductase. (c) Biosynthesis from daytmtes. (11)/-ketothiolase (12)
NADPH-dependent acetoacetyl-CoA reductase. (d) @e-fatty acid synthesis. (13) acetyl—
CoA carboxylase, (14) ACP-malonyltransferase (15)et®acyl-ACP synthase, (16) 3-
ketoacyl-ACP reductase, (17) 3-hydroxyacyl-ACP ctase, (18) enoyl-ACP reductase, (19)
3-hydroxyacyl-ACP—CoA transacylase [13].
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2.3.2 PHA synthases and their catalytic mechanism

Some authors consider PHA synthases to be therkaymes of PHA biosynthesis [5].
As was mentioned above, PHA synthases catalysestdreo-selective conversion Bf3-
hydroxyacyl-CoA substrates into PHA with concomiteglease of CoA.

Thus far, the nucleotide sequences of 59 PHA sgetlganes from 45 different bacteria
have been obtained. With respect to the primancsires deduced from these sequences, the
substrate specificities of the enzymes and therstibamposition, four major classes of PHA
synthases can be distinguished. PHA synthase wiétbng to class | and class Il are
enzymes consisting of only one type of subunit (Ahaith molecular masses between 61
kDa and 73 kDa. According to thdm vivo andin vitro substrate specificity, class | PHA
synthases (for instance that@f necatoy preferentially utilize CoA thioesters of varioRs3-
hydroxy fatty acids comprising 3 to 5 carbon atomiereas class Il PHA synthases (e.g. in
Pseudomonas aerugingspreferentially utilize CoA thioester of variol&3-hydroxy fatty
acids comprising 6 to 14 carbon atoms [5].

Class Il PHA synthases (e.gAllochromatium vinosuin comprises enzymes
consisting of two different types of subunits, BteaC subunit (molecular mass of approx. 40
kDa) exhibiting amino acid sequence similarity d~28% to class | and Il PHA synthases
and the PhaE subunit (molecuar mass of approx. [38) kvith no similarity to PHA
synthases. These, class Il PHA synthases, similarl class | synthases, prefer CoA
thioesters ofR-3-hydroxy fatty acids comprising 3 to 5 carbonnaso PHA synthases
belonging to the recently identified Class IV (argBacillus megateriupnresemble the class
[l PHA synthases, but subunit PhaE is replace®hgR (molecular mass of approx. 20 kDa)
[5].

Extensive comparison of the 59 PHA synthases fvamous bacteria revealed that
these enzymes exhibit strong similarity (up to 9®Pidentical amino acids). With respect to
amino acid sequence regions with stronger simylardix conserved blocks could be
identified. The N-terminal region is highly variabivhereas C terminus, containing high
number of hydrophobic amino acids, seems to be nooreservative [5]. Site-directed
mutagenesis demonstrated that the cysiginmesidue is required for class | PHA synthase
activity in C. necator Furthermore, the enzyme requires posttransldtioraification by
phosphopantetheine to provide a second thiol gpaug®HA synthase subunit [1].

In general, proposed catalytic mechanism of PHAtl®ses is based on mechanism of
lipases. The similarity between PHA synthase apask can be mechanistically informative
for number of reasons. First, ester bonds formabgnlipases is 100-fold accelerated if
enzyme is bound to micelle, generally, lipasesesawy a paradigm for interfacial catalysis.
Similarly, PHA synthases are bound to the surfac®A granules, which is extensively
covered with monolayer of lipids. Second, lipases members of the&/pB superfamily
proteins and atomic resolution structures are abbal A threading model for both class | and
[l PHA synthase has been generated using sequigoenents and lipase structures. Finally,
the mechanism of lipases is very well understood iamolves covalent catalysis using an
active site serin that is activated for nucleoghalitack by a histidine [14].

These information have facilitated formulation oftgntial mechanisms for PHA
synthesis, however, many other mechanisms arelp@s3wo of proposed mechanisms are
shown inFig. 6 [14]. Mechanism A involves an active site locatddthe interface of two
protein monomers. According to this proposal, twgsteines (one provided by each
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monomer) are involved in the covalent catalysisedoh monomer, histidine residue activates
the cysteine residue for nucleophilic attack. Iis tmodel, the growing chain of polymer
remains covalently attached during polymer elomgaind switches from one monomer to
the other [15]. An alternative mechanism (Fig. 6iB)olves covalent catalysis with single
cysteine. In this case, the second 3-hydroxybu@gA binds non-covalently to the synthase.
The second mechanism is partially based on the améiin of several polyketide synthases
rather than that of lipases, however, some auf@fer this one [16].
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2.4  Regulation of PHA biosynthetic pathway

2.4.1 Regulation at enzymatic level

As could be expected, biosynthesis of PHA is stipinggulated at enzymatic level.
The regulation is described in details f@r necatoras a model bacterial strain. The
concentrations of acetyl-CoA and free CoA are teg kactors regulating activity of-
ketothiolase which catalyze the first step of patyraynthesis. In addition, it has been shown
that PHB biosynthesis is strongly stimulated byhbbtgh intracellular concentrations of
NAD(P)H and high ratios NAD(P)H/NAD(P)17]. Furthermore, citrate synthase and citrate
dehydrogenase are significantly inhibited by coemzy NAD(P)H, which consequently
enhances flux of acetyl-CoA into PHB biosynthetatipvay instead of TCA cycle [18]. This
statement was supported by experiment of Park amel Who observed that isocitrate
dehydrogenase-leaky mutant G6f necator which exhibited lower activity of TCA cycle,
produced PHA at a faster rate as compared to wid [19]. According to Jung et al. the rate
of PHA biosynthesis is controlled Kf3¢ketothiolase and acetoacetyl-CoA reductase, wkerea
the content of PHB is controlled by PHA synthad#.[2

In the cyanobacteriurBynechococcusp. MA19, it has been found that PHA synthase
is exclusively presented in membrane fractions edfsccultivated under nitrogen limitation
conditions. It is proposed that PHB synthase isttpasslationally activated by acetyl-
phosphatase. Furthermore, a second enzyme invoprexkphotransacetylase that converts
acetyl-CoA to acetyl phosphate is regulated byaitetyl-CoA concentration as well as by the
carbon/nitrogen ratio. Therefore, acetyl phosplateld be the signal of carbon/nitrogen
balance affecting PHA metabolism [21].

2.4.2 Regulation at transcription level

In various bacterial strains, regulatory proteingoived in PHA biosynthesis have
been either experimentally identified or postulabeded on the sequence upstreanphat
genes (Tab. 2).

Tab. 2 Regulatory proteins involved in the PHA metaboljéim

Regulatory protein Regulator family Organism

PhaF Histone Hl-like Pseudomonas oleovorans
Pseudomonas aeruginosa
Pseudomonas putida

PhaR, AraC/XylS Pseudomonas sp. 61-3

PhaR 4 ? Paracoccus denitrificans

PhaS Two component systems Pseudomonas putida

GacS Two component systems Azotobacter vinelandii

NtrB/NtrC Two component systems Azospirillum brasilense Sp7

LuxR Quorum senser Vibrio harveyi

For instance, promoter induced under conditidngtoogen starvation was identified
in Acinetobactersp. [22]. MoreoverntrB and ntrC genes, which are involved in nitrogen
regulation in various bacterial strains, are alsonected with regulation of PHB biosynthesis
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in Azospirilum brasilenceéuring ammonium starvation [23]. It has been fotimat the LuxR
regulatory protein controls not only the biolumioesce system, but also PHB biosynthesis in
Vibrio harveyi.Generally, LuxR is activated on growth of cellsatdigh density due to the
accumulation of an excreted N-acyl homoserine teetoto the media. This is probably the
reason whyV. harveyiaccumulates PHB in stationary phask. harveyi LUxR negative
mutants were found to be unable of PHB accumuldfidh

Many other regulation factors were described Heedomonas For instance a
transcriptional regulator called PhiRvas found in strai?seudomonasp. 61-3. This strain
Is unique due to its ability to produce PHB homgpatr as well as a random copolymer
containing units from four to twelve carbon atoffke PhbRgis only involved in expression
of genes which are required for PHB homopolymer bitdssis. Interestingly, transcription
of thephbR-s genes in a recombina@t necatorPHB negative mutant strain was independent
of the PhaRs regulator encoding gene, suggesting either anothectional promoter
upstream of the genes or a regulato€ohecatorwhich can substitute PhaH25].

For Pseudomonas aeruginosahas been shown, that for PHA accumulation from
gluconate, a functional RpoN sigma factor is regpliirwhereas PHA accumulation was only
reduced when culture was cultivated on fatty adigsnerally, RpoN is an alternatigggma
factor of the RNA polymerase, which is involvedgrowth phase depending activation of
certain "non-house-keeping” promoters. Howevels #till not clear, why thisigmafactor is
required for PHB biosynthesis from carbohydratesde novo fatty acid synthesis and not
from fatty acidvia [-oxidation [26]. Recently, it was observedRseudomonas putidahat
sigmafactor RpoS, which controls the expression of svgenes involved in survival under
adverse conditions, is indirectly involved in thegulation of genes encoding for PHA
synthase thaQ and PHA depolymeras@l{ad). Actually, RpoS negative mutants exhibited
higher phaC and phaZ gene expression which, surprisingly, caused loRidA content in
cells [27].

Furthermore, protein PhaF was observed to be iedoin regulation of genes of PHA
biosynthetic pathway and to its regulation functibmaddition, PhaF is also bound to PHA
granules. This bifunctional character of PhaF isbpbly due to its two domains showing
homology to histone-like DNA associated proteingl &HA granule associated proteins,
respectively. According to the suggested model,tha absence of substrate for PHA
biosynthesis PhaF is bound to DNA and inhibits egpion of genes of PHA biosynthetic
pathway. When PHA granules are formed, DNA bindingeduced PhaF binds to PHA
granules angbha genes are expressed [28]. Similar regulation pratalled PhaQ was found
in Bacillus megateriumAlso this protein is bound to either PHA granubeDNA. If PhaQ is
bound to DNA, it serves as s transcriptional regul¢hat negatively controls bofPhaQand
PhaP genes [29]. McCool and Canon proved that phasatepr PhaP, in addition to its
structural function in PHA granules, serves as amagids storage protein. Moreover, in
Bacillus megateriumPhaP is probably involved in regulation of expres of spore specific
storage protein SspD, because expression of boisge mutually exclusive [30].

2.4.3 Regulation of PHA molecular weight

Molecular weight of PHA is an important index det@ring mechanical properties of
PHA. Generally, many factors such as producingrstraedium composition and cultivation
conditions influence molecular weight of polyestde$fect of different growth conditions
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(pH, temperature, aeration, carbon substrate etcholecular weight of PHB was studied in
Azotobacter chroococumB. It was observed that conditions optimal forBPptoduction, in
the terms of PHB content in cells, resulted in meatimolecular weight as well [31].

In spite of the fact that the mechanism of PHA oharmination has not been clearly
understood yet, PHA synthase is generally considéoebe the enzyme responsible for
control of PHA molecular weight. For instance Sinale reported that, in recombindat coli
harboringphaCABoperon ofC. necator,an increase in PHA synthase activity resulted in
lower molecular weight of PHB [32]. Similar resulisere obtained by Gernoss and Martin
who demonstrated that PHB molecular weight decceagth an increase of PHB synthase
activity in vitro [33]. On the contrary, Kichise et al. observed thatlecular weight of
produced PHB is independent of PHB synthase agtimitC. necator[34]. Generally, it is
proposed that in bacterial strains naturally prasiy@®HA, chain-transfer agent is generated,
which reacts with propagating polyester chain gulate the chain length. However, such an
agent has not been isolated or identified so f&i.[Blevertheless, mentioned theoretical
model of chain-transfer agent is supported by wofkMantzaris et al., who made up a
mathematical model describing the dynamics of madécweight distribution in PHA
producing cells. According to this model the teration rates increase up to a critical
molecular weight and then subsequently decreass.cblld be due to the action of proposed
chain-transfer agent [36].

Moreover, it was reported that the molecular weighPHB produced b¥. necator
decreases during the course of polymer accumulatitwatch culture. It is probably partially
due to the intracellular degradation of polyesfdi§. Because in recombinant cells harboring
only PHA synthetic genes enzymes responsible foA Riggradation are missing, these
strains have potential to accumulate PHA of a higblecular weight. This strategy of
production of materials of supra molecular weightaiswused InE. coli harboring
Azohydromonas latRHA biosynthetic genes [38].

2.5 Biodegradation of PHA

2.5.1 Intracellular PHA degradation

In general, it is assumed, that intracellular bidkgsis and degradation are highly
regulated. According to this presumption, mostaxdtbrial strains repress PHA depolymerase
in presence of a soluble carbon source and afteestion of nutrients, the synthesis of PHA
depolymerases is derepressed [39]. However, irradiction to this theory are findings that
the inhibition of protein synthesis did not infleenPHA degradation iR. oleovorang40].
According to these results, PHA depolymerase isagbypresent and active and, therefore,
PHA biosynthesis and degradation are occurred samebusly. These suggestions are
supported by results of Doi et al. who worked v@thnecator41].

Similarly to regulation of PHA biosynthetic pathwathe system of intracellular
biodegradation is the best describedinnecator The first PHA depolymerase, PhaZa, was
identified and characetized by Seaguza et al. [A2¢ording to gene sequence, the enzyme
consists of 419 amino acids with a predicted mdécmass of 47 kDa. The enzyme was
capable of digesting amorphous PHB, it means fofnPldB which occurs in cells (see
chapter 2.5.2), while oligomers of 3-hydroxybutgratere released. Enzyme was not able to
hydrolyze crystaline PHB and the deduced aminod asequence lacked sequence
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corresponding to a classical lipase box Gly-X-SeGl [42]. Next two intracellular PHA
depolymerases, PhaZb and PhaZc, were discoveretbikyet al. [43]. According to their
study, PhaZa was being presented in cell duringlevicaltivation, whereas PhazZb was
expressed only under conditions of PHA degradatidre role of Phazb was clarified by
Kobayashi et al [44]. The purified enzyme degradewbrphous PHB in rate similar to PhaZa,
but, moreover, it hydrolyzed linear and cyclic 33hyxybutyrate oligomers as well. Because
of ability to hydrolyze cyclic oligomers, the enzgnappears to be endo-type of hydrolase.
Phazb was found as bound to PHB granules as weall s@uble enzyme in cytoplasm. In
contrast, PhaZa is exclusively bound to granulesthe next paper, Kobayashi et al. [45]
focused on PhaZc depolymerase. Most of PhaZc wseradd in cytoplasm, while only small
amount was bound to PHA inclusion bodies. PhaZealad high specific activity for various
3-hydroxybutyrate oligomers and low specific adivior amorphous PHB. Native PHB
granules and crystalline PHB were not degradedl f4¢5. Another PHA depolymerase @Qf.
necator Phazd, was identified by Abe et. al. [46] Theiflos of catalytic triad (Ser®
Asp™-His**% and oxyanion hole (H{&) were similar to extracellular PHB depolymerase of
Ralstonia pickettii.The specific activity of Phazd toward artificial amphous granules was
significantly higher than that of the other knownracellular depolymerases Gf necator
Interestingly, PhaZd distributed nearly equally viestn PHB inclusion bodies and the
cytoplasm.

On the bases of finished genome sequené& akcator it is assumed that as many as
nine PHB depolymerases and 3-hydroxybutyrate olgyohydrolases are presented Gn
necator Five putative PHB depolymerases isoenzymes (Phaita PhazZa5), two 3-
hydroxybutyrytic acid oligomer hydrolases Phazb &m@Zc and two isoenzymes of putative
PHB depolymerase (Phazd1 and Phazd2) [47].

Novel PHA depolymerase PhaZl was recently ideutifie Bacillus megaterium.
Phazl had strong affinity towards native PHB graawhich were rapidly degradated by the
enzyme. Almost exclusive products of the enzymaviggtwere 3-hydroxybutyric acid
monomers. Unlike other intracellular polymerasebaZl was also able to hydrolyze
semicrystalline PHB with the mutual generation @nomers [48].

Egenio et al. [49] characterized interesting ingtlutar MCL-PHA depolymerase of
Pseudomonas putid@he enzyme is located in PHA granules and it blydes specifically
MCL-PHA containing some aliphatic and aromatic moeos. The enzyme behaves as a
serine hydrolase that is inhibited by phenylmethglsonylfluoride (PMFS).

Generally, it is assumed, that bacterial strainscwtare able to accumulate PHA
dispose with systems of enzymes allowing hydrolgsid following utilization of PHA under
conditions of carbon substrate starvation. Thessyrags can be divided according to their
substrate specificity to (i) PHA depolymerases that usually bound to PHA inclusion
bodies (PhaZa and Phazd in cas€ohecatoy and hydrolyze polymeric chain to oligomers.
The next group of enzymes is (ii) oligomer hydrelmspresent in cytoplasm, which
consequently hydrolyze oligomers to monomers (Phetb PhaZc irC. necato). This very
quick and effective mechanism of PHA mobilizatioasaobserved in many bacterial strains
including C. necator, Ralstonia pickettiTl and Acidovoraxsp. [50] or Rhodospirillum
rubrum[51].

From biotechnological point of view, intracellul&HA depolymerases negative
mutant strains could be interesting candidatesirfdustrial PHA production. For instance,
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Cai et al. significantly improved MCL-PHA produation Pseudomonas putidaa knock-out
of PHA depolymerase [52].

2.5.2 Extracellular PHA degradation

In living cells, PHA granules are formed by polggstmaterial in metastable
amorphous state which is often called native (nPHtAY¥as proposed that vivothe polymer
morphology is under kinetics rather than thermodyicacontrol [4]. After cell lysis and
exposition of polyester material to surrounding aitans, cover layer of phospholipids and
proteins is quickly damaged and polymer chainssfam from amorphous to partially
crystalline state which is often called denaturaf@@HA). Next state of PHA material is
called artificial amorphous state (aPHA). PHA itifenial amorphous state could be prepared
when PHA are solubilised in appropriate solveniclitormethane, acetone), added to
detergent solution in water and emulsified. Afteagoration of solvent, stable latex of
artificial PHA granules is obtained [53].

Bactarial Calls Harmrasied FParticies Artificial Granales
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Fig. 7 Process of transformation of PHA states (blackystalline form, white — amorphous)
[54].

The ability to degrade extracellular PHA is widdigtributed among microorganisms
and depends upon the secretion of extracellular Rldpolymerases which hydrolyze the
water insoluble polymer to water soluble monomerd/ar oligomers. It is important to note,
that enzymes that hydrolyze PHA are often spe@iione of the form of PHA. For example,
extracellular depolymerases hydrolyze dPHA, wheretaiacellular PHA depolymerases are
specific for nPHA and possibly for aPHA. More tHzh extracellular depolymerases, most of
them were of prokaryotic origin, were characterigethe last two decades [53, 54].

Many extracellular depolymerases were purified frdifierent microorgnaism and
characterized. The purified PHA depolymereasesistatsof a single polypeptide chain and
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their molecular weights are in ranges of 37 00@-660 Da. Analysis of the structural genes
for extracellular PHA depolymerases has shown #flaenzymes are comprised of an N-
terminal catalytic domain, a C-terminal substrateding domain, and a linker region
connecting the two domains. The presence of batflyte and binding domains has been
found in many depolymerizing enzymes such as @&yl xylanase and chitinase, which
hydrolyze water-insoluble polysaccharides [3]. Tdatalytic domain contains a lipase box
pentapeptide (Gly-X-Ser-X-Gly) as an active sitaalihs common for serine hydrolase. The
active site serine forms a catalytic triad with aspartate and a histidine, and a transient
tetrahedral intermediate of the substrate carboasthon is stabilized by NH groups around
the histidine residue (oxyanion hole) [1].

2.6 PHA and stress response of bacteria

2.6.1 Stress response of bacteria from general point ofew

Bacteria have successfully colonized every nichéherplanet, from the soil-dwelling
Gram-pozitive (e.gBacillus subtili3 to Gram-negative (e.d=scherichia col, found in the
lowest intestines of mammals, Beinococcus radiodurangvhich persist in nuclear reactors
and can survive radiation doses sufficient to &illother living forms. In this vast range of
different environments, bacteria are exposed tallwifluctuating environmental stresses
including changes in temperature, pH, osmolarigliation, toxins and nutrient starvations.
To ensure survival in the face of these adversammsteria developed sophisticated system of
different strategies. Bacteria may move by ,swimgfimsing their molecular motor, the
flagellum, to more favorable locations, or they magdapt to changes in their immediate
vicinity by responding to the imposed stress. Thess response is complex process
involving changes at all the levels — from changesmorphology and cell structure to
activation of particular metabolic pathways whishaccompanied by enhanced accumulation
of some metabolite(s) and degradation of anothevelRheless, the most important ones are
changes at transcription level. Expression of gemdsich products are required to combat
deleterious nature of the stress, is enhancedewhjression of other genes is inhibited [55].

The up-regulation of the transcription of stresspomsive genes is achieved by the
activation of transcription factors that interactthvRNA polymerase to co-ordinate gene
expression. One family of transcription factorshndt role of stress resistance is a subunit of
RNA polymerase, theigmafactor, which is essential for transcription iatton by playing
the key role in promoter recognition. Each of sal/sigmafactors in the cell is required for
the transcription of specific subset of genes/openithin their “regulon” [55]. In th&ab.

3, there are summarizesigmafactors ofRalstonia metalliduran€H34 and their functions.
This bacterial strain is able to endure high cotre¢ion of heavy metals and is closely related
to Cupriavidus necator model organism for polyhydroxyalkanoates metabo[56].

Sigmafactor RpoS (also called®, 6% is considered to be responsible for general
response to wide variety of stress conditions saglstarvation, high osmolarity, acidic or
alcalic pH, low or high temperature, UV radiationdapresence of many toxic substances
(including ethanol) [56]. Studies comparing RpoPeateling promoters revealed a potential -
10 motif for RpoS-dependent RNA polymerase holoereyTG(N)0-2CCATA(c/a)T. By
standard genetic and molecular biology methodsenttwan 80 RpoS controlled genes have
been identified irE. coli [57]. Nevertheless, also othsigmafactors are involved in stress
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response to particular stress conditions, for msaRpoH (heat shock, chromate tolerance),
RpoE (extreme heat shock) or RpoN (nitrogen linatgttoxic substances) [56].

Tab. 3 Sigma factors in Ralstonia metallidurans strain &Hand their functions [56].

Name Contig Cluster Related proteins  Possible function

RpoD 629 ICF RpoD_Ecoli Main housekeeping sigma factor

Rpos 333 ICF RpoS_Ecoli Starvation and other cytoplasmic stress conditions

RpoH 660 ICF RpoH_Ecoli Reponse to protein denaturation in the cytoplasm, heat shock

Sig345 345 {ICF) None Sequencing artifact?

Flia 706 MDF FliA_Ecoli Synthesis of the bacterial flagellum

Sigal3 603 (ECF) SigH_Bsub Transition from exponential to stationary phase of growth?

Sig338 538 (ECF) SigH_Bsub Transition from exponential to stationary phase of growth?

Sig588 388 ECF:RpoE CnrH Another metal resistance?

CnrH {(pMOL28) ECF:RpoE {NccH) Nickel resistance

RpoE 534 ECF:RpoE RpoE_Ecali Reponse to protein denaturation in the periplasm and cell wall

Sig562 562 ECF:Fecl None Cell wall integrity?

SighB1 681 ECF:Fecl None Cell wall integrity?

Sigh79 679 ECF:Fecl None Cell wall integrity?

Sigh80 680 ECF:Fecl Fecl_Ecoli Metal (iron?) homeostasis?

Sigh97 6497 ECF:Fecl Fecl_Ecoli Uptake of citric iron

Sig6l1 1 611 ECF:Fecl Fecl _Ecoli Uptake of citric iron

RpoN 669 RpoN RpoN_Ecaoli Tight control of operons, e.g., nitrogen assimilation, hydrogenase
synthesis, degradation of xenobiotics and aromatic compounds

(ORF) 480 None TrpF No sigma factor

{ORF) 593 None None No sigma factor

2.6.2 Involvement of PHA in stress resistance of bacteria

Although it is generally assumed that the abilityP6lA synthesis improves bacterial
stress resistance, the reasons and mechanismsfohiélvement in stress response have not
been fully understood yet. Ayub et al. studied coésistance of Antarctic bacterium
Pseudomonasp. 14-3 [58, 59]. Its stress tolerance was aedlym PHA accumulating and
non-accumulating conditions and significantly higlevels of stress resistance were observed
when PHA were produced. In the recent study, theesauthors tested PHA synthase
negative mutants oPsedomonassp. 14-3 in order to investigate the mechanism of
involvement of PHA in stress resistance [60]. Mtitstnain was unable of growing at 10° C
and was more susceptible to freezing than its palrestrain. PHA were necessary for the
development of the oxidative stress response irtibgecold treatment. The NADH/NAD
ratio and NADPH content decreased strongly in theamt while only minor changes were
observed in parental strain. Authors proposed tR&{A metabolism modulated the
availability of reducing equivalents, contributitmalleviate the oxidative stress produced by
low temperature.

The connections between PHA and stress enduraneedeenonstrated in many other
cases [61-72]. Mutant strain 8ieromonas hydrophildAK4 unable of PHA production and
wild type were tested under stress conditions. ds iound that ability of PHA synthesis
improved resistance against environmental strest®rfa such as heat and cold treatment,
hydrogen peroxide, UV irradiation, ethanol and hagimotic pressure [61]. In other studies,
wild type of Azospirillum brasilens&p7 was compared with PHA synthase minus and PHA
depolymerise minus mutant strains that were unableynthesis and degradation of PHA,
respectively. The ability of the wild type to endustarvation conditions, ultraviolet
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irradiation, heat, and osmotic shock and to grovhim presence of hydrogen peroxide was
always higher than that of the mutants [62, 63, 84¢edveld et al. reported thahizobium
leguminosarunTA-1 andRhizobium melilotBU-47 cell cultures responded to osmotic stress
exposition by augmenting the cellular trehaloseteainof the cells. Its synthesis paralleled
the breakdown of the reserve materials glycogenPaiid [65].

According to studies mentioned above, it could psed that exposition of culture
to stress conditions lead to the mobilization ofAP&hd resulting energy and carbon material
is subsequently used for stress survival. Neveriselthe explanation is not so simple,
because also increases in PHA accumulation werenadxs$ in bacterial cultures exposed to
stress conditions. In non-endophyte strarospirillum brasilens&p7 heavy metals induced
an enhanced accumulation of PHB. In contrast, #panse of the endophytic strain
Azospirillum brasilenseSp245 to heavy metal uptake was found to be mesh pronounced
[66, 67]. Natarajan et al. reported that NaCl stressulted in the accumulation of PHB in
RhizobiumDDSS-69 cultures grown under unbalanced growtlditioms [68]. Positive effect
of ethanol stress on PHB production was observegemetically modifiedPichia pastoris
Ethanol formed under initial phase of oxygen lirditgrowth was further utilized for PHB
production [69]. Interesting contribution was givbg Wang et al. [70] who tested stress
durability of recombinant strains &. coli. The first of tested strains harbored only PHA
synthetic genes whereas the second recombinam $@abored PHA synthetic genes and
intracellular PHA depolymerase as well. It was obsé that both recombinant strains were
more resistant against heat shock, UV radiatioit, aecd osmotic pressure than wild type of
E. coli unable of PHA synthesis. However, recombinantrstndiich was able to synthesize
as well as degradate PHA was slightly more redigkaam strain unable of PHA degradation.
Thus, only the presence of PHA in cytoplasm enhdusteess resistance to stress factors and
ability of PHA degradation even improved this effeldevertheless, mechanisms have not
been understood yet.

Actually, more is known about PHA involvement inests resistance &fseudomonas
Ruiz et al. studied stress resistance in carbomestacells ofPseudomonas oleovoranswas
observed that PHA degradation is accompanied withingrease of ATP and guanosin
tetraphosphate (ppGpp) levels in cells [71]. ppGppves in cells as nutritional alarmone,
which significantly enhances expressionrpdS gene and, therefore, plays important role in
stress resistance regulation. In following studg $ame authors observed, that carbon
starvation resulted in PHA degradation, which wasompanied by increased expression of
rpoS gene and enhanced tolerance tg0fand heat shock72]. Thus, PHA seem to be
involved in stress response under conditions obararstarvation through RpoS, which
consequently enhancew stress tolerance of culdoeever, RpoS and PHA seem to be even
closely connected. In comparison igoS negative mutant and wild type &fsudomonas
putida mutant strain showed a higher PHA degradatioe. réhese results suggested, that
RpoS might control the genes involved in PHA melisbo [27]. Similar results were
obtained by Schuster et al. who looked for genedeumrontrol of RpoS irlPseudomonas
aeruginosaOne of such genes was ggmaC2encoding for PHA synthase [73].

To conclude this short review on involvement of PiAstress response of bacteria, it
should be stated that despite many observationenbfinced stress resistance in PHA
producing strains, there are still many questidhavas observed that presence of PHA
granules in cytoplasm improves stress durabilityf kwvhat is the reason? Moreover,
intracellular mobilization of PHA even enhancessthifect. Is it the main role of PHA in
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stress response as many authors suggested? Fuwthentnwas observed and it can be
expected as well, that there are some connectietvgebn PHA and RpoS sigma factors in
both directions. First, degradation of PHA seemstimulate RpoS expression and, second,
PHA synthetic and degradation genes could be figrtinder control of RpoS. But what are
the consequences of such a connection for metatlis this effect general for all PHA
producing strains or is it only amompseudomonastrains? The answers to these questions
would be interesting not only from scientific powit view but, moreover, could bring many
practical biotechnological outcomes - for instaicdields of PHA production as well as in
bioremediation, waste water treatments and oth&mr@mental processes during which
bacteria are exposed to adverse conditions.

2.7 Modern trends in industrial production of PHA

Polyhydroxyalkanoates have been in attention ofymampanies as biodegradable
and biocompatible alternative to synthetic polyminsvery long time. In 1976, Imperial
Chemical Industries (ICI Ltd., UK) recognized thetgntial applicability of PHB to replace
some of the oil-derived commodity plastics. Althbutihe bacterially produced PHB was
relatively expensive compared to petrochemicaltgsit was expected that the price of
crude oils would rise to high levels, making theduction of PHB economically feasible.
Because no rise in oil prices occurred, PHB camédoseen as a biodegradable and
biocompatible plastic material. Mainly because ladit high price, PHB and P(HB-co-HV)
known under the trademark Biofidhave only rarely found their way to the market1990,
the German company Wella released a new shampdagest in bottles made of Biofol
Early in 1996, Monsanto (USA) bought the Bidpblusiness from ZENECA BioProducts, a
daughter company of ICI. Monsanto tried to emplmnsgenic plants (i.e., soybean and
rapeseed) for agricultural production of PHB andB4co-HV), which was expected to result
in a significantly lower price of the final produft]. Nevertheless, Monsanto never started
commercial PHA production and in the year 1999 ®ilspol® to Metabolix. According to
Metabolix webpages (www.metabolix.com) plant forgka scale fermentation production of
PHA using recombinari. coliwas opened in December 2009. Moreover, Metabdéirgto
produce PHA using metabolically engineered peréngiass - SwitchgrassPanicum
virgatum.

2.7.1 PHA production from waste or inexpesive substrateemploying bacterial
monoculture

Traditionally, polyhydroxyalkanoates are producethg sugars (for instance glucose
or fructose) as carbon sources employing bactem@mhoculture of PHA producing strain.
Many bacteria have been screened to produce PH®elkr, only a few of them could be
used for biotechnological production of these psiges on a large scale. The suitability of a
bacterium for PHA production depends on many dfférfactors such as stability and safety
of the organism, growth and accumulation ratesieaalble cell densities and PHA contents,
extractability of the polymer, molecular weights afcumulated PHA, range of utilizable
carbon sources, costs of the carbon source andthie® components of the medium, and
occurrence of by-products [1].
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As was mentioned above, the main restriction priewgriarge scale production of
PHA is their price. Analysis and economic evaluatiof the bacterial PHA productions
suggested, that the cost of substrate (mainly casbarce) contributed the most significantly
(up to 50%) to the overall production cost. Thuseap waste substrates attract attention of
both scientific researches and industrial compamesrder to reduce PHA production cost
and make this environmental friendly product alsarenreconomically feasible [74]. Hence,
this chapter is intended to be brief review focusad®HA production using wide variety of
cheap waste substrates.

First, substrates containing oils and fatty acigs\aery promising carbon sources for
PHA production in large scales. From metabolic poinview, fatty acids are energetically
advantageous substances because their confiptetielation generates more chemical energy
equivalents in the form of ATP. In addition, theedinetical yield coefficient of PHA
production from fatty acids (for instance 0.65-@@kg* from butyric acid) is considerably
higher than that from sugars (for instance 0.380kg.kg® from glucose) [75]. PHA
production using soybean oil was tested by Kahal.etvho employedupriavidus necator
H16 and its PHA synthase negative mutant straitndrarg PHA synthase of\eromonas
caviae. They achieved high yields with wild strain (PHB 85.I") and as well as with
recombinant strain (P(HB-co-HHx) 102.19.[76]. Further, Alias and Tan isolated a Gram-
negative bacterium, FLP1, from palm oil mill [77]he isolate was tentatively identified as
closely related t®urholderia cepaciaFLP1 produced PHB when grew on the crude palm oil
and palm kernel oil. Supplementation of odd-numb&aly acids (i.e. valerate and
propionate) resulted in the synthesis of P(HB-coyHV

Second, the dairy industry is an important parthefagricultural sector. Cheese whey
is the major by-product coming from the manufactireheese and casein, representing 80-
90% of the volume of transformed milk. Cheese wisaych in fermentable nutrients such as
lactose, lipids and soluble proteins. A total clegesduction in European Union corresponds
to approximately 40 462 000 tons of whey per y@amajor part is used for production of
lactose and feeding, but an annual amount of 130€&Rtons of whey per year containing
about 619 250 tons of lactose constitutes a surptaduct. That is why cheese whey is
promising substrate for cheap production of PHAange amounts [78].

Although biotechnological production of PHA fronffdrent sugarvia condensation
of acetyl-CoA units stemming from hexose cataboliswell described, only limited number
of bacterial strains directly converts lactose iRidA. Few reports are available on PHB
production from lactose and whey by recombinastherichia coli Lee et al. reported that
PHB can be produced from cheese whey employingwbownt strains oE. coli harboring
PHA synthetic genes of. necator[79]. Park et al. studied pilot plant-scale, fedeba
fermentation production of PHB from cheese wheyngisgenetically engineereH. coli
expressingAzohydromonas lat®HA synthetic genes [80]. Also production of PHANgs
non-recombinant strain was reported. Yellore andsabedescribed the isolation of
Methylobacteriunsp. ZP24 that grew on cheese whey and produced[8HBSubsequently,
Nath et al. performed scale up studies on PHB mioalu from whey usind/ethylobacterium
sp. ZP24 and optimization of cultivation conditiomkich significantly enhanced PHB yields
[82]. Marangoni et al. reported production of comoér P(HB-co-HV) withC. necatorusing
cheese whey as a basal medium supplemented wiht isgar and with periodic feeding of
propionic acid [83]. Also thermophillic straifhermus thermophiludHB8 is able to
accumulate PHA during its growth on cheese wheyauB5 % of biomass content [84].
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Dhanasekar and Viruntagiri mathematically modeled experimentally examined the batch
production of PHB usind\zotobacter vinelandiusing sucrose and whey as a substrate [85].
Finally, Pseudomonas hydrogenovareas used for PHA production from cheese whey, but
this bacterial strain was not able to utilize Iaetalirectly and, therefore, lactose in whey must
have been hydrolyzed prior cultivation [86].

Molasses is a sugar-rich co-product stream gerterayecrop refining industries.
Sugar beet and sugar cane refining plants are #gernsources for sugar molasses that
contain high sucrose content. Depending on theegradd sources, sugar molasses can not be
further used in foods and feeds and is, thus, ifteatonsideration as an inexpensive carbon
source for fermentative processes [87]. Page etpbrted the production of P(HB-co-HV)
with yields about 19-22 ¢}l by Azotobacter vinelandiUWD grown on beet molasses
supplemented with valerate [88]. Further, Celik aBeyatli screened collection of
Pseudomonaspp. isolates and reported the synthesis of PHn fone of the strains
identified asP. cepaciaG13. The PHB content in cells was about 70 % wihdture was
cultivated on 3 % molasses [89].

Bio-fuels, such as ethanol or biodiesel, are martufad using agricultural products
as raw materials. The production of biodiesel tssul high quantities of co-product stream
rich in glycerol. One potential use of glycerolimsindustrial fermentation where it can be
employed as a carbon substrate for microorgani8ifis fFor instance, Borman and Roth used
Methylobacterium rhodesianurand C. necatorDSM 11348 to produce PHB in medium
containing casein as a nitrogen source and glyesral carbon source [90]. AlBsedomonas
oleovoransdisposes with ability to utilize glycerol and pumé PHB. The study showed that
increasing concentration of glycerol in the medivesulted in the synthesis of lower
molecular weight PHB due to glycerol end-cappint][9

Homopolymer PHB and copolymer P(HB-co-HV) were proed by Azotobacter
chroococcunstrain H23 when growing in culture media amendét aipechin (wastewater
from olive oil mills) as the sole carbon sourgechroococcunformed PHA up to 80 % of the
cell dry weight, when grown on NHmedium supplemented with 60 % alpechin [92]. Other
strain ofAzotobactefamily, Azotobacter vinelandiJWD was used by Cho et al. to produce
copolymer P(HB-co-HV) from swine waste water suppated with glucose [93].

Very interesting application comes from O Connoraét who employed bacterial
strainPseudomonas putida order to turn polystyrene foam waste into PHBe idea is to
heat polystyrene foam to convert it to styrenedigtillate pure styrene oil and use it as a feed
solution for fermentative production of PHB [94].

2.7.2 PHA production from waste substrates employing mixe bacterial culture

Because traditional PHA production using bactemahoculture has its limitation in
range of utilizable substrates and, moreover, r@t@dures preventing contamination during
fermentation process are high in cost, mixed bedteultures have attracted attention of
many researches. The idea of PHA production usixganculture arose from recognition of
the PHA role as a metabolic intermediate in micblprocesses for wastewater treatment.
Biological wastewater treatment usually occurs uniymamic conditions. Activated sludge, a
well-known mixed culture, is able to store PHA asagbon and energy storage material under
unsteady conditions arising from an intermittergdi@g regime and variation in the presence
of an electron acceptor. The microorganisms inwebkeperience rapidly changing conditions
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of availability of nutrients and can adapt continsly to change in substrate. Microorganisms
which are able to quickly store available substeastd consume the storage to achieve a more
balanced growth have a strong competitive advanage organisms without the capacity of
substrate storage. Activated sludge accumulates BH#ound 20 % of dry weight under
anaerobic conditions. The PHA content of activatkatige can be increased to 62 % in a
microaerophilic—aerobic sludge process [95].

However, for PHA production using mixed culturesy fermentation strategies have
to be performed in order to achieve high PHA contamd PHA yields. Recently, much
research has concentrated on the production of Bidfixed cultures when exposed to a
transient carbon supply. Activated sludge processeshighly dynamic with respect to the
feed regime. The biomass subjected to successrvedpeof external substrate availability
(feast period) and no external substrate avaitgbffamine period) experiences what in the
literature is often called an unbalanced growthdé&irdynamic conditions, growth of biomass
and storage of polymer occur simultaneously whemeths an excess of external substrate.
When all the external substrate is consumed, sfooener can be used as carbon and energy
source. In these cases, storage polymers are fonmbel conditions that are not limiting for
growth. The storage phenomenon usually dominates gxowth, but under conditions in
which substrate is present continuously for a long, physiological adaptation occurs, and
growth becomes more important. The ability to stamgernal reserves gives to these
microorganisms a competitive advantage over thageut this ability, when facing transient
substrate supply. Among the mentioned systemsnfiustrial production of PHA, the feast
and famine approach is the most promising becadishigh PHA accumulation. This
approach promotes the conversion of the carbontrstidso PHA and not to glycogen or
other intracellular materials [96]. Under the swSiee periods of external substrate
availability (feast phase) and no external substaagilability (famine phase), it appears that
in feast phase, 66-100% of the substrate consumessad for storage of PHB, and the
remainder is used for growth and maintenance. Toaty rates in the feast and famine
phases are similar, but growth in the feast phabéher relative to the famine phase [97].

Generally, employment of mixed bacterial cultuiesery promising way to produce
PHA using waste streams for instance waste watemsing from agriculture and food
industry (seeTab. 4). Moreover, the use of mixed microbial culturesilfeates the use of
mixed substrates. Cost for these processes canustairably reduced because cheap
substrates and non-sterile reactors are usedttagliocess control is needed [97].

Tab. 4 Overview of waste streams suitable for PHA produrctising mixed cultures [97]

Substrate source Flow Availability COoD Capacity Production
(m h™') (months/year) (kg COD/m’) (ton COD/m’) (ton PHA/vear)

Potato starch production 300 12 2.3 6750 2431
process (AVEBE)

Innuline production 60 5 14.0 3066 1134
process (Cosun)

Sugar beets process (CSM) 3750 3 1.9 15,604 5773

Brewery wastewater 300 12 2.8 T358 2723
(Heineken)

WVegetable, fruit and 20 12 15 11,774 4356
garden (VAM)

Household garbage (OWF) 30 12 50 13,333 4933

In calculations, the yield is assumed to be 0.3Pkg\/kg COD.
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2.7.3 Modern trends in down-stream processing of PHA

Besides cost of carbon source, one of the most rigupio factors contributing to
production price of PHA is the cost of down-strepracess. Therefore, a lot of afford have
been made to improve such a process. Generallyndar step of PHA isolation is extraction
of polyester granules. Nevertheless, step involgelg disintegration could be added in order
to improve the recovery of extraction and, if hjglrity of PHA is expected, purification step
is needed [98]

PHA content of the produced biomass strongly adféloe efficiency and price of the
down-stream process. For example, Lee and Chortegpthat a relatively low PHB content
in cells — 50 % results in a high recovery cost 48 $.kg" PHB. On the other hand, the
recovery cost for a process with 88 % PHB cell enhivas only 0.92 $.kgPHB. A lower
PHB content clearly resulted in a high recoveryt.cdgis is mainly due to requirement of
large amounts of digesting agents for breakingablé walls and to the increased cost of
waste disposal [99].

The use of solvents to recover PHA is one of tidestl methods. The action of solvent
can be divided in two steps. First, solvent modiftae cell membrane permeability and,
second, it solves PHA. Usually, chlorinated hydrboa solvents such as chloroform, 1,2-
dichlorethan, methylene chloride or some cyclicboaates like propylene and ethylene
carbonates were used. Consequently, the sepacdti®eHA from the solvent was performed
by solvent evaporation or by precipitation in natvent [98]. Solvent extraction has some
advantageous as compared to other methods. A sawémaction results in polyesters of a
high purity and it does not degradate the polyrivateover, it was observed that extraction
of PHB from Gram-negative bacterial strain redulmal of endotoxines in material, which
could be useful in medical applications [100]. Nw#veless, solvent extraction is very
expensive procedure and it presents hazards faygbeators as well as for the environment.
Therefore, solvent extraction is widely used inoliaories but not in large-scale processes
[101].

Polyhydroxyalkanoates can be isolated using digesthethods. First, surfactants,
such as sodium dodecyl sulphate, can be usednaptlisells by incorporating itself into the
lipid bilayer membrane. As more surfactant is addedre of it enters the membrane to
increase the volume of the cell envelope untilsitsaturated. Further addition breaks the
membrane to produce micelles of surfactants and breame phospholipids, which leads to
release of PHB into the solution. Furthermore, laofunction of surfactant is solubilization.
Surfactant is able to solubilize not only cell gios, but also other non-PHA cellular material
[102]. Nevertheless, surfactant alone can not giliggh purity PHA and other agents such as
hypochlorite and NaOH are needed. Furthermoregh $iurfactant dose increses the cost of
down-stream processing and causes problems in watstetreatment [98]. Secondly, other
digestion method is based on application of sodnypochlorite. Within this method high
purity of PHA can be achieved, but sodium hypodtdocauses severe degradation of PHA
resulting in up to 50 % reduction of molecular Weigl103]. In order to overcome this
adverse effect, hypochlorite treatment is combimeth solvent extraction [104] or with
surfactant [105].
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Fig. 8 Down-stream processing strategies for PHA [98].

Alternative digestion method could be based oniegmn of enzymes facilitating
solubilization of non-PHA cell materials. Kapritaifk et al. tested enzymatic recovery of
PHB produced byC. necator[106]. Among six tested enzymes (papain, bromelaavine
tripsyn, bovine chymotrypsin, lysozime and cellép2 % (enzyme mass per biomass)
bromelain was the most efficient one. In orderetduce price of potential process, pancreatin,
which is three times cheaper, could be used instédoromelain. Also lytic enzymes of
Cytophagasp. can be used to achieve complete lysi€.ohecatorcells in order to isolate
PHA [107]. According to Yasotha et al. combinatioh commercially available enzymes
Alcalase (Novozymes) and lysozyme with SDS and EDdArecover PHA produced by
Pseudomonas putideesulted in high purity and recovery of PHA. Alms¢ had the most
significant effect on treatment process and couated to about 71.5 % in terms of process
factor importance [108].

Supercritical fluid extraction could be potentyalised for isolation of PHA from
bacterial cells. Heijazi et al. studied recoveryréfB fromC. necatorusing supercritical CO
with methanol as polar modifier. The recovery aldi by such a procedure was 89 % which
is similar to the other methods [109].

Very efficient methods of PHA recovery are basedtle fact, that some bacterial
strains such asAzotobacter vinelandior recombinantE. coli become fragile after
accumulation of large amount of PHB. Simple treatimaf A. vinelandiicells with 1 M
NH4OH at 45° C for 10 minutes resulted in high puetd recovery of PHA produced [110].
PHB recovery from recombinai. coliis also suggested to be simple. Strain develoged b
Fideler and Dennis was able to accumulate PHB @5t% of dry cell weight and, moreover,
strain harbored mediated lysis system called phgge that allowed the PHB granules to be
released gently and efficiently [111].

Spontaneous liberation of produced PHA is promgissirategy for cheap PHA
purification. Jung et al. reported spontaneousrditten of PHB into cultivation media in
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recombinank. coliMG1655 harboringghbCABoperon ofC. necator Autolysis of cells was
reached under controlled cultivation conditionsZ[LHori et al. constructed self disruptive
strain Bacillus megateriunwhich released accumulated PHB when glucose itivatibn
medium was depleted. This system allowed cell gison immediately after the PHB content
in cells had reached its maximal level [113].

2.8  Applications of PHA

Wide range of PHA applications in industry is megsive. For instance, PHA latex
can be used to cover paper or cardboard to makerinegistant surfaces as opposed to the
combination of cardboard with aluminium that is remtly used and which is non-
biodegradable. This also works out to be cost-&ffesince a very small amount of PHA is
required for this purpose. Furthermore, it is gisgsible to use PHA to make the following
articles due to their piezoelectric nature: presssensors for keyboards, stretch and
acceleration measuring instruments, material tgstshock wave sensors, lighters, gas
lighters; acoustics: microphone, ultrasonic detegteound pressure measuring instruments;
oscillators: headphones, loudspeakers, for ultiasiikerapy and atomization of liquids. The
gas barrier properties of PHA are useful for agians in food packaging and for making
plastic beverage bottles. The same property caexpwited to make coated paper and films
which can be used for coated paper milk cartonB BHother copolymers can be used to
make the non-woven cover stock and the plastic milaisture barriers in nappies and sanitary
towels along with some special paramedical filmligpgons in hospitals [114].

Moreover, very important field of PHA applicatiosmedicine, therefore, the medical
applications of PHA have been explored extensiwelyecent years [114, 115]. PHA have
been used to develop devices including suturesen@pair devices, repair patches, slings,
cardiovascular patches, orthopedic pins, adhesiarriels, stents, guided tissue
repair/regeneration devices, articular cartilagpaire devices, nerve guides, tendon repair
devices, bone-marrow scaffolds, tissue engineeradiiavascular devices and wound
dressings. So far, various tests on animal modele Bhown polymers, from the PHA family,
to be compatible with a range of tissues. Nevee®l pyrogenic contaminants copurified
with  PHA often limit their pharmacological applicat rather than the monomeric
composition and thus the purity of the PHA matesairitical for medical application [115].

PHA have been used as mulch films for agricultyratposes. Because of their
biodegradable nature, these films can be useddotralled release of pesticides. Such an
application was tested by Holmes. Insecticides wetegrated into PHA pellets and sown
along with the farmer’s crops. The insecticide wibbé released at a rate related to the level
of pest activity since the bacteria breaking dotva polymer would be affected by the same
environmental conditions as that of the soil pgki$].

PHA have a wide variety of applications, among \utite medical applications seem
to be the most economically practical area. Withchrrently increased interest level and the
extensive research being carried out in this dPédd are potentially emerging as the next
generation of environmentally friendly materialdtwa wide range of applicability [114].

35



2.9 Characterization of selected bacterial strains natrally producing PHA

2.9.1 Cupriavidus necator H16

The Gram-negative, faculcative chemolithoauthotiophbacterium Cupriavidus
necator H16 has been intensively investigated for almdstyars. Nowaday<;. necator
H16 serves as a model organism for PHA researchraactover, has become an important
prokaryotic strain for several biotechnological lgagions. Due to the affiliation to different
taxa, the name of this bacterium changed frequeémtiliye past and confusing different names
are still being used in parallel. It was isolatsdaamember of the gentiyydrogenovorangn
1961. In 1969 it was transferred to the gemlsaligenes and the new name became
Alcaligenes eutrophud16. In 1995 the name was changed#atdstonia eutroph&16, which
was valid until 2004 when it changed first\WWautersia eutroph&16 and later in the same
year toCupriavidus necatoH16[117].

As facultative chemolithoautotrophic ‘Knallgasbakien’ C. necatorH16 assimilates
in the autotrophic growth mode G®ia the Calvin-Benson-Basham cycle but is also able to
grow heterotrophically utilizing fructose, glucoracid, various other organic acids and even
aromatic compounds as carbon and energy sourcescdiitral carbon metabolism 6f.
necator H16 is quite well understood. Fructose and glucaua are catabolizedia the
Entner-Doudoroff pathway with 2-keto-3-desoxy-6-pploogluconate aldolase as the key
enzyme. The Embden-Meyerhoff-Parnass pathway ismptete because the key enzyme
fructose-1,6-bisphosphate (FBP) aldolase is lackihgwever, glycolysis is established if
FBP aldolase fronEscherichia coliis expressed irC. necator[117]. In the absence of
oxygen, the organism can respire by denitrificatj@®8]. NeverthelessC. necatorH16
secrets typical fermentation products into the mmediif the cells are cultivated under
conditions of limited oxygen [117].

Recently, the whole genome Gf necatorH16 was sequenced, and all genes were
annotated. The genome comprises 7,416,678 bp w266 coding sequences (CDS)
identified. It turned out that chromosome 1 (4,082, bp, 3,651 CDS) contains almost all
essential genes for the metabolism and for otheerdwl cell functions and that the
megaplasmid and chromosome 2 (2,912,490 bp, 2,585 €ncode a repertoire of genes that
extend the range of substrates and terminal elechereptors (e.g. Hoxidation, CQ
fixation, denitrification) and contain only verye- if any — indispensable genes [119].

C. necatorH16 is able to accumulate polyhydroxyalkanoatetou0-90 % of dry cell
weight. Details related to PHA metabolismGnnecatorare described in chapter 2.3.1. Aside
its PHA production potential;. necatorH16 has been promising bacterial strain for number
of biotechnological processes. Thanks to its ahdftauthotropic growthC. necatotH16 was
considered as a candidate for single cell prot8{®R) production for animal feeding and also
for humans in orbit-based space vessels [120].eRBcan investigation demonstrated the
potential application of the £olerant, CO-resistant, membrane-bound hydrogeona<e.
necator H16 for the construction of biological fuel celsid for designing light-driven H
production complexes [121]. Another promising expental approach documented the
usefulness of. necatorH16 hydrogenase for the construction of arskEinsing device [122].

Moreover,C. necatorH16 could be used for bioremediation of aromatmpounds.
Traditionally, strains of the gendalstoniahave played a key role in research on microbial
degradation of aromatic compounds. Altholyreutrophastrain JIMP134 was used in several
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of these studies, it has been known for many yiatsC. necatorH16 can grow on a similar
spectrum of aromatic compoundsis, therefore, not surprising that the genonequsence
contains an impressive array of genes relatedetontstabolism of aromatics [119, 123].

Fig. 9 Cells of Cuprlawdus' necator H16 with PHB granulear 0.5um [124].

2.9.2 Bacillus megaterium

Similarly to Cupriavidus necatqr also Bacillus megateriumhas been intensively
investigated and industrially used for more thary&rs, as it possesses some very useful and
unusual enzymes and high capacity for the produatioexoenzymes. It is also a desirable
cloning host for the production of intact proteibecause it does no possess external alkaline
protease and can stably maintain a variety of phsectors [125].

Bacillus megateriumis a Gram-positive, mainly aerobic spore-formingcterium
found in widely diverse habitats from soil to setavasediment, rice paddies, honey, fish,
and dried food. It can grow in simple media on mib@n 62 carbon sources out of 95 tested,
including all tricarboxylic acid cycle intermediateformate, and acetate. In 1884, De Bary
namedBacillus megateriunbig beast” because of its large size with a vauspproximately
100 times larger thaBscherichia coli(see Fig. 10). It has been ideal model for studfe=ell
structure, protein localization, sporulation, aneinnibrane$126].

Fig. 10 Electron_‘microscope image of Bacillus megateriurd Bacherichia coli
vegetative cells. B. megaterium cells grow up tolame more than 60m°® (2.5 x 2.5 x
10). Compared to the E. coli volume of @&’ (0.5 x 0.5 x 2) [124].
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Bacillus megateriunplayed important role in history of PHA researlth1927, it was
B. megateriumfrom which Lemoigne at the Pasteur Institute (Eegnusing chloroform
isolated unknown substance and proved that therialateas a polymer of 3-hydroxybutyryc
acid [114]. Since thatB. megateriunPHA synthetic metabolic pathway and its regulation
were well understood. Generally, metabolic pathvgagather similar to that of. necator
nevertheless, different PHA synthase (class IV)nielved in PHA synthesis and other
protein, called phaQ, regulates expression of PMAthetic genes (see chapters 2.3.2 and
2.4.2) [126]. Despite the fact that PHA contenBinrmegateriuncells is rather low (about 50
%) as compare tdC. necator thanks to wide range of utilizable carbon sourdgs
megateriums promising candidate for PHA production fromfelient waste substrates such
as sugarcane molasses, corn steep liquor [12dior waste [128].

Currently,B. megateriumnis intensively used in biotechnological and phareuical
industry for enzymes, vitaminiBor oxetanocin production (sdab. 5) [124]. Besides that,
B. megateriumis widely used as a host cell for heterelogougemmoproduction, because
heterologous gene expressionBnmegateriunseems to be an interesting alternative system
in contrast tcE. coli. It has a number of favorable features as an sgme host, including
low protease activity, structural and segregatiastability of plasmids, and the ability to
grow on a wide variety of substrates. Highly e expression of homologous and
heterologous genes was reported in the 1980s arsdb@eoming popular in the 1990s.
Plasmids with the promoter of the xylose-operonmost frequently used for inducing high-
level expression of heterologous genes. Genes3fret@ 350-fold induced by using 0.5 %
xylose. Induction is strongly inhibited by addintugpse because it bounds to XylR and
thereby acts as an anti-inducer [129].

Tab. 5Industrial products of B. megaterium and their apaiions [124].

Product/use Comment

a-Amylase Can replace pullulanases

B-Amylases Bread industry

Chitosanasen Yeast cell wall lysis

Glucose dehydrogenase Generator of NADH/NADPH,agedlood test, biosensors
Neutral protease Leather industry

Oxetanocin production Inhibits HIV, hepatitis Bug, cytomegalovirus, herpes virus
Penicillin amidase Construction of synthetic pdhins

Toxic waste cleanup Herbicides, C-P bond lysis

Vitamin By, production Aerobic and anaerobic Vitamig,Broducer

2.9.3 Azotobacter vinelandii

Azotobacter vinelandiiis a gamma-proteobacterium belonging to the family
Pseudomonadaceagl30]. Over the yearsA. vinelandii has served as a model for
biochemical analyses due to the extraordinary giedldd quality of enzymes that can be
isolated from this organism. Most recently, thesglies have been focused on the ability of
A. vinelandiito fix diatmospheric nitrogen using three distimitrogenase systems under
free-living conditions, a process that occurs ia gresence of oxygen levels that typically
inactivate the nitrogenase enzyre.vinelandiiis also unusual in that, for reasons which are
not clear, it increases the copy number of its clo®ome up to 50-100 times during late log
phase. In addition, it provides an ideal systemvimch to investigate the processes of cyst
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formation and xenobiotic degradation [130]. Becanfsall these scientific reasons, project on
A. vinelandiigenome sequencing and annotation is currentlyinggo

Azotobacter vinelandiproduces two industrially interesting products.sgidinear
polysaccharides called alginates, which are congpasevariable amounts of (1-#)}D-
mannuronic acid and its epimai;L-guluronic acid. Alginates present a wide rande o
applications, acting for example as stabilizingcklning, gel or film-forming agents, in
various industrial and pharmaceutical fields [131].

Second, under unbalanced growth conditions thisteban accumulates PHA.
Metabolic pathway of PHA synthesis is again simitathat ofC. necator nevertheless, its
regulation seems to be a little bit different, hesm other regulatory systems are involved.
Transcription of theghbBAChbiosynthetic operon is initiated from two overlapgpipromoters,
pB1 and pB2. PhbR, encoded flybR activates transcription of the PHB biosynthepemn
from the pB1 promoter, whereas transcription froB2 gs dependent on the sigma factor
RpoS and increases during the stationary phaseoeitly. Transcription ophbRitself also
starts from two promoters, pR1 and pR2. Transatpfrom pR2 is also induced during the
stationary phase and is dependent on RpoS, althpradiably in an indirect manner [132].
Thanks to their good PHA production parameters, esamutants ofA. vinelandii are
considered to be potential candidates for indugtraduction of PHA [131].

Fig. 11 A. vinelandii cells with PHB granules, bar Quh [133].

2.9.4 Halomonasboliviensis

Halomonas boliviensiss modarate halophilic bacterial strain belongiegfamily
Halomonadacead134]. Halomonas boliviensisvas islotaed from a soil sample around
Laguna Colorada (Bolivia), a large shallow hypengalagoon that is located 4300 m above
sea level. It is Gram-negative bacteria with a SiZex 1.1 x 0.6-3.44am. Cells occur singly or
in pairs and show a wide size distribution durizganential phase, but uniform size at the
end of their growth. It is moderately halophilidkalitolerant and psychrophylic strain.
Growth occurs at 0-25 % of NaCl in medium, withagtimum about 5 %. This bacterium is
heterotrophic with ability to utilize various catbalrates as a carbon source [134, 135].
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Halomonas boliviensiattracts attention because of the ability to poedectoines and
PHB. Ectoines belong to the family of compativeused, which are accumulated in halophilic
bacterial strains in order to maintain osmotic Bloguum with respect to the salts in
surrounding environment. Ectoines have gained natikeimtion in biotechnology as protective
agents for enzymes, DNA and whole cells againgssés such as freezing, drying and
heating. The cryoprotective properties of these mmmds make them interesting for
increasing the stability and freshness of food. &doer, ectoines also find applications as
moisturizers in cosmetics and skin care produc3$][1IPHB is accumulated id. boliviensis
up to 75 % of its cell dry weight and also cheafbeoa substrates such as starch hydrolysate
[136], wheat bran or potato waste [137] can be ddrrinto bioplastics. Moreover,
economically interesting co-production of ectoiaesl PHB is possible [135].

2.10 Biodegradation of polymeric materials

Microorganisms are involved in the deterioratiord ategradation of both synthetic
and natural polymers. Up to now, little is knownoab the biodegradation of synthetic
polymeric materials [138]. It is due to the recdavelopment and manufacture of this class of
materials and the relatively slow rate of degramatin natural environments. Since
chemically synthesized polymeric materials haveobex an important part of our human
society and have more diversified applications thi@ditional metals, issues related to
polymer deterioration and protection will receiveneasingly attention in the time to come.
Polymeric materials are very unique in chemical position, physical forms, mechanical
properties and applications. High versatility of ttarbon to carbon and carbon to non-carbon
(C-C, C-R and C-H) bonds and substituent groups, plossible configurations,
stereochemistry and orientation provide basis fariations of chemical structures and
stereochemistry. Very small variations in the chehistructures may result in large
differences in term of biodegradability [138, 139].

Polymer
-.v Depolymerases
Oligomers
Dimers
Monomers
Aerobic / \ Anaerobic
Microbial Biomass Microbial Biomass
co, CH,
H,0 co,
H,0

Fig. 12 Schema of polymer biodegradation [139].
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Polymers are potential substrates for heterotropharoorganisms including bacteria
and fungi. At least two categories of enzymes atwely involved in biological degradation
of polymers: extracellular and intracellular depograses. During degradation, exoenzymes
from microorganisms break down complex polymersidyig short chains or smaller
molecules, e.g., oligomers, dimers, and monomaeg, dre small enough to pass the semi-
permeable outer bacterial membranes, and then tdilbeed as carbon and energy sources.
The process is called depolymerization. When thee @oducts of the process are inorganic
species, e.g., COH,O or CH, the degradation is called mineralization [139]cdmmonly
recognized rule is that the closer the similarityagolymeric structure to a natural molecule
is, the easier it is to be degraded and mineraliRetymers such as cellulose, chitin, pullulan,
or PHA are all biologically synthesized and cancbhenpletely and rapidly biodegraded by
heterotrophic microorganisms in a wide range ofirstenvironment. It is important to point
out that mineralization of polymeric substrate carely reach 100 % and the reason is that
small portion of the polymer will be incorporatatta microbial biomass, humus and other
natural products [138, 139].

The rate of biodegradation is influenced by maagtdrs such as environmental
conditions or presence of microorganisms, nevertisel among the parameters affecting
process of biodegradation, properties of polymeraterials are probably the most important
ones. That is why some of them are summarizdain 6 [140].

Tab. 6. Properties of polymeric materials influencing bigdadation process [140].
Material property Comment
Monomeric units having different chemical structurequire several
enzymes to degrade them.
Certain functional groups found in natural polymersch as amide,
Structural similarity  ester, ether, etc., are more likely to be degrédjettie existing
microorganisms.
Increasing molecular weight decreases biodegradagi. In most
Molecular weight cases, microorganisms do not degrade syntheticrwl/which have a
molecular weight higher than 20 000.
Reduces crystallinity but in the same time incregsecking density
which inhibits the penetration of enzymes.
Increases the probability of biodegradation bylitating formation of
complexes of enzyme-substrate that require a certaifiguration.
Hydrophillic groups increase the probability of gmatic reactions
Functional groups because they either increase polymer solubilitgtdeast attract water
(water is needed in most biodegradation reactions).
Amorphous regions are preferentially degraded. @lyse material can
Crystallinity only be degraded on a lamellar surface, becausgreszcan not easily
penetrate inside densely packed crystallites.
Increased surface area increases the probabilitgrdact and
concentration of enzyme-substrate complexes whiehade-controlling.

Structural uniformity

Cross-linking

Chain flexibility

Structure porosity

2.10.1 Polyurethanes and their environmental impact

Polyurethane (PUR) is the general term used forolnper derived from the
condensation of polyisocyanates and polyols havimgamolecular urethane bonds (-
NHCOO-). PUR has been in use since the 1940s amowswidely used as a base material in
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various industries. PUR can adopt various formsntfrsoft to hard) depending on the
chemical structures of the polyisocyanates andgi®lfunctional group number or molecular
mass) and therefore can be used as foams, elastop@nts, adhesives, elastic fibers or
artificial leathers [141].

(Polyisocyanate) (Polyol)
Polyester
n O=C=N-R=N=C=0 + n HO-+ or =OH
Polyether
l condensatioon
Polyester |
C—N—R —N—C—0" or 0T~
in 1 (|| Polyether
O H H O n

Urethane bond

Fig.13 Structure of polyurethane [141].
Thanks to their mechanical properties and wide easfgpossible applications, world
production capacities of PUR are still growing. tieg exporters are the USA, Germany and
Italy, covering over 55 % of worldwide PUR expdii42].

Tab. 7 World production capacities of PUR [142]

Year 1998|1999 | 2000 | 2001] 2002 2003 2004 2005

Production (10°tonnes) 7201| 7553 | 8027 | 8223| 8387 8567 8714 8821

As could be expected, such a high amounts of palymmaterials production has
serious environmental consequences. Enormous tjeardf used PUR materials (as well as
other synthetic polymer materials) are disposednolandfills, which results in a serious
accumulation of solid waste. Of a current worldduction of more than 9 Mt per year PUR
materials, about 1/3 is consumed in Europe, rougdidtributed over PUR foams and other
products. Only 150 kt per year is recycled while tbst of material is disposed of in landfills
or incinerators. Moreover, main part of PUR wadteasn is consisted of polyether-polyol
based PUR materials that are extremely durablensiganvironmental conditions and
microorganisms action (see chapter 2.10.2) [142].18or these reasons, process of PUR
biodegradation of PUR materials has attracted tdterof many scientists. Better knowledge
in this field could result in development of biodaedable and environmental friendly PUR
materials.
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PU consumption outside Europe PU consumption Europe
~6Mt/yr ~3Mt/yr

I

~ 150 kt/yr

|
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Automobiles

PUF foams
Europe ~1.8 Mt/ yr

Furniture

Product life

Refrigerators PUR foams

Europe ~ 0.8 Mt/ yr
Construction

PU RIM & elastomers
Diverse products Europe ~ 0.4 Mt / yr

Incineration

|

Fig.14 PUR products consumption in Europe and post-consdmposal. (PUF — flexible
polyurethane foam, PUR — rigid polyurethane foam\ R reaction injection moulding)
[142].

2.10.2 Biodegradation of polyurethanes

After years of PUR production, manufacturer’s foulhem susceptible to degradation.
Originally, most studies on the microbial degraoiatof PUR had been performed with the
aim to prevent PUR from microbial hazards, andmath research had been focused on the
enzymes or biochemical mechanisms involved in PWgratation by microorganisms.
Nevertheless, with increasing focus on environnentpact of PUR production, biochemical
aspects has became more important. PUR biodegvadability was observed in fungal,
bacterial and yeasts strains as well [143].

PUR can be divided into two families accordinghe type of used polyol: polyester
polyol based PUR and polyether polyol based PURe@aly, it was observed that polyester
PUR is relatively easily biodegradedable and, an dbntrary, polyether PUR is relatively
resistant to enzymatic attack. Labrow et al. trédieth polyester and polyether PUR with
human neutrophil elastase and porcine pancreatistasle. The rate of polyester PUR
degradation by porcine pancreatic elastase wasnids thigher than its activity against the
polyether PUR. Furthermore, human neutrophill elssthad no significant activity against
the polyether PUR [144]. Similarly, Jansen et @harted that some kinds of polyether based
PUR were degraded I8taphylococcus epidermiéH11, but the degradation progressed very
slowly [145]. The integrity of polyether PUR foamasvinvestigated by Urgun-Demirtas et al.
using short-term accelerated laboratory experimémtiiding bioavailability assays, soil
burial experiments, and accelerated bioreactodetermine the fate of PUR foam in the soil
where anaerobic processes are dominant. The exg@amresults have shown that the
polyether PUR foam is likely not biodegradable undeaerobic conditions [146]. The
relative resistance of polyether PUR to microbiagjchdation is considered to be due to its
degradation mechanism, which involves exo-type beperization, whereas that of polyester
PUR degradation involves endo-type depolymerizgtl@].
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Polyester PUR possesses many ester bonds that udnerable to enzymatic
hydrolysis. Hence, it is proposed, that degradatbmpolyester PUR is mainly due to the
hydrolysis of ester bounds. In regard to the bioaégtion of polyester PUR, fungi seem to be
very effective. Crabbe et al. isolated four fungesies,Curvularia senegalensig-usarium
solani Aerobasidium pullulasi andChladosporiumsp. that were able to growth on polyester
PUR as the sole energy and carbon soutegvularia senegalensiwas observed to have
very high PUR degrading activity and, thereforehsmguent analysis of this fungal isolate
was carried out. An extracellular polyurethanasspldiying esterase activity was purified
from this organism. The protein has a molecularsd®8 kDa, is a heat stable at 100° C for
10 minutes and it is inhibited by PMFS [148].

Among bacterial strains, both Gram-positive andnGregative bacteria have been
reported as PUR degraders. In large-scale tesiat€bal activity against polyester PUR, Kay
et al. investigated the ability of 16 bacteriallades to degraded PUR when the media was
supplemented with yeast extract. Two isolat€srynebacteriumsp. andPseudomonas
aeruginosa could degradate PUR in presence of basal medaeker, none of the isolates
grew on PUR alone. Physical tests of degraded Pe&lRated different but significant
decreases in tensile strength and elongation fdr salate [149, 150].

Bacterial strairPseudomonas chloraphigas observed to be able to degrade polyester
PUR and three enzymes involved in PUR hydrolysisewmurified and characterized [151,
152]. Gautam et al. investigated ability Bseudomonas chlororaphi8TCC 55729 to
biodegrade waste polyester PUR foam obtained froma@omotive industry. Ammonia
nitrogen, pH and diethylene glycol (DEG) concemtraé were found to increase steadily
during biodegradation test. Furthermore, scannlagt®n photomicrographs of foam pieces
also showed evidence of biodegradation [153].

Comamonas acidovorarsrain TB-35 was isolated from soil samples thattk#ts
ability to degrade polyester PUR. Solid cubes dygster PUR were synthesized with various
polyester segments. The cubes were completely dedrafter 7 days incubation when they
were supplied as the sole carbon source and debrg¥% when they were the sole carbon
and nitrogen source. Analysis of the breakdown petsl of the PUR revealed that the main
metabolites were from the polyester segment optiigmer. Further analysis of strain TB-35
revealed that the degradation products from thgestér PUR were produced by an esterase
activity. Strain TB-35 possesses two esterase eezyra soluble, extracellular and one
membrane-bound [154, 155]. The membrane-bound emzwyims found to catalyze the
majority of the polyester PU degradation. Therefdiee membrane-bound enzyme was
purified and characterized. The protein has a nudeanass of 62 kDa, it was heat stable up
to 65C and inhibited by PMSF. The structural gepedA for the PUR esterase was cloned
in Escherichia coli Upon nucleotide sequencing of the open readiagndr (ORF), the
predicted amino acid sequence contained a Gly-XxXS@ty motif characteristic of serine
hydrolases. This enzyme reacted with solid polyeBtdR to hydrolyze the ester bonds of
PUR. PUR degradation by the PUR esterase was $frovgbited by the addition of 0.04%
deoxy-BIGCHAP, a kind of surfactant. On the othandh, deoxy-BIGCHAP did not inhibit
the activity when p-nitrophenyl acetate, a watdtisle compound, was used as a substrate.
These observations indicated that this enzyme degréPUR in a two-step reaction:
hydrophobic adsorption onto the PUR surface wdsv@d by hydrolysis of the ester bonds
of PUR. Thus, the PUR esterase was considered \daagha hydrophobic-PUR-surface-
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binding domain and a catalytic domain, and theamgbinding domain was considered to be
essential for PUR degradation [156].

A Active
B domain i

Surface-binding
domain #

:iHZE; PHA surface ;3:’/
° Vo

A I

. PUR surface I

Fig.15 Effects of PHA depolymerase (A) and polyurethater@&se (B) concentration on the
degradation of solid substrates and kinetic modékhese enzymes [141].

Degrading activity

Enzyme concentration

This unique structure observed in PUR esterasealss been reported in PHA
depolymerase, which degrades PHA. In PHA depolysgerthe existence of a hydrophobic
PHA-binding domain has already been determinechbyanalysis of its amino acid sequence
and its various physicochemical and biological abtaristics. PUR esterase and PHA
depolymerase are similar, because both enzymesahhydrophobic surface-binding domain
in addition to their catalytic domain, but theirgb-dimensional structures are considered to
be different. The PHA-binding domain in most PHApdimerases is located at the C
terminus of the polypeptide chain, and the active surface-binding domains are linked by a
flexible linker, which is a threonine-rich regioor, a module resembling fibronectin type Ill.
Owing to this structure, the degradation activityPiHA depolymerase is decreased in the
presence of an excess of the enzyme. On the otrat, hin the case of PUR esterase, the
degradation activity did not decrease but rathemaieed constant when an excess of the
enzyme was present. On the basis of this obsenvdtigas inferred that the surface-binding
site and the catalytic site of the PUR esterasste&xiin three-dimensionally close positions,
unlike those in PHA depolymerase. In this mode, ¢htalytic domain can gain access to the
PUR surface even if the PUR surface is saturatéa evizyme molecules. However, since the
number of adsorbable enzyme molecules per uniaserérea of the PUR is fixed, the PUR-
degradation activity also remains constant (dgel5) [141].
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3. THE AIMS

The first goal of proposed thesis is to study lbiwlogical production of selected
biomaterials, particularly polyhydroxyalkanaotesmpdoying selected bacterial strains.
Further, the second part of the thesis deals wititgss of biodegradation of polymeric
materials, especially polyurethanes.

In order to reach goals of the thesis, they caditaded into the following partial aims:

» Review on current knowledge of problematic — bioddgtion and
biotechnological production of polymeric materials.

» Study on stability and process of biodegradatiosedécted types of biomaterials
and composites, particularly modified polyurethane€omparison of
biodegradability of polyurethane elastomeric filamsl polyurethane foams.

» Utilization of various waste substrates for productof selected biomaterials,
especially polyhydroxyalkanoates.

» Study on involvement of polyhydroxyalkanoates istieess response of bacteria.

Evaluation of potential strategy based on appleatof controlled stress
conditions to improve biotechnological productidrbmplastics.
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4. DISCUSSION PART

This chapter is intended to be detailed discuskorthe results which were already
published in papers or which have been recentlynsttdd for publication in international
journals. All papers and manuscripts are attacloethis work as supplements (the list of
supplements is provided in Chapter 8., supplembietniselves are attached in Chaper 9). Of
course, supplied papers and manuscripts also codtiail descriptions of methods and
results. For better demonstration of time courseexjperiments also 2 contributions at
international conferences are introduced.

Proposed thesis was focused on controlled produetnml biodegradation of selected
biomaterials. The first part of this work was ainagroduction of bacterial storage polymers
— polyhydroxyalkanoates usable as biodegradablstigga This part includes study on
production of polyhydroxyalkanoates from variousboa sources and application of stress
conditions to control process yields and propentiggroduced materials. Papers, manuscripts
and abstracts related to this part of work arechtid as Supplements I-VII.

The second part of the thesis was focused on titly sif biodegradation of polyether
polyurethanes modified by some substituted biopelgn mostly based on cellulose.
Particular papers and manuscripts are shown ade&Suepts VIII-XI.

More detailed links to particular paper, manuscaptbstract are always provided in
the text of this chapter. Complete list of authoblications can be found in Chapter 11.

4.1  Screening for strategies improving PHA production pocess

Despite many satisfactory properties of polyhydalkgnoates, there are still several
problems preventing them from entering everydag bf consumers. Of course, the main
reasons are economical, because the final prigolyhydroxyalkanoates is still too high to
allow their wider application in many fields of wstry. Therefore, a lot of effort has been
made in research on PHA in last two decades ksge 16 picturing growing interest in
polyhydroxyalkanoates) and a lot of concern is @iraeimprovement of processes of PHA
production and, thus, reduction of their cost. Aniner of studies have been focused on
looking for new candidates for industrial produntiof PHA, utilization of cheap carbon
sources including those of waste origin and alsoymaorks have aimed at optimization of
medium composition and cultivation conditions t@aale maximal PHA yields. Moreover,
promising strategies involve genetic engineeringhafroorganisms and plants to introduce or
improve particular biosynthetic pathways [157].

In order to contribute to development of econontyctdasible process, we also tried
testing and comparing few strategies with poteribatlecrease PHA price and improve the
process of PHA production. Our first experimentsenmearried out witlBacillus megaterium
CCM 2037 (culture was purchased from Czech Coblactf Microorganisms). At first, we
tested the influence of various limitations (nittag phosphorus or combination of both)
applied at the beginning of stationary phase. S#lgorthe new strategy of exposition of
bacterial culture to exogenous stress in ordernioaece PHB production was screened.
Finally, various media including waste cheese wirestarch-based medium were introduced
to test whetheB. megateriuntould be used for biotechnological production efAPusing
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cheaper carbon substrate. The results obtainddsinvbrk were published and are supplied as
Supplement | (Obruca et al., Chemicke Listy 102 (2008) p. 1255-1256).
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Fig.16. Published items per year according to Web of Kadge (23.5.2010), key
word used: polyhydroxyalkanoates.

Nitrogen and phosphorous limitation is widely usedenhancement of PHA vyields,
on the contrary, application of exogenous strestofa in order to support PHA accumulation
would be a new approach in PHA production. Corgwblstress conditions are known to
enhance microbial production of several industyialhteresting metabolites such as
carotenoids [158] proline [159] or ectoines [188]Jf to our knowledge only Natarajan et al.
used controlled osmotic pressure to increase PHdgiin Rhizobium DDSS-69 [68].
Influences of other stress factors such as ethdmsalyy metals, hydrogen peroxide etc. on
microbial production of PHA have not been studied. \Hence, we applied selected stress
factors (HO,, ethanol, NaCl, NiGl| citrate and Ng50;) at the beginning of cultivation and
analyzed PHB contents in cells after 35 hours tifvation. Because particularly ethanol and
also NaSG; supported PHB biosynthesis as compared to coatitbVation, we assumed that
application of stress factors may have been patestrategy improving process of PHA
production. Nevertheless, time of stress factodiegion as well as its concentration had to
be optimized. Thus, the first important part of durther work was focused on PHA
production under controlled stress conditions aso@ allowing improvement of PHA
production process.

Bacillus megateriums bacterial strain able to utilize wide rangecafbon substrates
[126] and for this reason we performed cultivatairthis bacterial strain on selected carbon
sources. The highest PHB yields were obtained fdrrBedium (Bacillus Medium according
to Czech Collection of Microorganisms) supplememti glucose, howeveB. megaterium
was also able to utilize cheaper starch and, mereovaste cheese whey. Only limited
number of bacterial strains is able to turn lactdke main organic constituent of cheese
whey, directly into PHA. Thereby, next part of amork was focused on biotechnological
conversion of waste cheese whey into the high vabaéerials employind3. megaterium
monoculture.
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4.2  Analysis of PHA

Generally, PHA can be analyzed using several msthear instance, the presence of
PHA in cells can be screened by staining of miabtolonies with Nile Blue or Sudan Black
[161]. Basic quantification of PHA can be done bsngmetric analysis of PHA isolated using
solvent extraction [162]. A more specific analysiss developed by Law and Slepecky [163],
who treated polymer with concentrated sulfuric aoid¢onvert PHB into crotonic acid which
can be analyzed spectrophotometrically at 235 nowdy¥er, according to our experiences,
due to necessary dilution of real sample with sidfacid, this method is time consuming.
Manipulation with concentrated sulfuric acid is darous and, finally, spectrophotometric
determination of PHA does not allow analysis of wmmer composition of polyester.
Unsaturated acids resulting from sulfuric acid tmeant of PHA can be analyzed by
HPLC/UV-VIS as well [164]. Introduction of sepaiati step improves sensitivity of analysis
(seeTab. 8) and allows determination of monomer unit compositbut the dilution and the
work with concentrated sulfuric acid, the main digntages of spectrophotometric method,
are still necessary.

Therefore, for our purposes gas chromatography @f@)ysis of PHA according to
Brandl et al. was the method of choice [165]. Lyibpéd cells were treated in the mixture of
chloroform and 15 % sulfuric acid in methanol. Riésg methyl esters of hydroxyacids were
further analyzed by using GC with mass spectrom@it§) or flame ionization detector
(FID). The main advantage of MS detection was thssjbility to identify or to confirm
presence of various monomers in PHA structure atehtion times. Moreover, MS analysis
was very sensitive especially in Selected lon Mwimg (SIM) mode. On the other side,
calibration was linear up to concentration of 0.§ RHA per ml. Because concentration of
typical samples was in range of 0.7-2.0 mgmGC/MS analysis required further dilution
which was labor-intensive and impractical. Oppdgit&C/FID analysis was linear in range
of 0.01 — 4 mg.mt and, therefore, no additional dilution was neealfiter sample preparation.
Parameters of all the methods for PHA analysi®test this work are compared Trab. 8.

Analytical part of this work was presented at"lihternational Symposium on
Separation Science, summary of our contributioshiswn asSupplement 1l (Obruca et al.,
New Achievementsin Chromatography, 2008).

Tab 8. Comparison of different methods for quantitatieéetimination of PHB

) ) Regression Range of linear
Calibration curve . . .
Method (m ml'l) coefficient calibration
g R? (mg.ml™)
Direct UV-VIS method* y=13.8k 0.9720 0.02-0.1
HPLC/UV-VIS y=5.9 10x 0.9904 0.001 - 0.01
GC/MS™ Y = 2.10x 0.9982 0.001-0.5
GC/FID y=25 106x 0.9992 0.01-4

method does not allow analysis of monomer comjoosit
" calibration for SIM mode (fragments 43, 74, 873)1.0
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Fig.17. Chromatograms of GC/MS analysis of methyl edt8loydroxybutyrate (retention
time 6.83 min) (full scan and SIM mode) and fudirsspectrum.

4.3 The influence of exogenous stress on PHA productian Cupriavidus
necator H16

In our further experiments we focused on the stmalynfluence of exogenous stress
conditions on PHA production. As mentioned abowgosition of culture to particular stress
factor enhanced PHB accumulation in cells. Nevégts the PHA contents iBacillus
megateriumcells as well as total PHB yields were rather Idgherefore, we decided to
employ other bacterial strainGupriavidus necatoH16 (purchased from Czech Collection of
Microorganism, CCM 3726). As was noticed in Chaf@&.1,C. necatorH16 is considered
as a model microorganism for SCL-PHA productiontl&a, for us it was the strain of choice
to study the connection between stress respongarticular stress and PHA metabolism. In
addition, biomass and PHA productionsGn necatorare much higher as comparedBo
megaterium

Another published paper, attachedSapplement 11l (Obruca et al., Folia Microbiol
55 (2010) p. 17-23), describes the effect of different times of apgtiilens and concentration
levels of selected stress factors on PHB produdho@. necatorH16. Among tested stress
factors (ethanol, hydrogen peroxide, NaCl, Nig@hd CoCJ) predominantly both ethanol and
hydrogen peroxide enhanced PHB accumulation irs.c€he stress factor concentration and
the time of stress application were observed torbeial in terms of gained PHB yields.

50



Because the highest PHB yields were obtained,résstfactor was applied at the
beginning of stationary phase, when nitrogen wagletied, it was assumed that stress
application even enhanced positive effect of ngerogmitation.

It was interesting to observe that exposition aftbaal culture to mild stress resulted
in unaffected biomass formation and increased PltBynthesis, but higher stress dose
resulted in inhibited bacterial growth and lowerdB yields. For example, application of
higher osmotic stress (5 4df NaCl) significantly reduced PHB content in cedls compared
to control culture (55.3 % stressed culture an@ 8b6.control). This may have been caused by
inhibition of PHB biosynthetic pathway in stressadture and simultaneous activation of
other metabolic processes related to osmotic stresponse. Moreover, also partial
degradation of PHB might have occurred in ordgurtmluce energy to endure osmotic stress,
as was reported by Breedveld et al. [65].

Therefore, optimizations of stress factorsosmrations were performed to achieve
maximal PHB yields. Finally, the total yields olsted in this work were compared with those
published in literature. It could be stated, that yields belonged among the highest reported
for batch cultivation ofC. necatorH16 (seeFig. 17). Furthermore, controlled application of
stress factors not only enhanced total PHB yidhis,also increased PHB content in cells.
This effect would reduce costs of PHB recovery,adose PHB content in cells strongly
affects the efficiency and the cost of down-strgaotessing (see Chapter 2.7.3) [99]. Hence,
controlled application of either ethanol or hydrmogeeroxide seems to be very effective and
simple strategy to improve PHB yields and redus@ibduction cost.
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Fig.17. Comparison of PHB yields and PHB contents inscefitained in our work
and those published in literature for Cupriaviduecator in batch culture.

The enhancement of PHA production under stress itonsl is interesting
phenomenon with potential practical outcome, so, the decided to look into the metabolic
aspects of exposition of bacterial culture to streanditions. Our findings are summarized in
paper attached &upplement IV (Obruca et al., World J. Microbiol. Biotechnol. 26 (2010)

p. 1261-1267). In this work we describe the consequences of$stresponse . necatorto
ethanol and hydrogen peroxide from PHB productiomipof view. Application of optimal
concentrations of either ethanol or hydrogen pe®xt the beginning of the stationary phase
of growth had resulted in stress response of hattstrain which subsequently increased
activity of PHB biosynthetic pathway.
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Exposition of bacterial culture to oxidative stregsults in activation of several
metabolic pathways involved in oxidative stresgpoese. Under oxidative stress conditions,
some molecules are constitutively present in aatl Belp to maintain intracellular reducing
environment or to scavenge chemically reactive erygpecies. For instance, reduced
glutathione present in cells at high concentratior@ntains a strong reducing intracellular
environment. Its reduced form is regenerated byathione reductase using NADPH as a
source of reducing power. Therefore, under oxigasitress cells need to maintain high ratio
NAD(P)H/NAD(P)" [169]. It was the reason why exposition Bécherichia coli[170] and
Saccharomyces cerevisigd71] to hydrogen peroxide increased activity déicgse-6-
phosphate dehydrogenase, the first enzyme of peptossphate pathway generating NADPH
for various metabolic processes. We observed alsatexposition o€Cupriavidus necatoto
stress induced by hydrogen peroxide resulted ineased activity of glucose-6-phosphate
dehydrogenase. Thus, it is likely that resultinghhiintracellular ratio NADPH/NADP
partially inhibited the Krebs cycle and supportedthb flux of acetyl-CoA into PHB
biosynthetic pathway and activity of NADPH dependacetoacetyl-Co reductase. This was
probably the reason why exposition @f necatorto oxidative stress enhanced PHB
biosynthesis in bacterial cells. From this poinvigw, enhancement of PHB accumulation in
cells could be considered as a side effect of stresponse. Nevertheless, according to Ayub
et al.,, PHA are directly involved in oxidative siseresponse because PHA serve as a
modulator of the pool of reducing equivalents NADBRJ NADH in cells, which helps to
alleviate oxidative stress [60]. Generally, stressponse of bacteria is complex metabolic
process involving number of pathways and regulapoimts. Also PHA seems to belong
among molecules contributing to survival under Hafntonditions caused by reactive
oxygen species, but the exact mechanisms haveseotdearly explained so far.

According to our results, ethanol pronounced PHBdpction inC. necatoreven
more intensively than hydrogen peroxide. In oradeunderstand this effect, we looked into
connection of PHB biosynthesis and stress respting¢hanol as well. Addition of ethanol
into cultivation media activated alcohol dehydroge: Then final product of ethanol
metabolization is acetyl-CoA while reduced coenzym&D(P)H are formed and free CoA
is built into acetyl-CoA. Similarly to hydrogen petide, the consequence of such a stress
response is partial inhibition of Krebs cycle anthanced flux of acetyl-CoA into PHB
biosynthetic pathway. Moreover, enhanced levelediuced coenzymes supported activity of
acetoacetyl-CoA reductase and decreased free Cogentration activatef-ketothiolase.

Interconnection between stress response (ethambhgarogen peroxide) and PHB
biosynthetic pathway df. necatoris displayed irFig. 17.

Application of both stress factors enhanced PHRIgiand activities off-ketothiolase
and acetoacetyl-CoA reductase, but did not affetvity of the last enzyme of the PHB
biosynthetic pathway — PHB synthase. These resulisate that the key enzymes regulating
PHB content in cells arB-ketothiolase and/or acetoacetyl-CoA reductaseerdtan PHB
synthase. This conclusion is in consistence wislilte of Oeding and Schlegen [172] as well
as Senior and Dawes [173]. In both works they ssigg3-ketothiolose rather than PHB
synthase being the crucial enzyme regulating PHBh&gis in cells. On the contrary, Doi et
al. proposed acetoacetyl-CoA reductase to be the emayme regulating PHB content in cell
[174]. It is also possible that both enzymes aneolved equally in regulation of PHB
synthetic pathway. However, the fact that the aagibon of ethanol or hydrogen peroxide
enhances activities of both of them is benefigiakeirms of production parameters.
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Although the exposition of culture to stress did infdluence activity of PHB synthase,
which is considered to be enzyme responsible fagtleof polyester chain, molecular weights
of materials produced under stress conditions vedserved to be significantly higher as
compared to control. Our resuliSupplement IV) are similar to those of Kichise et al. who
reported that molecular weight of PHB is independeh PHB synthase activity [34].
Oppositely,in vitro experiments of Gerngross and Martin demonstrdtadmolecular weight
of PHB decreased with increase in the initial agtief PHB synthase [33]. Kawaguchi and
Doi proposed the presence of chain-transfer agenergted inCupriavidus necatorcells
which reacts with propagating polyester chain gulate the chain length of PHB. In vivo,
this regulating factor is probably more importanart activity of PHB synthase [35]. Our
results could indicate that besides PHB synthase [&ketothiolase and acetoacetyl-CoA
reductase may contribute to regulation of molecwarght of PHB. Potential explanation
could be that increased intracellular level of 8hmxybutyryl-CoA, the consequence of
increased activities @-ketothiolase and acetoacetyl-CoA reductase, nbghanother factor
stimulating PHB synthase to form longer polyesteics.

Generally, the fact that controlled applicationstfess conditions leads to enhanced
PHB vyields could bring practical biotechnologicalt@omes. Simple addition of cheap
substance enhanced PHB yields about 30 %. Moreava&ecular weight of PHB produced
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under stress conditions was significantly highehergby, application of ethanol and
hydrogen peroxide did not only enhance PHB yidbds$,also improved mechanical properties
of produced material. Furthermore, in the manuseatiached aSupplement VII (Obruca et

al. Biotechnol. Letters, submitted) we reported that the application of propanol hadilar
effect on PHA biosynthesis in terms of increasedAPRkEtlds, but, in addition, also other
monomer unit - 3-hydroxyvalerate - was built intolyester chain. This again significantly
improves mechanical properties of PHA. For instaniceorporation of 10 % of 3-
hydroxyvalerate increases elongation to break fi®m% (homopolymer PHB) to 20 %
(copolymer P(HB-co-HV)) [1].

To our knowledge, the use of propanol as a precuwf8-hydroxyvalerate in P(HB-
co-HV) has not been reported so far. In our wotkded asSupplement VII we assumed
that the way of propanol metabolization@n neactoris the same as that of ethanol. Hence,
propanol is oxidized and, finally, transformed t@gonyl-CoA. During oxidation, reduced
coenzymes are formed, which again supports PHAhsgid in the same way as in ethanol.
Further, propionyl-CoA is coupled with acetyl-CoA ieaction catalyzed bfg-ketothiolase.
B-ketothiolase encoded by geplebAis specific only for acetyl-CoA, therefore, thigeg must
be catalyzed by enzyme encoded by dgeki® which is placed out gbhaCABoperon ofC.
necator[175]. Following NADPH dependent stereospecificuetibn of 3-ketovareryl-CoA
could be catalyzed by acetoacetyl-CoA, neverthetessrate of 3-ketovaleryl-CoA reduction
is only 16 % of that of acetoacetyl-CoA [176]. Thieal step of copolymer synthesis is
catalyzed by PHB synthase (also called PHA syn)habkéch is, thanks to its low substrate
specificity, able to built 3-hydroxyvalerate unit#o PHA structure. Mechanism that we
propose for the metabolization of propanol andsitbsequent incorporationi@ propionate
and 3-hydroxyvaleryl-CoA) into PHA structure is shoin Fig. 18

To conclude this chapter, exposition of culturectmtrolled stress conditions caused
by alcohols (ethanol or propanol) and hydrogen xideocould be used as a novel strategy for
improvement of PHA production process as well ashanical properties of produced
materials. It can be assumed, that the mechanistraxfs response against these stress factors
Is more or less similar in most of bacteria. Thhs strategy could be effective also in other
PHA producing strains than i@. necatorand might be used also for improvement of PHA
production from waste cheep substrates. We belikae synergic effect of application of
cheap stress factor enhancing PHA vyields and atitm of cheap waste substrates could
reduce final cost of polyesters and make them rsaseeptible for various application and
consumers. Therefore, in our next work we focused RHA production using waste
substrates.

54



MOH Propanol
HaC

Cultivation medium

oW Propanol Cell evtoplasm

H]{:/\-\_/

= NADCRY
Aleohol L
detiydrogenase I\\\‘ MADFIH
¥

°p I
i Wf ropana

~~ HADCFy
Adetyde
N NAD(P)H
// °
HyC -
HSCoA + Fropionate
OH

Feyl-Cot P
syrthetase (\
S0P + PR

o
H,C 5 E
3 /\K Propionyl-CoA Fatty acidz

Fructosze

Ertrier- Doudanoff
O 3 k
0——8CoA il "
- Ketothiolase
bt 8

o HyC Acetyl-CoA
H;C " 3ketovakryl-CoA P-Hatothiolasé
phad l O——SCoA
® o“som
AcetoacetylCoA

 HADPH =
Festomety-CoY, | ¢ ~~ NADPH
reductase ‘\\- NADP Aoetoacetyd-Cos &-
reductase HADP

k.

o}
HaC HC ©
¥ 3-hydroxyvaleryl Coll W
. l J-hydr ovbutyvl-CoA
[}

CH Q + OH
o,
Sscor SCoA
PHA
synthase
r
T CH;,
cI:H3 o o
" /\)L o
P{HB-co-HV)

Fig.18. Proposed mechanism of metabolization of propagdl. necator H16 and its
incorporation into P(HB-co-HV) copolymer structure.

55



4.4  Production of PHA from cheap/waste substrates

As we reported above (Chapter 4.Bycillus megateriums able to convert lactose
from cheese whey directly into PHB. Thanks to haghmount of cheap cheese whey produced
daily in cheese manufactories, this carbon souregresents attractive substrate for
economically feasible production of PHA in largeaamts. However, apart from transgenic
E. coli, only few PHA producing strains are capable ohituy lactose directly into PHAB.
megateriums one of them. Therefore, we decided to optintieewhey medium to enhance
PHB and biomass yields (these reported in papactst aSupplement | were rather low).

Optimization of cheese whey was performed usingcKefaBurman experimental
design. This statistical tool allows optimizing tindriable process in which numerous
potentially influencing factors are involved. PlatiBurman experimental design is often
used to screen and evaluate factors that influshudied process and it helps to identify the
crucial ones. In our process of PHB production froneese whey, dilution of whey was
identified to be the most important factor. Therefove made optimization in order to find
the best dilution of whey expressed as lactose extration (g:f). Undiluted cheese whey
contained 40 ¢ of lactose, for our purpose it was optimal to ilit to 20 gi. Also
supplementation of medium with some inorganic saitsxounced biomass as well as PHB
formation. Finally, medium optimization enhanced B’Hields about 50 times (see
Supplement VI).

After that, we tried adding ethanol and hydrogeropieles into cultivation media in
order to even increase PHB yields. Both stressofacivere applied at the beginning of
stationary phase at several concentration levéls.riost efficient, in term of enhancement of
PHB vyields, was ethanol which increased yields ab#i %. This fact supports our
presumption that the stress response against décobspecially ethanol, is more or less
similar among bacteria. Hence, ethanol can be asedniversal factor stimulating PHB
biosynthetic pathway.

Furthermore, our results indicate the potential Bof megateriumfor industrial
production of PHB from cheep waste whey. Howewverthier experiments must be aimed at
cultivation in laboratory and semi-industrial femmers, because for industrial production of
PHB it is necessary to reach high cell density @niian 100 g of cell dry weight). To
obtain such a high cell concentration, it is esrt control closely many factors such as
agitation speed and aeration, pH, temperature wtdch is possible only in fermentor. To
overcome substrate inhibition, it is necessary wrkwin fed-batch mode. As a feeding
solution, concentrated whey can be used, but tmégat be a problem with raising osmotic
pressure in medium (cheese whey itself containst @fl salts) especially at late period of
cultivation. Finally, introduction of stress factomto well aerated fermentor could lead to
different response of culture than was observedEnmenmeyer flaks. Thus, further
experiments are needed to face all potential pnoble

Results regarding PHB production on cheese wheylammg B. megateriumwere
presented as poster at"Buropean Congress on Biotechnology, abstract otontribution
Is supplied asSupplement V (Obruca et. al., New Biotech. 25 (2009) p. S257) and also
manuscript Supplement VI) (Obruca et. al., Annals Microbiol., submitted) has been
recently submitted for publication.

Due to a lot of problems related to PHB productioom waste cheese whey, we
decided to test other attractive feedstock for Riédduction — edible oils. In contrast to the
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other carbon sources, the theoretical yield caeffils of PHA production from plant oils are
as high as over 1.0 g-PHA per g-plant oil, sin@ytbompose much higher number of carbon
atoms per weight [177].

For PHA production from plant edible oils we emy@d bacterial straifC. necator
H16 (Supplement VII) (Obruca et al. Biotechnol. Letters, submitted). First of all, we
decided to test various edible oils which were lakdé at shops and also waste oils from
different sources (household, university canteesstaurant and fried chips producing
manufactory in StraZznice). According to our resURBIA yields are dependent on the type of
oil. Relatively high PHA yields were obtained ompeaeed oil, which is typical edible oil for
our region. However, even better yields were oleiwhen bacterial culture was cultivated
on waste oils.

Waste edible oils exhausted from the food indusing food service industry are
recovered legally as industrial wastes and candmwearted to an animal-based feed, fatty
acids, soaps or biodiesel etc. However, a lot cftevails (especially those from households)
are not recovered and are disposed of by incinerads inflammable waste after being
absorbed in papers or coagulation with a certaimgatants which cause serious
environmental problems, such as waste managemeghblmal warming. In addition, a part of
waste oils flows up into the sewage, resulting @texr pollution [178]. On the other side,
waste edible oils represent promising source fodpection of polyhydroxyalkanoates. The
idea is to convert problematic waste, which is lyedbw in price, into high value
environmental friendly product. Despite all the andtages of such a process, there are only
few reports on PHA production from waste oils. Tamahi et al. reported PHA production
from waste sesame oil employifg necator achieved yields were about 4.6g178]. Chan
et al. studied MCL-PHA production from various glamils including waste oil using
Pseudomonas aerugingdaut the PHA content in cell was only about 5 %dof cell weight
[179]. Finally, Mas et al. cultivateBseudomonas aeruginosa waste frying oil and reached
MCL-PHA vyields 3 g1 [180]. PHA yields we obtained on waste oils in batulture in
flasks were almost twice as high as those repontéditerature. The highest PHA vyields were
obtained on waste rapeseed oil coming from unityecsinteen, therefore, this oil was used as
carbon substrate in all following experiments (Sepplement VII).

On the basis of our results we tried evaluating rtfast promising carbon substrate
from the economical point of view. The yield coeiints were calculated from results of
experiments carried out in batch mode. It shoultbken into account that the value obtained
in fed-batch mode would be significantly higher anot economic analysis is, therefore, only
approximate. The prices of pure substrates werntélom web pages of International Trade
and Business Knowledge. Final calculation was basethe presumption that the costs of
carbon substrates represent 40 % of the finala@dBHA produced by bacterial fermentation.
The commercial price of PHA is 2-4 $:kgfor this economical consideration we took mean
of this values 3 $.K§ [74]. The price of waste oil was taken from welggm of company
Trafin Oil a.s., which buys out waste edible ods price about 2,- CZK per 1 liter of oil. So,
in Tab. 9 there are shown the calculated theoretical prafe®HA and these prices are
compared to the prices of synthetic polymers witbpprties similar to PHA — polyethylene
and polypropylene.

If pure carbon substrates such as fructose orwl® used, the theoretical prices of
produced materials are significantly higher thaat tbf synthetic polymers. Oppositely, if
waste edible oils are used as the substrate, ¢ostl of PHA is comparable with price of
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polypropylene. Of course, other factors such asdbss of up-stream and down-stream
processes contribute to the final cost of PHA dreahce, the cost of produced material would
be probably higher. However, we believe that theepof PHA produced from waste edible
oils could be, at least, competitive to the pri€¢galypropylene or polyethylene. It is likely
that the limiting factor could be the amount of itatsle waste oil. Its delivery transportation
from far distances could be logistically probleratnd also expensive. On the other side, the
idea of conversion of problematic waste into highue product is worth of such an effort.

Tab 9. Basic economical consideration of PHA producti@sdxd on results obtained in our
work (Supplements Il and VII) (Cupriavidus necakit6, batch culture, Erlenmayer flask,
30°C, constant shaking 150-200 rpm, substrate eotmation 20 g:f).

PHA  Yield  Priceof ~CACUAed
Substrate yield coefficienf substrate’ plgai\?

01" 991 [EURKST (piRkgY
Fructose 11.20 0.56 1.58 3.81
Olive oll 3.27 0.16 2.25 14.73
Corn oil 4.36 0.22 1.03 571
Soybean oll 2.08 0.10 1.12 11.77
Sunflower oil 4.63 0.23 0.87 4.76
Rapeseed oll 4.77 0.24 0.60 3.51
Waste oil - Household (s) 5.82 0.29 0.10 1.33
Waste oil - University canteen (r) 7.69 0.38 0.10 1.24
Waste oil - Restaurant (s) 6.73 0.34 0.10 1.28
Waste oil - Chips manufactory (r) 6.76 0.34 0.10 1.28

Synthetic polymer [ELFJrFIQ(;Eg]

Polypropylene 1.47
Polyethylene 1.15

& _ coefficients were calculated as PHA producegég)substrate added (g)

P _ prices of substrate were taken from web pagéstefiational Trade and Business
Knowledge (www.alibaba.com), only price of wastés overe taken from web
pages of company Trafin Oil a.s. which does businegh waste edible oils of
plant origin. 1.00 $ was taken as 21.00 CZK, 1 EURAS taken as 25.75 CZK

¢ - final prices of PHA were calculated based agspmption that the cost of carbon
source represent 40 % of the final cost, pricetdfARvas taken as 3 $ per kg [74].

(s) — sunflower waste oily) — rapeseed waste oil

In our further experiments we tested expositiomadterial culture cultivated on the
waste rapeseed oil to controlled stress conditt@sed by methanol, ethanol and propanol
(see Supplement VII). Surprisingly, application of all stress factas the 28 hour of
cultivation not only enhanced PHA yields, but, nuaer, also significantly supported the
growth of bacterial culture. The more non-polaroalal, the more pronounced growth was
observed (biomass yields were: control 11.17 , ameth12.09, ethanol 13.03, propanol 14.68
g.I"). The explanation of such an effect could be tiabhols supported solubilization of
triacylglerols, which made them more susceptibleadtion of extracellular lipases. This is
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likely to have increased concentrations of prodottgases action — glycerol and fatty acids
in medium which could support bacterial growth.

All tested alcohols also enhanced the PHA synthiesisells. Application of both
ethanol and propanol caused accumulation of réddjly contents of PHA in cells (about 79
% of cell dry weight). In addition, application pfopanol resulted in incorporation of 3-
hydroxyvalerate into PHA structure, which signifitlg improves mechanical properties of
produced material. As far as we know, we are tts¢ Who have reported that propanol could
be used as a precursor of 3-hydroxyvalerate. Inpawison with other commonly used
precursors of 3-hydroxyvalerate, such as propiomateralerate, propanol has also other
advantages — it is much cheaper and it enhances Welds and supports the growth of
bacterial culture on oils as carbon substrates. Meehanisms of connections of stress
responses to ethanol and propanol with PHA biogtitlpathway are discussed in details
above (see Chapter 3.3) and also in papers attadtaabplement 11l (Obruca et al., Folia
Microbiol 55 (2010) p. 17-23), Supplement IV (Obruca et al., World J. Microbiol.
Biotechnol. 26 (2010) p. 1261-1267) and Supplement VII (Obruca et al. Biotechnol.

L etters, submitted).

Because production of P(HB-co-HV) from waste rapédseil using propanol as a
stress agent seemed to be very prosing strateggeusided to perform fed-batch cultivation
in laboratory fermentor. Propanol was applied at18" hour of cultivation and after that its
concentration was maintained at 1 %. Nitrogen so({H,),SOy) level was maintained at 3
g.I" until the 38 hour of cultivation when nitrogen feeding was stegto induce nitrogen
limitation. Concentration of carbon source (wastgesseed oil) was kept at 201.|

Application of propanol resulted in incorporatioh3shydroxyvalerate units into PHA
chain, thus, we can assume that exposition of battalture to stress condition is effective
strategy even if culture is cultivated in fermentafter 72 hours of cultivation, we gained
high cell density (cell dry weight was 138.46,Imoreover, cells contained 76 % of PHA
with 8 % of 3-hydroxyvalerate. Total yield of PHAa® 105.05 ¢, volumetric productivity
yield was 1.46 gth* and yield coefficient was 0.83 g-PHA per g-dikb. 10 summarizes
PHA production from oils and other fatty substrateported in literature and our yields
belong among the best ones. Furthermore, it shbeltbken into account that we worked
with waste oil while most of other authors usedepsubstrates.

If we use the yield coefficient obtained in feddsaimode (0,83 g-PHA per g-oil) for
calculation of final price of PHA in the same wayia Tab.9, the theoretical price of PHA
produced in fed-batch mode from waste rapeseeis dil11 EUR.kd. It is about 30 % less
than the price of polypropylene. According to tbadculation, waste oils can be considered to
be the most promising carbon substrates facilgagnonomically feasible process of PHA
production. The part of our work dealing with PHAoguction from oils has been recently
submitted for publication, manuscript is shown Sapplement VII (Obruca et al.
Biotechnol. Letters, submitted).
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Tab 10. Overviewof yields and other parameters of PHA productiamfroils and other fatty substrates reported irréitare.

. . L Biomass PHA  PHA  Yield®

Qil Strain Cultivation mode PHA 9.1 (%] 0 [9.9Y Ref
Palm kernel oil Cupriavidus necator Batch, E. flasks P(HB-co-HV-co-HHXx) 8.0 80.0 6.4 - [181]
Rice oll Chromobacterium sp. Batch, E. flasks PHB 12.9 55.8 7.2 0.72 [182]
Safflower oll Chromobacterium sp. Batch, E. flasks PHB 17.6 49.8 8.8 0.88 [182]
Soya oll Chromobacterium sp. Batch, E. flasks PHB 13.8 42.4 5.9 0.59 [182]
Olive ol Chromobacterium sp. Batch, E. flasks PHB 12.3 45.6 5.6 0.56 [182]
Linseed oil Chromobacterium sp. Batch, E. flasks PHB 9.6 48.7 4.7 0.47 [182]
Peanut oll Chromobacterium sp. Batch, E. flasks PHB 12.6 35.1 4.4 0.44 [182]
Corn oil Chromobacterium sp. Batch, E. flasks PHB 10.1 47.0 4.7 0.47 [182]
Olive oil Cupriavidus necator  Batch, E. flasks P(HB-co-HHXx) 3.5 76.0 2.7 - [183]
Corn oil Cupriavidus necator  Batch, E. flasks P(HB-co-HHXx) 3.6 77.0 2.8 - [183]
Palm oil Cupriavidus necator  Batch, E. flasks P(HB-co-HHXx) 3.6 81.0 29 - [183]
Palm kernel oil Cupriavidus necator Batch, E. flasks P(HB-co-HV) 3.0 73.0 2.2 - [184]
Palm kernel oil Cupriavidus necator Batch, E. flasks P(HB-co-4HB) 3.3 68.0 2.2 [184]
Palm olein Burkholderia cepacia Batch, E. flasks PHB 51 43.1 2.2 - [185]
Waste sesame oil  Cupriavidus necator Batch, E. flasks PHB 7.4 62.0 4.6 0.46 [178]
Palm oll Pseudomonas aeruginos8atch, Ferm. MCL-PHA 2.2 36.0 0.8 0.11 [186]
Peanut oll Pseudomonas aeruginos8atch, E. flasks MCL-PHA 4.0 3.8 0.2 - [179]
Olive ol Pseudomonas aeruginos8atch, E. flasks MCL-PHA 4.5 6.0 0.3 - [179]
Waste oil Pseudomonas aeruginos8atch, E. flasks MCL-PHA 5.4 5.7 0.3 - [179]
Rapeseed oil Alcaligenes sp. AK 201 Batch, E. flasks PHB 2.5 44.0 1.1 0.40 [187]
Olive oil Alcaligenes sp. AK 202 Batch, E. flasks PHB 3.1 47.0 1.5 0.49 [187]
Lard Alcaligenes sp. AK 203 Batch, E. flasks PHB 24 31.0 0.7 0.25 [187]
Waste frying oil  Pseudomonas aeruginos8atch, E. flasks MCL-PHA 8.1 37.0 3.0 0.08 [180]
Soybean oll Cupriavidus necator Fed-Batch, Ferm. PHB 126.0 76.0 95.8 0.76 [188]
Soybean oll Cupriavidus necator  Fed-Batch, Ferm. P(HB-co-HHXx) 138.0 740 102.1 0.72 [188]
\c/)\illaste rapeseed Cupriavidus necator Fed-Batch, Ferm. P(HB-co-HV) 138.5 75.9 105.1 0.83 v-l\;glri

" - recombinant strain of. necator - yields g-PHA per g-oilE. flasks— Erlenmeyer flask$erm. - Fermentor
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If we compare both types of waste substrates stede- waste plat oils and waste cheese
whey, we can state that waste oils seem to be isupewhey for number of reasons. First of all,
the yields obtained on waste oils were much highan those on cheese whey. This is due to
employment ofC. necatorH16, which is highly productive strain that growary well on oils,
but it is unable of utilization of lactose. On thentrary, B. megateriumwas able to utilize
lactose, but biomass yields were rather low, aspewed toC. necator Because PHA are
intracellular metabolites, high cell density is thiest condition of high total yields of PHA.
Secondly, important advantage of waste oil is té&bitity and practically none demands on up-
stream processing. The only step required priotivation is the removal of solid particles by
filtration. Oppositely, cheese whey had to be #dah order to remove excessive proteins, which
represent another complication of production precésirthermore, cheese whey tends to spoil,
therefore, it needs being kept frozen or at lebsied. This fact could really complicate and raise
price of logistical part of PHA production from @s2 whey. On the other side, oils could be
stored at room temperature and they are also mallplstable. Finally, as mentioned above,
there are many problems concerning using whey edirfg in fed-batch mode because of high
osmotic pressure of concentrated whey solution tl@nother side, it is not a problem to feed
edible oils in fed-batch mode. For all these reasomaste oils are very promising cheap
substrates for PHA production.

4.5 Biodegradation of polyurethane materials

Apart from production of polyhydroxyalkanoates, #eeond subject of proposed doctoral
thesis dealt with biodegradation of selected medifbiomaterials, particularly polyurethanes.
Because of their resistance against various béostet abiotic agents and large scale of worldwide
production of polyurethane materials of diversedkinwaste polyurethane materials represent
serious environmental issue. In order to overcoowh Problems, new polyurethane materials
were prepared at Department of Material ScienceulBa of Chemistry, Brno University of
Technology. Biodegradability of newly synthesizedatemials was enhanced by partial
replacement of resistant polyether polyol by bigpmr of renewable origin such as
carboxymethyl-, hydroxyethyl- or acetylated celkdpacetylated starch and wheat protein [188].
These materials were prepared in two forms - PURnfband PUR elastomeric films. Our goal
was to investigate the biodegradability of theseeni@s employing selected bacterial cultures.
The first part of biodegradation experiments wadgomed with polyurethane foams and the
results were presented as part of the diploma ¢hg€89] and further published in paper
(Supplement VIIl) (Obruca et al., Chemicke Listy 102 (2008 ) p. 1219-1220) and another
manuscript has been recently submitted for pubtinaSupplement IX) (Obruca et al., J.
Environ. Manage., submitted). The second part of experiments was focused o@arels on
biodegradability of PUR elastomeric materials. Allsis research resulted in two papers, the first
one has been already publish&iigplement X (Obruca et al., Chemicke Listy 102 (2008) p.
1257-1258) and the second one has been submitted for ptibhcgupplement XI) (Obruca et
al., Environ. Technol., submitted).

To understand the biodegradation of PUR elastaniiéms, it is necessary to comment
also the results obtained in PUR foams. As wascaedtabove, PUR foams were modified by
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selected biopolymers by partial (usually 10 %) aepment of polyether polyol. These samples
were exposed to bacterial culture. The first testallure was mixed thermophillic aerobic
bacterial culture which was originally used for veasvater treatment and which was obtained
from sludge of waste water treatment in Biggt pod Hostynem. The second tested culture was
monoculture ofArthrobacter globiformispurchased from Czech Collection of Microorganisms
(CCM 193). Samples were placed into Erlenmeyerkflasontaining medium, which were
afterwards inoculated by bacterial culture. Durimgubation of samples with culture we
analyzed growth of bacterial culture, in most cageslso monitored Chemical Oxygen Demand
(COD). Typically, cultivation lasted for 300 howard, after that, the degradation of material was
determined as a weight loss of sample and alsacirthanges were observed using optical
microscope.

The results of these experiments revealed thaiadagon of PUR foams consisted of two
subsequent steps. Because weight losses of samptesindependent of presence of bacterial
culture, the bacterial culture did not contribute direct degradation of PUR foams and the
mechanism of PUR degradation was of abiotic ori@in.the other side, presence of PUR foams
in the cultivation media supported growth of bo#cterial cultures. We assumed that bacterial
culture is capable of utilization of the productsabiotic degradation of PUR foams as additional
carbon and/or nitrogen sources, which supported tp@wth in comparison with control.
Thereby, both these facts indicate that the meshawif PUR foams degradation involves two
steps. The first one, abiotic degradation of PURNfe is followed by assimilation of abiotic
degradation products by bacterial culture. In g 19 there is displayed the comparison of
both mechanisms — biotic degradation and abiotigattation of polymer [190].

The mixed thermophillic culture seemed to be mdfecave in utilization of PUR foams
than monoculture ofArthrobacter globiformis The growth of mixed culture was more
pronounced in presence of PUR foam in medium asal thle value of elimination of COD was
always higher in mixed culture. It is likely to Wacilitated by a wider range of enzymatic
activities present in mixed culture and also bytiehs of individual strains in mixed culture
such as synergism or metabiosis.

POLYMERIC Abiotic degradation of polyiner and
COMPOUNDS subsequent assimilation
I \ of abiotic degradation products
Enzymes Chemistry

5
Cells
l Fragments

Biochemistry Enzymes

\

CO2 + H20
Biomass

Fig.19. Comparison of biotic and abiotic mechanism ofrddgtion of polymeric
material [190].
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The measure of weight losses of samples was depeondedhe type of biopolymer used
for modification of PUR. The highest mass lossesewabserved in PUR foams modified by
carboxymethyl- and hydroxyethylcellulose. Becauséhcellulose derivatives are well water-
soluble, it could be expected that mass losses wergominantly caused by solubilization of
biopolymer.

We also performed the test of bioavailability of RUoams as the sole carbon and
nitrogen source for thermophillic mixed culture r@isingly, all tested foams served as the sole
nitrogen source supporting growth of mixed cult@e. the other side, bacterial culture was able
to utilize only foams modified by acetylated staesid hydroxyethylcellulose as the sole carbon
source Supplement VIII and 1X). It is necessary condition of successful biodegtian of PUR
material in environment. Therefore, modification resistant polyether based PUR foams by
biopolymer seems to be promising strategy for redn®f amount of solid waste of PUR origin
[189].

The second form of PUR materials — elastomericditnwvas prepared using the same raw
materials as for PUR foams, only the foaming ageater) was omitted. Also in this case PUR
materials were modified by partial replacement ¥d0of polyether polyol by biopolymers. For
testing of materials biodegradability only mixe@rmophillic culture was use@upplement X)
(Obruca et al., Chemicke Listy 102 (2008) p. 1257-1258) (Supplement XIl) (Obruca et al.,
Environ. Technol., submitted)

The exposition of PUR elastomers to mixed cultuesulted in surprising growth
character of bacterial culture. Whereas PUR foarpparted the growth of bacterial culture from
the beginning of cultivation, the presence of PU&stemeric films in the cultivation media
strongly inhibited the growth of bacterial cultui@ unusually long periodSupplement Xil).
Nevertheless, after this long lag-phase, bactgnaivth started and was very intensive, so that
the biomass content was higher than in controlceiltlt can be expected that this long lag-phase
was caused by release of some toxic substancefs) PUR elastomeric films into cultivation
media. This substance(s) revealed toxic effectamtdial culture, because it inhibited its growth.
However, after some time culture was able eithepado harmful condition or eliminate toxic
substance and growth of culture was started. Toetlfat this effect was not observed in PUR
foams, which were prepared using the same raw raBtermay indicate that the toxic
substance(s) responsible for long lag-phase migte been removed during process of foaming.

The release of toxic substances from waste PURrialsteas far as we know, has not
been reported yet. Due to huge amounts of PUR raltgoroduced worldwide, this could
present another problem related to impact of PURewvironment. Asides its resistance and
durability which cause an accumulation of solid t#a®UR materials can be also considered to
be potential sources of toxic substances. Thusematiention should be paid to this group of
materials in order to prevent both accumulationsolid waste and potential release of toxic
substances.

Finally, we decided to look for the raw materiaspensible for the long lag-phase and,
therefore, we applied individual chemicals intotimaltion media and monitored bacterial growth
(Supplement Xl). Surprisingly, none of tested chemicals presergel@ly in the medium
prolonged lag-phase. So, we decided to test cortibirsaof them and we observed that if both
catalyst (dibutyltin laurate, DBTL) and polyetheslyol (PEP) had been added into cultivation
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media, the prolonged lag-phase occurred. Henceyemuits can be interpreted that prolonged
lag-phase was caused by small residues DBTL and ®Bieh were not built well into PUR
matrix. In water environment they were released surrounding cultivation medium. After that
they interacted which each other or with some campts of medium and formed substances
prevented bacterial culture from dynamic growth.olim knowledge, the effect of prolonged lag-
phase caused by these substances, which are coynosad for synthesis of PUR materials, has
not been reported so far. Microbial degradationpofyethers, such as polyethylene glycol,
progresses very slowly because of exo- type afeéfmlymeration, but the growth characteristics
of involved microbes are not strongly changed by mncentration of polyether [191]. Also
biodegradation of dibutyltin compounds by bactedaltures was already reported, but none
extra long lag-phase was observed during the psdd€z].

Because PEP also contributes to toxic effect of FlH8tomers, partial replacement of
this component by biopolymer could serve as a egsatdecreasing toxic effect of PUR
elastomeric films. Replacement of 10 % of PEP dit suppressed lag-phase. Nevertheless, the
lag-phase observe in PUR materials modified by dlpper was significantly shorter than that
of non-modified material. For instance, simple ageiment of 10 % of PEP by acetylated starch
shortened the lag-phase about 3 times. Furthernmomglification of PUR elastomeric by
biopolymers supported the growth of bacteria incabes in comparison with either control or
reference non-modified sample. In addition, we oke@ that modification of elastomers by
biopolymers resulted in significantly enhanced mlasses of samples during cultivations both
with and without presence of bacterial culture.haligh the main part of mass losses was
probably caused by mechanical disruption of PURpdasnor by solubilization of biopolymer,
the fact that mass losses were always higher sepce of bacterial culture indicates that also the
bacterial culture contributed to degradation preces

Similarly to PUR foams, also degradation of PURstmeric films probably involves
two steps. The first step is abiotic degradatiamjmd) which PUR elastomeric films exposed to
water environment spontaneously degraded and tie paa of released degradation products is
constituted of modifying agent. Therefore, the masses of samples were strongly dependent
on the type of modifying agent used and the highests losses were observed in PUR materials
modified by in water well soluble carboxy- and hyxlyethylcellulose. The second step of
process was subsequent utilization of productdiitia degradation. Apart from this mechanism
observed also in PUR foams, direct bacterial atilan of PUR elastomers was observed as well.
This is in consistence with Albertosson et al. wiported that the abiotic and biotic degradation
of polymeric materials can occur simultaneouslysabsequently [193]. Nevertheless, direct
utilization of PUR samples modified by carboxymethhydroxyethylcellulose and acetylated
starch is very slow process as compared to thdialiegradation. On the contrary, in the case of
sample modified by acetylated cellulose, dirediaatiion of PUR samples represented the main
part of degradation process (mass losses - 1.66ithb aulture, 0.40 % without culture).
Moreover, PUR elastomeric film modified by acetgthtcellulose also supported the growth of
culture the most intensively of all the tested skspBecause this material does not tend to
degrade spontaneously (low mass losses withoutrediltand it seems to be susceptible to
biodegradation, acetylated cellulose could be thdifitation agent of choice in order to enhance
biodegradability of PUR elastomeric films.
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To sum up the part of the thesis dealing with bgpddation of modified PUR materials,
it can be conclude that modification of PUR matsrkay simple replacement of polyether polyol
by biopolymer seems to be promising strategy espigcif PUR material is in form of
elastomeric film. In PUR elastomers, we observedtteffect of materials on bacterial culture.
This undesirable effect is significantly reducedpiblyether polyol is partially replaced by
biopolymer. Moreover, in contrast to PUR foamsedirutilization of samples was observed in
PUR elastomers, while the degree of bioavailabditynaterial strongly depends on the type of
biopolymer used for modification. According to owesults, acetylated cellulose is very
interesting choice, because this material builb iIRUR matrix does not tend to degrade
spontaneously, but the composite PUR material fededhe highest biodegradability
(Supplement XI).
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5. CONCLUSIONS

The aim of the Ph.D. thesis was to study productod biodegradation of selected

biomaterials including control mechanisms of botbcgsses. The first part of this work was
focused on production of bacterial storage polymergolyhydroxyalcanoates, which are
usable as biodegradable bioplastics. The nextvpastaimed at study of biodegradation of
polyether polyurethanes modified by partial reptaeat of polyol by biopolymers. The

results are presented in the form of comments tpublished papers and 4 submitted
manuscripts, these papers are attached in suppieit@mapter 9).

5.1

>

Conclusions 1: Production of polyhydroxyalkanoates

Bacillus megateriunCCM 2037 can be used for PHB production from wsicarbon
substrates including cheese whey or starch baselilime Screening experiments with
this strain indicated, that exposition of bactegalture to controlled stress conditions
may have been used for enhancement of PHB yields.

For our purposes, gas chromatography was the metholdoice for analysis of PHA. If
Mass Spectrometry detection was used, really semsitethod with the possibility to
identify individual monomers was gained. EmploymeftFlame lonization Detector
resulted in the less labor-intensive protocol foalgsis of our samples with optimal
sensitivity.

PHB production inCupriavidus necatocan be significantly enhanced if controlled stress
conditions caused by ethanol and hydrogen peraieénduced. In terms of final yields,
stress dose and time of stress application shoaildptimized. The highest PHB yields
were observed when stress was applied at the begirof stationary phase. After
optimization of stress dose, PHB yields were impbabout 30 % in comparison with
control culture.

Stress response @. necatorto hydrogen peroxide involves an increase of agtiof
pentose phosphate pathway. The result of suchpames is increased NADPH/NADP
ratio which partially inhibits Krebs cycle and supts the flux of acetyl-CoA into PHB
biosynthetic pathway. Also activities of-ketothiolase and acetoacetyl-CoA reductase
are enhanced and, thus, PHB accumulation in cefiapported.

In C. necatorcells, ethanol is metabolizeda oxidization while the final product is
acetyl-CoA, the key substrate of PHB biosynthe§lsring ethanol metabolization,
reduced coenzymes are formed as well, which suppB synthesis in the same way as
in case of hydrogen peroxide.

Despite the fact that activity of PHB synthase wasinfluenced under stress conditions,

the molecular weights of polyesters produced instness environment were significantly
higher. This effect was very interesting and itetess further experiments to understand
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5.2

its mechanisms. Nevertheless, one of potential amgtion could be that also
concentration of monomer(s) belongs among factordributing to control of length of
polyester chain.

Application of propanol as a stress agent alsamgtyosupports PHA accumulation @.
necator cells, probably in the same mechanism as in ethamat, moreover, 3-
hydroxyvalerate units are being built into PHA e¢hd?(HB-co-HV) copolymer possesses
mechanical properties superior to PHB homopolymer.

Controlled application of stress conditions impmwveot only PHA yields but also
mechanical properties of produced materials - nubdec weight and monomer
composition. Thereby, our results could be used lbasement for novel strategy in PHA
production.

Production yields of PHB from waste cheese whey leyipg B. megateriumwere
increased more than 50 times by optimization of immadcomposition using Placket-
Burman methodology. The most important factor,amts of PHB yields, was whey
dilution. Optimal concentration of lactose was fduto be 20 g}l Subsequent
application of stress factors, particularly ethamoslhanced PHB yields more than 40 %.
This indicates that stress response to alcohatsoi® or less similar among bacteria and
application of controlled stress caused by alcobkals be used for improvement of PHB
production process employing various bacteriairstta

Waste edible oils are very promising carbon sutestia@ PHA production employin@.
necatoras a producing strain. On the basis of the resdiltsur preliminary economical
consideration of PHA production process, the pat®HA produced from waste edible
oils could be even lower than price of polypropgen

Fed-batch cultivation o€. necatoron waste rapeseed oil in laboratory fermentor unde
propanol stress provided high biomass and PHB gield138 g and 105 g,
respectively. The cell contained 76 % of PHA, 3#loygyvalerate content was 8 %. These
results are among the best reported for PHA praoaluétom fatty substrates.

Conclusions 2: Biodegradation of polyurethanes

The mechanism of degradation of PUR materials wvesltwo steps. The first one was
abiotic degradation of materials in water environtrend the second step was subsequent
utilization of abiotic degradation products by k@l culture. Unlike in case of PUR
foams, in PUR elastomers also direct utilizatiorPofR materials by mixed culture was
observed.

PUR elastomeric films revealed to be toxic for ndixkermophillic bacterial culture. The

cultivation of culture in presence of PUR elastosneas accompanied by unusual long
lag-phase. This lag-phase was caused by releaswaif residues of polyether-polyol and
tin catalyst from samples. After few days, bacteciture was able either to adapt to
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toxic substances in cultivation medium or to eliatenthem. After that bacterial growth
started.

Modification of PUR elastomeric film by partial depement of polyether polyol by

biopolymer significantly reduced toxic effect of RUsamples and increased its
biodegradability. The most promising modifying agseemed to be acetylated cellulose.
PUR elastomeric film modified by acetylated celkdodid not tend to undergo abiotic
degradation, but, on the other side, the measurgiodic degradation was the highest
among all tested samples.
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6. FUTURE PERSPECTIVES

The results and experiences, which we obtainedperements presented in this thesis,
brought up new questions and goals that we woladtb explain and reach.

Here is the brief list of them:

» Up-scale PHA production from waste oils in fed-batoode. Up-scale study should be
performed in larger laboratory (5 or 10 I) fermeastand in semi-industrial fermentors.

» Screen other alcoholic precursors that can be asetiress agents as well as precursors of
other monomer units. For instance, application ofi-dutadiol could result in
incorporation of 4-hydroxybutyrate into PHA.

» Develop down-stream process for recovery of polybygalkanoates based on enzymatic
solubilization of other cell components than PHA.

» Test mechanical and chemical properties of produca@rials.

» Use various PHA copolymers for development of callgd delivery systems for selected
drugs and other active substances.

» Test stability and efficiency of developed deliveystems and activity of transported
biomolecules.
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Introduction

Polyhydroxyalkanoates (PHASs) are a group of hydro-
xyacid polyesters that are producted and accumulated in the
form of intracellular granules by a wide variety of bacterial
strains. These strains use PHA as carbon, energy and redu-
cing power storage material!. Of the big family of PIIAs,
a homopolymer of 3-hydroxybutyrate, poly(3-hydroxybu-
tyrate) (PHB), is the most widespread in nature and the best
characterised. PHB aroused much interest in industry and
research thanks its biocompatible, biodegradable, thermo-
plastic and piezoeletric properties. PHB appears to find many
pottentional applications in medical, industrial and agricul-
tural fields?.

Generally, the main problem of PHB is high cost in com-
parison with traditional plastics from petrochemical routes.
That is why strategies for enhancing of PHB production are
developed. Typical strategy, which is widely used for enhan-
cing PHB production, is limitation with nitrogen, phosphorus
or another element when excess amount of carbon source is
present?.

Among the factors restricting the economy of PHB pro-
duction very important is the cost of carbon source. In PFHB
production, about 40 % of the total cost is for raw materials.
Cheap waste substrates, for instance cheese whey or waste
potato starch, are very attractive from this point of view. Ef-
fective utilization of waste subtrates should lead to reduction
of PHB cost®.

The positive influence of stress factors (such a peroxide
stress, osmotic stress, ethanol stress or heavy metal stress)
on accumulation of differents secondary metabolites were
reported®. However, to this time only little is known about
accumulation of PHA under exogenous stress condition.

The aim of this work was to compare different strate-
gies that could enhance PHB production and reduce costs of
PHB. Limitations with nitrogen and/or phosphorus source
were tested. The influence of several exogenous stresses on
PHB production was compared. Finally, production of PHB
was studied in synthetic and organic medium as well as using
cheese whey as a cheap waste substrate.

Experimental
Bacterial Strain

Cultivations were performed with culture Bacillus
megaterium CCM 2037.

Polymers & Polymer Composites

Cultivation Condition

Cultivations were carried out at 30°C under permanent
shaking (150 rpm) in 100 ml of media. Several media were
tested, as the first synthetic medium (SM) containing glu-
cose as the only carbon source, KH,PO, and Na,HPO, (1: 1)
as the phosphorus source and (NH,),50, as the nitrogen
source was used. SM was used for limitation experiments.
Culture was transferred (centrifugation 20 min., 6,000 rpm)
into limited medium (medium without nitrogen or/and phos-
phorus source) after 20 hours of growth on complete medium.
After following 15 hours, biomass and PHB concentration
were determined. SM was also used for stress experiments.
The second tested medium was Bacillus medium (BM) con-
taining peptone and beef extract. The last medium was cheese
whey obtained from cheese manufactury Pribina Piibyslav.
Thermal denaturation and sulphuric acid were used for pre-
cipitation and removing of whey proteins before cultivation.
Whey was tested with and/or without addition of salts accor-
ding to SM.

Analytical methods

Biomass concentration was analyzed spectrophotomet-
rically at 630 nm after suitable dilution with distilled water.
Relationship between absorbance A 630 nm and dry cell
mass was evaluated. Before PHB determination biomass was
Ivophillized. Dryied cell material was hydrolyzed and deri-
vatized in a mixture of 0.8 ml acidified methanol (15 % v/v
H,80,) and 1 ml chloroform at 100 °C for 140 min. Resul-
ting methy! esters of 3-hydroxybutyric acids were determined
using gas chromatography with MS or FID detection. Com-
mercial PHB (Fluka) was used as the external standard?®.

Results

First, the effect of nitrogen and/or phosphorus source
limitation was tested. All tested limitations led to enhancing
PHB content in bacterial cell biomass in comparison with cul-
tivation without limitation. However, it seems that for Bacil-
lus megaterium limitation with nitrogen source is probably
the best stimulating factor for PHB production (see Table I).

Table I
PHB production under limitation (35 hours)
Limitati PHRB content PHB yield
uniation [% dry wieght] [gdm 3]

14.164 +£1.248
24.035 £+ 1.406
14.857 £0.826
17.648 £0.691

0.234+£0.025
0.360 £0.029
0.177 £0.009
0.237+£0.018

‘Without limitation
N limitation
P limitation
N + P limitation

Also some other tested exogenous stress factors influen-
ced positively the productivity of culture in comparison with
comntrol. Ethanolic stress as well as Na,SO, supported PHB
accumulation.

Mainly ethanolic stress resulted in improving PHB pro-
duction. This effect could be caused by the fact, that ethanol
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is metabolised via acetyl-coenzym A, which is starting meta-
bolite for PHB production. It is not clear if enhanced PHB
production was casued by ethanolic stress or by utilization
of ethanol alone. Both factors could be involved. The culture
could utilize ethanol with the aim to remove toxic substance
from medium. Increase of acetyl-coenzym A concentration
led then to enhanced PHB accumulation.

Table II
PHB production under exogenous stress (35 hours)
}i;‘)ir;ﬁ]b PHB content [%o] Pfglgri{:}d

H,0, 0.047+0.001 * *

NaCl 0.134+£0.039 6.864+£0.082 0.016+0.001
EtOH 1.812+0.029 20.793+£0.358 0.377+0.007
NiCl,  0.053 £0.000 * *
Citrate 1.739+0.025 14.620+0.054 0.254 +0.001

Na,80, 1.744+0.050 19881+0.612 0.345+0011
Control  1.762£0.009 17.030+0.179 0.300£0.003

* no PHB production was observed

Table II
PHB production on different media (45 hours)
Biomass T o PHB yield
[ dm] PHB content [%] [ dm3]
BM 1288 +£0.015 0.050+£0.011 0.001£0.000
BM+ 5602 40,050 44.720£3.290 1.164 +0.086
glucose
BM + 2.150+£0.110 21.054+£0.711 0.453+£0.012
starch
Whey 0.389+0.033 * *
Wh‘iv * 16120033 15464 £0.181 0.249£0.003
salts

* no PHB production was observed

Addition of Na, SO, led to higher PHB production too.
This effect could be caused by reducing properties of Na, SO,
but the effect on PHB production was relatively low.

Other stress factors inhibited the growth of culture and/
or PHB accumulation. Because of relationship between stress
factor concentration and its biological effect further experi-
ments will be needed. Detailed analysis of concentration ef-
fects was not included 1nto this pilot study.

Because of relatively low PHB amount (14-20 % of total
biomass) other media then SM were tested. Culture growing

Polymers & Polymer Composites

on BM medium itself did not contain almost any PHB after
45 hours of growth. However, when glucose was added, pro-
duction of relatively high PHB amount was observed. This
is probably caused by the fact, that culture depleted nitrogen
and phosphorus sources of BM medium, but carbon source
(sugar) was still present. Culture was able to utilize sugar for
the growth as well as for PHB accumulation.

Iinally, cheese whey was tested as a component of
medium for PHB production. Low growth and no PHB pro-
duction were observed when cultivations were performed on
whey itself. Addition of salts (according to SM) led to the
strong icrease of growth and production properties of cul-
ture.

Conclusions

All strategies tested in this work could be used for
enhancing PHB production in Bacillus megaterium CCM
2037. Limitation with nitrogen seems to be a strong stimula-
ting factor for PHB production.

Positive effect of two exogenous stress factors on PHB
production was observed. Ethanolic stress and Na,SO, enhan-
ced PHB production. However, the mechanism and optimal
concentration of stress factors have to be clarified.

Culture was able to utilize organic substrates (BM,
cheese whey) and product high amount of PHRB. The highest
yield of PHB (1.16 gdm™) was obtained during growth in
BM medium with glucose. Bacillus megaterium is also able
to use cheap cheese whey or starch as a carbon source. That
should lead to reducing of PHR cost. However, further otimi-
zation studies are needed.

This work has been supported by project MSM
0021630501 of Czech Ministry of Education.

REFERENCES

1. Lee S. Y.: Biotechnch. Bioeng. 49, 1 (1996)

2. Reddy C. 8. K. et al.: Bioresour. Technol. 87, 137
(2003).

3. Choi J, Lee S. Y.: Appl. Microbiol. Biotechnol. 517, 13
(1999).

4. Solaiman D. K. Y. et al.: Appl. Microbiol. Biotechnol.
71,783 (2006).

5. Marova I. et. al: Ann. Microbiol. 54, 78 (2004).

6. Brandl H. et. al: Appl. Enviroment. Microbiol. 54, 1977
(1988).

51256

89



Supplement II

P-41

Analysis of Poly-(3-hydroxybutyrate) Produced by Bacillus megaterium and Wautersia
eutropha Grown under Physiological Stress

Obruca S.l, Melusova S.l, Marova I.l, Koci R.l, Mikulikova R.z, Svoboda Z.2

"Faculty of Chemistry, Brno University of Technology, Purkyfiova 118, 612 00 Brno, Czech
Republic; ’Institute of Beer Research, Malting Institute, Mostecka 7, 614 00 Brno, Czech
Republic "

Polyhydroxyalkanoates (PHAs) are a group of hydroxyacid polyesters that dre
produced and accumulated in the form of intracellular granules by a wide variety of bacterial
strains. These strains use PHA as carbon, energy and reducing power storage material. Of the
big family of PHAs, a homopolymer of 3-hydroxybutyrate, poly-(3-hydroxybutyrate) (PHB),
is the most widespread in nature and the best characterized. PHB aroused much interest in
industry and research thanks its biocompatible, biodegradable. thermoplastic and piezoelectric
properties. PHB appears to find many applications in medical, industrial and agricultural
fields. Generally, the main problem of PHB is high cost in comparison with traditional
plastics from petrochemical routes. That is why strategies for enhancing of PHB production
are developed. Simultaneously, methods for accurate determination of produced PHB in
bacterial cells including effective isolation procedures are developed.

The aim of this work was to compare different methods for isolation and analysis of
PHB in bacterial cells to evaluate some strategies that could enhance PHB production and
reduce costs of PHB. Limitations with nitrogen and/or phosphorus source as well as other
stress types were tested. Finally, production of PHB on some waste substrates was studied.

For PHB accumulation two bacterial strains were used: Bacillus megaterium CCM
2037 and Wautersia eutropha CCM 3726. Cultivations were carried out at 30°C under
permanent shaking. Several media were tested: 1) Synthetic glucose medium (SM); 2)
Bacillus medium (BM) containing peptone and beef extract and 3) cheese whey obtained
from cheese manufactory Pribina Pribyslav. SM was used for limitation experiments.
Biomass concentration was analyzed spectrophotometrically at 630 nm. Before PHB
determination biomass was lyophilized. Dried cell material was used for PHB analysis by
GC/FID; GC/MS and LC/MS/UV-VIS, Hydrolyzed and derived in a mixture of 0.8 ml
acidified methanol (15% v/v H2SO4) and 1 ml chloroform at 100°C for 140 min. Resulting
methyl esters of 3- hydroxybutyric acid were determined using gas chromatography with MS
or. FID. detection. .Commercial. PHB . (Fluka) was used as the external standard: For
LC/MS/UV-VIS dnalysis, PHB from dried cells was turned to crotonic acid (CA) using 96%
H2804 (100°C, 1 hour). CA was determined using LC. Samples (20 ul) were injected into the
RP-18 column (Restek C18, 5 um, 250 mm x 4.6 mm). CA was eluted isocratically (water:
methanol 1:1 v/v) at a flow rate 0.4 ml.min-1 and detected using MS/ESI (Mass spectrometet
LCQ Advantage Max) in negative mode and UV-VIS (220 nm). Crotonic acid (Aldrich) was
used as standard.

In both strains most of strategies tested in this work led to enhancing of PHB
production. Limitation :with nitrogen seems to be a strong stimulating factor for- PHB
production. Positive effect of two exogenous stress factors - ethanol and NaxSO3; was
observed in B. megaterium. However, the mechanism and optimal concentration of stress
factors have to be clarified. Cultures: were able to utilize organic substrates (BM, cheese
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whey) and produce high amount of PHB. That should lead to reducing of PHB cost. However,
further optimization studies are needed.

- ACKNOWLEDGEMENTS: This work was supported by projects MSM 0021630501 of the
Czech Ministry of Education, Youth and Sport
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ABSTRACT. The PHB production by Cupriavidus necator H16 depends on the type and concentration of
stress factors and on the time of stress application. Hydrogen peroxide and ethanol significantly enhanced
PHB accumulation in C. necator cells. Improved yields (10.9 g/L. PHB) were observed after exposure of
bacterial culture to 0.5 mmol/L H,O, at the beginning of cultivation and to additional peroxide stress
(5 mmol/L H,O5) after 60 h of cultivation (beginning of the stationary phase). Production was then ~28 %
higher than in control (8.50 g/L PHB). The highest yields (11.2 g/ PHB) were observed when ethanol
(0.5 %) was applied at the beginning of stationary phase. An application of exogenous stress could thus be
used as a simple strategy for a significant improvement of PHB production in C. necator.

Abbreviations

NB nutrient broth (agar, medium) PHA  polyhydroxyalkanoates
MS mineral salt medium PHB  poly(3-hydroxybutyrate)

Polyhydroxyalkanoates are a group of hydroxyacid polyesters that are accumulated in the form of
intracellular granules by a wide variety of bacterial strains that use PHA as carbon and energy storage ma-
terial. Most bacteria accumulate PHA when carbon source is provided in excess and another nutrient ele-
ment, such as nitrogen, phosphate efc. is limiting (Kessler and Wilholt 1999).

Of the large family of PHA, a homopolymer of 3-hydroxybutyrate, poly(3-hydroxybutyrate) (PHB),
is the most widespread in nature. PHB aroused much interest in industry and research thanks to its biocom-
patible, biodegradable, thermoplastic and piezoelectric properties. PHB appears to find many possible appli-
cations in medical, industrial and agricultural fields (Reddy et al. 2003).

Cupriavidus necator is frequently studied due to its ability to accumulate large amount of PHA using
different carbon sources, such as fructose, glucose, alcohols, amino acids, protein hydrolysates or CO,—H,
mixture. The pathway and regulation of PHB synthesis in C. necator were studied in detail by Kessler and
Wilholt (1999).

Generally, it is assumed that PHA production and degradation ability improves bacterial survival
under stress conditions but the mechanisms have not yet been fully understood. However, the relation of the
presence of intracellular PHB in bacteria to stress endurance was demonstrated in many studies (Kadouri et
al. 2003; Ruiz et al. 2003; Ayub ef al. 2004; Zhao et al. 2007). In most cases, stress response was accom-
panied by PHB degradation. Breedveld e al. (1993) reported that Rhizobium leguminosarum and R. meliloti
respond to exposure of osmotic stress by augmenting the cellular trehalose content whose synthesis proceeds
simultaneously with the breakdown of PHB.

The above results indicate that exposure of a culture to stress conditions leads to a degradation of
PHA. On the other hand, support of PHB accumulation by stress has been already reported; e.g., in strain
Azospirillum brasilense Sp7 ‘heavy metals’ induced accumulation of PHB (Kamnev et al. 2007). Natarajan
et al. (1995) found that NaCl stress results in enhanced production of PHB in Rhizobium DDSS-69.

We investigated the influence of exogenous stress (represented by some stress factors in different
concentrations and various time-periods of the treatment) on PHB production in cultures of C. necator H16.
The ratio of PHB/biomass was evaluated.
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MATERIALS AND METHODS

Microorganism. C. necator strain H16 (CCM 3726) (formerly Alcaligenes eutrophus, Ralstonia eutro-
pha, Wautersia eutropha) from Czech Collection of Microorganisms (Brno, Czech Republic) was used. The
culture was maintained on NB agar at 5 °C and subcultured monthly.

Media. NB medium consisted of (in g/L) peptone 10, beef extract 10, NaCl 5. MS medium (Kimura
et al. 2008) was used for all production experiments and contained (in g/L distilled water) (NH4),SO4 3.0,
KH;PO4 1.0, Na,HPO,4- 12H,0 11.1, MgSO,4 0.2, and 1 mL microelement solution (in g/L: FeClz 9.7, CaCl,
7.8, CuSOy4 5H,0 0.156, CoCl, 0.119, NiCl, 0.118, CrCl, 0.062 in 1 L of 0.1 mol/L HCI). Fructose, salt
solution and microelement solution were sterilized separately (25 min, 121 °C) and then aseptically re-
constituted at room temperature prior to inoculation. pH was adjusted to 7.0 using 2 mol/L. NaOH and 2 mol/L
HCl.

Cultivations. Growth characteristics. MS medium with 10 g/L fructose was used for inoculum. The
microorganism was cultivated with agitation (150 rpm) for 2 d at 30 °C in 300-mL Erlenmmeyer flasks
containing 100 mL of medium. For production cultivation (150 rpm, 30 °C), 100 mL of medium with 20 g/L
fructose in 300-mL Erlenmmeyer flasks was used and inoculated with 5 mL of inoculum. Samples were ana-
lyzed for biomass, PHB content and residual nutrients.

Stress experiments. The production of PHB under stress conditions was studied in MS medium.
Fructose (10 g/L) was used for inoculum (150 rpm, 2 d, 30 °C), 300-mL flasks contained 100 mL of media.
For producing cultivation (150 rpm, 30 °C), 50 mL MS media with 20 g/L fructose in 100-mL flasks were
inoculated with 2.5 mL of inoculum. Stress factors (applied aseptically) were: ethanol 0.25, 0.50, 0.75, 1.00,
1.25, 1.50, 2.00, 3.00, 10.0 % (W/W),; Hy0, 0.5, 1.0, 3.0, 5.0, 7.0, 9.0, 11.0 mmol/L; NaCl1 0.5, 2.0, 5.0 %
(WIw), NiCl, 0.02, 0.1, 0.2 mmol/L, CoCl, 0.02, 0.1, 0.2 mmol/L. All cultivations (including controls) were
done in triplicate; each sample was also analyzed in triplicate.

Analytical methods. Cell growth was monitored by measuring the absorbance of culture broth at
630 nm on Helios Alpha (Unicam, UK). Dry cell mass was estimated after centrifugation (8000 rpm, 10 min)
and drying at 105 °C to constant mass. Cell biomass was determined by standard plot of relationship bet-
ween Ag3g and dry cell mass (g). The supernatant obtained after centrifugation (8000 rpm, 10 min) was used
for residual substrate analysis; fructose was estimated by Somogyi—Nelson method (Deng and Tabatabai
1994); ammonia nitrogen was determined using Nessler reagent (4436 of a diluted sample was measured).
PHB content was determined according to Brandl ef al. (1988) by gas chromatography (#innigan Trace GC
Ultra; DB-WAX 30 m x 0.25 mm) with mass spectrometry detection (¥innigan Trace DSQ).

RESULTS AND DISCUSSION

PHB, biomass and nutrient changes during cultivation. Biomass, PHB, fructose and diammonium
sulfatc concentrations during cultivation arc shown in Fig. 1 (phosphatc limitation was not cxpccted; because
of its high concentration in medium, therefore, phosphate concentration was not analyzed).

¥ ¥ i T
18 F N 12
Fru Fru . el
{NH4)2504 /O,//éw B, PHB
12 /:»\ 8
-><\'\ PHE Fig. 1. The PHB, biomass and nutrient deve-
8 F 44 lopment during cultivation of C. necator, circ-
les — diammonium sulfate, squares — fructose
{(NH4)2504 \\\_.“ (Fru), rhombs — biomass (B), triangles — PHB
 —— 4 A 0 (all in g/L).
e 20 40 60 80 100

Cultures accumulated PHB from the beginning of cultivation. After 60 h of cultivation, ammonium
was depleted while fructose was still present. After 100 h of cultivation, fructose was almost exhausted and
cultivation was stopped. Final concentration of PHB was 6.99 g/L. which represented 57.8 % of biomass
content.

Effect of stress factor application time. Stress factor (1 % ethanol) was applied at different time pe-
riods (0, 30, 60 and 90 h) of cultivation. Biomass and PHB content were analyzed after 100 h of cultivation
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(Table I). When the stress factor was applied at the beginning of cultivation, culture growth was inhibited.
Because PHB is an intracellular storage material, the growth inhibition negatively influenced the total PHB
yield. Later application of ethanol did not exhibit any negative effect on biomass production. Highest total
PHB yields were obtained when the effector was applied after 60 h of cultivation. At this time, nitrogen source
was depleted and, as was reported previously by Kessler and Wilholt (1999), nitrogen limitation naturally
enhanced the PHB synthesis. The addition of the ethanol as the second stress factor probably even supported
this effect. Therefore we decided to add stress factors in all stress experiments at 60th h of cultivation.

Table I. Biomass and PHB production® by Cupriavidus necator in the presence of 1 % EtOH

Addition, h Biomass, g/L. PHB, g/L PHB, %
0 10.8 +£0.28 7.21+0.34 66.6
30 142 +0.17 7.71+0.14 54.1
60 143 +£0.24 10.2 +0.04 71.0
90 14.5+0.35 9.31+0.09 64.4
Control 14.3 +£0.23 9.34+£0.55 65.4
@Means +SD.

Effect of stress factor type and concentration (Table II). Both types of stress factor were also expec-
ted to influence bacterial growth and PHB production. The culture response was markedly influenced by stress
factor concentration. Culture exposure to a mild stress factor (0.5 % EtOH, all concentrations of HyO,, 0.5 %,
Na(l, 0.02 mmol/L CoCl,) resulted in unaffected biomass formation and enhanced PHB accumulation. The
addition of mild stress factors probably increased natural PHB biosynthesis under nitrogen starvation. Higher
stress level inhibited bacterial growth, which subsequently caused lower PHB yields. Decrease of PHB con-
tents in cells exposed to higher NaCl concentrations could be explained by inhibition of PHB biosynthetic
pathway and activation of other metabolic processes related to osmotic stress response. Moreover, partial
degradation of PHB could occur in order to endure high osmotic press (see Breedveld ef al. 1993).

Table II. Biomass and PHB yields? induced by stress factor application after 60 h

Stress factor Concentration Biomass, g/l PHB, g/L PHB, %
EtOH, % 1 13.4+0.19 9.64 + 0.09 72.1
3 11.4+0.19 7.76 + 0.30 68.0
10 9.4+0.14 6.31+0.14 67.0
H,0,, mmol/L 0.5 13.1+0.09 8.86 +0.18T 67.9
1 12.8 +£0.25 10.5 +0.31 81.7
5 12.6 £ 0.26 9.89+0.18 783
NacCl, % 0.5 12.7+0.23 9.37+0.29 73.7
2 10.1+0.33 6.36 +0.07 57.8
5 9.3+0.26 5.16 +0.15 553
NiCl,, mmol/L 0.02 12.3+£0.22 8.43 +0.32T 68.5
0.1 12.5+0.18 8.42+0.32% 67.6
0.2 12.5+0.45 8.04+0.30% 64.3
CoCl,, mmol/L 0.02 12.8 £0.13 9.18 +0.20 71.8
0.1 12.4+0.20 836+ 0.13% 67.4
0.2 10.8 +£0.07 6.51+0.18 60.1
Control 13.0£0.15 8.50+0.14 65.2
@Means +SD.
TNot statistically significant (cultivation under stress vs. control; #-test, p > 0.05, confidence level
=95 %).

The use of mild stress resulted in PHB over-production which can be used for improvement of its
production; hydrogen peroxide and ethanol were the most effective. When either 1 or 5 mmol/L HO; and
1% EtOH were added into cultivation media, PHB production increased to 10.5, 9.89 and 9.64 g/L, res-
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pectively. Thus, the addition of appropriate amount of a cheap substance can be considered to improve the
polymer production about 20 % compared to control (8.50 g/L PHB).

Optimization of stress factor concentration. We assumed that ethanol as a toxic compound is meta-
bolized in the cell primarily according to the following simplified equation.

CH;CH,OH + 2NAD* (NADP*) + CoA —> CH3CO-CoA + 2NADH (NADPH)

Final product of ethanol oxidation, acetyl-CoA, is a key substrate for PHB synthesis. Moreover,
during ethanol metabolism reduced coenzymes NADH (NADPH), both important for PHB synthesis, are
formed, and a free CoA, which inhibits PHB synthesis, is built into acetyl-CoA. This can explain why etha-
nol supports PHB synthesis in C. necator.

The highest PHB productions were observed when 0.25 and 0.50 % ethanol was used (Table I1I);
the PHB yields were then 11.1 and 11.2 g/L, respectively, which is =32 % higher than in control. Higher
ethanol concentration exhibited a negative effect on biomass formation (which resulted in lower total PHB
yields). Nevertheless, even cells exposed to 10 % ethanol contained ~67 % of PHB, which was still more than
control (65 %).

Table III. Biomass and PHB yields? induced by ethanol application after 60 h of cultiva-

tion
FtOH, % Biomass, /L. PHB, g/L PHB, %
0.25 142 +0.21 11.1 +£0.22 779
0.50 142 +0.15 11.2 +£0.13 79.3
0.75 14.0 +£0.07 10.5 £0.12 74.5
1.00 13.5 £0.16 9.72 £0.10 72.0
1.25 13.2 £0.19 9.66 +0.14 73.2
1.50 13.0 +£0.14 9.99+0.18 76.7
2.00 12.6 +£0.36 9.25+0.18 73.1
3.00 11.4 +0.10 7.76 £0.15 68.0
10.0 9.42 £0.10 6.31+0.07 67.0
Control 13.0 +£0.15 8.50+0.14 65.2
@Means +SD.

Hydrogen peroxide also positively influences PHB production but the mechanism leading to PHB
overproduction has not been clarified, e.g., hydrogen peroxide may enhance NAD(P)H/NAD(P)" ratio in
cells (Izawa et al. 1998). We observed the highest yields when the cells were exposed to low concentration
of hydrogen peroxide since the beginning of cultivation and the main stress dose was applied at 60th h of
cultivation (Table IV).

Table IV. Biomass and PHB yields® induced by H,O, application at zero time and after
60 h of cultivation

H,0,, mmol/L
Biomass, g/L PHB, g/L PHB, %

Oh 60 h

0.5 - 12.9+0.26 8.90 + 0.367 69.1

0.5 0.5 13.3£0.09 9.07+0.13 68.0

0.5 1.0 13.8+0.18 10.1 +0.16 73.2

0.5 3.0 13.7 +0.05 10.6 +0.18 77.4

0.5 5.0 143 £ 0.08 109 +0.15 76.2

0.5 7.0 11.6 +0.19 9.58 +0.22 823

0.5 9.0 11.1 +0.08 8.08 +0.267 73.1

0.5 11.0 11.7+0.24 7.98 +0.07 68.5
Control 13.4+0.15 8.50+0.14 65.2

@Means +SD.

TNot statistically significant (cultivation under stress vs. control; t-test, p > 0.05, confidence
level =95 %).
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Time course of PHB accumulation after stress factor application (Fig. 2). Control culture slowly
accumulated PHB until fructose was depleted (100 h); then the culture started to utilize intracellular PHB.
The exposure of cells to either ethanol or hydrogen peroxide resulted in very intensive PHB accumulation.
The best yields were observed for 0.5 % ethanol (11.2 g/L), PHB production in the presence of 0.5 mmol/L
peroxide was slightly lower (10.9 g/L).

Fig. 2. PHB yields (g/L) induced by stress factor applied after
60 h of cultivation; squares — control (C), circles — 5 mmol/L

H Oy, triangles — 0.5 % ethanol (EtOH). g H i
80 80 w00 h 120
Table V. Biomass and PHA production of C. necator in batch cultures
Substrate/effector® Biomass, g/L PHA, g/L PHA, % Reference
Fructose (40) 13.4 6.75 50.4 Khanna and Srivastava 2005
Fructose (40)b 20.7 9.35 45.1 ditto
Glucose (40) 20.5 12.7 62.0 Wang and Yu 2007
L-Thr (15), butyric acid (5) 13.0 5.73 443 Kimura et al. 2008
Glucose (20)° 8.78 2.80 31.9 Zhang et al. 2004
Glucose (20)d 322 2.50 77.8 ditto
Fructose (20), ethanol stress 14.2 11.2 79.3 this study
Fructose (20), peroxide stress 143 10.9 77.4 this study
@Concentration (in g/L) in parentheses. bCultivated in a fermentor. ®Undiluted medium. dDiluted medium.

The PHB yields obtained in this work, particularly under mild stress conditions, are significantly
higher than yields obtained in other studies (Table V).

The main factor preventing the large-scale PHB production are high production costs (compared
with those of plastics based on petrochemicals; Khanna and Srivastava 2005). Our results indicate that the
use of mild stress can be used for improvement of the PHB production. However, introducing the stress fac-
tors into large aerated and stirred bioreactor can lead to a different response of cultures.

This work was supported by Ministry of Education, Youth and Sports of the Czech Republic (projects MSM 0021630501 and
FR 2613/G4/2009).
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Abstract Exposition of Cupriavidus necator to ethanol or
hydrogen peroxide at the beginning of the stationary phase
increases poly(3-hydroxybutyrate) (PHB) yields about
30%. Hydrogen peroxide enhances activity of pentose
phosphate pathway that probably consequently increases
intracellular ratio NADPH/NADP+, This effect leads to
stimulation of the flux of acetyl-CoA into PHB biosynthetic
pathway and to an increase of enzymatic activities of
P-ketothiolase and acetoacetyl-CoA reductase while activ-
ity of PHB synthase remains uninfluenced. During ethanol
metabolisation, in which alcohol dehydrogenase is
involved, acetyl-CoA and reduced coenzymes NAD(P)H
are formed. These metabolites could again slightly inhibit
TCA cycle while flux of acetyl-CoA into PHB biosynthetic
pathway is likely to be supported. As a consequence of TCA
cycle inhibition also less free CoA is formed. Similarly with
hydrogen peroxide, activities of f-ketothiolase and aceto-
acetyl-CoA reductase are increased which results in over-
production of PHB. Molecular weight of PHB produced
under stress conditions was significantly higher as com-
pared to control cultivation. Particular molecular weight
values were dependent on stress factor concentrations. This
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could indicate some interconnection among activities
of pf-ketothiolase, acetoacetyl-CoA reductase and PHB
molecular weight control in vivo.

Keywords Polyhydroxyalkanoates -

Poly(3-hydroxybutyrate) - Cupriavidus necator -
Stress conditions

Introduction

Polyhydroxyalkanoates (PHA) are a group of hydroxyacid
polyesters that are produced and accumulated in the form of
intracellular granules by a wide variety of bacterial strains
that use PHA as carbon, energy and reducing power storage
material (Kessler and Wilholt 1999). Of the big family of
PHA, a homopolymer of 3-hydroxybutyrate, poly(3-
hydroxybutyrate) (PHB), is the most widespread in nature
and the best characterised. PHB aroused much interest in
industry and research thanks to its biocompatible, biode-
gradable, thermoplastic and piezoelectric properties. PHB
appears to find many potential applications in medical,
industrial and agricultural fields (Kadouri et al. 2005).

The Gram-negative, facultative chemolithoautotrophic
p-proteobacterium Cupriavidus necator (formerly Alcalig-
enes eutrophus, Ralstonia eutropha and Wautersia eutro-
pha) is often used as a model organism for PHB metabolism
because of detailed study of PHB biosynthetic pathway and
its regulation in this bacteria (Reinecke and Steinbuchel
2009). PHB is synthesised in the three step reaction. The
entering substrate is acetyl-CoA. Two acetyl-CoA are
coupled to form acetoacetyl-CoA in condensation reaction
catalysed by f-ketothioloase (-KT). Acetoacetyl-CoA is
subsequently stereo-selectively reduced to (R)-3-hydroxy-
butyryl-CoA in a reaction catalysed by NADPH-dependent
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acetoacetyl-CoA reductase (AACR). Finally, PHB is syn-
thesised during polymerisation of (R)-3-hydroxybutyryl-
CoA molecules catalysed by PHB synthase. Intracellular
concentrations of acetyl-CoA, free CoA and NADPH are
key factors influencing PHB synthesis on enzymatic level.
Free CoA inhibits f-KT and NADPH is needed for reaction
catalysed by AACR which is inhibited by oxidised coen-
zyme NAD(P)". Citrate synthase and isocitrate dehydro-
genase activities are significantly inhibited by NADH and
NADPH. Therefore, the concentration of NAD(P)H is
considered to be the major regulatory factor determining the
flux of acetyl-CoA to either TCA cycle or PHB biosynthetic
pathway (Kessler and Wilholt 2001).

Generally, it is assumed that PHB production and deg-
radation ability improves bacterial survival under stress
conditions, but the mechanisms have been not fully
understood yet. Ayub et al. (2004) reported that antarctic
bacterium Pseudomonas sp. 14-3 shows high stress resis-
tance in association with high PHB production. Stress
tolerance of Pseudomonas sp. 14-3 was analysed in PHB
accumulating and non-accumulating conditions and
increased levels of stress resistance were observed when
PHB was produced.

The connection of PHB with stress endurance was
demonstrated in many other cases. Mutant strain of Aero-
monas hydrophila 4AK4 unable to produce PHB and wild
type were tested under stress conditions. It was found that
PHB synthesis improved resistance against environmental
stress factors such as heat and cold treatments, hydrogen
peroxide, UV irradiation, ethanol and high osmotic pres-
sure (Zhao et al. 2007). In another study, wild type of
Azospirillum brasilense Sp7 was compared with PHB
depolymerase mutant strain that was unable to degrade
PHB. The ability of the wild type to endure starvation
conditions, ultraviolet irradiation, heat, and osmotic shock
and to grow in the presence of hydrogen peroxide was
higher than that of the mutant strain (Kadouri et al. 2003).
Breedveld et al. (1993) also reported that Rhizobium
leguminosarum TA-1 and Rhizobium meliloti SU-47 cell
cultures responded to osmotic stress exposition by aug-
menting the cellular trehalose content of the cells. Its
synthesis paralleled the breakdown of the reserve materials
glycogen and PHB.

Studies mentioned above could indicate that exposition
of culture to stress condition leads to mobilisation of PHB.
On the other hand, an increase of PHB accumulation has
been already observed in bacterial cells exposed to stress
conditions. In non-endophyte strain Azospirillum brasi-
lense Sp7 heavy metals induced enhanced PHB biosyn-
thesis (Kamnev et al. 2007). Natarajan et al. (1995)
reported that NaCl stress resulted in the accumulation of
PHB in Rhizobium DDSS-69 cultures raised under unbal-
anced growth conditions.

@ Springer

Previously we observed that application of ethanol and
hydrogen peroxide leads to the over-production of PHB in
Cupriavidus necator (Obruca et al. 2010). This fact indi-
cates that the stress factor application could be used bio-
technologically as an effective and simple strategy for PHB
production control. The objective of this work was to
investigate the effect of both hydrogen peroxide and eth-
anol on the PHB biosynthetic pathway and its regulation on
enzymatic level. Moreover, the influence of stress condi-
tions on molecular weight of PHB was studied as well. In
other words, this work tries to be insight into the connec-
tion between PHB biosynthesis and response of C. necator
to exogenous stress.

Materials and methods
Microorganism

Cupriavidus necator H16 (CCM 3726) purchased from
Czech Collection of Microorganisms, Brno, Czech
Republic, was used in all experiments. The culture was
maintained on Nutrient broth agar at 5°C and sub cultured
monthly.

Media

Nutrient broth (NB) medium was used for maintaining of
culture. NB consisted of 10 g 17" pepton, 10 g 17" beef
extract, 5 g 17! NaCl. Mineral salt (MS) medium described
by Kimura et al. (2008) was used for all production
experiments. MS medium contained 3.0 g 17! (NH,),SO4,
1.0 g 17! KH,PO,, 11.1 g 17! Na,HPQ,-12H,0, 0.2 g 17!
MgSO,, 1 ml of microelement solution and 1,000 ml
of distilled water. The microelement solution was com-
posed of 9.7 g17" FeCl; 7.8 g™ CaCl,, 0.156 g 17!
CuS0,-5H,0, 0.119 g17' CoCl,, 0.118 g17! NiCl,,
0.062 g 17! CiCl, in 1,000 ml of 0.1 M HCI. Fructose in
concentration of 20 and 10 g 17! was used as carbon source
for production media and inocula development, respec-
tively. Fructose, salt solution and microelement solution
were sterilised separately at 121°C for 25 min and then
aseptically reconstituted at room temperature prior to
inoculation. The pH was adjusted to 7.0 using 2 M NaOH
and 2 M HCL.

Cultivation

Mineral salt medium containing 10 g 17 of fructose was
used for inoculum development. The microorganism was
cultivated at agitation speed of 150 rpm and 30°C for 48 h
in a 300 ml Erlenmeyer flask containing 100 ml of medium
described above. For production cultivation, 100 ml of
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medium with 20 g 1" fructose was taken into a 300 ml
Erlenmeyer flask and inoculated with 5 ml of inoculum.
The flasks were kept under constant shaking at 150 rpm
and 30°C. Samples (each in triplicate) were withdrawn in
regular intervals and analysed for biomass, content of PHB
and enzymatic activities. Hydrogen peroxide (3%) and
ethanol (96%) were applied at the 60th hour of cultivation
stress factors in medium (hydrogen peroxide 5 mM, etha-
nol 0.5%).

Measurement of biomass concentration

Concentration of biomass was estimated by measuring the
absorbance of culture broth at 630 nm on Helios Alpha
(Unicam, UK). Calculation was done using the calibration
curve (cell dry weight vs. absorbance) prepared by dilution
of sample of known cell dry weight content. For cell dry
weight determination, the cells obtained after centrifuga-
tion (8,000 rpm, 10 min) were dried (105°C) until constant
weight was obtained.

PHB extraction

Polyesters were extracted from the lyophilized cells into
chloroform by stirring for 24 h at 60°C. Solution was fil-
tered in order to remove the cell material. Finally, pure
PHB was obtained by non-solvent precipitation (five times
the volume of chloroform) and filtration. The non-solvent
used was a mixture of methanol and water (7:3 [vol/vol])
(Lee et al. 2003). Extracted PHB was used for determina-
tion of molecular weight.

PHB analysis

PHB content was determined by gas chromatography
(Finnigan Trace GC Ultra; USA, column DB-WAX 30 m
by 0.25 mm) with mass spectrometry detection (Finnigan
Trace DSQ; USA) according to Brandl et al. (1988).
Molecular weight data were obtained by gel-permeation
chromatography [Agilent 1100 Series; refractive-index
detector; USA column PLgel Mixed B (300 x 7.5 mm;
10 pm)] (Kusaka et al. 1997).

Measurement of enzyme activities

The cells were suspended in 50 mM phosphate buffer (pH
7) and disrupted by sonification at 4°C. The cytosol was
separated by a centrifugation at 14,000 g for 10 min and
stored at —20°C.

The activities of f-ketothiolase (f-KT) and acetoacetyl-
CoA reductase (AACR) were analysed according to the
method of Dorotina et al. (2008) based on measurement of

absorbance of acetoacetyl-CoA at Aspsn, and NADPH at
Azq0nm in crude cell extract. The activity of PHB synthase
was determined using the method of Sharma et al. (2006)
who measured the absorbance of CoA at Aygisnm. The
activity of glucose-6-phosphate dehydrogenase (G6PD)
was analysed by measuring the released NADPH at Asz40nm
(Sagisaka 1972). Activity of NAD(P) dependent alcohol

dehydiogenase (ADH) was measured accoiding to Wales
and Fewson (1994). Intracellular concentration of free CoA
was determined according to Yamato et al. (1989), for
protein concentration analysis the Bradford method was
used (Bradford 1976). Enzyme activities are expressed as
mmol of product formed or substrate used per minute per
mg of protein in cell extract.

Results and discussion

Effect of stress factor application on biomass and PHB
production

We observed that application of ethanol and hydrogen
peroxide enhanced PHB production in culture of Cupri-
avidus necator considerably. However, the concentrations
of stress factors in medium as well as the time of stress
factor application have to be optimized in order to achieve
the maximal PHB yields and to minimize the toxic effect of
the stress factors on the culture growth. The best results
were obtained when 0.5% ethanol and 5 mM hydrogen
peroxide were applied at the beginning of the stationary
phase (at the 60th hour of cultivation) (Obruca et al. 2010).
In this work the time courses of biomass and PHB devel-
opments after stress application were measured. Exposition
of culture to controlled stress significantly increased PHB
content in cells while growth was not influenced (see
Fig. 1).

Effect of stress factors application on enzymes of PHB
biosynthetic pathway

In order to understand why ethanol and hydrogen peroxide
caused over-production of PHB, activities of 5-KT, AACR
and PHB synthase were investigated in control and stressed
cultures (see Fig. 2.).

Both ethanol and hydrogen peroxide significantly
increased activities of f-KT (Fig. 2a) and AACR (Fig. 2b).
On the contrary, PHB synthase activity seems to be inde-
pendent of the exposition of the cells to the stress factors
(Fig. 2c). These results indicate that for enhancement of
PHB accumulation under stress conditions, the activities of
PB-KT and AACR are crucial. This observation is in con-
sistence with the results of Oeding and Schlegen (1973)
and Senior and Dawes (1971) who suggested f-KT as the
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key enzyme regulating PHB biosynthesis. Doi et al. (1992)
proposed AACR rather than PHB synthase as the main
enzyme regulating PHB content in cells. The reasons why
stress factors enhanced activities of $-KT and AACR are
discussed bellow.

Response of bacterial culture to peroxide stress

Oxidative stress is phenomenon which is able to cause
serious damage to cells. That is why practically all living
organisms, including bacteria, developed sophisticated
systems preventing them from damage caused by reactive
oxygen species. Under oxidative stress, some molecules are
constitutively present in cells and help to maintain intra-
cellular reducing environment or to scavenge chemically
reactive oxygen species. Among these molecules are
non-enzymatic antioxidants such as NADPH and NADH,
p-carotene, ascorbic acid, a-tocopherol, and glutathione
(GSH). GSH, present at high concentrations, maintains a
strong reducing environment in the cell. Its reduced form is
regenerated by glutathione reductase using NADPH as a
source of reducing power (Sigler et al. 1999; Cabiscol et al.
2000). Therefore, under oxidative stress cells need to
maintain ratio NADPH/NADP" at high level. In most
microorganisms including Cupriavidus necator, NADPH is
generated in pentose phosphate pathway from the reactions
catalysed by glucose-6-phospahate dehydrogenase (G6PD)
and gluconate dehydrogenase (Romanova et al. 1970;
Nenkov et al. 2008). It was observed that exposition of
cells to oxidative stress leads to an increase of GOPD
activity in Escherichia coli (Rowley and Wolf 1991) and
Saccharomyces cerevisiae (1zawa et al. 1998).

If oxidative stress had increased activity of G6PD in
Cupriavidus necator, resulting high ratio NADPH/NADP*
could have been a strong stimulating factor supporting
PHB accumulation. This was the reason why we decided to
measure the activity of G6PD in cells exposed to stress
factors (Fig. 3).

Application of hydrogen peroxide strongly enhanced
activity of G6PD in comparison with both control culture
and culture stressed by ethanol. It can be expected that one
of the consequences of higher G6PD activity is the increase
of intracellular ratio of NADPH/NADP", which controls
the flux of acetyl-CoA to PHB biosynthetic pathway and
slightly reduces activity of TCA cycle. Because of partial
inhibition of TCA cycle, lower concentration of free CoA
is presented in cells, which supports activity of f-KT (see
Fig. 5). Furthermore, excess of NADPH could act as an
electron donor in the AACR catalysed reaction trans-
forming acetoacetyl-CoA into f-hydroxybutyryl-CoA.
High level of NADPH/NADP™ is also important stimu-
lating factor for AACR activity (Kessler and Wilholt
2001). Coexistence of all these factors probably caused the
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Fig. 3 Effect of stress factors application (the 60th hour) on activity
of G6PD

over-production of PHB in culture of Cupriavidus necator
exposed to hydrogen peroxide.

Response of culture to ethanol stress

According to results of us, ethanol seems to be more
effective factor supporting PHB biosynthetic pathway in
comparison with hydrogen peroxide. It can be assumed that
ethanol is metabolized in cell primarily according to fol-
lowing simplified equation.

CH;CH,OH + 2NAD(P)" + CoA + ATP
— CH3CO — CoA + 2NADH(NADPH) + AMP + PPi

The first step of this reaction is catalyzed by alcohol
dehydrogenase (ADH), therefore, we measured its activity
in Cupriavidus necator cells after the stress factors appli-
cation (see Fig. 4).

Activity of ADH in culture increased strongly after
ethanol addition. This fact supports our theory about
response of culture to ethanol stress. For PHB accumula-
tion, it is probably very important, that the final product of
ethanol oxidation, acetyl-CoA, is the key substrate of PHB
biosynthetic pathway (Kessler and Wilholt 2001). More-
over, reduced coenzymes stimulating the activity of AACR
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Fig. 4 Effect of stress factors application (the 60th hour) on activity
of ADH
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are formed during ethanol metabolisation and free CoA,
which inhibits -KT, is likely to be built into acetyl-CoA.
In addition, reduced coenzymes also slightly inhibit TCA
cycle (similarly with hydrogen peroxide) and the flux of
acetyl-CoA into PHB biosynthetic pathway could be
therefore supported. Also less free CoA is formed as a
consequence of TCA cycle inhibition which supports
activity B-KT (see Fig. 5). Metabolic effects described
above could lead to even more significant influence of
ethanol on PHB synthesis in Cupriavidus necator in
comparison with hydrogen peroxide.

Effect of stress factor application on molecular weight
of PHB

The potential effect of controlled stress on molecular
weight of produced PHB was investigated as well. Final
step of PHB biosynthesis is catalysed by PHB synthase
which is often considered to be responsible for molecular
weight of polyester chain (Sim et al. 1996) despite the fact
that the mechanism of PHB molecular weight control has
not been clearly understood yet and many other factors are
probably involved.

Although activity of PHB synthase was observed to be
independent of stress application (Fig. 2), the addition of
stress factors into media surprisingly resulted in higher
molecular weight of polymer (see Table 1). Our results are
similar to those of Kichise et al. (1999) who reported that

molecular weight of PHB is independent on PHB synthase
activity. On the contrary, in vitro experiments of Gerngross
and Martin (1995) demonstrated that molecular weight of
PHB decreased with increase in the initial activity of PHB
synthase. Kawaguchi and Doi (1992) proposed the presence
of chain-transfer agent generated in Cupriavidus necator
cells which reacts with propagating polyester chain to reg-
ulate the chain length of PHB. In vivo, this regulating factor
is probably more important than activity of PHB synthase.

According to our results (Table 1), under mild stress
conditions longer PHB chains were formed, while
increasing concentration of both stress factors led to a
gradually decrease of PHB molecular weight. Higher
molecular weight PHB, formed under mild stress condi-
tions, could probably serve as a long-term storage material,
while shorter-chain PHB is likely to be a result of a partial
PHB mobilisation, that could be a mechanism activated as
a response of cells to exposition to strong stress conditions.

The fact that stress conditions enhanced molecular
weight of PHB as well as activities of -KT and AACR
indicate that activities of S-KT and AACR could be, in
some way, connected with final molecular weight of PHB.
A possible explanation might be that intracellular con-
centration of monomers is higher than in control culture as
the result of increased activity of f-KT and AACR. It could
partially stimulate PHB synthase or some unknown regu-
latory factor(s) to form longer chains of PHB. However,
these hypotheses have to be confirmed in further
experiments.

In general, the fact that stress responses of Cupriavidus
necator to hydrogen peroxide and ethanol result in
enhanced production of PHB could bring a practical bio-
technological outcome. Simple addition of cheap substance
into cultivation media intensified PHB yields about 30% (in
case of 0.5% EtOH, Table 1). Moreover, resulting polymer
has significantly higher molecular weight which indicates
that stress factor application could be used to control
molecular weight of produced PHB as well. However,
strategy of stress application has to be optimised under
conditions of large-scale fermentation, because the intro-
duction of stress factor into aerated and stirred bioreactor
might lead to different response of culture. Nevertheless, if

::(}’:i(iei&?‘;‘:;gi??Myv‘glisf Biomass (g 1) PHB (g 1) PHB (% wiw) Mw (Da x 10°)
PHB after stress factor EtOH 0.5% 13.66 =+ 0.62 11.40 + 0.05 83.45 9.749
application (the 60th hour) at
the ond of cultivation (the 100h  EXOH 1.0% 12.77 + 034 9.18 + 0.13 71.90 8.932
hour) EtOH 3.0% 11.45 + 026 720 + 0.01 62.93 7539

H,0, 5 mM 1333 + 037 10.57 + 0.07 79.30 9.054

H,0, 8 mM 13.44 + 0.35 1023 + 0.16 76.12 8.049

H,0, 11 mM 13.29 + 0.20 10.56 + 0.42 79.49 6.876
Results in form: Control 12.18 + 0.29 8.63 % 0.10 73.34 1.870

mean =+ standard deviation
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the proposed strategy is successful, this will be important
step helping to reduce production cost of PHB which is the
main factor preventing its broader industrial production.
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Production of polyester-based bioplastics by Bacillus
megaterium grown on waste cheese whey substrate
under exogenous stress

S.Obruca* , I. Marova, S. Melusova, V. Ondruska

Brno University of Technology, Faculty of Chemistry, Brno, Czech Republic

Bacterial polyesters, polyhydroxyalkanoates (PHA), are a group of
hydroxyacid polyesters that are accumulated in the form of intra-
cellular granules by a wide variety of bacterial strains that use
PHA as carbon and energy storage material. PHA have received
much interest due to their biodegradable nature and mechanical
properties which are very similar to plastics produced from petro-
chemical routes. This is the reason why PHA appears to find many
potential applications in medical, industrial and agricultural fields.
However, the main factor preventing the large-scale production
of PHA is their high cost as compared with that of plastics based
on petrochemicals. Among the factors restricting the economy of
PHA production the most important is the-cost of carbon source.
In PHA production, about 40% of the total cost is for raw mate-
rials. Thus, cheap waste substrates, for instance cheese whey, are
very attractive because of possibility to reduce PHA cost.

In this work PHA production in lactose-utilizing bacteria Bacil-
lus megaterium grown in batch culture on cheese whey substrate
was tested. The amounts of accumulated PHA were analyzed using
gas chromatography with flame ionization detector. Activities of
PHA biosynthetic enzymes were estimated too. After optimization
of cheese whey medium composition and cultivation conditions
relative high biomass yields were obtained using whey as the only
carbon source, but the biomass contained only about 30% of PHA.
Thus, in addition to nutritional stress exogenous ethanol and per-
oxide stress were applied to enhance PHA yields. Both these stress
types seemed to be very effective stimulating factors improving
PHA production. The response of culture to stress depended on
the concentration of stress factor as well as on the time of stress
factor application. According to our results, the best effect on PHA
production exhibited ethanol in- concentration 0.5% (v/v) and
$ mM hydrogen peroxide, both-applied at the beginning of station-
ary phase. Then after, PHA yields were improved about 20—30%.
Use of waste whey substrate is one of the possible ways to enable
broader use of bioplastics.

doi:10.1016/}.nbt.2009.06.574
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Vegetable wastes as suitable biomass feedstock for biore-
fineries

P.DiD 12+ G.Anzelmo', G. T
Nicolaus’, A.Pali’

o', G. Fiorentino?, B.

Tistituto di Chimica Biomolecare (ICB-CNR), National Council of Research, Via
Campi Flegrei 34, 80078 Napoli, italy

2 Department of Environmental Sciences University of Naples “Parthenope’
Centro Direzionale Isola C4, 80143 Napoli, Italy

According to a widely accepted definition biorefinery is ‘the sus-
tainable processing of biomass into a spectrum of value-added
products (chemicals, materials, food and feed) and energy (bio-
fuels, power and heat).” The main sources of biomass feedstock
consist of sugar and starch crops, vegetable oils, grasses, lignocel-
Tulosic materials and different organic wastes such as municipal
solid wastes and residues from the food production chain.

In recent years vegetable biomass wastes produced by food pro-
cessing industry revealed their intrinsic value and potentialities
as biorefinery feedstocks. Indeed many studies carried out world-
wide showed that such biomass represents an interesting source
of value-added products including either bioactive molecules or
additives for biopolymer production.

As a matter of fact a significant fraction of vegetable compo-
nents such as antioxidants, fibers and biopolymers are lost after
processing being discarded in the residual matter. In this con-
text several researches has been devoted to investigate vegetable
biomasses as a potential source of energy and bioactive molecules.
In this study some examples are reported concerning the reuse
and recovety of biomolecules from tomato processing industry
wastes besides some preliminary. results on extraction of lemon
‘pastazzo’, the main residue remaining after lemon processing for
liquors production.

Tomato wastes are constituted by about 50%  fibers—
polysaccharides, 18% proteins, 10% fats besides carotenoids and
other substances with antioxidant activity. Attention is focused
on some tomato-derived polysaccharides that possess significant
anti-inflammatory properties, in addition to potential applicabil-
ity in design of biodegradable plastic films. Moreover the ability of
tomato wastes is reported in promoting and sustaining microbial
growth of extremophlic microorganisms, namely thermophiles
and halophiles. ,

Citrus by-products comprise as main components dietary fibers
(including polysaccharides and lignin) and different bioactive
compounds (i.e. flavonoids and vitamin C) with antioxidant prop-
erties. In this report we show the outcome of different extraction
treatments performed to investigate the chemical nature of both
polyphenol fraction and polysaccharide components of lemon
processing wastes.

doi:10.1016/j.nbt.2009.06.575

wnarw.eisevier.comfocateinbt  $257

105



Supplemet VI
Production of Polyhydroxyalkanoates from Cheese

Whey Employing Bacillus megaterium CCM 2037

Stanislav Obruca* lvana Marova Sona Melusova Renata Mikulikova

'Brno University of Technology, Faculty of Chemistngtitute of Food Chemistry and
Biotechnology, Purkynova 118, 612 00 Brno, CzegiuBl&

Research Institute of Brewering and Malting, Mattimstitute Brno, Mostecka 7, 614 00 Brno,
Czech Republic

" Author of correspondence: Phone: +420 541 149 Bag; +420 541 211 697; E-mail: Stana.O@seznam.cz

Abstract Poly(3-hydroxybutyrate) (PHB) is the polyestetiud family of polyhydroxyalkanoates, which are
accumulated in a wide variety of bacterial straPIdB appears to be biodegradable alternative titimaal
petrochemical polymers such as polypropylene amgefinylene. In this work we tested conversion cfah waste
cheese whey into PHB employing bacterial stBawillus megateriumOptimization of medium composition
improved PHB yields about 50 times (biomass and Ri¢Ris 2.82 and 1.05 .| respectively) as compared to
whey itself. Furthermore, PHB yields were even ioved about 40 % introducing 1 % ethanol into theimeat the
beginning of the stationary phase of the growtbrtlsss 2.87 g'{ PHB 1.48 gif). According to results of the
experiments carried out in Erlenmeyer fladksmegateriunCCM 2037 can be considered to be one of the few
candidates for direct PHB production from wasteesigewhey. Nevertheless, experiments in laboratwysami-

productive fermentors are needed to perform hidglhdeasity cultivation.

Keywords Bacillus megaterium, polyhydroxyalkanoates, polyy@roxybutyrate), cheese whey,

exogenous stress
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Introduction

Polyhydroxyalkanoates (PHA) are biopolymers prodused accumulated in the form of
intracellular granules by a number of bacteriaiss. Of the big family of PHA, a homopolymer
of 3-hydroxybutyrate, poly(3-hydroxybutyrate) (PHB) the most widespread in nature and the
best characterised one. PHB aroused much inter@stlustry and research thanks to its
biocompatible, biodegradable, thermoplastic andqa&ectric properties. Therefore, PHB is
considered to act as an alternative to commoniptadérived from petrol (Kadouri et al. 2005).

High production cost is one of the main factomsventing broader use of PHB. Analysis
and economic evaluation of the bacterial PHB prtidncsuggested, that the cost of substrate
(mainly carbon source) contributed the most sigaiitly (up to 50%) to the overall production
cost (Choi and Lee 1997). Thus, PHB could be predumore economically using cheap waste
substrates.

Cheese whey is the major by-product from the mastufe of cheese and casein,
representing 80-90 % of the volume of transformél.nA total cheese production in European
Union corresponds to approximately 40 462 000 tdvhey per year. A major part is used for
production of lactose and feeding, but an annuawarnof 13 462 000 tons of whey per year
containing about 619 250 tons of lactose consstatsurplus product (Koller et al. 2008). That is
why cheese whey is promising substrate for cheagyation of PHB in large amounts.

Although biotechnological production of PHB fratifferent sugars via condensation of
acetyl-CoA units stemming from hexose catabolismeali described (Kessler and Wilholt
1999), only limited number of bacterial strainsedity converts lactose into PHB. Few reports
are available on PHB production from lactose andyby recombinarnEscherichia col(Wong

and Lee 1998, Ahn et al. 2000)ethylobacteriunsp. ZP24 (Yellore and Desai 1998, Nath et al.
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2007) and thermophillic bacteriuithermus thermophiludB8 (Pantazaki et al. 2009) are also
able to utilize whey lactose for PHA biosynthe&lecently, Pandian et al. reported PHA
production from mixture of rice bran, non-specifaidry waste and sea water employing gram
positive bacterium isolated from brackish waters&hon morphological, physiological
properties and nucleotide sequence of its 16S rRiN#as suggested that the isolate was closely
related toBacillus megateriunfPandian et al. 2010)Also Pseudomonas hydrogenovoras
used for PHA production using cheese whey, butlihicterial strain was not able to utilize
lactose directly, therefore, lactose in whey wadrblyzed prior cultivation (Koller et al. 2008).
We have previously reported, tigdcillus megateriun€CM 2037 is able to utilize
lactose and accumulate poly(3-hydroxybutyrate) (©aret al. 2008). In this study we focused on
optimization of whey medium in order to enhance P4t biomass yields. Moreover,
application of exogenous stress was studied asipattstrategy enhancing PHB biosynthesis in

cells.

Materials and methods

Micro-organism, media and growth conditions

Bacillus megateriun€CM 2037 was obtained from Czech Collection of idarganisms
(Brno, Czech Republic).

CCM Bacillus Medium, consisting of peptone 5'gyeast extract 3 g MnSQ, 0.01 g.]
! and agar 20 g% was used for maintaining the culture. Mineral Mied (MM) was used for
inoculum preparation. MM contained lactose 8 g(NH,).SQ, 5 g.I*, NaHPO, 2.5 g.I,
KH,PO, 2.5 g.I*, MgSQ,0.2 g.I and MnSQ 0.01 g.I*. Initial pH of medium was adjusted to

7.0. Inoculum was developed in 250 mL Erlenmeyasié containing 100 mL of media. MM
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medium was inoculated with bacterial culture anlivated at agitation speed of 150 rpm and
30° C for 24 hours. Subsequently, 5 ml of the celtwas inoculated into 250 ml Erlenmeyer
flask containing 100 ml of whey medium.

Whey was obtained from cheese manufactory PriBiiayslav (Pribyslav, Czech
Republic). The whole whey was treated in ordeetoagve excessive proteins. Whey was
acidified to pH 4.0 with 1.0 M 80O, and heated (100° C for 20 minutes) cooled andifegéed
at 8000 rpm for 5 minutes. The treated whey wad uséhe experiments after adjusting the pH
to 7.0 with 1.0 M NaOH and MM medium componentscépt lactose) and 0.1 §.yeast extract

were added in concentration according to MM untgksrwise indicated.

Analytical methods

Cell growth was monitored by measuring the absardanf culture broth at 630 nm on
Heliosa (Unicam, UK) after suitable dilution with distitlewvater. Cell biomass was calculated
using calibration curve for &, nmand dry cell mass. For dry cell mass determinatefis
obtained after centrifugation (8 000 rpm, 10 mvmeye dried at 105° C till constant weight was
obtained.

The supernatant obtained by centrifugation of thleuce broth at 8 000 rpm for 10
minutes was used for residual lactose analysisdmydgyi-Nelson method (Deng and Tabatabai
1994).

PHB content in dried cells was determined by gasroatography according Brandl et al.
(Finnigan Trace GC Ultra, USA, column DB-WAX 30 m ®,25 mm) with mass spectrometry

detection (Finnigan Trace DSQ, USA) (Brand! etl@38).
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Analysis of treated whey

Concentration of dry matter was estimated aftgindr(105° C) of 10 ml of whey till the
constant weight was obtained. Ash content was aedlgs weight of solids after incubation of 2
ml of whey at 800° C for 2 hours. The phosphorugteat was measured by molybdenum blue
colorimetric method (Ao nn) USing Whey ash. The concentration of solubleginotvas
performed using biuret method with bovine serunuadin as a standard. Sugamntent of
whey was estimated by HPLC method (pump LCP 4088mostat LCO 101, degasser DG-
1210, refractometric detector RIDK 102; Ecom, CzRelpublic) with ZOBRAX NH
column (150 cmx 4,6 mm,|&m; Chromservis, Czech Republic), chromatographiaitmns

were: 25° C; acetonitril: water 75:25; mobile ph#ew 1.0 ml/min.

Media optimization using Placket-Burman experimental design

The dilution of whey (carbon source) and conceiuina of nitrogen source ((NHEO,),
mineral salts and yeast extract were tested udaxk&-Burman experimental design. Each
parameter was tested at two levels, high (+1) end(i1) (Tab. 1). A design of 12 experiments
was formulated for 5 factors using Minitab softwarbe experiments were done in 250 ml
Erlenmeyer flasks containing 100 ml of whey media%0 rpm, 30° C for 50 hours in duplicate.
Response was measured in terms of A: Biomass ptiodu8: PHB accumulation in cells (%

w/w) and C: PHB yields.
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Results and discussions

Analysis of whey composition

Used cheese whey contained about 6.8 % of dryemafiain part of dry matter is
composed of sugars and salts, moreover, some sghuliteins are still present in whey even
after treatment. In spite of the high concentratbralts (expressed as ash), which could result in
high osmotic pressure influencing bacterial gromgigatively, tested waste cheese whey seems to
be promising complex substrate for PHB producttungars (lactose and glucose, galactose was
not detected) could be utilized as the carbon ssisoluble proteins could serve as a complex
carbon and nitrogen source and low level of poa¢ipthosphorus sources was observed as well.
In addition, it could be expected, that whey cardaome minor components such as free amino

acids and vitamins (not analyzed), which are likelgupport bacterial growth.

Supplementation of whey by salts

In order to test whether whey itself is sufficisabstrate, culture d&acillus megaterium
was inoculated into whey with and without saltsextidccording to MM (Fig. 1). Biomass and
PHB yields were analyzed after 48 hours.

In the whey medium without added salts, bactegnawth as well as PHB production was
rather low. Oppositely, addition of salts promotieel growth of bacterial culture and improved
PHB production as well (almost 10 times). The emateon could be that despite excess of salts
present in whey, whey itself lacked in nitrogenogbhorus, magnesium and manganese.

Therefore, these components must be added in tiredbmineral salts.
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Optimization of whey supplementation

For multivariable processes such as biotechnagigstems, in which numerous
potentially influential factors are involved, itm®t always obvious to determine which the most
important ones are. Hence, it is necessary to dubmprocess to an initial screening design
prior to optimization. The methodology of Plack&t#man could be a tool for this initial
screening, because it makes possible to deterimgnmfluence of various factors with only a
small number of trials (Khanna and Srivastava 2005)

We used Placket-Burman methodology to optimizepasition of whey medium for
PHB production. Five factors were selected forropation, each factor was tested at two levels,
high and low (Tab. 1). PHB and biomass yields vesralyzed after 50 hours. Experiment was
designated by Minitab software.

According to the results of Placket-Burman stumbycentration of (Ng.SOQs, PO and
MgSQy are statistically important neither for biomass fasrPHB production (P > 0.05).
Nevertheless, in previous experiments additioratis strongly enhanced biomass and PHB
production, therefore, in following experimentstsalere added at the same concentration which
was used as lower (-1) in Placket-Burman study. addition of yeast extract, which was tested
as potential source of vitamins, amino acids é#d, negative statistically important impact on
PHB production. It is probably due to the fact thedst extract could serve as nitrogen source
and PHB biosynthesis is much more pronounced umittegen limiting condition (Kessler and
Wilholt 1999). Therefore, in further experiment pidw concentration (0.1 @) of yeast extract
was added into whey medium. Oppositely, whey diluseems to be crucial for biomass as well
as for PHB production (P < 0.05). High concentratid salts and lactose in undiluted whey

medium probably caused high osmotic pressure wdoalsequently inhibited bacterial growth
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and PHB biosynthesis (t values < 0). High concéioineof lactose could/can also induce growth
inhibition by substrate, hence, whey dilution wasimized in order to achieve maximal biomass
and PHB yields (Fig. 2).

The highest biomass and PHB yields were obtainéenwhey was diluted to lactose
concentration of 20 g' Thereafter, biomass and PHB yields were 2.51antl 0.79 git,
respectively.

The growth and PHB production course®ofmegateriunin optimized whey medium
were estimated as well. The growth was accompanigudactose utilization during the whole
cultivation, while the biomass formation reachedntaximum after 28 hours of cultivation. After
then stationary phase occurred, followed by deeredbiomass concentration after 50 hours of

cultivation. The highest PHB yields were observetha 5¢" hour (see Fig.3).

PHB production under stress conditions

We have recently reported, that stress respon€gfiavidus necatoH16 to ethanol
and hydrogen peroxide is accompanied with enhaRé#l accumulation. However, stress
should be applied at the beginning of the statippaiase and its concentration must be
optimized. Suggested strategy could be used bint#abically as simple, cheap and effective
tool enhancing total PHB yields (Obruca et al. 20X0bruca et al. 2010b). In order to study,
whether this strategy could be used alsBawillus megateriungultivated on cheap whey
medium, we decided to apply different concentratiohethanol and hydrogen peroxide at the
25" hour of cultivation (Tab. 5).

Both hydrogen peroxide and ethanol increased PE8/bthesis irB. megateriuncells,
but the most effective strategy was the applicatibh % ethanol, which enhanced PHB yields

about 41 % as compared to control culture (TabOBpositely, application of hydrogen peroxide
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enhanced PHB yields very slightly. The reason wthgeol enhanced PHB vyields is that ethanol
is metabolized via oxidation to acetyl-CoA. Durithgse reactions reduced coenzymes NAD(P)H
stimulating flux of acetyl-CoA to PHB biosynthepathway are formed and free CoA, which
inhibits PHB biosynthesis, is built into acetyl-Caooreover, acetyl-CoA as the final product of
ethanol metabolization, is the entering substrbfeHB biosynthetic pathway (Obruca et al.
2010b).

Total PHB yields we obtained in this work are tiekely low as compared to those
obtained in fermentor in fed-batch mode (Nath eP@07, Pandian et al 2010). This fact is
caused predominantly by relatively low growth otteaial culture in Erlenmeyer flasks. On the
other side, optimization of medium composition adlas controlled introduction of stress factor
significantly enhanced PHB content in cells. Tki®eneficial in terms of total PHB yields, but,
furthermore, it is also likely to reduce cost of Rkecovery because PHB content in cells
strongly affects the efficiency and the cost of destream processing (Lee and Choi 1999).
Further experiments have to be focused on cultwati fermentor in order to reach high cell
density and improve PHB yields in this way. Nevel#iss, we have proved that application of
controlled stress conditions by ethanol is prongstrategy improving process of PHB

production from cheese whey employlBgmegaterium

Conclusions

In this work we testeBacilus megateriumas bacterial strain able to utilize waste cheese
whey and produce PHB. Because supplementationegfsehwhey medium with salts is
necessary to reach higher PHB yields, optimizadiowhey media composition was performed.
In our experiments, PHB production was pronoundealia50 times by optimization of cheese

medium as compared to the cheese whey itself. &umtbre, even higher PHB yields can be
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obtained when bacterial culture is exposed to 1Rarml as exogenous stress factor applied at
the beginning of stationary phase. This novel sgypaenhanced PHB production about 41 %. Our
results indicate potential &acillus megateriunfor industrial PHB production from cheap whey
substrate, nevertheless, further experiments chou in laboratory and semi-productive

bioreactors are needed to obtain high cell desityeven improve production parameters.
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Tables:

Tab. 1 Range of factors studied in the Placket-Burmaigdes

Level
Factor Name 1 X)
Not-diluted Diluted
A Whey (Lactose 40 1)  (Lactose 40 g)
B (NH4),S0, 5g.I* 1g.0*
C NagHPQy; KH2P Oy (1:1) 5g.1" 1g.I*
D MgSO, 0.2 g.I" 0.04 g.I'
E Yeast autolysate 1gl 0.1g.1"
Tab. 2 Composition of used cheese whey
Substance Concentration
Water 93 %
Dry matter 68 gt
Ash 27.10 + 0.30 g1
Lactose 39.60 + 0.45 g
Glucose 0.35 +0.02 gl
PO 63.0 +1.2 mgt
Soluble proteins 2.0+0.1 gl

Results are in form average * standard deviatiach @nalysis was performed in triplicate

Tab. 3 Experimental design and responses of Placket-Bushaly

) Yeast .

(NH4),SO, PO/~ MgSO, Biomass PHB PHB

Rt X Y I TR Rl IS I O R R
1| Not-Diluted 1.0 50 0.04 0.10,  0.90 2.06 0.02
2| Not-Diluted 50 1.0 0.20 0.10,  0.76 3.20 0.02
3| Diluted 50 50 0.04 1.00 256  16.26 0.42
4| Not-Diluted 1.0 50 0.20 0.10,  0.92 1.90 0.02
5| Not-Diluted 50 1.0 0.20 1.00  0.77 5.08 0.04
6| Not-Diluted 50 50 0.04 1.000 0.75 1.95 0.01
7| Diluted 50 50 0.20 0.10| 240 27.36 0.66
8| Diluted 1.0 50 0.20 1.00, 2.02 12.72 0.26
9| Diluted 1.0 1.0 0.20 1.00 1.95 13.51 0.26
10| Not-Diluted 1.0 10 0.04 1.00 1.01 2.17 0.02
11| Diluted 50 1.0 0.04 0.10| 247 35.48 0.87
12| Diluted 1.0 1.0 0.04 0.10f 299 3549 1.06

118



t value is statistically significant only if P va < 0.05

Tab. 5 PHB and biomass vyields after stress factor apicat the 2% hour of cultivation

Biomass [g.1'] PHB [g.I"] PHB [%]
Control 2.82+0.11 1.05 + 0.05 37.23
EtOH 0.5% 2.79+0.08 1.43 +0.07 51.23
EtOH 1 % 2.87 +0.08 1.48 +0.08 51.57
EtOH 1.5 % 2.68 + 0.03 1.22 +0.12 45.52
H202 1 mM 2.62+0.12 1.18 +0.16 45.04
H202 3 mM 2.75+0.06 1.09 + 0.03 39.61
H202 5 mM 2.77 +0.09 1.15 +0.05 41.53

Results are in form average * standard deviatiach eultivation was performed in triplicate andlgmed in

triplicate as well.

Tab. 4 The results of data analysis (t-values and P galioe the effect of medium component on growth BirtB

Biomass [g.1"] PHB [%] PHB [g.] ]
tvalue Pvalug tvalue Pvallje tvalue P value
Whey concetration | -11.46  0.000 -7.53 0.00d -6.40 0.001
(NH4)2SO, -0.10 0.923 1.30 0.241 0.73 0.493
PO~ -0.48 0.647 -1.98 0.095 -1.70 0.139
MgSO, -2.31 0.051 -1.79 0.123 -2.17 0.073
Yeast extract -1.69 0.142 -3.26 0.017 -3.09 0.021
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Abstract

In this study, waste rapeseed oil was observed foromising carbon substrate for polyhydroxyalkaesdPHA)
production employingupriavidus necatoH16. In addition, the application of propanol sfgantly enhanced both
PHA and biomass formation, and also resulted inriparation of 3-hydroxyvalerate units into PHA stiure, which
improves mechanical properties of material. Thugpanol can be used as an effective precursor of 3-
hydroxyvalarete for production of poly(3-hydroxyprgteco-3-hydroxyvalerate) copolymer. In fed-batch mode we
gained high biomass and PHA vields - 138 and 105 gespectively, yield coefficient and volumetrimguctivity
yield reached were 0.83 g-PHA per g-oil and 1.48 ", respectively. During cultivation, propanol contation

was maintained at 1 % which resulted in 8 % condéBthydroxyvalerate in PHA.
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Introduction

Polyhydroxyalkanoates (PHA) are polyesters of byglacids, which are accumulated in
bacterial cells in form of intracellular granul®acteria use PHA as carbon, energy and reducing
power storage materials. Due to their mechaniagbgnties, PHA have attracted much attention
as biodegradable alternative to traditional petenaical plastics (Kessler and Wilholt 1999). The
member of PHA family, copolymer poly(3-hydroxybuye€o-3-hydroxyvalerate) [P(HRo-

HV)] is one of the best characterized PHA copolyriercause of its high commercial potential.
Incorporation of 3-hydroxyvalerate (3-HV) unitsarPHA structure reduces the hardness,
crystallinity and melting point of material as coan@d to hopolymer of 3-hydroxybutyrate (3-
HB), poly(3-hydroxybutyrate) (PHB). Therefore, cbpuer P(HB€0o-HV) possesses better
mechanical properties and processability (Du e2@01).

In spite of many satisfactory properties of PHAsiticommercial applications have been
limited by their high price. One approach to redtheecost of PHA production is to use
inexpensive carbon source for their production sagplant edible oils. In contrast to other
carbon sources, the theoretical yield coefficieit®HA production from plant oils are as high as
over 1.0 g-PHA per g-plant oil, since they compaaeh higher number of carbon atoms per
weight (Kahar et al. 2003).

Waste edible oils exhausted from food industry fmod service industry are recovered as
industrial wastes. They can be converted into feednimals, fatty acids, soap or bio-diesel,
nevertheless, waste oils are largely destroyeddmeérators or lost in the environment, which
causes problems with waste management or watertjpoll(Taniguchi et al. 2003). On the other
side, problematic waste oils could be used as chebgtrates for microbial production of highly
valuable environmentally-friendly materials suchHP&$A.

This report describes production of PHB and P(@t84V) from waste rapeseed oil
employingCupriavidus necatoH16. In our previous work we reported that exposibf C.
necatorto controlled stress conditions caused by ethanbldrogen peroxide enhances PHA
accumulation in cells (Obruca et al. 2010a, Obetca. 2010b). Therefore, we decided to apply
different alcohols as stress factors enhancing Ridids. Finally, we performed fed-batch
cultivation ofC. necatorin laboratory fermentor to test strategy of PHAduction from waste

oils under controlled stress conditions.
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Material and Methods

Microorganism

Cupriavidus necatoH16 (CCM 3726) purchased from Czech Collection of

Microorganisms, Brno, Czech Republic, was usedl iexgperiments.

Culture media

Nutrient broth (NB) medium was used for inoculuteselopment. NB consisted of 10 g
pepton, 10 g beef extract, WN@Cl in 1 | of distilled water. Mineral salt (MS)adium was used
for all production experiments. MS medium contdiBe0 g (NH).SO,, 1.0 g KHPO,, 11.1 g
NaoHPO1.12 H0, 0.2 g MgSQ, 1 ml of microelement solution and 1 | of distillevater. The
microelement solution was composed of 9.7 g E&A g CaCJ, 0.156 g CuSE5 H,0, 0.119 g
CoCh, 0.118 g NiC} 0.062 g CrClin 1 |1 of 0.1 M HCI. Plant edible oils (20 g in b1 medium)
were used as carbon sources for cultivations. €4l solution and microelement solution were
sterilised separately at 121°C for 25 minutes &ed taseptically reconstituted at room
temperature prior to inoculation. The pH was adjd4b 7.0 using 2 M NaOH /HCI. Pure oils
were purchased in supermarkets, waste frying ragesiss were obtained from Universtity
canteen of Faculty of Chemistry, Brno Universityleichnology and from Fried chips
Manufactory in Straznice. Waste frying sunflowds avere provided by Restaurant in Valasské

Mezirici and randomly chosen household.

Cultivation in flasks

NB medium was used for inoculum development. Tieroorganism was cultivated at
agitation speed of 200 rpm, 30°C for 24 hours.gfoduction cultivation, 100 ml of MS medium
with particular oil (20 g'f) was taken into a 300 ml Erlenmeyer flask and ireted with 5 ml of
inoculum. The flasks were kept under constant stga200 rpm, 30°C).
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Fed-batch cultivation in fermentor

Fermentor vessel (2 |, BioFlo Celligen 115, New&swick) containing 1.2 | of MS
medium with waste rapeseed oil (20" Was inoculated with 60 ml of 24 h culture growntbe
NB medium. The culture temperature was set at 3@HOwvas maintained at 7 by 0.5 M
NaOH/H,SQO,. The dissolved oxygen (DO) concentration was nooed with DO electrode and
was maintained at the value of 50 % to air satonaby varying the agitation speed and/or air

flow rate automatically.

Analytical procedures

To measure biomass concentration (expressed ladrg@eight) and PHA content in
cells, withdrawn samples (10 ml) were centrifug®d00 rpm, 5 min) and harvested cells were
washed with 5 % (vol/vol) Triton X and distilled tea, respectively. Afterwards, biomass and
PHA concentrations were analyzed as reported pusiyjdObruca et al. 2010b). Residual
biomass was defined as biomass minus PHA conciemtrat

During the fed-batch cultivation, concentratiorodfin medium was estimated according
to Kahar et al. (2004), concentration of (NSO, was analyzed spectrophotometricallyi{énm
using Nessler reagent. Propanol concentration vessured as amount of NADH {#&nn)
formed after 5 min treatment of sample (100f cultivation medium diluted to 1 ml with 100
mM phosphate buffer pH 7.0) with 30 units of alcbtehydrogenase (EC 1.1.1.1, Sigma A-
7011).

RESULTS AND DISCUSSION

PHB production from various oils

To investigate the ability d@upriavidus necatoH16 to utilize plant oils and produce
PHA, we performed cultivation of this bacterialastr on selected oils of various origins (Tab. 1).
Bacterial culture grew well on all tested plansaithile produced homopolymer PHB.
Surprisingly, the highest yields were observed aste oils from various sources which had been
used for frying. During the frying process theuwildergo few changes — fatty acid composition is
slightly changed, the concentration of free fattida is enhanced and also some components of
fried food such as proteins, lipids or carbohydsategrate to oil (Matthdus 2007). It is likely that
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these changes were beneficial for bacterial gr@amthPHB accumulation. Thus, waste oils seem
to be very promising feedstock for PHA productialthough only few authors reported PHA
production on these cheap substrates. Taniguahi €003) reported PHA production from
waste sesame oil employi@y necator achieved yields were 4.6 § 6f PHB. Chan et al. (2006)
studied PHA production from various plant oils umtihg waste oil usin@seudomonas
aeruginosabut the PHA content in cell was only about 5 %of cell weight. Also Vidal-Mas

et al. (2001) cultivateBseudomonas aeruginosa waste frying oil and reached PHA yields 3 g
It. Nevertheless, in this work we obtained PHB yieldsch were significantly higher than those
reported in literature. The highest PHA yields wereduced on waste rapeseed oil coming from

university canteen and, therefore, this oil wadussecarbon substrate in further cultivations.

Introduction of stress conditions by alcohols

In our previous work we observed that expositib@ onecatorto ethanol significantly
enhanced PHB accumulation in cells Briefly, ethaves metabolized via oxidation while
reduced coenzymes NAD(P)H were formed and finadlpco of ethanol metabolization was
acetyl-CoA , the key substrate of PHB biosynthedReduced coenzymes inhibited Krebs cycle
which supported flux of acetyl-CoA into PHB bioslyatic pathway, reduced coenzyme NADPH
is also necessary substrate for the second enziyRid® biosythetic pathway - acetoacetyl-CoA
reductase. Moreover, as the consequence of Kredbs ichibition, less free CoA, which inhibits
the first step of PHB biosynthesis catalyzed3betothiolase, was formed (Obruca et al. 2010b).

Because we expected that also application of @tltehols may have caused the same
response of culture resulting in enhanced PHA gielek applied methanol (MetOH), ethanol
(EtOH) and propanol (PrOH) into waste oil cultizatimedia at various times of cultivation
(Tab. 2).

In terms of biomass as well as PHA yields, thetrafficient was addition of alcohols at
the 24" hour of cultivation. In this case application éfahols did not only enhanced PHA
accumulation in cells in comparison with controltate, but, surprisingly, it also increased
bacterial growth while the more non-polar alcolioé more pronounced growth was observed.
The explanation of such an effect could be thailadts supported solubilization of triacylglerols,

which made them more susceptible to extracellypasks. This is likely to have increased
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concentrations of products of lipases action —@lglcand fatty acids in medium which could
support bacterial growth.

Especially EtOH and PrOH significantly enhanced Rpiéduction. In addition,
metabolization PrOH resulted in incorporation diygiroxyvalerate into PHA structure, which
significantly improves mechanical properties ofguoed material. For instance, incorporation of
10 % of 3-hydroxyvalerate increases elongationréak from 3 % (homopolymer PHB) to 20 %
(copolymer P(HB-co-HV)) (Kessler and Wilholt 1998ccording to our knowledge, the use of
PrOH as a precursor of 3-hydroxyvalerate in P(HB4&) has not been reported so far. In
comparison with other commonly used precursorsloyd@&oxyvalerate, such as propionate or
valerate, PrOH has also other advantages — itfsigntly enhances PHA yields and supports the
growth of bacterial culture on oils as carbon su#tetand, moreover, it is much cheaper. In Tab

3, there is comparison of PrOH with other commardgd precursors of 3-HV.

We assume that the way of propanol metabolizatidd. ineactoris the same as that of
ethanol. Thus, propanol is oxidized and, finallgnsformed to propionyl-CoA. During
oxidation, reduced coenzymes are formed, whichnregigpports PHA synthesis in the same way
as in ethanol — by inhibition of the Krebs cyclddwed by increased flux of acetyl-CoA into
PHB biosynthetic pathway and simultaneous activatibacetoacetyl-CoA reductase. Further,
propionyl-CoA is coupled with acetyl-CoA in reactioatalyzed b{-ketothiolasef3-
ketothiolase encoded by geplebAis specific only for acetyl-CoA, therefore, thte must be
catalyzed by enzyme encoded by gbk&B which is placed out gghaCABoperon ofC. necator
(Slater et al. 1998). Following NADPH dependentestspecific reduction of 3-ketovaleryl-CoA
could be catalyzed by acetoacetyl-CoA. The fingp sif copolymer synthesis is catalyzed by
PHB synthase which is, thanks to its low substsagificity, able to built 3-hydroxyvalerate
units into PHA structure (Fig. 1).

We tested various concentration of PrOH in orddird the most efficient one. The
highest support of growth and PHA production waseobed for 1 % (vol/vol) PrOH, on the
contrary the highest content of 3-HV in PHA wasamid when 0.75 % (vol/vol) PrOH was
applied (Tab. 4). Furthermore, controlled applimatf stress factor not only enhanced total PHB
yields, but also increased PHB content in cellss Blrategy would reduce costs of PHB
recovery, because PHB content in cells stronglgca$fthe efficiency and the cost of down-

stream processing (Lee and Choi 1999).

125



PHA production in fed-batch mode

Because production of P(H&-HV) from waste rapeseed oil using propanol asesst
agent seemed to be very prosing strategy, we ditideerform fed-batch cultivation in
laboratory fermentor (Fig. 2).

After 72 hours of cultivation we gained high agd#insity (cell dry weight was 138.4674 |
at the 78" hour of cultivation), moreover, cell contained%6of PHA with 8 % content of 3-HV.
Total yield of PHA was 105.05 ¢ volumetric productivity yield was 1.46 g™ and yield
coefficient was 0.83 g-PHA per g-oil. Accordingdor knowledge, the yields obtained in this
work belong among the highest reported in liteafor PHA production from oils. Kahar et al.
(2004) performed fed-batch cultivation©f necatoron soybean oil, yield coefficient and
volumetric productivity yield were 0.76 g-PHA pewoi and 1.0 gt h?, respectively. Thus, we
gained better yields and, moreover, it should kertanto account that we used cheap waste oil

instead of pure oil.

Conclusion

In this paper we show that utilization of wastééoils could be a promising strategy
facilitating economically feasible process of PHguction. Waste oils are lower in prize as
compared to other pure substrates and, moreowalgonatic waste would be turned into high
value product. In fed-batch mode of cultivation gegned high yield coefficient and volumetric
productivity yield 0.83 g-PHA per g-oil and 1.46th™, respectively. Furthermore, we suggest
propanol as a novel precursor of 3-hydroxyvalefaté (HB-co-HV) production. Besides the
fact that propanol is built into PHA structure, wihimproves mechanical properties of material,

it also enhances PHA yields and support bacter@aith on oils as substrates.
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Tables

Table 1 Growth and PHB production &. necatorH16 on various oils as carbon soufces

Biomass PHB PHB

Qil [9.1" 9.1  [% wiw]

Olive 8.14£0.15 3.27 £ 0.25 40.20
Corn 10.85+0.61 4.36 £ 0.38 40.18
Soybean 7.47 +£0.43 2.08 £0.11 27.79
Sunflower 9.37+0.154.63+£0.44 49.37
Rapeseed 9.54+0.40 4.77 £0.40 50.02
Waste - Household (sunflower) 10.28 + 0.57 5.82 + 0.39 56.60
Waste - University canteen (rapeseed) 12.77 + 0.49 7.69 + 0.37 60.22
Waste - Restaurant (sunflower) 11.43+0.526.73 £ 0.08 58.87

Waste — Chips manufactory (rapeseed)12.22 + 0.63 6.76 + 0.50 55.28
aCultivation conditions: MS medium, oil 20 §,|IErlenmayer flasks, 30° C, 200 rpm, samples wétiednawn at the

72" hour of cultivation.

Results in form: mean + standard deviation, eadfivetion was performed in triplicate and analyzedriplicate as

well.

Table 2 Biomass and PHA production after alcohols appbeét

Time of  Biomass PHA PHA  3-HB” 3-HV°
application  [g 1] [g 1 [% wiw]  [%]  [%]
24 12.09+0.77 832+0.19 68.85 100 0
MetOH 1% 48 10.48+0.44 5.18+0.46  49.45 100

60 10.30+0.45 6.67+0.14 64.74 100

24 13.03+£0.48 10.39 +0.82 79.70 100
EtOH 1% 48 12.25+0.73 8.21+0.23 67.03 100

24 14.68 £0.33 11.71 +0.67 79.74 91

0
0
0
0
60 10.13+1.28 5.44+0.02 53.74 100 0
9
3
3
0

ProH 1% 48 1274+ 0.93 7.78+0.74 61.10 97
60 11.34+0.16 7.12+0.37 62.76 97
Control 11.17+0.60 5.92 +0.39 53.17 100

2 Cultivation conditions: MS medium, oil 20 g, IErlenmayer flasks, 30° C, 200 rpm, samples wétledrawn at
84" hour of cultivation. Alcohol concentration in madi was set to 1 % (vol/vol)

P Molar content (%) of particular monomer in polymer

Results in form: mean + standard deviation, eadtivetion was performed in triplicate and analyzedriplicate as

well.
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Table 3Production of P(HB-co-HV) on waste rapeseed oihgsielected precursors of 3-BV

Biomass PHA PHA  3-HB" 3-HV®

Precursor [g 1] O  [%wmw] [%]  [%]
PrOH 1 % 14.68 +0.33 11.71 £ 0.67  79.74 91 9
Propionate 5 g1 14.08 +0.34 7.30+0.08 51.81 87 13
Valerate 5g1* 12.13+0.47 6.45+0.19 53.18 82 18
Control 11.17+0.60 5.92+0.39 53.17 100 0

2 Cultivation conditions: MS medium, oil 20 ¢, IErlenmayer flasks, 30° C, 200 rpm, samples weétledrawn at

84" hour of cultivation. Precursors were applied at24" hour of cultivation. PrOH concentration in mediwas

set to 1 % (vol/vol) propionate and valerate cotregion.

b Molar content (%) of particular monomer in polymer.

Results in form: mean + standard deviation; eadtivetion was performed in triplicate and analyzedriplicate as

well.

Table 4 Optimization of PrOH concentratidn

PrOH Biomass PHA PHA 3-HB 3-HV
[% vol/vol] [g.I'l] [g.I'l] [% wiw]  [% ] [% ]
0.50 12.25+0.65 7.75+0.05 63.25 94 6
0.75 12.93+£0.35 9.09£0.96 70.29 86 14
1.00 13.71 +£0.18 10.84 + 0.30 79.07 89 11
1.25 12.95+0.14 8.74 +0.47 67.45 90 10
1.50 12.13+0.21 8.33+0.72 68.67 91 9
Control 11.16 £+ 0.68 6.44 + 0.59 57.69 100 0

2 Cultivation conditions: MS medium, oil 20 ¢, IErlenmayer flasks, 30° C, 200 rpm, samples weétledrawn at

84" hour of cultivation. PrOH was applied at thd"ur of cultivation.

P Molar content (%) of particular monomer in polymer

Results in form: mean + standard deviation, eattivetion was performed in triplicate and analyzedriplicate as

well.
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Introduction

Polyurethanes (PUR) are unique family of polymeric
materials that is able to pose wide range of properties to suit
many requirements. Some of the applications of this versatile
polymer mclude foams, elastomers, paints, fiber, adhesives
and sealants!.

Biodegradation is natural process of material decom-
position which is based on the fact that synthetic polyme-
ric materials could serve as carbon and energy sources for
many microorganisms including bacteria, moulds and yeasts.
Despite its xenobiotic origin PUR was found to be susceptible
to biodegradation by naturally occurring microorganisms>>.

Biodegradability of material can be influenced by many
factors. Very important are structure properties such as
molecular orientation, crystallinity, cross-linking and chemi-
cal groups presented in the molecular chain. For example,
increase of molecular weight or crystallinity usually leads
to increasing material durability. Thus, variations in the
degradation patterns of different PUR are attributed to many
properties of PUR such as topology and chemical composi-
tion>4.

Other important factors which influence process of
biodegradation in nature are presence of susceptible micro-
bial population and environmental conditions. PUR biode-
gradation activity was observed for many microorganisms
including bacteria (e.g. Corynebacterium sp., Pseudomonas
aureginosa, Comamonas acidovorans, Pseudomonas chloro-
raphis, Pseudomonas flourscens, Acinetobacter calcoace-
ticus and Arthrobacter globiformis) and fungi (Culvularia
senegalensis, Fusarium solani, Aerobasidium pollulans,
Cladosporium sp., Cheatomium globosum and Aspergillus
terreus)’.

In this work, biodegradability of modified PUR foams
was tested using single bacterial strain (Arthrobacter glo-
biformis), mixed bacterial culture (Thermophillus sp.) and
selected moulds strains (Fusarium solani, Alternaria alter-
nata). In a complex comparative study standard biodegra-
dability tests in laboratory conditions, in model composting

conditiong and alee 1 different natural environments were
conaiiions and aise m GIIerent nalura: environmenis were

used.

Experimental

PUR foams were modified by following biopolymer
components: 10 % of acetyl- (AC), hydroxyethyl- (HEC)
cellulose, 10; 20; 30 % of carboxymethyl cellulose (CMC),
10% acetylated starch (AS), 10 % glutein (PB). Modifying
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agents partially replaced polyether polyol. Reference sample
without modification agent was tested too.

Flask biodegradation tests were carried out in 50 ml
of defined media under permanent shaking (120 rpm). One
sample of PUR was represented by 0.25 g of PUR. Growth
characteristics and chemical oxygen demand were determi-
ned in regular intervals. At the end of cultivation (about 300
hours) PUR mass decreases were measured gravimetrically
and PUR surface changes were analysed microscopically.
PUR foams were tested in complete medium as well as the
only carbon and/or nitrogen source. Single strain Arthroba-
cter globiformis CCM 193 was cultivated at 25 °C in Nutri-
ent broth NB1 and in Minimal inorganic medium containing
glucose as carbon source and (NH,),SO, as nitrogen source.
Mixed aerobic thermophillic culture Thermophillus sp. was
originally obtained from sludge of wastewater treatment in
Bystfice pod Hostynem. Cultivation was carried out at 60 °C
on Minimal inorganic medium with minerals and vitamins.
The mould strain Fusarium solani F-552 was cultivated on
Mimimal inorganic medium according 4. globiformis. Alter-
naria alternata was identified during the study with 4. glo-
biformis as a common air contaminant. 4. alternata was cul-
tivated on Minimal inorganic medium too.

Model composting experiments were carried out under
controlled conditions in presence of culture Arthorbacter
globiformis. Model experiment under composting conditions
was performed according to ref.!. PUR mass changes and
surface patterns were analysed at the end of the experiment.

Test of biodegradability in natural condition. PUR
foams were exposed to three different natural envitoment for
50 days. After the end of exposition, mass decreases of foams
were analysed and a total bacterial microflora (quantified as
colony forming units) in each environment was determined.

Results

All flask biodegradation tests proved that crucial for
the course of PUR degradation are type and concentration of
modification agent (see Fig. 1. and Fig. 2.).

Generally, PUR mass decreases during flask biodegra-
dation tests were practically identical in presence and/or in

Mass decreases [%]
w =y (0] ar

REF. 10% AC 10% AS 10% HEC 10% CMC

Fig. 1. Mass decreases of PUR samples modified by different
agents (flask biodegradation test)
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Mass decreases [%]

o
i

REF 10% CMC 20% ChC
Fig. 2. Mass decreases of PUR samples modified by different
concentration of the same modification agent (flask biodegrada-

tion test)

30% CMC

absence of bacterial culture. On the other side, the presence
of PUR foam influenced the growth of culture. These two
effects could be explained as two-step biodegradation pro-
cess. First, abiotic destruction of foams occurred, which was
followed by the second step — utilization of degradation pro-
ducts by the bacterial culture.

The growth of culture in presence of individual PUR
samples was dependent on type of modifying agent. The hi-
ghest growth of both cultures was observed in PUR modified
by CMC.

Experiments with PUR foams used as the only carbon
or nitrogen source for thermophillic culture showed that all
modified PUR foams could serve as the only nitrogen source.
Surprisingly, PUR modified by CMC and AS were better
nitrogen sources than inorganic salt. On the other side, only
PUR foam modified by AS supported the growth of culture
when no other carbon source was present.

In all experiments with fungi, a typical distribution of
biomass between PUR surface and medium was observed.
Alternaria alternata utilized all PUR as the only carbon
source. Foams modified by CMC and by AS strongly sup-
ported absorption of biomass on PUR surface. Under nitro-
gen limitation practically the whole biomass was adsorbed
on foam surface.

Fusarium solani was able to use modified PUR as the
only carbon as well as nitrogen source. This strain also stron-
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gly preferred growth on surface of PUR foams, mainly under
both carbon and nitrogen limitation.

In model composting conditions, the highest loss of bio-
mass was observed in PUR modified by 10 % of CMC.

All tested natural environments disposed PUR biode-
gradation activity. In environments different total bacterial
activity was found. Individual environments exhibited also
different degree of exposition of foams to natural conditions
(weather, water, ete.) which could be considered to be impor-
tant abiotic factors.

It seems that in early stages of long-term natural degra-
dation microbial and abiotic factors act simultaneously, but
abiotic processes are more efficient. The hughest degradabi-
lity degree was shown repeatly in PUR modified by CMC
and AS.

Conclusions

Tested PUR foams could be biodegraded by microor-
ganisms used in this study. Degree of degradation is stron-
gly dependent on type and concetration of used modifying
agents. The highest tendency to biodegradability by most of
tested microorganisms was observed in PUR meodified by
CMC and AS. Mainly m early stages of degradation abiotic
and microbial factors act simultaneously. It seems that micro-
organisms are able to utilize degradation fragments formed
during abiotic decomposition.

The effect of mould sorption on PUR surface could be
important for biotechnological application. Surface sorption
degree depended on type of used modifying agent, mould
strain and also on cultivation conditions.

This work has been supported by project MSM
0021630501 of Czech Ministry of Education.
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Abstract

Waste polyether polyol based polyurethane (PUR)mBagoresent a serious problem for
environment. In this work polyether polyol basedRPtbams were modified by biopolymers
(hydroxyethyl-, acetyl- and carboxymethyl celluloaed acetylated starch) which partially
replaced polyether polyol. Biodegradability of ngwirepared foams was tested using two
different bacterial system — single culture Afthrobacter globiformisand mixed aerobic
thermophillic culture originally used for waste watreatment. It was observed that modification
of foams supports bacterial growth and improvesamdability of PUR foams to bacterial
culture. However, biodegradation mechanism invotwessteps. Abiotic degradation of foams is
followed by utilization of degradation products bgcterial culture. Mixed culture seems to be
more effective in utilization of abiotic degradatiproducts as compared to single culture. This is
probably due to relationships of individual strainsnixed culture which facilitated utilization of
PUR foams fragments. Despite the fact that undeditions of short term incubations mass
losses of PUR foams were relatively low, the mixaitture was able to use foam modified by
acetylated starch and hydroxyethyl-cellulose assthle carbon source and practically all tested
foams as the sole nitrogen source. This is negepsasumption of successful biodegradation of
resistant polyether polyol based PUR foams in emwirent by naturally presented mixed
cultures. Therefore, modification of PUR foams ligpolymers seems to be promising strategy
with potential to reduce solid PUR waste by envmnent friendly attitude.

Keywords:
Polyurethane foam; biodegradatigrthrobacter globiformismixed thermophillic culture
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1. Introduction

Polyurethanes (PUR) are interesting family of payim materials, derived from the
condensation of polyisocyanates and polyols, whighable to possess wide range of properties
to suit many requirements. Some of the applicatiohshis versatile polymer include foams,
elastomers, paints, fiber, adhesives and sealgotsg and Sung, 1998).

PUR materials in form of foams are widely usedotighout the world for diverse
applications, mainly in automotive and furnitureustry. Therefore, enormous quantities of used
PUR foams are disposed of in landfills and incitensg which cause resource depletion and litter
problems (Zheng et al., 2005). Biodegradation o$ted?UR materials may provide innovative
solution to these problems.

Biodegradability of polymer material is influencéy many factors. Very important
factors are the material structure properties saghmolecular orientation, crystallinity, cross-
linking and chemical groups presented in the mdécahain. For example, an increase of
molecular weight or crystallinity usually leads iticreasement of material durability. Thus,
variations in the degradation patterns of differeltR are attributed to the many properties of
PUR such as topology and chemical composition (Hdw2002).

Generally, the main factor influencing the biodelgdaility of PUR material is type of
used polyol. PUR materials synthesized using ptdygmlyol are relatively easily degradable by
microorganisms, PUR based on polyether polyols e resistant to microbial attack
(Nakajima-Kambe et al., 1999). Darby and Kaplar6@)%ested the biodegradability of various
types of polyether PUR. They reported, that polgetPUR were scarcely susceptible to
biodegradation. Jansen et al. (1991) reported sbate kinds of polyether-based PUR were
degraded byStaphylococcus epidermi€H11, but the degradation progressed very slowly.
Generally, the relative resistance of polyether RORnicrobial degradation is considered to be
due to its mechanism of degradation, which involege-type depolymerization, whereas the
degradation of polyester PUR involves endo-typeotlgperization (Kawai et al., 1985).

In spite of their poor biodegradability, most of RUnaterials (including PUR foams)
used at present are based on polyether polyolsrefidre, it is really needed to increase
biodegradability of polyether-based polyurethariasour work we tested biodegradability of
polyether-based PUR foams that were modified uselgcted biomaterials in order to increase
their bioavailability and biodegradability. Moreayéhe aim of this work was also to compare
two bacterial systems. Firstly, single culture Asthrobacter globiformisthat was previously
reported to be able to degradate PURs (Halim et 18196). Secondly, mixed culture of
thermophillic bacteria containing mostly bacterfatlte gene®acillus and Thermus,which is
originally used for waste water treatment and whii$poses with high range of enzymatic
activities.
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2. Experimental

2.1 Tested polyurethane materials

The PUR foam materials tested in this work weretlssgized using polyether polyol
Slovaprop G-48s polydpurchased from Gumotex), diisocyatna@uene-2,4(2,6)-diisocyanate
(80/20) (TDI) (Gumotex) and catalyddibutyltin dilaurate (Ciba). Water was used as foaming
agent. For modification of PUR foams, polyetherypblwas partially (10%) replaced by
following biopolymers: acetyl-cellulose (AC), hydwgethyl-cellulose (HEC), carboxymethyl
cellulose (CMC) and acetylated starch (AS). Non-ifiedl reference sample (REF) was
synthesized and tested as well.

The foams were prepared by a three-step reactimeeps. At first, the polyol polyether was
mixed with the calculated amount of biopolymer rder to dissolve biopolymer in polyol. In the
second step the pre-mixed catalyst (including Wates added and stirred. At the end, the TDI
was added, stirred up to cream time and quicklyrgubinto a mold. The foams were let to cure
for about 48 hours in the fume hood in open air.

2.2 Microbial culture

2.2.1 Single strain: Arthrobacter globiformis CCM 193

Bacterial strairArthrobacter globiformisCCM 193 was purchased from Czech Collection of
Microorganisms. Culture was maintained on Nutrigrdth agar. For biodegradation experiments
following mineral medium was used: 8 fglucose (carbon source), 5H(INH4)-SO; (nitrogen
source); 5 gt NaCl; 1 g.I' KH.PQy; 0.5 g.I' MgSQ,. 7 H,0, pH was adjusted to 7.

2.2.2 Mixed aerobic thermophillic culture

Mixed aerobic thermophillic culture was originalpbtained from sludge of wastewater
treatment in Bystrice pod Hostynem (Czech Republi¢)e cultivations were carried out in
synthetic minimal medium: 8 @Iglucose (carbon source); 54(NH,),SO; (nitrogen source);
2.44 g.' N&HPOy; 1.52 g.1' KH,PQOy; 0.2 g.I* MgSQ:. 7 H,O; 0.05 g1 CaCh. 2 H,0, 10 ml.I*
solution of trace elements (0.2 §FeSQ. 7 HO; 0.01 g ZnSQ; 0.003 g MnCl,. 4 H,0;
0.03 g.I' H3BO3; 0.02 g.I' CoCh. 6 H,0; 0.001 g CuCh. 2 H,0; 0.002 g NiCl,. 6 H0;
0.003 g. Na&MoOs. 2 H0); 2.5 g.I* vitamin solution (0.01 mg!i p-Aminobenzoate; 0.02 mg.|
! Biotin; 0.2 mg."" Nicotine acid; 0.1 mg Thiamin; 0.05 mg} Ca-Pantothenate; 0.5 mig.|
Pyridoxamin). Temperature of cultivation was 60p8, was adjusted at 7 and flasks were shaken
(220 rpm) during cultivations.

2.3Biodegradation experiments

2.3.1 Biodegradation experiments in complete medium

A series of batch cultures was set up to screen fdRs biodegradability by single as well
as mixed bacterial culture. In a batch assaysu§sp{l cm x 1 cm x 1 cm, cca 0.05 g each) were
placed in 100 ml Erlenmeyer flask containing 50 afl medium used for cultivation of
Arthrobacter globiformisor mixed thermophillic bacterial culture. Flaskere kept at desired
temperature (30° CArthrobacter globoformis 60° C Thermophillus sp. under permanent
shaking (120 rpm). For each of foams, four idehtsamples were used. Two of them were
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inoculated by bacterial culture and two flasks wased as controls. Bacterial growth and
chemical oxygen demand (COD) were monitored duttiregtest. At the end of cultivation (about
300 hours) PUR weight losses were measured granaaky (as described bellow).

2.3.2 Test of PUR foams bioavailability as onlytear or nitrogen source
The PUR bioavailability assays were performedhe tefined mineral medium where
PUR served as sources of carbon or nitrogen fowvtirof bacterial cultures. Growth tests were
performed under different conditions which are swarized below:

1. PUR as the sole source of carbon (alternativegetnsource, ammonium sulphate, was
added, glucose omitted).

2. PUR as the sole source of nitrogen (alternativbarasource, glucose, was added,
ammonium sulphate omitted).

3. PUR as well as added sources of carbon (glucoskjitnogen (ammonium sulphate) as
nutrients for growth.

4. Only added nitrogen (ammonium sulphate) and cafblutose) sources were available
(PUR was not present; positive control).

5. Nitrogen sources were not present, but alteratrbon (glucose) source was added
(negative control for nitrogen limitation).

6. Carbon sources were not present, but altemattvogen (ammonium sulphate) source
was added (negative control for carbon limitation).

The experiment was designed according to Urgun-Demet. al. (2007).

2.3.3 Analysis of bacterial growth and chemicalgetydemand
Cell growth was monitored by measuring the abswéaf culture broth at 630 nm. The
cells harvested by centrifugation (8 000 rpm, 1@.jnwere dried (105°C) till constant weight
was obtained. Cell biomass was determined usinglatd plot of relationship betweenss nm
and dry cell mass. Chemical oxygen demand (COD) amalyzed spectrophotometrically
according to Thomas et al. (1997).

2.3.4 Analysis of PUR weight losses

PUR degradation was monitored by measuring the wesff PUR plugs before and after
cultivation. The PUR plugs were taken out and wdshki¢h distilled water and ethanol to remove
debris on the surface. Then, plugs were dried tstamt weight overnight at 40° C and weighed.
The weight loss percentage was calculated as

%Weight loss = (m— m)/ m, . 100%
where mg is the initial weight of the plug, mis the final weight of the plug after
experimentation.

2.3.5 Analysis of abiotic degradation products iedim

Proposed abiotic degradation products of biopofgmereducing sugars and
polysaccharides, were analyzed spectrophotoméyriaftler 300 hours incubation of foams in
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distilled waster without culture. Reducing sugarsrav determined using Somogyi-Nelson
method and calibration was done using glucose (Zefigbatabai 1994). Polysaccharides were
estimated according to Dubois et al. (1956) anibed using starch.

3. Results and discussion

3.1Biodegradation in complete medium
The presence of PUR samples influenced the growthboth bacterial cultures as
compared to control — culture without PUR sampleiseffect was especially evident for mixed
culture (see Fig 1. and Fig. 2). Generally, thduerice of PUR on the growth of culture
depended on the type of used modifying agent. As aggumed, modification of PUR foams by
biopolymers partially improves bioavailability ofJR foams to bacterial culture which resulted
in supported growth of culture in comparison wittmsmodified reference sample. Mainly PUR
foam modified by CMC supported the growth of theadi as well as the single culture. On the
other hand, foam modified by HEC inhibited the gtlowf the cultures as compared to either
reference sample or control culture. This effectyniiee caused by release of some toxic
degradation products into cultivation media.

Mass losses of PUR foam plugs were relatively loabpbly due to the fact that the 300 hours
incubation was most likely too short to obtain meignificant mass losses. The obtained mass
losses ranged from 0.62 to 7.68 %. However, thesgsnosses are similar to those of Urgun-
Demirtas et al. (2007) who tested biodegradabilftif UR foams under anaerobic conditions and
Gautam at al. (2007) who used bacterial stRsrudomonas chlororaphfer biodegradation of
PUR foams. Both studies were carried out under epaippe condition with this study and lasted
similar time period. Moreover, mass losses of foamesdified by CMC and HEC are
significantly higher than observed in any studiesntioned above.

Mass losses of PUR plugs were independent of the vidaether a bacterial culture was
presented or not (see Tab. 1). Therefore it caradseimed that the first step of PUR foam
degradation probably involves mainly abiotic degtémh of foams. The measure of mass losses
strongly dependent on the type of used modificatgent, which could influence polymer
stability. The highest mass losses were observeBUR foam modified by CMC that also
strongly supported the growth of bacterial culturkus, it can be assumed that the first abiotic
step of PUR foam degradation is subsequently fabbwy utilization of abiotic degradation
products by bacterial culture. This mechanism oRPbodegradation was previously proposed
by Albertson et al. (1987).

In order to explain why modification of PUR foamg liopolymers influences the growth of
bacterial culture, expected abiotic degradationdpets of used biopolymers (polysaccharides
and reducing sugars) were analyzed after incubaifoRUR foams in distilled water without
bacterial culture (see Tab. 2). The results shoat #ignificant part (more than 50%) of
degradation products of PUR foams (mainly thosectwhvere modified by CMC and HEC) is
constituted by polysaccharides, which can be etliby bacterial strains and supports their
growth.
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The fact, that the differences in the growth areeravident in mixed culture, indicates that
mixed culture seems to be more efficacious ina#tlon of PUR abiotic degradation products.
Moreover, mixed culture strongly eliminated valuwgsCOD in comparison with single culture
(see Tab. 3). COD value expresses the amount eaha@rgompounds in water. It can be assumed
that the significant part of COD value consistedabiotic degradation products of PUR foams.
Higher potential of utilization of abiotic degramat product observed in mixed culture is
probably caused by relationships of strains presennixed culture which facilitated more
efficient utilization of PUR foams fragments.

3.2Test of PUR foams bioavailability as only carbomdrogen source

In order to test whether the PUR foams can bezatiliby bacterial culture as the sole carbon
or nitrogen source, test of PUR foams bioavailgbivas performedArthrobacter globiformis
was able to use PUR foams neither as carbon noitragen source. Oppositely, mixed culture
utilized some of tested PUR foams as the sole caalsavell as the sole nitrogen source (See Fig.
3 and Fig. 4). PUR foams modified by CMC and HE@psurted the growth of bacterial culture
as compared to negative control and therefore tagybe expected to serve as the sole carbon
source for mixed culture. Similarly, foams modifieyg CMC, AC as well as REF sample are
utilizable nitrogen source for mixed culture. Tlaetf that mixed culture was able to use PUR
foams as the sole nitrogen and carbon source whesiegle culture was not, also proves
significantly higher degradation potential of mixadture.

4. Conclusions

In conclusion, we observed that modification of PWdams by biopolymers supports
bacterial growth and improves bioavailability of RUor bacterial culture. According to our
results, biodegradation mechanism of polyether Pld&ms involves two following steps.
Abiotic degradation is followed by utilization oédradation products by both bacterial cultures.
Mixed culture seems to be significantly more effextin utilization of abiotic degradation
products than single culture. This is probably edulsy the relationships of individual strains in
mixed culture which resulted in broader range dfyeme activities in medium that facilitated
utilization of PUR foams fragments. Although undenditions of short term incubations mass
losses of PUR foams were relatively low, the mixaitture was able to use foam modified by
acetylated starch and hydroxyethyl-cellulose asstile carbon sources and practically all foams
as the sole nitrogen source. This is necessaryum@son of successful biodegradation of
resistant polyether polyol based PUR foams in emwirent by naturally presented mixed
cultures. From this point of view, the modificatiafi PUR foams by partial replacement of
polyether polyol by biopolymers seems to be pramgistrategy for environmental reduction of
amount of solid waste of PUR origin by biodegraoiati
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Fig 2: The growth of single culture Arthrobactepglformis in presence of PUR foams
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Fig. 4: The test of bioavailability of PUR foamsthe only nitrogen source (negative control —
PUR foam omitted



Table 1. PUR mass losses [%)] during flask biodegtamh tests
Without culture  Thermophillus sp. Arthrobacter globiformis

REF 0.91 0.93 1.15
10% AC 1.12 0.76 0.62
10% CMC 7.68 7.61 7.25
10% HEC 5.58 5.74 5.19
10% AS 1.29 0.84 1.08

Tab. 2: Analysis of abiotic degradation productdafpolymers in medium after incubation of
PUR samples in water without bacterial culture

R , , Total mass
educing sugars Polysaccharides losses of PUR
(mg per 50 ml of media) (mg per 50 ml of media) foams (mg)
REF * * 2.8
10% AC * 0.451 £0.08 6.1
10% CMC 0.25+£0.05 13.971+0.43 21.2
10% HEC 1.34+0.12 11.795 + 0.23 20.1
10% AS * 0.245 £ 0.09 3.4

Data are shown in form: mean * standard deviatie not detected

Table 3: Elimination of COD [%] during flask biodegglation tests
Thermophillus sp. Arthrobacter globiformis

REF 38.14 35.82
10% AC 50.07 39.96
10% CMC 52.76 36.64
10% HEC 55.44 36.44
10% AS 41.58 38.51
Control 50.52 30.85
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Introduction

Polyurethanes (PUR) are a widespread group of polyme-
ric materials involved in many aspects of modem life. They
are widely used i medical, automotive or industrial fields.
PUR are very variable group of materials because they could
be prepared in many forms ranging from flexible or rigid
foams, solid elastomers, coating, adhesives and sealants!.

Polymeric materials could serve as carbon (but also nit-
rogen and other atoms) and energy source for heterotrophic
microorganism including bacteria, moulds and yeasts. This
natural process of material decomposition is called biodegra-
dation?.

After the years of PUR production manufactures found
PUR suseeptible to biodegradation. Microbial degradation of
PUR as well as other polymeric materials is dependent on
many properties of the polvmer such as molecular orienta-
tion, crystallinity, cross-linking and chemical groups present
in the molecular chain. Very small variations in the chemical
structure may result in large differences in the term of biode-
gradability?.

This work was focused on the comparison of biodegra-
dability of two different forms of the same PUR material -
modified PUR foams and modified PUR elastomeric films.
Several types of biopolymers were used as modyfying agents
that should enhance biodegradability of both PUR forms. For
laboratory biodegradtion tests mixed thermophillic culture
Thermophillus sp. was used.

Experimental

PUR foams and elastomeric films were modified by
10 % of acetyl-cellulose (CA), 10 % carboxymethyl cel-
lulose (CMC) and 10 % acetylated starch (AS). Modifying
agents partially replaced polyether polyol. Both PUR foams
and PUR elastomeric films were prepared from the identical
raw materials. The only difference was that in film prepara-
tion blowing agent (water) was not used.

Biodegradation Tests

Biodegradation tests were performed with mixed ther-
mophillic culture Thermophillus sp. Cultivations were car-
ried out at 60 °C under permanent shaking in 100 ml of defi-
ned media. One sample of PUR was represented by 0.25 g
of PUR. Growth characteristics, chemical oxygen demand
and glucose concentration were determined in regular inter-
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vals. At the end of cultivation (about 100 hours) PUR mass
decreases were measured gravimetrically and PUR surface
changes were analysed microscopically.

Results

The presence of PUR material influenced growth of bac-
terial culture in comparison with culture without PUR. Gene-
rally, PUR foams supported the growth of bacterial culture,
on the contrary PUR elastomeric films weakly inhibited bio-
mass production. The inhibition effect was exhibited mainly
during early stages of growth when long lasting lag-phase
was observed. This effect was probably caused by formation
and/or by release of some toxic component(s) which inhibited
the start of the growth. Because toxic effect was not observed
in PUR foams, it is possible that toxic component(s) was by
some way removed during the foaming process.

Modifying agent type was other important factor which
influenced the growth of culture. From this point of view,
CMC seems to be the best modifying agent because it stron-
gly supported the growth of culture grown both in presence
of PUR foams as well as PUR films.

Mass decreases of foams and films were very similar,
however, in some experiments higher degradation degree was
observed in PUR films. It is surprising because PUR films are
expected to be more rigid than PUR foams.

It seems that modification agent type is probably more
important factor than the form of PUR material. The highest
losses of material were observed in PUR foams and films
modified by CMC (see Fig. 1.). High mass decreases of CMC
PUR materials could be partially caused by water solubility
of carboxymethyl cellulose itself.
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Fig. 1. Mass decreases of PUR foams and films
Conclusions

In conclusion, modified PUR foams as well as elastome-
ric films could be degraded by thermophillic bacteria. Diff-
erences between foams and films are surprisingly small. Tt
seems that for biodegradation degree more important factor
is the modification agent type than PUR material form. Car-
boxymethyl cellulose appears to be the best modifying agent
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from biodegradation point of view. In relatively short-time  REFERENCES

lasting tests (about 100 hour) PUR materials modified by car-
boxymethyl cellulose exhibited almost 7 % of weight loss.
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Abstract:

In this work we investigated the process of degiadaf polyether-polyol based polyurethane
elastomeric films (PUR) in presence of mixed thephiltic culture as a model of natural bacterial
consortium. The presence of PUR material in cuitivamedium resulted in delayed but intensive
growth of bacterial culture. The unusually long-f@ttase was caused by release of un-reacted
polyether polyol and tin catalyst from materialgtphase was significantly shortened and
biodegradability of PUR materials was enhanceddsigd replacement (10%) of polyether-polyol by
biopolymers (carboxymethyl-, hydroxyethyl-, and@@teellulose and actylated starch). The process
of material degradation consisted of two stepstfmaterials were mechanically disrupted and,
secondly, bacterial culture was able to utilizeotibidegradation products, which resulted in sufgubr
bacterial growth. Direct utilization of PUR by bagal culture was observed as well, but bacterial
culture contributed only slightly to the total madssses. The only exception was PUR material
modified by acetyl-cellulose. In this case, direicidegradation represented the major mechanism of
material decomposition. Moreover, PUR material rfiediby acetyl-cellulose did not tend to undergo
abiotic degradation. In conclusion, the modificataf PUR by proper biopolymers is promising
strategy reducing potential negative effects ofteré@JR materials on environment and enhancing
their biodegradability.

Key words:
Polyether-polyurethanes, elastomeric films, bioddgtion

1. Introduction

Polyurethanes (PUR) are materials which are predantmany aspects of modern life.
They represent a class of polymers that have fauvdlespread use in the medical, automotive
and industrial fields [1]. Generally, PUR is a teused for materials derived from the

condensation of polyisocyanates and polyols resyiti intermolecular urethane bond. PUR can
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adopt various forms depending on used raw matefiisrefore, PUR can be used as a foam,
elastomer, paint, adhesive, elastomeric fiber tii@al leather [2].

The raw materials used in the synthesis of PURlassified into polyisocyanates,
polyols, catalyst and auxiliary materials. As pd$éygolyether and polyester polyols are
generally used, nevertheless, most PUR used iemrase based on polyether polyols.
Polyisocyanates used for PUR production includenatec and aliphatic compounds. Among
these, tolylene diisocyanate and diphenylmethaiseajianate are the most common in use.
Since an isocyanate group generates carbon diesde reacts with water, PUR foams are
synthesized by addition of a small quantity of wakering the synthetic process [2].

Generally, PUR materials are considered to beeguitte to microbiological degradation.
However, the biodegradability of PUR is stronglypéedent on its structure and predominantly
on type of polyol used. Polyester based PUR possasany ester bonds that are vulnerable to
enzymatic hydrolysis. Therefore, polyester PUR bgrddation ability was observed among
fungal Fusarium solaniCulvularia senegalensigerobasidium pollulansCladosporiumsp.)

[3] as well as bacterial strain€gmamonas acidovorapBseudomonas chlororaphis
Pseudomonas fluorescgnpt, 5, 6]. On the contrary, polyether PUR se¢onise more resistant
against enzymatic hydrolysis. Darby and Kaplan okeskvery low biodegradation degree of
polyether PUR as compared to polyester based PURdfsen et al. reported biodegradation of
polyether PUR bystaphylococcus epidermisut the process of degradation progressed very
slowly [8]. Urgun-Demirtas et al. tested biodegfaitity of polyether PUR foam under anaerobic
conditions. The experimental results showed thaR Rbadm was resistant against the action of
anaerobic microorganisms [9]. It is proposed, thaistance of polyether PUR is due to
mechanisms of biodegradation, which involves exoetienerization [10], whereas that of

polyester PUR involves endo-type of depolymerizafi).
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Because of high quantities of PUR produced, winogia part is constituted of resistant
polyether PUR, waste PUR materials represent segavironmental problem. For instance, the
half-time of polyether PUR foam in environment vpaedicted as 400 years [11]. Enhancement
of biodegradability of polyether PUR materialsti®egy which could contribute to the solution
of mentioned environmental issue. Therefore, wietekiodegradability of polyether polyol
based PUR elastomers, which were modified by pagmacement of polyether polyol by
biopolymers of renewable origin. Such a strategghthieduce resistance of PUR to microbial
action and enhance biodegradability of polyetheRRhAterials. In our experiments we used
mixed thermophillic aerobic culture as a model afunal microbial population. This bacterial
culture was originally used for waste water treatmi disposes with wide range of enzymatic
activities which facilitate utilization of variousibstrates, for instance we reported the ability of
this mixed culture to contribute to degradatiompolyether PUR foams modified by various

polysaccharides [12].

2. Material and methods

2.1 PUR materials
The PUR elastomers tested in this work were swtld using polyether polyol

Slovaprop G-48s polyol (PEP) (purchased from Gurjpt#tisocyanate Toluene-2,4(2,6)-
diisocyanate (80/20) (TDI) (Gumotex,) and catalydiutyltin dilaurate (DBTL) (Ciba). For
modification of PUR elastomers, polyether polyobvartially (10 %) replaced by one of
following biopolymers with different degree of stibgion (DS) of —OH groups: acetyl-cellulose
(AC) (DS = 2.4), hydroxyethyl-cellulose (HEC) (DS)6), carboxymethyl cellulose (CMC) (DS
= 0.7), acetylated starch (AS) (DS = 0.1). Non-rfiedireference sample (REF) was synthesized

and tested as well.
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Water-free tolylene diisocyanate (TDI), water-fpadyether polyol (PEP), tin catalysts
(DBTL) and particularly degassed biopolymer weraeditogether in one shot process, stirred
under vacuum and poured into the 1 mm thick megahé placed between two polypropylene
sheets. The reacting mixture was left to cure fdays at laboratory temperature. Synthesis and
mechanical properties of PUR elastomeric films wkrecribed in details by Vojtova et. @l3].

In order to compare biodegradability of PUR foamd RUR elastomeric films
synthesized using the same raw materials, we usednodified PUR foam. The foam was
prepared by a two-step reaction process. At fingtpolyol polyether was mixed with the catalyst
and with water and stirred. Secondly, the TDI wédeal, stirred up to cream time and quickly
poured into a mold. The foam was let to cure faul8 hours in the fume hood in open air.

2.2 Biodegradation experiments

Mixed aerobic thermophillic culture was originafiptained from sludge of wastewater
treatment in Bystrice pod Hostynem (region Northrddga, Czech Republic). The cultivation
was carried out in minimal synthetic medium coritajn8 g.I* glucose (carbon source); 5.1
(NH,4)-SO, (nitrogen source); 2.44 §.Na,HPOy; 1.52 g.I' KH.POy; 0.2 g.I* MgSQ.. 7 H,0;
0.05 g.I' CaC}. 2 H,0, 10 mL.I* solution of trace elements (0.2 5FeSO4. 7 KO; 0.01 g1
ZnSQy; 0.003 g1 MnCl,. 4 H,0; 0.03 g.f HsBO3; 0.02 g.I* CoChb. 6 H,O; 0.001 g CuCh. 2
H,0; 0.002 g:t' NiCl,. 6 H,0; 0.003 g Na;M00O,. 2 H;0); 2.5 g.I* vitamin solution (0.01 mg.|
! p-Aminobenzoate; 0.02 mg.Biotin; 0.2 mg."" Nicotine acid; 0.1 mg Thiamin; 0.05 mg:}
Ca-Pantothenate; 0.5 m§Pyridoxamin). Temperature of cultivation was 60pE, was
adjusted to 7 and flasks were shaken (120 rpmhduwtltivations.

A series of batch cultures were set up to scredr Biddegradability. In a batch assays,

plug of PUR elastomeric film (1 cm x 1 cm x 0.1 aoa 0.5 g) was placed in 100 ml Erlenmeyer
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flask containing 50 ml of medium used for cultivatiof mixed thermophillic bacterial culture.
Flasks were kept under 60°C and constantly shak&mpm). For each of PUR, six identical
samples were used. Three of them were inoculatdzhbigerial culture and three flasks were used
as controls. During the test, bacterial growth wasitored. At the end of cultivation (about 300
hours) PUR weight losses were measured gravimiyrenad changes of material surfaces were
analyzed microscopically (described bellow).

To assay the influence of individual componentsa@f composite materials on culture
growth, individual chemicals or their combinatiamsre applied into cultivation media in amount
corresponding to 10 % of each chemical present@dbilg sample of PUR elastomeric film.

After that, medium was inoculated by bacterial wdt

2.3 Analysis of bacterial growth

Concentration of biomass was estimated by meggthaabsorbance of culture broth at
630 nm on Helios Alpha (Unicam, UK). Calculationsadone using the calibration curve (cell
dry weight vs. absorbance) prepared by dilutiosasfiple of known cell dry weight (CDW)
content. For CDW determination, the cells obtaiattdr centrifugation (8 000 rpm, 10 min.)
were dried (105°C) until constant weight was olsdin

2.4 Analysis of PUR weight losses

PUR degradation was monitored by measuring thelweigPUR plugs before and after
cultivation. The PUR plugs were taken out and wedshi¢h distilled water and ethanol to remove
debris on the surface. Then, plugs were dried tetamt weight overnight at 40° C and weighed.
The weight loss percentage was calculated as

%Weight loss = (j— m)/ my. 100%,

where mj is the initial weight and ms the final weight of the plug after experimeitat
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2.5 Microscopic analysis of PUR surface
Washed and dried pieces of PUR elastomeric filmevexamined by optical microscope
L1100A (Alltion, Germany) to determine changes bfRPsurface and consistence of biopolymer

granules in PUR elastomeric films before and afegradation experiments.

2.6 Analysis of PUR abiotic degradation products

Reducing sugars and polysaccharides as propos&italegradation products of
biopolymers were analyzed spectrophotometricaligré800 hours incubation of foams in
distilled water without culture. Reducing sugarseveetermined using Somogyi-Nelson method
and calibration was done using glucose [14]. Palglsarides were estimated according to Dubois

et. al. and calibrated using starch [15]. Each $amps analyzed in triplicate.

3. Results and discussion

3.1 Comparison of PUR foam and PUR elastomeric film

Previously we reported that the presence of PUR$oa cultivation media had
enhanced the growth of bacterial culture [12]. Nthadess, non-foamed PUR materials possess
physical and chemical properties that are disfioeh that of foamed PUR materials. These
differences in properties might influence the bm@elation process parameters such as rate of
biodegradability or microbial growth [16]. Thereéomwe decided to test the differences between
PUR foams and PUR elastomeric films synthesizeagusie same raw materials. In order to
investigate the effect of different form of PUR enadls, we performed cultivation with non-
modified PUR foam as well as non-modified PUR elasgric film.

Significant differences between the growths ofura in presence of PUR foam and PUR
elastomeric film were observed in the first seaéexperiments (see Fig. 1). PUR foam

supported the growth of bacterial culture from bleginning of cultivation, so that the biomass
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concentration was higher than in control culturdt(ce without any PUR material). On the
contrary, the presence of PUR elastomeric filmuhization media strongly inhibited the growth
of bacterial culture for period longer than 150 tsodHowever, after this unusually long lag-
phase, culture started to growth very intensivelg iomass content was higher than in control
as well as in PUR foam exposed culture.

This lag-phase is probably due to release of saxie substance(s) from PUR
elastomeric films. Because the same raw materiafte wsed for synthesize of PUR foam and
PUR elastomer, but foam did not exhibit any toxfe& on bacterial culture, it could be
expected that the toxic substances were not peg@mfoam. They are likely to have been
removed during the process of foaming. Howeversgmee of such toxic substances in PUR
material could have serious consequences not onlyiddegradability of PUR elastomeric film,
but also for environment, which could be easilytaomnated from waste PUR material. On the
other side, mixed bacterial culture was able toegieliminate the toxic substances or adapt to
them, which resulted in delayed but intensive ghowt

The mass losses of PUR materials were very loe Tsd. 1). This is in consistence with
previous observation of resistance of polyethey@d®UR against microbial attack [7, 8, 9]. 300
hour lasting cultivation was probably too shorbtiserve more significant mass losses.
Nevertheless, despite the low mass losses, bothrRatBrials significantly enhanced the growth
of culture as compared to control. Therefore, it ba expected that bacterial culture was able to
utilize PUR as additional carbon and/or nitrogearse which supported bacterial growth,
although such a process progresses very slowlgamglete elimination of material would last

really long time.
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3.2 ldentification of toxic substances responsibl®r long lag-phase

Because the unusually long time lasting lag-pludserved in PUR elastomeric films
could be an important factor influencing the fat®tR elastomers in the environment, we
decided to investigate which of used raw mateoalsombination of them is responsible for such
unusual growth characteristic of bacterial cultumelividual chemicals or their combination were
applied into the media which were afterwards inatad by bacterial culture.

Although individual chemicals inhibited the growghbacterial culture, none of them
presented solely in the medium caused prolongatideg-phase (see Fig. 1A). However,
extended lag-phase was clearly evident when cortibmaf polyether polyol (PEP) and catalyst
(DBTL) was added into cultivation medium and, oticse, when all the raw materials were
added together (see Fig. 1B).

Our experimental results indicate that prolongedphase was caused by small residues
of free PEP and DBTL which were not built into gteucture of PUR material and released from
material to water environment. It could be expedted these chemicals consequently reacted
with each other or with some component(s) of mediach resulted in toxic substance(s)
preventing bacterial culture from rapid growth. Metieless, bacterial culture was able to
eliminate these toxic substances or adapt to theichwesulted in delayed growth of culture.
According to our knowledge, this effect of proloddag-phase caused by these chemicals, which
are commonly used for PUR production, has not loéserved so far. Biodegradation of
polyethers, such as polyethylene glycol, is proedssh progress relatively slowly, but the
growth characteristics of involved bacterial stsadéme not strongly influenced by low
concentrations of polyesters. Similarly, eliminatiaf dibutyltin compounds by bacterial culture

was already reported, but none extra long lag-phaseobserved during the process [18].
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PUR materials containing PEP and DBTL are produsdigh amounts, thus, PUR waste
can present environmental problem not only becatiaecumulation of solid waste but also
because of release of potentially harmful companértierefore, it is important to find a way
how to overcome these problems for instance bygbaeplacement of potential sources of
toxins either PEP or DBTL.

3.3 Influence of partial replacement of PEP by bioplymer

Partial replacement of PEP by biopolymer couldbénteresting strategy resulting in
enhanced biodegradability of PUR elastomeric filMereover, according to our results, PEP is
responsible for prolongation of lag-phase, so ¢évan partial replacement of PEP is likely to
shorten or eliminate unusual lag-phase. We hawarteg previously, that partial replacement of
PEP by biopolymer in PUR foams supported the grayitmnixed thermophillic culture and,
furthermore, bacterial culture was able to utispene of the PUR foams as the sole carbon and
nitrogen source [12]. In order to investigate effect of partial replacement of PEP on
biodegradability of PUR elastomeric films, we expdd$UR materials modified by different
biopolymers to mixed bacterial culture.

In spite of the fact that exposition of bactedalture to all tested PUR elastomeric films
resulted in unusually long lag-phase, replacemeRER by biopolymers seems to be an
interesting strategy. Not only that all modificatsoof PUR materials by biopolymers resulted in
shortened lag-phase as compared to the non-mo&f#tisample, but also bacterial growth was
significantly enhanced in presence of modified Pd&erial (see Fig. 3). The shortest lag-phase
was observed in PUR material modified by acetylatadch. Simple replacement of 10 % of PEP

by acetylated starch shortened lag phase more3thiares. Furthermore, PUR film modified by
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acetylated cellulose strongly supported bacteriahth in comparison with either control or
reference sample.

In addition, we observed that modification of PEIRstomeric films resulted in
significantly enhanced mass losses of samples glatittivation both with and without presence
of bacterial culture. PUR modified by HEC and CMGtimore than 7 % of its weight during the
short time cultivation (304 hours) with culture, iainis significantly more than in case of non-
modified sample (REF — 0.28 %). Despite the faat the main part of mass losses was probably
caused by mechanical disruption of PUR samplesaitemenvironment without action of
bacterial culture (Tab. 2, column Mass losses witlwolture), also bacterial culture contributed
to degradation process. For instance presencectdri culture with AC sample enhanced its
degradation more than 4 times.

Photomicrographs of un-degraded and degraded PagBomeric films are shown in Fig.
4. The analysis of surface of PUR samples revestgificant changes in biopolymer particles
which were built in PUR matrix. It was observedttparticles of AC, HEC and CMC in
samples, which were exposed to microbial cultuerewdamaged, moreover, in some cases it
was possible to observe holes in PUR structureechiog complete granule degradation or
solubilization. The same changes were observedraBR degraded without presence of
bacterial culture, so the mechanism of biopolyneatigde damaging is more or less of abiotic
origin.

In order to analyze the measure of spontaneoaagelof biopolymer into cultivation
media, we incubated the PUR elastomeric films stilted water for 300 hours. Then the
contents of the reducing sugars and polysacchandegdium were analyzed and the mass
losses of samples were estimated (see Tab. 3).réiogoto our results, reducing sugars are

released from PUR samples modified by HEC and CM@ewpolysaccharides were detected as
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abiotic degradation product in all samples (exoept-modified REF sample). Reducing sugars
and polysaccharides released into water presepgdxdmately 50 % of total mass losses. Only
in case of AC, the mass loss was about 90%. Resbiiamass losses probably consisted of PUR
matrix itself.

Our results suggest that the degradation of P@Ra@ineric films involves two steps. The
first step is abiotic degradation, during which PeIRstomeric films exposed to water
environment spontaneously degrade and the mairopeeteased degradation product is
constituted of modifying agent. Therefore, the masses of particular samples are strongly
dependent on the type of modifying agent used. i@Hgpbacterial culture is able to utilize the
degradation product which results in enhanced draibacterial culture. Furthermore, because
the mass losses of PUR samples were always higlpeesence of bacterial culture, it can be
expected, that bacterial culture contributes taadation of PUR elastomeric films and is able to
utilize films directly. This is in consistence wiibertsson et al. who reported that the abiotic
and biotic mechanism of degradation of polymeri¢amals can occur simultaneously or
subsequently [19]. Nevertheless, direct utilizad?UR samples modified with CMC, HEC
and AS is very slow process as compared to thdiallegradation. On the contrary, in the case
of sample modified by AC, direct utilization of PUamples represented the main part of
degradation process (mass losses - 1.66% withreul@u40 without culture). Moreover, PUR
elastomeric film modified by AC also supported gnewth of culture the most intensively of the
tested samples. Because this material does notdetehrade spontaneously (low mass losses
without culture) and it seems to be susceptibleadegradation, AC could be the modification
agent of choice in order to enhance biodegradglufiPUR elastomeric films.

According to our results, un-reacted PEP rele&®ad PUR films into cultivation media

is co-responsible for the unusual growth charagties of bacterial culture. The release of toxic
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components from PUR waste could bring serious enuental consequences, therefore,
particular attention should be paid to these e$tdate observed that simple replacement of 10 %
of PEP by biopolymer, which is by the way of renblgeorigin, results in significantly reduced
lag-phase of bacterial growth. Thus, it can be etqukthat toxic effect of PUR material is
reduced. So, the partial substitution of PEP bpdbligmers not only enhances its
biodegradability, but, moreover, also reducesoxscity. Nevertheless, chemical substance
responsible for unusual lag-phase should be idedtih order to understand mechanism of its

formation and impact on bacterial cells.
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Tab. 1 Mass losses of PUR materials after inculpatigh bacterial culture

PUR material Weight losses [%)]
PUR foam 0.81 +£0.08
PUR elastomeric film 0.28 £ 0.03

Results are presented in form mean *standard dievia

Tab. 2 Mass losses of PUR elastomeric films aftétivation in media with or without bacterial

culture (320 hours).
Biopolymer used for PUR Mass losses in presence dflass losses without culture

modification culture [%0] [%]
HEC 7.27 £0.29 6.09 + 0.24
CMC 7.05+0.01 5.63 +0.05
AS 0.97 +0.08 0.51 +0.09
AC 1.66 £ 0.30 0.40+0.21
REF 0.28 +0.03 0.20 £ 0.03

Results presented in form mean + standard deviation

Used modifying agents: HEC — hydroxyethyl-celle)dsS — acetylated starch, AC -acetylated-
cellulose, CMC-carboxymethyl cellulose, REF — nadified PUR sample, Control — sample
without PUR elastomeric film, modification — reptacent of 10 % of PEP by particular

biopolymer.
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Tab. 3 Analysis of biopolymers released from PUR@as in non-inoculated medium after 300

hours lasting incubations.

Mass loss of PUR

Reducing sugars in  Polysacharides sample (starting
50 ml of medium in 50 ml of medium mass about 500 mg)

[mg] [mg] [mg]

AC * 0.27 +0.04 0.30 + 0.07
CMC 0.37 +0.07 11.97 +0.08 24.90 + 0.89
HEC 1.22 +0.10 9.97 +0.17 18.30 + 1.21

AS * 1.30 + 0.09 2.70 +£0.25
REF * * 1.80 + 0.04

* - not detected, data are presented in form meatasidard deviation.
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Fig 1. The growth of culture in presence of PUR foarROR elastomeric film.
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Fig 2. (A) — influence of individual raw materiada growth of bacterial culture, (B) — influence
of combination of raw materials on growth of ba@éculture. PEP - polyether polyol, TDI -
diisocyanate toluene-2,4(2,6)-diisocyanate, DB TEhatalyst dibutyltin dilaurate (DBTL).
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Fig. 3 Growth of bacterial culture in presence adified PUR elastomeric films. Used
modifying agents: HEC — hydroxtehyl-cellulose-A&etylated starch, AC -acetylated-
cellulose, CMC-carboxymethyl cellulose, REF — natified PUR sample, Control — sample
without PUR elastomeric film, modification — reptacent of 10 % of PEP by particular
biopolymer.
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AC — non-degraded AC - degraded

Fig 4. Surface microscopy of modified PUR elastocrifdms — samples were taken before and
after exposition to bacterial culture. Black narrew granules of biopolymers in PUR matrix or
damaged biopolymers granules and holes in PUR madtised modifying agents: HEC —
hydroxyethyl-cellulose, AS — acetylated starch-&cgtylated-cellulose, CMC-carboxymethyl
cellulose, REF — non-modified PUR sample, Contredmple without PUR elastomeric film,
modification — replacement of 10% of PEP by patacibiopolymer.
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10.LIST OF ABBREVATIONS

ACP
aPHA
Asp
ATP
CoA
CCM
CDS
DEG
dPHA
EDTA
FID
FBP
GC
Gly
His
HIV

HPLC/UV-VIS

ICI
LuxR
MCL
MS
NADH
NADPH
nPHA
ntrB
ntrC
ORF
pBl
pB2
PHA
PhaC
PhaE
PhaF
PhaP
PhaR
PhaQ
Phaz
PHB
PhbRss
P(HB-co-HV)
PMFS

PPGpp

Acyl carrier protein
Amorphous PHA granules
Aspartate
Adenosine triphosphate
Coenzyme A
Czech Collection of Microorganisms
Coding sequence
Diethylene glycol
Denaturated PHA granules
Ethylenediaminetetraacetic acid
Flame ionization detector
Fructose-1,6-bisphosphate
Gas chromatography
Glycine
Histidine
Human immunodeficiency virus
High performance liquid chromatographith UV detection
Imperial Chemical Industries
Regulatory protein of bioluminescentgbfio harvey)
Medium Chain Length
Mass spectrometry
Nicotinamide adenine dinucleotide (reduéean)
Nicotinamide adenine dinucleotide phosplietduced form)
Native PHA granules
Gene involved in nitrogen metabolism
Gene involved in nitrogen metabolism
Open reading frame
Overlapping promoteAgotobacter vinelandii
Overlapping promoteAgotobacter vinelandii
Polyhydroxyalkanoates
PHA synthase, or PHA synthase unit
The second PHA synthase (class IIl) subunit
Regulatory protein of PHA synthetic pathway
Phasin protein
The second PHA synthase (class IV) subunit
Regulatory protein of PHA synthetic pathway
PHA depolymerase
Polyhydroxybutyrate
Transcriptional regulatoiPeudomonasp. 61-3)
Copolymer of 3-hydroxybutyrate and 3-hydrealerate
Phenylmethylsuplhonylfluoride
Guanosin teraphosphate
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PudA
PUR
RNA
RpoH
RpoN
RpoS
SCL
SDS
SIM
SspD
Ser
Tg

TCA

PUR esteras€g¢mamonas acidovorans
Polyurethane

Ribonucleic acid

Sigma factor of RNA polymerase
Sigma factor of RNA polymerase
Sigma factor of RNA polymerase
Short Chain Length

Sodium dodecyl sulfate

Selected lon Monitoring mode
Spore specific storage protein
Serine

Glass transition temperature

Melting point

Tricarboxylic acid cycle, Krebs cycle
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