ETH Library

Synthesis of functionalized poly(3hydroxyalkanoates)(PHAs) from
organic solvents by Pseudomonas
oleovorans
Doctoral Thesis
Author(s):
Jung, Kuno
Publication date:
1999
Permanent link:
https://doi.org/10.3929/ethz-a-003885781
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

Diss. ETH No. 13495

SYNTHESIS OF FUNCTIONALIZED

POLY(3-HYDROXYALKANOATES)

FROM ORGANIC SOLVENTS BY PSEUDOMONAS OLEOVORANS

A dissertation submitted to the
SWISS FEDERAL INSTITUTE OF THECHNOLOGY ZiiRICH
for the degreeof
Doctor of Natural Science

PRESENTED BY
Kuno Jung
Dipl. Lm.-Ing. ETH
born May 28, 1969
in Lucerne, Switzerland
citizen of Lucerne. LU

accepted on the recommendation of
Prof. Dr. B. Witholt, examiner
Prof. Dr. A. Steinbtichel, co-examiner
PD Dr. T. Egli, co-examiner

Ziirich, 1999

(PHAS)

Acknowledgements
I would
criticism,

like to thank

friendship

development

all of you for

your work,

belief,

and love. You played the most important

help, support,
role during the

of this thesis. It allowed me to enjoy work and life, which for me is

the most important

driving force.

I’m sure we will have a lot more good times

together.
With very special thanks to my family and Bernard Witholt.

c

I

Table of Contents

5

Summary

7

Zusammenfassung

9

Chapter 1:

General Introduction

Chapter 2:

Incorporation of toxic substrates into medium-chain-length
polyhydroxyalkanoates

Chapter 3 :

83

Strategy and control of organic solvent feed for optimal PHA
productivity in cultures of Pseudomoms oleovorans

Chapter 6:

59

Dual-nutrient-limited growth in two-liquid phase
systems

Chapter 5:

37

Two stage continuous process development for the production
of medium-chain-length poly(3-hydroxyalkanoates)

Chapter 4:

11

107

Pilot-scale production and characterization of new bacterial
copolyesters containing 3-hydroxy-oxoalkanoates and acetoxy-

Chapter 7:

3-hydroxyalkanoates

131

Conclusions and Outlook

151

Curriculum Vitae

157

7

SUMMARY

During the past two decades the development of biodegradable plastics obtained from
renewable resources has been a major topic of ongoing research. This work has led to a
number of biopolymers, which have unique and interesting properties, which might be
advantageous in future applications. Of these biopolymers, polyhydroxyalkanoates (PHAs) are
considered to be among the most promising candidates to compete with non-degradable oil
derived plastics. However, after a successful market-entry of a PHA used for the production of
biodegradable shampoo bottles ten years ago, the manufacturing of this polymer has recently
been stopped. It became evident that consumers are not yet willing to pay the price for
environmentally friendly commodity plastics.
Present research focuses on applications where the polymer characteristics rather than
the biodegradability of PHAs are the key features in competing with the petrochemical
contenders. For these applications tailor-made PHAs are required, to meet the very defined
properties demanded for sophisticated applications, such as for example as implantable
materials in medicine. However, only a few PHAs have been made in quantities sufficient for
conclusive material analysis and application studies. This is mainly due to the fact that the
production of these special PHAs in sufficient amounts is difficult.
In this thesis the development and the application of a fermentative process for the
synthesis of gram-amounts of functionalized, tailor-made PHAs is presented. Different
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possibilities to circumvent limiting factors in production were investigated in detail and
beneficial observations were introduced into the processes. First, a method for the cultivation
of the bacterium Pseudomonas oleovorans on the toxic alkene 1-hexene was developed and lhexene based PHA was found in whole cell samples. A continuous two-stage cultivation
system as well as a closed loop controlled fed-batch process, with for these PHAs relatively
high volumetric PHA productivities of about 1 g.l-‘.h-‘, were developed for lab-scale
fermentations. During investigations in chemostat cultures with organic solvents as carbon
sources, dual-nutrient-limited growth was observed and found to be a helpful tool for efficient
PHA production. Finally, two novel and potentially interesting functionalized PHAs
containing oxo- or acetoxy-groups were produced in 24 litres scale processes. Of both
polymers, more than 25 grams could be isolated and purified. The physical properties were
investigated and the chemical structures of the polymers were resolved by NMR analysis.
The results obtained in this work indicate that functionalized PHAs can be produced
efficiently from toxic organic substrates, in sufficient amounts for detailed application studies,
thus allowing a thorough screening of the application potential of exotic PHA.

9

ZUSAMMENFASSUNG

Die

Entwicklung

von biologisch-abbaubaren

Polymeren

(Biokunststoffen)

aus

erneuerbaren Ressourcen war in den letzten Jahrzehnten Ziel intensiver Forschung. Es wurden
eine Anzahl von Materialien gefunden, die einzigartige und teilweise sehr vorteilhafte
Eigenschaften hatten. Dazu gehiiren die Polyhydroxyalkanoate (PHAs), welche als miigliche
zukiinftige Konkurrenten zu den aus Erdijl hergestellten Kunststoffen gelten. Nach einem
erfolgreichen

Markteintritt

vor

zehn

Jahren

als

biologisch-abbaubares

Schampoflaschenmaterial, wurde die kommerzielle Herstellung von PHA allerdings kiirzlich
aufgegeben. Die Verbraucher zeigten sich nicht Willens, die Umweltfreundlichkeit

eines

Gebrauchsartikels in geniigendem Masse zu entgelten.
Die laufende Forschung ziehlt nun auf Anwendungen ab, bei denen bestimmte
Eigenschaften der PHAs ein Vorteil sind und bei denen es weniger petrochemische
Konkurrenzmaterialen

gibt. Fiir solche, zum Beispiel medizinische Anwendungen, sind

massgeschneiderte PHAs, die klar definierte Anforderungen erftillen, unabdingbar. Bis heute
wurden jedoch nur ein paar Wenige dieser Materialien in Mengen produziert, die ernsthafte
Analysen und Studien erlaubten, denn die Herstellung von speziellen PHAs hatte sich als
ausserordentlich schwierig erwiesen.
In dieser Doktorarbeit wird die Entwicklung und die Anwendung eines Bioprozesses ftir
die Synthese von Grammengen von flinktionalisierten,

massgeschneiderten Polymeren
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beschrieben. Verschiedene Miiglichkeiten

zur Umgehung von Schwierigkeiten

in der

Produktion wurden untersucht und wenn vorteilhaft, in den Prozess integriert.
Erst wurde eine Methode zur Kultivierung von Pseudomonas oleovorans Bakterien auf
giftigem Alken (1 -Hexen) entwickelt. Bei der Analyse von ganzen Zellen wurde aus 1-Hexen
gebildetes

PHA

gefunden.

Es

wurde

sowohl

ein

kontinuierliches

Zweistufen-

Kultivationssystem als such ein geregelter “Fedbatchprozess” entwickelt. Beide erzielten im
Laborversuch eine fir diese PHA vergleichsweise hohe volumetrische Produktivitgt von 1 g.ll.11.‘. Bei Untersuchungen in Chemostatkulturen, bei denen organische Liisungsmittel als
Kohlenstoffquellen dienten, wurde doppellimitiertes Wachstum beobachtet, welches sich bei
der Herstellung von PHA als hilfreich erwies. Schliesslich wurden zwei neue und interessante
mit 0x0-

oder Acetoxygruppen funktionalisierte PHAs in einem 24 Liter Bioreaktor

produziert. Von beiden Polymeren wurden iiber 25 Gramm Biokunststoff isoliert und die
physikalischen Eigenschaften bestimmt. Die chemische Struktur der Materialien wurde mittels
aufwendiger NMR-Analytik

aufgekltirt.

Die Ergebnisse dieser Arbeit zeigen, dass von toxischen Substraten stammende
funktionalisierte

PHAs

effizient

und

in

geniigenden

Mengen

ftir

detailierte

Anwendungsstudien hergestellt werden kijnnen. Dies wird eine fundierte Suche nach
Anwendungspotentialen von exotischen PHAs ermijglichen.
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Introduction
The sustainability of society is an important subject of ongoing scientific research, given
the steady growth of the world population accompanied by a continuously increasing demand
for finite fossil resources. Besides developing alternative energy sources to replace fossil gas,
oil and coal, the production of commodity chemicals from renewable resources like sugars,
alcohols and wood would be desirable. After use, chemicals or materials could be degraded to
biomass, which then flows back into natural material cycles. The biological production of
commodity chemicals by use of fermentative processes is an approach now gaining popularity.
An array of products, ranging from polymers, polymer intermediates to fine chemicals and
industrial dyes can now be produced by fermentation from renewable resources. A polymer
which has already been produced on a multi ton scale is BIOPOLTM, a water-insoluble,
thermoplastic

and

biodegradable

polyester,

which

belongs

to

the

class

of

polyhydroxyalkanoates (PHAs) (Madison and Huisman 1999).
PHAs have material properties similar to those of various thermoplastics and
elastomers, such as polyethylene and polypropylene (Lee 1996a), plastics which we all know
from our daily life. Thus, the physical features of PHAs, the biodegradability and the fact that
these bioplastics can be made from renewable resources gives PHA an enormous potential to
outgrow the present serious supremacy of petrochemical plastics. To date however, the use of
PHA in a wide range of applications have been hampered mainly by their high production
costs compared with polymers produced form fossil resources (Gerngross 1999). Based on
cost analysis, PHAs cannot currently compete with the bulk production of synthetic polymers
and will therefore find usage as niche material in medical or pharmaceutical applications
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(Steinbtichel and Fiichtenbusch 1998) or as a source of chiral monomers in the fine chemical
industry (Witholt and Kessler 1999).
For these applications tailor-made PHAs are required that fulfil

clearly defined

properties, required for example in bone implants or in paints. However, only a few PHAs
other than BIOPOLTM have been made in quantities sufficient for analysis of polymer
properties. This is mainly due to the fact that the substrates which are used for the
fermentative PHA production (often the precursors of the unusual monomer units in the
polymer) are toxic to the PHA producing cells, which makes biological synthesis extremely
difficult (Lee 1996b).
The goal of the present work was to investigate potential methods to overcome substrate
toxicity and to integrate these methods into a functional PHA fermentation process. This
process should help close the gap between the enormous amount of scientific knowledge on
the occurrence of PHA in nature and the severe scarcenessof PHAs for application studies.

History of PHA
The first type of PHA described w-asPHB discovered in Bacillus megaterium in 1926 by the
French scientist Lemoigne (1926). Some 15 years ago de Smet et al. (1983) observed
inclusion bodies of a copolyester of 3-hydroxyoctanoate and 3-hydroxyhexanoate when the
Gram negative bacterium Pseudomonas oleovorans was grown on octane. This copolyester
belongs to the class of medium-chain-length PHAs (mcl-PHAs), which contains monomers of
6 to 12 carbon atoms, with generally 3 to 9 of these atoms in the side chain. PHB, containing
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monomers with 4 carbon atoms is a member of the short-chain-length scl-PHAs (Fig. 1). To
date, more than a hundred different constituents of PHAs have been found and described
making the PHAs a highly versatile polymer class (Steinbiichel and Valentin 1995).
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Figure 1: Structural formula of different poly(3-hydroxyalkanoate)s, PHAs

Synthesis of PHA
PHA is accumulated by numerous bacteria but can also be found in eucaryotic
organisms such as yeasts, plants and animals (Reusch 1995). Whereas there is still an ongoing
discussion about a putative function of PHA in higher organisms, in bacteria PHA functions
as a carbon and energy storage material and/or as a sink for redundant reducing power
(Steinbiichel 1991). The synthesis is most effective under conditions of limiting nutrients in
the presence of an excess of carbon source. Depending on the bacterial host, one of four
different biosynthetic pathways have been discovered to produce PHAs. Introductions to each
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of these different

biosynthesis routes are found in the literature (Steinbiichel

and

Fiichtenbusch 1998).
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Figure 2: Mel-PHA biosynthesis pathway of P. oleovorans. Intermediates from the /3oxidation cycle can be converted to (R)-3-hydroxyacyl-CoA by a hydratase, epimerase or
reductase activity. Any or all of these three enzymes and PHA polymerase determine the
substrate specificity. Derived from Madison et al. (1999).

Pseudomonas oleovorans has a very broad substrate range (Huisman et al. 1989),
exhibits a high flexibility in incorporating monomers into PHA (Witholt and Kessler 1999)
and accumulates PHA up to a cellular content of 65 % (Hazenberg and Witholt 1997). These
features make P. oleovorans an excellent candidate for the production of a wide variety of
PHAs. To do so, the strain harbors two PHA polymerases, PhaCl and PhaCz (Huisman et al.

Clzqtev 1
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199 1, Steinbtichel et al. 1992). Both polymerases have the same function, i.e. condense R-3OH-acyl-CoA moieties through an ester bound. The acyl-CoA activated precursors of the
polymerases are derived from either fatty acids, alkanals, alkanols or alkanes, which are
channeled through the P-oxidation cycle via 3-ketoacyl-CoA to R-3-OH-acyl-CoA (Fig. 2).
Once polymerized, PHA accumulates in insoluble aggregates, so-called inclusion bodies
or granules, which are formed in the cytoplasm of the bacteria (Fig. 3). An accepted model of
the general structure of PHA granules was presented by Steinbtichel et al. (1995). A lipid
monolayer with proteins embedded enwraps the PHA polymer. These proteins can be
compiled in four classes: The two PHA polymerases, the PHA depolymerase (responsible for
the degradation of PHA), structural proteins (called phasins) and some proteins of unknown
function.

Figure
3:
Freeze
fracture
micrograph of P. oleovorans. The
convex face of the PHA granule
shows a few particles of about 10
nm (Preusting et al. 1991).
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Uses of PHA
PHAs have been used in the manufacture of bottles, containers and fibers for
biodegradable materials (Holmes 1985). They were tested as water-resistant moisture barriers
for food packaging replacing polyethylene or aluminum (Hanggi 1995, Amass et al. 1998).
Putative applications of PHAs are the use as osteosynthetic materials, bone plates, surgical
sutures and other surgical materials (Zhang et al. 1995, Saad et al. 1999). PHAs could also be
used for the controlled release of drugs and other chemicals in medicine, pharmacy,
agriculture and food industry (Gursel and Hasirci 1995, Pouton and Al&tar 1996). Another
promising development is the use of mcl-PHA as chiral monomer source (Witholt and Kessler
1999).

Functionalized

PHAs

Functionalized PHAs consisting of monomer units with functional groups in their side
chains (Lenz et al. 1990) have been studied extensively because the introduction of reactive
chemical groups into the polymer opens the possibility for interesting enzymatic and chemical
modifications of PHAs (Steinbiichel and Fiichtenbusch 1998).
Different chemical methods have been applied to modify functionalized PHAs isolated
from bacteria. Electron-beam irradiation caused cross-linking of a mcl-PHA with unsaturated
groups isolated form P. oleovorans yielding a fully biodegradable PHA with rubber-like
properties (de Koning et al. 1994). By 172-chloroperbenzoatetreatment, a lo-undecenoic acid
and octanoic acid derived copolyester was converted into a PHA containing epoxy groups
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(Bear et al. 1997). Recently, pure hydroxyalkanoic acid monomers have been obtained by the
chemical degradation of mcl-PHA (Kellerhals et al. 1999).
About 100 different monomers (Fig. 4) have been shown to be incorporated into mclPHA (Steinbtichel and Valentin 1995, Witholt and Kessler 1999). Beside linear (de Smet et al.
1983a) and branched mcl-PHAs (Fritzsche et al. 1990a, Scholz et al. 1994b), PHAs containing
unsaturated sided chains (Kim et al. 1995b, Preusting et al. 1990), different halogen groups
(Doi et al. 1990, Hori et al. 1994, Kim et al. 1992) and alkylesters (Scholz et al. 1994a). have
been described. PHAs with different aromatic side-chains (Curley et al. 1996, Fritzsche et al.
1990b, Gross et al. 1996, Kim et al. 1995a) were also found in P. oleovorans. Despite this
considerable amount of information about the occurrence of functionalized PHAs, studies of
the chemical modification of these polymers are still rare.

3
0

,:-

0

3-(R)-hydmy
oclanoate

Figure 4: Examples of constituents of mcl-PHAs accumulated in P. oleovorans. Adapted
from Durner (1998).
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of PHA

PHA can be produced by different methods. One possibility is the in vitro biosynthesis
of PHAs from synthetic 3-hydroxyacyl-CoA precursors and the use of soluble (Gerngross et
al. 1994) or granule bound polymerase (Kraak et al. 1997) for PHB and mcl-PHA formation,
respectively. The synthesis of 3-hydroxyacyl-CoA precursors and purification of the enzyme,
however, is a complex process (Kraak 1998) and the in vitro biosynthesis of PHAs is likely
therefore to be reserved for special applications (Steinbtichel and Ftichtenbusch 1998).
Presently, the method of choice is the fermentative production of PHA using bacteria.
The cells are cultivated in large bioreactors under conditions which lead them to accumulate
PHA up to a level of 80 % of cell dry weight. In such a process, BIOPOLTM has been produced
in a multi ton scale from the comparatively inexpensive carbon source glucose and propionic
acid, using a mutant of Ralstonia eutropha (Byrom 1990). In a first phase, bacteria are
cultured in a minimal medium with glucose and low amounts of phosphate, supporting cell
growth with limited PHA accumulation. In a second phase, when a certain biomass
concentration is reached and all phosphorus is consumed by the cells, the synthesis of the
copolymer consisting of 80 % (3-hydroxybutyrate) and 20 % (3-hydroxyvalerate) starts at high
rates. Efficient PHA production is possible, because the toxic substrate propionic acid is
continuously added to the culture at low concentrations, in a so-called fed-batch process. One
production cycle typically takes two days, after which the culture broth is harvested and the
PHA is recovered and purified from the cells.
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Despite this sophisticated process, the production costs for PHA are still far too high to
compete with petrochemical plastics. The development of more economic PHA synthesis
systems is therefore a major topic of ongoing research activities. A promising option is the
production of PHA in transgenic plants. This will allow minimizing the carbon and energy
source costs, which are the major cost factors in fermentation processes (Hepner 1996). By
introducing the PHB synthesis genes of R. eutropha in plant cells Poirier et al. were able to
produce low levels of PHB in Arabidopsis thaliana (1992). Since then, many improvements
have been reported opening the perspective that plastics might once be grown on agricultural
fields.
For a better understanding of PHA biosynthesis, whether in bacteria or in plants, the
well-defined conditions achieved in laboratory cultures are important. There, the cells are
either cultured on agar plates, in shake flasks or small bioreactors and their physiological
behavior is investigated. In batch experiments, the cells divide and accumulate until one
nutrient is depleted from the media. This experimental set-up is very convenient for growth
studies and for screening of potential PHA accumulation (Lee 1996b). In addition to batch
studies continuous cultivations can be performed, where the culture is constantly diluted by
fresh media. Chemostat cultures are the most used and best-controlled type of continuous
culture: medium in- and outflow, culture volume and nutrient concentrations are constant over
time. This provides a time independent well-defined

experimental system for the

determination of optimal growth conditions for PHA accumulation (Ramsay et al. 1991,
Preusting et al. 1993, Hazenberg and Witholt 1997).
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Independently of the cultivation method used, bacterial growth can be disturbed or
limited by many factors. Thus, it is necessary to develop culture systems, where these factors
can be controlled or even eliminated. The following paragraphs give a short overview of the
problems related to the cultivation of cells for PHA production and introduce possible
solutions.

Toxicity

of organic solvents

Many of the substrates used for the production of functionalized PHAs in P. oleovorans
are organic solvents. It is well known that organic solvents are toxic to microorganisms and
the use of them as substrates is therefore often difficult. Accordingly, it is useful to understand
the effects of organic solvents on organisms.
The degree of solvent inhibition can vary widely, from almost no effects for very
hydrophobic solvents, such as long chain alkanes, to complete inhibition or cell death for
more hydrophilic compounds, such as benzene. The octanol-water partitioning coefficient (log
P) has been shown to allow an accurate correlation between solvent toxicity and the inhibitory
effects of organic solvents on microorganisms (Laane et al. 1987). Generally, full inhibition of
biological activity is observed when solvents with a log P below 2 are present at saturating
amounts in a cell culture, while values above 4 to 5 have reduced inhibitory effects (Inoue and
Horikoshi 1991, Vermue et al. 1993). In general Gram positive bacteria, which remain active
at log P values above 4.5, are more sensitive to solvents than Gram negatives like
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Pseudomonads, where growth is observed in the presence of solvents with log P values around
3 (Schmid 1997).
Cells can respond to the exposure to solvents by decreasing their membrane fluidity and
by increasing membrane hydrophobicity (Weber and de Bont 1996). This is achieved by
incorporating longer Cl8 fatty acids into the cell membrane (Chen et al. 1995a), by modulation
of the ratio between saturated and unsaturated fatty acids, by changes in the phospholipid
composition (Sikkema et al. 1995) and by the conversion of c&unsaturated to their transunsaturated fatty acids (Chen et al. 1995b, Pedrotta and Witholt 1999). Due to ongoing
adjustments of the cellular envelope, microorganisms are able to preserve activity in the
presence of organic solvents and are therefore also able to produce PHAs from toxic organic
solvents.

Two-liquid

phase bioprocesses

The use of an organic solvent in an aqueous cultivation system results in a two-liquid
phase bioprocess consisting of an organic and an aqueous phase. During the past decade a
considerable number of bioprocesses have been developed where enzymes are incubated in
mixtures of organic solvents and aqueous media. Such systems are mainly used for
bioconversions with lipases, hydrolases or oxidoreductases. Enzyme systems have the
advantage that control of the process and the enzyme activity is relatively simple and also
down stream processing is often not very complicated. For more complex reactions, where
more enzymes are involved or where cofactor regeneration is important, as it is the case for
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the formation of PHA, the use of whole cell systems instead of enzyme systems is preferable
(Faber 1997).
The first two-liquid phase bioprocess for PHA production used octane as organic
solvent and P. oleovorans as whole cell biocatalyst (de Smet et al. 1983a). Since then, a whole
series of aliphatic hydrocarbons have been used for PHA production and the two-liquid phase
process was found to be a valuable tool for the production of mcl-PHA using P. oleovorans
(Hazenberg and Witholt 1997, Preusting et al. 1993).
In the two-liquid phase process, the organic solvent is typically dispersed as small
droplets in a continuous aqueous phase, which contains the water soluble media components
and the bacteria. From the droplets, the solvent migrates to the cell surface, either by diffusion
through the aqueous phase or by direct interaction of the cells with the droplets (Schmid
1997). P. oleovorans can then oxidize the solvent (from C6 to (212) with the alkane
hydroxylase system, which is located in the cytoplasmatic membrane (Fig. 5). The principal
catalyst of the system is a non-heme iron monooxygenase, which can stereo- and
regioselectively oxidize alkyl side chains or epoxidize olefins and some other hydrocarbons
(van Beilen 1994). The system is encoded by the catabolic OCT-plasmid, and is induced in P.
oleovorans in the presence of the organic solvent (Chakrabarty et al. 1973). After primary
oxidation, the compounds are converted further and enter the P-oxidation cycle as fatty acids
form where they are either incorporated into PHA (see: synthesis of PHA) or are used as
carbon and energy source for cell growth.
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AlkB

AlkL

AlkH

PHA

Figure 5: Biosynthesis of mcl-PHA from alkanes. The conversion of alkanes to alkanoic acids
and the incorporation via the P-oxidation cycle into PHA is shown. The alkane hydroxylase
system consists of three components: a membrane-bound monooxygenase, rubredoxin and
rubredoxin reductase. AlkS is the regulatory protein of the alkane hydroxylase system.

Solvent toxicity can be reduced in two-liquid phase systems, due to the low solubility of
organic solvents in water, which results in a constantly low concentration of the toxic
compound in the direct environment of the cells. If the toxic effect of a solvent substrate is too
strong to let the cells grow, the partition of the solvent and therefore the toxicity can be easily
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reduced further by diluting the substrate in a high log P carrier solvent (e.g. hexadecane)
added to the cultivation.
The use of carrier solvents has already been applied in whole cell bioconversions of
aromatic compounds (Wubbolts et al. 1996), hydrocarbons (de Smet et al. 1983b) and
unsaturated alcohols (Oda et al. 1996). Although these substrates were known to be toxic, the
cells could convert them successfully to the desired products. These observations make the
use of carrier solvents interesting for the production of functionalized PHAs, since the carriers
should reduce the toxicity of the substrates in a similar way.

Dual-nutrient

limited growth

Scarcity of nutrients is a typical situation in nature. Facing nutrient scarceness,
microorganisms will not grow further than permitted by the nutrient that is found at lowest
levels. It is known that under these nutrient limited conditions some bacteria undergo physical
changes to either better cope with the sub-optimal conditions they are facing or to prepare for
future shifts in conditions. For example, it has been found, that P. oleovorans accumulates
PHA at highest rates when a nutrient other than carbon limits cell growth with carbon present
in excess (Lageveen et al. 1988). The organism uses the overflow of carbon to build up a
carbon reservoir in the form of PHA granules. Other typical examples are the production of
citrate in iron-, manganese- or zinc- limited media or increasing the productivity of antibiotics
in phosphate limited fermentations (Calam 1986).
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Figure 6: Growth of P. oleovorans at a dilution rate of 0.2 h‘] in a chemostat culture with
octanoate at different carbon to nitrogen ratios in the feed medium. a) Culture parameters; b,c)
elemental cell composition; d) yield coefficients for carbon and nitrogen; e) PHA content and
composition. The shade indicates the dual-nutrient limited growth zone (Durner 1998).
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Interestingly, some twenty years ago, first indications were reported that more than one
nutrient can limit cell growth at the same time (Bader 1978, Cooney and Wang 1976). It was
only in the past decade that clear experimental evidence proved the occurrence of dualnutrient-limited growth in continuous cultures of bacteria (Bonting et al. 1992, Duchars and
Attwood 1989, Grgtzer-Lampart et al. 1986) and yeast (Egli and Quayle 1986, Minkevich et
al. 1988). The cells were typically grown in chemostat cultures at a constant dilution rate and
the relative concentrations of the respective nutrients in the growth medium were adjusted
such that only one of them or both were completely used up by the bacteria. Thus, either one
or both of the nutrients limited cellular growth in the bioreactor.
Grgtzer-Lampart et al. (1986) investigated the physiology of Hyphomycrobium ZV620
in chemostat experiments and showed that the ammonium assimilating enzymes glutamate
dehydrogenase, glutamine synthase and glutamate synthase changed specific activity when
both ammonium and methanol were limiting

simultaneously. Similarly, Methylophylus

methylotrophus simultaneously expressed amidase and methanol dehydrogenase when grown
under nitrogen and carbon-limited conditions whereas single nutrient limitation repressed the
production of one or the other of the two enzymes (Wynborn et al. 1993). Choi et al. (Choi et
al. 1996) produced L-ornithine by an arginine auxothrophic mutant of Brevibacterium
Icetoglutamicum in a chemostat and showed a positive effect on gene stability of a second
limitation by phosphorus.
The dual-nutrient-limited

growth concept (Egli 1991) was also considered to be of

distinct interest for the production of functionalized PHAs. Dual-nutrient limitation in P.
oleovorans cultures for the production of mcl-PHA (Fig. 6) was shown to simultaneously
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maintain the concentration of octanoic acid and ammonium at very low levels (Durner 1998).
For optimal productivity of mcl-PHA in this system a carbon to nitrogen ratio in the feed
medium of 12.4 gg-’ with a dilution rate of 0.21 h-’ was postulated (Zinn 1998).
Since a number of interesting substrates for mcl-PHA production were presumed to be
toxic organic solvents (see: Toxicity of organic solvents), dual-nutrient limitation might be a
powerful tool to keep the organic solvent concentrations at levels below toxicity. However,
nothing is known about the use of organic solvents in dual-nutrient-limited bioprocesses. The
application of dual-nutrient limitation may help to explore new possibilities in the production
of functionalized mcl-PHAs and may extend the knowledge on the occurrence of dual-nutrient
limited growth in bacterial cultures.
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Aim and scope of the thesis
Aims:
The availability of isolated functionalized mcl-PHA determines whether the potential of
the material can be investigated for future applications. It was the aim of the present work to
develop and to apply a cultivation system for the production of functionalized mcl-PHAs, in
which the polymers can be produced in amounts sufficient for isolation, characterization and
application studies. This was done at different scales in batch, fed-batch and continuous
culture with the goal of obtaining a system compatible for different substrates, organisms,
production scales and process duration. Interesting PHA substrates are first tested in simple
shake flask cultures, then produced and characterized at lab scale and finally made at multigram scales in larger fermenters, not requiring fundamental changes in the procedure.
Scope:
After a general introduction in Chapter One, a method was developed in Chapter Two
for the cultivation of P. oleovorans on the toxic organic alkene I-hexene as sole carbon source
in two-liquid-phase cultures using the organic carrier solvent hexadecane. Growth of P.
oleovorans on 1-hexene and the production of l-hexene based mcl-PHA were found to be
possible using these fermentation approaches.
Chapter Three describes the development of a continuous cultivation system for the
efficient production of mcl-PHA. The experimental set-up consisted of two rather than one
compartment and this allowed achieving increased volumetric productivities.

Investigations on dual-nutrient-limited growth using organic solvents as sole carbon
sources in chemostat are presented in Chapter Four. The occurrence of dual-nutrient-limited
growth in bi-phasic systems (water & solvent) and the efficiency of PHA formation were the
subject of these studies.
Based on the findings in chapter four, a fed-batch system operated under dual-nutrientlimited growth conditions was developed and is presented in Chapter Five. To mimic dualnutrient limitation, the substrate feeding followed a feeding profile and was closed-loop
controlled using on-line substrate measurement.
Chapter Six describes the 24 liters scale production of two potentially interesting
functionalized mcl-PHAs containing oxo- and acetoxy-groups. Both polymers were produced
and isolated in multi-gram amounts. The chemical structures of the functionalized monomers
could completely be resolved by NMR analysis.
The main results are discussed in Chapter Seven, which also gives insights into the
prospects of functionalized PHA production,
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Summary
Many of the aliphatic compounds which are potentially interesting candidates for the
production of novel medium-chain-length polyhydroxyalkanoates (mcl-PHAs) by alkane
oxidizing organisms such as Pseudomonas oleovorans GPol (ATCC29347) are toxic to the
cells. This toxicity makes it difficult to supply or feed such compounds to mcl-PHA producing
organisms. As a result, it is not possible to produce the corresponding PHAs in amounts
allowing isolation, physical characterization and application studies. We have therefore
developed a carrier solvent based two-liquid phase system, which permits supplying toxic
substrates in sufficient amounts and significantly lowers toxicity. Toxic substrates were
dissolved in the carrier solvent hexadecane in a cultivati:on system consisting of two liquid
phases: an organic phase containing and buffering the toxic substrate and an aqueous phase
harbouring the PHA accumulating organism. This system was used to feed the toxic aliphatic
compounds 1-hexene, n-octylacetate and 2-octanone to P. oleovorans. The cultures could be
grown in multi-liter fermenters and gram amounts of several novel mcl-PHAs were produced
and isolated.

Introduction
PHAs are optically active biopolyesters that serve as storage material in bacteria. Thus far
over 100 different hydroxyalkanoic acids have been characterized as constituents of PHA
representing a wide range of different functional groups such as double bonds, methyl,
hydroxyl and carboxyl groups (Steinbiichel and Valentin 1995). The fluorescent alkane
utilizing Pseudonzonas strain P. oleovorans accumulates medium-chain-length PHAs (mclPHAs)(de Smet et al. 1983, Lageveen et al. 1988) which are often derived from saturated,
unsaturated and substituted alkanes, alkanols and alkanoic acids.
Many of these solvent substrates have low log P values (logarithm of the octanol-water
partitioning coefficient) and are therefore toxic to the cells, making bacterial growth and mclPHA formation difficult (Chen et al. 1995; Inoue and Horikoshi 1991). This is the main
reason for the failure to produce PHAs from these compounds in amounts sufficient for
physical characterization and application studies. We therefore considered the development of
a method allowing the production of PHAs from toxic substrates.
Different techniques to reduce the substrate toxicity and therefore to increase product
yields have recently been described (Schmid 1997). One approach used to produce mcl-PHA
from a toxic substrate is to co-feed the toxic substrate together with a less harmful carbon
compound (Kim et al. 1995). However, since compounds with lower toxicities in many cases
are also PHA substrates, the polymer composition tends to be dominated by the less toxic
substrate, while the desired but toxic substrate is only poorly integrated into PHA. An
alternative to reduce substrate toxicity is to dissolve these in a non-metabolizable high log P
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carrier solvent, added as a second liquid phase (Schmid et al. 1998). This approach has been
shown to be useful for the production of chiral building blocks from toxic precursors in
bacterial cultures (Wubbolts et al. 1994).
In this report we describe the development of this approach, and we demonstrate its
merits by producing novel PHAs from several toxic aliphatic compounds, including 1-hexene,
n-octylacetate and 2-octanone.
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and methods

Strain and preculture
P. oleovorans GPol (ATCC 29347) was used in all experiments. To adapt P.
oleovorans to the presence of organic solvents, the cells were precultured in 500 ml
Erlenmeyer shaking flasks containing 100 ml of E2 medium supplemented with 2% (vv-l) y1octane as described by Lageveen (Lageveen et al. 1988).

Shake flask experiments
500 ml Erlenmeyer shaking flasks containing 100 ml E2 medium and either 2 ml of lhexene or 100 ml of 2 % (w-l) 1-hexene dissolved in hexadecane as sole carbon source were
incubated for 96 hours at 30 “C in a rotary shaker at 200 rpm. l-hexene (Fluka, Switzerland)
was used in two different purities of 96 and 99.8 % respectively. The shake flasks were
inoculated with 5 ml of exponentially growing octane adapted cells.

Adaptation of P. oleovorans to 1-hexene
P. oleovorans was adapted to l-hexene by long-term growth of the parent strain in a
continuous two-liquid phase culture containing 1-hexene in a hexadecane phase. A custom
made magnetically stirred chemostat with a working volume of 110 ml (Duetz et al. 1991)
was inoculated with 5 ml of a preculture of P. oleovorans GPol. The culture was supplied
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with 10 fold diluted E2 medium (pH 7) at an initial dilution rate of 0.05 h“. The dilution rate
was increased monthly by steps of 0.01 h -’ up to a final dilution rate of 0.07 h-l.

The filter

sterilized apolar phase containing the organic carbon source was fed separately to the culture
using a syringe pump 22 (Harvard Apparatus Inc., USA). The 1-hexene concentration in the
hexadecane phase was increased step-wise from 2 to 10 % (w-l) during cultivation and the
purity of the applied 1-hexene was decreased from 99.8 to 98.5 % by diluting the 99.8 % pure
solvent in 96 % pure 1-hexene. The bioreactor was aerated with 10 ml filter sterilized air per
minute. Culture broth samples were withdrawn and appropriate dilutions were plated on E2
and LB agar after 1 and 3 months.

Lab scale fermentations
A 3 1 bioreactor was used in all experiments (Wubbolts et al. 1996). The working
volume was typically 1 1 aqueous batch medium containing 4.18 mM (N&)$04,

3.7 mM

KHzP04, 0.5 mM MgS04, 0.5 mll-* MT microelement stock solution (Lageveen et al. 1988)
and 160 mll-’ hexadecane with 2 % (w-l)

of 99.8 % pure 1-hexene. The reactor was

inoculated using 50 ml preculture. The dissolved oxygen tension (DOT) was monitored using
an in situ amperometric polarographic Ingold oxygen sensor (Mettler Toledo, Switzerland)
with a “S“ type membrane (Silicon). In order to minimize solvent stripping during long-term
cultivation the DOT was PI closed loop controlled at 30 % of air saturation.
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Pilot scale fermentations
A 40 1 bioreactor (MBR Bioreactor, Switzerland) with 24 1 3 fold concentrated batch
medium containing 500 ml n-octane and 0.5 % (w-l) PPG2000 antifoam was inoculated with
1.5 1octane grown preculture. For polyester formation 1 1of hexadecane containing 20 % (we
‘) 2-octanone or n-octylacetate was added to the culture when nitrogen limitation was reached.
Th pH was regulated automatically using 30 % (w/w) NaOH and H2SO4 solutions. Aeration
and agitation were 25 1 air per minute and 700 rpm, respectively. The polymer was Soxhlet
extracted from harvested and lyophilized cells using hot CH2Cl2 and purified twice by
precipitation in ice cold methanol.

Analytical procedures
The apolar phase of the culture broth was removed as described (Hazenberg and Witholt
1997). The biomass concentration in solvent free aqueous culture broth was determined
gravimetrically using Costar 0.2 pm membrane filters (Costar, USA). The cell density was
measured spectrophotometrically. For whole cell mcl-PHA content determinations, about 60
mg lyophilized biomass was analyzed as described (Lageveen et al. 1988). For nitrogen
concentration determinations 2 ml of solvent free aqueous culture broth was centrifuged at
22000 g for 15 min (centrifuge 5403, Eppendorf, Germany). The supernatant was assayed
using a Dr. Lange photometer and LCK 304 kits (Dr. Lange, Germany). To determine the
concentration of 1-hexene in hexadecane, the solvent layer was first centrifuged at 22000 g for
15 min to remove resihual biomass and biosurfactants. 100 ~1 of hexadecane containing 0.02
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% (vv-‘) nonene as internal standard was mixed w-ith an equal volume of sample. Analysis was
done on a GC (Fisons Instruments, England) equipped with a CP-Sil 5CB column
(Chrompack, the Netherlands) and a FID detector.

GC-MS characterization

of 1-hexene derived polymer

The hydroxyalkanoate methyl esters obtained from the whole cell mcl-PHA content
determination procedure were trimethylsilyl

(TMSi)

derivatized by adding 15 ~1 of

bis(trimethylsilyl)acetamide to 300 ~1 of methanolized sample and incubated at 80 “C for 15
min. The derivatized methyl ester monomers were separated by gas chromatography as
described above. The mass spectrum analysis was done using a Fisons MD 800 mass
spectrometer (MS). Monomer structures were compared to standard mass spectra and
identified by fragmentation pattern analysis (Lee and Choi 1995).

Calculations
Log P values were calculated as described previously (Rekker and de Kort 1979)(Laane
et al. 1987).
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Results
Growth of P. oleovorans on toxic substrates
In general, it is not difficult to grow P. oleovorans and to produce mcl-PHAs using
alkenes such as octene and decene (Lageveen 1988). However, this was not the case when the
alkene I-hexene was used which we found to be highly toxic to the cells.
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FIG 1: Growth of P. oleovorans on 1-hexene as sole source of carbon and energy. Closed
triangles: E2 medium with 2 % (vv-*) 96 % pure 1-hexene dissolved in hexadecane. Open
circles: E2 medium with 2 % (vv-‘) of 99.8 % pure 1-hexene as sole apolar phase. Closed
circles: E2 medium with 2 % (w-l) of 99.8 % pure 1-hexene dissolved in hexadecane.
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We first attempted to cultivate P. oleovorans in shake flask cultures using I-hexene (96
% pure) as sole source of carbon and energy, in the hope of accumulating PHA with a high 3hydroxyhexenoate content. However, no cell growth could be observed (Fig. 1). It was
expected that this was either due to the postulated toxicity of 1-hexene itself or to the toxicity
of the 4 % of unknown compounds in the 96 % pure solvent which might have been even
more toxic to the cells than 1-hexene. To reduce the amount of unknown compounds in the
solvent substrate we performed experiments using high purity I-hexene (99.8 %). Although P.
oleovorans used I-hexene as growth substrate, the observed growth rate was only 0.025 h“
(Fig. 1).

TABLE 1: Cellular PHA content and molar monomer composition of mcl-PHA produced by
P. oleovorans on 1-hexene.
Growth Density PHA

3OH-hexanoate 3OH-hexenoate 30H-octanoate

3OH-decanoate
0/oc

WI

[g.l-‘I”

[%lb

%”

%”

%”

53

1.5

0.24

<l

9

2

87

71

1.5

0.70

27

18

15

39

95

1.5

0.68

26

16

14
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aCell dry weight concentration
bPHA content relative to cell mass [% (w/w)]
’ %, molar composition (mol %)

Reduction of substrate toxicity with an inert carrier solvent
To further reduce substrate toxicity we dissolved I-hexene in an apolar carrier solvent.
We have recently demonstrated that a carrier solvent with a high log P, which is not
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FIG 2: Long-term chemostat enrichment culture of P. oleovorans grown on I-hexene as sole
carbon source in a two-liquid phase cultivation, A) The 1-hexene concentration in the organic
solvent phase and the dilution rate were increased step-wise to select for cells with enhanced
growth properties. B) The purity of the added I-hexene was lowered from 99.8 to 98.5 % to
adapt cells to solvent impurities. C) During long-term cultivation the average specific growth
rate (filled bars) of P. oleovor-ans increased from 0.07 to 0.08 h-’ whereas the amount of
accumulated mcl-PHA (open bars) remained unchanged.
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metabolized by the bacteria, can be used to dissolve apolar substrates and reduce their
toxicity to the cells (Schmid 1997). When the 99.8 % pure I-hexene was dissolved in the
carrier solvent hexadecane, the specific growth rate of P. oleovorans increased to 0.06 h-’
(Fig. 1). In this experiment, which was performed with all nutrients present in sufficient
amounts to allow unlimited growth, a maximal cell density of 1.5 gl“ was found, which
remained nearly constant for at least 50 hours after reaching the stationary phase. No PHA
accumulation was observed.

Adaptation of P. oleovornns to 1-hexene
It has been shown that bacteria can adapt to toxic conditions (Weber and de Bont 1996)
and we therefore grew P. oleovorans on 1-hexene in a long-term chemostat with nitrogen as
the limiting nutrient (Fi g. 2). Under these nitrogen starvation conditions the culture started to
accumulate small amounts of PHA. A step-wise increase of both the dilution rate and the lhexene concentration in the organic phase allowed selecting of P. oleovorans variants with
increased solvent tolerance. Furthermore, decreasing the solvent purity by mixing 1-hexene of
different qualities led to P. oleovor-ans variants that were less sensitive to substrate impurities.
After three months of continuous cultivation several P. oleovorans colonies were isolated and
tested for growth in shake flask cultures. The isolates grew somewhat faster than the original
strains, with a p = 0.08 h-’ on the average, indicating that P. oleovorans can be adapted to
toxic alkenes and the growth rate can be increased. However, the PHA content of the selected
cells of 0.65 % did not represent an increase compared to the control.
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FIG 3: Batch growth and mcl-PHA accumulation of P. oleovorans on I-hexene as sole carbon
source in a two-liquid phase medium consisting of 0.5 N E2 medium and 1-hexene dissolved
in hexadecane.

Production of mcl-PHA from 1-hexene
To have sufficient amounts of material for reliable analysis of the monomer composition
of one 1-hexene based mcl-PHA, we increased the cultivation scale from the 500 ml shake
flask cultures to a 3 1 fermenter scale to produce increased amounts of biomass and therefore
increased amounts of polymer. Figure 3 shows the time course of a bioreactor batch
cultivation of P. oleovorans growing on 1-hexene as sole carbon source. The cells grew
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exponentially for the first 32 hours, at an average specific growth rate of 0.07 h-l, reached a
final cell density of 0.8 gl-’ and a concentration of 0.68 % PHA of cell dry weight. Longer
incubation under nitrogen limited conditions (0.2 mgl’ nitrogen) did not influence the PHA
content further. To increase the total PHA content we therefore used more highly concentrated
media. However, the above reported cell density of 0.8 gl-’ could not be exceeded
significantly, indicating that the cells were inhibited in growth when about 1 gl’ biomass was
reached.
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FIG 4: Mass spectrum of the TMSI derivative of 3-hydroxyhexenoate methyl ester. The arrow
indicates the fragmentation pattern of the monomer. The 175 m/e fragment is typical for TMSi
derivatized 3-hydroxyalkanoates.
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TABLE 2: Growth and mcl-PHA formation by P. oleovorans when aliphatic solvents were
used as substrates.

Substrate

Carrier solvent

Cell dry weight

PHAa

Isolated mcl-PHA

W’l

WI

kl

0.7

-

26.5

26.2

19.1

45

1-hexene

water
0.25
hexadecane
1.5
b
2-octanone
water
hexadecane
9.5
b
n-octylacetate
water
hexadecane
11
aPHA content relative to cell mass (%(w/w ))
bPeriod of observation: 48 hours

Whole cell preparations from l-hexene grown cultures were tested for the presence of
PHA. The TMSi derivative of the 3-hydroxyhexenoate methyl ester was identified by GC-MS
analysis of methanolysed cell material. The mass spectrum of 3-hydroxyhexenoate methyl
ester obtained after cultivation for 70 hours is depicted in figure 4. The characteristic mass
peaks for 3-hydroxyhexenoate were formed at m/es of 201 [M- 151, 185 [M-3 l] and 143 [M731. In addition to the m/es of 3-hydroxyhexenoate, we also identified m/es of 3hydroxyhexanoate, 3-hydroxyoctanoate and 3hydroxydecanoate as part of the cellular PHA.
Thus, the PHA produced by these cells had a monomer composition which closely reflected
the substrate I-hexene (Table 1).

Chapter 2

52

Production of mcl-PHAs from n-octylacetate and 2-octanone
To test the efficiency of carrier solvents in generally reducing substrate toxicity, we
grew P. oleovorans cultures on the toxic substrates n-octylacetate and 2-octanone, both of
which are interesting candidates for the production of novel PHAs. Table 2 shows that it is not
possible to incorporate these substrates into mcl-PHA when the cells are grown in aqueous
media because these compounds are toxic to the bacteria. The method of dissolving the
compounds in hexadecane allowed P. oleovorans to grow and accumulate PHAs. Table 2
summarizes the results of the performed fermentations and shows that it was possible to
produce, isolate and purify gram amounts of PHAs from the toxic substrates 2-octanone and
n-octylacetate.
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Discussion
Although the reasons why chemical compounds can be toxic to microorganisms are
numerous (Barreiro and Pratt 1992), the toxic effects of organic solvents on bacteria have
been found to be closely related to the polarity of these solvents (de Bont 1998), which can be
expressed in log P units. In general, cell viability increases when the log P of a solvent
mixture is increased. Below a certain minimum log P, growth inhibition or cell death are
observed. Log P values at which cells are still able to grow were found to be characteristic for
different organisms (Laane et al. 1987). Pseudomonads in general, and P. oleovorans in
particular, are among the most solvent resistant bacterial strains, growing in the presence of
solvents with log P values lower than 3 (Schmid 1997). Our experiments showed that Ihexene, with a calculated log P value of 3.2, still allowed some growth of P. oleovorans and
could be used as a growth substrate (Fig. 1). Cell mass production was minimal, however.
An effective way to circumvent the negative effects of toxic solvents is to dissolve them
in a carrier solvent. Usually, this is an organic solvent, which can not be metabolized by the
organism and has a log P value significantly higher than that of the toxic substrate (Schmid et
al. 1998). Thus, the overall log P of the solvent phase is increased which lowers the substrate
toxicity. In the present system, the use of the carrier solvent hexadecane enabled growth of P.
oleovorans and PHA production on substrates for which essentially no growth was seen in the
absence of hexadecane (Table 2).
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Production of mcl-PHA form 1-hexene
When a substrate is not toxic to the cells and a culture develops normally, it is still
possible that the bacteria in the culture produce toxic compounds, which accumulate in the
medium and can limit growth of the organism as the concentration reaches a toxic level. This
was obviously the case when P. oleovo~ans grew on l-hexene. Here, although all nutrients
were present in sufficient amounts during the entire cultivation, cells reproducibly stopped
growing when a cell density of about 1.5 gl-’ was reached. De Smet (de Smet et al. 1981)
reported similar observations when growing P. oleovo~~ns on I-octene for the production of
epoxyoctane; in her experiments cell growth was limited by the accumulation of the reactive
epoxide. Most likely therefore, in our experiments growth was limited by the accumulation of
epoxyhexane, which was formed by the epoxydation of the double bond of I-hexene by the
alkane hydroxylase (van Beilen et al. 1994) during catabolic hydroxylation. Since de Smet et
al. (de Smet et al. 1981) could not eliminate this limitation we concluded that additional
efforts to increase the PHA yield on 1-hexene to significant amounts were unlikely to be
successful.
Analysis of PHA is either done on isolated material or in whole cells containing PHA.
The advantage of the latter approach is that it produces reliable information (Lageveen et al.
1988) with relatively simple sample preparation. However, traces of cell associated fatty acid
methyl esters are sometimes also detected, and this can generate an artifact when the PHA
content of the cells is low. Using octanoic acid Durner showed that Nydroxydecanoate
methyl ester was found in whole cell samples but was not present in the purified polymer
(Durner 1998). To avoid such artifacts, PHA is usually extracted from the cells by organic
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solvents (de Koning, et al. 1994), allowing precise determination of the monomer
composition. When 1-hexene was used as sole carbon source, however, the total amount of
PHA produced was low (Table I), so that extraction was not feasible.
Enough material for extraction could however be produced when the toxic substrates 2octanone and n-octylacetate were used illustrating the value of the use of carrier solvents in
the production of novel PHAs from toxic substrates (Table 2).
This is an important finding since it demonstrates that PHAs can in principle be
synthesized from many other new and interesting substrates, which are toxic to bacteria. It is
further evident that these PHAs can be made in amounts allowing isolation, physical
characterization and application studies, which is essential for the identification of potentially
interesting PHAs.
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Summary
During growth on alkanes, Pseudomonas oleovorans forms medium chain length
poly(3-hydroxyalkanoates) (PHAs) most effectively at growth rates below the maximum
specific growth rate. Under adequate conditions PHA accumulates to levels higher than 50 %
(w/w) of the cell mass. Since PHA accumulation is a time consuming process, we have
examined the production of PHA in a two-stage continuous cultivation system with two
fermenters connected in series so that cell growth and production can be optimized separately.
Thus, cells are produced at a specific growth rate in a first compartment under conditions,
which produce cells that synthesize PHA at the highest possible rates in a second
compartment. Transient state experiments were performed to determine the optimal dilution
rates D1 and DZ in the first and the second fermenter, respectively, over a wide range of
dilution rates. In such a system dilution rates of 0.2 1 h-l in the first fermenter (DI) and 0.16 h-l
in the second fermenter (Dz) were found to result in highest overall volumetric PHA
productivity. Furthermore, the influence of temperature, pH, nutrient limitation and carbon
source on PHA productivity was investigated. With all of the culture parameters optimized an
overall volumetric PHA productivity of 1.06 g 1’ h-l w-asdetermined. Under these conditions
P. oleo~o~avl~cells contained 63 % PHA (w/w) relative to cell dry weight in the effluent of
the second fermenter. These are the highest PHA productivity and PHA content reported thus
far for P. oleovorans cultures grown on alkanes.
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Introduction
During growth on n-octane or octanoate Pseudomonas oleovor-am forms inclusion
bodies of medium chain length poly(3-hydroxyalkanoates) (mcl-PHAs), which consist of 3hydroxyhexanoate and 3-hydroxyoctanoate (de Smet et al. 1983). Mel-PHA is believed to
have a large potential for a variety of industrial applications since it is a biodegradable
polymer with plastic like properties (Witholt and Kessler 1999). A key requirement for the
production of PHA is the availability of a system with a high volumetric productivity. In
chemostat culture the volumetric productivity is the product of the PHA concentration and the
dilution rate and highest volumetric productivities are reached when both titre and dilution
rate are high. However, the capability of P. oZeovoransto accumulate PHA, the specific mclPHA accumulation rate, is strongly dependent on the specific growth rate of the strain and is
highest when the strain grows at 0.2 h-l, which is less than half of the maximum specific
growth rate (0.48 h-l) of this organism (Preusting et al. 1991).
Given that the requirements of P. oleovorans for optimal biomass and PHA formation
differ, a cultivation process based on of two compartments offers the possibility of optimizing
the cultivation conditions in each compartment such that the volumetric productivity over
both compartments is higher than that achieved in one compartment.
Two stage cultivation systems have been described for the production of PHB.
Pseudomonas cepacia grown on glucose w-ith an excess of nitrogen and then incubated under
nitrogen limited conditions for 70 hours, accumulated PHB up to 56 % of cell dry weight
(Young et al. 1994). Ralstonia eutr-ophus (former Alcali,oenes eutl*ophus) first pregrown on
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fructose and then incubated under oxygen limitation in a carbon source free mineral medium
produced up to 82 % PHB (Tanaka and Ishizaki 1994). However, these were not continuously
operated systems. After batch growth, the biomass was harvested, resuspended and
subsequently incubated for PHB accumulation, which is a time consuming and complex
process. An interesting alternative is to continuously transfer growing cells from a cultivation
vessel to a PHA production vessel so that intermediate harvesting and resuspension of the
cells can be omitted.

In such a continuous two stage cultivation Alcaligenes sy. SH-69

synthesized 38.3% PHA with a polyhydroxyvalerate (PHV) content of 23.5% (Jang and
Rogers 1996).
In this paper we describe the development of a two stage culture system for production
of PHA using P. oleovomns, and the optimization of this culture system with respect to
dilution rate, temperature, pH and nutrient limitation conditions to achieve a continuous
culture system with a high volumetric PHA productivity.
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and methods

Strain and preculture
P. oleovorans (ATCC29347) was used in all experiments. The cells were precultured
overnight at 30 “C in 500 ml Erlenmeyer flasks containing 100 ml of E-medium supplemented
with 0.1 % (vv-‘) MT microelements and 2 % (w-l) /z-octane (Lageveen et al. 1988). The
preculture was used to inoculate 1 1continuous culture medium.

Media
Two differently concentrated feed media and two different carbon sources (citrate and y1octane) were used. The minimal medium components are listed below while detailed
information concerning carbon source use is found in the results section. Medium A, which
was used for all, except the high cell density experiment, contained 8.35 mM (NH&S04

and

7.4 mM KHzPOJ, 1 mM MgS04, 10 PM FeS04 , 0.1 % (v.v-‘) of trace element solution
(Hazenberg, 1997) and 0.1 % (v.v-‘) polypropyleneglycol antifoam. Medium B, used for the
high cell density experiment, contained 83.5 mM (NH&SO4,
MgS04, 40 PM FeS04, 0.1 % (v.v“)

14.6 mM KHzPOb, 4 mM

of trace element solution and 0.1 % (v~v“)

polypropyleneglycol. The magnesium sulfate stock solution (1 M) was autoclaved separately
and added to the medium after sterilization; iron and trace element solutions were made up in
I M HCI and were also added after autoclaving.
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Apparatus and culture conditions
The experimental setup consisted of two 3 1bioreactors connected in series (Wubbolts et
al. 1996), as shown in figure 1. The fermenter was operated at 30 “C and the pH was
automatically controlled at 7.0 using 4 N sodium hydroxide. When medium A was used, the
aeration rate was 1.3 wm in both fermenters, while it was increased to 2.5 wm when medium
B was used. The medium pumps (Watson Marlow, England) were software controlled using
Labtech Notebook 6.1.1 (Keithly, England). During the experiment the dilution rate was
monitored to confirm the experimental set point. The data were monitored using a system 570
interface (Keithly, England) and a 286 PC (Olivetti, Italy).
The dissolved oxygen tension (DOT) was monitored using an in situ Ingold oxygen
sensor (Mettler Toledo, Switzerland). When n-octane was used, 10 % v.v-’ of the solvent was
added to the first fermenter while in the second fermenter n-octane presaturated air was used
to limit solvent stripping and therefore to guarantee excess carbon in both fermenters. Steadystate conditions were monitored for at least one day by measurements of the optical density
(Witholt et al. 1976), the cell dry weight and the DOT.
To determine the optimal dilution rate, pH and temperature conditions for PHA
accumulation, nitrogen limited steady-state grown chemostat culture broth was transferred
into shake flasks, which were subsequently incubated in nitrogen free medium A at 30 “C and
200 rpm and monitored for PHA accumulation under non growing conditions.
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Transient state experiments with varying dilution rates
These experiments were performed in two steps. Initially, the flow rate in the first
fermenter was varied continuously, while it was kept constant in the second fermenter. Then,
in reverse order, the flow rate in the first fermenter was kept constant while it was varied in
the second. The system was designed in such a way (Figure 1) that in both fermenters the
dilution rate could either be set by setting the culture volume or the medium flow. Thus, the
dilution rates in both fermenters could be chosen independently. The slope of the dilution rate
shift was calculated in such a way that a step of 0.05 h-’ lasted 4 mean residence times, For
example, a continuous downshift from 0.5 h-l to 0.45 h-r took 8.9 hours while for a shift from
0.15 h-l to 0.1 h-’ 40 hours were needed. Di was varied from 0.45 h-’ to 0.11 h-’ and D2 from
0.18 h-l to 0.1 h-l. Where necessary, constant dilution rates in the first and second fermenter
were 0.2 h-l and 0.42 h-l, respectively.

Analytical procedures
The cell dry weight was determined gravimetrically. 3 ml of culture broth were filtered
using tared Costar 0.2 urn filters (Costar, USA). The cells were rinsed with an equal volume
of 20 mM MgS04 and the filters were then dried for at least 48 h at 80 “C. Data are averages
of at least 3 measurements. About 2.5 mg cells of ice cooled culture broth was transferred into
a 10 ml Pyrex glass vial. After storing at -20 “C, the samples were frozen at -80 “C for about 1
hour, and freeze dried for at least 24 hours, after which the PHA content was determined as
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described

(Lageveen

et

al.

1988). The

nitrogen

concentration

was

spectrophotometrically with a Dr. Lange photometer (Dr. Lange GmbH, Germany).

determined
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Results and discussion
Optimal conditions for PHA accumulation
Shake flask experiments w-ere performed for the determination of the conditions where
the volumetric mcl-PHA productivity of P. oleovorans was maximal. pH and temperature
were found to be optimal at 30 “C (Figure 2) and pH 7 (data not shown). These values are
equal to the optimal pH and temperature for growth of P. oleovorans.

Table I: Comparison of the amounts of mcl-PHA found in single stage continuous chemostat
cultivation of P. oleovorans grown on n-octane under carbon, oxygen, phosphorus and
nitrogen limitation at different growth rates.

Limiting nutrient

PHA (% w,w-‘)
j.~= 0.2 (h“)

p = 0.4 (h-l)

C

4.5

9.15

02

7.5”’

22.9

P

17

N

17a)
5.l

“)Hazenberg, et al. 1997
b)Durner, 1998

27.0”’
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Figure 2: The rate of mcl-PHA accumulation by P. oleovorans on n-octane in shake flask
culture at different temperatures. The cells were pregrown in a chemostat at p = 0.2 h-l. The
mcl-PHA accumulation rates are based on the average between 2 and 5 hours incubation.

Nutrient limitation and growth rate are known to influence PHA production (Hazenberg
and Witholt

1997). Nitrogen or phosphorus limitations were shown to stimulate PHA

accumulation the best. The present experiments show-ed a growth rate dependent effect of
oxygen limitation (Table I). When P. oleovorans was grown under oxygen limitation at a rate
of 0.2 h-‘, the cells produced only small amounts of PHA indicating a weakly induced PHA
accumulation system. If however the cells were cultured at F= 0.4 h-’ they produced polymer
amounts similar to those found under nitrogen limitation (Huisman et al. 1989).
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Figure 3: Production of mcl-PHA by P. oleovorans grown on 10 % (v v-‘) n-octane at
different dilution rates. Squares show the mcl-PHA content of the cells (%) in continuous
culture at different dilution rates. Circles show the maximum mcl-PHA accumulation rate for
culture samples taken from continuous culture at the dilution rates indicated and subsequently
grown in batch experiments as illustrated in figure 2.

Effect of growth conditions on PHA accumulation
The dilution rate strongly influences the PHA accumulation (Figure 3) and the highest
specific PHA accumulation rate of PHA free biomass in chemostat cultivation was found to
be 0.14 h-’ at D = 0.21 h-l. This number was significantly increased in cells which were
incubated further in shake flask cultures in nitrogen free media. In these shake flasks we found
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a specific productivity of 0.18 h-l during a period of 5 to 6 hours. Compared to the 0.14 he1in
chemostat cultivation, this is a 33 % increase in the specific PHA accumulation rate.
The goal of the above presented experiments was to find optimal pH, temperature and
dilution rate conditions for mcl-PHA production with simplest methods and shake flask
experiments is how we did that. These results were used as the basis for the following two
stage continuous culture experiments where the influence of dilution rate on PHA formation
rate was further optimized.

Two stage continuous culture development
The high specific PHA accumulation rate observed during batch incubation of cells
previously grown continuously was promising but due to the complex procedure involving
continuous and batch-wise incubation, development of a practical process did not seem
feasible. Integration of the batch step into the continuous process by continually transferring
cells from the chemostat into a second fermenter solved this problem. The resulting system
consisted of two serially connected fermenter vessels in which the culture broth was
transferred from the growth vessel to the PHA accumulation vessel (Figure 1).

The volumetric productivity of such a system is dependent on the carbon sources used,
the achieved cell densities and the dilution rates in each fermenter. It was shown that
carbohydrate derived carbon sources w-hich allow P. oleovorans to grow rapidly can often not
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be used as PHA substrates (Lageveen et al. 1988). Alkanes and alkane-derived fatty acids, on
the other hand, can be used for PHA production as well as for cell growth.

Table II: Comparison of PHA productivities by single stage and two stage (one and two
fermenters) chemostat cultivation systems using n-octane and citrate as carbon sources at
different nitrogen concentrations in the feed medium (NO).

Carbon source

Dilution rate

C2.

Cl

PHA content

Cell do weight

DI

D2

D1.2

CDW,

CDWz

%PHA,

%PHA2

(K’)

(I?)

(I?)

(g?)

(g-l-‘)

(ww’)

PIIA productiwty
rPH&l

qPH.4”

(ww’)

(gX’.l-1)

(11-1)

41

-

0.175

0.14

n-Octane

-

0 23

0.2

-

-

2.14

n-octane

-

2.30

0.2

-

-

11.6

-

25

-

0.58

0.07

Citrate

-Octane

0.23

03

0.18

0.11

1.68

1.75

6

37

0.07

0.06

rz-Octane

-Octane

0.23

0.21

0.14

0.08

2.1

36

39

62

0.18

0.13

n-Octane

-Octane

2.30

0.22

0.16

0.09

10.5

18

38.5

63

1.06

0.15

, first stage; z second stage; ,.?over both stages
” volumetric PHA productivity
’ speufic PHA accumulation rate of PHA free biomass

Citrate is known as a good P. oleovorans growth substrate and was therefore fed to the
first fermenter to provide optimal growith conditions. Additionally, small amounts of DCPK
were added to induce the alkane hydroxylase system allowing P. o2eovorans to metabolize
alkanes. This was necessary since the second fermenter was supplied with n-octane, which is
known as the most efficient PHA substrate. Thus, the cells had optimal conditions to grow in
the first fermenter and to accumulate polymer in the second fermenter. However, the observed
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overall volumetric productivity of 0.07 g.l-l.h-’ was lower than the 0.175 g.l-‘.h-’ reported for
single stage chemostat cultures with n-octane (Table II).
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1.5
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1.0

0.1

0.5
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20

40
Time (h)

60

80

Figure 4: Mel-PHA concentrations and dilution rates for a transient state two stage chemostat
during a continuous down shift in the dilution rate in the first fermenter. The circles represent
the dilution rates, triangles represent the mcl-PHA concentration. Filled symbols refer to the
first reactor, open symbols to the second stage reactor.

This limitation was overcome when n-octane was used in both fermenters, as a result of
which the overall volumetric productivity of the two stage system was equal to that of the
single stage culture (Table II). But why was the productivity not increased? Obviously, the
beneficial effect of the added fermenter on the PHA content was cancelled by the lower
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dilution rate resulting from the additional culture volume of the second fermenter. However,
with 62 %, the PHA content of the cells was increased 51 % compared to that seen for the
single stage chemostat.

Process optimization
The improved performance of the two fermenter system was achieved only after pH,
temperature, nutrient limitation

and dilution rate conditions were optimized in both

fermenters. To find the optimal dilution rate in a chemostat the dilution rate can be increased
or decreased step-wise and the volumetric productivity can then be determined for every set of
dilution rates. Data points are taken when steady state conditions are reached, generally with
highly reproducible results. However, this is a time consuming method since steady state
conditions are required for every data point. An alternative is to continuously vary the dilution
rate in one fermenter while maintaining a constant dilution rate in the other fermenter. With
this method we had a useful and time saving tool to find highest volumetric PHA
productivities in the two-stage continuous cultivation process. Figure 4 shows the time course
of the transient state optimization of DI. Highest volumetric productivities were found when
D1 was 0.21; similar to the 0.2 h-l that were reported by Preusting for steady state chemostat
cultures (Preusting et al. 1991).
In a second experiment the optimal D2 was determined to be between 0.14 and 0.16 hei
(Figure 5). The transient state experiments allowed finding best dilution rate combinations in
both fermenters within 10 days. This represents a saving of about 25 days which would have
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additionally been required for optimization using steady state methods (Preusting et al. 1991)
(Table III).

0.10

0.12

0.14

0.16

0.18

Dilution ratestage2 (h-l)

Figure 5: Mel-PHA productivity versus the dilution rate in the second stage of a two stage
chemostat. The dilution rate in the first fermenter was constant at p = 0.21 h-‘.

High cell density two stage chemostat
To use the beneficial effect of the increased PHA content of the cells in the continuous
system the volumetric productivity of the cultivation had to be improved further. This could
either be done by improving the specific PHA accumulation rate, which is directly related to
the cellular product content or by increasing the biomass concentration itself. Improving the
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accumulation rate has the advantage that the resources put into the system are optimally
converted to product. However, with a content of 62 % PHA, a high cellular product level had
already been achieved and opportunities for a further increase of the specific PHA
accumulation rate are limited (Preusting et al. 1993).
Improvements of the productivity by increasing the biomass are limited by the fact that
increases in volumetric PHA productivity are not proportional to increases in biomass. When
P. oleovo~~~s was grown in continuous culture a 10 fold increased biomass concentration
resulted only in a 3.3 fold higher volumetric productivity (Preusting et al. 1991). The elevated
cell density reduced the ability of the cells to accumulate PHA (Table II).

Table III: Comparison of steady state and transient state cultivation technique in single
and two stage continuous cultivations for the optimization of the mcl-PHA production
process.
Cultivation

Number of stages”’

Dilution rate range (h-l)
Stage Id’

Measuring-points

Experiment tune”’

Resolutionh’

Stage 2”

Stage 1

Stage 2

Stage 1

Stage 2

(days)

Steady state

I

0.05-0.46

-

9

-

0.054

-

18

Steady state

2

0.05-0.46

0.08-0.13

9

5

0.054

0.01

25

Transient state

2

0.05-0.46

0.08-0.13

18

5

0.023

0.01

9.5

number of fermenters
b, dilution rate interval (h-l)
C) time required for a complete experiment
d, first fermenter of the two stage cultivation
4 second fermenter of the two stage cultivation
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This problem was reduced substantially in the continuous two fermenter system
described here, since a 10 fold increase of the culture density resulted in a 5.9 fold improved
volumetric productivity.

Under optimal conditions, when D1 and D2 were 0.21 and 0.14 h-l,

respectively, 18 g 1-l cells contained 11.7 g 1-l PHA, resulting in a volumetric PHA
productivity of 1.06 g l‘lh-’ and a PHA content of 63 %. These are the highest numbers
reported thus far for P. oleovorans cultures grown on alkanes.
Fed-batch cultures have been shown to be the most productive cultivation systems for
PHA (Hazenberg and Witholt 1997). Using oleic acid in P. putida fed batch fermentations
resulted in a volumetric productivity of 1.56 g l-‘h-l PHA (Huijberts 1996). To achieve this, 93
g 1-l of cell dry weight were needed which finally contained 44 % of product. Thus, the
cellular PHA content achieved in the continuous system was 43 % higher than that seen in the
fed batch culture, finally resulting in PHA productivities of both systems in the same range of
1 to 1.5 g 1-l h-l.
The saving of carbon source and the high PHA content in the presented continuous
system become even more valuable when considering that for the economical PHA production
low substrate costs and a high PHA content are the most important factors (de Koning et al.
1996, Lee 1996). Additionally, for industrial applications a process with limited maintenance
requirements would be desirable. It was shown that P. oleovorans could be grown in
continuous long term cultivations. A high cell density chemostat of P. oleovorans was
operated for one month with stable productivities (Preusting et al. 1993) and this would most
probably also be applicable for the two stage continuous system presented here. Such a long
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term production system might allow reduced maintenance-operations compared to fed batch
cultures, which have to be started periodically.
In conclusion, we were able to develop a two stage continuous cultivation system which
was optimized in time saving experiments using transient state cultivation techniques. Both
high volumetric productivity and a high PHA content were achieved. Since the volumetric
productivity and the PHA content are the most relevant cost factors in the PHA production
process the two stage continuous cultivation could develop into an interesting option to
produce PHA from alkanes on a large scale.
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Abstract
Pseudomonas oleovorans is capable of synthesizing poly(3-hydroxyalkanoates) (PHAs)
during growth on aliphatic organic solvents, which are generally toxic to bacteria and cause
cell damage as well as release of biosurfactants. Optimization requires finding a compromise
between production of PHA during growth on solvents and damage to the cells by solvents.
The present study shows that toxic effects were strongly reduced when the cells grew under
dual-nutrient (carbon and nitrogen) limited conditions. The solvent concentrations (50 mg.1“)
observed under dual-nutrient limitation were found to be below toxic levels. Compared to
two-liquid phase systems where cells are grown in the presence of excess solvent, biomass
yield was increased by 65 % and the biosurfactant concentration was 34-fold lower. The
simultaneous nitrogen limitation led to maximum PHA synthesis and the cells accumulated 30
% more PHA than found under nitrogen-limited conditions. An additional useful feature was
that carbon lost by evaporation was reduced by 50 %. The nutrient limitations had no effect on
the monomeric composition of the purified PHA. The molecular weight distribution of the
polymer under dual nitrogen and carbon limited conditions was similar to that reported earlier
but an additional low molecular weight peak of 4.400 Da was found under carbon limited
conditions.
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Introduction
Low concentrations of nutrients in culture media can limit microbial growth and product
formation. When growth substrates are toxic at higher concentrations, they often can not be
added to media in sufficient amounts to allow the desired cell growth, and will therefore be
limiting. This has led to the development of culture techniques where toxic substrates are fed
batch wise or continuously to maintain a permissive low concentration and, simultaneously, a
sufficient substrate influx. Alternatively, the toxic substrate can be present in a separate phase,
immiscible with the aqueous phase, which contains the growing cells. Examples are twoliquid phase systems (20). However, difficulties arise when toxic substrates are used in culture
systems where it is desirable to limit the concentration of a nutrient other than the toxic
substance, for instance, because this second limitation is required to induce activity of a
desirable metabolic process.
One such case is that of the medium-chain-length polyhydroxyalkanoates (mcl-PHAs)
which are produced by P. oleovorans when a nutrient such as phosphorus or nitrogen is
limiting and a carbon source for product formation is present in sufficient amounts (11). When
the carbon source is toxic, as is often the case for substrates used in PHA synthesis (15), this
would appear to pose a dilemma, since the carbon source should be limiting to avoid toxicity,
and the N-source should be limiting to induce PHA synthesis. It has recently become clear that
this dilemma is not as serious as we first believed, and in fact microbial growth can be limited
simultaneously by multiple non-homologous nutrients (7, 8). This is unexpected in view of the
generally accepted “ Law of the minimum” of Justus von Liebig (1840), which states that
growth is typically limited by one single substrate, all other nutrients necessarily being present
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in excess. Liebig’s law clearly does not apply to cultures in which carbon rich compounds are
accumulated;

and dual-nutrient-limited

growth

conditions

can be used to

force

microorganisms in such cultures into states not achievable when a single nutrient is limiting.
This was shown for Pseudomonas aemginosa PG201, which produced increased amounts of
rhamnolipids when grown under dual limitation of carbon and nitrogen (9). Similarly,
Methylophylzu

methylotrophus

simultaneously

expressed

amidase

and

methanol

dehydrogenase when grown under nitrogen and carbon-limited conditions whereas single
nutrient limitation repressed the production of one or the other of the two enzymes (25). Based
on these findings, we have recently investigated the production of mcl-PHAs from octanoic
acid under dual-nutrient-limited growth conditions, and found that significant levels of mclPHA can be accumulated when both nitrogen and the relatively toxic octanoate are limiting.
Under these conditions the available octanoate is completely utilized without toxic effects on
cell growth (6).
However, a considerable number of the interesting mcl-PHAs described have been
produced on water immiscible aliphatic substrates such as alkanes and alkenes (14, 17, 1, 5,
22). In this work we therefore focused on dual-nutrient-limited growth of P. oleovorans on
aliphatic substrates. To be able to compare the present findings with the work of Durner and
coworkers on octanoic acid we grew the cells on the related alkane octane, as well as on the
alkene octene, to analyze the effect of an aliphatic substrate with increased toxicity (4). Since
the most important determinants for high PHA productivity in microbial processes are the
achieved biomass and cellular PHA content (15), we also investigated the effect of different
limitation conditions on these parameters in high cell density continuous cultures of P.
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oleovorans. The results show that dual-nutrient-limited growth is a powerful tool for the
efficient production of functionalized PHAs from volatile solvents.
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and methods

Strain and starter culture
P. oleovorans (ATCC29347) was used in all experiments. The cells were cultured
overnight at 30 “C in 500 ml Erlenmeyer flasks containing 100 ml of E-medium supplemented
with 0.1 % (w-l) MT microelements (14). The starter culture was used to inoculate 1 litre
continuous culture medium in a 3 1bioreactor (24).

Media and culture conditions
The low cell density medium contained 4.18 mM (NH&SO4, 3.7 mM KH2P04, 0.5 mM
MgS04, 5 PM FeS04 and 0.05 % (vv-‘) of a trace element solution (10). The high biomass
culture medium was lo-fold concentrated compared to the medium described above. The
standard culture conditions were pH 7, 30 “C and constant stirring at 1500 rpm. The pH was
regulated automatically with 2 and 4 N sodium hydroxide and aerated with 0.1 and 1.4 volume
air per volume liquid culture per minute (vvm) in the low and the high biomass culture,
respectively. The filter-sterilized carbon sources octane or octene were injected directly into
the culture broth using a syringe pump (model 22, Harvard Apparatus, Inc., USA) to achieve
defined and accurate carbon influx rates (r,). Each chemostat experiment was performed at
constant nitrogen feed concentration (NO) while rc (octane or octene) was increased step-wise.
All experiments were performed in chemostat cultures and data points were taken under
steady state conditions in triple measurements. The experiments and settings are summarized
in table 1. The dissolved oxygen tension (DOT) was monitored as described (18).
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Analytical procedures
Biomass (g dry wt) was determined gravimetrically using 0.2 pm membrane filters
(Nucleopor, Corning, USA). To determine the PHA content of whole cells, about 4 mg
lyophilized biomass was analyzed (14). For polymer isolation methylene chloride suspended
freeze-dried cells were extracted under reflux (3). The molecular weight of isolated polymer
was determined by gel permeation chromatography (g.p.c.) (6). To determine the nitrogen
concentration (N), 2 ml of culture broth was centrifLlged at 22000 g for 15 min. The
supernatant was then assayed using a Dr. Lange photometer and Dr. Lange LCK 304 kit (Dr.
Lange, Germany). For octane or octene concentration determination, the aqueous phase was
extracted with an equal volume of hexane containing 0.05 % (w-l) of decane as internal
standard. The analysis was done with a gas chromatograph (Fisons Instruments, England)
equipped with a CP-Sil 5CB Chrompack column (Chrompack, The Netherlands) and a FID
detector.
The residual biomass, which is the PHA free biomass, was calculated as described
previously (16).
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Figure 1: Growth of P. oleovorans at a constant dilution rate (D = 0.2 h-‘) in a low cell
density chemostat culture with constant nitrogen feed (No = 116 mgl-‘) and increasing carbon
(octane) flow. A) Culture parameters, B) yield coefficients for carbon and nitrogen, C) PHA
content and PHA yield on nitrogen and carbon. Three growth zones are distinguished in each
of the panels: I) Carbon-limited growth zone, II) Dual carbon and nitrogen-limited growth
zone, and III) nitrogen-limited growth zone. The shaded area indicates the width of the dualnutrient-limited zone, going from BL= lower border, between zone I and II at C/N= 17.9, to
B”= upper border, between zone II and III at C/N= 25.7.
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Results
Dependence of growth characteristics on the carbon influx rate
Low and a high cell density steady-state chemostat culture were run with constant No of
116 mg.1“ (Figure 1) and No =1.16 g.l-’ (Figure 2), respectively. Octane was fed at a rate rc
which was increased step-wise (Table 1). In both experiments three different physiological
states, shown as three distinct zones in figures 1A and 2A, were observed. In growth zone I,
biomass increased linearly with increasing rc, whereas the residual nitrogen concentration (N)
decreased correspondingly. The residual octane carbon concentration (C) in the culture broth,
the cellular PHA contents (% PHA) and the concentration of biosurfactants (26) remained low
in both experiments.

Table 1: Experiments and settings.
Experiment

Cultivation mode

Carbon source

No (gl-‘)

rc a W’)

1

Chemostat

Octane

0.116

0.26 - 0.9

2

Chemostat

Octane

1.16

2.5 - 13.1

3
Chemostat
Octene
0.12 - 12.2
0.116
a Range of carbon influx rate rc. Within this range rc was increased step-wise.

When rc was increased further the culture behaviour changed dramatically and growth
zone II was observed. Both C and N were now found in limiting amounts, but biomass
continued to increase linearly. Figures IC and 2C show that the increased biomass was fully
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Figure 2: Growth of P. oleovorans at a constant dilution rate (D = 0.2 h-‘) in a high cell
density chemostat culture with a lo-fold increased constant nitrogen feed (I$ = 1.16 gl“) and
increasing carbon (octane) flow. A) Culture parameters, B) yield coefficients for carbon and
nitrogen, C) PHA content and PHA yield on nitrogen and carbon. Zones and borders as
described for figure 1 and depicted in table 2.
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accounted for by the intracellular accumulation of PHA. The PHA content increased from
around 3 % (under carbon-limited conditions) in growth zone I to 34 % and 29 % of total
biomass in growth zone II for the low and high cell density culture, respectively. The residual
biomass remained constant in both experiments.
When rc was increased further, the cultures entered growth zone III. There, C in the
culture correlated with the alkane influx rate rc, whereas N remained limiting. The biomass
was about 10 % lower in growth zone III than found in zone II, which was caused by a
decrease in intracellular % PHA. The residual biomass remained constant in growth zones II
and III (Figure 2 A).

Two-liquid

phase system

In growth zone III, when carbon was added to the culture at relatively high rates rc,
microscopic octane droplets appeared in the culture broth and a macroscopic change was seen
when rc was increased further. Under these conditions the culture had the appearance of a
white emulsion and two liquid phases could clearly be seen when the culture was unstirred.
Intensive foaming especially in the high cell density culture was observed and the addition of
an antifoaming agent was necessary. Furthermore, the biosurfactant concentration increased
from less then 0.05 % (w/w) of biomass in growth zones I and II to 3.75 % (w/w) and 15 %
(w/w) for the low and high cell density cultures, respectively, in growth zone III.
Yields and C:N ratios. No and rc influenced all the physiological parameters determined
(Table 2).
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Table 2: Synthesis of PHA by P. oleovorans in continuous culture on octane and octene in
low and high cell density culture at a constant dilution rate of 0.2 h“.

Process parameters/

Octane (117 mg NJ’)

System performance

C”

Biomass

N, Cb

I3ctane

NC

C”

N: Cb

g1-’

0,8

1,4

Biowrfactants

% (w/w)

co,5

CO,5

4;2

CO.5

%PHA

% (w/w)

0;6

33,9

34

gh-‘1.’

0,Ol

0,09

X/N

gg-’

8,4

y x/c
Y X/Octane

gg-’
-I
3s

Y xioctens

a’

clpm
y

y

-I

PHA/N

aog

Y PI-IA/C

a-

C:N ratiod

-I

1,21

ktene (117 mg NJ’)

(1,17 gN,l“)

C”

NC

N, C”

NC

83

0,9

1,5

0,9

CO,5

15

0,3

1,3

44

3,9

29

21

133

15,5

24

61

0:07

0,6

0,37

<o,o I

0,Oj

0,04

11,5

10,3

5.4

8,3

7,7

6,3

11,8

8,2

0,46

0,43

0,34

0:33

0,28

0,13

0,14

0,09

0,Ol

0,27

0,25

0,21

OJ6

0,23

0,ll
0,12

0,ll

0,09

7,7

937

0,4

3;8

3,9

0,21

2,4

16

0,05

2,l

1,9

<o;o 1

0,04

0,02

0:Ol

0;08

0,03

<o,o 1

0,02

co,01

17,9

25,7

19,5

29,9

26,9

260

aCarbon (C) limited growth zone (I)
’ Carbon and nitrogen (N) limited growth zone (II)
“Nitrogen-limited growth zone (III)
dCarbon to nitrogen ratio in the reactor influx at the growth zone border BL (&II) and BU (11,111)

The yields of biomass and PHA on nitrogen (Y x/N, Ypm/~) remained constant in the low
and high cell density cultures if only one nutrient (nitrogen or carbon) was limiting. Changing
yields on nitrogen were found when both nitrogen and carbon were limiting. Yields were
maximal at the upper border (BU) which separates growth zone II and III (Figure lB, C and
2B, C). Additionally to rc, No had a strong influence on the nitrogen yields. When No was
increased lo-fold,
conditions.

Yxm and YPH*~ were 28 and 48 % lower under the same culture
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The yields of biomass and PHA on carbon (Y xjc, YpHAIc)were constant in growth zone
I, where carbon was fed at a low rate rc. With increasing rc in growth zone II and III, the yields
started to decrease. Y PHA/Cwas maximal at B “, where maximal amounts of PHA were
incorporated (Figure lC, 2C) and dropped with the appearance of the octane/water emulsion
in growth zone III.
The C:N ratios at the growth zone borders were in the same range for the low and high
cell density cultures grown on octane. The C:N ratio at the lower border (BL), between growth
zone I and II, was close to 20. At the upper border (B”) the C:N ratios were 26 and 30 for the
low and the high cell density culture, respectively.

Octene as sole carbon source
When octene was fed to a culture with a constant No of 116 mgl-‘, the same pattern with
three distinct growth zones as found for octane was detected (Figure 3). The detailed results
are summarized in table 2. However, the use of octene resulted in a much broader growth zone
II, which resulted in a significantly higher C:N ratio of 134,3 at Bu, whereas BL increased only
slightly. With increasing rc (octene), increasing amounts of the toxic octene derived byproduct
epoxyoctane accumulated (Figure 3B) and up to 44 % (w/w) of biomass of biosurfactants
were produced. Similar to the octane-based experiments extensive foaming was observed and
an emulsion appeared under these conditions. In contrast to the octane experiments the %
PHA did not change from growth zone II to III, but the residual biomass decreased
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dramatically by 47 % when octene was present as a second liquid phase in zone III, resulting
in a biomass loss of 40 %.

C/N ratio (ww“)
0

85.5

171.1

342.2

B”

512.9
I

1

0.6

II

0.4 ”
3
235
0.3 2

/
//.

0.6

/

..o

/”

A

1
.a
0.2 P ,
0.1

2.5
60
1.5 2
al
‘tj
1.0 0

40
20

0

0.5
0

0.0
I

0

2

4

6

8

10

12

Figure 3: Growth of P. oleovoruns at a constant dilution rate (D = 0.2 h“) in low cell density
chemostat culture with a constant nitrogen feed (No = 116 mgl-‘) and increasing octene flow.
A) Culture parameters, B) substrate and byproduct (epoxyoctane) concentration.
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Growth zone dependent cellular PHA composition
To determine the influence of growth conditions on the PHA composition, octane based
PHAs accumulated in different growth zones were investigated. The molar monomer
composition (mol%) of the whole cell 3-hydroxyalkanoate fraction was 12

% 3-

hydroxyhexanoate, 88 % 3-hydroxyoctanoate and less than 1% of 3-hydroxydecanoate under
dual-nutrient (zone II) and nitrogen (zone III) limited growth conditions. When P. oleovorans
was cultured under carbon-limited conditions (zone I) there was a slight increase of the 3hydroxyoctanoate and 3-hydroxydecanoate content (Table 3). In contrast, extracted PHA had
unchanged mol% of 11 % 3-hydroxyhexanoate and 89 % 3-hydroxyoctanoate which was
independent of the type of nutrient limitation. No 3-hydroxydecanoate monomers were found
in the purified polymer.
The cultivation conditions used in the different growth zones influenced the PHA
recovery yield. When the cells were grown at Bu, a PHA was recovered with a yield of 80
wt% was obtained. Recoveries were 11 % and 52 % lower for cells grown in zone III
(nitrogen limited) and I (carbon limited), respectively (Table 3).

Growth conditions influenced molecular weight distribution

of PHA

G.p.c. analysis demonstrated a nutrient limitation dependent weight average molecular
weight (Mw) distribution as shown in Figure 4. PHA accumulated under nitrogen limitation in
zone III or at BU showed a similar molecular weight distribution, with a Mw of 188 kgmol-‘.
PHA accumulated under carbon limitation in zone I as well as at BL showed an additional low
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molecular weight peak at 4400 gmol-l whose appearancewas clearly dependent on cultivation
conditions. The relative amount of the low molecular weight fraction increased as rc
decreased, i.e., as the carbon limitation became more severe (Table 3). The shift towards the
low molecular weight fraction in zone I was also reflected by the absolute amounts, which
were 0.27 % of the total cell mass in growth zone I but ten times lower in growth zones II and
III.

Table 3: Characteristics of PHA produced by P. oleovornns during growth on octane in high
cell density chemostat culture under different limitation conditions.
PHA in cells

PHA

C;

PHA -plastic

PHA -

Cl,,

PHA

C,”

Gn

Clil

(mol%)

(mol%)

(mg)”

(mol%)

(mol%)

(mol%)

G3”

Recovered

Recovery

high Mw

low Mw

vield

fraction

fiaction

Limitations

(%)b (mol%)

C

3,9

10

88

2

50

11

89

10,l

38,0

93,2

68

C&N at BLd

4,3

12

87

1

200

11

89

10,l

63

99,4

0,6

C&N at Bud

29,l

12

88

0

520

11

89

10: 1

79,9

99,9

021

99,9

O,l

N
co:1
330
11
89
71,6
-_..
‘l
88
l
4 6.3
21
lexanoate; CS Shydroxyoctanoate; ClO,Shydroxydecanoate
.’
b PHA content relative to cell mass (m/m %)
‘Amount of purified PHA
a BL- B,= lower and upper growth zone border, between zone I and II : II and III: respectively
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Discussion
Dual-nutrient-limited

growth on volatile organic solvents

When P. oleovorans is grown with changing octane and octene influx rates (r,) three
different nutrient limitation zones are detected as has been reported for other substrates and
organisms (7).
When the toxicity of the substrate was low such as is the case for octane, BL and Bu
were independent of biomass (Table 2). The observed C:N ratios at the growth zone border
BL, between zones I and II nicely tit the predicted values calculated according to Egli and
Quayle (8). The calculated C:N ratios for the upper border Bu, between zones II and III are
considerably lower than the observed ratios. The calculated C:N ratios are however in
agreement with results for octanoic acid, an octane related water soluble substrate for which
Durner reported a C:N ratios of 7.1 and 14.9 gg -’ respectively, for BL and Bu during dualnutrient-limited growth (6). This is due to a measuring artefact observed with volatile carbon
sources. Depending on the concentration, a part of the volatile carbon is lost due to
evaporation and can not be metabolized by the microorganisms. As a result, the carbon yield
determined in the present study was on the average half of that observed for octanoic acid,
whereas the nitrogen yields are in the same range in both sets of experiments. Interestingly,
experiments carried out with octane in sealed bottles resulted in a considerably higher-octane
yield of 0.84 gg-’ under nitrogen-limited conditions (13). Clearly the carbon yield of a volatile
carbon source in an open system is affected by substrate evaporation, resulting in higher
estimates of the C:N ratios since part of the supplied carbon is lost through the reactor exhaust

gas. However, this problem is serious only in small scale fermentations, since for pilot or large
scale systems solvent in the exhaust gas is generally recovered.

2

3

4

5

6

7

log M,

Figure 4: Molecular weight distributions of octane based PHA accumulated by P. oleovorans
under different nutrient-limited growth conditions in chemostat culture. a) PHA from carbonlimited cells, b) PHA from cells grown at BL, c) PHA from cells grown at Bu.
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Effect of operating mode on water-insoluble organic solvents.
Cell lysis, production of biosurfactants and intensive foaming were observed when the
cultures grew under single nitrogen-limited conditions with solvent in excess as has been
reported previously for two-liquid phase systems (23). Schmid et al. (20) reported toxic
effects due to the second liquid phase and a decrease in biomass as also found in this study.
The formation of epoxyoctane during growth on octene and its additional effects on growth
have been intensively studied (4). The present work shows that the negative effects of the twoliquid phase system on cell growth is significantly lower when the organic carbon source is
added in limiting amounts, since the solvent concentration is below toxic levels. A similar
effect was found for octanoic acid, which also had inhibiting effects under nitrogen-limited
conditions (6).

Growth conditions and PHA composition.
The monomeric PHA composition we find is in agreement with previous results of
Durner, which also reported the existence of 3-hydroxydecanoate in whole cell samples (2,
17). The lack of the 3-hydroxydecanoate monomer in the extracted octane based polymer as
observed above was also found earlier for octanoic acid and octane based PHA (6). In both
studies it is shown that the 3-hydroxydecanoate fraction is associated with the biomass.
Additionally, we showed that the composition of the purified PHA did not change from one
growth zone to the other and w-astherefore not dependent on limitation conditions.
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The yield of PHA recovery by solvent extraction was found to be growth zone
dependent. This was probably due to growth zone dependent differences in cellular PHA
contents rather than to the small shifts in mol% and Mw of the cellular PHA.
In addition to the earlier reported Mw distribution of octane based PHA (3) a low
molecular weight polymer fraction is found in considerable amounts when the culture is
operated under non-nitrogen-limited conditions. This fraction consists of 32 monomeric units
on the average. It is present in large amounts during carbon-limited growth in zone I,
amounting to ca. 2-3 * lo5 molecules of the low molecular weight PHA per cell. Since the
number of the PHA polymerase molecules per cell is of the order of 2-3 * 10’ in P.
oleovorans (12), the molar ratio of low molecular weight PHA to PHA polymerase is of the
order of 100.
At present we can only speculate about the role of this low molecular PHA fraction in
the PHA synthesis pathway of P. oleovorans. PHA oligomers could simply represent nascent
PHA chains, terminated at an early stage of synthesis due to the limited availability of PHA
precursors. If so, it is remarkable that the molecular weight distribution is rather narrow.
Alternatively, these PHA fragments could play a role as primers for PHA synthesis in cells
which are starting to accumulate PHA. An intriguing third possibility is that these oligomeric
mcl-PHAs might be related to the oligomeric PHB described by Reusch (19), Seebach and
their coworkers (21). Further work will be needed to clarify the nature and role of this low
molecular weight PHA.
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Conclusions
Depending on the amount of organic solvent supplied to the culture three distinct growth
zones with different limitations were detected. Culture parameters for PHA production were
found to be optimal when both nitrogen and carbon were supplied in limiting amounts. Under
these conditions, biosurfactant formation and cell lysis were modest since the small amount of
organic solvent in the aqueous phase was below the toxic level.
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Abstract
Pseudomonas oleovorans, a prominent medium-chain-length poly(3-hydroxyalkanoate)
(mcl-PHA) producer, was cultivated in a fed batch system with controlled nitrogen and carbon
source supply. Controlled substrate feedin,,(J such as the feeding of nitrogen and carbon source
can be important to achieve high mcl-PHA productivities. In these experiments a pH-STAT
system supplied the ammonia solution, which served as nitrogen source. As carbon and energy
source the volatile organic compound (VOC) octane was used. The feeding of octane was
closed loop controlled using a La View PID control loop. The concentration of the solvent in
the fermenter exhaust gas was monitored on-line using a FID detector. The system allowed the
continuous and reproducible analysis of the octane concentration in the headspace of the
fermenter. This concentration was compared to the octane content of the aqueous phase and a
correlation was defined. The octane control system allowed maintaining optimal operating
conditions for mcl-PHA production, and a high mcl-PHA content of 25.2 g.1“ was obtained in
22 hours. The PHA content and the volumetric PHA productivity at the end of the fed batch
culture were 64 % and 0.95 g.l-‘.h-‘, respectively.
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Introduction
Polyhydroxyalkanoates (PHAs) are biopolyesters, which receive much attention because
of their potential as biodegradable and renewable plastics. PHAs are accumulated by bacteria
in intracellular granules as carbon and energy storage material (Madison and Huisman 1999).
Besides poly(3-hydroxybutyrate-co-3-hydroxyvalerate)

(PHBV), which was until recently

manufactured and commercialized by Monsanto, the elastomeric medium-chain-length
poly(3-hydroxyalkanoates) (mcl-PHAs) have been studied intensively (de Koning et al. 1996).
Mel-PHAs are commonly produced by fluorescent Pseudomonads and are interesting because
they are highly diverse in monomeric composition and consequently in material properties
(Witholt and Kessler 1999).
For the commercialization of PHAs an economic process with low raw material and
down stream processing costs is important. A number of different cultivation systems have
therefore been developed and high volumetric productivities have been attained (Lee 1996).
SLLC~advanced processes often use water-soluble carbohydrates as carbon sources in high-cell
density fed-batch cultivation systems. In these systems the nutrient or substrate feeding was
most efficiently controlled by DO-STAT (Huijberts 1996) or pH-STAT (Sugimoto et al. 1999)
based approaches.
These have been most successful for the production of PHBV, and mcl-PHAs produced
from water soluble substrates. When aliphatic substrates, which are water immiscible are
used, these systems must be modified. Furthermore, aliphatic substrates can be toxic to the
cells and therefore only low concentrations of these compounds can be tolerated in the
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cultivation system (Schmid 1997). One approach is to operate continuous cultures of
Pseudomonas oleovoTans under dual-nutrient carbon and nitrogen limited conditions. We
have recently investigated the effect of limiting amounts of octane on cell growth and
production of mcl-PHA (Jung et al. 1999). In these experiments it was found that toxic effects
of octane were substantially reduced when the solvent was present in limiting amounts. Under
these conditions the culture had an appearance similar to conventional systems using watersoluble carbon substrates.
To extend this approach to fed-batch processes, it would be useful to have an on-line
closed-loop control of the carbon source. At present however, there are no on-line measuring
and control systems available that can control organic carbon sources such as octane at low
levels during cultivation. Therefore, a variety of two-liquid phase fermentations have been
studied using bulk organic phases (S&mid 1997). Other processes have been supplied by the
volatile aliphatic substrate via the gas phase (van Ede 1994). Although well established, these
fermentation systems generally suffer from the toxicity of the substrate when present in bulk
amounts or from transfer limitation when supplied as gas.
To control the amount of the aliphatic compound in a high-cell density fed-batch culture
a rapid response and a continuous measurement of the aliphatic substrate is necessary. A
number of techniques have been used to measure methane, methanol or ethanol either in the
aqueous or gas phase of different industrial production processes (Royce 1993). However,
there are no detection systems available which allow a precise closed-loop control of octane in
a PHA production process. Furthermore, a control loop consisting of a software control and an
exact octane feeding system is needed for such a process.
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Therefore, we have developed an automated closed-loop control system for volatile
aliphatic substrates that can be applied in fermentation systems for the production of mcl-PHA
from

organic solvents. In this report we describe the development of this system and show

how it can be used to efficiently produce mcl-PHA in a high-cell density fed-batch production
process.

Table 1: Fed-batch medium
Compound

Per L deionized water

Mineral salts solution

Nitrogen feed medium

(NW~SQ

1.1 g

NH3 solution

KH2P04

1.0 g

Mineral feed medium

EDTA

10mg

Metal salts solutions
M&h
FeS04 a

Per L

Compound

0.25 g
2.78 mg

Trace elements solution a

5%

MgSOJ 1 M

10 ml

CaC12 1 M

1 ml

Fed-batch medium
100 ml

Mineral salts solution

2 * 1 ml

Metal salts solutions

1 ml

CaC12 *2H20

1.47 g

MnC12 *4H20

1.98 g

CoSo4 *7H20

2.81 g

Octane

controlled

CuC12 a2H20

0.17 g

Nitrogen feed medium

controlled

ZnSO4 *7H20

0.29 g

Turbo MT b

manually

Mineral feed medium

manually

aPer L 1N HCL; b Turbo MT (Kellerhals, 1999)

Trace elements solution
Feed medium

Mode of addition

Clmptev5
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and methods

Strain, media and Fermentation
Octane grown precultures of Pseudomonas oleovorans (ATCC29347) were prepared as
described (Hazenberg 1997). The preculture was used to inoculate 1 1 fed-batch medium
(Table 1) in a 3 1bioreactor (Wubbolts et al. 1996).

r: 1:--.,-.,-i
,“,__
---.( /
/j
/i
1: i/I.
i-E;] 1
L ~“-“~~~_~~~
Frocess

camel

I>

_l------ ------------

1

;

iI

Cdts
+

A

I
I

t

Figure 1: Scheme of the 3 liter fed-batch fermenter system: (-)
electrical data acquisition and process control lines.

gas or liquid lines. (.....)
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P. oleovorans was cultivated at 30 “C and constant stirring of 1500 rpm. During batch
growth the pH was regulated automatically using 2 N sodium hydroxide while in fed-batch
mode pH was regulated using 5 % NH3 solution (pH-STAT). A 1 litre reservoir contained the
organic substrate n-octane with 0.3 % polypropylene-glycol 2000 as antifoam. Constantly
mixed 100 ml feed reservoirs contained nitrogen or mineral medium. The filter sterilized
media were pumped into the fermenter by 1OlU peristaltic pumps (Watson Marlow, United
Kingdom). The turbo MT (Kellerhals et al. 1999) solution was directly injected into the
fermenter using a syringe. All feed media compositions are depicted in table 1. All feed rates
were monitored using PM4800 balances (Mettler Toledo, Switzerland). The fermenter set-up
is schematically depicted in figure 1. The aeration rate of 1.4 w-‘m-l

was continuously

monitored using a F20 1C mass-flow controller (Bronkhorst, Netherlands). The dissolved
oxygen tension (DOT) was monitored as described (Prieto et al. 1999). A flame ionization
detector (FID) Model 3-100 (J.U.M Engineering, Germany) measured the total volatile
organic compound (VOC) concentration in the fermenter exhaust gas. The detector was
calibrated with an 83 ppm propane/ air mixture. For octane detection the fermenter exhaust
gas first passed a glass fiber prefilter (Schleicher & Schiiell, Germany) which was placed in
the gas sample chamber in the fermenter headspace and then followed a l/16-in. inner
diameter stainless-steel tubing to the FID detector (Figure 2). The sample line was enveloped
by an 80 “C self-regulated heating line (Isopad, Germany). A foam sensor connected to a
bypass valve protected the detection system from withdrawn fermentation products. For the
PID control loop of the octane feed and the acquisition of process data a Compaq Pentium PC
running LabView

control (National Instruments, USA) was used. The characteristics,
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sensitivity and the behavior of the VOC detection system were determined using pulse and
shift experimental techniques in a cell free fermenter system, which was operated under the
same physical conditions as described for the fed-batch cultivations.

H
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Figure 2: Diagram of the exhaust gas sampling system for the on-line VOC exhaust gas
detection system. I) Solvent feed line. II) Ammonia feed line. III) Mineral medium feed line.
IV) Exhaust gas line. V) Aeration line. A) Foambreaker. B) Solvent inlet. C) Stirrer. D)
Heating line. E) Foam probe. F) Stainless steel sample line leading to the FID detector. G)
Glass fiber prefilter. H) Foam probe.
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Feed strategy development
In previous chemostat experiments, which were performed at two different cell densities
(Jung et al. 1999) a direct relation between the VOC concentration in the fermenter exhaust
gas and the culture density was observed. Based on these findings, for optimal control of the
octane feed during fed-batch cultivation an operating line [Eq. (l)] was defined as depicted in
figure 3.
cg =X * 417.25 + 13865

(1)

nitrogen limited growth zme :

M#
.ting line j
I

i

I

carbon limited growth zone

Figure 3: Scheme of the biomass dependent operating line for optimal octane feeding in a 3
liter fermenter.m) Carbon limited growth zone border. r) Nitrogen limited growth zone
border. 0) Operating points. ---) Operating line.
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cg [ppm] is the VOC concentration in the exhaust gas whereas X [gsl-‘1 is biomass. To
follow the operating line during fed-batch cultivation, the biomass was periodically monitored
by optical density (Witholt

1972) and the set point in the control system was updated

according to the specifications given by the operating line.

Analytical procedures
Biomass and nitrogen concentration were determined as described (Prieto et al. 1999).
For the mcl-PHA content determination of whole cells, about 4 mg lyophilized biomass was
analyzed (Lageveen et al. 1988). The amounts of octane present in the liquid phase of the
fermenter were determined by extracting 2 ml culture sample with an equal volume of hexane
containing 0.05 % (w-l) decane as internal standard. The hexane extract was analyzed using a
gas chromatograph as described previously (Prieto et al. 1999).
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Results
Detection of octane in bioprocess
For the discontinuous off-line detection of octane we used hexane extraction and sampled lml
culture broth. This method allowed sensitive and reproducible measurements of octane in the
liquid phase of the culture over a concentration range of 5 ~1.1~1
to 10 ml.l-‘. The time required
for the analysis of one sample was typically 10 minutes.
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Figure 4: Comparison of the time courses of the on-line and the off-line liquid phase
measurements of a 2.5 ml octane pulse (arrow) experiment in 1 1 cell free medium in an
aerated 3 liter fermenter.
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The continuous on-line detection of octane was possible using a FID detection system
which measured the octane concentration in the exhaust gas of the fermenter. For a
comparison of the liquid phase based (off-line) and the gas phase based (on-line) analysis, we
carried out a series of 2.5 ml octane pulse experiments in a cell free fermenter system. When
the amounts of octane in the liquid phase and in the gas phase of a single pulse experiment
were compared, two different octane concentration patterns were observed (Figure 4). When
octane was measured in the liquid phase the maximum concentration of 1.03 mlslS’of octane
was found already in the first sample taken 0.8 minutes after the pulse, after which the octane
concentration in this phase decreased linearly to less then 10 u1.l’ within 11 minutes. Using
the on-line detection system, 18164 ppm octane were measured in the exhaust gas 0.8 minutes
after the pulse.
The signal increased further until after 2.8 minutes a plateau at around 23900 ppm. The
concentration remained constant at this level for almost 8 minutes, after which the signal
decreased linearly for 3 minutes down to 5000 ppm and then approached the base line
asymptotically. 24 minutes after the pulse only trace amounts of octane were detected in the
exhaust gas. In the off-line samples taken from the liquid phase the detection limit of 5 ~1.1~~
was already reached 18 minutes after the pulse.
Five sequential pulses of 2.5 ml octane showed response patterns (Figure 5) similar to
that observed in the pulse experiment described above.
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Figure 5: FID and DOT response in a pulse experiment of five successive 2.5 ml octane
pulses (arrows) in 1 I cell free medium in an aerated 3 liter fermenter.

Figure 5 also illustrates that the dissolved oxygen tension DOT decreased from 71 to 70
immediately after the octane pulse. The initial level 71 was reached again about 20 minutes
after the pulse.
In order to be able to estimate the octane concentration in the liquid phase from the online exhaust gas measurement, the octane concentrations in the gas and in the aqueous phase
of a shift experiment were compared (Figure 6). When the octane concentration in the liquid
phase was lower then 28 ~.rl.l-‘,a linear correlation between the amounts of octane in the liquid
and in the gas phase was observed, as expressed by Eq. (2).
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Figure 6: Octane exhaust gas concentration versus octane liquid phase concentration
determined in shift experiments.

cg = 854.3 * cl - 425 1.5

(2)

cg [ppm] is the VOC concentration in the exhaust gas; cl [pl.l-‘1 is VOC concentration in the
liquid phase. When the octane concentration in the liquid phase was above 28 ,ul.l-’ a constant
octane exhaust gas concentration of 23600 ppm was observed. This value which was found to
be the saturation pressure of octane at 30 “C, was not exceeded even when two liquid phases,
an octane and a water phase, were clearly present in the fermenter.
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PHA production process with controlled octane feeding
The on-line monitoring of octane in the exhaust gas was used for a closed loop
controlled octane feeding system, which was applied in a mcl-PHA production process. The
resulting high-cell density fed-batch process with controlled octane supply was partitioned in
four phases (Figure 7a). In a first phase, the cells were grown exponentially until initial
nitrogen was depleted from the media and a cell density of 1.75 gl-’ was reached. During
phase II the process was operated as a pH-STAT fed-batch, which after 13.3 hours
fermentation resulted in 18.5 gl-’ biomass and a cellular PHA content of 9.7 %. In phase III
and IV, the addition of nitrogen was stopped and the culture was operated under resting cell
conditions. While the rest biomass in phase III remained constant at 16.8 g.l-‘, the total
biomass increased from 18.5 to 39 g.l-’ which was due to an increase in cellular PHA content
form 9.7 to 54.6 %. In phase IV the biomass remained constant at 40 8.1-l whereas the rest
biomass decreased 15 % from 16.8 to 14.3 g.l-‘. During the process, the octane concentration
in the exhaust gas was controlled as shown in Figure 7c. The cultivation was started using a
bulk octane phase. This simplified the starting operations of the fermentation. During the first
four hours an octane concentration in the exhaust gas of 24000 ppm was measured, after
which the signal started to decrease (data not shown). After 4.4 hours most of the octane was
either taken up by the culture as substrate or blown off by the aeration. At this point the octane
feed control was started with an initial set point of 14000 ppm. According to the feeding
profile, this set point showed supply the culture with sufficient octane for unlimited growth
during phase I. As in phase II the biomass started to increase above 1.75 g.l-‘, the set point
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Figure 7: High cell density fed-batch culture of P. oleovorans with closed loop controlled
octane and pH-STAT nitrogen feeding. a) Growth curves. b) PHA content. c) Octane control
data. I) Batch growth, II) Fed-batch growth, III) Resting cell culture, IV) Two liquid phase
culture with octane accumulating in a second organic phase.
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of the octane feed control was manually increased to follow the feeding profile by steps of
typically 1000 ppm every half hour. After 13.8 hours, before starting the PHA production
phase, maximal feed rates with a set point of 23 150 ppm were reached. From thereon the
settings were again lowered to a final level of 19000 ppm.
Regarding the quality of the control during the process, with a set point of 19000 ppm
the detected average octane concentration was 19076 ppm with a standard deviation of 334
ppm, which corresponds to about 2 % deviation from the set point. This was found to be a
representative value characterizing the quality of the control over the whole concentration
range from 14000 to 23 150 ppm.
The four phase process resulted in the production of high amounts of PHA. Figure 7b
illustrates the accumulation of PHA during the fed-batch process up to a final cellular PHA
content of 63.8 % which corresponds to a concentration of 25.2 g.l-’ PHA in the fermenter.
The overall volumetric PHA productivity of the process was 0.95 g.1‘l.h-‘. The composition of
the mcl- PHA formed was similar to that reported earlier for mcl-PHA formed from
two-liquid phase batch processes (Preusting et al. 1990).

octane

in
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Discussion
In fermentation processes where cells are inhibited by toxic substrates or products, it is
usefLl1to maintain the substrate concentration below a critical level using a substrate feed
strategy to avoid

inhibitory

effects of substrates and products. Furthermore,

low

concentrations can also be important when volatile substrates are used in aerated cultures. In
these processes substrate loss by evaporation is a problem in terms of economics and
environmental hygiene. Since the exhaust gas concentration of the compound itself is
dependent on the aqueous concentration of the volatile compound the loss can strongly be
reduced when the amounts of solvent in the fermenter are low.
The change in pH of the culture broth is often used to control the feeding of a substrate
solution, which influences the pH itself. Such pH-STAT controls were shown to be powerfill
tools for the production of PHB using Alcaligenes latus (Yamane et al. 1996). In the
experiments described here, pH-STAT control was on one hand used to provide optimal
conditions for unlimited growth during the feed phase of the process and on the other hand to
maintain nitrogen at low- levels to allow efficient PHA production.
To control the carbon source concentration of a fermentation, the DOT level is often
used as the input for a feed back control system. This does not result in a direct feed back
control since the measured process variable is not the concentration of the compound to be
controlled but a related culture parameter. However, we were looking for a control system,
which allowed us directly control and manipulate levels of organic substrates, independently
of growth conditions or other factors. Several processes have been developed where levels of
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volatile compounds were controlled at pre set levels (Lee et al. 1996, Suzuki et al. 1986). In a
methylotrophic yeast fermentation process the partial pressure of methanol was measured
using a mass spectrometer. The partial pressure set point was 4500 ppm, which corresponded
to a methanol concentration of 18 gl“ (Camelbeeck et al. 1992). However, the control was
marred by damped oscillations (* 4 gl-‘). For the production of PHB a fully automatic fedbatch culture was developed, based on methanol concentration measurements in the off-gas
using a FID detector. The methanol concentration could be controlled at rather low levels of
0.5 gl-‘. However, oscillations off 0.2 gl-’ could not be avoided (Suzuki et al. 1986).
Additionally to the feed control, in fed-batch cultures of A. eutrophus for the production
of PHBV, the effect of nutrient levels in the feed medium on cultivation properties was
investigated. These results showed that the levels of nutrients such as nitrogen and carbon
should be well controlled for an optimal production of PHBV (Shimizu et al. 1999).
Accordingly in chemostat cultures of P. oleovorans it was observed that the carbon and
nitrogen ratio of the medium strongly influenced the PHA content in the cells. Low C/N ratios
resulted in low PHA contents whereas with high ratios increased PHA amounts were found
(Durner 1998). An additional effect was found when organic solvents were used as carbon
source. In these solvent based cultures optimal conditions were found to be biomass
dependent and optimal conditions for PHA production were observed at carbon to nitrogen
ratios between 26 to 29 gg-’ (Jung et al. 1999). With ratios above this level octane was
accumulating in the fermenter as second liquid phase and this negatively effect the biomass
yield and the PHA productivity. However, these were all chemostat processes with constant
growth rates and with relatively low biomass concentrations. For the production of increased
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amounts of organic solvent based PHAs a fed batch cultivation system with a controlled
feeding system was therefore essential. This was achieved in the present experiments by the
combination of a pH-STAT nitrogen feeding and the closed loop controlled octane feeding
method. As a result it was possible to attain high biomass and mcl-PHA concentrations and to
reduce substrate loss.
In the resulting fed batch culture system the octane concentration was continuously
monitored during the fermentation using a FID detector and was closed loop controlled in a
narrow range using a LabView based PID control. Using the feeding profile which provided
optimal feeding conditions according to the biomass concentration of the culture allowed to
operate the culture at optimal carbon to nitrogen ratios over a period of 15 hours and the
highest octane based mcl-PHA concentration in a fermenter was reported thus far. The
positive effect of the controlled octane feeding on the culture behaviour was observed in phase
IV of the fed batch process, where due to loss of culture activity the set point of the octane
feed was above the optimal level. Octane started to accumulate as a second liquid phase,
which resulted in a decreasing rest biomass concentration. Thus, we demonstrated that a
simple and robust measuring and control system could be used to control the octane and the
nitrogen levels in a range, which provides the bacteria a productive environment for efficient
mcl-PHA production in fed batch cultures. We expect that this substrate feeding system will
be useful for the synthesis of mcl-PHA by P. oleovorans using different volatile organic
solvents, which are the most important precursors for the production of functionalized PHAs.
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Abstract
Two novel bacterial PHAs with either 3-hydroxy-7-oxooctanoate (HOO) and 3hydroxy-5-oxohexanoate

(HOH)

or S-acetoxy-3-hydroxyoctanoate (AHO),

hydroxyhexanoate (AHH) and 4-acetoxy-3hydroxybutyrate

6-acetoxy-3-

(AHB) monomer units were

produced at pilot-scale. For the biosynthesis of these PHAs Pseudomonas oleovorans was
cultivated at a 24 L scale in two-liquid phase fed-batch processes using mineral salts medium
and mixtures of 2-octanone/octane or n-octylacetateloctane as carbon sources. The bacterial
accumulation of the polyesters was induced by nitrogen starvation and the addition of the
substrate mixtures. Under these conditions the cells produced 26.2 and 45 g (26.5 % and 19.1
% (w/w) PHA of cell dry weight) PHA form 2-octanone/octane and n-octylacetateloctane,
respectively. The polymers were extracted from the cells using dichlormethane and were
precipitated with ethanol. The 2-octanone and n-octylacetate derived PHAs contained 10.3
mol% and 2.7 mol% of 0x0 and acetoxy-group monomers. Physical characterization was done
with respect to their molecular w-eight and thermal properties and was found to be in a similar
range as for octane based PHA. All incorporated monomer units have been unambiguously
identified by two-dimensional ‘H,13C heteronuclear correlated NMR spectroscopy (HSQC,
HMBC and HSQC-TOCSY) and the composition of the copolyesters was quantified via
integration of the corresponding NMR spectra.
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Introduction
A variety of different poly(3-hydroxyalkanoates) (PHAs) have been described and
characterized. The most prominent member of this group of biopolymers is a copolyester of 3hydroxybutyrate and 3-hydroxyvalerate (PHB/V), which was produced as BIOPOLTM in a
multi ton scale by Monsanto. Since PHB/V is a relatively unelastic material, applications as
plastic were found to be limited. A major set of so-called medium-chain-length PHAs are
accumulated as storage material by a variety of bacteria of which Pseudomonas oleovorans
was found to be one of the most versatile (Kessler and Witholt 1998). These mcl-PHAs were
shown to contain 4- or 5-hydroxy acid repeating units (Valentin et al. 1996), different side
chain lengths (C+Z16) (Witholt

and Kessler 1999), or additional functional

groups

(Steinbtichel and Valentin 1995). These functionalities as well as the specific chain lengths
were shown to influence the physical properties of the materials such as crystallinity,
brittleness and elasticity as well as other properties. Functional groups also allowed processing
of the polyester as demonstrated with the production of biodegradable rubber from PHA
containing unsaturated groups (de Koning et al. 1994).
However, only a few of these polyesters have been produced in gram or kilogram
amounts (Kellerhals et al. 1999, Kim et al. 1996, Schmack et al. 1998) with most of them
containing double bounds as functional groups (de Koning et al. 1994, Eggink et al. 1995).
The majority of the other functional polyhydroxyalkanoates reported (Steinbtichel et al. 1998)
were only found in analytical amounts not sufficient for isolation, physical characterization
and application development. The reason for this bottleneck in availability is that the
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substrates used for the production of these functionalized PHAs are in most cases toxic to the
cells. This makes the synthesis of most functionalized PHAs a difficult task (Lee 1996).
In this paper we report the laboratory-scale and the pilot-scale synthesis of gram
amounts of two novel functionalized mcl-PHAs using Pseudomonas oleovorans from nutrient
solutions containing 2-octanone or n-octylacetate, respectively. The different monomer
substructures were resolved completely by one- and two-dimensional NMR spectroscopy and
the properties of the polymers are compared with respect to monomer composition, molecular
weight and thermal properties.
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and methods

Bacterial strain and media
Pseudomonas oleovorans Gpol (ATCC 29347) was used in all experiments. The
mineral salts medium (batch medium) contained 28 mM (NH&S04,

15 mM KH2PO4, 1 mM

MgS04, 1 ml.1“ trace element solution (Lageveen et al. 1988) and 0.5 % (w-l) PPG2000
antifoam. Stock solutions of all aqueous medium components and the carbon sources octane,
2-octanone/octane/hexadecane and n-octylacetate/octane/hexadecane were prepared and
sterilized separately and added to the culture as indicated in the text. All solvents used were
from Fluka (Fluka, Switzerland) and had purity greater than 97 %.

Polyester biosynthesis
Cultivation of P. oleovorans at lab-scale was done with 1 litre working volume in a
stirred tank reactor (Wubbolts et al. 1996). For pilot-scale fermentation a 40 litre bioreactor
(MBR Bioreactor, Switzerland) with a working volume of typically 24 litre was used. The
standard culture conditions were 30 “C and pH 7. The pH was regulated automatically 2 N
sodium hydroxide. Stirring speed and aeration were 1500 rpm and 1 litre air per minute in labscale and 700 rpm and 24 litre air per minute in pilot-scale fermentation. The cultivations
were carried out in 4 times concentrated batch medium containing 2 % (v/v) octane. For
achieving increased biomass concentrations extra nitrogen was pulsed to the culture broth to a
final concentration of 700-960 mgsl-’ after the onset of nitrogen starvation. For polyester
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formation 1 litre of hexadecane containing 20 % (v/v) 2-octanone or n-octylacetate and 2 %
(v/v) octane were added when all nitrogen was used up.
Biomass was harvested by centrifugation when constant PHA levels were reached. PHA
was extracted from the lyophylized biomass by Soxhlet-extraction using CH2C12 and
precipitated twice in methanol for purification.

Characterization
Cultivation

of the PHAs
data such as biomass and nitrogen concentration were determined as

described elsewhere (Prieto et al. 1999). The cellular PHA content was determined by
methanolysis of lyophilized biomass and by subsequent gas chromatographic analysis of the
resulting hydroxyalkanoic acid methyl esters as described (Lageveen et al. 1988)
Molecular weights were obtained by Gel Permeation Chromatography (GPC) (Knauer,
Germany). Samples were dissolved in Tetrahydrofuran (THF) and injected in a PL-Gel mixed
C column, 5pm, 7.5 x 600 mm (Polymer Laboratories, UK). The flow rate was 1.1 mlemin-’ at
45 “C. For detection a viscosity detector (H502, Viskotek, Germany) and for calibration
narrow-dispersed polystyrene standards (Polymer Laboratories, UK) were used. Thermal
properties were recorded using a Mettler TA4000 (Mettler Toledo, Switzerland) Differential
Scanning Calorimeter (DSC). For thermoanalysis the samples were heated from -60 “C to 100
“C (10 “C min-‘).
NMR spectra were recorded on a Bruker ASX-400 NMR spectrometer at 300 K using a
5 mm broadband inverse probe with a z-gradient (100% gradient strength of 10 G/cm).
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Saturated solutions of the polymers in chloroform-d were filtered over Celite. Chemical shifts
are given in parts per million (ppm) relative to the remaining signals of chloroform as internal
reference (lH NMR: 7.26 ppm, ‘jC NMR: 77.00 ppm). The ‘H NMR (13CNMR) spectra were
recorded at 400.13 MHz (100.61 MHz) with following parameters: 8.4 ps (10.2 ps) 90” pulse
lengths, 128 (2048) transients, 8000 Hz (23600 Hz) spectral widths, 32k data points, and 10 s
relaxation delays. The 13CNMR spectra were recorded in the inverse gated mode, using a
proton decoupling field of 3.3 kHz during acquisition (Shaka et al. 1983). 2D experiments
were acquired as 1024 x 5 12 data matrices and zero filled to 1024 x 1024. The HSQC (Davis
et al. 1992) (HMBC (Bax and Marion 1988)) experiments were performed with the selection
of *H,13C coupling constants of 130 Hz (10 Hz), gradient selections of -40: 10 (15:9: 12) and
16 transients per increment with a carbon decoupling field of 3.8 kHz for the HSQC
experiments (GARP decoupling (Shaka et al. 1983)). The HSQC-TOCSY (Palmer et al. 1992)
spectra were recorded with the selection of 1J(‘H,‘3C)=130 Hz and a 29 ps 90” pulse length
for the TOCSY transfer with a total mixing time of 192 ms. ‘H and 13CNMR shifts of the
monomer units HO and HH were assigned with help of ‘H,13C shift correlation experiments
and they agree with data based on empirical relations given by Doi and Abe (Doi et al. 1995).
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Results and Discussion
Polyester biosynthesis
The two copolyesters of 3-hydroxy-7-oxooctanoate (HOO), 3-hydroxy-5-oxohexanoate
3-hydroxyoctanoate

(HOW,

hydroxyoctanoate
hydroxybutyrate

(HO)>

6-acetoxy-3-hydroxyhexanoate

WHO),
(AHB),

3-hydroxyhexanoate

3-hydroxybutyrate

(HB),

(HH)

and

S-acetoxy-34-acetoxy-3-

WW,

3-hydroxyoctanoate

(HO),

3-

hydroxyhexanoate (HH) units (Figure 1) were produced by P. oleovorans using the substrate
mixtures octane and 2-octanone or octane and n-octylacetate as carbon sources. Both
processes were first established at a 1 litre level and were then scaled up to 24 litre pilot-scale
fermentations in order to obtain large quantities of the fknctionalized polyesters.

Copolymer B

AH0

AHH

AHB

HB

HH

HO

HO0

HOH

Figure 1: Structures of monomer units for copolymer A and B with the notation used for the
‘H and 13C chemical shift assignments. AH0 = %acetoxy-3-hydroxyoctanoate, AHH = 6acetoxy-Mydroxyohexanoate,
AHB
= 4-acetoxy-3-hydroxybutyrate,
HB
= 3hydroxybutyrate, HH = 3-hydroxyhexanoate, HO = 3-hydroxyoctanoate, HO0 = 3-hydroxy-7oxooctanoate, and HOH= Mydroxy-5-oxohexanoate.
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The developed fed-batch process consisted of two phases: During the growth phase, octane
was present as sole carbon source. For growth control, a nitrogen stock solution was added
pulse-wise to the culture until sufficient amounts of biomass were produced (from 12.3 -13.5
g.l-’ biomass). The subsequent PJ3A accumulation phase was induced by nitrogen starvation
and the addition of the substrates (2-octanone/octane and n-octylacetate/octane) which
provided the precursors for the formation of the functionalized polyesters. Both substrate
mixtures were dissolved in the carrier solvent hexadecane, a long chain alkane, which is not
metabolized by P. oleovorans and which has been shown to reduce the toxicity of medium
chain length alkanes to bacterial cultures (Schmid 1997). In the present experiments the use of
hexadecane allowed undisturbed growth of P. oleovor-answhereas cell viability was markedly
reduced when only the functionalized substrates were present (data not shown). After the
addition of the n-octylacetate and 2-octanone mixtures, biomass increased for a period of
several hours; all of the biomass increase could be accounted for by the accumulation of
functionalized PHA (Figure 2).
After the period of PHA accumulation, biomass dropped, slightly when n-octylacetate
was present and more significantly when 2-octanone was substrate. The fermentations on 2octanone and n-octylacetate yielded in 9.5 and 11 g.l-’ biomass from which 26.2 and 45 g
PHA were purified, respectively. The cultivation data, the physical properties and the molar
monomer composition of both functionalized polyesters are summarized in Table 1.
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Figure 2: Time course of the pilot-scale (24 L) productions of functionalized polymers from
mixtures of n-octylacetateloctane (Panel A) and 2-octanone/octane (Panel B) using
Pseudomonas oleovorans in two-liquid phase fed-batch processes. The arrows indicate the
addition of the substrate mixtures.
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of mcl-PHA containing 0x0 groups

The one-dimensional (1D) proton NMR spectrum of polymer A is dominated by the HO
resonances. In addition, there are small resonances from the keto-functionalized monomer
units HO0 and HOH. All HO-I proton resonances H(2,3,4,6) are directly visible. The H(8)
resonance clearly indicates the occurrence of the HO0 monomer unit. The other resonances in
this monomer H(2-6) are covered by HO/HH. In contrast, in the one-dimensional 13CNMR
spectrum all HO0 carbon resonances are visible whereas the corresponding HOH resonances
are very low due to the low amount of the monomer in the polyester.
Therefore, two-dimensional NMR spectra were analyzed to unambiguously assign the
‘H and 13Cresonances from HO0 and HOH in polymer A. The chemical shifts obtained from
the one- and/or two-dimensional experiments are summarized in Table 2.
The polymer composition was determined from the ‘H NMR spectrum and is shown in
Table 1. The ‘H and 13C NMR spectra indicate that the polymer is essentially free of
impurities. Chemical shifts and the unbroken assignment of neighbouring carbon atoms of
HO0 and HOH (see Table 2) confirm that the ketones are not present as starting compound
impurities and must therefore result from metabolic activity. It was found that polymer A
could be a copolymer or a mixture of homopolymers since no chemical shift dispersion of Csignals as a result of repeat unit sequence effects was observed. There was no long-range
correlation between H(3) of HOH and C(1) of HO at 5.47069.1 ppm to proposed a copolymer
composition. More intense long-range correlations between H(3) and C(1) of neighbouring
units might be present. However, since protons H(3) of HH, HO and HO0 overlap at 5.17
ppm, they are masked from correlations within these individual components.
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Table 2: Assignment of the ‘H and 13C chemical shifts from ‘J(lH,13C) (HSQC) and
nJ(‘H,‘3C) (HMBC, with n=2 or 3) correlations observed for the incorporated comonomer
units 3-hydroxy-7-oxooctanoate (HOO) and 3-hydroxy-5-oxohexanoate (HOH) in polymer A.

HO0
Position

HOH

6(‘H) a) S(13C)b,

1

;Tr;;;!&

S(13C)

nJ(‘H,‘3C)
correlations

168.9 d,

H-(2, 3)

2

2.52

169.2
39.0

2.63

38.6 a)

H-W

3

5.17 f,

70.9

e)

5.47

67.2 d,

H-(2,4)

4

1.57

33.1

H-(5,6)

2.82

46.6 a)

H-(2,3, 6)

5

1.58

19.2

H-(3, 4, 6)

204.7 dj

H-(3,4,6)

6

2.42

42.9

H-(4,8)

207.6 dj

H-(5,6, 8)

7
8
“1

a1

b)
cl
4
e)
cl

e,
e)

6(‘H) ‘)

2.16

30.4 a)

2.12 ‘j
29.9
from HSQC correlations
from 1D 13C{lH} spectrum and HSQC correlations
from ID 1H spectrum
from HMBC correlations
no correlations resolved due to overlapping with strong signals from HO
and HH
from HSQC-TOCSY correlations

NMR characterization

of mcl-PHA containing acetoxy groups

The chemical shift assignments of the monomer units AHO, AHH and AHB are shown
in Table 3 and the copolymer composition is summarized in Table 1. Although the proton
NMR resonances of HB are masked by signals of HO and HH, HB correlations are visible in
the 2D NMR spectrum of polymer B. Thus, HB monomers are apparently present in, small
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amounts in this polyester, which is an unusual finding for PHA formed by P. oleovorans
(Madison and Huisman 1999). As an example, Figure 3 shows the HSQC-TOCSY spectrum
of a polymer B sample from the lab scale production, where the H/C-correlations of HB are
assigned. Also indicated are some correlation signals of AH0 and AHH. The HSQC-TOCSY
spectrum is necessary for the clear assignment of the signals of the monomer units AH0 and
AHH, whereas the NMR resonances of AHB are free from strong HO and HH overlapping
and the presence of this unit could be corroborated from the “J(‘H,13C) spectra (n = 1,2 or 3)
alone. However, as the concentrations of the minor monomer units are very low, the
independent structure confirmation from different NMR spectra is welcome.
The composition of polymer B (Table 1) represents the average from two different lab
scale samples. Only the sum of the concentration of AH0 and AHH can be derived from the
‘H NMR spectra. However, their methyl resonances at 20.84 and 20.79 ppm in the ID 13C
spectrum have similar intensities, and the concentrations of both components were set equal.
For polymer B produced on the pilot scale, the concentrations of the functionalized monomer
units are [AHO] = [AHH] = 1.8 and [AHB] = 1.5 mol-%.
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Table 3: Assignment of the ‘H and 13Cchemical shifts and long-range correlations (n = 2,3)
observed for the incorporated comonomer units S-acetoxy-3-hydroxyoctanoate (AHO), 6acetoxy-3-hydroxyhexanoate (AHH) and 4-acetoxy-3-hydroxybutyrate (AHB) in polymer B.

Posi-

AH0

tion

@‘HI

1

AHH

S(‘3C)

“J(‘H,13C)
correlations

6(‘H)

-169.3

4HB

S(“C)

2.53

39.0

2.55

39.0

3

5.17

70.7

5.18

70.3

4

1.60

33.9

1.65

5

1.27

24.7

H-(3,7)

6

1.33

25.6

H-(8)

7

1.60

28.4

H-W

8

4.02

64.3

H-(7)

170.9

H-(8, 10)

10

2.02

correlations

5(‘H)

-169.3

2

9

“J(‘H,13C)

s(‘3c)

“J(‘H,13C)
correlations

-169.3
2.62

35.8

H-(4)

H-(4)

5.37

68.2

JW)

30.3

H-P, 6)

1.1l/4.28

64.1

H-P)

1.65

24.3

H-(4,6)

170.4

H-(4,6)

4.03

63.8
170.9

2.02

2.04

20.6

H-(6, 8)

20.8

20.8

Physical characterization of the polyester
Table I summarizes the production data and the physical properties of the copolyesters
A and B. As melting temperatures (T,,J 48.4 and 49.7 “C for polymer A and polymer B were
found. The incorporation of the 0x0 and acetoxy groups into the polyester side chain resulted
in a decrease of T,,, of about 12 “C compared to octane derived PHA (Tm= 61 “C, T,= -29 “C
(de Koning et al. 1994)), which is the most prominent member of the polyesters synthesized
by Pseudomonas oleovorans. Accordingly, de Koning et al.(de Koning et al. 1994) found that
the incorporation of 5 % unsaturated groups into octane derived PHA decreased T,, for 6 “C.
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The authors suggested that the lower T ,,, was due to decreased crystallinity

of the

filnctionalized polymer. The weight-average molar mass (M,) of the PHAs isolated from P.
oleovorans were in the range of 230 - 300 kg/mol for both polymers (Table 1). Thus, the
incorporation of the functional groups resulted in increased molecular weights compared to
octane derived PHA (M,of

193000 g/mol) (de Koning et al. 1994).

The incorporation of functional groups into polyester in order to alter polymer properties
can be done for two reasons: Either the functional groups itself modify the material
characteristics or they can be a handle for polyester processing using the functional groups.
The physical properties of the newly synthesized materials are generally similar to those found
by mcl-PHA from P. oleovorans; the major differences affect thermal properties and
molecular weights. The functional groups, however, offer a series of interesting possibilities
to process these materials further to achieve specific material requirements as discussed for
poly@-malic acid) derivatives with drug and cross-linking pendant groups (Vert 1998).
Ongoing investigations in our lab are therefore focussing on modification of the polymer
properties by chemical or biological treatment of the polyesters and on the analysis of the
properties of these processed materials.
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Figure 3: ‘H,13C HSQC-TOCSY spectrum of copolymer B with the assignment of selected
correlation signals of the minor monomer units AHO, AHH and HB.
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of novel functionalized

PHAs in pilot-scale

As pointed out in chapter 2,4 and 6 substrate toxicity represents a major concern in mclPHA production when using organic solvents as precursors. Paying special attention to this
aspect, a series of different approaches and techniques for cultivating microorganisms under
harsh two-liquid phase conditions have been investigated in lab and pilot scale. Introducing
the observations into the existing processes, cultivation systems were developed, which
allowed the production and isolation of gram amounts of novel functionalized mcl-PHAs.

Two liquid phases enable production

of mcl-PHAs from toxic substrates

In chapter 2 the use of the inert carrier solvent hexadecane is shown to be very useful for
the production of functionalized mcl-PHAs from solvent substrates. Whereas P. oleovorans
did not grow on 1-hexene in the absence of a carrier solvent phase, the addition of hexadecane
as additional liquid phase reduced the toxicity of the alkene and let the cells proliferate and
accumulate product. The process was scaled up from shake flask cultures to lab scale
fermentations and mcl-PHA containing 3-hydroxyhexenoate monomers was identified using
GC-MS analysis. Although a series of improvements were realized, the product yield in these
processes could not be increased to a level that allowed product recovery. This was
unfavourable since the starting aim of the project was the isolation of 5 g of R-3hydroyhexenoate monomers. This chiral compound is a valuable building block, which is
difficult to be synthesized chemically and which would have been produced for a joint project
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with Prof. Molinski (UC Davis, USA). Nevertheless, the knowledge gained from the project
could successfully be applied in a following project where multi-gram amounts of two novel
mcl-PHAs containing oxo- and acetoxy-groups in the side chains were produced. The scale at
which these functionalized mcl-PHAs were produced and isolated is unique and will allow
further polymer processing steps to improve the material properties or to investigate potential
applications.

Multiple

nutrient

limitations

as a potential

tool for the efficient production

of PHAs from exotic substrates
The growth of P. oleovorans under simultaneous limitation of nitrogen and the organic
solvents octane or octene in a chemostat was found to be possible and to exhibit a series of
interesting features that allowed us to overcome the common drawbacks of two-liquid phase
processes, such as substrate or (side) product inhibition, biosurfactant formation, foaming and
substrate evaporation. Most importantly

for PHA production,

dual-nutrient-limitation

increased the process efficiency and reduced toxic effects of the organic substrates octane and
octene (chapter 4). Interestingly, under carbon limited conditions the cells were found to
accumulate not only the well-known mcl-PHA polymer, but also a mcl-PHA oligomer
consisting of about 32 monomer units. At present we can only speculate about the importance
of this observation but it could be an exciting finding towards the understanding of the in vivo
PHA biosynthesis. For these investigations, the controlled growth conditions in chemostat
were shown to be a significant tool.
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New processes for the efficient production

of functionalized

PHAs

In order to develop more efficient mcl-PHA production systems, innovative fed-batch
and continuous cultivation systems were set up. A closed-loop controlled addition of medium
chain length alkanes allowed the precise supply of toxic substrates in fed-batch cultures. The
dilution of exotic aliphatic substrates in carrier solvent was found to be a very useful tool for
the production of novel mcl-PHAs. For physiological studies of PHA accumulation from
organic solvents, chemostat cultures were performed and dual-nutrient limited growth was
observed. A high-cell density continuous cultivation system composed of two chambers was
developed for continuous PHA production. Both, fed-batch and continuous system showed
volumetric overall productivities of 1 g.l-‘*h-l and cellular PHA contents of over 60 %, enough
for a potential large scale production. Thus, future work on mcl-PHA development can now
focus on application development, since interesting materials are now available or can easily
be produced in sufficient amounts.
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