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Abstract
The main goal of the thesis is to develop strategies for the fed-batch production of
medium-chain-length poly(3-hydroxyalkanoate) (MCL-PHA) by Pseudomonas putida KT2440
from decanoic acid (DA) co-feeding with glucose (G). Since decanoic acid is poorly water
soluble and a solid at room temperature, two methods were tested to maintain it as a liquid by
either mixing it with acetic acid (AA) or heating it to feed into the bioreactor. Exponentially
feeding the carbon substrates at a ratio of 3:3:4 of DA:AA:G at a specific growth rate (µ) of 0.15
h-1 resulted in 26 g L-1 biomass containing 57% PHA. The final PHA composition was 74 mol%
3-hydroxydecanoate (3HD), 14 mol% 3-hydroxyoctanoate (3HO) and 12 mol% 3hydroxyhexanoate (3HHx). As the ratio of DA:AA:G increased from 3:3:4 to 5:1:4, 50% higher
biomass and 73% higher PHA were obtained. An even higher biomass concentration of 75 g L-1
containing 74% PHA was achieved by applying the same specific growth rate followed by
constant substrate feeding strategy. Heating decanoic acid without acetic acid was performed as a
control experiment at feeding ratio of DA:G (1:1) resulting in a final higher biomass of 41 g L-1
but containing only 58% PHA.
A fadB and fadA knockout mutant of P. putida KT2440 named P. putida DBA-F1was
constructed to increase the fraction of the dominant monomer (3HD) in PHA by limiting the fatty
acid β-oxidation activity. Using a feeding ratio of decanoic acid and acetic acid (DAA) to glucose
(G) (6:4) at specific growth rate of 0.15 h-1, significantly different monomeric composition (97%
3HD:3% 3HO) but a lower biomass (8.5 g L-1) and PHA concentrations (3.5 g L-1) were obtained
compared to the wild type. The performance could be improved at a feeding ratio of DAA:G of
2:8, leading to 18 g L-1 biomass containing 100% poly(3-hydroxydecanoate) (PHD). MCL-PHA
with enriched 3HD monomers could also be obtained using acrylic acid (Aa) as a chemical
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inhibitor of the β-oxidation pathway by P. putida KT2440. At a ratio of DAA:G:Aa (6:4:0.2), 21
g L-1 MCL-PHA with 84 mol% 3HD was produced.
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Chapter 1
Introduction
1.1 Background
Since the 1930s, plastics have rapidly become a primary raw material in creating
numerous new products. In 2012, the global production of plastic resins was 288 million metric
tons, an increase of 620% since 1975 (Jambeck et al., 2015). The increasing demand raises
concerns about the disposal of these persistent petroleum-based materials. In 2010, 275 million
metric tons of plastic waste was generated in 192 coastal countries which could potentially enter
the ocean as marine debris (Jambeck et al., 2015). The human-created waste is of increasing
concern due to its persistence and effects on the ocean and the wildlife. Thus, it is necessary to
develop biodegradable materials, preferably derived from renewable resources. One option is the
adoption of bioplastics, such as poly(3-hydroxyalkanoate) (PHA), which is biodegradable and can
be produced from plant biomass.
PHA is a polyester, with 3 carbons in the backbone, and different types of monomer side
chains. They are produced intracellularly by numerous bacteria as granules for carbon and energy
storage. The classification of PHA depends on the carbon chain length of its repeating units.
Short-chain-length PHAs (SCL-PHAs) contain three to five carbons in one unit, while mediumchain-length PHAs (MCL-PHAs) contain six to fourteen carbons. The chemical structure of the
monomer determines polymer properties and potential applications. SCL-PHAs are thermoplastic
and possess a high degree of crystallinity, resulting in a high melting point. It is produced
commercially and has applications such as packaging for food products (Wu et al., 2009).
Polyhydroxybutyrate (PHB), the most common SCL-PHA, was commercialized by PHB
Industrial in Brazil under the trade name Biocycle, and P&G Chemicals produced NodaxTM in the
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US and Japan (Bugnicourt et al., 2014). In contrast to SCL-PHAs, MCL-PHAs are
thermoelastomers which have been used in making films, coatings, adhesives, and in drug
delivery, and tissue engineering (Wu et al., 2009). MCL-PHAs are less crystalline than SCLPHAs with a relatively low melting temperature. Although the technology of MCL-PHA
production is similar to SCL-PHA production, MCL-PHA is not commercially available due to
its high production cost because of the relatively expensive carbon sources required for high
yields. Structurally related carbon sources such as fatty acids, can be used for efficient MCL-PHA
production by most bacteria through the β-oxidation pathway. Octanoic acid and nonanoic acid
are the two most commonly used as their intermediates have a high affinity to MCL-PHA
synthases. However, these carbon sources are expensive and they may be toxic to the producing
strain, have low water solubility and a high oxygen demand. Thus, the strategy of co-feeding with
a cheap carbon source like glucose to support growth and with fatty acids for PHA production
was developed and improved performance documented (Sun et al., 2009). Extensive research has
been done to produce MCL-PHA from these substrates. However, few studies were done using
decanoic acid, which is generally cheaper than octanoic acid and nonanoic acid. To my
knowledge, the only work reported for MCL-PHA production from decanoic acid is in shake
flask studies, which had a very low yield (Liu et al., 2011). Fed-batch fermentation is the simplest
method to achieve a high production. Although there were a few fed-batch studies involving
decanoates, such as sodium decanoate for MCL-PHA production, the biomass level was still not
high, probably due to the inhibition of sodium ions on cell growth (Qi et al., 1998, Vladu et al.,
2014). Thus, fed-batch production from decanoic acid requires more study.
In addition, monomeric composition plays an important role in polymer properties. When
the fraction of the dominant monomer is increased in the polymer, the thermal and mechanical
properties of MCL-PHA are improved (Liu et al., 2011). Therefore, more studies focus on
2

controlling the monomeric composition in MCL-PHA for a homopolymeric product (Tripathi et
al., 2013). However, due to the nature of the biosynthesis pathway, MCL-PHA is typically
produced as a copolymer. So, the inhibition of β-oxidation is necessary to improve the probability
of producing a high content of the dominant monomers in the MCL-PHA polymer. In the case of
using decanoic acid, if MCL-PHA with improved properties is expected, more study should focus
on producing a high content of 3-hydroxydecanoate (3HD) monomers.

1.2 Objectives
Thus, the principal objective of this thesis is to develop fermentation strategies for the
fed-batch production of MCL-PHA from decanoic acid.
The thesis consists of five chapters. Chapter 1 is an introduction describing the
motivation for the study and provides a brief outline of the work completed. Chapter 2 is the
literature review. Chapters 3 and 4 focus on two specific objectives. Chapter 3 examines the two
strategies of feeding decanoic acid in the fed-batch production of MCL-PHA while co-feeding
glucose to support the growth of Pseudomonas putida KT2440. Since decanoic acid is a solid at
room temperature with a melting point of 32 ºC and is poorly water soluble (0.15 g L-1 at 20 ºC;
Haynes, 2015), the feasibility of dissolving decanoic acid in different amounts of acetic acid and
of using heat to maintain decanoic acid as a liquid for feeding into the reactor are assessed.
Chapter 4 evaluates MCL-PHA production of a polymer dominant in 3HD using (i) a P. putida
mutant in which genes were knocked out to prevent β-oxidation and (ii) the addition of a βoxidation pathway inhibitor using wild type P. putida KT2440. Since the mutant grew poorly,
methodologies to improve its growth were evaluated. Chapter 5 gives conclusions and
recommendations for future work.
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Chapter 2
Literature Review
2.1 Poly (3-hydroxyalkanoates)
Poly (3-hydroxyalkanoates) (PHAs) are polyesters (Figure 2-1). As a bioplastic, PHA
shows attractive properties compared to conventional petroleum-based plastics, such as
biodegradability, biocompatibility and water resistance (Wu et al., 2009). PHA can be entirely
produced from renewable resources, which makes it as a promising alternative material for
various applications in industry.

Figure 2-1 Chemical structure of poly (3-hydroxyalkanoate) (R is the variable side chain)
(Steinbuchel and Valentin, 1995)
The first report of PHAs was in the mid-1920s when Bacillus megaterium was found to
accumulate poly (3-hydroxybutyrate) (PHB) (Lemoigne, 1926). Since then, more than 150
different PHA structures have been identified, and they have a wide variety of physical and
chemical properties. Based on the number of carbons in the R groups, PHAs are classified into
two groups, short-chain-length PHAs (SCL-PHAs) containing up to five carbons in the monomer
units, and medium-chain-length (MCL) PHAs with six to fourteen carbons in the repeating units.
The properties of PHA are strongly determined by the carbon chain length of the monomer. SCLPHAs, such as PHB has a melting temperature of 180 oC and its degree of crystallinity is at least
70% (Holmes, 1984). However, MCL-PHAs can be used as a thermoelastomer due to its low
melting temperature and high extension at break. The monomer composition can also affect PHA
properties. One study showed that when the monomer fraction of 3-hydroxyhexanoate (3HHx)
5

was increased from 0 mol% to 25 mol%, the crystallinity and melting point of PHB decreased to
18% and 52 oC, respectively (Doi et al., 1995). Ouyang et al. (2007) also reported that when the
3-hydroxydodecanoate (3HDD) content of MCL-PHA was increased from 15 mol% to 39 mol%,
the melting temperature increased from 53 oC to 65 oC.
The production of SCL-PHA, such as PHB and copolymers of poly (3-hydroxybutyrateco-3-hydroxyvalerate) (PHBHV) has been studied extensively and they are produced
commercially. However, the production of MCL-PHA is still at the lab-scale due to high cost of
the carbon sources needed for their production. Considering the numerous potential applications
of MCL-PHA, current research is focusing on process development for its production.

2.2 Metabolic routes for PHA biosynthesis
Figure 2-2 shows the metabolic routes involved in PHA production by pseudomonads
based on the current literature. The pathways for PHA biosynthesis depend on the type of
substrate provided. The carbon sources can be classified into two groups, structurally unrelated
carbon sources and structurally related carbon sources.
2.2.1 Production of SCL-PHA from structurally unrelated carbon sources
The most common monomer produced for SCL-PHA is 3-hydroxybutyrate (3HB).
Structurally unrelated carbon sources, such as glucose can be used to produce PHB. The synthesis
starts from glycolysis to produce pyruvate, followed by its conversion to acetyl-CoA via the
pyruvate dehydrogenase (PDH) oxidation pathway. Then, two molecules of acetyl-CoA can be
combined to form acetoacetyl-CoA, which is catalyzed by beta-ketothiolase (phaA). AcetoacetylCoA is reduced to produce (R)-3-hydroxybutyryl-CoA through the reaction with reductase, an
enzyme encoded by the phaB gene. Finally, PHA synthase (phaC) polymerizes (R)-3hydroxybutyryl-CoA to PHB.
6

Figure 2-2 Metabolic pathways for PHA biosynthesis (Gumel et al., 2013).
2.2.2 Production of MCL-PHA from structurally unrelated carbon sources
Because there is no direct connection between the structure of the structurally unrelated
carbon sources, such as glucose, and that of the resulting MCL-PHA, the de novo fatty acid
biosynthesis pathway is necessary. Although this pathway is not as efficient as using structurallyrelated substrates, it does produce the building blocks of MCL-PHA when glucose is provided as
the main substrate. Moreover, 3-hydroxydecanoate (3HD) tends to be the primary monomer in
the MCL-PHA polymer (Huijberts et al., 1992). Generally, six enzymatic reactions are involved
in the fatty acid biosynthesis pathway. Acetyl-CoA is carboxylated to malonyl-CoA, which is
ATP-dependent. The acetyl group of acetyl-CoA and the malonyl group of malonyl-CoA are
7

activated to form acetyl- acyl carrier protein (ACP) and malonyl-ACP respectively. AcetoacetylACP is then produced by combining acetyl-ACP and malonyl-ACP. After the first reduction to
form (R)-3-hydroxyacyl-ACP followed by dehydration and a second reduction, acyl-ACP is
produced (Madison and Huisman, 1999). The acyl transferases encoded by gene phaG play a vital
role in linking the fatty acid synthesis pathway to PHA formation by converting (R)-3hydroxyacyl-ACP to (R)-3-hydroxyacyl-CoA (Matsumoto et al., 2001). Consequently, the chain
length of a precursor for PHA production can be extended by a two-carbon unit after
incorporating a molecule of acetyl-ACP each cycle through the fatty acid biosynthesis pathway.
That means longer monomers can be formed from substrates with shorter chain length.
2.2.3 Production of MCL-PHA from structurally related carbon sources
The β-oxidation pathway is responsible for MCL-PHA accumulation from structurally
related carbon sources, commonly fatty acids (Gumel et al., 2013). One unit of acetyl-CoA is
released from the carbon chain of fatty acid for biomass or energy production after each βoxidation cycle. The remaining acyl-CoA that is two carbon atoms shorter than the original initial
fatty acid can then enter the subsequent cycle again. Three possible intermediates produced in the
spiral pathway may be used to produce MCL-PHA precursors by a serious of enzymatic reactions
(Gumel et al., 2013). The first possible route is from enoyl-CoA to (R)-3-hydroxyacyl-CoA
catalyzed by enoyl-CoA hydratase. Secondly, 3-hydroxyacyl-CoA epimerase can catalyze the
conversion from (S)-hydroxyacyl-CoA to its (R)-isomer. Thirdly, (R)-3-hydroxyacyl-CoA can be
generated from 3-ketoacyl-CoA by reductase. The precursor molecule, (R)-3-hydroxyacyl-CoA
will finally be polymerized to MCL-PHA, catalyzed by PHA synthase encoded by the phaC gene
(Nomura and Taguchi, 2007).
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2.3 Factors affecting PHA production
2.3.1 Nutrient limitation
Nutrients, to provide the necessary carbon and energy sources to support cell growth and
PHA production, are important in MCL-PHA accumulation. Several studies have demonstrated
that nitrogen-limited condition could stimulate PHA production (Diniz et al., 2004; Durner et al.,
2001). Huijberts and Eggink (1997) investigated the effects of various nutrient limitation
conditions on PHA content in a 2 L bioreactor when oleic acid was continuously fed at a dilution
rate of 0.10 h-1. It was found that under nitrogen-limited growth condition, P. putida GPo1
produced enhanced biomass (12.4 g L-1) and PHA (29.8%), resulting in a productivity of 0.74 g
L-1 h-1 (Hazenberg and Witholt, 1997). However, no significant improvement was shown when
other nutrients were limited in the same system, such as potassium, magnesium and iron,
compared to nitrogen limitation. Durner et al. (2001) reported that during nitrogen-limited growth,
Pseudomonas oleovorans accumulated a high content of PHA when grown on octanoic acid
(42%). Other work has also shown substantial PHA could be produced under carbon-limited
growth condition (Sun et al., 2007a). In this work, 75% PHA was obtained when P. putida
KT2440 was grown on nonanoic acid using a fed-batch culture with an exponential feeding
strategy. However, the effectiveness of the nutrient limitation depended on the type of substrates
and bacterial strain. With carbon-limitation, approximately 19% PHA was produced when
nonanoic acid was used as the substrate by P.oleovorans, while only 2% PHA was obtained on
octanoic acid under the same fermentation conditions (Durner et al., 2001). One study found no
effect of N-limitation on PHA content with P. putida GPo1, but strong positive effects with P.
resinovorans (Ramsay et al., 1992).
Generally, the reason for PHA synthesis is to store energy to support cell growth, and the
mechanism for PHA production under non-carbon, nutrient-limited condition is clear. Oeding and
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Schlegel (1973) pointed out that PHA accumulation was stimulated by an increased
NAD(P)H/NAD(P) ratio under nutrient limitation, which would have negative effects on the key
enzymes involved in the TCA cycle, such as α-ketoglutarate dehydrogenase, isocitrate
dehydrogenase and citrate synthase. Thus, the flux of acetyl-CoA was into PHA synthesis rather
than the TCA cycle, causing high PHA production. However, the mechanism for PHA production
under carbon-limited condition is not well understood. One possible explanation is that a high
specific growth rate might result in a ‘metabolic bottleneck’, in which excess carbon is diverted
into PHA synthesis rather than the relevant metabolite pools which have already been saturated
(Durner et al., 2000). Another suggestion is that the presence of certain carbon sources might
stimulate the transcription of the PHA synthase gene (Prieto et al., 1999). So, higher PHA
production would result from increased production of the enzyme when higher amounts of the
carbon sources are provided.
2.3.2 Functionalized groups in PHA
The synthesis of PHA containing unique functional groups is of interest as their presence
may lead to unique applications. Various functional groups can be incorporated into the monomer
side chains, such as phenyl, halogen, ester, branched alkyls and unsaturated groups (Lu et al.
(2009). When using the methyl branched carbon source, 7-methyl octanoate, as the sole carbon
source for P. putida GPo1, the resulting MCL-PHA contained methyl branched side chains
(Fritzsche et al., 1990). Another example involves P.oleovorans producing MCL-PHA containing
unsaturated subunits when grown on octene or nonene (Lageveen et al., 1988). However,
challenges to use such carbon substrates include low growth and PHA production probably due to
their toxicity. It was found that carbohydrates could support cell growth for high MCL-PHA
production with unsaturated units, but the unsaturation degree could not be controlled. So, the
mixtures of saturated fatty acid (nonanoic acid), and unsaturated fatty acid (10-undecenoic acid),
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were used to control the unsaturated content in PHA by varying the feeding ratio of these two
carbon sources. The fraction of unsaturated units in the polymer increased with an increased
fraction of 10-undecenoic acid in the feed (Sun et al., 2009a). Similarly, high content of MCLPHA containing fluorinated side chains was produced when nonanoic acid was co-fed with
fluorinated carboxylic acids by P. putida GPo1 and P. putida KT2442 (Kim et al., 1996b).
2.3.3 Fermentation systems
To achieve a high volumetric PHA productivity, bioreactor systems need to be designed
to obtain a high cell density culture, a high PHA production and a short fermentation time.
However, there are many challenges that need to be considered, such as substrate limitation,
oxygen transfer capacity, and how to optimize the conditions for both high biomass and PHA
production.
Batch reactors have not been used for MCL-PHA production because the carbon
substrates are usually inhibitory and reactor concentrations need to be kept low. Continuous flow
reactors allow substrate concentrations to be kept low and can achieve high PHA production.
However, the high potential for contamination relegates these reactors to physiological studies
and they are not usually used in commercial production. Fed-batch reactors are commonly used
for high cell density bioprocesses and have the advantages of possible control of substrate
concentrations and high final product concentration. Studies have been reported for MCL-PHA
production in both continuous and fed-batch reactor systems.
A chemostat culture was operated for 30 days with a dilution rate of 0.2 h-1 for MCLPHA production by P. putida GPo1 (Hazenberg and Witholt, 1997). A biomass concentration of
11.6 g L-1 and 25% PHA were obtained from octane, resulting in a PHA productivity of 0.56 g L-1
h-1. The productivity was enhanced to 0.76 g L-1 h-1 with an optimized medium composition and
an improved mixing capability of the fermenter. Another study investigated the effects of dilution
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rate in continuous fermentations for MCL-PHA production from alkanes using P. putida GPo1
(Preusting et al., 1991) and the results showed that a lower specific growth rate could aid in
higher PHA generation. Similar improvements were found when P. oleovorans was grown in
chemostat culture on octanoate at a decreased dilution rate of 0.25 h-1 from 0.3 h-1 in a 2 L
bioreactor (Ramsay et al., 1991). The PHA content was increased to 21% from 15%. However,
the highest specific PHA production rate was achieved at the lowest dilution rate of 0.25 h-1. Thus,
there is trade-off between the PHA productivity and PHA content. High dilution rate could lead to
high PHA productivity due to the short culture time, but high PHA content could be achieved at
low specific growth rate due to the low oxygen requirement. So, it is hard to obtain both high
PHA productivity and content in a single stage. To solve the problem, a two-stage continuous
process was developed using two bioreactors (Jung et al., 2001). The first bioreactor was used to
have a high cell concentration at a dilution rate of 0.21 h-1, and in the second bioreactor, high
content of PHA was accumulated at a dilution rate of 0.16 h-1. The conditions resulted in 63%
PHA with a PHA productivity of 1.06 g L-1 h-1.
Preusting et al. (1993) reported an early fed-batch study for MCL-PHA production from
n-octane by P. putida GPo1. The fed-batch fermentation process was attempted to improve
production due to the loss of cell viability during the stationary phase in batch mode. The cells
were cultivated in a batch mode in a 2.6 L bioreactor until ammonium was fully utilized, then a
fed-batch process with a constant feeding rate was imposed for MCL-PHA production. Using the
same system but with optimized medium composition and oxygen transfer rate, 37.1 g L-1 of cell
mass was produced containing 33% PHA.
A fed-batch process is commonly used for high cell density culture, since it is the most
reliable and economical method, but proper feeding and control strategy are necessary. Ideally,
substrate consumption should be auto-monitored directly based on the real time measured
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substrate concentration. Control strategies such as using an automatic sampler and on-line gas
chromatograph have been reported (Kellerhals et al., 1999), but these techniques require
complicated (i.e. high risk of failure) and expensive online analysis. Other methodologies used in
fed-batch bioreactor systems include dissolved oxygen (DO)-stat, and pH-stat feeding strategies.
In a DO-stat, the substrate concentration can be controlled by the DO level (Cutayar and Poillon,
1989) and a pH-stat is based on the change of pH due to the production of acidic or basic
intermediates (Suzuki et al., 1990). The combination of these techniques was successful in
controlling substrate feeding to obtain a high cell density for PHA production, since more than
100 g L-1 of P. putida was produced from a non-toxic carbon source, oleic acid (Lee et al., 2000).
However, these approaches still require dedicated control. A simpler exponential feeding method
was developed that requires only basic equipment and easy control. Using exponential glucose
feeding strategy, high cell density of 61.6 g L-1 of dry P. putida biomass at a productivity of 2.8 g
L-1 h-1 was obtained by Sun et al. (2006). Similar to the continuous process, the specific growth
rate (µ) in a fed-batch process is important as well. Sun et al. (2007b) found that P. putida
KT2440 grew on nonanoic acid at a specific growth rate of 0.15 h-1 and produced 70 g L-1
biomass with 75% PHA, while exponential feeding at a higher rate of 0.25 h-1 accumulated lower
biomass (56 g L-1) and PHA (67%).
Oxygen limitation is a common problem at high cell density cultivation during an
exponential feeding with a constant specific growth rate. The oxygen demand increases with cell
density and eventually becomes greater than the oxygen transfer rate of the reactor. An
inadequate level of oxygen will negatively limit cell growth, causing substrate accumulation,
which leads to growth inhibition and foam generation, likely due to cell lysis. A gradual decrease
in the substrate feeding rate will adjust the cell production rate not only to avoid oxygen
limitation late in the fermentation without negative effects on the cells’ physiological condition,
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but also to obtain a high productivity because of the shorter time in the early stage of
fermentation at a higher specific growth rate. Therefore, decaying exponential feeding strategies
for MCL-PHA production by P. putida KT2440 have been developed (Maclean et al., 2008). A
linear decaying exponential feeding strategy produced 90 g L-1 cells and 58 g L-1 MCL-PHA.
Further increases in biomass (109 g L-1) and PHA (68.5 g L-1) production were observed with a
quadratic decaying feeding strategy because the specific growth rate was decreased less rapidly.

2.4 Dependence of MCL-PHA production on carbon substrates
2.4.1 Influence on MCL-PHA monomeric composition
MCL-PHA can be derived from both structurally related substrates such as fatty acids or
their corresponding salts, aliphatic alkanes and alkenes, and structurally unrelated substrates such
as glucose and other carbohydrates (Durner et al., 2001; Hazenberg and Witholt, 1997).
There is a strong relationship between the monomeric composition in the polymer and the
types of the carbon sources. If fatty acids containing eight to ten carbon atoms in the subunits is
used as the carbon substrate, the major monomers produced in the polymer will consist of the
same number of carbon atoms or shorter by multiples of two carbons because of β-oxidation
(Huisman et al., 1989). For instance, when octanoate with eight carbon atoms was provided to P.
putida GPo1, MCL-PHA containing 91 mol% 3HO (C8) and 9 mol% 3HHx (C6) was produced
(Huisman et al., 1989). Similarly, when nonanoic acid with nine carbon atoms was provided to P.
putida KT2440, MCL-PHA containing 70 mol% 3-hydroxynonanoate (3HN) (C9) and 30 mol%
3-hydroxyheptanoate (3HHp) (C7) was produced (Sun et al., 2007a). However, if the precursors
contain more than 14 carbon atoms, they cannot be incorporated into the polymer because of the
specificity of enzymes involved (Huisman et al., 1989; Madison and Huisman, 1999).
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2.4.2 Influence on MCL-PHA content
The carbon substrates can also affect the amount of PHA produced, and their conversion
efficiency. Toxicity of the carbon sources is an important property. Structurally related carbon
sources, such as alkanoic acids, usually inhibit the cell growth above a certain level. Octanoate
was toxic to P. putida GPo1 at a concentration of 4.65 g L-1 and nonanoic acid inhibited the
growth of P. putida KT2440 at 3~4 g L-1 (Ramsay et al., 1991; Sun et al., 2006). However, PHA
yields from fatty acids are typically very high. In contrast, structurally unrelated substrates, such
as carbohydrates are not widely used as the main substrate for MCL-PHA production due to low
PHA productivity, but glucose has a relatively low toxicity. The cell growth of P. putida will not
be affected until a glucose concentration of about 40 g L-1 (Kim et al., 1996a). So, there is interest
to produce PHA using two carbon substrates together: PHA is mainly produced from fatty acids,
while glucose is fed as the co-substrate to support cell growth.
2.4.3 Influence of co-feeding carbon sources on MCL-PHA production
Co-utilization of carbon sources affects PHA yield, as well as the monomeric
composition. When nonanoic acid was used as the sole substrate of P. putida KT2440, the
monomers accumulated were only 3HN and 3HHp, and the overall yield (the sum of 3HN and
3HHp) from nonanoic acid alone was 0.254 mol mol-1. The PHA yield was increased to 0.450
mol mol-1 by co-feeding with glucose, but the subunits synthesized included 3HN, 3HO, 3HHp
and 3HHx (Sun et al., 2007a). Glucose can provide energy to support the cell growth so that more
nonanoic acid could be used in PHA synthesis and was also the sole carbon source for the
production of 3HO and 3HHx. Sun et al. (2009b) also reported that when nonanoic acid and
glucose were used as co-substrates, the PHA yield from nonanoic acid was increased to 0.66 g g-1,
which was higher than 0.53 g g-1 when nonanoic acid was used alone.
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2.5 Inhibition of β-oxidation pathway to improve MCL-PHA production
Typical MCL-PHA from fatty acids contains monomers of various carbon chain lengths,
due to the wide substrate specificity of MCL-PHA synthases, resulting in a low melting point and
weak tensile strength, which limits its commercial application. And it is known that increased
dominant monomer content in PHA polymer could improve its properties. Therefore, ways to
control the monomeric composition of MCL-PHA are needed. One approach is to inhibit the βoxidation pathway so that more monomers can be produced with the same carbon chain length as
the fatty acid fed because there is more carbon flux from the substrate channeled to MCL-PHA
synthesis. Methodologies with the purpose of suppressing the key enzymes to inhibit β-oxidation
pathway have been developed. Such methodologies include knocking out the relevant genes or
using chemical inhibitors.
2.5.1 Genetic manipulation
Gene knockout has been used to limit the function of certain enzymes involved in βoxidation to channel more carbon from fatty acids to MCL-PHA and increase the fraction of the
longer chain length monomers. Several studies focused on the effects of knocking out fadA and
fadB genes encoding for 3-ketoacyl-CoA thiolase and 3-hydroxyacyl-CoA dehydrogenase. In one
study, the mutant P. putida KCTC1639 was constructed by knocking out fadA to weaken the βoxidation pathway. The results showed that 77% MCL-PHA at a concentration of 8 g L-1 was
accumulated, much higher than 43% at a concentration 3.9 g L-1 in the wild type (Vo et al., 2009).
Similarly, MCL-PHA content increased significantly from 55% to 84% in the fadA and fadB
knockout mutant of P. putida KT2442 when dodecanoate was used as a carbon source in shake
flask culture (Ouyang et al., 2007). The 3-hydroxydodecanoate (3HDD) content was increased to
41 mol% compared to 7.5 mol% in the wild type. Liu et al. (2011) also investigated the effects of
other important genes involved in the β-oxidation pathway. They found that fatty acid
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degradation enzymes encoded by genes PP2136, PP2137 (fadB and fadA) and PP2214, PP2215
(fadB2x and fadAx), 3-hydroxyacyl-CoA dehydrogenase and acyl-CoA dehydrogenase encoded
by genes PP2047 and PP2048, and 3-hydroxyacyl-CoA-acyl carrier protein transferase encoded
by phaG played significant roles in fatty acid β-oxidation activity. When the above genes in P.
putida KT2442 were knocked out, the homopolymer poly(3-hydroxydecanoate) (PHD) was
produced in shake flask culture when decanoic acid was the carbon source. Another study
reported homopolymer production containing 3HDD by Pseudomonas entomophila LAC26
(Chung et al., 2011). In this study, key genes encoding for 3-hydroxyacyl-CoA dehydrogenase, 3ketoacyl-CoA thiolase, and acetyl-CoA acetyltransferase were knocked out. 90% PHA consisting
of 99 mol% 3HDD was produced. When the same mutant was cultivated in a 6 L bioreactor
during a fed-batch fermentation process, 7.3 g L-1 PHA consisting of 97 mol% 3HDD fraction
was accumulated. P. putida mutants could also be utilized for block copolymer production by
adjusting the concentrations of the relevant co-substrates. When mixtures of sodium hexanoate
and decanoic acid were used as the co-substrates, the mutant P. putida KTQQ20 produced a new
diblock copolymer-P3HHx-b-P(3HD-co-3HDD) which consisted of 49 mol% 3HHx, 16 mol% 33HD and 35 mol% 3HDD (Tripathi et al., 2013).
2.5.2 Enzyme inhibitors
Chemical inhibitors have also been used to manipulate PHA production. The most
common inhibitor used is acrylic acid which impairs β-oxidation via inhibition of β-ketothiolase
(Thijsse, 1964), the key enzyme in the last step of β-oxidation pathway, with the function of
cleaving acetyl-CoA from 3-ketoacyl-CoA. Acrylic acid has been employed to improve MCLPHA production in recombinant E. coli strains harboring MCL-PHA synthase genes from P.
aeruginosa (Qi et al., 1998). In that study, PHA accumulation was increased 30-fold with a

17

concentration of 0.2 g L-1 acrylic acid in 300 ml shake flask experiments when decanoate was the
substrate.
Besides improving PHA production, chemical inhibitors can also alter the monomeric
composition. Choi et al. (2009) reported a shift of the MCL-PHA composition to longer chain
monomers in P. fluorescens BM07 when feeding 11-phenoxydecanoaic acid in shake flask
experiments. Results showed that in the presence of 0.14 g L-1 acrylic acid, the resulting PHA
contained monomers of 52 mol% 3-hydroxy-5-phenoxyvalerate (5POHV), 42 mol% 3-hydroxy7-phenoxyheptanoate (7POHH) and 6 mol% 3-hydroxy-9-phenoxynonanoate (9POHN)
compared to 81 mol% 5POHV, 15 mol% 7POHH and 4 mol% 9POHN in the control without
acrylic acid. Similar results were shown when salicylic acid was tested as the inhibitor. The
presence of 0.02 g L-1 salicylic acid increased the content of 7POHH from 29 mol% to 61 mol%.
However, the use of chemical inhibitors might have negative effects on cell growth.
Ketothiolase inhibition with acrylic acid or salicylic acid could drive more carbon to PHA
production, but decreased acetyl-CoA production could also lower biomass and energy
production. Therefore, an additional carbon source needs to be provided to support the cell
growth when fatty acid is used as the main substrate (Huijberts et al., 1994). Jiang et al. (2012)
investigated the effects of acrylic acid on cell growth and PHA production with single or cosubstrate feeding in continuous cultivation of P. putida KT2440. With 0.02 g L-1 inlet acrylic acid
concentration, approximately 40% PHA content containing a maximum of 88 mol% 3hydroxynonanoate (3HN) was produced when nonanoic acid was used as the sole carbon source.
Enhanced PHA production (64%) with higher 3HN content (95 mol%) was obtained when cofeeding nonanoic acid and glucose at an acrylic acid concentration of 0.15 g L-1. Similarly, 98
mol% 3HN was achieved when feeding nonanoic acid and glucose as the co-substrates at a higher
acrylic acid concentration of 0.20 g L-1. The co-feeding strategy with acrylic acid as a β-oxidation
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inhibitor could also be applied to fed-batch fermentation studies. At a feeding ratio of 1.25:1:0.05
for nonanoic acid: glucose: acrylic acid, 71.4 g L-1 biomass containing 75.5% PHA with 89 mol%
3HN was produced (Jiang et al., 2013).
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Chapter 3
Fed-batch Production of Poly-3-hydroxydecanoate from Decanoic Acid
Submitted to Journal of Biotechnology
3.1 Abstract
Decanoic acid is an ideal substrate for the synthesis of MCL-PHA, but its use for this
purpose has only previously been studied in shake-flasks likely due to its surfactant properties,
low aqueous solubility and high melting temperature. A fed-batch fermentation process was
developed for the production of MCL-PHA from decanoic acid using Pseudomonas putida
KT2440. Decanoic acid was kept in liquid form by heating or by mixing with acetic acid to
prevent crystallization. Different ratios of decanoic acid:acetic acid:glucose (DA:AA:G) were fed
to produce a specific growth rate of 0.15 h-1. This method produced a maximum of 39 g L-1 dry
biomass containing 67% MCL-PHA when the DA:AA:G ratio was 5:1:4. However, a declining
growth rate occurred in the late stage of fermentation, resulting in decanoic acid accumulation in
the bioreactor leading to foaming. The duration of MCL-PHA production was extended by
shifting from exponential to linear feeding before accumulation of decanoic acid. This resulted in
75 g L-1 biomass containing 74% PHA and an overall PHA productivity of 1.16 g L-1 h-1 with the
production of each gram of PHA requiring only 1.16 g of decanoic acid. The final PHA
composition (on a molar basis) was 78% 3-hydroxydecanoate, 11% 3-hydroxyoctanoate and 11%
3-hydroxyhexanoate.

3.2 Introduction
Poly-3-hydroxyalkanoates (PHAs) are biocompatible, compostable polyesters produced
from renewable resources. Short-chain-length PHAs (SCL-PHAs) containing three to five
carbons in each subunit have been studied extensively (Chen et al., 2001; Kim, 2000). Medium26

chain-length PHAs (MCL-PHAs) with subunits of six to fourteen carbons are typically
thermoelastomers with potential use as coatings, toner components, adhesives, impact modifiers
and in biomedical applications. The metabolic pathways leading to MCL-PHA, employing either
aliphatics or carbohydrates as the substrates, are well understood (Lu et al., 2009).
The two most important factors governing the adoption of MCL-PHA by industry are
performance and price. Both are highly dependent on the substrate used in PHA synthesis.
Octanoic acid and nonanoic acid are the most commonly chosen aliphatics, while decanoic acid
has not been extensively utilized. Early experiments with Pseudomonas oleovorans demonstrated
that octane, nonane and decane were the preferred alkanes for MCL-PHA synthesis (Gross et al.,
1989) and the preferred substrate for the polymerase phaC1 of Pseudomonas putida U (Arias et
al., 2008) and of Pseudomonas aeruginosa (Qi et al., 1997) is 3-hydroxydecanoyl-CoA. Although
the price of decanoic acid is volatile, it is generally less expensive than either octanoic acid or
nonanoic acid. MCL-PHA produced from glucose or other carbon sources leading to acetate have
very high 3-hydroxydecanoate (3HD) content (Huijberts et al., 1992) due to the preference of
phaG for (R)-3-hydroxydecanoyl-ACP substrates (Fiedler et al., 2000), so these carbon sources
can be co-fed to produce the same material (3HD). Polymers rich in 3HD have highly desirable
thermomechanical properties (Liu et al., 2011). Therefore decanoic acid is probably the
carboxylic acid substrate that will be used in full-scale production of MCL-PHA. Commercial
PHA production always employs fed-batch fermentation, as it is the most reliable and economical
method, yet no fed-batch fermentation process utilizing decanoic acid has ever been reported. To
our knowledge the only reports of the use of decanoic acid as the main substrate for PHA
synthesis in liquid culture have relied entirely on shake flasks. This is likely due to technical
challenges such as the high melting temperature (32 ºC) and low aqueous solubility (0.15 g L-1 at
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20 ºC; Haynes, 2015) of decanoic acid. So, this is the first study to use decanoic acid in the fedbatch production of MCL-PHA.
3.3 Materials and Methods
3.3.1 Microorganism and growth medium
P. putida KT 2440 was maintained in glycerol at -80 ºC. The inoculum medium
contained (per liter): 6.36 g of Na2HPO4·7 H2O, 2.70 g of KH2PO4, 3.70 g of (NH4)2SO4, 0.40 g
of MgSO4·7 H2O, 1.00 g of nutrient broth, and 9.00 g of glucose. The fermentation medium
contained (per liter): 6.36 g of Na2HPO4·7 H2O, 2.70 g of KH2PO4, 3.70 g of (NH4)2SO4, 0.40 g
of MgSO4·7 H2O, and 10 mL trace element solution. The trace metal solution contained (per liter):
3 g of CaCl2·2H2O, 2.2 g of ZnSO4·7H2O, 10 g of FeSO4·7H2O, 0.3 g of H3BO3, 0.02 g of
NiCl2·6H2O, 0.2 g of CoCl2·6H2O, 1.00 g of CuSO4·5H2O, 0.15 g of Na2MoO4·2H2O, and 0.5 g
of MnSO4·4H2O. pH was automatically controlled by addition of 14% (W/V) of NH4OH.
Decanoic acid (98%, Sigma Aldrich), acetic acid (99.7%, Fisher Scientific) and glucose (99.5%,
Sigma) were fed to the reactor during the fed-batch phase as indicated in the substrate feeding
section.
3.3.2 Fermentation conditions
Fed-batch fermentations were performed with 3.0 L initial working volume in a Minifors
5 L stirred tank bioreactor (Infors HT, Bottmingen, Switzerland). Temperature and pH were
controlled at 30 ±1 ºC and 6.85 ± 0.05 respectively with agitation at 700 rpm. Dissolved oxygen
(DO) was measured with an Ingold polarographic probe and maintained at or above 40% air
saturation by automatically adjusting the ratio of air and pure oxygen via mass flow controllers to
maintain a total gas flow of 2 L min-1. CO2 content in the air outlet was measured with an infrared
CO2 monitor (Guardian Plus, Topac Inc. Hingham, MA, USA). Data acquisition (DO, outlet gas
CO2, substrates and base addition) and control were conducted with LabVIEW 6.1 (National
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Instruments). Feeding of decanoic acid, acetic acid and glucose was automatically controlled with
peristaltic pumps based on the mass of the reservoirs.
3.3.3 Substrate feeding and control methods
Different ratios of decanoic acid:acetic acid:glucose (DA:AA:G) were fed in identical
fed-batch fermentations. Concentrated glucose (50% W/V) and a mixture of decanoic and acetic
acids were fed from two separate reservoirs. Different decanoic acid to acetic acid (DA:AA)
ratios (55:45, 70:30, 85:15, 100:0 V/V) were prepared by heating decanoic acid in a hot water
bath at 100 oC and then mixing with acetic acid at room temperature. Without acetic acid to
prevent crystallization, decanoic acid was maintained as a liquid by keeping it heated at 50 oC.
Three 500 mL shake flasks (each with 100 mL medium) were inoculated directly from P.
putida maintained in glycerol vials at -80 ºC and cultured at 30 ±1 ºC and 200 rpm for
approximately 12 hours, then pooled to inoculate the fermentor. Before inoculation, 2.15 g of
glucose was added to the fermentor. The fermentations began in batch mode. Exponential feeding
began automatically after a 25% drop in CO2 production which indicated growth limitation by
glucose.
Carbon sources were fed simultaneously from the two separate reservoirs (one with acetic
and decanoic acids (or decanoic alone); the other with concentrated glucose) to attain a target
specific growth rate by exponentially feeding the carbon sources or by feeding at a constant rate
as described for each fermentation. All fermentations were designed to achieve exponential
growth with a specific growth rate of 0.15 h-1 except for the one in which the exponential growth
rate was followed by a constant (i.e. linear) feeding rate. During the exponential feeding stage,
feeding was controlled based on the following equation:

St 

Xt
Y X/S



X 0 e t
Y X/S
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where St (g L-1) is the total substrate required to produce Xt (g L-1), which is the total
biomass produced at culture time t; Yx/s (g g-1) is the yield of biomass from the total substrates,
which was set at 0.6 for all substrate ratios and estimated based on the biomass yields from fatty
acid and glucose described in previous studies (Sun et al., 2006, 2007a). X0 (g L-1) is the initial
biomass concentration before feeding starts; which was estimated at 0.65; and µ is the desired
specific growth rate (0.15 h-1) (e.g. at a feeding ratio of DA:G of 1:1, decanoic acid and glucose
were both fed to the reactor at a rate of 0.25 g h-1 during the first hour if the initial biomass
concentration was 2 g and biomass yield from the total substrates are 0.6). Verification that the
exponential feeding followed the actual specific growth rate is shown in Appendix C.
3.3.4 Analytical Procedures
Reactor samples were centrifuged at 13000 x g for 15 min and the liquid portion was
collected for nutrient analyses (glucose, nitrogen and phosphorus) while the solid portion
(biomass) was washed with distilled water and its dry weight determined gravimetrically after
lyophilization. Glucose concentration was measured colorimetrically by reacting with alkaline 4hydroxybenzoic hydrazide (Lever, 1972). Ammonium concentration was determined by the
phenol-hypochlorite method (Weatherburn, 1967). Phosphate concentration was determined via
reduction of phosphomolybdate to molybdene blue (Clesceri et al., 1999). MCL-PHA content and
composition, and decanoic acid concentration were determined by gas chromatography using
benzoic acid as the internal standard (Ramsay et al., 1991) after the PHA in the biomass was
solubilized in chloroform, acid hydrolyzed and the monomers methylated according to the
method of Braunegg et al. (1978). Biomass is defined as the dry solid portion minus decanoic
acid in the sample.
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3.4 Results and Discussion
3.4.1 Challenges to using decanoic acid in fed-batch fermentation
MCL-carboxylic acid such as octanoic and nonanoic acid are not suitable for batch
fermentation due to toxicity. For example, nonanoic acid concentrations above 3 g L-1 inhibit
growth of P. putida KT 2440 (Sun et al., 2007a). The aqueous solubility of aliphatic carboxylic
acids decreases logarithmically as chain length increases (Eggenberger et al., 1949), so that
longer chain carboxylic acids such as oleic, can be used in batch culture due to low toxicity.
Shake-flask experiments demonstrated that decanoic acid had low toxicity to P. putida KT2440
perhaps due to its low solubility which is about 0.15 g L-1 at 20 ºC (Haynes, 2015), so batch
fermentations were conducted with an initial decanoic acid concentration of 30 g L-1. With
mixing and aeration, these batch fermentations produced copious foam, likely due to the
surfactant properties of decanoic acid. Although not as efficient as their ethoxylated forms, salts
of aliphatic carboxylic acids of this size make excellent surfactants (Santos et al., 2014). For this
reason, it was determined that simple batch culture could not be used to achieve high biomass
concentration and that fed-batch was required as low substrate concentrations could be
maintained in the reactor, thus preventing foam formation. Substrates fed in this fermentation
mode are typically liquids (or solids dissolved in water) that can be pumped at controlled rates.
Sodium decanoate can be dissolved at high concentration in water, but as the fermentation
progresses, sodium ions will accumulate in the medium causing growth inhibition before high
biomass concentrations can be attained. Since neat decanoic acid is a solid at room temperature,
we examined co-feeding with acetic acid which, in sufficient quantity, will prevent molten
decanoic acid from crystallizing, and which can also serve as a growth substrate. Different ratios
of decanoic acid and glacial acetic acid were heated to melt the decanoic acid, then left to cool to
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a specified temperature (Table 3-1). Up to 85% V/V decanoic acid in glacial acetic acid reliably
remained in liquid form at room temperature.
Table 3-1 Effects of acetic acid and temperature on the crystallization of decanoic acid
DA:AA1 (V/V)
Temperature (ºC) 90:10 85:15 70:30 55:45 50:50 30:70 10:90
0
-2
+
10
+
15
+
+
+
+
20
+
+
+
+
+
+
25
+
+
+
+
+
+
3
30
+
+
+
+
+
+
+
1 DA: decanoic acid, AA: acetic acid
2 -: decanoic acid not entirely in a liquid state
3 +: decanoic acid completely in liquid form

3.4.2 Co-feeding glucose and decanoic acid with acetic acid at µ = 0.15 h-1
In the absence of de novo PHA synthesis, decanoic acid is the only one of the three
carbon and energy substrates (acetic and decanoic acids and glucose) that can be converted to
MCL-PHA. Since decanoic acid is considerably more expensive than the other substrates, its
conversion to PHA should be optimized. Enough decanoic acid must be fed to achieve high PHA
content in the biomass, but if too much is added, it may accumulate in the medium leading to
foaming and wasted decanoic acid. A fermentation was conducted by feeding glucose (50% W/V)
and a mixture of decanoic acid and acetic acid (55:45 V/V) to achieve a decanoic acid:acetic
acid:glucose mass ratio of 3:3:4 at a μ of about 0.15 h-1. The ammonium and phosphate
concentrations remained at levels that neither limited nor inhibited growth as in previous studies
with nonanoic acid (Sun et al., 2007a, 2007b). Concentrations of decanoic acid and glucose were
low throughout most of the fermentation until first glucose then decanoic acid began to
accumulate indicating that the bacterium was no longer able to grow at a µ of 0.15 h-1 around 25.5
h (Fig. 3-1).
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Figure 3-1 Co-feeding P. putida KT 2440 with a decanoic acid:acetic acid:glucose mass ratio of
3:3:4 at a specific growth rate of 0.15 h-1. % PHA is the percentage of PHA in the total biomass.
Starting at 16 h, some pure oxygen was required to maintain the DO (data not shown) at
40% of saturation. The CO2 production rate (data not shown) increased exponentially until
decanoic acid began to accumulate, at which time (25.5 h) it decreased rapidly. This was followed
by uncontrolled foaming. The maximum dry biomass achieved was 26 g L-1. Since the inoculum
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contained only nutrient broth and glucose as carbon sources, the biomass initially contained no
detectable PHA. The PHA content of the biomass increased continually throughout the
exponential growth, achieving a maximum of 57% of the final dry weight biomass. The final
PHA composition (on a molar basis) was 78% 3HD, 12% 3-hydroxyoctanoate (3HO) and 10% 3hydroxyhexanoate (3HHx).
The feeding of higher volume ratios (70:30 and 85:15) of decanoic acid to acetic acid was
examined in an effort to increase PHA content under identical fermentation conditions, resulting
in mass feeding ratios of DA:AA:G of 4:2:4 and 5:1:4 respectively. Trends in substrate
consumption as well as biomass and PHA production were similar to the previous lower ratio of
3:3:4 of DA:AA:G, except that more biomass and PHA were produced (Fig. 3-2, Table 3-2). The
DA:AA:G ratio of 4:2:4 produced 32 g L-1 biomass and 20 g L-1 PHA. The highest mass ratio of
DA:AA:G tested (5:1:4) resulted in a maximum biomass of 39 g L-1 with a PHA content of 67%.
Thus, increasing the DA:AA ratio increased both the amount of biomass and PHA produced but a
great deal of foaming occurred at about 26 h of feeding due to accumulation of decanoic acid.
Table 3-2 Comparison of fed-batch fermentations producing MCL-PHA using decanoic acid as
the main substrate
DA:AA:G1
mass ratio
3:3:4
4:2:4
5:1:4
1:0:1
5:1:46

Feeding
time (h)
26
25.5
26
27.5
42

Biomass
(g L-1)
26
32
39
41
75

PHA
(g L-1)
15
20
26
24
55

PHA
(%)
57
62
67
58
74

3HD:3HO:3HHx2
(moles %)
78:12:10
74:14:12
74:14:12
75:13:12
78:11:11

Yx/s3
mass %
44
54
68
58
58

YPHA/DA4
mass %
85
87
93
69
86

1 DA: decanoic acid, AA: acetic acid, G: glucose
2 3HD: 3-hydroxydecanoate, 3HO: 3-hydroxyoctanoate, 3HHx: 3-hydroxyhexanoate
3 yield of dry biomass from the total carbon sources consumed
4 PHA yield from decanoic acid consumed based on mass
5 PHA production divided by total fermentation time including the lag phase
6 Exponential feeding designed to produce µ=0.15 h-1 followed by constant substrate feeding at 15 g h-1
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Productivity
(g L-1 h-1)5
0.48
0.67
0.84
0.75
1.16

Figure 3-2 Co-feeding P. putida KT 2440 at different decanoic acid:acetic acid:glucose
(DA:AA:G) mass ratios and a specific growth rate of 0.15 h-1 except at a DA:AA:G ratio of 5:1:4
when a constant feed rate was started at 23 h. % PHA is the percentage of PHA in the total
biomass.
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3.4.3 Co-feeding decanoic acid and glucose with no acetic acid at a µ of 0.15 h-1
The effects of co-feeding acetic acid on the MCL-PHA fermentation process were not
known. However, since glucose also leads to acetate formation and previous studies had shown
that glucose could serve as an inexpensive substrate for the production of non-PHA biomass and
energy (Sun et al., 2009), it was hoped that acetic acid would produce similar results. As a control
experiment to assess the effects of acetic acid and in an effort to further increase PHA content, a
system was designed to feed molten decanoic acid into the reactor without any acetic acid. When
decanoic acid and glucose were used as co-substrates at a mass ratio of 1:1, biomass again
increased exponentially during the fermentation until 28.5 h when uncontrolled foaming occurred
(Fig. 3-2). The final biomass attained was higher at 41 g L-1 but contained only 58% PHA,
representing a biomass yield of 0.58 g g-1 from total substrate fed and an overall productivity of
0.75 g L-1 h-1 (Table 3-2).
3.4.4 Co-feeding decanoic acid, acetic acid and glucose at a µ of 0.15 h-1 followed by linear
feeding
The feeding ratio of DA:AA:G (5:1:4) had produced the highest PHA content (Fig. 3-2,
Table 3-2) but the final biomass, and thus the final PHA concentration, was still low. A two-stage
feeding strategy was used to avoid substrate overfeeding and allowed a higher biomass
concentration to be obtained. This was exponential feeding at 0.15 h-1 for 23 h followed by a
linear feeding rate of 15 g h-1. These conditions produced a biomass concentration of 75 g L-1
before overfeeding again occurred. During the exponential feeding stage, the PHA content
increased from 0 to 56% with a further increase from 56 to 74% during the linear feeding stage.
The final PHA concentration was 55 g L-1, with a molar composition of 78% of 3HD, 11% of
both 3HO and 3HHx, similar to the fermentations conducted entirely with exponential feeding.
The overall productivity was 1.16 g L-1 h-1. Since a shake-flask inoculum was used (as opposed to
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a rapidly growing dense culture from a seed fermentor), there was a lag phase of 5.35 h. During
the feeding stage itself, productivity was 1.31 g L-1 h-1. The highest overall productivity ever
reported for an MCL-PHA production was 1.91 g L-1 h-1 for KT 2442 grown on oleic acid in a
fermentation that produced 141 g L-1 biomass containing 51.4% PHA (Lee et al., 2000).
3.4.5 Different substrate ratios
Although the duration of the fermentations was almost identical as the ratio of DA:AA
increased from equal amounts to 5:1, biomass increased from 26 to 39 g L-1 (Table 3-2). This was
almost entirely due to the increase in PHA concentration from 15 to 26 g L-1. Biomass yield
increased by 52% and the cumulative productivity was increased by 72%. Whether based on
carbon content (Fig. 3-3) or total mass (Table 3-2), the yield of biomass from substrate (YX/S)
increased as the ratio of decanoic acid to other substrates increased. Although the feeding
program assumed a YX/S for total substrate of 0.60 g g-1, the actual yield increased with increasing
decanoic acid in the feed. The most obvious explanation for this phenomenon is that decanoic
acid is more highly reduced than acetic acid and thus can supply more energy. However, a carbon
balance showed that very little decanoic acid was actually oxidized (Table 3-3). At a DA:AA:G
of 5:1:4, 47.8 of the 52.5 g of carbon fed as decanoic acid was converted to PHA. Based on the
subunit composition of that PHA, it was determined that at least 4.1 g of the decanoic acid carbon
was lost in β-oxidation (i.e. converted to acetate). This accounts for 99% of the carbon in the
decanoic acid that was fed. Thus relatively little decanoic acid was used for energy production
and as the DA:AA ratio increased, a higher percentage was converted to PHA. However, when no
acetic acid was fed, the yield of PHA from the decanoic acid fed (YPHA/DA) decreased greatly
(Table 3-2). It would thus appear that supplying acetic acid reduces β-oxidation. This diverts
more decanoic acid to PHA synthesis, greatly improving process economics. If this is the case,

37

one might expect the subunit composition to change in the absence of acetic acid, but this was not
the case, possibly because of the increased rate of PHA synthesis in the presence of acetic acid.

Figure 3-3 Yield of carbon in biomass (assuming a carbon content of 50% by weight (Bailey and
Ollis, 1986)) from carbon of all substrates consumed at different DA:AA:G ratios during carbonlimited growth with exponential feeding designed to produce µ=0.15 h-1. All linear regressions
were forced through origin with a R2 value of above 0.99.
Table 3-3 The fate of decanoic acid carbon in carbon-limited fed batch culture at µ = 0.15 h-1

DA:AA:G
mass ratio
3:3:4
4:2:4
5:1:4
1:0:1

A
Carbon of DA
consumed (g)
34.2
44.9
52.5
66.8

B
Carbon in
PHA (g)
27.9
37.2
47.8
44.9

C
Carbon lost in
β-oxidation (g)
2.0
3.1
4.1
3.4

D
Total carbon in PHA
+ β-oxidation (g)
29.9
40.3
51.9
48.3

E1
Efficiency (%)
87
90
99
72

1. % of DA carbon incorporated into PHA or lost through β-oxidation during conversion to PHA (Column
D/ Column A)
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3.5 Conclusions
This is the first report of the use of decanoic acid as the primary substrate for MCL-PHA
production in fed-batch fermentation. It was found that acetic acid could be mixed with decanoic
acid to prevent its crystallization and that its presence led to more decanoic acid being directed to
polymer synthesis. The co-feeding approach allowed YPHA/DA yields of around 0.9 g g-1 to be
achieved. Higher yields are not obtainable unless β-oxidation is curtailed through inhibiting
(Jiang et al., 2012) or knocking-out key enzymes (Wang et al., 2011).
By applying a two-stage feeding strategy (exponential followed by linear feeding), the
performance was further improved, producing 75 g L-1 of biomass containing 74% of PHA. The
MCL-PHA composition was not significantly affected by either the substrate feeding ratio or
feeding rate. Further optimization of the feeding regime will undoubtedly further improve
productivity and final PHA concentration.
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Chapter 4
Fed-batch Production of MCL-PHA with Enriched Monomer Content
of 3-Hydroxydecanoate from Decanoic Acid
To be submitted to Enzyme and Microbial Technology
4.1 Abstract
Medium-chain-length poly(3-hydroxyalkanoate) (MCL-PHA) with enriched monomer
content of 3-hydroxydecanoate (3HD) was produced from decanoic acid by decreasing oxidation using a knock-out mutant Pseudomonas putida DBA-F1 or by the addition of acrylic
acid (Aa), an inhibitor of -oxidation, to the wild type P. putida KT2440 in fed-batch
fermentations. All experiments were performed in a 5 L bioreactor at a targeted specific growth
rate of 0.15 h-1. When the substrate ratio of decanoic acid and acetic acid (DAA) to glucose (G)
was 6:4, P. putida DBA-F1 accumulated significantly higher 3HD (97 mol%), but much lower
biomass (8.5 g L-1) and PHA content (42%) than the wild type. To improve the growth of the
mutant, the glucose content in the carbon substrate mixture was increased or other nutrients (yeast
extract and tryptone (YET)) were supplied. Both biomass and PHA concentrations were
improved by decreasing the DAA:G ratio. At a DAA:G ratio of 2:8, 18 g L-1 biomass containing
100% 3HD was achieved. This is the first report of the production of a poly(3-hydroxydecanoate)
homopolymer from decanoic acid in a fed-batch fermentation. At a DAA:G:YET ratio of 4:6:6,
16 g L-1 biomass containing 74% PHA was obtained. However, in spite of using a lower DAA:G
ratio or addition of a YET supplement, cell growth was still much poorer than the wild type.
When P. putida KT2440 was grown on a DAA:G ratio (6:4) with Aa to inhibit -oxidation (i.e. at
a DAA:G:Aa ratio of 6:4:0.2), a higher biomass concentration (30 g L-1) containing 70% MCLPHA with 84 mol% 3HD was obtained.
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4.2 Introduction
Medium-chain-length poly-hydroxyalkanoate (MCL-PHA) has drawn increasing interest
in the plastic industry as a biodegradable and biocompatible thermoelastomer with unique
properties (Basnett et al., 2012). However, MCL-PHAs typically have a low melting temperature
and tensile strength, limiting possible applications (Liu et al., 2011). Thermal and mechanical
properties of the MCL-PHA can be improved by increasing the dominant monomer content since
this results in a higher crystallinity (Chuang et al., 2011; Liu et al., 2011; Ouyang et al., 2007;
Tripath et al., 2013). For example, when the 3-hydroxydodecanoate (3HDD) content was
increased from 15 to 39 mol%, the crystallinity index (CI) value increased from 0.23 to 0.46,
indicating a higher crystallization (Ouyang et al., 2007). A homopolymer of poly(3hydroxydecanoate) (PHD) obtained from a shake-flask study had higher tensile strength (12 MPa)
and stress at break (313%) compared to that of traditional MCL-PHA (Liu et al., 2011). However,
commercial production of PHA requires a fed-batch process to be economically competitive. Our
recent study found that decanoic acid is an excellent substrate for MCL-PHA production in fedbatch fermentations (Gao et al., 2015), producing MCL-PHA containing 74 mol% 3hydroxydecanoate (3HD). Thus, more work is needed to increase the 3HD content.
MCL carboxylic acids produce the highest yields of MCL-PHA but must be processed by
the β-oxidation pathway before incorporation into the polymer, but if the β-oxidation cycle is
completed, two carbon atoms are lost as acetyl-CoA. This results in MCL-PHA containing a
variety of monomers with the same or fewer carbons than the carboxylic acid substrate. Blockage
of the β-oxidation pathway will not only direct carbon flux of fatty acid substrates towards PHA
biosynthesis but also change the monomeric composition, resulting in a more homopolymeric
product. For example, a mutant of Pseudomonas entomophila LAC26 was constructed by
deletion of genes ΔfadB, ΔfadA, ΔPSEEN 0664 and ΔPSEEN 2543 encoding key enzymes of 3hydroxyacyl-CoA dehydrogenase, 3-ketoacyl-CoA thiolase and acetyl-CoA acetyltransferase
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(Chuang et al., 2011). When grown on dodecanoic acid in shake flask culture, this mutant,
accumulated 91% PHA containing 99 mol% 3HDD, compared to 50% PHA containing 11 mol%
3HDD for the wild type. β-oxidation (3-ketoacyl-CoA thiolase and acyl-CoA synthetase) can also
be inhibited by chemicals. For example, Pseudomonas putida KT2440 produced poly-3hydroxynonanoate with enriched 3-hydroxynonanoate (3HN) content when exposed to acrylic
acid (Aa), a β-oxidation inhibitor (Jiang et al., 2012). When nonanoic acid (NA) and glucose were
used as the carbon source, 95 mol% 3HN was produced in the presence of 0.2 g L-1 Aa compared
to only 68 mol% 3HN without addition of Aa, increasing both melting temperature from 46 to 63
o

C and tensile strength from 7 to 16 MPa.
In the present study, the effects of the fed-batch substrate feeding ratio and nutrient

supplementation on a β-oxidation-limited mutant (P. putida DBA-F1) were examined and
compared to β-oxidation inhibition of the wild type strain with Aa. The goal was to produce a
high density culture with a high content of homopolymeric PHD.

4.3 Materials and Methods
4.3.1

Bacterial strains, plasmids, primers and chemicals
The β-oxidation mutant was constructed by Dr. Tri Minh Vo. Bacterial strains and

plasmids used in this study are listed in Table 4-1. Escherichia coli DH5F’ was used for routine
cloning, E. coli S17-1 was employed to transfer the constructed suicide plasmid into P. putida
KT2440 for conjugation, and P. putida KT2440 was the MCL-PHA producer whose fadBA
operon was partially deleted and replaced with the lac-aacC1 to create the -oxidation pathway
knock-out mutant. For genetic manipulations, E. coli and P. putida strains were grown in LB
medium at 37 and 30 oC overnight, respectively. Ampicillin sodium (150 g ml-1), kanamycin
sulfate (100 g ml-1), or gentamicin sulfate (50 g ml-1) was added as required. pGEM®-T Easy
was used to subclone the DNA fragments. Suicide plasmid pK18mobsacB was used to construct
the plasmid for partial deletion of fadBA genes and replacement with the lac-aacC1 by double
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homologous recombination. Primers, which were synthesized by Integrated DNA Technologies
Corporation (USA), are listed in Table 4-2. Pseudomonas Isolation Agar (PIA) was purchased
from Thermo Fisher Scientific Inc. (Fisher Scientific, Canada).
Table 4-1 Strains and plasmids used in this study
Strains and plasmids
Strains
E. coli DH5F’
E. coli S17-1
P. putida KT2440
(ATCC 47054)
P. putida DBA-F1
Plasmids
pGEM®-T Easy
pK18mobsacB
pBBR1MCS-2
pBBR1MCS-5

pMCS2dT7-GEN
pG-BA2594

pG-BA2306::lacGEN

pK18-BA::lacGEN

pG-BA::lacGEN

Relevant genotype, phenotype or description

Source or reference

F’, gyrA96(Nalr), recA1, relA1, endA1, thi-1,
hsdR17 (rk–mk+), glnV44, deoR, Δ(lacZYA-argF),
U169, [Φ80dΔ(lacZ)M15], Tetr
thi, pro, hsdR, recA, mobilizer strain

Lab stock

mt-2, hsdR1(r-m+), without TOL plasmid

(Bagdasarian et al.,
1982)
This study

fadB and fadA minus mutant of P. putida KT2440
Cloning plasmid, SP6 and T7 promoters, lacZ,
Ampr
Suicide plasmid, sacB, lacZ, Kanr
Broad-host-range cloning vector, T3 and T7
promoters, lacZ, Kanr
Broad-host-range cloning vector, T3, T7 and lac
promoters, lacZ, Genr. Source of gentamicin
resistance gene aacC1 for plasmid pMCS2dT7GEN
pBBR1MCS-2 derivative, aacC1, T3 and lac
promoters, lacZ, Kanr, Genr
pGEM®-T Easy containing 2594 bp-DNA fragment
cloned from P. putida KT2440 consisting of patial
coding sequence of fadB (1386 bp), linker (32 bp),
and full coding sequence of fadA (1176 bp)
pG-BA2594 derivative, containing lac promoter
and gentamicin resistance gene (lac-aacC1) flanked
at 5’ and 3’ ends with 1137 bp-fadB and 1169 bpfadA genes, respectively
pK18mobsacB carrying a DNA fragment consisting
of 1137 bp-fadB gene, lac-aacC1, and 1169 bp-fadA
gene
pGEM®-T Easy containing DNA fragment
consisting of patial coding sequences of fadB, fadA
genes, and lac-aacC1 cloned from purified genomic
DNA of P. putida DBA-F1 candidates

(Simon et al., 1983)

Promega
(Schäfer et al.,
1994)
(Kovach et al.,
1994, 1995)
(Kovach et al.,
1994, 1995)

This study
This study

This study

This study

This study

ATCC, American type culture collection; sacB, levansucrase gene; Ampr, ampicillin resistance; Kanr,
kanamycin resistance; Genr, gentamicin resistance.
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Table 4-2 Primers used in this study
Primer

Sequence a (5’ - 3’)

Restriction site
anchored

Purpose

B1137

cccgaagcttg cgatcaagag catccagaaag

HindIII

A1169

gctaaagcttcagacgcgttcgaagacagtg

HindIII

B1137

ggtcagatctcaggatccgaccatcatccagttgatgatg

BglII,
BamHI

A1169

agatagatcttgctcgagaatccaagagacgtggtgattg

BglII,
XhoI

gen-Kpn

agcaggtaccttacgccgtgggtcgatgtttg

KpnI

Amplify coding
sequence of fadB and
fadA
Amplify coding
sequence of fadB and
fadA
Delete 249 bp at 3’ end
of fadB including stop
codon and 40 bp at 5’
end of fadA including
start codon and linker
nucleotides by inverse
PCR
Delete 249 bp at 3’ end
of fadB including stop
codon and 40 bp at 5’
end of fadA including
start codon and linker
nucleotides by inverse
PCR
Amplify aacC1 from
pBBR1MCS-5

gen-Sac

acgtgagctcccgatctcggcttgaacgaattg

SacI

Amplify aacC1 from
pBBR1MCS-5

lacBam

aacaggatccatgcatgcgcccaatacgcaaac

BamHI

Amplify lac-aacC1
from pMCS2dT7-GEN

lacXho

catactcgagtatttaacgaccctgccctgaac

XhoI

Amplify lac-aacC1
from pMCS2dT7-GEN

CoL-F1

cagaagaacggtaagggcttc

None

CoL-R1

tgcatcttgccgagcatttctg

None

Genseq

tggctcaagtatgggcatcattc

None

PCR for screening and
cloning
PCR for screening and
cloning
Sequencing

MCS2seq

gttatccggctgacgctactca

None

Sequencing

a

Restriction enzyme cleavage sites are underlined
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4.3.2

Genetic manipulations
Restriction endonucleases and FastAP thermosensitive alkaline phosphatase from

Thermo Fisher Scientific Inc. (Fisher Scientific, Canada), 1 kb DNA Step Ladder, GoTaq Flexi
DNA polymerase and T4 DNA ligase from Promega Corporation (Fisher Scientific, Canada)
were used as recommended by the suppliers. Plasmid isolation, agarose gel electrophoresis,
preparation and transformation of competent E. coli using calcium chloride and electroporation
followed the procedures as described by Sambrook and Russell (2001). Genomic DNA of P.
putida strains was extracted using an E.Z.N.A.® Bacterial DNA kit (Omega Bio-tek Inc., USA).
Plasmids and PCR products were purified using a Gel/PCR DNA Fragments Extraction kit (IBI
Scientific, Canada), and the DNA fragments from restriction endonuclease reactions were
purified using an E.Z.N.A.® MicroElute DNA Clean-Up kit (Omega Bio-tek Inc.) according to the
protocol provided by the manufacturer. The cloned DNA fragment was sequenced using the chain
termination method and an automatic sequencer for confirmation (Genome Quebec Innovation
Center, Montreal, Canada).
4.3.3

Construction of gene replacement plasmid pK18-BA::lacGEN containing

fadBA::lac-aacC1 fusion cassette and -oxidation pathway knock-out mutant of P. putida
KT2440
The partial fadB and complete fadA genes of fadBA operon were amplified from purified
genomic DNA of P. putida KT2440 by PCR employing GoTaq Flexi DNA polymerase and a pair
of primers B1137/A1169. The resulting 2594-bp PCR products were cloned into pGEM®-T Easy
to create the plasmid pG-BA2594 with molecular weight of about 5608 bp and confirmed by
sequencing. Deletion of 249 bp at the 3’ end of the fadB including stop codon and of 40 bp at the
5’ end of the fadA including the start codon and linker nucleotides was performed by inverse PCR
employing a pair of primers B1137/A1169, generating 5320-bp PCR products. A 1157-bp
DNA fragment containing lac promoter and aacC1 gene encoding gentamicin 3'-acetyltransferase
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(lac-aacC1) was amplified from plasmid pMCS2dT7-GEN by PCR employing a pair of primers
lacBam/lacXho. The PCR products of lac-aacC1 were digested with BamHI/XhoI and inserted
into BamHI/XhoI-hydrolyzed 5320-bp PCR products, resulting in plasmid pGBA2306::lacGEN. A DNA fragment containing the 1137-bp fadB, 1157-bp lac-aacC1, and
1169-bp fadA was isolated from pG-BA2306::lacGEN by digesting with HindIII, and ligated
into HindIII/alkaline phosphatase-treated pK18mobsacB, resulting in gene replacement plasmid
pK18-BA::lacGEN containing fadBA::lac-aacC1. The fusion cassette is shown in Figure 4-1a.
The -oxidation pathway knock-out mutant of P. putida KT2440 was created by a double
homologous recombination as shown in Figure 4-1b and as described by Simon et al. (1986), and
Schweizer and Hoang (1995). Two ml of both of early-log-phase cultures of donor pK18BA::lacGEN-bearing E. coli S17-1 and recipient P. putida KT2440 grown in LB medium were
mixed and centrifuged to harvest cells. The pellet was resuspended in 100 l of LB medium,
which was then dropped on the surface of LB agar medium, then incubated at 37 oC overnight to
allow conjugation. P. putida KT2440 transconjugants were selected by spreading on PIA
containing 100 g ml-1 kanamycin (PIAKan100). Single colonies were subsequently streaked on
LB agar containing 15 % sucrose (wt/vol) (LBASuc15), and incubated at 30 oC overnight.
Sucrose-resistant colonies were screened for candidates of lac-aacC1 replacement by colony PCR
employing a pair of primers CoL-F1/CoL-R1. To verify the nucleotide sequence of the

fadBA::lac-aacC1 operon of the -oxidation pathway knock-out mutants, DNA fragments
containing fadBA::lac-aacC1 fusion cassette from purified genomic DNA of the candidate
mutants were amplified by PCR employing GoTaq Flexi DNA polymerase and a pair of primers
CoL-F1/CoL-R1, ligated into pGEM®-T Easy resulting in plasmid pG-BA::lacGEN, and
sequenced using SP6, T7, Genseq, and MCS2seq primers.
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Figure 4-1 The construction scheme of the suicide plasmid pK18-BA::lacGEN (A) and the
insertion of gentamicin resistance gene at the fadBA operon of P. putida KT2440 (B). Step 1
shows the integration of a conjugally transferred pK18-BA::lacGEN plasmid into the
homologous chromosomal region of wild-type P. putida KT2440 via the first homologous
recombination event and the generation of merodiploid strain which is Kanr, Genr, and Sucs
(Schweizer et al., 1995). Step 2 depicts the excision of unwanted DNA sequences through the
second homologous recombination event and the creation of desired mutant strain P. putida
DBA-F1 which is Kans, Genr, and Sucr.
4.3.4

Growth medium
The mutant strains were cultivated in the inoculum medium (per liter) containing 6.36 g

of Na2HPO4·7 H2O, 3.70 g of (NH4)2SO4, 2.70 g of KH2PO4, 0.40 g of MgSO4·7 H2O, 1.00 g of
nutrient broth, and 9.00 g of glucose. For fed-batch cultivation, the strain was grown in a medium
(per liter) composed of 6.36 g of Na2HPO4·7 H2O, 3.70 g of (NH4)2SO4, 2.70 g of KH2PO4, 0.40
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g of MgSO4·7 H2O, and 10 mL trace element solution (Jiang et al., 2013). NH4OH (14% (W/V))
was used to maintain the pH, except when replaced by 3 M NaOH in the fermentation involving
yeast extract and tryptone. Decanoic acid (98%, Sigma Aldrich), acetic acid (99.7%, Fisher
Scientific), glucose (99.5%, Sigma), yeast extract (Sigma), tryptone (Fisher BioReagents), acrylic
acid (Sigma Aldrich) were added to the fed-batch fermentor as indicated in the substrate feeding
and control methods section.
4.3.5

Fermentation conditions
A 300 mL inoculum was cultivated for about 12 hours at 30 ±1ºC and 200 rpm for the 5

L fermentor with 3 L working volume (Infors HT, Bottmingen, Switzerland). Cells were grown at
30 ±1 ºC at pH 6.85 ± 0.05 and 700 rpm agitation speed. Dissolved oxygen (DO) was measured
with an Ingold polarographic probe and maintained at or above 40% air saturation by
automatically adjusting the ratio of air and pure oxygen via mass flow controllers to give a total
gas flow rate of 2 L min-1. Exit CO2 content was measured with an infrared CO2 monitor
(Guardian Plus, Topac Inc. Hingham, MA, USA). Data (DO, CO2, substrate and base addition)
was acquired and controlled by LabVIEW 6.1 (National Instruments). Substrate feeding was
controlled based on the mass of the reservoirs with separate peristaltic pumps.
4.3.6

Substrate feeding and control methods
Before switching to fed-batch operation, batch cultivation was carried out with the

aforementioned inoculum and medium containing an additional of 2.15 g of glucose. Exponential
feeding began automatically when glucose depletion occurred and is typically indicated by a 25%
drop in CO2 production.
Decanoic acid was heated in a boiling water bath, then mixed with acetic acid at room
temperature to produce a 5:1 ratio of decanoic acid and acetic acid (DAA) by mass. DAA and
glucose (G, 50% W/V) were fed in separate reservoirs to produce decanoic acid:acetic
acid:glucose (DAA:G) ratios of 6:4, 4:6 and 2:8 in three fed-batch fermentations which were
identical except for the different feeding ratios. In another experiment, a mixture of yeast extract
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(YE) and trypone (T) (the combination abbreviated as YET) was fed as a nutrient supplement at a
mass ratio of 1:2 as in LB medium with the feeding ratio of DAA:G:YET of 4:6:6 by mass. When
acrylic acid was added to glucose, together with DAA, the feeding ratio of DAA:G:Aa was
6:4:0.2.The quantity of acrylic acid was selected based on a previous study by Jiang et al. (2013)
who found that a similar amount of acrylic acid successfully inhibited β-oxidation when NA and
G were used as the substrates by P. putida KT2440, the same organism used in this study.
Carbon sources were fed simultaneously to attain a target specific growth rate (0.15 h-1)
by exponential feeding. An example calculation of the actual specific growth rate and verification
that the exponential feed rate matched the actual specific growth rate are shown in Appendix C.
The substrate feeding and control method during the exponential feeding stage were described
previously (Sun et al., 2007). The yield of biomass from the total substrates (Yx/s (g g-1)) for the
feeding equation was set at 0.6 for all experiments and was estimated on the biomass yields from
fatty acid and glucose (Sun et al., 2006, 2007). The initial biomass concentration (X0) at the
beginning of the fed-batch phase was about 0.65 g L-1.
4.3.7

Analytical procedures
Supernatant was used for nutrient analysis after centrifugation. The pellet was washed

with water, lyophilized, its weight measured gravimetrically, then stored for PHA and decanoic
acid analysis. Nutrient analyses (glucose, nitrogen and phosphorus) were described previously
(Sun et al., 2006). MCL-PHA was extracted by chloroform from lyophilized biomass, acidified
and methylated using 15% (V/V) H2SO4 and 85% (V/V) methanol at 100 oC, followed by gas
chromatography analysis with benzoic acid as the internal standard (Braunegg et al., 1978;
Ramsay et al., 1991). The amount of decanoic acid was determined during PHA analysis.
Biomass is defined as the total dry solid portion minus decanoic acid in the sample.
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4.4 Results and Discussion
4.4.1

Construction of -oxidation pathway knock-out mutant of P. putida KT2440
The -oxidation pathway knock-out mutants of P. putida KT2440 were created

successfully by replacing the aacC1 gene with lac promoter at the fadBA operon of P. putida
KT2440. This was achieved by double homologous recombination between fadB and fadA genes
of the P. putida KT2440 chromosome and DNA fragments of fadB and fadA fused with lacaacC1 gene of the introduced plasmid pK18-BA::lacGEN (see Materials and Methods for
construction details). The pK18-BA::lacGEN plasmid was conjugally transformed into P. putida
KT2440 cells (Figure 4-1). The merodiploid colonies of P. putida KT2440 appeared on
PIAK100, which were generated by the integration of whole plasmid pK18-BA::lacGEN into
the homologous chromosomal region of wild-type P. putida KT2440 via the first homologous
recombination event, were kanamicin resistant (Kanr), gentamicin resistant (Genr), and sucrose
sensitive (Sucs). Candidate fadBA minus mutants were isolated on LBASuc15. They were created
by the removal of unwanted DNA fragments of plasmid pK18-BA::lacGEN integrated into the
chromosome of wild-type P. putida KT2440 via the second homologous recombination event,
were kanamicin sensitive (Kans), gentamicin resistant (Genr), and sucrose resistant (Sucr). These
desired candidates were selected from sucrose-resistant colonies and screened by colony PCR
using the primer pair, CoL-F1/CoL-R1. Colonies with successful recombinations would give rise
to a 1785-bp PCR product with the DNA fragment containing lac-aacC1 (1157 bp). Unsuccessful
recombination would give rise to a 916-bp DNA fragment without lac-aacC1. The 916-bp PCR
product was observed with a control colony of wild-type P. putida KT2440.
PCR products derived from 224 candidate colonies were analyzed by agarose gel
electrophoresis. Three colonies gave the expected DNA fragment size of about 1.8 kb. The other
221 colonies produced two DNA products of about 1.8 and 0.9 kbp or a DNA product of about
0.9 kbp, similar to the merodiploid strain generated from the first homologous recombination and
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the control (wild type), respectively (data not shown). The three positive candidate colonies were
then assessed further using their extracted and purified genomic DNA as templates to amplify
their fadBA::lac-aacC1 operon by PCR employing the primer pair CoL-F1/CoL-R1. The PCR
products were also cloned into pGEM-T Easy and subjected to sequencing for confirmation.
A comparison of genome-derived PCR products between candidate fadBA operon
mutants and the wild-type P. putida KT2440 confirmed that the 289-bp DNA fragment of fadBA
operon was replaced with the 1157-bp DNA fragment containing lac-aacC1 in the genome of P.
putida KT2440 (Figure 4-2). PCR products showed the same results as above in the colony PCR
screens in which mutant strains gave rise to a 1.8-kbp product (with DNA fragment containing
lac-aacC1), whereas the control strain gave rise to a shorter DNA product of about 0.9 kbp
(without DNA fragment containing lac-aacC1). In addition, the sequencing results for the three
candidate mutants showed that the nucleotide sequences of their analyzed fadBA::lac-aacC1
region were identical and the DNA fragment containing lac-aacC1 was present in fadBA operon
as a consequence of the double homologous recombination process.
These results indicated that the -oxidation pathway knock-out mutants were successfully
created from double homologous recombination in which the 289-bp DNA fragment of fadBA
operon was replaced with the 1157-bp DNA fragment containing lac-aacC1 in the genome of P.
putida KT2440. One of these three mutants was selected and designated as P. putida DBA-F1 for
further study.
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Figure 4-2 Analysis of PCR products of the -oxidation pathway minus mutant of P. putida
KT2440 using extracted and purified genomic DNAs as templates and employing the primer pair
Col-F1/Col-R1. Lane 1, 1 kbp DNA Step Ladder; lane 2, wild-type P. putida KT2440; lanes 3-4,
two representative merodiploid strains generated from the first homologous recombination event;
and lanes 5-7, three candidates of the desired -oxidation pathway minus mutant of P. putida
DBA F1 created from the second homologous recombination event.
4.4.2

Fed-batch cultivation of P. putida DBA-F1 for MCL-PHA production
A fed-batch fermentation of the mutant P. putida DBA-F1 was designed to produce a

specific growth rate of 0.15 h-1 with a substrate feeding ratio of DAA:G (6:4). The fermentation
ended after 23 h of feeding due to uncontrollable foaming, producing maximum biomass and
PHA concentrations of 8.5 g L-1 and 3.5 g L-1 respectively (Table 4-3). The PHA contained 97
mol% HD. Under the same fermentation conditions the wild type P. putida KT2440 produced 39
g L-1 biomass and 26 g L-1 PHA but with much less HD content. It was composed of 74:14:12
mol% of 3HD:3HO:3-hydroxyhexanoate (3HHx) (Table 4-3). These results indicated that the P.
putida DBA-F1 β-oxidation was almost completely eliminated, which meant most carbon flux
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from decanoic acid would be expected to be channeled towards MCL-PHA biosynthesis.
However, PHA yield from decanoic acid was only 0.42 g g-1 and each gram of carbon consumed
from decanoic acid only contributed to 0.38 g carbon in PHA (Table 4-3, Figure 4-3). Over 60%
carbon from decanoic acid was used for other purposes, such as for the production of 2-nonanone
as an extracellular metabolite (Denton et al., 1998). This resulted in a lower biomass and MCLPHA accumulation compared to the wild type (Table 4-3). In addition, the CO2 production rate
was significantly reduced in the mutant strain (data not shown). In the wild type, the CO2
production rate increased steadily until it reached 10 g h-1 at 26.5 h. In contrast, the CO2
production rate of the mutant reached its maximum of only 2 g h-1 at 20 h, indicating that the
carbon from the substrates did not go to the CO2 production.
Table 4-3 Comparison of fed-batch fermentations producing MCL-PHA using decanoic acid as
the main substrate for PHA synthesis

Microorganism

P. putida
DBA-F1
P. putida
KT2440

DAA:Ga
mass
ratio
6:4
4:6
2:8
4:6:6e
6:4
6:4:0.2f

Feeding
time (h)

Biomass
(g L-1)

PHA
(g L-1)

PHA
(%)

3HD:3HO:3HHxb
(moles %)

YPHA/DAc
mass %

Productivity
(g L-1 h-1)d

23
25
25.5
24.1
26
26.5

8.5
17
18
16
39
30

3.5
9.8
10.6
11.8
26
21

41
58
59
74
67
70

97:3:0
97:3:0
100:0:0
97:3:0
74:14:12
84:11:5

42
76
124
103
93
92

0.12
0.32
0.34
0.41
0.84
0.65

a DA: decanoic acid, AA: acetic acid, G: glucose
b 3HD: 3-hydroxydecanoate, 3HO: 3-hydroxyoctanoate, 3HHx: 3-hydroxyhexanoate
c PHA yield from decanoic acid consumed based on mass
d PHA production divided by total fermentation time including the lag phase
e mixture of yeast extract and tryptone was fed additionally, with the same total amounts to glucose
f acrylic acid was added as the β-oxidation inhibitor
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Figure 4-3 Carbon balance in PHA and consumed from decanoic acid at different substrates
feeding ratios in P. putida DBA-F1. All linear regressions were forced through origin with a R2
value of above 0.99.
4.4.3

Effects of substrate feeding ratio of DAA:G on cell growth and MCL-PHA

production
Bacteria with a weakened β-oxidation pathway will grow very poorly if fatty acids are the
only source of carbon and energy. For this reason glucose is fed as a co-substrate to achieve a
high cell concentration (Jiang et al., 2013). Thus, in order to provide more energy and carbon for
cell growth, the feeding ratio of DAA:G was decreased. Adjusting the DAA:G ratio to 4:6 greatly
increased both biomass and PHA concentrations of the mutant to 17 g L-1 biomass containing
58% PHA, resulting in a cumulative productivity of 0.32 g L-1 h-1 (Table 4-3). Compared to the
feeding ratio of DAA:G (6:4), the biomass and PHA concentrations were increased by 99% and
180% respectively. Also, a higher fraction of glucose in the carbon feed contributed to a higher
PHA yield from decanoic acid (0.76 g g-1). As shown in Figure 4-3, when 1 g of carbon was
consumed from decanoic acid, 0.80 g of carbon was produced in PHA, much higher than when
the DAA:G feeding ratio was 6:4.
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In an effort to further increase biomass and PHA production, the feeding ratio of DAA:G
was reduced to 2:8 under the same fermentation conditions. Only slightly higher biomass (18 g L1

) and MCL-PHA (10.6 g L-1) were produced and PHA subunits other than HD were not detected.

The fermentation lasted for 25.5 h with a productivity was 0.34 g L-1 h-1, similar to when the
DAA:G feeding ratio was 4:6 (Table 4-3). Interestingly, each gram of carbon consumed from
decanoic acid produced 1.32 g carbon in PHA (Figure 4-3) indicating that de novo synthesis from
glucose had occurred.
Lower ratios of DAA:G resulted in improved decanoic acid consumption (Figure 4-4).
Measurable decanoic acid accumulated earlier in the fermentation broth at a substrate ratio of 6:4
but not until 20 h at 4:6 and not at all at a ratio of 2:8. As the feeding ratio was decreased to 4:6
from 6:4, although similar amounts of DA (44 g) were fed during the whole fermentation time,
the percentage of DA consumed increased from 48% to 82%. As the feeding ratio was further
decreased to 2:8, only 24 g DA was fed, but the highest PHA concentration was achieved. All this
information indicated that lowering the feeding rate of DAA:G could reduce the inhibition of
growth by decanoic acid and gain more energy from glucose for a better cell growth.
Although an improved performance was seen by decreasing the feeding ratio of DAA:G,
the biomass and PHA concentrations were still not as high as that of the wild type. Only about
60% of the carbon consumed was recovered in biomass, PHA and CO2 in the mutant compared to
98% in the wild type. Since the carbon from decanoic acid did not go through β-oxidation in the
mutant, it must have been processed in some spillover metabolism(s). For example, previous
study showed that methyl ketones could be produced from fatty acids by chemical
decarboxylation of 3-keto acids when β-oxidation is inhibited (Thijsse, 1964). Total organic
carbon (TOC) analysis of the cell-free supernatant samples with similar biomass concentrations
showed that the mutant strain accumulated significantly larger amounts of extracellular
metabolites than the wild type. For example, the supernatant of the wild type contained only 0.66
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g L-1 TOC, while the supernatant of the mutant had 2.94 g L-1 TOC. Taking into account the
carbon in the supernatant, an acceptable carbon balance is obtained for the mutant.

Figure 4-4 Decanoic acid concentration (unconsumed) in the fermentation broth (top graph) and
overall decanoic acid consumption (bottom graph) (assuming the total amounts of DA fed was
100%) at different substrates feeding ratios for P. putida DBA-F1.
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4.4.4

Effects of yeast extract and tryptone (YET) supplement on cell growth and MCL-

PHA production
The low mutant’s growth might be caused by the insertion of the gentamicin resistance
gene at the fadBA operon of P. putida KT2440, since this gene encodes for the gentamicin-3'acetyltransferase enzyme also possesses catalytic activity for acetyl-CoA degradation and hence
would have negative effects on the TCA cycle (Case et al., 1978). Yeast extract is a common
substrate in media formulation in fermentation industry for cell growth. It is not only a major
source of B-complex vitamins, but also a supplement of proteins, carbohydrates, micronutrients,
and other important growth factors (Hakobyan et al., 2012). Tryptone is a source of amino acids
for growing bacteria. Thus, yeast extract and tryptone (YET) were supplemented to aid growth of
the mutant at a feeding ratio of 4:6:6 of DAA:G:YET. However, a biomass concentration (16 g L1

) containing 11.8 g L-1 PHA was produced (Table 4-3). This was not substantially better than the

results obtained without nutrient supplementation.
4.4.5

Fed-batch cultivation of P. putida KT2440 for MCL-PHA production in the

presence of acrylic acid
Acrylic acid (Aa) can also be used as a chemical inhibitor of acyl-CoA synthetase and
ketoacyl-CoA thiolase, key enzymes of the β-oxidation pathway not required for PHA synthesis.
An experiment was done with P. putida KT2440 at a DAA:G:Aa feeding ratio of 6:4:0.2 and a
specific growth rate of 0.15 h-1. Decanoic acid and glucose were accumulated beginning at 25 h,
followed by an uncontrolled foaming ending the fermentation at about 26.5 h with a maximum
biomass concentration of 30 g L-1 containing 21 g L-1 MCL-PHA (Table 4-3). The 3HD content
increased from 60 mol% at the beginning of the fermentation to 84 mol%, compared to 74 mol%
3HD produced without acrylic acid. The enriched 3HD content indicates β-oxidation inhibition
due to acrylic acid addition. Although the 3HD content in PHA was not as high as that in the
mutant, a higher biomass concentration was achieved.
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4.5 Conclusions
Metabolic regulation using the mutant P. putida DBA-F1 with a greatly limited βoxidation activity resulted in increased the 3HD content in MCL-PHA. For the first time, 100%
PHD was obtained from decanoic acid with glucose co-feeding during a fed-batch fermentation.
Although increasing the amount of glucose in the mixture of carbon fed could improve the
biomass and PHA production, more work is still needed to find out the mechanism leading to the
low cell growth of the mutant. Similarly, MCL-PHA with enriched 3HD content was produced in
the presence of acrylic acid, and an increased concentration of acrylic acid may further enhance
PHA production with a higher amount of 3HD monomers.
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Chapter 5
Conclusions and Recommendations for Future Work
5.1 Conclusions
Two feeding strategies were developed in this study to solve the problem of decanoic
acid being a solid at room temperature making it difficult to use as a substrate for the fed-batch
production of MCL-PHA. It was found to be feasible to use decanoic acid as the main carbon
substrate to produce MCL-PHA during fed-batch fermentation process by either mixing it with
acetic acid or heating it. Higher volume ratios of DA:AA resulted in higher biomass and PHA
production due to the increased feeding rate of decanoic acid. Despite the improvement,
experiments with only exponential feeding always ended early due to decanoic acid accumulation
in the late stage of the fermentation. A two stage feeding strategy with an exponential specific
rate followed by constant substrate feeding was found to delay decanoic acid accumulation
allowing longer fermentation times, resulting in enhanced biomass and MCL-PHA production.
The β-oxidation pathway limited the production of MCL-PHA with enriched dominant
monomer content. This was solved by either employing the mutant P. putida DBA-F1 or using
acrylic acid as a β-oxidation inhibitor with the wild type P. putida KT2440. Biomass and PHA
production was improved in the mutant by decreasing the ratio of DAA:G which reduced
decanoic acid inhibition on growth and provided more glucose for cell growth. However, the
performance of the mutant was still not comparable to that of the wild type due to the carbon lost
from decanoic acid as extracellular metabolites through spillover metabolism pathways.

5.2 Recommendations for Future Work
Although this work showed that biomass and PHA accumulation on decanoic acid was
improved at the highest substrate feeding ratio of DA:AA:G, more work is necessary to clarify
the various substrate contributions to final cell mass and products. This can be achieved by
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identifying the corresponding PHA component yields from each type of carbon source. Since it
has been shown that only odd carbon number monomers including 3-hydroxyheptanoate (C7) and
3-hydroxynonanoate (C9) could be produced from nonanoic acid, and the subunits of the PHA
formed from glucose only contained even-numbered carbon including 3-hydroxyoctanoate (C8)
and 3-hydroxydecanoate (C10), identical substrate ratio and fermentation condition could be used,
except that decanoic acid is replaced with nonanoic acid as the primary carbon substrate. In this
way, a clearer understanding of the relationships between carbon consumption and corresponding
PHA subunit yield can be expected.
Since a conservative low value of constant feeding rate was chosen in the two stage
feeding strategy, a long fermentation time was achieved. Thus, to improve the PHA productivity,
a higher constant feeding rate might be used. In addition, some other feeding methods might be
considered, such as a decaying specific growth rate feeding strategy with a gradual decrease in
the substrate feeding rate, which uses a higher specific growth rate in the early part of the
fermentation to reduce the overall time for a high productivity, and applies a low specific growth
rate at the late stage of fermentation to delay substrate limitation.
Yeast extract and tryptone were used as the nutrient supplement to stimulate the mutant’s
growth. However, the cell growth was still poor, which might be caused by the utilization of
NaOH solution for pH control. Since Na+ ions have physiologic functions related to osmotic
effects and influence on macromolecular behavior, their accumulation might inhibit the cell
growth. Thus, future work could still focus on these nutrients’ effects but with another base, such
as NH4OH. Also, some other possible nutrients supplement’s effects could be evaluated, such as
acetate and pyruvate, which play important roles in TCA cycle. In addition, a detailed analysis of
the key metabolites concentrations, enzyme activity involved in the PHA biosynthesis pathway
and some possible by-products in the supernatant samples might give more insights to deeply
understand the mechanism leading to the low cell mass and PHA concentrations for the mutant.
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The study showed that MCL-PHA containing 84% 3HD monomers were produced using
acrylic acid as a chemical inhibitor to limit the β-oxidation activity, indicating an incomplete
blockage of β-oxidation pathway. Thus, there is a potential to further enhance the dominant
monomer content by increasing the fraction of acrylic acid in the mixture of carbon sources.
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Appendix A
Raw data
Table A-1 Co-feeding P. putida KT 2440 with a decanoic acid:acetic acid:glucose (DA:AA:G)
mass ratio of 3:3:4 at a specific growth rate of 0.15 h-1
Time
(h)

0

14

16.5

18.5

21.5

23

24.5

25.5

26

26.5

Biomass and PHA analysis
Biomass
(g L-1)
PHA
(%)
PHA
(g L-1)

0.59

4.18

6.16

7.81

12.85

15.46

20.49

23.22

25.68

25.87

0.00

24.29

34.00

40.26

46.05

50.97

52.71

55.54

57.07

56.62

0.00

1.02

2.10

3.15

5.92

7.88

10.80

12.90

14.65

14.66

Nutrients analysis
DA
(g L-1)
G
(g L-1)
NH4+
(g L-1)
PO43(g L-1)

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

1.65

0.21

0.20

0.20

0.20

0.20

0.20

0.20

0.38

0.37

0.66

1.40

1.57

132

1.42

1.36

1.50

1.34

1.34

1.61

1.88

6.25

6.23

6.20

6.14

5.47

5.20

4.75

4.90

4.73

4.42

6.54

7.84

8.90

8.76

7.21

Gas analysis
CPR
(g h-1)

0.56

1.74

2.39

3.30

5.22
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Table A-2 Co-feeding P. putida KT 2440 with a decanoic acid:acetic acid:glucose (DA:AA:G)
mass ratio of 4:2:4 at a specific growth rate of 0.15 h-1
Time
(h)

0

12.5

15.5

17.5

19.5

21.5

23.5

25.5

26.5

Biomass and PHA analysis
Biomass
0.71 4.22 5.79 9.25 11.41 18.45 24.17 31.77 32.44
(g L-1)
PHA
0.00 27.18 31.67 40.12 44.54 46.17 50.83 61.93 62.54
(%)
PHA
0.00 1.15 1.83 3.71 5.08 8.52 12.29 19.68 20.29
(g L-1)
Nutrients analysis
DA
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.31
(g L-1)
G
0.17 0.10 0.12 0.11 0.12 0.09 0.15 0.13 0.62
(g L-1)
NH4+
1.43 1.22 1.35 1.37 1.16 1.18 1.06 1.64 1.86
(g L-1)
PO436.22 6.15 6.05 6.01 5.82 5.38 5.22 4.90 4.77
(g L-1)
Gas analysis
CPR
0.65 1.33 2.97 2.73 4.10 5.46 7.00 7.49 7.40
(g h-1)
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Table A-3 Co-feeding P. putida KT 2440 with a decanoic acid:acetic acid:glucose (DA:AA:G)
mass ratio of 5:1:4 at a specific growth rate of 0.15 h-1
Time
(h)

0

12

15

17

20

22

24

26

26.5

Biomass and PHA analysis
Biomass
0.76 3.44 7.10 9.62 14.28 22.00 29.02 39.02 38.91
(g L-1)
PHA
0.00 31.07 24.82 39.75 46.77 52.47 62.53 66.87 67.37
(%)
PHA
0.00 1.07 2.47 3.82 6.68 11.54 18.15 26.09 26.21
(g L-1)
Nutrients analysis
DA
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.71
(g L-1)
G
0.09 0.13 0.08 0.09 0.12 0.11 0.13 0.15 0.64
(g L-1)
NH4+
1.44 1.61 1.64 1.61 1.65 1.54 1.50 1.80 1.90
(g L-1)
PO436.17 5.95 5.95 5.76 5.61 5.50 5.39 5.05 4.52
(g L-1)
Gas analysis
CPR
0.69 1.29 1.85 2.50 3.60 4.68 5.96 8.95 9.49
(g h-1)

70

Table A-4 Co-feeding P. putida KT 2440 with a decanoic acid:glucose (DA:G) mass ratio of 1:1
at a specific growth rate of 0.15 h-1
Time
(h)

0

15

17

18.5

20

22

23.5

25

26

26.5

27.5

28.5

Biomass and PHA analysis
Biomass
0.66 6.99 9.30 11.34 14.40 19.29 25.28 31.44 35.26 39.84 41.09 42.04
(g L-1)
PHA
0.00 26.25 33.63 35.40 39.86 44.36 52.09 24.33 56.41 56.92 57.52 70.17
(%)
PHA
0.00 1.84 3.13 4.01 5.74 8.56 13.17 17.08 19.89 22.69 23.64 29.50
(g L-1)
Nutrients analysis
DA
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.89
(g L-1)
G
0.08 0.06 0.08 0.07 0.08 0.09 0.09 0.11 0.13 0.15 0.18 0.32
(g L-1)
NH4+
1.46 1.41 1.82 1.25 1.51 1.46 1.20 1.46 2.02 2.12 1.71 1.92
(g L-1)
PO436.15 5.88 5.63 5.87 5.56 5.52 5.47 5.31 5.17 5.09 4.59 4.40
(g L-1)
Gas analysis
CPR
0.69 1.90 2.33 2.85 3.53 4.51 5.43 6.69 7.66 7.99 9.49 11.75
(g h-1)
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Table A-5 Co-feeding P. putida KT 2440 with a decanoic acid:acetic acid:glucose (DA:AA:G)
mass ratio of 5:1:4 at a specific growth rate of 0.15 h-1 for 23 h followed by a constant substrate
feeding at 15 g h-1
Time
(h)

0

13

19

23

25

27

29

31

34

39

42

46

Biomass and PHA analysis
Biomass
0.80 4.50 12.18 22.24 29.24 34.80 41.00 43.76 56.19 71.72 74.65 92.95
(g L-1)
PHA
0.00 29.81 52.30 56.21 59.67 61.69 66.11 69.37 69.49 73.18 74.01 67.01
(%)
PHA
0.00 1.34 6.37 12.14 17.45 21.47 27.11 30.36 39.04 52.48 55.25 62.36
(g L-1)
Nutrients analysis
DA
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.83
(g L-1)
G
0.16 0.16 0.13 0.10 0.10 0.12 0.12 0.11 0.16 0.12 0.22 0.55
(g L-1)
NH4+
1.44 1.46 1.42 1.58 1.49 1.47 1.38 1.47 1.31 1.35 1.56 1.81
(g L-1)
PO435.57 5.32 5.08 5.30 5.02 4.98 4.93 4.79 4.65 4.58 4.11 3.93
(g L-1)
Gas analysis
CPR
0.52 1.16 2.78 4.76 5.00 5.12 5.17 5.26 5.20 4.89 5.81 0.96
(g h-1)
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Table A-6 Co-feeding P. putida DBA-F1 with a decanoic acid and acetic acid:glucose (DAA:G)
mass ratio of 6:4 at a specific growth rate of 0.15 h-1
Time
(h)

0

14.5

17

19

21

23

25

Biomass and PHA analysis
Biomass
0.73 4.29 5.25 6.29 7.50 8.52 8.51
(g L-1)
PHA
0.00 45.73 48.44 44.56 40.98 41.46 41.33
(%)
PHA
0.00 1.96 2.54 2.80 3.07 3.53 3.51
(g L-1)
Nutrients analysis
DA
0.00 0.68 1.23 2.60 4.67 9.14 14.39
(g L-1)
G
0.00 0.05 0.03 0.09 0.16 0.85 2.19
(g L-1)
NH4+
1.48 1.75 1.83 1.98 1.87 2.53 3.39
(g L-1)
PO436.26 6.41 5.71 5.64 5.47 5.20 4.25
(g L-1)
Gas analysis
CPR
0.89 1.06 1.48 1.98 1.46 1.13 1.00
(g h-1)
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Table A-7 Co-feeding P. putida DBA-F1 with a decanoic acid and acetic acid:glucose (DAA:G)
mass ratio of 4:6 at a specific growth rate of 0.15 h-1
Time
(h)

0

13.5

15.5

17.5

19.5

21.5

22.2

23.5

25

26

Biomass and PHA analysis
Biomass
(g L-1)
PHA
(%)
PHA
(g L-1)

0.92

3.74

6.61

8.21

11.41

13.36

14.01

15.99

16.93

30.09

0.00

44.35

47.67

50.08

54.01

58.15

60.43

60.64

57.63

28.36

0.00

1.66

3.15

4.11

6.16

7.77

8.47

9.69

9.76

8.53

Nutrients analysis
DA
(g L-1)
G
(g L-1)
NH4+
(g L-1)
PO43(g L-1)

0.00

0.00

0.00

0.00

0.19

0.60

0.82

1.53

2.65

8.70

0.18

0.23

0.02

0.03

0.05

0.01

0.02

0.17

1.23

2.09

1.48

1.67

1.56

1.75

1.86

1.79

1.59

1.67

2.05

2.13

6.66

6.60

6.11

5.44

6.01

5.72

5.79

4.98

5.57

4.44

1.97

2.31

2.55

1.79

1.93

Gas analysis
CPR
(g h-1)

0.37

0.78

0.92

1.28

1.51
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Table A-8 Co-feeding P. putida DBA-F1 with a decanoic acid and acetic acid:glucose (DAA:G)
mass ratio of 2:8 at a specific growth rate of 0.15 h-1
Time
(h)

0

14

16

18

20

21.5

23

24

25.5

26

Biomass and PHA analysis
Biomass
0.80 4.34 5.68 8.05 9.51 12.69 15.18 17.69 17.91 17.06
(g L-1)
PHA
0.00 34.02 36.12 43.29 49.41 54.46 56.97 57.92 59.14 61.97
(%)
PHA
0.00 1.48 2.05 3.49 4.70 6.91 8.65 10.25 10.59 10.57
(g L-1)
Nutrients analysis
DA
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.51
(g L-1)
G
0.13 0.12 0.14 0.12 0.16 0.14 0.14 0.23 0.49 2.00
(g L-1)
NH4+
1.58 1.39 1.48 1.44 1.58 1.48 1.62 1.34 1.67 2.05
(g L-1)
PO436.01 5.91 5.67 5.72 5.59 5.65 5.12 4.91 4.90 4.91
(g L-1)
Gas analysis
CPR
0.35 0.99 1.10 1.39 1.61 2.05 2.49 2.61 2.95 2.93
(g h-1)
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Table A-9 Co-feeding P. putida DBA-F1 with a decanoic acid and acetic acid:glucose:yeast
extract and tryptone (DAA:G:YET) mass ratio of 4:6:6 at a specific growth rate of 0.15 h-1
Time
(h)

0

14.5

16

18

19.5

21

22.5

24.1

24.8

Biomass and PHA analysis
Biomass
0.55 5.38 6.32 8.76 9.58 11.33 14.34 16.12 16.00
(g L-1)
PHA
0.00 32.29 42.03 49.42 58.67 64.76 68.71 72.90 61.11
(%)
PHA
0.00 1.74 2.66 4.33 5.62 7.34 9.85 11.75 9.77
(g L-1)
Nutrients analysis
DA
0.00 0.00 0.00 0.00 0.00 0.25 0.74 1.72 4.32
(g L-1)
G
0.00 0.02 0.00 0.05 0.05 0.08 0.16 0.85 4.01
(g L-1)
NH4+
1.19 0.77 0.43 0.78 0.70 0.64 0.93 0.66 1.17
(g L-1)
PO436.56 6.50 6.02 5.38 5.93 5.65 5.72 4.93 5.51
(g L-1)
Gas analysis
CPR
0.39 0.88 0.95 1.15 1.40 1.81 1.44 0.69 0.60
(g h-1)
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Table A-10 Co-feeding P. putida KT2440 with a decanoic acid and acetic acid:glucose:acrylic
acid (DAA:G:Aa) mass ratio of 6:4:0.2 at a specific growth rate of 0.15 h-1
Time
(h)

0

14

16

18

20

22

23.5

25

26.5

Biomass and PHA analysis
Biomass
0.24 5.52 8.41 11.08 14.59 19.23 24.23 28.96 30.21
(g L-1)
PHA
0.00 26.82 32.50 40.56 46.62 56.49 62.50 67.65 69.92
(%)
PHA
0.00 1.48 2.73 4.49 6.80 10.87 15.15 19.59 21.12
(g L-1)
Nutrients analysis
DA
0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.40 5.50
(g L-1)
G
0.46 0.09 0.03 0.02 0.18 0.20 0.22 0.35 0.37
(g L-1)
NH4+
1.34 1.36 1.31 1.59 1.31 1.32 1.36 1.31 1.18
(g L-1)
PO436.06 5.33 5.51 5.81 5.49 5.81 5.82 5.02 4.62
(g L-1)
Gas analysis
CPR
0.35 0.65 0.71 1.01 1.19 1.41 1.72 1.97 2.82
(g h-1)
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Appendix B
Accuracy of Analysis
Two independent experiments were done for the wild type at the feeding ratio of
DA:AA:G of 5:1:4. PHA and nutrients analysis were performed on duplicate samples in each
experiment. Sample standard deviation was calculated for each point with 4 replicates and was
used to generate error bars. Results are shown in figure B-1.

Figure B-1 Variability associated with PHA and nutrients analysis. Error bars show +/- one
sample standard deviation. % PHA is the percentage of PHA in the total biomass.
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Appendix C
Actual specific growth rate during the exponential feeding
Since

, where X0 (g L-1) is the initial biomass concentration before

feeding starts; X (g L-1) is the total biomass produced at culture time t during the exponential
feeding; and µ is the specific growth rate (the slope of the straight line), which equals to 0.1493,
estimated by plotting ln(X/X0) vs t as shown in Figure C-1.

Figure C-1 Actual specific growth rate of P. putida KT2440 in the experiment at the feeding
ratio of DA:AA:G of 5:1:4 to achieve a µ of 0.15 h-1. Linear regression was forced through origin.
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