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Background: The paper reports on the utilization of palm kernel oil (PKO) as a low cost renewable substrate for
medium-chain-length poly-3-hydroxyalkanoates (mcl-PHA) production by Pseudomonas putida BET001.
Investigation on the effects of selected key variables on growth, mixed free fatty acids consumption and mcl-PHA
production by the bacterial culture in the shaken flask system were carried out along with its kinetic modeling.
Results: The biomass production, fatty acids consumption andmcl-PHA production were found favorable when the
strain was cultured inmineral medium at pH 6–7, 28°C, aeration surface-to-volume ratio of 0.4 × 106m-1, 250 rpm
agitation rate for 48 h. Mcl-PHA production by this strain showed mixed growth and non-growth associated
components as described by Luedeking–Piret kinetic model.
Conclusion: The findings of this study provided add to the literature on key variables in for achieving goodmicrobial
growth andmcl-PHA production in shake flasks culture. In addition, suitable kineticmodel to describe cultivation in
this system was also presented.

© 2015 Pontificia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. All rights reserved.
Keywords:
Biopolymer
Fermentation
Medium-chain-length PHA
Palm kernel oil
Pseudomonas putida
1. Introduction

Polyhydroxyalkanoates (PHA) are biodegradable and biocompatible
polyesters. More than 150 monomers can be combined within this
family to give materials with vastly different properties [1,2]. The
resulting biopolymers can be either thermoplastic or elastomeric
materials with melting points ranging from 40–180°C. The mechanical
and biocompatibility properties of PHA can also be altered by
blending, surface modification or combining the PHA with other
polymers, enzymes and inorganic materials, expanding its range of
applications [3].

Due to increasing environmental pollution caused by
non-biodegradable materials, the potential usage of these
biodegradable polymers is high on priority list [4]. The biodegradability,
compostability, restorability and piezoelectricity of PHA incur their
potential exploitation in applications such as biodegradable
polymeric packaging materials, biofuels, paper sizing biomaterials and
drug delivery devices [5]. Diversity in the monomeric composition
of PHA resulted in potentially high-molecular weight polymeric
materials with myriads of applications as compared to their chemically
synthesized counterparts. In addition, the increasing demand of highly
functionalized PHA for specialty applications warrants the enhancement
of microbial bio-processing capable of efficiently accumulating these
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biodegradable polymers [6]. This polyester can be produced via
microbial fermentation using fatty acids as a carbon source for growth
[7,8,9]. To date, most of the researches on medium-chain-length
poly-3-hydroxyalkanoates (mcl-PHA) have been focused on commercial
free fatty acids as sole carbon source [10] and [11]. One of the potential
renewable carbon feedstock for use as mcl-PHA fermentation substrate
is palm kernel oil (PKO). PKO is derived from the kernel of oil palm [12].
This edible oil consists of highly saturated vegetable fats not unlike that
of coconut oil and palm oil. The most abundant component in palm oil
and coconut oil is 16-carbon atom length saturated fatty acid such as
palmitic acid (CH3(CH2)14COOH). However, in PKO, 12-carbon atom
length saturated fatty acid viz. lauric acid is pre-dominant (Table 1).

In this study, the production of mcl-PHA from raw PKO by a
wild-type Pseudomonas putida BET001 was investigated. The effects of
pH, temperature, agitation rate, aeration surface-to-volume ratio and
fermentation time were investigated in the shaken flask cultures.
Kinetic studies were also carried out under investigated conditions
to understand the relationships among cell growth, free fatty acid
utilization and mcl-PHA production.

2. Materials and methods

2.1. Microorganisms

A bacterial strain previously isolated from palm oil mill effluent
(POME) and identified as P. putida BET001 [11] was used in this study.
It was grown and maintained on rich medium agar consisting
sevier B.V. All rights reserved.
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Table 1
Fatty acid composition of PKO.

Fatty acids Percentage (%)

C6:0 (caproic acid) 0.2
C8:0 (caprylic acid) 3.0
C10:0 (capric acid) 4.0
C12:0 (lauric acid) 48.0
C14:0 (myristic acid) 16.0
C16:0 (palmitic acid) 8.0
C18:0 (stearic acid) 3.0
C18:1 (oleic acid) 15.4
C18:2 (linoleic acid) 2.4
C20:0 (arachinoic acid) 0.1

Source: Ang et al. [20].
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of (g L-1): 10 yeast extract, 15 nutrient broths, 5 ammonium sulfate
and 18 agar at 32°C for 24 h. This strain is known to produce
medium-chain-length poly-3-hydroxyalkanoates with monomer
composition ranging from C4–C14 [11].
2.2. Saponification process

Saponification of the PKO was carried out according to Annuar et al.
[6]. 2.8 g of sodium hydroxide was dissolved in 100 mL absolute
ethanol; 8.0 g of PKO was added to this mixture which was stirred
well inside a round-bottom flask. The mixture was refluxed gently for
1 h during which it was swirled from time to time. After this, flask
was cooled under running water and excess ethanol evaporated by
rotary vacuum evaporation; leaving behind the sodium salt of the
fatty acids. These were dried and stored at room temperature.
2.3. Growth medium and shake flask cultivation

One loopful of a single colony grown on the nutrient agar medium
was inoculated into 100 mL of sterile rich medium and incubated on
an orbital shaker under agitation rate of 250 rpm at 32°C for 24 h.
From this culture, 0.29 ± 0.02 g L-1 cell dry weight was inoculated
into 100 mL of E2 medium in 250 mL Erlenmeyer flask. E2 medium
consisted of (g L-1): 0.24 ammonium, 10 saponified PKO, 5.73
dipotassium phosphate, and 3.7 potassium orthophosphate. To
avoid precipitation during autoclaving, 10 mL 0.1 M MgSO4 solution
and 1.0 mL trace mineral solution were added aseptically after
the medium has cooled down to room temperature. The trace
element solution was made of (g 100 mL-1): 2.7 FeCl3 × 6H2O,
0.2 ZnCl2 × 4H2O, 0.2 CoCl2 × 6H2O, 0.2 Na2MoO4 × 2H2O,
0.1 CaCl2 × 2H2O, 0.13 CuCl2 × 6H2O, 0.05 H3BO3 and 10 mL
concentrated HCl. The fatty acid composition of PKO was listed
in Table 1.
2.4. Effects of selected fermentation variables on mcl-PHA production in
shaken flask system

Studies on total biomass growth, mcl-PHA production and free fatty
acid consumption in shake flask cultivation were undertaken as a
function selected key variables namely the initial pH (5, 6, 7, 8 and 9),
cultivation temperature of (25, 28, 32, 37 and 40°C), agitation speed
(90, 170 and 250 rpm), aeration surface-to-volume ratio (1 × 106 m-1,
0.4 × 106 m-1, 0.2 × 106 m-1 and 0.1 × 106 m-1) and incubation
time (24, 48, 72 h). The shake flasks were prepared in triplicate and
chosen randomly from a population of shaken flasks for analyses at
regular intervals. Broth samples were centrifuged and cell mass was
collected to determine the total biomass and mcl-PHA production
while the supernatant was collected to determine residual free fatty
acid concentration.
2.5. Kinetic studies

Kinetic analyses were performed on data obtained from the shake
flask culture under investigated fermentation variables viz. initial
pH 7, cultivation temperature of 28°C, aeration surface-to-volume of
(1 × 106 m-1), agitation rate of 250 rpm and cultivation time of 72 h.

2.6. Analytical methods

2.6.1. Determination of biomass production
The total biomass i.e. the residual biomass plus mcl-PHA was

determined via gravimetry method. 1.0 mL of the culture was pipetted
into a tared microfuge tube. The cells were spun down at 8000 rpm
for 5 min. The supernatant was discarded and the pellet was washed
twice with phosphate buffer solution. Then, the samples were oven
dried at 90°C until constant weight. Measurements were carried out
in triplicate.

2.6.2. Determination of residual free fatty acid concentration
Fatty acids were extracted using 50 mL isopropanol in a ratio of

1:10 of sample-to-solvent. The extracted fatty acids were titrated with
0.05 N NaOH in isopropanol until the mixture solution reached pH 7.
The concentration of fatty acids titrated was determined using the
following equation:

FFA½ � mol
m3

� �

¼
VNaOH mLð Þ � NormalityNaOH

mol
L

� �
� 1000

L
mL

� �

Volume of sample withdrawn m3ð Þ ½Equation 1�

where [FFA] is the concentration of residual fatty acid (mol/m3) and
VNaOH is the total volume of alkali added (mL).

2.6.3. Determination of mcl-PHA
Themcl-PHA contentwas analyzed using gas chromatography (GC).

Direct cell methanolysis method was used for the determination
of intracellular mcl-PHA amount [6]. The machine used was
Thermo Scientific Trace GC Ultra employing TG-5MS column
(30 m × 0.32 mm × 0.25 μm). The column temperature program
which was used to separate the different 3-hydroxyalkanoic acid
methyl esters was as follows: program rate = 10°C min-1; initial
temperature = 50°C; final temperature = 280°C; hold time = 2.
Helium was used as a carrier gas at 35 mL min-1. A splitless
injection of 1 μL was performed.

2.7. Numerical calculation

The kinetic of bacterial growthwas described using a logistic model:

dX
dt

¼ μmax 1−
X

Xmax

� �
X ½Equation 2�

where dX/dt is the rate of biomass production (g L-1 h-1), X is
the biomass concentration (g L-1), μmax is maximum specific
growth rate (h-1) and Xmax is the maximum attainable biomass
concentration (g L-1).

The mcl-PHA production was calculated using the Luedeking–Piret
(LP) model [13] as expressed in [Equation 3]:

dP
dt

¼ α
dX
dt

� �
þ βX ½Equation 3�

where dP/dt is the rate of mcl-PHA production (g L-1 h-1), dX/dt is the
rate of biomass production (g L-1 h-1), α is the coefficients for growth
associated product, β is the coefficient for non-growth associated
product (h-1) and X is the concentration of biomass (g L-1).
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Fig. 1. Biomass growth, mixed fatty acid consumption and mcl-PHA production of P. putida BET001 as a function of different initial pHs (5, 6, 7, 8, and 9) with constant of other variables
such as temperature (25°C), agitation (170 rpm), volume of media (100 mL) and incubation time (48 h) with 10% inoculum.
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The rate of free fatty acid consumption as a growth substrate was
described as shown in [Equation 4] below:

dS
dt

¼ 1
YG

dX
dt

� �
þ 1
Yps

dP
dt

� �
þms Xð Þ ½Equation 4�

where dS/dt is the rate of free fatty acid utilization (g L-1 h-1), dX/dt
is the rate of biomass production (g L-1 d-1), dP/dt is the rate of
mcl-PHA formation (g L-1 h-1), YG is coefficient biomass yield over
substrate (g g-1), Yps is coefficient product yield over substrate (g g-1),
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Fig. 2. Biomass growth, fatty acid consumption and mcl-PHA production of P. putida BET001
variables such as pH (7), agitation (170 rpm), volume of media (100 mL) and incubation time
ms is cell maintenance coefficient (g g-1 h-1) and X is biomass
concentration (g L-1).

2.8. Statistical analysis

All experiments were performed in triplicate. The numerical
results are expressed as mean ± standard deviation. Statistical
analyses were performed using Sigma Stat 12.0. Non-linear regression
using Runge–Kutta–Fehlberg algorithm to fit the model with
experimental data was carried out using Polymath 6 software.
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Fig. 3. Biomass growth, fatty acid consumption and mcl-PHA production of P. putida BET001 as a function of different aeration surface-to-volume ratio (1 × 106, 0.4 × 106, 0.2 × 106,
0.1 × 106) with constant of other variables such as pH (7), temperature (28°C), agitation (170 rpm), and incubation time (48 h) with 10% inoculum.
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3. Results and discussion

3.1. Effects of fermentation variables on growth, mcl-PHA production and
free fatty acid consumption

Investigations on the effects of selected key variables on total
biomass, mcl-PHA production and free fatty acid consumption in
shake flask cultivation were performed based on the adjustment of
initial pH, temperature and an aeration surface-to-volume ratio.
The total biomass, mcl-PHA production and free fatty acids by
Agitation rate (rpm

80 100 120 140 160 180

D
ry

 c
el

l w
ig

ht
 (

g/
L)

16.2

16.4

16.6

16.8

17.0

17.2

17.4

17.6

17.8

18.0

Biomass production (g/L)

Mixed fatty acids consumption (mol/m3)

PHA production (%)

Fig. 4. Biomass growth, fatty acid consumption and mcl-PHA production of P. putida BET001
variables such as pH (7), temperature (28°C), volume of media (100 mL) and incubation time
P. putida BET001 were clearly affected by the initial pH of culture
medium. Fig. 1 showed the highest biomass concentration of
16.7 ± 0.63 g L-1 was obtained at pH 6. However, at pH 7 the
highest free fatty acid consumption of 353 ± 17.56 mol m-3 was
observed along with 33 ± 0.38% of total dried biomass weight
mcl-PHA production. These favorable pH range for growth,
biopolymer production and free fatty acid consumption in P. putida
BET001 were similar with the studies of Lopez-Thomas et al. [14]
that found that the optimum pH for growth of P. putida is between
pH 6.5 and 7.
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Table 3
Kinetic parameters and coefficient of correlation of bacterial growth, free fatty acid
utilization and PHA production.

Kinetic parameters Cultivation of bacterium R2

Bacterial growth
Xmax (g L-1) 17.45 ± 0.11 0.9652
μmax (g L-1) 0.043 ± 0.0001
dX/dt(g L-1 h-1) 1.47

Free fatty acid utilization
YG (g g-1) 1.745 ± 0.011 0.9932
Yps (g g-1) 0.643 ± 0.001
ms (g g-1 h-1) 0.029 ± 0.000
-dS/dt(g L-1 h-1) 2.16

PHA production
α 0.49 ± 0.003 0.9982
β (h-1) 0.0082 ± 0.000
dP/dt(g L-1 h-1) 0.76

R2: coefficient of correlation.

Table 2
Biomass and mcl-PHA production by different types of bacteria and fatty acids as carbon sources.

Carbon source Bacterium Biomass (g) PHA % PHA mole fraction (mol%) Reference

C4 C5 C6 C7 C8 C10 C12 C14 C16 C18

C6:0 (caprylic acid) 9.8 49.7 – – 8.1 – 76.2 11.0 4.7 – – –
C12:0 (lauric acid) 10.6 54.5 – – 3.5 – 38.2 38.9 19.4 – – –

P. putida Bet001 [11]
C16:0 (palmitic acid) 14.2 65.3 – – 4.1 – 36.9 34.8 18.0 6.3 – –
C18:1 (oleic acid) 15.5 68.9 1.5 – 5.0 0.7 31.8 24.1 22.9 14.1 – –
C12:0 dodecanoic acid P. entomophila L48 NA NA – – – – 44.5 38.9 – – – – [10]
PKO P. putida Bet001 17.3 34.9 ND ND ND ND 34.9 22.4 20.7 15.7 6.3 – This study

Note: PHA (% of total dried biomass weight).
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The temperature for cultivation was investigated at 25, 28, 32,
37 and 40°C. Comparable biomass concentrations of 16.7 ± 0.09,
15.9 ± 0.07 and 15.4 ± 0.15 g L-1 were obtained at 28, 25 and
32°C respectively (Fig. 2). As a mesophile microorganism from
soil environment, the increase in cultivation temperature up to 37
and 40°C could lead to significant lower production of biomass
(12.9 ± 0.03–12.6 ± 0.25 g L-1). Similar reported by Mordocco et al.
[15] and Harwood et al. [16] showed that optimum temperature range
for P. putida growth is between 25 and 30°C. The free fatty acid
consumptions were also significantly reduced to 170 ± 5.00 mol m-3

at 40°C from 268.33 ± 2.89 mol m-3 at 37°C. At the appropriate
cultivation temperature of 28°C, P. putida BET001 could consume the
free fatty acids at 398 ± 7.64 mol m-3 as a sole carbon and energy
source with 36 ± 0.15% w/w production of mcl-PHA.

The aeration surface-to-volume ratio is another important variable
influencing the growth of an aerobic P. putida BET001 in shake flask
cultivation. The aeration surface-to-volume ratio of 1 × 106 m-1 gave
the highest biomass concentration of 23 ± 0.44 g L-1 with mcl-PHA
content of 35 ± 0.23% total cell dry weight with the free fatty acid
consumption at 430 ± 5.00 mol m-3 under agitation rate of 170 rpm
(Fig. 3). However, the growth (17.76 ± 0.06 g L-1), consumption of free
fatty acids (348.33 ± 7.64 mol m-3) and biopolymer production
(35.96 ± 0.17%) appeared to be favored at 250 rpm and aeration
surface-to-volume of 0.4 × 106 m-1 (Fig. 4). This indicated that the
appropriate combination of agitation rate and aeration surface-to-volume
ratio played a crucial role in a highly aerobic fermentation such as
mcl-PHA production from a reduced substrate such as fatty acids.

Cultivation of P. putida BET001 using saponified PKO as mixed free
fatty acid substrate under investigated conditions for mcl-PHA
production was compared to different strains and types of fatty acids
as a major carbon source (Table 2). A variation of fatty acid identities
in the PKO provide greater amount of reduced carbon substrate that
could be oxidized for both cellular growth and mcl-PHA accumulation
at a substantially advantageous cost compared to pure fatty acids. It
was found that biomass yield was similar to when pure fatty acids
were used as substrate as shown by the work of Razaif-Mazinah et al.
[17] where the application of a mixture of heptanoic acid (C7) and
oleic acid (C18:1) as a carbon substrate in P. putida BET001 cultivation
also yielded approximately 37% of mcl-PHA content.

Gumel et al. [11] postulated thatmediumchain length fatty acids are
more favorable for the bacterial strain cultivation as higher PHA
production was obtained on oleic acid (C18:1). PKO consists of
relatively high fraction of medium chain length fatty acids i.e. lauric
acid (C12) at 48% (Table 1). The biomass fraction of mcl-PHA obtained
in this study was comparable to Tan et al. [18] where they obtained
approximately 37% of P. putida PGA 1 cellular content with PKO as a
major carbon substrate.

3.2. Kinetic studies of growth, mcl-PHA production andmixed free fatty acid
consumption in shaken flask cultivation

For a successful process optimization, acquisition of process kinetics
information describing cell growth, product accumulation and substrate
consumption is required [19]. Kinetic analyses were performed on data
collected from the shake flask cultivation under favorable culture
conditions of initial pH 7, cultivation temperature of 28°C, aeration
surface-to-volume of (3.8 × 105 m2/m3), agitation rate of 250 rpm and
cultivation time of 72 h to understand the relationship between cell
growth and biosynthesis of mcl-PHA on PKO free fatty acids. Based
from [Equation 2]–[Equation 4], the kinetic parameters associated with
the rate of biomass formation (dX/dt), the rate of fatty acid utilization
(dS/dt) and the rate of PHA production (dP/dt) were shown in Table 3.
The average volumetric growth (dX/dt) was at 1.47 g L-1 h-1 with
maximum specific growth rate (μmax) of 0.04 h-1. The microbial growth
was increased until 60 h fermentation with the maximum biomass
concentration of 17.5 g L-1 before declining afterwards (Fig. 5). The free
fatty acid consumption with the respect of growth yield (YG) was
determined at 1.7 g g-1 (biomass/fatty acids). However, the mcl-PHA
content increased steadily (up to 37%) with growth until 48 h and it
started to reach a plateau when 528 mol m-3 of fatty acids was utilized.
Product yield (YPS) was calculated at 0.6 g g-1 (mcl-PHA/ fatty acids)
with maintenance coefficient (ms) at 0.03 h-1. The average volumetric
consumption of fatty acids was 2.16 g L-1 h-1. For mcl-PHA production,
the Luedeking–Piret parameters, α and β were determined at 0.49 and
0.01 h-1, respectively (Table 3).

Model prediction under investigated conditions in the shake
flask cultivations showed a good agreement with experimental data
(Fig. 5). Hence, it provides a basis to determine beforehand key
parameters such as cell harvesting time, time of maximum mcl-PHA
accumulation and substrate depletion. This information is useful, for
example, if the shake flask culture is to be used as subsequent starting
culture for the next level fermentation.

4. Conclusions

The data presented in this study highlighted the key fermentation
variables in shake flask cultivation when highly reduced substrates
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such as fatty acids are used as a major carbon and energy source.
The kinetic analyses and modeling performed also helped to predict
important fermentation behavior in a highly dynamic culture system
as the shaken flasks.
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