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Abstract
Economical production of medium-chain length polyhydroxyalkanoates (mcl-PHA) is dependent on efficient cultivation pro-
cesses. This work describes growth and mcl-PHA synthesis characteristics of Pseudomonas putida LS46 when grown on
medium-chain length fatty acids (octanoic acid) and lower-cost long-chain fatty acids (LCFAs, derived from hydrolyzed canola
oil) in microaerophilic environments. Growth on octanoic acid ceased when the oxygen uptake rate was limited by the oxygen
transfer rate, andmcl-PHA accumulated to 61.9% of the cell dry mass. FromLCFAs, production of non-PHA cell mass continued
at a rate of 0.36 g L−1 h−1 under oxygen-limited conditions, while mcl-PHA accumulated simultaneously to 31% of the cell dry
mass. The titer of non-PHA cell mass from LCFAs at 14 h post-inoculation was double that obtained from octanoic acid in
bioreactors operated with identical feeding and aeration conditions. While the productivity for octanoic acid was higher by 14 h,
prolonged cultivation on LCFAs achieved similar productivity but with twice the PHA titer. Simultaneous co-feeding of each
substrate demonstrated the continued cell growth under microaerophilic conditions characteristic of LCFAs, and the resulting
polymer was dominant in C8 monomers. Furthermore, co-feeding resulted in improved PHA titer and volumetric productivity
compared to either substrate individually. These results suggest that LCFAs improve growth of P. putida in oxygen-limited
environments and could reduce production costs since more non-PHA cell mass, the cellular factories required to produce mcl-
PHA and the most oxygen-intensive cellular process, can be produced for a given oxygen transfer rate.
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Introduction

Medium-chain length polyhydroxyalkanoates (mcl-PHAs)
are bio-polyester polymers synthesized by primarily

Pseudomonas species, under nutrient-limited conditions as a
means of storing carbon and energy (Anderson and Dawes
1990; López et al. 2015; Anjum et al. 2016). While these
polymers may have value as renewable and biodegradable
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alternatives to traditional petroleum-based polymers, current
cost estimates range from 3 to 15-fold higher than polyethyl-
ene or polypropylene (Możejko-Ciesielska and Kiewisz 2016;
Kourmentza et al. 2017) and must be reduced to facilitate
widespread application.

Since the carbon source for PHA production has been re-
ported to account for a significant proportion of the production
costs (Choi and Lee 1997; Koller et al. 2017), it is imperative
to find inexpensive and readily available feedstocks. Long-
chain fatty acids (LCFAs) are a promising candidate for
PHA production because the theoretical yield of polymer (3-
hydroxydecanoate) from LCFAs (oleic acid) via β-oxidation
is relatively high (Chanprateep 2010). There is a significant
amount of waste LCFAs available as triacylglycerides (TAGs)
or free fatty acids from the food-processing and biodiesel pro-
duction industries (Chhetri et al. 2008; Du et al. 2012;
Nikodinovic-Runic et al. 2013). Both LCFAs and TAGs are
carbon-rich waste streams that create significant disposal chal-
lenges due to high biochemical oxygen demand and their hy-
drophobicity and insolubility in aqueous medium (Ravindran
and Jaiswal 2016; Wallace et al. 2017). In North America and
other temperate regions, waste sources of LCFAs (including
biodiesel and hydrolyzed cooking oil wastes) are typically
derived from plant oils like canola and soybean (Song et al.
2008; Nikodinovic-Runic et al. 2013). These contain a mix-
ture of fatty acids, predominantly C16:0, C18:0, C18:1, and
C18:2 fatty acids (Fu et al. 2014). Fatty acids are degraded to
acetyl-CoA and acyl-CoA intermediates using the β-
oxidation cycle, producing reduced electron carriers NADH
and FADH2. The PHA synthase has low substrate specificity,
which allows incorporation of various acyl-CoA monomers
into the polymer (Kim et al. 1997). The predominant mcl-
PHAmonomer units from fatty acids are eight and ten carbons
in length, but LCFAs have been reported to produce PHA
polymers containing longer as well as unsaturated monomer
units (de Waard et al. 1993; Haba et al. 2007).

In addition to using low-cost carbon feedstocks, im-
proving productivity through cultivation techniques or
mode of bioreactor operation is crucial to the sustainability
of PHAs (Kaur and Roy 2015; Koller et al. 2017). To date,
the highest productivities for both short-chain length (scl-)
and mcl-PHA production have been achieved through fed-
batch strategies, in which cells are grown to high cell den-
sities with high polymer content in short cultivation times
(Wang and Lee 1997; Lee et al. 2000; Maclean et al. 2008).
However, these high cell density cultures are inevitably
limited by the oxygen transfer rate (OTR) from the intro-
duced gas into the liquid phase resulting in environments
with low dissolved oxygen (DO). Previously, it was shown
that in such microaerophilic environments with excess am-
monium, P. putida LS46 accumulates mcl-PHA to 57.3%
of the cell dry mass (cdm) in 14 h from 20 mM octanoic
acid and that the polymer synthesis rate was improved as

the volumetric oxygen mass transfer coefficient (kLa) was
reduced (Blunt et al. 2017). While that work showed that
oxygen-limited mcl-PHA production could be a viable
mcl-PHA production strategy, the results were limited to
octanoic acid and productivity was limited by batch culti-
vation. This work aims to build on previous work by iden-
tifying if the previous response observed under oxygen
limitation could be extended to other fatty acids, and spe-
cifically lower-cost LCFAs, or if it was a unique manifes-
tation of mcl-PHA synthesis from octanoic acid. The ob-
jectives of this work are therefore to (1) compare growth
and mcl-PHA synthesis characteristics from LCFAs and
octanoic in fed-batch cultivations with low DO which are
likely to persist in high cell density cultures and large-scale
bioreactors, and (2) examine the effect of co-feeding both
substrates to improve mcl-PHA productivities and/or
yields.

Materials and methods

Microorganism, medium, and substrates

The production strain used in this study was Pseudomonas
putida LS46 (International Depository Authority of Canada
Accession Number 181110-03) (Sharma et al. 2012).
P. putida LS46 was revived from glycerol stock cultures
(stored at − 80 °C) and sub-cultured once in LB medium prior
to preparation of the experimental inoculum. The inoculum
was prepared in a 1000-mL baffled shaker flask with a
300-mL working volume of minimal medium (described be-
low) using the same substrate under investigation in the reac-
tor studies. Experiments were initiated by the addition of 5%
(vol vol−1) inoculum that was grown in a shaker flask incu-
bated overnight at 30 °C and 150–200 rpm shaking.

All experiments were conducted using the minimal growth
medium defined by Ramsay et al. (1990), but the (NH4)2SO4

concentration was increased to 1.5 g L−1. The carbon source
was aseptically added post-autoclave. Required chemicals
were of reagent grade and purchased from either Sigma
Chemical Co. (St. Louis, MO) or Fisher Scientific (Toronto,
ON). Octanoic acid was used as a representative medium-
chain length fatty acid, and hydrolyzed food-grade canola
oil (No Name®, Superstore, Canada) was used as a repre-
sentative LCFA. The hydrolysis of canola oil was carried
out by saponification using 250 g of NaOH dissolved into
500 mL of H2O per liter of canola oil. Once the reaction
was complete, 200 mL of 98% H2SO4 was used to release
the free fatty acids of canola oil. In all experiments, the
addition of LCFAs, whether adding an initial concentration
to a flask or bioreactor, or during fed-batch experiments
(described below) was carbon atom molar (C-mol) equiv-
alent to the addition of octanoic acid.
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Reactor setup and preparation

All reactor experiments were conducted in a 7-L glass, round-
bottom reactor with a 3-L initial working volume. The reactor
was equipped with a Rushton impeller, three baffles, an elec-
trochemical DO electrode, and a pH electrode. All reactor
equipment was purchased from Applikon Biotechnology
(Foster City, CA). The medium (without substrate) was added
to the reactor prior to autoclaving for 1 h at 121 °C. The
reactor was then cooled to 30 °C and stabilized with air over-
night to allow polarization of the DO electrode.

The pH was maintained at 6.5 by addition of 4 M NaOH
through automated peristaltic pumps for all single substrate
experiments. The DO electrode was allowed to polarize over-
night, and calibration was performed at the same temperature
(30 °C), aeration rate (6 LPM), and agitation rate (500 rpm) as
was maintained during the experiment. A two-point calibra-
tion was carried out by gassing the reactor with N2 at
500 mL min−1 until the electrode current was stable at
0 mA; then, aeration was turned on at 6 LPM. After the elec-
trode current had stabilized, this was assigned a value of 100%
of air saturation at 30 °C. It was assumed that the solubility of
O2 in the medium at 30 °C was 6.77 mg L−1 (Vendruscolo
et al. 2012). Since the slope of a one-point calibration was
found to be in good agreement with the described two-point
calibration, one-point calibrations (at operating conditions)
were subsequently performed.

The kLa was determined in the absence of cells in 3-L
Ramsay medium (no substrate added) by the dynamic out-
gassing method (Garcia-Ochoa et al. 2010). Briefly, the reac-
tor (under operating conditions) was gassed with N2 at
500 mL min−1 until the DO signal was stable. Subsequently,
aeration was turned on at 6 LPM and the DO response was
measured and recorded in LabBoss software in 5-s intervals. It
was assumed that the probe response could be modeled as first
order, and the response time was determined to be 24 s, as
previously described (Blunt et al. 2017). The corresponding
kLa was determined to be 54 ± 3 h−1. Carbon dioxide in the
off-gas was measured with either an HPR 40 dissolved species
membrane inlet mass spectrometer (MIMS, Hiden Analytical,
Warrington, UK) or a BlueInOne Cell O2/CO2 sensor
(Bluesens Gas Sensor, GmbH, Germany). The MIMS setup
and calibration procedures have been previously described
elsewhere (Blunt et al. 2014). Water vapor was condensed
from the off-gas stream by circulating water from an ice bath
to a condenser mounted on the reactor head-plate with a peri-
staltic pump.

Feeding rates

During initial attempts at optimizing fed-batch cultivations,
several trials on octanoic acid were conducted using a variety
of exponential feeding rates and high kLa values resulting

from use of a mixing cascade up to 1200 rpm. When those
trials were compared to growth on LCFAs using a relatively
fast feeding rate (μ = 0.5 h−1), it was observed that under sim-
ilar oxygen-limited conditions, P. putida LS46 produced sig-
nificantly higher total biomass and non-PHA cell mass
(NPCM). Because of this observation, the feeding of carbon
and nitrogen sources was modeled for a specific growth rate
(μ) of 0.25 h−1 (Eq. 1). The rate of feeding for carbon and
ammonium were calculated according to Eq. 2 and Eq. 3,
respectively. In the case of LCFAs, the carbon feed rate was
adjusted to be C-mol equivalent to the 0.25 h−1 feeding sched-
ule developed for octanoic acid. Although the feeding sched-
ule was based on maintaining a μ of 0.25 h−1, this will not be
achieved in practice upon onset of oxygen limitation. The
purpose of this model was to observe how each carbon source
is utilized when fed at the same rate (i.e., C-mol h−1) under
oxygen-limited conditions.

X tð Þ½ � ¼ X t0½ �eμ t−t0ð Þ ð1Þ

C tð Þ½ � ¼ X t½ �et− X t0½ �et0
YX=C

ð2Þ

N tð Þ½ � ¼ X t½ �et− X t0½ �et0
YX=N

ð3Þ

where X =NPCM (g); Xto = the amount of NPCM present in
the bioreactor at the beginning of the time interval (g); and t0, t
are the beginning and end of a given time interval (h), respec-
tively. C(t) and N(t) are the required amounts (g) of carbon or
ammonia, respectively, fed to the bioreactor in a given time
interval; YX/C and YX/N are the yield coefficients of NPCM
from the carbon source and ammonium (g g−1), respectively.
The yield coefficients were derived from previous experimen-
tal values (unpublished data). Square brackets indicate
concentration.

After an hour delay following inoculation, carbon (ei-
ther LCFAs or octanoic acid) and a 200 g L−1 solution of
(NH4)2SO4 were continually supplied with two titration
syringes adapted to three-way valves. The feeding program
described above was automated in LabBoss software
(Scion, Rotorua, New Zealand). Calibration and operation
of this setup has been previously described in greater detail
by Blunt et al. (2014). The initial value of Xto was set as
0.75 g to compare the cell mass production by P. putida
LS46 cultured with LCFAs versus octanoic acid. All con-
ditions were run in duplicate.

Co-feeding and prolonged LCFA cultivation
experiments

To investigate further potential for production of NPCM and/
or mcl-PHA under microaerophilic conditions, experiments
were conducted using co-feeding and LCFA feeding with
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prolonged cultivation under identical aeration conditions
(kLa = 54 h−1). To avoid preferential uptake of octanoic acid
or LCFAs, the co-feeding experiments were initiated with a
5% (vol vol−1) inoculum from cells grown in LB medium and
washed in sterile PBS solution. Due to technical limitations,
NH4OH was used in place of (NH4)2SO4 and NaOH for co-
feeding experiments to maintain ammonium and pH levels.
The co-feeding experiments were started with 10 mM of
octanoic acid and C-mol equivalent LCFAs.

The feeding rates for prolonged co-feeding and LCFAs
cultivations were identical (C-mol h−1) to the aforemen-
tioned experimental rates (0.25 μ) up to 16 h post-
inoculation (pi). During co-feeding, each substrate was
fed in a 1:1 ratio on a C-mol basis. As the exponential
feeding program resulted in highly excess conditions by
16 h pi, feeding rates were decreased for further cultiva-
tion. Further cultivation with LCFAs provided substrate and
(NH4)2SO4 at linear rates of 1.43 and 0.59 g h

−1, respectively,
while carbon feeding was ceased at 16 h pi in co-feeding
experiments. In all experiments, the feeding after 16 h pi
was determined to maintain carbon and ammonium in excess
without approaching toxic concentrations.

Sample treatment

After inoculation, 40 mL samples were periodically with-
drawn from the reactor, typically in 2-h intervals. Cell mass
was separated from the supernatant by centrifugation
(16,000×g for 10 min). The pellet was washed with PBS buff-
er, and the supernatant was decanted and stored at 4 °C for
analysis of residual carbon and ammonium. The pellet was
then washed in distilled water and transferred to pre-
weighed aluminum dishes and dried at 60 °C for 24 h or until
no further loss in mass was achieved. NPCM was determined
as the difference between total cdm and PHA biomass, which
was determined as described below.

Analysis of mcl-PHA, fatty acids, and ammonium

For analysis of the cellular mcl-PHA content, 5 mg of dried
biomass was measured and placed in 10-mL reaction vials and
the PHA was converted to methyl esters using the acid-
catalyzed methanolysis method previously described (Brandl
et al. 1988). The extracted 3-hydroxy-methyl esters were
quantified using anAgilent 7890 gas chromatograph equipped
with a DB-23 capillary column and flame ionization detector.
Further details of this setup are given elsewhere (Fu et al.
2014). Response factors for each monomer were derived from
3-hydroxy-methyl esters purchased from Sigma-Aldrich (St.
Louis, MO). Since (R)-3-hydroxyacid standards with
unsaturation were not found, it was assumed that the response
factors for C12:1 and C14:1 were the same as C12 and C14,
respectively. Contaminating oleic acid peaks detected in the

PHA analysis were quantified and used to correct the total
measured biomass. Analysis of residual fatty acids in the su-
pernatant was also performed by gas chromatography follow-
ing the same procedure, except that the culture supernatant
was vortexed and 1 mL added to a reaction vial, oven dried
at 60 °C for a minimum of 24 h to remove water, and then
methanolysed. Residual ammonium in the culture supernatant
was measured using the colorimetric indophenol blue method
previously described (Blunt et al. 2017).

Carbon balancing and yield analysis

Carbon balances were performed for both substrates following
the approach described by Blunt et al. (2017), in which the
carbon moles of detected mcl-PHA monomers, NPCM, and
CO2 were compared to the carbon moles of substrate con-
sumed. It was assumed that the chemical composition of
P. putida NPCM could be approximated as C4H7O2N and
having a molecular weight of 101 g mol−1 (Guedon et al.
1999). It was determined that each mole of PHA monomers
derived from the octanoic acid polymer contained 7.9 mol of
carbon and had an average molecular mass of 159.4 g mol−1.
The corresponding values for carbon content and molecular
mass of LCFA PHA were 10.3 C-mol mol−1 and
194.7 g mol−1, respectively. Similarly, the PHA obtained from
co-feeding experiments contained 8.2 C-mol mol−1 and had
molecular mass of 162.3 g mol−1. These values were obtained
as the weighted average of the detected monomers.

The yield of PHA from carbon substrate was calculated as
the slope of a plot between PHA titer (g L−1) and substrate
uptake (g L−1). The theoretical yield of PHA from octanoic
acid and LCFAs were assumed to be 0.98 and 0.72 g g−1,
respectively. These values were obtained from the ratio of
molecular mass of an average monomer subunit (described
in the assumptions above) and dividing it by the molecular
mass of the carbon substrate. Due to the mixed composition of
LCFAs derived from canola oil, it was assumed to have a
molecular mass of 271.5 g mol−1. This value was obtained
as the weighted average of the molecular masses of the indi-
vidual fatty acid components detected by GC.

Due to problems determining the concentration of
(insoluble) residual LCFAs in the culture medium, the carbon
consumption was back-calculated for LCFA cultures by as-
suming that all carbon could be accounted for through mea-
surement of mcl-PHA monomers, NPCM, and CO2. The va-
lidity of this assumption has been tested through previous
HPLC analysis for soluble end-products in the supernatants
of both octanoic acid and LCFA-grown cultures (unpublished
data). The efficacy of the back-calculation method was veri-
fied using the results from octanoic acid, and it was found that
octanoic acid uptake could be estimated within an average
margin of error of 10%.
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Results

On the basis of the results shown in Table 1, a feeding program
of μ = 0.25 h−1 was chosen for growth on octanoic acid since
higher rates led to rapid accumulation of octanoic acid to
inhibitory levels. Stirring was kept constant at 500 rpm to
provide consistent OTR throughout both conditions and avoid
variations in the response of the DO controller. The following
results describe the performance comparison between LCFA
and octanoic acid feeds under identical exponential rates (C-
mol h−1) with DO as the only growth-limiting variable.

Dissolved oxygen

The measured DO profiles are shown in Fig. 1. The reactor
was saturated with air (DO = 100% or 6.77 mg L−1) prior to
inoculation, after which the culture consumed DO until the
electrode read zero current at 4 h pi, despite constant mixing
and aeration. After 4 h pi, the oxygen uptake rate should be
equivalent to the OTR, which is in turn limited by kLa.
Previous studies have confirmed that such conditions corre-
spond to DO concentrations less than 0.05mg L−1 (Blunt et al.
2017). The DO remained below detectable limits until the
experiment was terminated in the case of growth on LCFAs,
or until octanoic acid accumulated to an inhibitory level,
which is shown by the rapid rise in DO after 14 h pi.

Total biomass and PHA accumulation in single
substrate comparison

Figure 1 shows the total biomass produced throughout the
growth curves for each condition. The two conditions pro-
duced similar concentrations up to 4 h pi. After 6 h pi, when
exponential growth was finished due to onset of oxygen lim-
itation, the difference in total biomass became increasingly
higher for the culture grown on LCFAs compared to octanoic
acid. Accumulation of PHA is shown in Fig. 2. The mcl-PHA
content of octanoic acid-grown cultures was initially 28.0 ±

6.1% cdm due to carry-over from the inoculum, and decreased
to 19.2 ± 3.0% cdm at 4 h pi. The onset of oxygen limitation
caused PHA to accumulate to 61.5 ± 1.4% cdm by 14 h pi,
which is expected when the DO was maintained at 1–5% or
less in the presence of excess carbon (Blunt et al. 2017).
The maximum mcl-PHA titer of 2.5 ± 0.3 g L−1 (Fig. 2).
When the substrate was LCFAs, the initial PHA content
detected at 0 h pi was 8.5 ± 5.8% cdm and was similar at
4 h pi when the DO concentration dropped below detect-
able limits for the electrochemical probe (12.2 ± 6.8%
cdm). Following onset of oxygen limitation, the cellular
PHA content increased to 34.2 ± 6.1% cdm by 16 h pi.
The mcl-PHA titer in P. putida LS46 cultured with
LCFAs reached 1.9 ± 0.6 g L−1 cells at 16 h pi.

Analysis of NPCM, residual fatty acid, and residual
ammonium concentrations

A contrast in NPCM production was observed for octanoic
acid and LCFA cultures following the onset of oxygen-
limitation at 4 h pi (Fig. 3). The NPCM became relatively
constant from 6 h pi in the octanoic acid-grown cultures, after
which the majority of the total biomass increase was due to
PHA accumulation. When grown on LCFAs, the NPCM in-
creased at a relatively constant rate (0.36 g L−1 h−1) for 8 h
past the onset of oxygen limitation, reaching 3.7 ± 0.1 g L−1.
This was more than double the highest value obtained by the
culture grown on octanoic acid at 14 h pi (1.6 ± 0.1 g L−1).

Figure 4 displays the residual octanoic acid and LCFA
concentrations. Both substrates were slowly depleted for the
first 8 h pi, after which the residual substrate levels began to
accumulate. After 14 h pi, octanoic acid had accumulated to
inhibitory levels (≥ 50 mM), and this toxicity likely led to the
observed decrease in the NPCM of octanoic acid fed cultures
at 14–16 h pi. When in excess, the LCFAs were observed to
form a layer on top of the medium after centrifugation, and the
actual concentration of residual LCFAs was difficult to deter-
mine. No inhibitory or toxic effects were observed due to

Table 1 Determination of appropriate specific growth rate for exponential feeding of octanoic acid to P. putida LS46

Feeding program Maximum biomass Maximum PHA content End to process Reason for termination
g L-1 CDM % CDM h pi

μ = 0.5 h−1 from 0 h pi with
octanoic acid

2.6 13.6 10 Octanoic acid
concentration ≥ 50 mM

μ = 0.5 h−1 from 6 h pi with
octanoic acid

3.9 30.3 9 Octanoic acid
concentration ≥ 50 mM

μ = 0.4 h−1 from 4 h pi with
octanoic acid

12.4 39.1 16 Octanoic acid
concentration ≥ 50 mM

μ = 0.25 h−1 from 4 h pi with
octanoic acid

21.5 41.5 33 Reduction in OD600 of culture

μ = 0.5 h−1 from 4 h pi with
LCFAs

46.7 32.8 35 Excess substrate
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excess LCFAs, as was observed with excess octanoic acid. A
similar trend was observed with residual ammonium con-
centrations using both substrates (Fig. 4). The residual con-
centrations of carbon substrate and free ammonium being
measured in excess for the entire cultivation period con-
firmed that oxygen uptake rate was the only growth-
limiting factor.

Co-feeding and prolonged cultivation experiments

Due to the higher biomass production and continued
growth trends observed over the course of the previous
experiments with LCFAs, the cultivations were prolonged
with additional feeding to observe further potential capac-
ity of both biomass and PHA production. The NPCM pro-
duction from these prolonged LCFA experiments is shown
in Fig. 5. The total biomass, NPCM, and PHA content
continued to increase after 16 h pi, and NPCM finally

stabilized near 7.1 ± 0.4 g L−1 (over four times the maxi-
mum NPCM obtained from octanoic acid growth), while
the final PHA content reached 38.3 ± 2.8% cdm at 30 h pi,
resulting in a PHA titer of 4.4 ± 0.8 g L−1 (Table 2).

The results for the single substrate experiments indicate
that for constant bioreactor conditions, the LCFAs have the
potential to produce higher total biomass and NPCM under
microaerophilic conditions, but the PHA content of the
cells was still lower in comparison to octanoic acid cul-
tures. This led to querying the effect of co-feeding both
substrates. The total biomass, PHA content, and PHA titer
from the co-feed experiments are shown in Fig. 6. By 26 h
pi, the total biomass reached 11.7 ± 0.1 g L−1, containing
54.1 ± 2.2% PHA, resulting in a PHA titer of 6.3 ±
0.3 g L−1. The NPCM for the co-feed experiment is shown
in Fig. 5 and is overlaid with other results of the single-
substrate experiments for comparison. Over the course of
the co-feed cultivation, the NPCM was lower compared to
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when LCFAs were the sole carbon source and reached at
final titer of 5.4 ± 0.4 g L−1 at 26 h pi (Table 2) This value
is 3.3 times more than the maximum NPCM titer obtained
when octanoic acid was the sole substrate.

Volumetric productivity

Overall volumetric productivities for each process are sum-
marized in Table 2. For the octanoic acid cultivation, vol-
umetric productivity reached a maximum value of 0.18 ±
0.00 g L−1 h−1 by 14 h pi. By comparison, lower volumet-
ric productivity was observed in the LCFA cultivation at
14 h (0.12 ± 0.01 g L−1 h−1). With prolonged feeding, the
LCFA cultures reached a maximum volumetric productiv-
ity of 0.15 ± 0.02 g L−1 h−1 after 30 h pi. In the co-feed
experiments, the maximum volumetric productivity was
0.24 ± 0.01 g L−1 h−1 at 26 h pi.

Carbon balancing and yield analysis

Figure 7 shows the carbon flux under oxygen-excess (0–4 h
pi) and oxygen-limiting conditions (6–12 h pi and onward) for
octanoic acid (Fig. 7a) and LCFAs (Fig. 7b). When octanoic
acid was the substrate, the main tradeoff in carbon flux is
between NPCM and PHA. With the onset of oxygen limita-
tion at 4 h pi, the yield of NPCM decreased (0.48 to 0.08 C-
mol C-mol−1), while PHA yield increased (0.19 to 0.55 C-
mol C-mol−1). Little change was observed in CO2 yield over
time regardless of DO content, which is consistent with pre-
vious batch results (Blunt et al. 2017). When LCFAs were the
substrate, the onset of oxygen limiting conditions increased
the carbon flux to PHA (0.12 to 0.25 C-mol C-mol−1), but the
reduction in carbon flux to NPCM (0.60 to 0.39 C-mol C-
mol−1) was not nearly as significant as in the case of octanoic
acid. Further incubation of the LCFA culture beyond 12 h pi
resulted in similar carbon flux to PHA and a reduction in
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carbon flux to NPCM (0.30 C-mol C-mol−1) with increased
CO2 production. Since the yield of mcl-PHA from LCFAwas
well below the calculated theoretical value (0.72 g g−1), it is
possible that higher mcl-PHA content was not obtained in the
LCFA-grown culture during the first 16 h (Fig. 2) because
NPCM also continued to increase and accounted for a signif-
icant portion of the carbon consumed during this period.
While the presence of some longer chain and unsaturated
monomers suggested that a portion of the mcl-PHAwas syn-
thesized from octanoic acid, the estimated maximum yield of
mcl-PHA from octanoic acid in the co-feed experiments was
observed between 8 and 26 h pi was 0.49 ± 0.05 C-mol C-
mol−1 and was comparable to the yield obtained when
octanoic acid was the sole carbon source.

Monomer composition of PHA

Monomer composition of the PHAs produced from both
octanoic acid and LCFAs are shown in Table 3. As indicated,
the polymer produced from octanoic acid contained predom-
inantly C8 monomers, which is consistent with the literature
(Kellerhals et al. 2000; Elbahloul and Steinbüchel 2009;
Fontaine et al. 2017). Previously, it was reported that
oxygen-limitation did not significantly affect the monomer
composition mcl-PHA polymers when octanoic acid was the
substrate (Blunt et al. 2017). The polymer synthesized from

LCFAs consists of a distribution of monomers ranging from
C6 to C14, with C8 and C10 as the dominant fatty acids.
Further, the LCFA-derived polymers also contained mono-
mers with unsaturated carbon-carbon double-bonds (C12:1
and C14:1). Similar monomer compositions have been report-
ed for mcl-PHAs synthesized by other bacteria using LCFAs
as substrates (Huijberts et al. 1992; Kellerhals et al. 2000;
Fernández et al. 2005; Fontaine et al. 2017). The mcl-PHAs
produced by P. putida LS46 from LCFAs remain amorphous,
presumably since they contain longer and unsaturated mono-
mers and exhibit a higher degree of disorder. In contrast, mcl-
PHA polymers synthesized from octanoic acid crystallize into
elastomers. Similar observations have been previously report-
ed (Kellerhals et al. 2000). Co-feeding of octanoic acid and
LCFAs produced a polymer dominant in C8 monomers.
Comparing the monomer composition of co-feeding against
single substrate feeding (Table 3), the C8 monomer content
was increased while longer monomer lengths were reduced
90% compared to the PHA from LCFAs.

Discussion

Fed-batch cultures are regarded as the best method for highly
productive PHA production (Sun et al. 2007), but producing
high cell density cultures can be infeasible at larger scale due
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Table 2 Comparison of key
process performance indicators
during mcl-PHA production by
P. putida LS46 from LCFAs or
octanoic acid as the sole carbon
source, or when co-fed in C-mol
equivalent proportions

LCFAs Octanoic Co-feed

16 h pi 30 h pi 14 h pi 16 h pi 26 h pi

Biomass (g L−1) 5.6 ± 0.6 11.5 ± 1.2 4.1 ± 0.1 7.4 ± 1.1 11.7 ± 0.1

NPCM (g L−1) 3.7 ± 0.1 7.1 ± 0.4 1.6 ± 0.1 3.8 ± 0.3 5.4 ± 0.3

PHA Content (% cdm) 34.1 ± 6.1 38.3 ± 2.8 61.9 ± 1.4 48.5 ± 3.0 54.1 ± 2.2

PHATiter (g L−1) 1.9 ± 0.6 4.4 ± 0.8 2.5 ± 0.0 3.6 ± 0.8 6.4 ± 0.2

Volumetric productivity 0.12 ± 0.04 0.15 ± 0.03 0.18 ± 0.00 0.23 ± 0.05 0.24 ± 0.01
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to power consumption for aeration, agitation, or use of puri-
fied oxygen (Lara et al. 2006). In this study, growth on an
equal C-mol basis and under identical, oxygen-limited biore-
actor operating conditions resulted in double the NPCM titer
from LCFAs compared to cells grown on octanoic acid at 14 h
pi. In addition, the yield of NPCM from LCFAs remained
relatively high in an oxygen-limited environment at 0.39 C-

mol C-mol−1, while the yield of NPCM from octanoic acid
was almost negligible at 0.09 C-mol C-mol−1. This suggests
that LCFAs may be good substrate to efficiently produce
NPCM, or the cell chassis required to accumulate mcl-PHA,
particularly when oxygen is limited. However, overall produc-
tivity not only a function of high cell titer but also requires
obtaining a high intracellular PHA content (Choi and Lee
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1999). While lower volumetric productivity was obtained at
14 h pi for LCFA compared to octanoic acid, similar produc-
tivity was obtained by extending the LCFA cultivation to 25 h
pi. It is important to note that, despite lower intracellular PHA
content, the PHA titer from LCFAs at 25 h pi was more than
double the maximum titer obtained from octanoic acid. This
shows the potential value of sustained growth of NPCM with
simultaneous PHA production under low-DO conditions. A
recent study of metabolic flux in N-limited fed batch culture of
P. putida KT2440 grown on oleic acid has suggested that
residual growth may also improve PHA yield by linking pro-
duction of reduced cofactors of FADH2 and NADH to ana-
bolic demand (Andin et al. 2017). Cell growth simultaneous to
PHB synthesis was reported not to affect PHB yield and im-
proved the PHB synthesis rate in P-limited fed batch cultures
of C. necator grown on butyric acid (Grousseau et al. 2013).

The sustained growth rate on LCFAs and PHA synthesis
from octanoic acid suggest an opportunity to maximize PHA
titer and productivity in low-DO environments thereby reduc-
ing operating costs. The data obtained through co-feeding of
octanoic acid and LCFAs indicates that both substrates were
being consumed simultaneously with continued NPCM pro-
duction after onset of oxygen limitation. The PHA content of
54.1% was improved over LCFA cultivations and the mono-
mer composition was very similar to that obtained from
octanoic acid in terms of C8 content (Table 3). Further opti-
mization of the octanoic acid and LCFA feeding proportions
and rates could further improve PHA titer, productivity in-
crease polymer uniformity and improve PHA yield from
octanoic acid. In a similar way, phase feeding strategies have
used glucose or glycerol as an inexpensive carbon source for
the growth phase followed by feeding fatty acids to improve
polymer content of the cells (Kim et al. 1997; Mozejko and
Ciesielski 2014; Davis et al. 2015; Fontaine et al. 2017) or to
obtain novel monomer compositions (Dufresne et al. 2001;
Kurth et al. 2001; Hartmann et al. 2006). The highest yield
of PHA from nonanoic acid was achieved by co-substrate
growth with glucose in the presence of acrylic acid to prevent
fatty acid degradation (Jiang et al. 2012).

Continued NPCM production from LCFAs (compared to
octanoic acid) under oxygen-limited conditions is interesting
from a redox perspective. Previously it was shown that in a
microaerophilic environment, mcl-PHA is efficiently synthe-
sized from octanoic acid and the polymer consists of

predominantly C8 monomers (2 electron oxidation) (Blunt
et al. 2017). This was thought to be a possible mechanism to
maintain cellular redox through the reduction of a minimal
amount of oxygen, while providing some energy conservation
through oxidative phosphorylation. When LCFAs are used as
the substrate, β-oxidation cycle needs to remain active to
shorten oleic acid to C8-C10 (R)-3-hydroxyacyl-CoA mono-
mers (4–5 complete cycles), which appear to be preferentially
incorporated by the PHA synthase (Table 3). Because
P. putida lacks any fermentative pathways, the resulting re-
duced electron carriers (NADH, FADH2) must be oxidized via
electron transport to O2 (Sohn et al. 2010; Nikel and de
Lorenzo 2013). This could create high NADH/NAD+ ratios,
a condition previously linked to PHA synthesis (Ren et al.
2009), and result in a major bottleneck for growth in a
microaerophilic environment. However, contrary to this ex-
pectation, a consistent increase in NPCM was observed in
the current study when P. putida LS46 was cultured on
LCFAs. Examination of the available literature suggests sev-
eral possible explanations for this observation: (1) fatty acids
are known to exert considerable toxicity on cells by disruption
of the membrane potential and electron transport (Desbois and
Smith 2010; Jarboe et al. 2013). When the substrate is
octanoic acid, less carbon is available per proton translocated
(compared to oleic acid), and this could cause greater
uncoupling of proton-motive force and result in less ATP con-
served, and hence less NPCM produced. (2) Transport of fatty
acids could be more limiting for one substrate depending on
the hydrophobicity of the molecule (Jarboe et al. 2013). 3)
LCFAs have been shown to bind to transcription factors
(PsrA, FadR) and cause de-repression of genes associated
with fatty acid degradation and electron transport (Dirusso
and Black 2004; Fujita et al. 2007; Kang et al. 2008). This
would be expected to cause increased growth and less PHA
production, which was recently demonstrated in a PsrA defi-
cient mutant of P. putidaKT2440 during growth on decanoate
(Fonseca et al. 2014). These same observations occurred in
this work when LCFAs were present whether as the sole car-
bon source or when co-fed with octanoic acid. While the
mechanism for the observed differences between the two sub-
strates remains unclear, follow-up proteomic or transcriptomic
analysis should be done to improve understanding of how the
cell may respond at the molecular level to exogenous fatty
acids of different chain lengths.

Table 3 Final monomer compositions of mcl-PHA polymers synthesized from LCFAs and octanoic acid by P. putida LS46. Values are expressed as
mol percent of the total monomers detected by gas chromatography and measured at 16 h pi. N.D., not detected

Substrate mol% C6 mol% C8 mol% C10 mol% C12 mol% C14 mol% C12:1 mol% C14:1

Octanoic 7.8 ± 0.3 89.3 ± 0.1 2.3 ± 0.2 0.6 ± 0.2 N.D. N.D. N.D.

LCFAs 5.4 ± 0.2 41.4 ± 0.6 26.7 ± 5.1 9.1 ± 1.2 9.3 ± 1.6 3.6 ± 0.9 8.6 ± 3.9

Co-feed 6.9 ± 0.2 80.7 ± 0.5 9.0 ± 3.4 1.7 ± 0.5 N.D. 0.5 ± 0.0 1.0 ± 0.2
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In conclusion, when grown on free fatty acids, carbon flux
in P. putida LS46 appears to be greatly influenced by the
length of the fatty acid carbon chain, particularly under
microaerophilic conditions. In cells cultured with octanoic
acid as the sole carbon source, we observed growth arrest
and rapid mcl-PHA accumulation when the oxygen uptake
rate became limited by the bioreactor OTR. In contrast, we
observed continued cell division and lower mcl-PHA accumu-
lation in cells cultured with LCFAs as the sole carbon source
under identical conditions. This resulted in over twice the
NPCM when grown on LCFAs after 16 h pi of fed-batch
cultivation, but with lower intracellular PHA content com-
pared to octanoic acid. With further incubation, the LCFA
fed culture produced 4.4 times the maximum NPCM mea-
sured in the octanoic acid culture, and achieved similar overall
volumetric productivity with much higher mcl-PHA titer, after
30 h pi. Similar behavior was also observed when the two
substrates were co-fed, where NPCM production continued
after oxygen limitation resulting in 3.3 times the maximum
NPCM titer obtained from using octanoic acid as the sole
carbon source. Intracellular PHA content also improved from
38.4% cdm to 54.1% compared to using LCFA as the sole
carbon source. The PHA titer of 6.4 g L−1, and volumetric
productivity 0.24 g L−1 h−1 after 26 h pi of co-feeding were
significantly higher than the single substrate conditions.
Furthermore, the resulting mcl-PHAwas 81% C8, suggesting
preferential use of octanoic acid for mcl-PHA synthesis, with
growth and maintenance requirements being supplied by
LCFA. This data suggests that a greater cell yield for a given
aeration input can be obtained when LCFAs are present, a
finding which could have important cost-saving implications
for design of production processes. Subsequent work will fo-
cus on improving productivity of the co-feed cultivation by
optimizing feeding rates for improved mcl-PHA content.
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