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Abstract
The aim of this study was to evaluate the changes in the composition of poly-3-hydoxybutyrate-co-3-
hydroxyvalerate (PHBV) by an OPNA mutant strain of Azotobacter vinelandii cultured under different
conditions. In shaken �asks, the oxygen transfer rate (OTR) signi�cantly affected the PHBV composition,
the highest content of 3-hydroxyvalerate (3HV) (28%) was achieved from the cultures developed at high
OTR max (5.87 mmol L -1 h -1 ). In the bioreactor, the cultures were grown under oxygen limited
conditions and different OTRs, varying the agitation rate. The highest PHBV accumulation (85%) was
achieved at low OTR max (4.96 mmol L -1 h -1 ), whereas, the maximum content of 3HV (8.5 mol%) was
obtained at higher OTR max (20.3 mmol L -1 h -1 ). Our results reveal that increasing the OTR rises the
molar fraction of 3HV in the PHBV copolymer. Therefore, the manipulation of OTR could be a feasible
strategy to produce PHBV copolymers with different monomeric compositions at industrial level.

1. Introduction
Polyhydroxyalkanoates (PHAs) are linear intracellular polyesters, which accumulate as insoluble granules
in the cytoplasm of bacteria, which serve as carbon and energy storage material [3, 22]. They are
biodegradable, biocompatible, and with thermomechanical properties similar to those of conventional
petroleum-based plastics, such as polypropylene and polyethylene, which make them suitable for the
production of biodegradable plastics [3, 14, 17]. 

According to the carbon chain lengths of their monomers PHAs can be classi�ed, in short-chain length
(scl; three to �ve carbon atoms) and medium-chain length (mcl; six or more carbon atoms) [29]. In
addition, they can be found as homopolymers (only have one type of monomer) or as copolymers (two or
more type of monomers) [17, 37].

The homopolymer poly-3-hydroxybutyrate (PHB) is the most common member of the PHAs family. It has
high hydrophobicity, brittle mechanics and low rate of biodegradation that limit its processing and
therefore, its biomedical and pharmaceutical applications [3, 25]. However, the incorporation of
monomers with different chain length in the polymer chain improves the physical properties of PHB; for
example, the incorporation of 3-hydroxyvalerate (3HV) result in a copolymer of poly-3-hydroxybutyrate-co-
3-hydroxyvalerate (PHBV) in which thermomechanical properties are improved, making it a material less
brittle, more �exible and with a lower melting temperature than PHB [22, 34, 38]. Moreover, these
properties can vary depending on the mol percentage of 3HV in the polymer chain [20]. Previous studies
have shown that, increasing the fraction of 3HV from 0 to 20 % in the PHBV, there is a signi�cant
reduction in the melting temperature, crystallinity, and stiffness in the polymer produced [24, 36]. Also, the
processing capacity of the material improves, expanding potential applications of these polymers,
especially in the pharmaceutical, medical and industrial �elds [3]. For example, PHBV is a biomedical
material used in drug release and transport systems, in the fabrication of implants, biosensors, tissue
patches, and surgical sutures [34].
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Several bacterial strains including wild-type and recombinant bacteria such as Ralstonia eutropha,
Cupriavidus necator, Pseudomonas sp, A. vinelandii and recombinant Escherichia coli have been studied
for PHBV copolymers production [3, 4, 14, 27, 35]. PHBV copolymer is obtained by adding different
carbon sources; frequently organic acids and alcohols are used. The choice of carbon sources depends
on the type of microorganisms [4, 16, 24, 33, 42]. C. necator produces the PHBV, when organic acids
(propionic acid or levulinic acid) or alcohols (ethanol or pentanol) are used as a precursor [4, 30]. It has
been observed that in R. eutropha, propionic acid can serve as the precursor of HV monomers by the
condensation of propionyl-CoA and acetyl-CoA to generate hydroxyvaleryl-CoA. Subsequently,
hydroxyvaleryl-CoA is incorporated into the polymer by the PHA synthase [25, 42]. In contrast, species of
Azotobacter are able to produce PHBV, when valeric or heptanoic acid is added as a precursor. The use of
propionic, hexanoic, octanoic acid or alcohol precursors did not result in the formation of PHBV [24, 27,
33, 40]. Previous studies by Page et al. [28] have shown that in A. vinelandii, HV production involves
intermediate products of β-oxidation pathway. In that sense, valeric acid is converted to (R)-3-
hydroxyvaleryl-CoA, that can be condensed by a PHA synthase to form PHBV [19, 28]. Similarly,
recombinant strains of E. coli can use organic acids as a precursor to PHBV production [4].

It has been reported that, the monomeric composition of the copolymers can be modulated by culture
parameters such as the carbon source, the timing of carbon source addition into the culture medium, and
the oxygen transfer rate (OTR) [27, 40]. There are some studies regarding the effect of culture parameters
on the monomeric composition of copolymers [4, 16, 27, 33, 40]. In this context, the in�uence of carbon
source concentration on PHBV production has been studied. For example, Page et al. [27] reported that
increasing the valerate concentration (from 10 to 40 mM) had a positive effect on the molar fraction of
3HV (from 17 to 24 %) in the PHBV copolymer produced in cultures in bioreactor by A. vinelandii UWD
[27]. Likewise, Pozo et al. [33] observed that in shaken �aks cultures, when the valerate concentration was
increased from 10 to 40 mM, the 3HV molar ratio increased 2-fold in the PHBV copolymer produced by A.
chroococcum H23.

On the other hand, it was previously reported that oxygen in�uences the monomeric composition of PHA
copolymers [4]. In that sense, Lee et al. [16] found that in cultures conducted in shaken �asks with
Comamonas acidovorans, the oxygen transfer rate (OTR) had a negative effect on the incorporation of
4HB monomers. In that study the aeration conditions were manipulated using different �lling volumes
(50 to 300 mL) in 500 mL shaken �aks. In cultures grown at high aeration (50 mL) the molar fraction of
4HB was 18 %; whereas, in the culture grown at low aeration (300 mL) the content of 4HB increased to 50
%. More recently, Ryu et al. [35] reported that in shaken �asks cultures of A. vinelandii UWD at �lling
volumes of 50 and 100 mL (in 250 mL �asks) the molar fraction of 3HV monomers were similar at 48 h
of cultivation. In contrast, Urtuvia et al. [40] reported that in cultures of A. vinelandii strain OP in
bioreactor, the OTR positively affected the production of 3HV monomers. In that study two OTRmax

conditions were tested and were varied, adjusting the agitation rate at 300 rpm and 700 rpm. In the
cultures at low OTRmax (4.3 mmol L-1 h-1, 300 rpm) the maximum 3HV fraction was 18 %, whereas, in
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cultures at high OTRmax (17.2 mmol L-1 h-1, 600 rpm) the content of 3HV in the copolymer produced was
35 %.

It is important to point out that the reports by Ryu et al. [35] and Urtuvia et al. [40] are the only studies
regarding to the in�uence of OTR on the monomeric composition of PHBV produced by A. vinelandii
strains. However, in the case of Ryu et al. [35], the authors did not �nd an in�uence of the OTR on the
monomeric composition of PHBV copolymers. This could be due to genetic differences between the
strains used, the UWD strain has mutations affecting the respiratory chain [28]. Also in the study of
Urtuvia et al. [40] the cultures were conducted under nitrogen-�xation conditions, and it is known that
under those conditions changes in metabolic pattern are found (metabolite biosynthesis, carbohydrate
consumption and growth rate), compared to what happens in cultures where a �xed nitrogen source is
added to the medium [12, 40]. Therefore, the aim of the present study was to analyze the effect of culture
conditions on the composition of the PHBV produced by the OPNA mutant strain of A. vinelandii.

2. Materials And Methods
Microorganism

The A. vinelandii strain used was OPNA, which is a mutant derived from strain OP. This strain carries
mutations that inactivate the genes coding for the IIA-PTSNtr and RsmA regulatory proteins, which act
negatively on the PHB synthesis [11, 26]. The cells of strain OPNA were grown in Burk’ agar supplemented
with spectinomycin and kanamycin and were maintained by monthly subculture and cryopreserved at
−70 ◦C in 40% glycerol solution [9].

Culture medium

A. vinelandii OPNA was grown in Burk’ medium with the following composition (in g L−1): sucrose 20,
yeast extract 6.5, MOPS 31, K2HPO4 0.66, KH2PO4 0.16, CaSO4 0.05, NaCl 0.2, MgSO4 0.2, NaMoO4·2H2O
0.0029, FeSO4·7H2O 0.027. The pH was adjusted to 7.2 with a concentrated 2 N NaOH solution. In shaken
�ask cultures, the organic nitrogen source (yeast extract) was replaced by an inorganic source
(ammonium sulfate) using 1.4 g L−1. In order to promote the biosynthesis of PHBV, valeric acid were
added to the medium without neutralize during the exponential growth phase (on the most-active
biosynthesis of PHB), at the �nal concentration of 10 and 40 mM.

Shaken �ask cultures

The strain was cultured in 100 mL Burk’ medium in 500 mL shaken �asks at 200 rpm and 29 °C during
20- 24 hours. The inoculum was used when it reached an optical density between 0.16 - 0.18 determined
at 540 nm (corresponding to a biomass in dry weight between 0.08 to 0.1 g L-1) [9, 21]. In order to
evaluate the in�uence of aeration conditions, the strain was grown during 60 h under different �lling
volumes at high aeration (100 mL) and low aeration (200 mL) in 500 ml shaken �ask. Every 12 h one
shaken �ask was sacri�ced for analytical measurements. All experiments were conducted in triplicate.
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Batch cultures in bioreactor

A. vinelandii cells were grown at 29 °C in 500 mL shaken �asks, containing 100 mL of Burk’ medium
(supplemented with yeast extract) at 200 rpm for 24 hours. Subsequently, this inoculum was used when it
reached an optical density between 0.16 - 0.18 determined at 540 nm. The biomass obtained was
collected by centrifugation at 15,500 × g, for 10 minutes. The supernatant was discarded, and the cells
were suspended in 150 mL of fresh Burk’ medium. This suspension was inoculated into the bioreactor
containing 1350 mL of fresh culture medium. Batch cultures were carried out in a 3L Applikon bioreactor,
with a 1.5 L working volume. The pH was controlled to 7.2 by the automatic addition of NaOH solution
(5N). Foam was controlled by manual addition of 10 % w/v antifoam (silicone). Dissolved oxygen tension
(DOT) was measured by an Ingold polarographic probe and was not controlled. Cultures were performed
in duplicate at 29 °C. In order to evaluate the in�uence of OTR, two agitation rates (300 and 700 rpm)
were tested.

OTR was determined by online measurement of O2 in the exit gas and compared with measurements
from the O2 from in the inlet gas �ow rate [8]. Two gas analyzers (BCP-O2, BCP-CO2, BlueSens) were used
for gas (O2 – CO2) measurement. The equation (Eq. 1) used for determination of oxygen transfer rate
(OTR) was described by Zeng et al. [43] as follows:

In which VG is the gas inlet �ow (L h-1), VL is the working volume in the fermentation (L), VN is the molar
volume (L mol-1), Xin and Xout are the mole fractions of oxygen at the inlet and outlet, respectively.

Factorial design 23

A factorial design 23 was used to evaluate the main effects of culture conditions on the biosynthesis of
PHBV produced by A. vinelandii in 500 mL shaken �asks cultures. The three factors: oxygen transfer rate
(OTR), concentration, and addition time of valeric acid, were tested at a low and a high value represented
by the levels (+1) and (-1), respectively (Table 1). The OTR was modi�ed through changes in the �lling
volume (100 and 200 mL), the valeric acid was not neutralized before to be added, in two �nal
concentrations (10 and 40 mM), at 12 and 24 h (during and after the most-active biosynthesis of PHB,
respectively). The response variable was the percentage of 3HB and 3HV present in the copolymer at 48 h
of cultivation. A total of eight experiments were conducted, all of them were done in triplicate. The
statistical analysis (analysis of variance (ANOVA), coe�cients) was carried out in Statgraphics software
version 18.1.12. The p-value for statistical signi�cance was set to 0.05.

Analytical determinations
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The cell dry weight was determined by the gravimetric method using 5 mL of culture broth, it was
centrifuged at 12,000 rpm for 5 min at 25 °C. Subsequently, the supernatant was discarded, recovering
the cell pellet in previously weighted Eppendorf tubes (1.5 mL). The tubes were dried for 24 h at 70 °C. [9].
Protein concentration was determined by the Lowry method, using bovine serum albumin as standard
[18]. The speci�c growth rate (μ) was calculated based on protein using the logistic model reported
previously [15]. The sucrose determination was assayed by quantifying the hydrolysis products (glucose
and fructose) using β-fructofuranosidase enzyme [5]. Sucrose and valeric acid were measured using a
high-performance liquid chromatography (HPLC) (Waters 2695, USA), with an Aminex HPX-87H ion-
exclusion organic acid column (Biorad), and the refractive index IR / UV detectors (Waters 2414 / 2996
USA). Elution was performed with 5mM of H2SO4 as the mobile phase, at a �ow rate of 0.65 mL min-1 at
50 °C. The quanti�cation of PHB as crotonic acid was assayed using a HPLC system, with an Aminex
HPX-87H ion-exclusion organic acid column and a UV detector (Waters 2996, USA). H2SO4 (5mM) was

used as the mobile phase at a �ow rate of 0.65 mL min−1 and 50 °C [9].

Molecular Mass of PHBV copolymers

The extraction of PHBV was performed as described by Millán et al. [21]. The molecular mass was
estimated by gel permeation chromatography (GPC), using a Shodex GPC K-807 L column, in an HPLC
system (Waters 2695, USA) and a refractive index detector (Waters 2414, USA). The mobile phase was
chloroform at 30° C at a �ow rate of 1 mL min-1. The calibration curve was constructed using polystyrene
standards (2.9 x103 to 1.0 x 107 Da). The samples were dissolved in chloroform and were �ltered using
membranes of 0.45 µm pore size [10].

Determination of PHBV and its monomeric composition

In order to convert the PHAs monomers into methyl esters, the samples were derivatized following the
protocol proposed by Juengert et al. [13]. Lyophilized biomass (10 mg) was subjected to acid
methanolysis, the propyl–ester extracts were injected into an HP-5MS capillary column (Agilent
Technologies 30m x 0.25mm x 0.25μm) and coupled to masses analyzer (Agilent Technologies, U.S.A),
with a Split ratio of 10: 1. The carries gas was helium with a glow rate at 0.7 mL min-1. The injector and
detector temperature were 50 °C and 270 °C, respectively. Methyl 3-hydroxybutyrate and methyl valerate
were used as an external standard, and benzoic acid as internal standard.

3. Results And Discussion
In�uence of culture factors on the monomer composition of PHBV.

To study the in�uence of OTR, valeric acid concentration, and valeric acid addition time on PHBV
copolymer production, a factorial design 23 was used (Table 1). Gas chromatography−mass spectrometry
(GC−MS) analysis was performed to characterize the monomeric composition of copolymers produced
by A. vinelandii OPNA. As shown in Fig. 1a peaks obtained at retention time 4.52, 6.18, and 8.64 were
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identi�ed as 3HB, 3HV and benzoic acid (internal standard), respectively. For each compound, the
analysis of the fragmentation pattern of the peaks, matches with methyl esters of 3-hydroxybutyrate
(3HB) and 3-hydroxyvalerate (3HV) showed in Fig. 1b.

Table 2 shows the results obtained under the different conditions evaluated. The highest molar fraction
of 3HV (28 ± 2.3 %) was obtained by adding 40 mM of valeric acid (A +1), after 12 h of cultivation, during
the onset of the most-active PHA biosynthesis (B -1) and cultures at 100 mL (C -1) of �lling volume. On
the other hand, a mathematical model was generated and showed in Eq. (2), where the �lling volume (C)
and therefore the OTRmax, is the variable that had the highest effect on monomeric composition of PHBV.

% 3HV = 12.50 + 0.775A – 0.508 B – 7.26 C Eq. (2).

It is known that changes in the �lling volume on shaken �asks has an in�uence on the oxygen transfer
rate (OTR), and therefore in the availability of oxygen in the liquid [30]. Previously, Lee et al. [16] observed
that a decrease in the OTRmax (increasing the �lling volume from 50 to 300 mL in 500 mL shaken �asks)
increased the molar fraction of 4HB monomers (from 18 to 50 %) in P(3HB)-co-4HB copolymer produced
by Comamonas acidovorans. In the case of A. vinelandii, the in�uence of OTR in monomeric composition
seems to be dependent on the strain and culture condition employed. Ryu et al. [35] did not �nd an
in�uence of OTRmax on monomeric composition of PHBV produce by UWD strain in shaken �asks
culture. This study was carried out in two �lling volume (50 and 100 mL in 250 shaken �asks), where in
both conditions the content of 3HV was 4.1 ± 0.4 and 4.3 ± 0.8 %, respectively. In contrast, Urtuvia et al.
[40] reported that the OTR has a positive in�uence on the production of 3HV monomers in PHBV
copolymer produced by A. vinelandii OP in bioreactor cultures. These authors observed that increasing
agitation rate (300 to 600 rpm), increased the OTRmax (4.3 to 17.2 mmol L-1 h-1), and therefore the molar
fraction of 3HV monomers (18 to 35 %).

Characterization of PHBV produced in shaken �asks cultures.

Considering that the higher molar fraction of 3HV was achieved with 40 mM of valeric acid added at 12 h
and at high OTR (5.87 mmol L-1 h-1, 100 mL) (Run 3, Table 2), the effect of that concentration of valeric
acid added at 12 h was evaluated on cell growth, production, and accumulation of PHBV. Figure 2 shows
the growth kinetics, PHBV production, sucrose, and valeric acid consumptions by the OPNA mutant, with
respect to those of in the control condition (strain without valeric acid addition). Valeric acid (40 mM)
was added at 12 h of cultivation.

A speci�c growth rate (μ) of 0.047 ± 0.001 h−1 was achieved in the cultures conducted without adding
valeric acid and the maximal protein concentration was about 0.9 ± 0.012 g L-1. A feeding strategy in fed-
batch culture, it has been suggested to avoid the inhibition of cell growth and PHA accumulation, without
affecting the 3HV content in the copolymer. Page et al. [27] reported that in fed-batch cultures of A.
vinelandii UWD, the addition of valerate in a �nal concentration of 20 mM (6 mM in the vessel), did not
affect the PHA content (65 %) when it is compared with the control (without addition of precursor);
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whereas, the maximum content of 3HV was 23 %. (Fig. 2a). In the case of PHBV production, it was
affected by the addition of valeric acid. A maximum accumulation of 38 ± 1.6 % was achieved in the
control condition (where only PHB was produced); whereas, only 22 ± 2.4 % were obtained from the
cultures conducted with the addition of valeric acid (Fig. 2b).

Our results are in agreement with those previously reported by Myshkina [24] and Page et al. [27], who
found that the growth and the polymer production were inhibited 21 and 10 %, respectively, by the
addition of valerate (10 mM) in the medium. Myshkina et al. [24] reported, that in shaken �asks cultures
of A. chroococcum strain 7B, the addition of valerate (20 mM), inhibits the growth (43 %) and the polymer
accumulation (7 %) at 48 h of cultivation. However, these authors evaluated the production of copolymers
in species of Azotobacter, adding sodium salts as precursors (valerate), instead of carboxylic acids
(valeric acid). In our study, the valeric acid was not neutralized before to be added, and to keep the pH
constant during cultivation a high concentration of MOPS was employed. However, the pH was 5.2 ± 0.8
at the end of the culture. It is possible that inhibition of cell growth and polymer accumulation could be
related to an effect caused by pH. In this line, Myshkina et al. [23] evaluated the effect of pH on the cell
growth and PHB produced by A. chroococcum 7B in shaken �asks cultures. These authors observed that
the optimum pH was at 7.0, whereas, alkaline (8.0) or acid pH (6.0) conditions negatively in�uence the
growth and accumulation.

On the other hand, Chung et al. [7] reported that pH plays a relevant role in dissociation of acids and their
transport. In that sense, it was previously shown that acids as acetic or propionic migrates by anti-carrier
transport (dissociated form) or by simple diffusion through the cell membrane (undissociated form). In
the last, the acid works as a proton uncoupler, which generates a dissipation of the proton-pumping force
affecting ATP synthesis and therefore an inhibition of the cell growth [41]. In the case of propionic acid, is
thought to involve an uncoupling role, because the fraction of undissociated forms increases when pH
decreases [7]. Therefore, it is possible that a similar behavior occurs during the valeric acid transport;
however, further studies will be needed to elucidate how valeric acid inhibits bacterial growth. It is
important to point out that as described in bioreactor cultures, there was an inhibition on the cell growth
and the polymer accumulation when valeric acid was added, this effect cannot be attributed to pH,
because it was controlled during the cultivation.

As it was expected, 3HV monomers were synthesized only when valeric acid was added (Fig. 2c). The
highest content of 3HV (39 ± 3 %) was obtained at 36 h of cultivation. It was previously reported that
Azotobacter species are able to produce PHBV copolymers, when precursors are added to growth medium
[24, 27, 40]. Table 3 shows the highest content of 3HV obtained from Azotobacter species cultured in
shaken �asks under different precursor concentrations. It is important to note that, HV monomers
production depends on several factors including culture conditions such as type and concentration of
precursor; and biochemical and genetic background of the strain. To our knowledge, this molar fraction of
3HV (39 ± 3%) in the PHBV copolymer obtained, is the highest reported until now, in Azotobacter species
cultured in shaken �asks cultures.
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Effect of valeric acid concentration and OTR on growth and PHBV production in bioreactor cultures.

In order to investigate the in�uence of valeric acid concentration on production of PHBV, batch cultures
were carried out in a 3.0 L Applikon bioreactor. This was operated at 700 rpm (OTRmax 20.3 mmol L-1 h-1)
and 29 °C. The pH was controlled at 7.2 ± 0.5. PHBV production was evaluated under two concentrations
of valeric acid (10 and 40 mM), the precursor (valeric acid) was not neutralized before to be added at 6 h
(during the most-active PHA biosynthesis).

It has been reported that increasing precursor concentration, increases the negative effect on cell growth
and polymer accumulation [27]. Figure 3 shows grown kinetics (measured as protein), PHBV
accumulation and content of 3HV monomers by strain OPNA of A. vinelandii cultured under two
concentrations of valeric acid. As expected, a high precursor concentration (from 10 to 40 mM),
negatively in�uenced speci�c growth rate (μ), reaching 0.11 ± 0.002 h-1 at 40 mM, compared to those
cultures developed at 10 mM of valeric acid, where the μ was 0.14 ± 0.003 h−1. However, this effect was
not re�ected in the maximal protein concentration, because in both conditions tested the concentration of
protein was similar at the end of the culture (Fig. 3a, Table 4).

It is important to point out that the negative effect on cell growth could be related with valeric acid
concentration. Previously, Page et al. [27] reported that in bioreactor cultures of the UWD strain of A.
vinelandii, increasing the precursor concentration (from 10 to 40 mM), decreased the cell growth around
25 %. However, there is not an explanation about this effect.

The precursor concentration also affected the accumulation of PHBV. Under both conditions the
percentage of accumulation was the same at the beginning of the cultivation; however, after the addition
of valeric acid (6 h), accumulation of PHBV decreased in the cultures developed at 40 mM, reaching a
maximal percentage of 51 ± 3.6 % at 21 h. In contrast, the maximal percentage of 80 ± 0.7 % was
achieved in the cultures carried out at 10 mM (Fig. 3b). This was consistent with the highest yield of
PHBV based on sucrose and with the highest volumetric uptake sucrose rate (Table 4).

As shown in �gure 3c, the highest content of 3HV was obtained using 40 mM of valeric acid; under this
condition, 21 ± 0.5 % of 3HV was obtained at 15 h of cultivation, whereas, in cultures using a lower
concentration of precursor (10 mM), the highest production reached was 8.2 ± 0.03 % at 12 h of
cultivation. These results reveal that by increasing the concentration of the precursor from 10 to 40 mM, it
is possible to increase the content of 3HV about three-fold. It is important to note that the molar fraction
of 3HV increased with the valeric acid concentration; however, under this condition the accumulation of
PHBV decreased (Fig.3b). Page and Manchak, [28] reported that in A. vinelandii a diminished
accumulation of PHBV could be associated with the effect of valerate (precursor) on the beta-oxidation
pathway. It was proposed that catabolism of valerate would inhibit 3-cetoacyl-CoA and acetoacetyl-CoA
reductase activities, and these inhibitions could be re�ected in a decrease in PHA yield. In addition,
inhibition of 3-ketothiolase would be favored by the production of 3HV monomers [27].
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The molar fraction of 3HV decreased with respect to time. A possible explanation for this phenomenon
could be attributed to the fact that the valeric acid was exhausted around 15-18 h of cultivation (Fig. 3d).
This gradual exhaustion would affect the synthesis of 3HV monomers, and incorporation of PHB
monomers would be prevalent, modifying the molar fraction of both monomers in the copolymer [27].
The decrease in molar percentage of 3HV could not be due to degradation, because the 3HV
concentration remains at values between 0.48 – 0.54 mg L-1 and between 0.53 - 0.69 mg L-1 at low and
high OTRmax, respectively, during the rest of the culture. This is online with that reported by Volova et al.
[42], who found that in batch cultures of Ralstonia eutropha B-5786, the concentration of 3HV remained
nearly unchanged, whereby, the changes on molar fraction could be due to the continuous synthesis of
PHB and the termination of 3HV production, related with the exhaustion of valerate in the medium.

Considering that the OTR has an important effect on the PHBV composition, experiments changing the
OTR by the manipulation of the agitation rate at 300 (4.96 mmol L−1 h−1, low OTRmax) and 700 rpm (20.3

mmol L−1 h−1, high OTRmax), were performed. Valeric acid was added in a �nal concentration of 10 mM,
to decrease its negative in�uence on cell growth and copolymer production. This addition was made
during the cell growth phase of cultivation and the most-active PHA biosynthesis at 6 and 9 h for the
cultures in the condition at high and low OTRmax, respectively.

Figure 4a, shows the evolution of dissolved oxygen tension (DOT) and oxygen transfer rate (OTR) in the
cultures carried out at different agitation rates. In the cultures developed at 300 rpm, the DOT decreased
during the �rst 3 h of cultivation and remained close to 0 % during the rest of the culture, whereas the
OTRmax reached was 4.96 mmol L-1 h-1. At 700 rpm, the DOT progressively decreased and remained close

to 2 – 4 % until 18 h of cultivation, the OTRmax was 20.3 mmol L-1 h-1. As expected, under both conditions
the OTR was affected by the agitation rate. The OTR pro�le showed a characteristic region (plateau)
during cell growth, that was associated with an oxygen limitation, as described previously by Anderlei et
al. [2] and Díaz-Barrera et al. [8].

The cell growth (measured as protein) is shown in Fig. 4b. In the cultures conducted at low OTRmax the

maximal protein concentration was about 1.26 ± 0.01 g L-1, with a speci�c growth rate (μ) of 0.03 ± 0.002
h−1, whereas in the cultures grown at high OTRmax, the protein concentration was 2.0 ± 0.2 g L-1 and the μ

was 0.14 ± 0.003 h−1. This agrees with previous works that showed a negative in�uence on the growth
rate when the OTR was decreased [9-10, 31].

As shown in Fig. 4c and 4d, sucrose and valeric acid were consumed simultaneously; however, sucrose
was not consumed completely, remaining 4 and 1 g L−1 at the end of the cultures developed at 300 and
700 rpm, respectively. On the other hand, valeric acid was completely exhausted after 27 h and 12 h in
cultures carried out at 300 and 700 rpm. It is important to point out that the consumption rate of both
substrates was negatively affected when the OTRmax decreased (from 20.3 to 4.96 mmol L-1 h-1) (Table
5).
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It is important to point out that under the conditions used in the present study, the production of PHBV
was growth associated, reaching a maximal concentration of 6.1 ± 0.9 and 6.4 ± 0.2 g L-1 in the cultures
at high and low OTRmax, respectively (Fig. 5a). The highest PHBV accumulation (85 ± 3 %) was achieved
at low OTRmax after 48h of cultivation; under this condition, the volumetric production rate was of 0.47

gPHBV L−1 h−1, whereas, at high OTR, the accumulation was 80 ± 0.7 % at 21 h of cultivation, and the

volumetric production rate was of 0.33 gPHBV L−1 h−1 (Fig. 5b, Table 5). These results suggest that OTR
did not in�uence the concentration or percentage of accumulation of the polymer. This agrees with a
previous work that showed that PHAs accumulation in strain OPNA is around 80 %, regardless of the
oxygen condition [9].

Fig. 5c shows the evolution of 3HV content in the polymer produced by A. vinelandii OPNA in batch
cultures. The highest molar fraction of 3HV (8.2 ± 0.03 %) was obtained at high OTRmax (20.3 mmol L-1 h-

1), 6 h after the addition of the precursor. At low OTRmax (4.96 mmol L-1 h-1) the highest content (6.5 ± 0.6
%) was reached 27 h after the addition of valeric acid. In both conditions evaluated, the content of 3HV
dropped toward the end of the culture, to 5.2 ± 0.07 and 4.6 ± 0.06 %, at high and low OTRmax

respectively. As mentioned above, this could be related with the valeric acid depletion that affected the
synthesis of the 3HV monomer [27, 42]. In accordance with this hypothesis, when valeric acid was
exhausted, the molar fraction of 3HV decreased (Fig, 4d, Fig. 5c).

It has been reported that the molecular weight determines different thermomechanical properties of PHA
polymers [22, 32]. Besides, the molecular weight depends on the culture conditions, and in the case of
copolymers it can depend on the monomer composition [1, 23]. In the case of Azotobacter spp, it has
been reported that this bacterium synthesizes PHB with a high and ultra-high molecular mass [10, 23, 32].

Figure. 6 shows the PHBV molecular mass distribution under different OTRmax conditions. The mean
molecular mass (MMM) was between 6600 – 6700 kDa, during the exponential growth phase (at 12 h).
After this time, the MMM remained constant between 6500 and 6600 until the end of the culture (21 h
and 54 h for cultures developed at high and low OTRmax, respectively). These results indicated that there
are no signi�cant changes in MMM under the conditions evaluated. In contrast, Gómez-Hernández et al.
[10], reported that in batch cultures of OP strain of A. vinelandii, the MMM was affected by the oxygen
condition. At low OTRmax (5 mmol L-1 h -1), the production of ultra-high molecular weight polymers (8300

kDa) was promoted; whereas, at higher OTRmax (8-11 mmol L-1 h-1) the MMM decreased to 3500 kDa.

It is important to point out that, OPNA is a mutant strain derivate from OP; however, it has been previously
reported that OP and OPNA strains have different phenotypic responses under several culture conditions
[9]. Previously, Castillo et al. [6] reported that in fed-batch cultures of A. vinelandii OPNA under two C/N
ratios (14 and 18) and different DOT pro�les, the molecular weight was not affected by the changes on
the oxygen condition.
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 From a technological point of view, it is highlighted that the production of copolymers with different
monomeric composition is possible by the manipulation of the OTR, without affecting the molecular
weight. Could allow expanding the potential application of these copolymers in the biomedical,
pharmaceutical, and industrial �elds.

Conclusions
In summary, our study has shown that a high valeric acid concentration (from 10 to 40 mM) has a
negative effect on cell growth, and PHBV accumulation in the OPNA strain in shaken �asks and
bioreactor cultures. However, this precursor concentration has a positive in�uence on the 3HV content in
the copolymer, in comparison to that obtained at lower concentration of this precursor. In order to avoid
the inhibition of cell growth and PHA accumulation, without affecting the 3HV content in the copolymer;
the use of feeding- pulses fed-batch or pH-stat feeding strategy could be established [39].

On the other hand, increasing OTRmax from 4.96 to 20.3 mmol L-1 h-1 increases the molar fraction of 3HV
monomers (6.5 to 8,2 %) in batch cultures, indicating that OTR has a positive in�uence on 3HV content. It
could be interesting, from a technological point of view, to establish strategies, through the manipulation
of operational conditions as the OTR, to produce PHBV copolymers with different monomeric
compositions at industrial level.
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Tables
Table 1. Factors (variables) and levels (low (-1) and high (+1)). The OTR was calculated for 100 mL (5.8
mmol L-1 h-1), and for 200 mL (2.9 mmol L-1 h-1).

Factors Levels

  -1 +1

Valeric acid concentration (mM) 10 40

Filling volume (mL) 100 200

Timing valeric acid addition 12 24

Table 2 Values of response variables. Where capital letters are A: valeric acid concentration, B: Filling
volume, C: Timing valeric acid addition, while the signs (-) and (+) refer to the low and high level
evaluated for each factor, respectively

  Variable factors Responses

Run

 n°

A B C % PHBª % 3HVª

1 -1 -1 -1 88.3 ± 0.6 11.7 ± 0.6

2 -1 +1 -1 83.2 ± 1.2 16.8 ± 1.2

3 +1 -1 -1 72.0 ± 2.3 28.0 ± 2.3

4 +1 +1 -1 79.0 ± 2.0 22.6 ± 2.1

5 -1 -1 +1 88.7 ± 1.1 11.3 ± 1.1

6 -1 +1 +1 92.9 ± 4.3 7.1 ± 4.3

7 +1 -1 +1 95.5 ± 1.0 1.1 ± 0.4

8 +1 +1 +1 98.6 ± 0.2 1.4 ± 0.2

ªExperiments in triplicate.

Table 3 Synthesis of the PHBV copolymer by Azotobacter species, in shaken �aks adding valerate or
valeric acid.
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*(Without neutralize)

 

Precursor

Precursor concentration
(mM)

HV content
(mol%)

Azotobacter

species

 

Reference

Valerate 20 21.6 A. chroococcum
7B

[24]

Valerate 40 24.0 A. vinelandii UWD [27]

Valerate 10 27.4 A. vinelandii OP [40]

Valeric
acid*

40 39.0 A. vinelandii OPNA This work

Table 4 Kinetic parameters of OPNA strain under different valeric acid concentrations in bioreactor
cultures. 

Parameters Valeric acid concentration (mM)

10 40

Speci�c growth rate (μ) 0.14 ± 0.003 0.11 ± 0.002

Protein (g L-1) 2.0 ± 0.2 1.89 ± 0.1

Volumetric uptake sucrose rate (gsucrose L-1 h-1) 0.09 ± 0.01 0.07 ± 0.05

Y Biomass/Sucrose (gx /gsucrose) 0.32 ± 0.003 0.30 ± 0.004

YPHBV/Sucrose (gPHBV / gsucrose) 0.33 ± 0.009 0.15 ± 0.007

Table 5 Kinetic parameters of OPNA strain under different oxygen transfer rate in bioreactor cultures. 
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Parameters Oxygen transfer rate (mmol L-1 h-1)

4.96 20.3

Speci�c growth rate (μ) 0.03 ± 0.0002 0.14 ± 0.003

Volumetric uptake sucrose rate (gsucrose L-1 h-1) 0.3 ± 0.03 0.9 ± 0.001

Volumetric uptake valeric acid rate (gvaleric acid L-1 h-1) 0.042 ± 0.001 0.11± 0.004

Y Biomass/Sucrose (gx /gsucrose) 0.42 ± 0.02

 

0.32 ± 0.003

 

YPHBV/Sucrose (gPHBV / gsucrose) 0.47 ± 0.01

 

0.33 ± 0.05

 

Figures
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Figure 1

Gas chromatographic analysis of PHBV produced by A. vinelandii OPNA. 3HB; 3-hydroxybutyrate; 3HV: 3-
hydroxyvalerate; Internal standard: Benzoic acid (a). Fragmentation patterns in the mass spectra of
methyl-esters and chemical structure of 3HB and 3HV, respectively (b).
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Figure 2

Protein concentration (a), percentage of accumulation of PHBV (b), molar fraction of 3HV (c) in 500 mL
shaken �asks cultures of A. vinelandii OPNA. Culture with valeric acid was added at 12 h in a �nal
concentration of 40 mM (Δ) and control condition (with no valeric acid) (●).
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Figure 3

Growth kinetics estimated as protein concentration (a), PHBV accumulation (b), 3HV molar fraction (c)
and valeric acid concentration (d) of A. vinelandii OPNA in batch cultures developed at constant agitation
rate of 700 rpm with a concentration of valeric acid of 10 mM (●) and 40 mM (○). Valeric acid was
added at 6 h of cultivation.
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Figure 4

DOT and OTR pro�le in dashed and solid line, respectively (a), protein growth kinetics (b), sucrose
concentration (c) and valeric acid concentration (d) of A. vinelandii OPNA in batch cultures developed at
constant agitation rate of 300 rpm (□) and 700 rpm (●). DOT and OTR pro�le for 300 rpm (thick lines)
and for 700 rpm (thin lines). Valeric acid was added at 9 h and 6 h of cultivation, for 300 (dashed arrow)
and 700 rpm (solid arrow), respectively.
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Figure 5

PHBV accumulation (a), PHBV concentration (b), 3HV molar fraction (c) of A. vinelandii OPNA in cultures
developed at constant agitation rate of 300 rpm (□) and 700 rpm (●). A dashed and solid arrow
indicates valeric acid addition for 300 and 700 rpm.
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Figure 6

Molecular mass distributions of PHBV isolated from A. vinelandii OPNA in cultures developed at constant
agitation rate of 300 rpm (—) and 700 rpm (---).


