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Abstract

A Ralstonia sp. strain JC-64 that is capable of accumulating poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (P[3HB-co-3HV]) from cottonseed
oil and valeric acid was isolated. By using a high limiting-nitrogen (HLN)
mineral medium as the medium for the second stage of the fermentation
process and by adding the two carbon sources at different times, a range of
copolymers with 12–62 mol% of 3HV were produced from a series of HLN
mineral mediums containing different compositions of cottonseed oil and
valeric acid by Ralstonia sp. JC-64. The melting temperature (Tm) of poly-
hydroxybutyrate from cottonseed oil was 174°C and that of P(3HB-co-3HV)
with the highest 3HV-mol fraction (62%) was 81°C.

Index Entries: Cottonseed oil; high limiting-nitrogen mineral medium;
polyhydroxybutyrate; poly(3-hydroxybutyrate-co-3-hydroxyvalerate);
Ralstonia sp. JC-64.

Introduction

Polyhydroxyalkanoates (PHAs) are biodegradable polyesters that are
synthesized and accumulated as a carbon or energy storage material intra-
cellularly during unbalanced growth by a large variety of bacteria (1).
Currently, more than 80 hydroxyalkanoates have been detected as
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constituents of PHAs (2), and more than 300 different microorganisms are
known to synthesize and intracellularly accumulate PHAs (3).

Polyhydroxybutyrate (PHB) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate (P[3HB-co-3HV]) are the most common members of the
PHA family. They have attracted much attention as bioplastics. Both have
been commercially produced, and many strategies for the production, such
as the use of inexpensive material as carbon sources (4–10), improved meth-
ods for isolating polymers (11–13), and the isolation of new bacterial strains
for biosyntheses (14) have been developed. Also, PHA synthesis genes
have been cloned, and recombinant strains have been obtained (15–18).

The biosynthesis of PHA from plant oil, a renewable and inexpensive
agricultural coproduct, has been extensively researched. Pseudomonas sp.
produced PHA consisting of medium- and long chain–length 3-hydroxy
alkanoate units from long-chain fatty acid (castor oil and euphorbia oil) and
tallow (7,8), and Aeromonas caviae produced P(3HB-co-3HH) from olive oil
(6). Pseudomonas sp. 61-3 synthesized polyester blends from olive oil or corn
oil and palm oil (9). Alcaligenes eutrophus and its recombinant synthesized
PHB and P(3HB-3HHX) from olive oil, corn oil, and palm oil (10). In spite
of the great need for P(3HB-co-3HV) as a bioplastic, to our knowledge, there
has been no report on the production of P(3HB-co-3HV) from plant oil.

In the present study, we investigated the production of P(3HB-co-
3HV) from cottonseed oil and valeric acid by Ralstonia sp. JC-64 isolated
from paddy soil. When a high limiting-nitrogen (HLN) mineral medium
was used as the medium of the second-stage fermentation process and the
two carbon sources were added at different fermentation times, P(3HB-co-
3HV) containing a series of 3HV-mol fractions was produced.

Materials and Methods

Strain

The soil sample, from paddy soil in Tianjin, China, was diluted and
spread on agar plates containing yeast extract, meat extract, polypeptone,
and ammonium sulfate (YMPA). The YMPA agar medium (pH 7.0, 1 L)
contained 10 g of yeast extract, 10 g of polypeptone, 5 g of meat extract,
5 g of (NH

4
)

2
SO

4
 and 20 g of agar. The plate was incubated at 30°C for 2 d.

Some colonies that appeared on the plate were screened for their PHA
production by the Schlegel et al. (19) method. In this method, colonies in
nitrogen-poor agar (0.005% ammonium chloride) were stained by sudan-
black B to distinguish bacteria containing PHB. Ralstonia sp. JC-64, thus
obtained, was used in this study. The strain was maintained in 15 (v/v)%
glycerol at –80°C.

Medium and Culture Conditions of PHB Synthesis

A one-step fermentation process was used. Cells were grown in a
reciprocal shaker (150 rpm) at 30°C for 72 h under aerobic conditions on a
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reciprocal shaker in 500-mL Sakaguchi flasks with 100 mL of medium. The
medium, containing 1% (v/v) cottonseed oil and 0.05% (w/v) NH

4
Cl

(NH4Cl [w/v]:cottonseed oil [v/v] = 1:20), was a limiting-nitrogen mineral
medium as described by Fukui and Doi (10).

Medium and Culture Conditions of P(3HB-co-3HV) Synthesis

A two-step fermentation process was used. Cells were grown in YMPA
medium in a reciprocal shaker (150 rpm) at 30°C for 24 h, harvested, and
transferred to an HLN mineral medium containing cottonseed oil, NH4Cl
(NH

4
Cl [w/v]:cottonseed oil [v/v] = 1:80), and other components as

already mentioned. After the cells were cultivated in the reciprocal shaker
(150 rpm) at 30°C for a given time, valeric acid (pH 7.0) was added and the
cells were cultivated for a further 48 h.

Isolation and Analysis of PHB and P(3HB-co-3HV)

The grown cells were harvested, washed with hexane and then dis-
tilled water, and lyophilized. The polymer and copolymer accumulating in
the cells were extracted with hot chloroform in a Soxhlet apparatus and
purified by reprecipitation with methanol. 1H and 13C nuclear magnetic
resonance (NMR) analyses were carried out using a Nihondenshi JNM
A400 (400 MHz) spectrometer. Differential scanning calorimetry (DSC) was
carried out using a Rigaku DSC-8230B system equipped with a cooling acces-
sory. The melting temperature was determined from the DSC endotherm.

Lipase Activity of Ralstonia sp. Strain JC-64

Lipase activities of the supernatant of Ralstonia sp. strain JC-64 in cul-
ture and fermentation solution were assayed at 30°C by the method of
Kurooka et al. (20); 2,3-Dimercaptopropan-1-ol tributyroate was synthe-
sized by treating 2,3-dimercaptopropan-1-ol with butyric anhydride (21)
and used as a substrate. 5,5'-Dithiobis(2-nitrobenzoic acid) as a chromo-
genic reagent and sodium dodecyl sulfate as a lipase activator were used.
The substrate was hydrolyzed by lipase, and the absorbance of 5-thio-2-
nitrobenzoate was measured at 412 nm.

Results and Discussion

Identification of Ralstonia sp. Strain JC-64

Morphologic and taxonomic characteristics of the isolated Ralstonia
sp. strain JC-64 were investigated by the established method of Krieg and
Holt (22). Table 1 summarizes the results. The isolated strain was an aero-
bic, non-spore-forming, Gram-negative, motile, and short rod–shaped bac-
terium. Since A. eutrophus has been renamed Ralstonia eutropha by the
International Union of Microbiological Societies (23), it was designated as
Ralstonia sp. JC-64.
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Table 1
Morphologic and Taxonomic Properties of Ralstonia sp. JC-64

Properties Results

Morphology
Form rods
Size (µm) 0.5–0.8 × 1.5–2.4
Gram reaction –
Presence of spore –
Motility +

Cultural characteristics
Colony shape: circular convex
Optimum temperature 30–38°C
Optimum pH 6.5–7.2
Growth on

MacConkey agar –
SS agar –
Starch agar –
DNase agar –

Biochemical properties
β-Galactosidase –
β-Glucosidase –
Arginine dihydrolase +
Lysine decarboxylase –
Ornithine decarboxylase –
Tryptophan deaminase –
Urease +
Gelatinase +
Cytochrome oxidase +
Catalase +

Physiological properties
Production of H2S –
Production of indole –
Voges-Proskauer test +
Nitrate reduction to nitrite +
Nitrate reduction +

Fermentation/oxidation of
Glucose, mannitol, arabinose –
Sorbitol, rhamnose, melibiose –
Amygdalin, inositol –

Utilization of
D-Glucose, D-fructose +
Rhamnose, L-arabinose +
Sucrose, D-mannose +
D-Ribose, valerate +
Acetate, DL-lactate +
Propionate, gluconate +
Malonate, itaconate +
Sorbitol, glycerol +
Inositol, mannitol +
N-Acetyl-glucosamine +
Tween-85 +
L-Fucose, ethanol –
Cellulose, glycogen –
D-Melibiose, citrate –
Salicin, methanol –
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PHB and P(3HB-co-3HV) from Cottonseed Oil and Valeric Acid

Table 2 summarizes the production of PHB and P(3HB-co-3HV). Run 1
shows the results of PHB accumulation in Ralstonia sp. JC-64 at 30°C in a
medium (1 L) containing 10.0 mL of cottonseed oil. Ralstonia sp. JC-64 gave
a higher polymer content (77%). Runs 2–5 show the results of copolymers
from cottonseed oil and valeric acid. In this experiment, cottonseed oil-to-
valeric acid weight ratios in the medium were respectively adjusted to
80:20, 60:40, 40:60, and 20:80. The initial total amount of substrates from
runs 2–5 was 10 g/L, and the initially inoculated cell weight was about
3.7 g/L. After the operation, the final weight of dried cells ranged from 4.45
to 3.91 g. Thus, an extent of weight increase of dried cells was from 0.20 to
0.75 g. The copolyester content ranged from 49 to 71%. It had been reported
that the weight of dried cells was not changed in the nitrogen-free mineral
medium as in the second-stage fermentation medium (24,25). However, in
the HLN mineral medium, the dried cell weights increased because the
medium contained NH4Cl as the nitrogen source.

Lipase Activity and Composition of HLN Mineral Medium

In our experiment, the lipase activity of Ralstonia sp. JC-64 in the
supernatant of the medium was lower (0.2–0.3 mU/mL) when it was grown
on glucose or fructose alone. Fukui and Doi (10) obtained a similar result.
However, the lipase activity increased to 2.7–3.9 mU/mL during the PHB
accumulation phase in the presence of cottonseed oil (run 1 in Table 2).
Therefore, it was thought that microbial lipase activity was induced to
increase when cottonseed oil was used as the sole carbon source in the
medium.

In the synthesis of P(3HB-co-3HV) from glucose and organic acid by
the two-step fermentation process, a nitrogen-free mineral medium was used
as the medium of the second stage (24–27). In our study, a nitrogen-free
mineral medium as the second-stage medium was also used; Table 3 pre-
sents the results (runs 3 and 4). The copolymer contents were <15%, and the
lipase activities in the supernatant were <1.6–2.7 mU/mL. These results
suggested that secretion of lipase was suppressed under a nitrogen-free con-
dition. Therefore, the limiting-nitrogen mineral medium was used in the
second stage of the fermentation process in this study.

Because the fermentation time of PHB production by the limiting-
nitrogen mineral medium, NH

4
Cl (w/v):cottonseed oil (v/v) = 1:20, was

72 h, the limiting-nitrogen mineral mediums containing different ratios of
NH4Cl (w/v): cottonseed oil (v/v) (=1:40, 1:50, 1:60, 1:70, 1:80, and 1:90)
were used to find a medium that would shorten the fermentation period
and maintain high lipase activity. The limiting-nitrogen mineral medium
with a ratio of 1:80 gave higher lipase activities, and the fermentation period
of the second stage became 50–54 h (runs 2–5 in Table 2) and gave higher
copolymer contents. We called this medium an HLN mineral medium in
this study.
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Addition of Carbon Source

In the HLN mineral medium containing both cottonseed oil and
valeric acid, the latter suppressed secretion of lipase by the cells. As shown
in Table 3 (runs 1 and 2), the copolymer contents were <23%, and the lipase
activity in the supernatant was <2.0–3.1 mU/mL. To avoid such an unfa-
vorable effect of valeric acid, the two carbon sources were added to the
HLN mineral medium at different times. First, when the HLN mineral
medium was prepared, the cottonseed oil was added. Second, valeric acid
was added at pH 7.0 after the cells were cultivated for a proper time in the
HLN mineral medium. Therefore, the beginning time for PHB accumula-
tion from cottonseed oil must be decided to determine the time for adding
valeric acid.

We investigated the relationship between the beginning time of PHB
accumulation in the cells and the concentration of cottonseed oil in the
HLN mineral medium. The cells from the first stage were transferred to
the HLN mineral medium (NH4Cl [w/v]:cottonseed oil [v/v] = 1:80) con-
taining 2.0, 4.0, 6.0, and 8.0 g/L cottonseed oil, respectively. By detecting
PHB accumulation in preliminary experiments, suitable times for the
addition of valeric acid were determined. When cottonseed oil was 8.0 g/L
in the HLN mineral medium, a very small amount of PHB accumulation
in the cells was detectable at 7 h but not yet at 6 h from the beginning of
the second-stage fermentation. From this result, we concluded that valeric
acid should be added after 6 h from the beginning of the second-stage
fermentation when 8.0 g/L of cottonseed oil was used (run 2 in Table 2).
The suitable times of the addition of valeric acid for other conditions (runs
3–5 in Table 2) were also determined the same way. By adopting this
procedure, the lipase activities of the fermentation solution were kept at
a relatively high level (2.7–3.7 mU/mL) as well as during PHB production
in cells.

Effect of Valeric Acid on 3HV Fraction in Copolymer

Table 2 also shows the effect of valeric acid concentration in the HLN
mineral medium on the 3HV-mol fraction of P(3HB-co-3HV). According to
1H NMR spectroscopy, as the concentration of valeric acid increased, the
3HV-mol fraction in the copolymer increased. Thus, the 3HV-mol fraction
depended on the concentration of valeric acid in the HLN mineral medium.
This indicated that when P(3HB-co-3HV) was accumulated from cotton-
seed oil and valeric acid by Ralstonia sp. JC-64, the composition of the
copolymers could be controlled by changing the concentration of valeric
acid. On the other hand, the product was also P(3HB-co-3HV) when the
cottonseed oil (8.0 g/L) and propionic acid (2.0 g/L) were used as the
carbon sources by Ralstonia sp. JC-64. However, the 3HV-mol fraction (4.5%)
in the copolymer was lower than those of copolymer from the cottonseed
oil and valeric acid (12%).
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Melting Temperature of Polymer and Copolymer

Table 2 also shows the T
m
 of PHB and P(3HB-co-3HV). T

m
 decreased

from 174 to 81°C with an increase in the 3HV-mol fraction from 0 to 62%,
suggesting that the degree of crystallinity decreases with an increase in the
3HV-mol fraction. This result confirmed that the mechanical properties of
the copolymers can be controlled by changing the concentration of valeric
acid in the HLN mineral medium (24).

Conclusion

Ralstonia sp. strain JC-64 is a new member of the family of PHA-pro-
ducing bacteria. By using an HLN mineral medium as the medium for the
second stage of the fermentation process and by adding two carbon sources
at different times of the second-stage fermentation process, a wide range of
copolymers with 12–62 mol% of 3HV was produced from a series of HLN
mineral mediums containing different ratios of cottonseed oil and valeric
acid by Ralstonia sp. JC-64. The melting temperature of PHB from cotton-
seed oil was 174°C and that of P(3HB-co-3HV) with the highest 3HV-mol
fraction (62%) was 81°C.
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