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There is increasing research activity directed toward
the study of polyhydroxyalkanoate (PHA) synthesis by
microorganisms with the aim of obtaining PHAs with
specified properties [1]. Of great interest in this respect
is the bacterium 

 

Ralstonia eutropha

 

 (formerly, 

 

Alcali-
genes eutrophus

 

), which is able to synthesize polyhy-
droxybutyrate, copolymers of hydroxybutyrate and
hydroxyvalerate, and hydroxyalkanoate terpolymers
[2, 3]. The proportion between components in these
polymers may vary, depending on the physiological
and biochemical characteristics of the producing strains
and their cultivation conditions.

Microorganisms produce 3-hydroxyvalerate (3HV)
through the condensation of propionyl-CoA and acetyl-
CoA with the involvement of 

 

β

 

-ketothiolase. The molar
fraction of 3HV in the PHAs synthesized by bacteria
from the genus 

 

Ralstonia

 

 depends on the proportion
between acetate and propionate in the growth medium
and may reach 50% of the dry weight of cells [4].
Poly(3-hydroxybutyrate-

 

co

 

-3-hydroxyvalerate), abbre-
viated poly(3HB-

 

co

 

-3HV), is synthesized with the
involvement of the enzymes 

 

β

 

-ketothiolase, ace-
toacetyl-CoA reductase, and PHA synthase (PHA poly-
merase).

Experiments carried out by Doi 

 

et al.

 

 showed that,
when valerate was the only carbon source in the growth
medium of 

 

R. eutropha

 

 NCIMB 11599, the fraction of
3HV in the PHA synthesized by this strain reached
85 mol %. In a cultivation medium with a mixture of
5-chlorovalerate and valerate as the carbon source, this
strain synthesized a terpolymer poly(3-hydroxybu-

tyrate-

 

co

 

-3-hydroxyvalerate-

 

co

 

-5-hydroxyvalerate) in
an amount of 46% of the dry biomass, the molar frac-
tion of 5HV in the terpolymer reaching 52% [5, 6].
When the 

 

R. eutropha

 

 strains NCIMB 11599 and H16
were grown on a mixture of butyric and pentanoic
acids, the molar fraction of 3HV in the PHAs synthe-
sized by these strains reached 90 and 75 mol %, respec-
tively. Butyrate and valerate may be incorporated into
poly(3HB-

 

co

 

-3HV) without forming acetyl-CoA and
propionyl-CoA by 

 

β

 

-ketothiolase [7]. When grown on
the fatty acids 

 

ë

 

2

 

 through 

 

ë

 

22

 

, 

 

Alcaligenes

 

 sp. AK201
was able to synthesize poly(3HB-

 

co

 

-3HV) in an
amount of 50% of the dry biomass. In this case, the
molecular mass of the copolymers was found to be
dependent on the length of the carbon chain of the fatty
acid used for the growth of the strain [8].

The obtaining of PHA copolymers with a high
molar fraction of hydroxyvalerate is a difficult task
since the short-chain propionic and valeric fatty acids
are typically toxic to the producing strains. This prob-
lem can be solved by using microorganisms tolerant to
short-chain fatty acids and by optimizing their cultiva-
tion conditions. For instance, Kobayashi 

 

et al.

 

 [9] opti-
mized the cultivation conditions of 

 

A. eutrophus

 

 grown
on propionate in a fed-batch mode in pH-stat. By vary-
ing the proportion of carbon and nitrogen in the nutrient
medium, the authors showed that the incorporation of
3HV into PHA increases with the feeding and growth
rates of the bacterium. Squio 

 

et al.

 

 [10] employed a
phosphate-feeding strategy to study the relationship
between the yields of biomass and copolymers with dif-
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Abstract

 

—The paper deals with the study of the synthesis of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate
(3HV) copolymers by the bacterium 

 

Ralstonia eutropha

 

 B-5786 grown under different carbon nutrition condi-
tions (growth on carbon dioxide, fructose, and CO

 

2

 

–valerate and fructose–valerate mixtures). The parameters
to be analyzed included the yield of biomass; the yield, synthesis rate, and composition of copolymers; the
activity of the key enzymes of polyhydroxyalkanoate (PHA) synthesis (

 

β

 

-ketothiolase, acetoacetyl-CoA reduc-
tase, and PHA synthase); the maximum tolerable concentration of valerate to the bacterium; and the conditions
that govern the incorporation of hydroxyvalerate into copolymers. This allowed the relationship between culti-
vation conditions and the proportion of monomers in the copolymers to be deduced. We were able to synthesize
a range of 3HB/3HV copolymers and found that the thermal characteristics and the degree of crystallinity of
such copolymers depend on the molar fraction of 3HV.
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ferent molar fractions of 3HV. Choi 

 

et al.

 

 [11] showed
the possibility of using threonine-overproducing
mutants of 

 

Alcaligenes

 

 sp. to obtain poly(3HB-

 

co

 

-
3HV) with a high molar fraction of 3HV.

The above short review of literature data shows that
poly(3HB-

 

co

 

-3HV) copolymers are commonly manu-
factured by using nutrient media with propionic and
valeric acids or their salts, which are quite expensive
substrates. In searching for a low-cost alternative,
Marangoni 

 

et al.

 

 [12] studied the effect of oleic acid
and found that the addition of this substance as a cosub-
strate to the nutrient medium of 

 

R. eutropha

 

 consider-
ably augmented the yield of poly(3HB-

 

co

 

-3HV) with-
out influencing the biomass yield or the molar fraction
of 3HV in the copolymer. Of great interest in this regard
is the ability of the bacterium 

 

R. eutropha

 

 to synthesize
PHA under autotrophic conditions, that is, from the
low-cost inorganic substrates 

 

ç

 

2

 

 and 

 

ëé

 

2

 

 [13–16].
The aim of this work was to investigate the synthesis

of hydroxybutyrate and hydroxyvalerate copolymers
by the bacterium 

 

R. eutropha

 

 grown under different
carbon nutrition conditions.

MATERIALS AND METHODS

Experiments were carried out with the bacterial
strain 

 

Ralstonia eutropha

 

 B-5786 [17].
The strain was cultivated in a batch mode in a 10-l

fermentor containing 3 l of a mineral medium. The fer-
mentor was equipped with an uncovered stirring tur-
bine (1000 rpm). During cultivation under autotrophic
conditions, a gas mixture (

 

ëé

 

2

 

, O

 

2

 

, and H

 

2

 

 in a volume
ratio of 1 : 2 : 6) was continuously bubbled through the
growing culture at a flow rate of 8–12 l/min. During
cultivation under heterotrophic conditions, the growing
culture was continuously fed with a fructose solution so
that the current concentration of fructose in the medium
did not exceed 10 g/l. The highest rate of PHA synthe-
sis was obtained by using a two-stage batch fermenta-
tion, when bacterial growth was limited by a nitrogen
deficiency at the first stage and cultivation was contin-
ued in the nitrogen-free medium at pH 7.0 and temper-
ature 

 

30°ë

 

 at the second stage [18].
The composition of the gas mixture was analyzed

with an LKhM-80 gas chromatograph equipped with a
katharometer. The carrier gas was argon. The concen-
tration of fructose in the medium was determined with
resorcinol [19]. Bacterial growth was evaluated by the
mass of dry cells. The composition of PHA and its con-
tent in the biomass were determined by analyzing the
methyl esters of fatty acids after the methanolysis of
dry biomass samples. This analysis was carried out
with a GSD Plus chromatograph–mass spectrometer
(Hewlett Packard, United States) [20]. The calculated
parameters were the biomass yield 

 

X

 

 (g/l) and the total
(

 

V

 

, g/l) and specific (

 

µ

 

, h

 

–1

 

) rates of copolymer synthesis.
Enzymes were assayed using cell-free extracts pre-

pared by the sonication of cell suspensions at 

 

4°ë

 

 for a

total of 4 min in 1-min bursts, followed by centrifuga-
tion at 14000 rpm for 20 min. The activity of the key
enzymes of PHA synthesis was determined by the
known methods with the use of a UVICON 943 two-
beam recording spectrophotometer (Italy). The activity
of 

 

β

 

-ketothiolase was determined by the thiolysis of
acetoacetyl-CoA using the extinction coefficient

 

1.726 

 

×

 

 

 

10

 

4

 

 mol

 

–1

 

 cm

 

–1

 

 at 303 nm [21]. Acetoacetyl-
CoA reductase was assayed from the oxidation rate of
NADPH, which was monitored at 340 nm. The activity
of PHA synthase was determined from the rate of
reduction of 5,5'-dithio-bis-2-nitrobenzoic acid by the
SH groups of CoA, which was released in the reaction
of monomer condensation. The reaction product was
measured at 412 nm using an extinction coefficient
equal to 13600 mol

 

–1

 

 cm

 

–1

 

.
Protein concentration in the cell-free extracts was

measured by the method of Lowry 

 

et al.

 

PHA was extracted from the biomass with chloro-
form and purified by precipitation with ethanol. The
molecular mass of poly(3HB-

 

co

 

-3HV) was evaluated
with a capillary viscosimeter (

 

30°ë

 

; capillary diameter
0.34 mm). The degree of crystallinity of poly(3HB-

 

co

 

-
3HV) was determined with a D8 ADVANCE X-ray
spectrometer (Bruker, Germany) equipped with a
graphite monochromator on a reflected beam. The
operation parameters were as follows: scan steps 

 

0.04°

 

;
2-s exposure; 40 kV; 40 

 

µ

 

A). The thermal characteris-
tics of poly(3HB-

 

co

 

-3HV), namely, the melting tem-
perature 

 

T

 

m

 

 and the degradation temperature 

 

T

 

d

 

, were
determined by differential scanning calorimetry in an
inert atmosphere. Polymer samples were heated from
room temperature to 500

 

°

 

C at a rate of 5

 

°

 

C/min.
The results obtained were statistically processed by

routine methods [23] with the aid of the Microsoft
Excel software.

RESULTS AND DISCUSSION

The highest yields of PHA were observed when the
strain 

 

R. eutropha

 

 B-5786 was grown in a two-stage
batch mode. At the first stage, the strain was grown at a
limiting concentration of the source of nitrogen (50%
of the physiological demand). At the second stage, the
cultivation of the strain was continued in the nitrogen-
free medium. At the first stage, the bacterium accumu-
lated 5–12 g/l biomass (depending on the cultivation
time) and 40–50% PHA with respect to the cell mass.
This allowed the duration time of the second stage to be
reduced, so that the total time of fermentation was
60

 

−

 

70 h [18].
Figure 1a shows a typical dynamics of the major

culture parameters of 

 

R. eutropha

 

 B-5786 synthesizing
PHA under autotrophic conditions. At the first stage
(30–35 h of cultivation under nitrogen limitation), the
biomass reached 10 g/l, whereas the specific growth
rate decreased from 0.15–0.17 to 0.08–0.10 h

 

–1

 

. At the
beginning of the first stage, the absolute and specific
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rates of PHA synthesis were low (0.013 g/h and 0.08 h

 

–1

 

,
respectively). By the end of the first stage, the cellular
content of PHA reached 50%, whereas the absolute and
specific rates of PHA synthesis increased to 0.31 g/h
and 0.146 h

 

–1

 

, respectively. At the second cultivation
stage, the bacterium retained its high rates of PHA syn-
thesis. By the end of the experiment (72 h of cultiva-
tion), the content of PHA in the cells and culture liquid
reached 63% and 18 g/l, respectively, whereas the PHA
synthesis rates decreased to the original values (in some
experiments, even to zero).

During the first hours of cultivation (15–20 h), when
the concentration of PHA in the cells was low and the
specific growth rate was relatively high, the activity of the
enzymes involved in PHA synthesis was high (Fig. 1b).
Namely, the activities of 

 

β

 

-ketothiolase, NADPH-
dependent acetoacetyl-CoA reductase, and PHA syn-
thase were 3.57–4.26, 0.98–1.23, and 0.08–0.10 U,
respectively (here, U = 

 

µ

 

mol/(min mg protein)). By the
end of the first cultivation stage, the activities of the
three enzymes decreased to 1.29–1.34, 0.66–1.13, and
0.009–0.015 U, respectively. At the second stage, the
activities of acetoacetyl-CoA reductase and PHA syn-
thase virtually did not change, whereas that of

 

β

 

-ketothiolase (this enzyme catalyzes the first step of
PHA synthesis and the last step of its endogenous deg-

radation) showed a further decline during the last
20

 

−

 

25 h of cultivation.
The strain 

 

R. eutropha

 

 B-5786 grew faster (by 25–
30%) when cultivated heterotrophically on fructose
than when cultivated autotrophically and accumulated
up to 95% PHA (Fig. 1c). As soon as after 56 h of cul-
tivation, the cellular content of PHA reached 80%, the
total rate of PHA synthesis being 0.79 g/h. The specific
rate of PHA synthesis reached a maximum (0.126 h

 

–1

 

)
by the 32nd hour of cultivation. The dynamics of the
enzymes of PHA synthesis during heterotrophic growth
was similar to that during autotrophic growth (Fig. 1d).
The statistical analysis of enzyme activities in terms of
Student’s 

 

t

 

-test statistics showed that the mean values
of 

 

β

 

-ketothiolase activity during the autotrophic and
heterotrophic growth of 

 

R. eutropha

 

 B-5786 are com-
parable, the activity of acetoacetyl-CoA reductase is
lower during the heterotrophic growth, and the differ-
ence in the activities of PHA synthase in these two
cases is statistically insignificant.

The mass spectroscopic analysis of the PHA synthe-
sized by 

 

R. eutropha

 

 B-5786 grown on monosubstrates
(either CO

 

2

 

 or fructose) showed that it contained 

 

99.6 

 

±

 

0.3

 

 mol % 3-hydroxybutyrate (3HB) and 0.1–0.7 mol %
3-hydroxyvalerate (3HV) (Figs. 2c, 2f). The presence
of 3HV in the PHA synthesized by 

 

R. eutropha

 

 B-5786
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Fig. 1. The dynamics of growth parameters and the activities of enzymes involved in the PHA synthesis in the bacterium R. eutropha
B-5786 grown (a, b) autotrophically and (c, d) heterotrophically: (1) biomass, g/l; (2) PHA, g/l; (3) PHA, %; (4) absolute rate of
PHA synthesis, V (g/h); (5) specific rate of PHA synthesis, µ, h–1; (6) PHA synthase; (7) β-ketothiolase; (8) acetoacetyl-CoA reduc-
tase. Enzyme activities are given in U (µmol/(min mg protein)).
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in the medium that contained no propionate or valerate
suggests that this bacterium can utilize β-hydroxyacyl
derivatives or their precursors produced biosyntheti-
cally, for instance, in the β-oxidation pathway. This
suggestion is in agreement with the high level of
ketothiolase activity in the early cultivation period
(Fig. 1b). Indeed, bacteria of the genus Ralstonia have
at least three ketothiolases, one of which is involved in
the β-oxidation pathway and can provide substrates for
PHA synthesis [1].

Experiments with mixed growth substrates (Fig. 2)
showed that, as soon as 30 min after the addition of val-
erate to the cultivation medium, the hydroxy derivative
of this fatty acid appeared in the PHA synthesized by
R. eutropha B-5786, irrespective of the major carbon
substrate used (ëé2 or fructose). The molar fraction of
3HV tended to increase in the course of cultivation
(Figs. 2c, 2f), reaching a maximum 10–15 h after the

addition of valerate to the medium. In general, the
dynamics of biomass, copolymer yield, and enzyme
activities during cultivation on the mixed substrates
(Figs. 2a, 2b, 2d, 2e) were almost the same as in the
case of cultivation on the monosubstrates.

The calculation of carbon balance from the data pre-
sented in Fig. 2 showed that virtually all the valerate
added to the medium (2 g/l in the case of autotrophic
growth and 1 g/l in the case of heterotrophic growth)
was incorporated into the PHA as soon as after 10–15 h,
when the concentration of poly(3HB-co-3HV) in the
culture reached 8–10 g/l (60% of the biomass), and the
molar fraction of 3HV in the poly(3HB-co-3HV) was
28 and 13 mol % (in the cases of autotrophic and het-
erotrophic growth, respectively). The high degree of
valerate incorporation into poly(3HB-co-3HV) (almost
100%) suggests that valerate is hydroxylated directly
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Fig. 2. The dynamics of growth parameters, the composition of PHA, and the activities of enzymes involved in the PHA synthesis
by the bacterium R. eutropha B-5786 grown on (a–c) CO2 + valerate and (d–f) fructose + valerate. Curves 1–8 correspond to those
in Fig. 1; curve 9 shows the concentration of β-hydroxyvalerate in g/l. In panels c and f, the open and dark bars represent the molar
fractions of, respectively, 3HB and 3HV in the PHA.
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and not in the β-oxidation pathway. This suggestion is in
agreement with the experimental results of Doi et al. [7].

In the course of further cultivation, the molar frac-
tion of 3HV in poly(3HB-co-3HV) tended to decrease
to, respectively, 7 and 19 mol % after 25–35 h of culti-
vation under heterotrophic and autotrophic conditions
(Figs. 2c, 2f). In this case, the absolute content of 3HV
in the culture (in g/l) remained nearly unchanged, indi-
cating that the observed decrease in the molar fraction
of 3HV was due to the continuing synthesis of 3HB and
the termination of 3HV synthesis (because of the
exhaustion of valerate in the medium) rather than to the
degradation of poly(3HB-co-3HV).

It should be noted that valerate concentrations
higher than 2 g/l are toxic to the strain R. eutropha
B-5786. For this reason, we attempted to augment the
molar fraction of 3HV in the poly(3HB-co-3HV) by
adding valerate to the cultivation medium of R. eutro-
pha B-5786 in portions. The data presented in the table
show how the proportion between the molar fractions
of 3HB and 3HV in the poly(3HB-co-3HV) synthe-
sized by R. eutropha B-5786 can be varied from 9 : 1 to
1 : 9 by varying the cultivation conditions. The yield of
poly(3HB-co-3HV) can reach 70–75% of the cell mass.
As the molar fraction of 3HV in poly(3HB-co-3HV)
increased, the degree of polymer crystallinity, as well as
the melting and degradation temperatures, decreased.
The decrease in the polymer crystallinity (Cx) was partic-
ularly noticeable when the molar fraction of 3HV in
poly(3HB-co-3HV) increased to 30–35 mol % (table).
At the same time, the molar fraction of 3HV showed no
statistically significant effect on the molecular mass of
poly(3HB-co-3HV).

Thus, the proportion between the molar fractions of
3HB and 3HV in the poly(3HB-co-3HV) synthesized
by R. eutropha B-5786 can be varied within wide limits
by varying the cultivation conditions of this bacterium
with due consideration for the toxicity of valerate.
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