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Analysis of the literature confirms active research in
the field of synthesis and structure of polymers based
on fatty acid derivatives. Biodegradable polyesters,
apart from polylactides and polyglycolides, include
polyhydroxyalkanoates (PHA), polymers of microbial
origin. Their most valuable feature is the possibility to
synthesize polymers of different composition and
therefore with different physicochemical characteris-
tics. To achieve this goal, however, fundamental knowl-
edge is required concerning the mechanisms of synthe-
sis of PHA with a given structure and its correlation
with the physicochemical characteristics of the poly-
mers. Known PHA include polyesters of different
chemical structure, from highly crystalline thermoplas-
tics to thermolabile rubber-like elastomers. PHA are
subdivided into three groups, short-chain (PHA

 

SC

 

),
medium-chain (PHA

 

MC

 

), and long-chain (PHA

 

LC

 

).
PHA

 

SC

 

 consist of the monomers containing three to five
atoms in their carbon chain (C

 

3

 

–C

 

5

 

); PHA

 

MC

 

, from C

 

6

 

to C

 

14

 

; and PHA

 

LC

 

, over C

 

17

 

 and C

 

18

 

. Among these
polymers, PHA

 

SC

 

 including hydroxybutyrate (PHB)
and copolymers of hydroxybutyrate (HB) and hydrox-
yvalerate (HV) (PHB/PHV) are the best known. Active
research on PHA

 

MC

 

 and PHA

 

LC

 

 began recently; infor-
mation is still scarce concerning the producers capable
of synthesis of new types of multicomponent PHA con-

taining medium- and short-chain monomers
(PHA

 

SC + MC

 

).

Although numerous producers of PHA have been
characterized (over 300 species), only a small number
of them are capable of synthesizing PHA

 

SC+MC

 

. The
known natural strains include:

 

 Pseudomonas

 

 sp. A33
(synthesizes copolymers of HB and nine monomers
with chain lengths from

 

ë

 

12

 

 to C

 

16

 

) [1]; 

 

Pseudomonas
putida

 

 Gpo-1 (synthesizes PHA

 

MC

 

 of varying composi-
tion) [2]; 

 

Thiococcus pfennigii, Aeromonas hydrophila,
Aeromonas caviae, 

 

and 

 

Ectothiorhodospira shaposhni-
kovii

 

 (synthesize copolymers of HB and hydroxyhex-
anoate, HH) [3–8]; and 

 

Aeromonas punctata

 

 and 

 

Wau-
tersia eutropha

 

 (formerly 

 

Ralstonia eutropha

 

 [9]),
which synthesize PHA containing C

 

4

 

–C

 

8

 

 monomers [3,
10–12]. Genetically modified producers are also use for
PHA synthesis. Among the known strains are

 

Pseudomonas

 

 strains with the cloned 

 

Ralstonia

 

 PHA
synthesis genes [13]; 

 

R. eutropha

 

 with the 

 

Pseudomo-
nas

 

 synthase gene; 

 

E. coli

 

 with the PHA synthase genes
from 

 

Aeromonas

 

 and 

 

Ralstonia

 

 (synthesize HB and HH
copolymers) [6, 14]; 

 

R. eutropha

 

 with the 

 

Pseudomo-
nas fluorescens

 

 GK-13 genes (synthesizes PHA from
C

 

4

 

–C

 

12

 

 monomers) [15]; and 

 

W. eutropha

 

 with the

 

Pseudomonas

 

 sp. 61-3 cloned genes (synthesizes HB
copolymers with hydroxyoctanoate, HO) [16].

 

EXPERIMENTAL
ARTICLES

 

Biosynthesis of Multicomponent Polyhydroxyalkanoates 
by

 

 Wautersia eutropha

 

T. G. Volova

 

a

 

, G. S. Kalacheva

 

b,

 

1

 

, I. V. Kozhevnikov

 

b

 

, and A. Steinbüchel

 

c

 

a

 

 Institute of Biophysics, Siberian Branch, Russian Academy of Sciences, Krasnoyarsk, Russia

 

b 

 

Krasnoyarsk State University, Krasnoyarsk, Russia

 

c

 

 Institute of Molecular Biology and Biotechnology, Munster, Germany

 

Received June 26, 2006

 

Abstract

 

—The effect of carbon supply on polyhydroxyalkanoate (PHA) synthesis by bacteria 

 

Wautersia eutro-
pha

 

 was studied. Synthesis of multicomponent PHA composed of short- and long-chain monomers (C

 

4

 

–C

 

8

 

) by
two natural strains (H16 and B5786) under mixotrophic conditions (CO

 

2 

 

+ alkanoic acids as cosubstrates) was
demonstrated for the first time. The PHA composition was shown to be dependent on the cosubstrate type. In
the presence of odd fatty acids, four- and five-component polymers were synthesized; hydroxybutyrate, hydrox-
yvalerate, and hydroxyheptanoate were the major monomers, while hydroxyhexanoate and hydroxyoctanoate
were minor. In the presence of even fatty acids, PHA contained not only the corresponding molecules (hydrox-
yhexanoate and hydroxyoctanoate), but also hydroxyvalerate; synthesis of four-component PHA which contain
mainly hydroxybutyrate and hydroxyhexanoate (up to 18 mol %) is therefore possible. A series of four- and
five-component PHA was synthesized and their physicochemical characteristics were determined.
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In order to obtain multicomponent PHA, specific
conditions of carbon nutrition are required. To synthe-
size medium- and long-chain PHA, complex carbon
sources are usually applied, which include the major
carbon source supplemented with the salts of fatty acids
with different lengths of a carbon chain (C

 

6

 

–C

 

9

 

 and
more) as cosubstrates.

Since 

 

Wautersia eutropha

 

 synthesize polymers of
diverse composition (predominately PHA

 

SC

 

) with high
yields (up to 80–90%) and utilize a variety of substrates
(hydrogen–CO

 

2

 

 mixtures, sugars, organic acids, alco-
hols, and industrial or agricultural waste), these bacte-
ria are among the most promising PHA producers [13,
17–20]. HB is the dominant monomer in 

 

Wautersia

 

PHA; the ratio of HV in specialized modes can reach
80–90 mol % [21], while HH and HO levels do not
exceed 1–2 mol % [10, 22–24].

The goal of the present work was to carry out com-
parative research on the formation, accumulation, and
chemical structure of PHA

 

SC + MC

 

 by 

 

Wautersia eutro-
pha

 

 strains H16 and B5786 under different conditions
of carbon nutrition.

MATERIALS AND METHODS

Two strains of 

 

Wautersia eutropha

 

 were investi-
gated, H16 and B5786. Strain H16 have been isolated
by H. G. Schlegel and has been thoroughly studied in a
number of European laboratories. Strain B5786 was
isolated in Russia; it is a fast-growing variant of strain

 

W. eutropha

 

 Z1 [25] which has been isolated by the
group of G.A. Zavarzin [26]. Bacteria were grown on a
Schlegel mineral salt medium [27] in batch culture
under sterile conditions in 1-l flasks (at 0.5 mark-to-
space ratio) on a shaker at 30

 

°

 

C. The mixture of H

 

2

 

 and
CO

 

2

 

 was used as a source of carbon and energy in the
autotrophic mode and fructose in the heterotrophic
mode. The initial ratio of 

 

ë

 

O

 

2

 

, 

 

O

 

2

 

, and 

 

ç

 

2

 

 in the gas
mixture was 1 : 2 : 6 (vol/vol). Fructose concentration
under heterotrophic growth conditions was maintained
at 10 g/l. In order to obtain maximum synthesis and
accumulation of PHA, bacteria were grown under
nitrogen limitation during the first stage of cultivation
and in nitrogen-free medium during the second stage;
pH was maintained at 7.0 and 30

 

°

 

C [28]. The composi-
tion of the gas mixture was monitored with serial gas
analyzers and an LKhM-80 chromatograph (katharom-
eter detector, argon as carrier gas). Fructose concentra-
tion in the medium was determined with the resorcinol
method. Salts of fatty acids (valerate, hexanoate, hep-
tanoate, and octanoate) (Sigma) were introduced into
the medium as cosubstrates for the synthesis of multi-
component polymers (0.5–2.0 g/l). The concentrations
of fatty acids were determined by gas chromatography
after hexane extraction from acidified samples of the
medium. The relevant alkane acids were used as inter-
nal standards.

Biomass accumulation in the culture was monitored
by dry weight and optical density. The total polymer
content in the biomass and the monomer composition
were determined by chromatography of the fatty acid
methyl ethers after methanolysis of dry biomass on a
GSD plus chromato–mass spectrometer (Hewlett Pack-
ard, United States) [12]. The polymer and lipids were
extracted from dry biomass with chloroform–ethanol
(2 : 1 vol/vol); the polymer was then separated from the
lipids by hexane precipitation. The chemical structure
of the polymer was determined by chromato–mass
spectrometry after repeated precipitation. Retention
times and mass spectra of the monomers were used for
their identification. 

To determine the thermal characteristics and crystal-
linity of PHA samples, films obtained from solutions
were used. The thermal characteristics were determined
by derivatography on an MOM device (Hungary) with
simultaneous registration of the timelines of differen-
tial thermal analysis (DTA), thermogravimetry (TG),
and derivative thermogravimetry (DTG). Samples of
0.1-mm thick PHA films of different composition were
placed in platinum crucibles; analysis was conducted
under an inert gas within the 20–300

 

°

 

C temperature
range, and the heating rate was 5

 

°

 

C/min. The tempera-
tures of fusion and decomposition were determined as
the temperatures of the maximum heat absorbance for
the corresponding endothermic effects. The accuracy of
temperature measurements by derivatograms was

 

±

 

1°ë

 

. X-ray structure analysis was carried out on a D8
ADVANCE X-ray spectrometer (Bruker, Germany)
with a graphite monochromator on a reflected beam. In
order to determine the degree of crystallinity 

 

ë

 

ı

 

, scan-
step spectra were obtained with a step of 

 

0.04°

 

 and 2-s
exposures to determine the intensity at a given point
(the 40 kV 

 

×

 

 40 

 

µ

 

A mode).

RESULTS AND DISCUSSION

Under autotrophic growth conditions under nitrogen
limitation and a C

 

1

 

 substrate (

 

ëé

 

2

 

), the biomass yield
and the polymer yield of both strains were practically
identical. After 48-h cultivation of strains H16 and
B5786, the biomass yield was 5.8 and 6.1 g/l; the final
polymer concentrations were 63.0 and 61.4%, respec-
tively. The polymer synthesized by both strains con-
sisted mostly of HB (96.6–99.2 mol %); HV (0.6–
2.8 mol %) and HH (0.2–0.7 mol %) were detected as
minor components (Table 1).

Synthesis of multicomponent PHA is a rather com-
plicated technical problem. A number of factors should
be taken into account. High PHA yields are impossible
in rapidly growing cultures (with the exception of

 

Alcaligenes

 

 

 

latus

 

); special growth modes are therefore
required to obtain high polymer yields together with the
overall high biomass productivity. Moreover, the rates
of monomer incorporation into the polymer are differ-
ent for the monomers with different lengths of the car-
bon chain. The PHA monomer ratio is therefore unsta-
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Table 1.  

 

Dynamics of the composition of the polymers synthesized by two 

 

Wautersia eutropha 

 

strains under autotrophic,
mixotrophic, and heterotrophic growth conditions and supplemented with odd and even fatty acids (mol %)

Carbon substrate Cultivation 
time, h

B5786 H16

 HB HV HH HHep HO  HB HV HH HHep HO

CO

 

2

 

12 98.80 1.00 0.20 ND ND 99.20 0.60 0.20 ND ND
24 97.80 1.50 0.70 ND ND 97.00 1.70 1.30 ND ND
36 97.30 2.20 0.50 ND ND 97.90 1.60 0.50 ND ND
48 96.50 3.00 0.50 ND ND 98.20 1.20 0.60 ND ND
48 PHA* 96.60 2.80 0.60 ND ND 97.60 1.70 0.70 ND ND

CO

 

2

 

 + C5 12 96.05 2.04 1.91 ND ND 94.24 4.00 1.76 ND ND
24 32.80 67.05 0.16 ND ND 37.84 61.71 0.14 0.31 ND
36 31.02 68.40 0.06 0.20 0.01 34.08 65.62 0.10 0.20 tr.
36 PHA* 31.22 68.40 0.13 0.20 0.04 36.01 63.64 0.12 0.21 0.02
48 57.56 42.32 0.05 0.07 tr. 58.62 41.29 tr. 0.09 tr.
48 PHA 56.65 41.71 0.05 0.04 ND 58.15 41.71 0.08 0.06 tr.

CO

 

2

 

 + C7 12 97.54 0.89 1.57 ND ND 99.51 0.49 ND ND ND
24 52.67 44.60 0.70 1.87 0.16 39.01 60.62 tr. 0.37 ND
36 41.18 57.25 0.22 1.30 0.05 30.67 68.93 ND 0.40 ND
36 PHA 41.94 56.30 0.71 1.01 0.05 36.10 63.52 0.07 0.28 0.03
48 53.51 46.04 0.03 0.42 ND 59.64 40.20 ND 0.16 ND
48 PHA 52.25 47.33 0.09 0.33 ND 59.36 40.48 0.06 0.10 ND

CO

 

2

 

 + C6 12 98.87 1.04 0.09 ND ND 99.41 0.59 ND ND ND
24 86.49 2.71 9.79 ND 1.01 89.50 2.81 6.88 ND 0.81
36 80.38 2.31 16.67 ND 0.64 88.24 1.85 9.48 ND 0.43
36 PHA 81.81 3.69 13.76 ND 0.75 81.86 3.74 13.68 ND 0.72
48 86.83 1.37 10.29 ND 1.51 89.77 1.72 8.01 ND 0.50
48 PHA 85.89 2.05 11.44 ND 0.62 85.60 2.76 10.84 ND 0.84

CO

 

2

 

 + C8 12 96.58 0.37 2.05 ND ND 94.57 3.61 3.02 ND ND
24 91.25 3.40 3.02 ND 2.33 89.37 3.48 3.77 ND 3.38
36 93.30 2.32 2.33 ND 2.05 91.62 2.57 3.60 ND 2.21
36 PHA 72.14 24.80 1.11 0.23 0.72 86.07 9.32 2.59 0.04 1.99
48 94.50 1.23 3.05 ND 1.22 94.09 1.66 2.94 ND 1.31
48 PHA 91.70 4.59 2.55 ND 1.17 93.31 3.34 2.38 ND 0.97

Fructose 12 97.62 1.73 0.65 ND ND 97.9 1.57 0.53 ND ND
24 99.55 0.30 0.15 ND ND 99.42 0.36 0.22 ND ND
36 99.48 0.37 0.15 ND ND 99.51 0.42 0.07 ND ND
48 99.59 0.28 0.13 ND ND 99.65 0.32 0.03 ND ND
48 PHA 99.58 0.27 0.15 ND ND 99.52 0.29 0.19 ND ND

Fructose + C5 12 99.55 0.45 tr. ND ND 99.46 0.54 tr. ND ND
24 99.67 0.23 0.10 ND tr. 99.74 0.24 0.01 ND 0.01
36 71.59 28.37 0.04 ND ND 62.04 37.96 tr. ND ND
36 PHA 67.45 32.40 0.09 0.05 ND 61.81 38.00 0.11 0.04 ND
48 74.48 25.47 0.05 ND ND 66.58 33.35 0.07 ND ND
48 PHA 78.16 21.03 0.81 ND ND 73.17 26.74 0.09 ND ND

Fructose + C6 12 99.92 0.08 tr. ND ND 99.46 0.54 tr. ND ND
24 99.69 0.15 0.16 ND ND 99.60 0.24 0.16 ND ND
36 97.35 0.58 1.99 ND 0.08 97.88 0.80 1.28 ND 0.04
36 PHA 95.70 1.22 3.00 ND 0.08 96.97 1.72 1.30 ND. 0.01
48 97.71 0.95 1.30 ND 0.04 98.01 0.78 1.19 ND 0.02
48 PHA 97.06 1.54 1.29 ND 0.11 97.55 1.25 1.16 ND 0.04

Fructose + C8 12 99.42 0.58 tr. ND ND 99.64 0.36 tr. ND ND
24 99.72 0.21 0.07 ND ND 99.70 0.29 0.01 ND ND
36 99.04 0.28 0.23 ND 0.45 98.76 0.45 0.40 ND 0.39
36 PHA 98.43 1.00 0.39 ND 0.18 98.47 0.68 0.54 ND 0.31
48 97.67 1.99 0.20 ND 0.14 97.05 0.89 1.31 ND 0.75
48 PHA 98.72 0.77 0.32 ND 0.19 96.97 1.17 1.20 ND 0.66

 

Notes: 36 PHA and 48 PHA, isolated and purified polymer; ND, not detected; tr., trace.
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ble during the cultivation period. Finally, alkane fatty
acids which are applied as cosubstrates are toxic to
most of microbial cultures; their maximum permissible
concentrations should therefore be determined for each
acid and for each producer. Thus, the synthesis in dense
cultures of high levels (over 50–60%) of multicompo-
nent PHA with medium- and long-chain monomers as
major components is highly problematic.

We have previously developed a cultivation mode
[28] which accounted both for the different rates of
incorporation into PHA for monomers with different
lengths of the carbon chain and for toxicity of the salts
of fatty acids added as cosubstrates. Fig. 1 presents the
results of cultivation and PHA synthesis on mixed car-
bon substrates (CO

 

2

 

, valerate, hexanoate, etc.) by
strains H16 and B5786. The data presented demon-
strate that the dynamics of PHA synthesis and compo-
sition by these strains was different depending on the
co-substrate added (length of the carbon chain) (Fig. 1,
Table 1).

Introduction of valerate into 12-h cultures (biomass,
2.7–2.8 g/l; polymer content, 22%) resulted in an
increased biomass yield (to 4.1–4.8 g/l) and polymer
yield (to 48.9–63.8%) for both strains (Fig. 1a). The
polymer content in the cells by the end of the experi-
ment exceeded 90%. Both strains synthesized four- and
five-component polymers. HB and HV were identified
as the predominant monomers; HH, hydroxyheptanoate
(HHep), and HO were the minor components. How-
ever, the inclusions of HH and HO were irregular. The
ratios of the PHA fractions depended on the duration of
cultivation after the cosubstrate introduction (Table 1).
Since the composition of the purified PHA samples
obtained from 36- and 48-h cultures was practically
identical to that of the corresponding biomass samples
after methanolysis (Table 1), the pool of free monomers
not incorporated into the polymer was absent. By vary-
ing the amount of valerate introduced into the culture
and of the subsequent cultivation duration, the poly-

mers were obtained with HV ratios of up to 85 mol %
for both strains (Table 2).

When grown on mixtures of 

 

ëé

 

2

 

 and enanthic acid
(Fig. 1b, Table 1), bacteria synthesized polymers con-
taining mostly HV and HB. The introduction of HHep
was insignificant (less than 2 mol %), and that of HH
and HO was low and irregular (Table 1). The composi-
tion of the polymer samples did not differ from the
composition of the corresponding biomass samples
after methanolysis (Table 1); it varied with the duration
of bacterial cultivation. The polymer yield was compa-
rable to that in the above experiment with valerate (over
90%).

In the course of growth on the mixtures of 

 

ë

 

O

 

2

 

 and
salts of even fatty acids, multicomponent PHA of a dif-
ferent composition were formed.
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Fig. 1. Dynamics of PHA synthesis in autotrophically
grown W. eutropha strains B5786 and H16 supplemented
with valerate (a), heptanoate (b), hexanoate (c), and
octanoate (d).�, B 5786 PHA, g/l; �, H16 PHA, g/l;
�, B5786 PHA, % dry weight; �, H16 PHA, % dry weight;
1, 2, 3, 4, 5, sampling points.

Table 2.  Physicochemical characteristics of the multicomponent polymers synthesized by W. eutropha under autotrophic
growth conditions

Polymer 
sample no.

PHA composition, mol % PHA characteristics

HB HV HH HHep HO Cx, % Tfus, °C Tdec, °C

1 11.22 88.46 0.13 0.16 0.04 49 146 210

2 36.01 63.64 0.12 0.21 0.02 51 150 213

3 41.94 56.30 0.71 0.98 0.06 48 153 230

4 52.25 47.33 0.09 0.33 ND 46 158 234

5 79.61 1.50 18.03 ND 0.85 53 155 253

6 81.81 3.69 13.76 ND 0.74 60 156 253

7 83.38 4.47 11.63 ND 0.52 62 157 257

8 90.63 2.29 6.52 ND 0.56 65 159 256

9 91.70 4.59 2.55 ND 1.17 74 163 265

10 99.76 0.24 tr. ND ND 74 168 268
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For example, when hexanoate was introduced into
the medium, both strains synthesized PHA with HB
and long-chain HH as the major components (Fig. 1c,
Table 1). The dynamics of the polymer accumulation
was typical of the autotrophic culture; the maximum of
HH inclusion into the polymer (up to 13 mol %)
occurred 24 h after the fatty acid introduction. The
polymer content in the cells was by then over 50%.
Apart from HH, HO (0.6–0.8 mol %) and HV (2.05–
3.74 mol %) were detected in the polymer. By the end
of the experiment, the polymer content in the cells
increased to 70%; the ratios of HH and HV decreased
to 11 and 2.0–2.8 mol %, respectively, while HO con-
tent remained the same (0.6–0.8 mol %). The composi-
tion of the polymer isolated and purified from two
strains was practically identical; it did not differ from
the results obtained by methanolysis of the biomass
samples (Table 1). The observed increase in the HO
fraction may indicate formation of the monomer pre-
cursors not only by β-oxidation of fatty acids, but by
elongation of their acyl chains.

Octanoate is more toxic to the strains used; at 0.5 g/l
it inhibited both cell growth and polymer accumulation
(Fig. 1d). Growth and polymer synthesis resumed at
lower octanoate concentrations. By the end of the
experiment, PHA concentration in the cells was 70–
77% and the biomass yield was 7.8–8.7 g/l. In this
experiment, the composition of the polymers obtained
12 h after the introduction of octanoate was substan-
tially different from the monomer composition of the
samples; HV content was significantly higher (24.8 and
9.32 mol % for B5786 and H16, respectively), HHep
was present (0.04–0.23 mol %), and HO incorporation
was decreased (2.05–2.21 in the biomass polymer and
0.72–1.99 mol % in the isolated polymer). By the end
of the experiment, the monomer composition in the iso-
lated polymers and in the biomass samples was virtu-
ally identical (HB, 91.7 and 93.3; HV, 4.6 and 3.3; HH,
2.55 and 3.34; and HO, 1.0 and 1.2 mol % for strains
B5786 and H16, respectively) (Table 1.).

Thus, the possibility to obtain multicomponent PHA
containing short- and medium-chain monomers was
demonstrated for the first time for two W. eutropha
strains grown under mixotrophic conditions with a
complex carbon source (ëO2 + fatty acid). Apart from
the predominant hydroxybutyrate and hydroxyvalerate,
PHA samples containing hydroxyhexanoate as a major
component (up to 18 mol %) were obtained.

Under organotrophic growth conditions on fructose,
the polymer yield was higher than in the autotrophic
mode (over 90% of the dry biomass for both strains).
Addition of valerate and hexanoate had no effect on this
value; by the end of the experiment, the polymer con-
tent was 88 and 92% for strains B5786 and H16,
respectively. Octanoate inhibited polymer biosynthesis,
and PHA content in the cells did not exceed 60%. When
grown heterotrophically on a mixed substrate (fructose +
fatty acid), both strains synthesized a three-component

PHA containing HB (over 97%) with minor inclusions
of HV and HH (Table 1). The mode with valerate addi-
tion was exceptional in that a three-component PHA
was synthesized with up to 26% content of hydroxyval-
erate; HH was detected as a minor component.

Fig. 2 demonstrates two typical chromatograms of
PHA isolated from W. eutropha H16 supplemented
with heptanoate and W. eutropha B5786 supplemented
with octanoate. Mass spectra of all five monomers con-
firm their identification.

Varying the amounts of supplements (odd and even
fatty acids) and the fermentation duration in the
autotrophic mode enabled us to obtain a family of
PHASC and PHAMC; its physicochemical characteristics
are presented in Table 2. Our previous finding concern-
ing the effect of HV on redistribution of the regular and
amorphous phases of the polymer (leading to its
decreased crystallinity) was thus confirmed. This effect,
however, was revealed only when HV content did not
exceed 25–30 mol %; HV content above 50 mol % did not
result inëı changes. Increased HV content in the poly-
mer affected its thermal characteristics within the
whole range investigated; it was most pronounced at
high HV levels exceeding 35–40 mol %. Introduction
of minor amounts of HHep and HO (0.98 and 1.2 mol %,
respectively) had no effect on the crystallinity of the poly-
mer.

The experimental PHA samples containing, apart
from HB, also hydroxyhexanoate as a macro compo-
nent (from 2 to 18 mol %) are of special interest. Anal-
ysis of X-ray spectra revealed a regular dependence of
the degree of crystallinity (ëı) on the ratio of HH
(Table 2). The degree of PHA crystallinity decreased
uniformly with increasing HH ratio. Thus, similar to
HV, HH incorporation into the polymer makes it less
crystalline and more suitable for manufacturing pur-
poses. PHA thermal characteristics also changed with
increasing HH ratio. Within the investigated range
(from several to 18 mol %), both Tfus and Tdec decreased
when HH content increased; however, no breach was
detected between the temperatures of fusion and
decomposition.

The results obtained demonstrate that the direction
of PHA synthesis by W. eutropha strains H16 and
B5786 is identical. According to our present knowledge
[29], the PHA composition is determined by the sub-
strate specificity of PHA synthase (polymerase), one of
the key enzymes of PHA synthesis. Comparison of
amino acid sequences of synthases from W. eutropha
strains H16 and B5786 revealed very high homology
(99%); the insignificant differences in their primary
structure are localized in a short C-terminal nonidenti-
cal fragment between the amino acid residues 561 and
572 [30].

According to some publications, W. eutropha is a
promising producer not only of PHB, but of the
poly(HB-co-HV) copolymer [21, 31]. Incorporation of
monomers with more than five atoms in the carbon
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chain was revealed only in specially engineered strains
[22, 23] or when β-oxidation of fatty acids was inhib-
ited [24]. Our results demonstrate that under
autotrophic conditions without additional substrates
(fatty acids), known strains synthesize a three-compo-
nent PHA with minor inclusions of HV and HH. Under
mixotrophic conditions (ëO2 + fatty acid), both strains
synthesize four- or five-component polymers with pre-
domination of HB, HV, of HH. The high level of HV
incorporation into the polymer, which was observed
when odd fatty acids were applied, is understandable
and agrees with the published data [21, 31]. High levels
of HH incorporation into the polymer by Wautersia
strains, however, have not been previously reported, in
spite of the interest in this PHA type. The producer of a
HB/HH copolymer, Aeromonas hydrophyla has been
recently isolated. The wild strain accumulates up to
45% of poly(HB/HH); the HH fraction is 10–13% [6, 7,
14]. Our results demonstrate that under mixotrophic
growth conditions both W. eutropha strains have higher
polymer content than A. hydrophyla the quality of these
polymers is comparable.

It can be concluded that in W. eutropha strains H16
and B5786 grown under mixotrophic conditions, odd
fatty acids (valerate and heptanoate) promote the syn-
thesis of four- and five-component PHA with hydroxy-

butyrate and hydroxyvalerate as the major components,
and hydroxyhexanoate and hydroxyoctanoate as the
minor ones. Even fatty acids (hexanoate and octanoate)
are involved in the synthesis of the corresponding
monomers (hydroxyhexanoate and, to a lesser degree,
hydroxyoctanoate) and promote inclusion of small
amounts of hydroxyvalerate into the polymer.
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