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Summary

Agrobacterium radiobacter, isolated from soil, was cultivated on a minimal medium containing differ-
ent trimethylammonium compounds. In contrast to other bacteria, A. radiobacter is able to utilise
D(+)-carnitine, but not the physiologically L (–)-carnitine, as the sole source of carbon and nitrogen.
D(+)-Carnitine, which does not exist in nature, is produced as a waste product in chemical procedures
for L (–)-carnitine production. During growth on D(+)-carnitine, a NAD+-specific D(+)-carnitine dehy-
drogenase (specific activity 0.159 U) as an initial enzyme of degradation and poly-β-hydroxybutyrate
(PHB) was formed as storage material. The highest PHB content was achieved at growth on a culture
medium, which contains 0.5% D(+)-carnitine during the stationary growth phase (60% PHB of cell dry
weight). Whereas oxygen limitation has no significant effect on the PHB production, phosphate
limitation leads to an increase in PHB formation of up to 71% PHB of cell dry weight after growth on
1% D(+)-carnitine. A. radiobacter seems to be attractive for the conversion of the waste product
D(+)-carnitine to PHB valuable as biodegradable and biocompatible plastic.

Introduction

Poly-β-hydroxybutyrate (PHB) is an intracellular storage polymer, whose biological
function is to provide a reserve of carbon and energy. This compound belonging to the
polyhydroxyalkanoates (PHAs), which are synthesised by several bacterial species, is
accumulated intracellularly in large quantities due to the limitation of one or more
environmental or nutritional factors, for example, nitrogen, phosphorus, potassium or oxy-
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gen in the presence of excess carbon [1, 2]. PHB is completely biodegradable. Since the
physical properties of PHB resemble those of polypropylene [3], the commercial pro-
duction of PHB is of considerable interest.
High costs for production are a  disadvantage compared to those of petrochemical
plastics. In PHB production about 40% of the total production cost is for raw material
[4]. Using a cheap carbon source is one possibility to decrease the production cost of
PHB. Therefore, the formation of PHB was investigated at a variety of carbon sources
cheaper than glucose, for example, lactose [5], xylose [5, 6, 7], molasses [8], starch
[9–11] and whey [11, 12]. PHB production using by- or waste products is especially
attractive.
The ubiquitously occurring L (–)-carnitine (R (–)-3-hydroxy-4-trimethylaminobutyrate)
is essential for the transport of long-chain fatty acids through the inner mitochondrial
membrane [13]. From the consideration of the function of L (–)-carnitine in eukaryotic
cell metabolism, a series of clinical applications, e.g. in the treatment of patients with
carnitine deficiency syndromes [14–16], in the prophylaxis and therapy of various heart
diseases [17] and in the replacement therapy of haemodialysis patients [18, 19], have
followed.
In contrast to L (–)-carnitine, the D (+)-enantiomer (S (+)-3-hydroxy-4-trimethylamino-
butyrate) does not exist in nature. D(+)-Carnitine is not only physiologically inactive,
but it is also bound and transported by the active L (–)-carnitine transport system of cell
membranes, thereby diminishing L (–)-carnitine within the cells and inhibiting L-spe-
cific reactions [20]. Although different chemical and biotechnological procedures for
the stereospecific L (–)-carnitine production have been proposed [21], the main amount
of L  (–)-carnitine is produced by resolution of racemic carnitine or its precursors via
their diastereomeres by means of optically active acids [e.g. 22, 23]. The latter method
provides D (+)-carnitine as a waste product in equimolar amounts to the L-enantiomer.
For the first time, this paper presents the possibility of the application of D (+)-carnitine
in the production of PHB by Agrobacterium radiobacter.

Materials and Methods

Cultivation of Bacteria and Cell Disruption

Agrobacterium radiobacter was used in all experiments. The strain was isolated from soil by screening
agar-agar plates containing minimal medium with D (+)-carnitine as the sole carbon and nitrogen
source and was identified based on the Api-system of BIOMÉRIEUX [24]. The strain was maintained on
minimal medium [25] at 30 °C, pH 7.5, supplemented with D(+)-carnitine or D,L-carnitine and other
trimethylammonium compounds as the sole source of carbon and nitrogen. Cultivation was carried out
in 500 ml ERLENMEYER flasks each containing 100 ml of culture medium on a rotary shaker (120
rpm). By measuring the apparent absorbance of the culture at 600 nm, the growth of the cells was
observed. Bacteria were harvested at intervals of 24 h.
To achieve oxygen limitation, bacteria were cultivated in airtight closed flasks. Experiments under
phosphate limitation were carried out with 1/10 of phosphate, which is normally used for this minimal
medium (20 mM).
Cell disruption was achieved by ultrasonication (Bandelin Sonoplus GM 70, Bandelin MS 73 microtip;
5 min under cooling with 1 min disruption equally). The insoluble cell matter was sedimented at
15,000 × g for 20 min.
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Determination of Carnitine Dehydrogenase Activities and of D(+)-Carnitine

Carnitine dehydrogenase activities were assayed in a reaction mixture (2 ml) containing 0.1 M
Tris/HCl-buffer (pH 9.0), 2 mM NAD+, 50 mM L (–)-carnitine or D(+)-carnitine and an appropriate
amount of enzyme solution [26]. The reaction was started by addition of protein. The increase of
NADH absorbance was recorded at λ = 340 nm and 25 °C.
D (+)-Carnitine concentration in the culture medium was determined using purified D-carnitine
dehydrogenase from Agrobacterium sp. described by OBÒN et al. (1999) [27]. The assay contained
50 mM Tris/HCl buffer, (pH 9.0), 300 µM 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium
chloride (INT), 30 µM phenazine methosulphate (PMS), 2 mM NAD+ and 3.25 mU D-carnitine
dehydrogenase (isolated from Agrobacterium sp. (DSM 8888)). The reaction was started by the
addition of medium supernatant. The reaction was followed for 5 min by measuring the absorbance at
525 nm. The concentration of D (+)-carnitine was determined by means of a calibration curve, which
was linear in a range from 0.5 to 10 mM D(+)-carnitine.

Lyophilisation and PHB Determination

Lyophilisation of cells was achieved at –50 °C and a  pressure of 0.2 bar for a  minimum of 24 h
(Lyophilisator CHRIST alpha1-4). The dry cell material was weighed into special pressure-tight flasks
for PHB determination, which was carried out by gas chromatography using the method of RIIS and
MAY [28]. Therefore, a gaschromatograph from HEWLETT PACKARD 5890 series II (Germany) and
a column HP ultra 2 crosslinked 5% ph Me silicone, 25 m × 0.3 mm × 0.33 µm film thickness (USA)
were used. Approximately 40 mg of dry cell material, 2 ml dichlorethane (DCE), 2 ml HCl/propanol
(conc. HCl : propanol 1 : 4) and 200 µl of an intern reference substance (2 g benzoic acid in 50 ml
propanol) were heated at 100 °C in a pressure-tight flask for 2 h. After cooling, the acid was extracted.
1 µl of the heavy DCE/propanol phase containing the 3-hydroxybutylester was injected for analysis. A
calibration curve was used to determine the PHB amount of the dry cell material.

Results and Discussion

Utilisation of Trimethylammonium Compounds

A. radiobacter isolated from soil is able to utilise D(+)-carnitine and D,L-carnitine as
the sole source of carbon and nitrogen under aerobic conditions. During growth on these
compounds, a NAD+-specific D (+)-carnitine dehydrogenase (EC 1.1.1.108) is formed
(0.159 U/mg). In contrast to other bacteria [e.g. 29, 30], L (–)-carnitine and some other
quaternary ammonium compounds (γ-butyrobetaine, crotonobetaine) are not used by
A. radiobacter as a carbon and nitrogen source. No NAD+ specific L (–)-carnitine
dehydrogenase was detected. This is contradictory to that described for different
bacteria [30]. A further Agrobacterium sp. isolated from soil is able to utilise D (+)- and
L (–)-carnitine as the sole source of carbon and nitrogen under aerobic growth
conditions. During growth on D (+)-carnitine, two carnitine dehydrogenases with differ-
ent stereospecifities are induced in this strain [30]. Pseudomonas sp. AK I can also use
D (+)-carnitine and L (–)-carnitine as the sole source of carbon and nitrogen, and forms a
NAD+-specific L (–)-carnitine dehydrogenase on both carbon sources [29]. A NAD+- or
NADP+-dependent D (+)-carnitine dehydrogenase could not be found after growth of
Pseudomonas sp. AK I on D (+)-carnitine or other trimethylammonium compounds.
Therefore, the utilisation of D (+)-carnitine and the occurrence of L (–)-carnitine
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dehydrogenase could be explained by the existence of a carnitine racemase [29]. Such
an activity was detectable in cell-free extracts of D (+)-carnitine-grown cells [29]. 3-De-
hydrocarnitine formed by the L (–)-carnitine dehydrogenase could be degraded to
glycine betaine and a C2-compound like acetate or acetyl-CoA [31]. Utilisation of the
non-physiological D (+)-carnitine by A. radiobacter represents a peculiarity, because
thus far, only the degradation of L (–)-and D (+)-carnitine as the sole source of carbon
and nitrogen had been found in bacteria.
The degradation of D (+)-carnitine by A. radiobacter is dependent on the concentration,
the time and the growth phase, respectively. The strain is able to utilise up to 85% of
D (+)-carnitine of the culture medium, which contains 31.05 mM D (+)-carnitine. This is
adequate to a 0.5% D (+)-carnitine solution. When the medium contains 1% D (+)-car-
nitine (62.1 mM), only 62% are metabolised. So, the efficiency of D (+)-carnitine
degradation is higher at lower D (+)-carnitine concentrations in the medium.

PHB Production

Influence of Carnitine

Fig. 1 shows the growth and PHB production of A. radiobacter with 0.5% D(+)-car-
nitine as a carbon and nitrogen source. The accumulation of PHB ensues during the
growth. The PHB content increased during the first 72 h of cultivation in relation to the
bacterial growth. The highest PHB level (60% PHB of cell dry weight) was achieved in
the stationary growth phase (after 96 h). After this time, the PHB content decreases. If
the culture broth contains a higher D (+)-carnitine concentration (1 or 2%), the PHB
content is constant up to 168 h.

Fig. 1. Growth and PHB production by A. radiobacter with 0.5% D (+)-carnitine as the
sole carbon and nitrogen source
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Most bacteria produce PHB during the stationary growth phase only if nutrients are
limited or growth conditions are imbalanced. Only some microorganisms are able to
produce this storage material during growth, for example, a variety of lactic acid bacte-
ria [32]. The PHB production of A. radiobacter ensues during the growth as well.
The PHB content is dependent on the kind of carnitine (D (+)- or D,L-carnitine) used
and the concentration of carnitine in the culture broth. Tab. 1 shows the PHB amounts
obtained when using different concentrations of D (+) and D,L-carnitine in the culture
medium. By cultivation on 0.5% D (+)-carnitine, the highest PHB content (60% PHB of
cell dry weight) was achieved, whereas the lowest PHB content was obtained after cul-
tivation on 3% D,L-carnitine. It is shown that there are differences in PHB production
between growth on D (+)-and D,L-carnitine. PHB amounts reached on D,L-carnitine
are lower than such on D (+)-carnitine. The D(+)-carnitine dehydrogenase is inhibited
by L(–)-carnitine [33]. Thus, the first step in D (+)-carnitine degradation is inhibited,
and less metabolites are available. There does not seem to be a  direct correlation
between carnitine concentration and the amount of PHB. Cultivation with higher
concentrations of carnitine was found to be unsuccessful. If the culture broth contains
5% of D,L-carnitine, the growth of the bacteria is increasingly hindered over time. No
bacterial growth was obtained after a cultivation time of 7 days on 10% D,L-carnitine.

Tab. 1. Influence of carnitine concentration on PHB production by A. radiobacter
________________________________________________________________________________________________________________________________________

Carnitine PHB content after 96 h
[%] [% of cell dry weight]
________________________________________________________________________________________________________________________________________

1.0 D,L 35
3.0 D,L 32
0.5 D 60
1.0 D 44
2.0 D 49
________________________________________________________________________________________________________________________________________

With the exception of glycine betaine, no other trimethylammonium compounds have
been used as a  carbon and nitrogen source by A. radiobacter as mentioned before.
Glycine betaine seems to be a metabolite of carnitine degradation. In Pseudomonas sp.,
3-dehydrocarnitine formed by the L (–)-carnitine dehydrogenase could be degraded to
glycine betaine and a C2 compound like acetate or acetyl-CoA [31]. Glycine betaine is
metabolised by stepwise demethylation to glycine [34], whereas the C2 compound
provides the initial substance for the synthesis of PHB. The PHB content reached at
growth on glycine betaine accounts for 28%. This is comparable to the PHB amount
produced by cultivation on 1% D,L-carnitine at same conditions. But compared to the
cultivation with 1% D(+)-carnitine, it is clearly lower.

Influence of Limited Growth Conditions

It is well known that limited growth conditions can promote an increase of PHB
production in microorganisms. Therefore, the influence of phosphate and oxygen limita-
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tion on PHB production was investigated. Tab. 2 shows the influence of oxygen and
phosphate limitation on the PHB production by A. radiobacter. The highest PHB
amounts, which were reached by phosphate or oxygen limitation and at unlimited
growth conditions, are illustrated.
Oxygen limitation was tested by cultivation on different D (+)-carnitine concentrations
in the culture medium. Under oxygen limitation, the bacterial growth is lower than
under unlimited conditions after a cultivation time of 72 h. The highest PHB content
was measured after 96 h with 58% PHB of cell dry weight with 1% D (+)-carnitine in
the culture medium. After 168 h, the PHB content decreased to 22% of cell dry weight.
Because of the unfavourable growth conditions under oxygen limitation, PHB as a
carbon and energy source was metabolised during this short time. In the cultivation of
A. radiobacter on 0.5% D (+)-carnitine, PHB production could not be obtained. Under
such unfavourable conditions, 0.5% D (+)-carnitine solution seems not to provide
enough energy for secondary metabolism. Oxygen limitation does not result in a
significant rise in PHB production. Only the cultivation on 1% D(+)-carnitine allows a
little increase to be reached.
Compared to oxygen limitation, bacterial growth and PHB amount are different at
phosphate limitation. Growth and PHB amount do not decrease after a cultivation time
of 96 h. It remains constant or increases up to 168 h. Fig. 2 shows the progress of PHB
production at unlimited conditions and with phosphate and oxygen limitation. In con-
trast to oxygen limitation, phosphate limitation has a significant effect on PHB accu-
mulation. In the cultivation on 0.5% D (+)-carnitine, the highest PHB content was
measured with 66% of cell dry weight after 72 h. The PHB amount produced remains
nearly constant up to 168 h. Cultivation on this concentration of D(+)-carnitine does not
lead to a significant rise in PHB formation. But in the cultivation of A. radiobacter on
1% D (+)-carnitine, a significant increase in PHB production was detectable. The high-
est PHB content was achieved after 168 h with a PHB content of 71% cell dry weight.
This is a raise in PHB content up to 27% compared to the PHB amount produced under
unlimited growth conditions.

Tab.2. Effect of limited growth conditions on PHB production by A. radiobacter
_____________________________________________________________________________________________________________________________________________

Limitation D (+)-Carni- Growth PHB content Time of
tine content OD cultivation

[% of cell
[%] (600 nm) dry weight] [h]

_____________________________________________________________________________________________________________________________________________

Oxygen 0.5 0.9 Not detectable 96
1.0 1.1 58 96

Phosphate 0.5 2.2 65 168
1.0 2.0 71 168

Unlimited 0.5 2.5 60 96
1.0 2.4 44 96

_____________________________________________________________________________________________________________________________________________

In some other bacteria, phosphate limitation has an increasing effect on PHB produc-
tion. In M. rhodesianum MB126, the amount of PHB produced could be increased up to
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57.5% [35], whereas Pseudomonas 135 accumulated 34.5% PHB under phosphate
limitation [36].
Different limitation conditions lead to different effects in PHB synthesis. In some other
bacteria, phosphate limitation was more effective for PHB production than oxygen
limitation, for example in M. rhodesianum MB126 when grown on methanol (phosphate
limitation: 57.5%, oxygen limitation: 29.3%) [35].

Fig. 2. Production of PHB by A. radiobacter cultivated on 1% D(+)-carnitine under
phosphate and oxygen limitation as well as unlimited growth conditions

The PHB amount obtained using phosphate limitation after growth on 1% D (+)-car-
nitine was rather high compared to PHB production on other inexpensive cultivation
substrates. Only Azotobacter chroococcum strains achieved a  similar PHB content
(74%) when cultivated on starch in batch culture [10, 11]. A  recombinant strain of
Escherichia coli is able to produce 80% PHB by cultivation on whey in fed-batch cul-
ture [11].
Because of the high PHB amount produced by A. radiobacter after cultivation on the
waste product D (+)-carnitine as the sole carbon and nitrogen source, the strain seems to
be a good candidate to lower the cost of PHB production.
Some more investigations for the complete degradation of D (+)-carnitine of the D,L-ra-
cemate are necessary. If it would be possible to purify the L (–)-carnitine from the race-
mic mixture and to further increase the PHB amount, this procedure would be an
efficient and economically interesting method for the production of PHB and L (–)-car-
nitine.
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