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Different fermentation strategies were employed for the cultivation of a new poly(3-hydroxybutyrate)-
accumulating thermophilic bacterium, Chelatococcus sp. strain MW10, with the aim of achieving high-cell-
density (HCD) growth and high poly(3-hydroxybutyrate) [poly(3HB)] productivity. Enhanced cultivation was
achieved by a cyclic fed-batch fermentation (CFBF) technique (42-liter scale). Maximal poly(3HB) productivity
was obtained during the second cycle [16.8 � 4.2 g poly(3HB)/liter]. At the end of CFBF (265 h), an HCD of
up to 115.0 � 4.3 g cell dry weight/liter was achieved.

Fermentations, which are performed with thermophilic mi-
croorganisms, are energy-efficient processes because few cool-
ing efforts are necessary. Moreover, thermophilic fermenta-
tions are self-heated systems because the heat generated by the
cell’s metabolism during high-cell-density (HCD) growth (28,
49) and also by stirring can be used for providing heat to the
fermentation process itself. Thus, both heating and cooling
costs are lowered (14, 46). Additionally, unlike when meso-
philic bacteria are used in fermentations, sterile conditions
may not be essential during a process involving thermophilic
bacteria (41, 42).

Unfortunately, thermophiles usually grow to only low cell
densities. Recently, with the use of advanced fermentation
technology, a few thermophilic bacteria were cultivated suc-
cessfully, yielding HCD growth and enhanced product forma-
tion (15, 25). In industry, HCD cultivation is often a prereq-
uisite for high productivity during fermentations, in particular
if intracellular compounds are being produced. HCD cultiva-
tions are enhanced cultivations of the microbial strain achiev-
ing cell dry weight (CDW) concentrations exceeding 100 g/li-
ter. However, a lower cell density can be regarded as an HCD
as well, depending on the microorganism and its cultivation
conditions (39). In general, HCD cultivations represent a 10-
to 20-fold increase in growth in comparison to normal cell
density growth. Problems encountered by HCD cultivation are
numerous, such as partial O2 pressure (pO2) deficiency, by-
product formation, and/or metabolic heat production. As a
result of the growing industrial interest in HCD, many at-
tempts have been made to develop HCD fermentations, for
example, by improving potent strains and/or using different
types of bioreactors and cultivation strategies (39).

The most industrially applicable technique is fed-batch fer-

mentation (FBF). An FBF is a batch culture which is fed
frequently with the limiting substrates without the removal of
the culture fluid; therefore, the volume of an FBF culture
discontinuously increases (32). A new, attractive alternative
strategy of semicontinuous cultivation, cyclic fed-batch fer-
mentation (CFBF), was investigated for HCD cultivation of
microorganisms (31, 32). During CFBF, a partial withdrawal of
the culture broth and subsequent refilling of the reactor with
fresh medium can be utilized to prevent increases in concen-
trations of toxic by-products as well as increases in culture
volume usually experienced during FBF (5, 6, 8, 24, 32, 33). In
this context and because of chemical changes expected in growth
medium during thermophilic cultivations, CFBF is considered to
enhance the growth of thermophiles to achieve higher concentra-
tions of final biomass and higher product yields.

Biodegradable biopolymers are often the preferred materi-
als not only for environmental considerations but also in med-
ical applications, such as developing therapeutic devices for
tissue engineering and for slow-release drug delivery systems
(20, 35). An attractive group of biopolymers are polyhydroxy-
alkanoates (PHAs), which are intracellularly accumulated as a
source for carbon and energy (2). Numerous studies have been
conducted to produce PHAs at reduced costs to replace con-
ventional petroleum-based plastic, which would reduce the
dependency on exhaustible fossil resources and contribute to a
sustainable economy (48), advantages over and above the en-
vironmental advantages of polymer biodegradability (12).

Several fermentation strategies using different potent strains
for HCD growth and high PHA contents in cheap cultivation
media and enabling easy recovery have been described and
used in numerous investigations and patented processes (4, 7,
22, 26, 29, 44). Not only should the costs of fermentation
substrates be considered with regard to cost efficiency, but also
every step of the production process. In this context, all costs of
bioreactor operation are important, especially the cost of cool-
ing during the exothermic HCD fermentation process (28),
where thermophilic fermentations are recommended (49).
Since most PHA-producing strains are mesophiles growing
optimally at temperatures between 30 and 37°C, alternative
PHA-producing thermophilic strains should be used (19).
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To date, there have been only a few reports on the bio-
synthesis of PHAs in thermophilic microorganisms (13, 34,
36, 37, 40). However, none of them was used for the fer-
mentative production of PHAs. Very recently, new thermo-
philic strains were isolated which accumulate poly(3-hy-
droxybutyrate) [poly(3HB)] up to 73% (wt/wt) of CDW at
50°C in cheap medium and which utilize renewable resources
such as glucose or glycerol as carbon sources for growth and
poly(3HB) synthesis (19). From these strains, Chelatococcus
sp. strain MW10 was selected for this study. Several cultivation
techniques were used for HCD thermophilic fermentation at
the 2- and 42-liter scales.

Strain Chelatococcus sp. MW10 was grown in mineral salts
medium (MSM) as described previously (19). FBF was per-
formed in a 2-liter glass bioreactor (Biostat B plus; Sartorius
BBI Systems GmbH, Melsungen, Germany). A well-grown sec-
ond MSM preculture (36 h at 50°C) of the cells was used to
inoculate 1.5 liters MSM (4% [vol/vol] inoculum size). Culti-
vations were carried out at 50°C. NaOH (2 N) was used for
automatic pH control at 7.3. Glucose was supplied by occa-
sional feeding using a 30% (wt/vol) glucose solution. Aeration
and stirring were increased gradually up to 1.25 volumes per
volume per minute (vvm) and to 700 rpm, respectively, accord-
ing to growth requirements. The chemical antifoam agent Si-
likon Antischaum Emulsion SLE (Wacker, Darwin Vertriebs
GmbH, Ottobrunn, Germany) was used automatically to com-
bat foam formation in the culture. Samples of 40 ml were
withdrawn at different intervals for analyses.

A Biostat UD-30 stainless steel reactor (B. Braun Biotech
International, Melsungen, Germany) with a total volume of 42
liters was used for cultivations at the 42-liter scale as previously
described (17). Cultivations were performed at 50°C. Unless

stated otherwise, the pH in the medium was held at 6.7 by the
controlled addition of NaOH (5 N). Foam was removed by a
mechanical foam destroyer; if this was not sufficient, a chem-
ical antifoam agent was added. Samples of 100 ml were with-
drawn from the culture fluid for analytical purposes. Cells were
harvested by centrifugation in a CEPA type Z41 or type Z61
continuous centrifuge (Carl Padberg Zentrifugenbau GmbH,
Lahr, Germany). Harvested cells were frozen at �30°C and
then lyophilized (Beta 1-16; Christ, Osterode, Germany).

Analyses of ammonium, residual carbon sources, CDW,
and poly(3HB) contents of the cells were performed as
previously described (18). Quick information about residual
glucose concentration during fermentation was obtained us-
ing glucose strips (Diabur-Test 5000; Roche Diagnostics
GmbH, Mannheim, Germany). The substrate conversion
factors [g poly(3HB)/g glucose or g CDW/g glucose] were
calculated as grams of poly(3HB) produced or grams of cells
produced per gram of glucose used, respectively. All results are
from duplicate measurements, and mean values and standard
deviations are presented.

Chelatococcus sp. MW10 was cultivated in FBF at the 2-liter
scale to provide excess carbon during growth, with the aims of
achieving HCD growth and high poly(3HB) productivity by the
strain and overcoming the problem of poly(3HB) degradation,
which has been observed before in flask batch cultures (19).
For this purpose, glucose was fed occasionally to keep its
concentration above 20 g/liter. Figure 1 shows that maximum
growth and poly(3HB) productivity were reached at 53 h [5.2 �
0.6 g CDW/liter and 2.9 � 0.7 g poly(3HB)/liter, respectively].
However, considerable decreases in both CDW (3.2 � 0.2 g
CDW/liter) and in poly(3HB) content (15.1% � 3.7%, wt/wt)
were recorded, in spite of the excess of carbon (�20 g glucose/

FIG. 1. Fed-batch fermentation for cultivation of the poly(3HB)-accumulating thermophile Chelatococcus sp. MW10. Cells were cultivated in
a 2-liter glass bioreactor (Biostat B plus) containing 1.5 liters MSM with glucose as the sole carbon source. The bioreactor was inoculated with a
24-h-grown MSM preculture (4% [vol/vol] inoculum size). Aeration and agitation rates were increased gradually up to 1.25 vvm and 700 rpm,
respectively. Cells were grown for 69 h at 50°C and pH 7.3. During the time course of cultivation, samples were withdrawn, and the concentrations
of glucose as well as the cell dry weight (CDW) and poly(3HB) content of the cells were determined as described in the text.
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liter) during the entire fermentation course. A corresponding
decrease in optical density (OD) was also recorded (from
22.5 � 0.2 to 13.8 � 0.3 OD at 600 nm) during the polymer
degradation phase.

Cyclic batch fermentation (CBF) was conducted at a larger
scale in a 42-liter bioreactor at 50°C (pH 6.7, 1.5 g NH4Cl/liter,
and 50 g glucose/liter), utilizing the information obtained from
the 2-liter FBF (Fig. 1) and from flask experiments (data not
shown). Cycling time was designed (50-h cultivation batches)
according to the results obtained with the 2-liter-scale FBF
(Fig. 1). Cultivation was started with 25 liters MSM (4% [vol/
vol] inoculum size). The pO2 in the medium was controlled
automatically at 20% saturation by increasing the airflow and
stirrer speed to 1.67 vvm and 400 rpm, respectively. During the
first cycle, a high growth rate (�max � 0.125/h) was achieved, as
shown in Fig. 2. A significant increase in cell density up to
12.7 � 0.9 g CDW/liter had occurred by the end of cycle 1 (50
h), which represents an increase of the cell density by a factor
of 2.4 (in comparison to the cell density achieved by the 2-liter-
scale FBF). The poly(3HB) content after 50 h of cultivation
(55.0% � 5.7%, wt/wt) (Fig. 2) was similar to that obtained
after the same cultivation time during the FBF (Fig. 1; Table
1). Withdrawal of 23 liters of MSM and refilling with an equal
volume of fresh MSM (without sterilization), representing
92% of the original culture volume, were performed at the end
of each cycle. The culture broth remaining in the bioreactor (2
liters) was used as an inoculum for the next cycle (8% [vol/vol]
inoculum size). Similar cell densities (11.3 � 0.3 and 11.0 �
0.8 g CDW/liter) but lower poly(3HB) contents (38.5% �
6.4% and 32.5% � 3.0%, wt/wt) were obtained during the
second and third cycles, respectively. Enough residual glucose
(between 15 and 20 g/liter) was detected at the end of each

cycle. It was exhausted only when additional nitrogen was fed
after the third cycle (at 139 h).

A modified semicontinuous culture technique, cyclic fed-
batch fermentation (CFBF), was also conducted at a 42-liter
scale (Fig. 3); during this process, variable volumes from the
growth culture were withdrawn and replaced with fresh me-
dium as required, thereby partially recycling 20 to 40% of the
culture volume. The cycling of culture was performed carefully
at different intervals, taking into account the increased culture
volume due to the semicontinuous feeding and also the de-
creased pO2 concentration during HCD FBF. The semicon-
tinuous feeding was performed to maintain adequate concen-
trations of glucose and ammonium, with the aim of reaching
high cell densities and high poly(3HB) contents. Cultivation
was started as a batch culture, as described above, in the CBF,
with 30 g/liter as the initial glucose concentration. Feeding was
started after 21 h of growth using a solution consisting of glucose
(30%, wt/vol), MgSO4 (0.5%, wt/vol), trace elements solution
(2.5%, vol/vol), CaCl2 (0.25%, wt/vol), and Fe(III)NH4

�-citrate
(0.25%, wt/vol). The first cycling was done after 44 h of culti-
vation, when the cells grew at a relatively high growth rate
(� � 0.070/h) and before poly(3HB) degradation was expected
to occur. Five liters of the culture was withdrawn (20%, vol/
vol) and replaced with the same volume of fresh MSM con-
taining glucose. Following that, continuous feeding was per-
formed, and then withdrawal/refilling cycles were done as
needed to reduce the increasing culture volume. The second
cycle was finished by withdrawal of 40% of the culture volume
(10 liters) and by refilling with only 5 liters fresh medium to
prevent severe dilution of the culture broth, which could affect
the growth rate and by-product accumulation in the culture
broth. After 14 h in the third cycle, the remaining refilling

FIG. 2. Cyclic batch fermentation (CBF) for cultivation of Chelatococcus sp. MW10 under thermophilic conditions. Cultivation was conducted
in a Biostat UD-30 stirred-tank reactor containing 25 liters MSM with an initial glucose concentration of 50 g/liter as the sole carbon source. The
fermentor was inoculated with a 24-h-grown MSM preculture (4% [vol/vol] inoculum size). Culture temperature and pH were controlled at 50°C
and at pH 6.7, respectively, during the entire course of the fermentation. Aeration and agitation rates were controlled automatically by adjusting
the pO2 at 20% saturation. Cycling of cultures was operated on a 50-h cycle by withdrawal of 92% of the cultivation medium (black arrows) and
refilling with an equal volume of fresh MSM (gray arrows) with glucose (50 g/liter). During the time course of cultivation, samples were withdrawn,
and the concentrations of glucose and ammonium as well as the cell dry weight (CDW) and poly(3HB) content of the cells were determined as
described in the text.
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volume (5 liters fresh MSM) was fed. During this cycle, feeding
was continued, with the offline analysis of glucose and ammo-
nium concentrations taken into account. The highest
poly(3HB) contents (over 50%, wt/wt) were reached between
82 and 143 h during cycle 2 (Fig. 3A). At the end of this cycle
(after 181 h of cultivation), a high cell density (43.0 � 1.4 g
CDW/liter), an adequate poly(3HB) content (39.0% � 8.5%,
wt/wt), and the maximal poly(3HB) volumetric productivity
[16.8 � 4.2 g poly(3HB)/liter] were achieved. A drastic in-
crease in cell growth was recorded at the end of the last cycle
(cycle 3), when an optical density of 174.6 � 4.7 at 600 nm and
a cell density as high as 115.0 � 4.3 g CDW/liter were achieved.
Although a lower poly(3HB) content was detected at the end
of this fermentation (11.8% � 3.8%, wt/wt), an adequate
volumetric poly(3HB) productivity [13.7 � 4.9 g poly(3HB)/
liter] was retained (Fig. 3A; Table 1).

Intracellular degradation of poly(3HB) was first attributed
to the exhaustion of the carbon source in the cultivation me-
dium, as previously hypothesized (3, 21). However, in the
present study a decreased poly(3HB) content was also noticed
in spite of the availability of excess glucose during the entire
FBF (Fig. 1). In this context, the CBF was performed with the
aim of reaching an HCD as high as possible before the culture
entered into the decline phase, during which excessive degra-
dation of poly(3HB) usually occurred. The cycling of batch
cultures (Fig. 2) is a simple technique for partial or total
harvest of the culture to save fermentor installation time, mak-
ing use of the high temperature at which this fermentation is
conducted (50°C), where contamination is unlikely to occur.
However, a method for the application of this strategy for high
poly(3HB) productivity must still be designed after a detailed
study of the effect of cycling time in correlation with the growth
rate, as recommended by Bushell et al. (5).

Further modifications were made using CFBF (Fig. 3), a
strategy by which series of FBFs can be achieved if aseptic
conditions are maintained and if the respective product (cells
and/or metabolites) can be attained (10, 11, 23, 43). The
volumetric poly(3HB) productivities achieved during CFBF
were about five times higher than those attained by the other
cultivation techniques investigated in this study (Table 1).

Also, a very high cell yield (0.60 g CDW/g glucose) was
achieved. The total amount of harvested cells was 4.96 kg
(CDW). This cell yield is higher than the cell yield reached by
the 2-liter-scale FBF (0.08 g CDW/g glucose, at 53 h) and by
the 42-liter-scale CBF (0.25 g CDW/g glucose, at 50 h) (Table
1). Regarding poly(3HB) yields, the maximal yield was at-
tained in the first cycle of CBF [0.14 g poly(3HB)/g glucose].
Comparable yields were also recorded during the 42-liter-scale
CFBF, especially during the first and second cycles [0.09 and
0.11 g poly(3HB)/g glucose, respectively] (Table 1).

The semicontinuous feeding regime, which was used during
CFBF, minimally controlled the concentrations of glucose and
ammonium during the entire fermentation time (Fig. 3A); this
may be due to the relatively high evaporation rate at this
elevated temperature (42). Obvious pO2 deficiency was also
detected in the HCD culture during the third cycle (Fig. 3B).

Bench-scale cyclic fed-batch culture (1.8-liter bioreactor)
and repeated batch cultivation (7-liter bioreactor) have been
successfully applied previously for the production of human
serum albumin by Pichia pastoris GS115 HIS4 (5) and for
poly(3HB) production by Ralstonia eutropha NRRL B14690
(23), respectively. More complicated fermentation techniques,
such as cell recycle fed-batch fermentation (6.6-liter bioreac-
tor), which was used for cultivation of a recombinant Esche-
richia coli strain (1), or complete cell recycle continuous cul-
tivation and dialysis fed-batch fermentation (2- and 4-liter
bioreactors), which were used for the extremophiles Thermo-
anaerobium brockii, Pyrococcus furiosus, and Sulfolobus shiba-
tae (15, 25), were all reported to achieve significantly enhanced
growth with higher cell densities than those obtained by con-
ventional fermentation techniques.

It should be noted that the decreased content of accumu-
lated poly(3HB) observed with all the cultivation techniques
used in this study is still not fully understood. The high culti-
vation temperature may contribute to this problem. A CFBF
with online control of poly(3HB) content via flow cytometry
analysis (38) is supposed to be a vital tool during poly(3HB)
production; thereby an exact time for culture cycling could be
easily determined, achieving high yields. On the other hand,
the decreased poly(3HB) productivity or the intracellular mo-

TABLE 1. Comparison of different techniques for cultivation of the poly(3HB)-accumulating thermophile Chelatococcus sp. MW10a

Fermentation technique Cultivation scale OD at
600 nm

CDW
(g/liter)

Poly(3HB) content
(%, wt/wt)

Poly(3HB)
produced (g/liter)

Cell yield
(g/g)b

Poly(3HB)
yield (g/g)c

Batch culture 250-ml flaskd 18.5 � 1.4 4.4 � 0.3 69.0 � 4.8 3.0 � 0.4 0.15 0.10
Fed-batch fermentation 2-liter fermentor 22.5 � 0.2 5.2 � 0.6 55.5 � 7.1 2.9 � 0.7 0.08 0.05

Cyclic batch fermentation 42-liter fermentor
Cycle 1 29.0 � 0.6 12.7 � 0.9 55.0 � 5.7 7.0 � 1.2 0.25 0.14
Cycle 2 24.6 � 1.1 11.3 � 0.4 38.5 � 6.4 4.3 � 0.9 0.23 0.09
Cycle 3 19.7 � 0.5 11.0 � 0.8 32.5 � 3.0 3.6 � 0.6 0.22 0.07

Cyclic fed-batch fermentation 42-liter fermentor
Cycle 1 25.2 � 0.9 9.1 � 0.7 40.4 � 2.8 3.7 � 0.5 0.23 0.09
Cycle 2 89.0 � 3.1 43.0 � 1.4 39.0 � 8.5 16.8 � 4.2 0.27 0.11
Cycle 3 174.6 � 4.7 115.0 � 4.2 11.8 � 3.8 13.7 � 4.9 0.60 0.07

a Fermentation techniques, medium components, feeding solutions, and cultivation conditions were as described in the text. All cultivations were conducted at 50°C.
Analyses were done in duplicate; averages and standard deviations are presented.

b The substrate conversion factor for cells is given in g CDW/g glucose used.
c The substrate conversion factor for poly(3HB) is given in g poly(3HB)/g glucose used.
d Flask experiments with 30 g glucose/liter (data not shown).
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bilization (degradation) of poly(3HB) may be correlated with
the production of other polymers such as exopolysaccharides
(EPS). Although EPS were not analyzed during this study,
formation of EPS is expected for this strain because of its
mucous-colony shape, observed previously (19).

The relationship between EPS production and intracellular
poly(3HB) accumulation/mobilization has been studied before
during balanced and unbalanced growth of many mesophilic
bacterial species (9, 27, 45). Interestingly, the degradation of
poly(3HB) can be investigated for the in vivo production of
enantiomerically pure (R)-3-hydroxybutyric acid, which has
various industrial and medical applications (30, 47).

In conclusion, operating CFBF under thermophilic condi-
tions represents an easy-to-apply process with simple fermen-
tor infrastructure and quality control during the withdrawal/
refilling processes. This is the first report on the application of

CFBF for HCD cultivation of poly(3HB)-accumulating ther-
mophiles in a stirred-tank reactor, with the aim of developing
attractive energy-saving processes.

Financial support of this study by BASF AG (Ludwigshafen, Ger-
many) is gratefully acknowledged.
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