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The biomass of the bacterium Azotobacter chroococcum can be used as a biofertilizer due to its ability 
to fix nitrogen from the atmosphere. In order to optimize the production of bacterial biomass for this 
purpose, a cultivation of A. chroococcum was done by using different media and cultivation techniques 
(batch, fed batch and repeated batch). Chemically defined and complex media with 20 g/l of sugar were 
selected as the most appropriate media for batch cultivation in stirred tank bioreactor. In order to obtain 
higher fed batch and repeated batch techniques were examined. During these cultivations, increase of 
bioprocess efficiency parameters (yield coefficient and productivity) were observed compared with the 
batch cultivation. On the basis of the obtained results, repeated batch technique appeared to be the 
most suitable for the bacterial biomass production at industrial scale. 
 
Key words: Azotobacter chroococcum, chemically defined and complex media, different cultivation techniques, 
biofertilizers. 

 
 
INTRODUCTION 
 
Biofertilizers are substances that contain living micro-
organisms, when they are applied to seed, plant surfaces 
or soil; these microorganisms colonize the rhizosphere or 
the interior of the plant and promote growth by increasing 
the supply or availability of primary nutrients to the host 
plant (Revillas et al., 2000; Vessey, 2003). In agriculture, 
the use of artificial fertilizers still ensures better yields, but 
soils and the environment become more polluted and 
depleted of important nutrients. Biofertilizers can contain 
symbiotic or non-symbiotic microorganisms that stimulate 
the growth of plants. Cultivation of plants with 
biofertilizers can result in higher resistance of plants to 
diseases and the production of phytohormones and water 
soluble vitamins. Furthermore, microorganisms can in-
crease plant growth rates (Kumar et al., 2001; Behl et al., 
2003; Kumar et al., 2008).  

One of the most interesting non-symbiotic bacteria that 
have great potential for use in production of biofertilizers 
is Azotobacter chroococcum, due to its ability to fix 
atmospheric nitrogen (N2) into ammonia, in a reaction 
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catalyzed by the nitrogenase enzyme complex. This 
complex is very sensitive to oxygen concentration and it 
has one of the highest reaction rates in A. chroococcum 
metabolism (Yates et al., 1997; Sabra et al., 2000; 
Bakulin et al., 2007). The growth of A. chroococcum is 
affected by temperature that has to be in the range of 28 
to 32°C, while the pH should be kept between 7.0 and 
7.5. Dissolved oxygen concentration and medium com-
position (especially salt concentration) have also 
considerable impact on the bacterial growth (Lees and 
Postgate, 1973; Hine and Lees, 1976; Pozo et al., 2002; 
Kisten et al., 2006). Some nitrogen containing salts, 
promote bacterial growth by reducing the duration of the 
lag phase (Juarez et al., 2005). In the presence of high 
carbohydrate concentration in broth (> 30 g/l), A. 
chroococcum accumulates significant quantities of intra-
cellular energy storage material (poly-β-hydroxybutyrate; 
PHB). PHB synthesis in A. chroococcum is also 
stimulated by cultivation in oxygen-limited conditions (Pal 
et al., 1997; Savenkova et al., 1999; Kim, 2000; 
Quagliano et al., 2001). During cultivation of A. 
chroococcum at higher oxygen concentration, an alginate 
capsule, with a relatively high guluronic acid content is 
formed on the cell surface. A similar effect was also 
observed   during   cultivation   of  Azotobacter  vinelandii  



 
 
 
 
(Segura et al., 2003a; Gimmestad et al., 2006). This 
alginate capsule can be released into the medium and it 
makes an effective barrier that restricts oxygen transfer 
into the cell and consequently, more intensive aeration 
has to be used to ensure sufficient oxygen supply during 
cultivation (Sabra et al., 2001). It is known that, an 
increase of the L-guluronic acid fraction in the alginate 
leads to the formation of dense gels as a consequence of 
interaction between alginate chains that produces the 
increase of broth viscosity (Sabra et al., 2000). A. 
chroococcum can also form an outer layer that is called a 
cyst and it protects cells from undesirable environmental 
conditions. Bacterial polymers related to the formation of 
cysts are PHB, alginate, alkylresorcinols, 5-n-heneico-
sylresorcinol, 5-n-tricosylresorcinol and their galactoside 
derivatives. Alkylresorcinols are lipids that replace the 
membrane phospholipids during encystment and are also 
components of the outer layer of the cyst (Pena et al., 
2002, Segura et al., 2003a; Segura et al., 2003b; Funa et 
al., 2006).  

Cultivation of A. chrooccocum is characterised by 
relatively low dry biomass concentrations (Martinez-
Toledo et al., 1995; Quagliano et al., 2001; Pozo et al., 
2002; Kisten et al., 2006) and therefore, it is necessary to 
examine different cultivation techniques (batch, fed batch, 
semi-continuous or continuous) in order to obtain higher 
cell yield. In bioprocess industry, batch and fed batch 
techniques are still most often used. However, semi-
continuous and continuous techniques have also been 
reported but in considerably lower extent compared with 
the first two techniques. In industry, semi-continuous 
technique is mostly used for the production of organic 
acids (acetic acid). Continuous technique is still the most 
challenging one, especially for conduction of bio-
processes in large scale. It is mostly used for microbial 
biomass production (yeast and bacteria) and waste water 
treatment (Moser, 1988). Until now, batch and fed batch 
cultivation techniques were mostly used for the study of 
the growth of A. chroococcum in different conditions 
(Savenkova et al., 1999; Quagliano et al., 2001; Kisten et 
al., 2006). Continuous cultivation of A. chroococum was 
performed in order to study the bacterial physiology in 
different experimental conditions (Lees and Postgate, 
1973; Hine and Lees, 1976).  

The aim of this work was to define the medium content 
as well as to select the most appropriate cultivation 
technique for large scale cultivation of bacterium A. 
chroococcum. 
 
 
MATERIALS AND METHODS 
 
Microorganism, maintenance and growth conditions  
 
A. chroococcum (DSM 2286) was cultivated at 30°C on different 
media. Cultures were kept at 4°C on a chemically defined medium 
that consisted of (g/l): MgSO4·7H2O, 0.10; Na2MoO4·2H2O, 0.03; 
CaCl2·2H2O, 0.45; KH2PO4, 0.80; FeSO4·7H2O, 0.05; glucose 10 
and agar 20  (pH = 7.0).  This  medium  was  also  used  for  colony  
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forming units (CFU) determination.  
 
 
Cultivation of A. chroococcum on rotary shaker 
  
A. chroococcum was cultivated in 500 ml Erlenmeyer flasks with 
200 ml of broth (180 ml of medium and 20 ml of inoculum). Two 
media were used: a chemically defined medium (g/l): MgSO4·7H2O, 
0.60; Na2MoO4·2H2O, 0.03; CaCl2·2H2O, 0.45; KH2PO4, 2.40; 
FeSO4·7H2O, 0.12; and glucose 10 to 40, and complex medium 
(g/l): MgSO4·7H2O, 0.10; Na2MnO4·2H2O, 0.005; CaCl2·2H2O, 0.10; 
KH2PO4, 0.10; K2HPO4, 0.90; FeSO4·7H2O, 0.01; molasses 20 to 80 
(47.6% w/w sucrose). In both media, the pH was adjusted to 7.0. 
Flasks were incubated at 30°C for 120 h on a rotary shaker (180 
rpm). The media were sterilized at 121°C for 20 min. The solutions 
of salts and glucose (molasses) were sterilized separately and then, 
mixed prior to inoculation. Samples were taken every 24 h. 
 
 
Cultivation of A. chroococcum in stirred tank bioreactor  
 
The bioreactor was inoculated with bacterial biomass previously 
grown on a rotary shaker (180 rpm) at 30°C for 48 h. For batch 
cultivations, either chemically defined medium with 20 g/l glucose or 
complex medium with 40 g/l molasses were used. The working 
volume in the stirred tank bioreactor was 5 L. After sterilization at 
121°C/20 min, the bioreactor was inoculated with the suspension of 
bacterial biomass (optical density at 600 nm approximately 2.0) in 
the amount of the 10% of final working volume. During batch 
cultivation, the temperature was kept at 30°C and pH in the range 
of 7.3 to 7.8 by addition of 0.1 M NaOH or 0.1 M H2SO4. The partial 
pressure of oxygen (pO2) was maintained at approximately 30% of 
air saturation by controlling the stirrer speed and the airflow rate. 
The batch phase of the fed-batch cultivation was done in the same 
manner. The feeding in the fed-batch process started when the 
carbon source concentration dropped below 2 g/l. This feeding 
involved the addition of a 3-fold concentrated medium (compared 
with the medium used for batch cultivation); was done in a few 
portions. Fed-batch cultivation was conducted until a constant 
biomass concentration was reached. The repeated batch cultivation 
started in the same way as batch cultivation. After the carbon 
source concentration dropped below 2 g/l, a portion of 3 L of culture 
was replaced with the same volume of fresh medium. The medium 
replacement was carried out for at least five times. 
 
 
Analytical procedures and bioprocess efficiency parameters  
 

The samples were centrifuged for 15 min at 4500 rpm on a Harrier 
18/80, Sanyo centrifuge. Supernatants were used for glucose (or 
sucrose) determination and pellets were dried at 105°C to constant 
weight for dry weight measurements. Glucose or sucrose concen-
trations in the broth were determined as reducing sugars (Somogyi, 
1951). Cell growth was also monitored by measuring the culture 
optical density at 600 nm (original samples were diluted at 10-1). 
The CFU number was detected by standard microbiological me-
thods. In this research, all cultivation experiments were repeated 
and all sample determinations were done in triplicates. Statistical 
analysis of the obtained results (standard deviation calculation) was 
performed by “Wolfram Mathematica” software. Standard deviation 
was presented as inconsistency in figures and tables. 

Bioprocess efficiency parameters [yield coefficient (YX/S) and 
productivity (Pr)] were calculated by well known procedures. Biomass 
yield coefficient (YX/S) was calculated by the following equation: 
 

YX/S = 
SS

XX

0

0

−

−
= 

S

X

∆

∆
                 (1) 
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Table 1. Obtained biomass dry weight (X), substrate (S), consumed substrate concentration (∆S) 
and biomass yield coefficient (YX/S) during cultivation on chemically defined media (MM) and 
complex media (CM) (rotary shaker). 
 

Medium type S0 (g/l) X (g/l) S (g/l) ∆S (g/l) YX/S (g/g) 

MM 

10 ± 0.14 1.6 ± 0.12 0.5 ± 0.12 9.5 ± 0.26 0.166 ± 0.02 

20 ± 0.26 1.8 ± 0.18 2.5 ± 0.16 17.5 ± 0.42 0.103 ± 0.01 

30 ± 0.32 2.3 ± 0.24 12.8 ± 0.32 17.2 ± 0.64 0.133 ± 0.02 

40 ± 0.42 1.4 ± 0.16 28.3 ± 0.46 11.7 ± 0.88 0.120 ± 0.02 

      

CM 

9.5 ± 0.15 1.7 ± 0.14 0.2 ± 0.1 9.3 ± 0.25 0.179 ± 0.02 

19.0 ± 0.26 2.1 ± 0.18 4.0 ± 0.32 15.0 ± 0.58 0.138 ± 0.02 

28.6 ± 0.28 2.3 ± 0.22 10.0 ± 0.48 18.6 ± 0.66 0.126 ± 0.02 

38.1 ± 0.41 2.9 ± 0.26 22.0 ± 0.40 16.1 ± 0.81 0.180 ± 0.02 
 
 
 
Where, X and X0 are biomass concentration at the end and the 
beginning of cultivation and S0 and S are substrate concentration at 
the beginning and the end of cultivation, respectively.  

 
Bioprocess productivity (Pr) was determined by the equation:  

 

Pr = 
t

XX
0

−
                     (2) 

 
Where, t is the cultivation time.  

 
 
RESULTS AND DISCUSSION 
 
Optimization of medium composition for cultivation 
of A. chroococcum 
 
The main goal of this investigation was to define a 
medium composition and a cultivation technique suitable 
for producing A. chroococcum biomass at large scale. 
Chemically defined and complex media were used for the 
cultivation of A. chroococcum to define the benefits of the 
media. The chemically defined media contained glucose 
as a carbon source and inorganic salts as a source of 
microelements (Mo

2+
, Mn

2+
, Fe

2+
 and Ca

2+
) that are 

important for the growth of A. chroococcum (Page, 1986; 
Fallik et al., 1993; Yates et al., 1997). The complex media 
was composed of sugar beet molasses (47.6% w/w 
sucrose) as a carbon source and inorganic salts. In 
preliminary research, A. chroococcum was cultivated on 
chemically defined media with different glucose concen-
trations (10 to 40 g/l) as well as on complex media with 
different sucrose concentration (9.5 to 38.1 g/l), 
respectively. Maximal values of dry biomass concen-
trations during A. chroococcum cultivation on chemically 
defined media are presented in Table 1. The highest 
biomass concentration was obtained with 30 g/l of 
glucose, but there was 12.8 g/l unconsumed carbon 
source in the medium at the end of cultivation. However, 
it is important to point out that high glucose concen-
trations in the medium stimulate PHB synthesis, which 

has the effect of additionally increasing the biomass 
concentration (Kim, 2000; Quagliano et al., 2001). Note 
that, the cultivation with 20 g/l of glucose resulted in a 
slightly lower biomass concentration but the glucose was 
almost completely consumed. Glucose concentration of 
40 g/l did not result in higher biomass concentration and 
substrate consumption efficiency. During cultivation of A. 
chroococcum on chemically defined media, the CFU 
number was also determined (data not shown) and it was 
in the range of 5 x 10

7
 to 2 x 10

8
 ml

-1
. Cultivation of A. 

chroococcum on chemically defined media was 
characterized by relatively low biomass yield coefficients 
(YX/S; 0.103 to 0.166 g/g), which is probably a con-
sequence of relatively high energy demand for bacterial 
metabolism, as already reported in literature (Yates et al., 
1997; Savenkova et al., 1999; Kisten et al., 2006).  

On the basis of the stated results, the chemically 
defined medium with 20 g/l of glucose was selected for 
further experiments in which the effect of the 
concentration of inorganic salts on growth was examined. 
A. chroococcum was cultivated on this medium with 
inorganic salts contents that represented 65 and 130% of 
those in the medium used in the previous experiments. 
The inorganic salts content did not have significant effect 
on the biomass concentration and substrate consumption 
efficiency (data not shown). Therefore, for further 
investigation standard inorganic salts concentration was 
used.  

A. chroococcum was also cultivated on complex media 
with different molasses concentrations (20 to 80 g/l and 
9.5 to 38.1 g/l of sucrose) in order to define a composition 
that can be used for cultivation at large scale (Table 1). 
The increase of sucrose concentration until 28.6 g/l (60 
g/l molasses) resulted in a slight increase in biomass 
concentration and substrate consumption (∆S). A further 
increase of sucrose concentration to 38.1 g/l (80 g/l 
molasses) increased the biomass concentration further 
but not the substrate consumption (∆S). As in the experi-
ments with the high glucose concentrations in chemically 
defined medium, the high sucrose concentrations 
probably  led  to  the  accumulation  of  large  amounts  of  
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Figure 1. Changes of biomass dry weight (X; □) and glucose concentration (S;■) during batch 
cultivation of A. chroococcum on chemically defined medium. 

 
 
 

PHB which resulted in higher biomass concentration 
(Kim, 2000; Quagliano et al., 2001). The biomass con-
centrations obtained on complex media were slightly 
higher than those obtained on defined media and were 
probably a consequence of the presence of nitrogen in 
these media that probably enhanced bacterial growth. 
For the same reason, slightly higher biomass yield co-
efficients (YX/S) were also observed (0.126 to 0.180 g/g; 
Table 1). For further research, complex medium that 
contains 19.0 g/l of sucrose (40 g/l of molasses) was 
selected because of the fact that, almost all sucrose was 
used for bacterial growth (∆S= 15 g/l).  
 
 
Cultivation of A. chroococcum in stirred tank 
bioreactor  
 
After the rotary shaker experiments described earlier, 
selected media were used for the cultivation of A. 
chroococcum in a stirred tank bioreactor. Batch, fed 
batch and repeated batch techniques were used in an 
attempt to maximize biomass production. In batch culti-
vation of A. chroococcum on chemically defined medium, 
the substrate (glucose 20 g/l) was completely consumed 
after only 32 h (Figure 1). Changes of biomass 
concentration were closely related to the changes of 
culture optical density thus, indicating that the culture 
optical density could be used as good indicator of 
bacterial growth (data not shown). During this cultivation, 
the pH remained within the range of 7.0 to 7.5.  

Batch cultivation of A. chroococcum was also done on 
complex medium with 19.0 g/l of sucrose (40 g/l of mola-
sses), as presented in Figure 2. Here again, changes of 

culture optical density were closely related to the changes 
of biomass concentration (data not shown). In this 
cultivation, the pH increased slightly from 7.0 to a final 
value (within the range of 7.5 to 8.0) as a consequence of 
medium components (salts) consumption. The maximal 
value of biomass concentration was higher than that 
obtained in the cultivation on chemically defined medium 
and much higher than the values obtained in flask culture 
on the rotary shaker. The obtained data are in agreement 
with those in literatures (Quagliano et al., 2001; Kisten et 
al., 2006).  

In this investigation, fed batch cultivation technique was 
also studied in order to increase biomass yield and bio-
process productivity. In fed batch cultivation on both 
media, a few portions of triple concentrated medium were 
added. In order to add approximately the same amount of 
carbon source to the bioreactor, higher volume of the 
feed portion was used during cultivation on chemically 
defined (700 ml) than on the complex medium (500 ml). 
Furthermore, the complex medium contained a nitrogen 
source (that was not present in chemically defined 
medium) and this additionally stimulated bacterial growth. 
In both cases (Figures 3 and 4), the maximal biomass 
concentrations obtained were significantly higher that 
those obtained in the corresponding batch cultivations. 
During fed batch cultivation of A. chroococcum on the 
chemically defined medium, the achieved maximal 
biomass concentration was 5.4 g/l and the CFU number 
was 6.4 x 10

8
 ml

-1
. A significantly higher biomass concen-

tration (15.6 g/l and CFU number of 7.6 x 10
8
 ml

-1
) was 

obtained during cultivation on the complex medium as a 
consequence of the nitrogen source presence in the feed 
that stimulated the bacterial growth.  
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Figure 2. Changes of biomass dry weight (X; □) and sucrose concentration (S; ■) during batch 
cultivation of A. chroococcum on complex medium. 

 
 
 

0

3

6

9

12

15

18

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

t (h)

X
 (

g
/L

)

0

5

10

15

20

25

S
 (

g
/L

)

Time (h)  
 
Figure 3. Changes of biomass dry weight (X; □) and glucose concentration (S; ■) during fed batch cultivation of 
A. chroococum on chemically defined medium. Arrows represent the moment of fresh medium addition. 

 
 
 

Repeated batch cultivation was also explored in order 
to improve bioprocess productivity. During the cultivation 
on both media, five exchanges of bioreactor volume were 
done and each medium exchange was performed when 

the carbon source was almost completely consumed. 
Higher biomass concentrations were obtained during 
cultivation on complex medium as a consequence of 
nitrogen presence in this medium  (Figures  5  and  6).  In  
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Figure 4. Changes of biomass dry weight (X; □) and sucrose concentration (S; ■) during fed batch cultivation of 
A. chroococcum on complex medium. Arrows represent the moment of fresh medium addition. 
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Figure 5. Changes of biomass dry weight (X; □) and glucose concentration (S; ■) during repetead batch cultivation of 
A. chroococcum on chemically defined medium. Arrows represent the moment of volume exchange. 

 
 
 

repeated batch, cultivation on chemically defined medium 
biomass concentrations at the moment of medium 
exchange were within the range of 2.4 to 2.7 g/l and on 
complex medium was within the range of 7.6 to 8.1 g/l, 

respectively. On the basis of the obtained results, it is 
clear that repeated batch cultivation is the most appro-
priate cultivation technique for stable and long time 
period cultivation of A. chroococcum.  
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Figure 6. Changes of biomass dry weight (X; □) and sucrose concentration (S; ■) during repeated 
batch cultivation of A. chroococcum on complex medium. Arrows represent the moment of volume 
exchange. 

 
 
 

Table 2. Bioprocess efficiency parameters of A. chroococcum cultivation on chemically defined medium (MM) and complex 
medium (CM) in stirred tank bioreactor.  
 

Medium type/ 
Parameter 

Batch cultivation Fed batch cultivation Repeated batch cultivation 

MM CM MM CM MM CM 

CFUM x 10
7
 (ml

-1
) 15.0 ± 0.5 38.0 ± 0.8 64.0 ± 1.0 76.0 ± 1.5 21.8 ± 0.6 33.0 ± 0.7 

XM (g/l) 3.6 ± 0.36 5.1 ± 0.34 5.4 ± 0.32 15.6 ± 0.48 3.2± 0.38 8.4 ± 0.42 

YX/S (g/g) 0.147 ± 0.02 0.228 ± 0.03 0.157 ± 0.02 0.418 ± 0.04 0.223 ± 0.03 0.476 ± 0.04 

Pr (g/(Lh)) 0.095 ± 0.01 0.134 ± 0.01 0.119 ± 0.01 0.201 ± 0.02 0.141 ± 0.02 0.302 ± 0.02 
 
 
 

Comparison between different cultivation techniques 
and media 
 
The results obtained during the cultivation of A. 
chroococcum with different cultivation techniques on 
chemically defined medium are presented in Table 2. The 
highest biomass concentration (XM) and the cell number 
(CFUM) were detected during fed batch cultivation, but 
only after a relatively long cultivation period and there-
fore, the biomass productivity was relatively low. At the 
same time, during fed batch cultivation on chemically 
defined medium, a relatively high proportion of the 
glucose remained unconsumed, which indicates that 
further optimization of this cultivation technique is neces-
sary. The highest bioprocess productivity was detected 
during the repeated batch cultivation of A. chroococcum 
and consequently, this cultivation technique has the 
highest potential for application in large scale production. 
During the cultivation of A. chroococcum on complex 
medium (Table 2), higher bioprocess efficiency was 
observed compared with the cultivation on chemically 

defined medium. The highest biomass concentration and 
CFU number were detected during fed batch cultivation, 
but after relatively long cultivation period. During 
repeated batch cultivation, higher bioprocess productivity 
was observed compared with the fed batch cultivation. 
On the basis of these results, repeated batch technique 
can be recommended for use for large scale cultivation of 
A. choococcum because it had the highest bioprocess 
productivity and stability through a relatively long period 
of time. Therefore, for industrial production of different 
microbial starter cultures (for example, yeast, acetic and 
lactic acid bacteria or bacteria for wastewater treatment) 
or products (ethanol or organic acids) this cultivation 
technique could be considered as an alternative for the 
currently utilized cultivation techniques (mostly batch or 
fed batch) due to better bioprocess performance.  

Comparison between the media showed that, complex 
medium was more favourable for biomass growth. Fur-
thermore, from economic point of view for industrial 
production, the use of complex carbon soucres (molas-
ses,   starch   or  cellulose  hydrolysates) instead  of  pure  



 
 
 
 
sugars considerably reduces the price of fermentation 
medium and consequently, the price of the final bio-
process product. For example, comparison between 
current prices of pure sucrose (cca 510 US dollars/tonne) 
and molasses (cca 154 US dollars/tonne) pointed out 
that, molasses is approximately 3.3 times cheaper than 
pure sucrose (www.ers.usda.gov and www.agra-net.com).  
 
 
Conclusions 
 

In this work A. chroococcum was cultivated using diffe-
rent media and cultivation techniques in order to optimize 
the biomass production. Chemically defined and complex 
media with 20 g/l of sugar were the most appropriate 
media for batch cultivation in stirred tank bioreactor. In 
order to obtain higher bioprocess efficiency, fed batch 
and repeated batch techniques were studied. During 
these cultivations, significant increase of biomass con-
centrations were obtained compared with the batch 
cultivation. Comparison between the different cultivation 
techniques on the basis of bioprocess efficiency para-
meters showed that, repeated batch cultivation would be 
the optimal technique for the production of bacterial 
biomass at industrial scale.  
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