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Introduction 

Freeze-drying is a commonly used method to preserve bacteria in 
research as well as in industry. Freeze-drying is a technique suita-
ble for production of concentrated bacterial cultures with the ad-
vantage that the dried material can be stored at ambient tempera-
ture and easily transported [1-5]. However, freeze-drying brings 
about undesirable side effects, such as modifications in the physical 
state of membrane lipids and altered proteins, causing the loss of 
cell viability during the process as well as during subsequent stor-
age [6]. Lipid oxidation of membrane cells was deemed responsible 
for cell death during freeze-drying and during storage [6-8]. The 
knowledge and control of some parameters in the production of P. 
fluorescens in bioreactors allows cells to survive during freeze-
drying [9]. Different physiological states are obtained by harvesting 
the cells in different growth phases or by transiently creating non-
optimal growth conditions. Freeze-drying survival is commonly 
found to be higher for stationary-phase cells than for exponentially 
growing cells. The stationary phase, induced by carbon starvation, 
triggers a general stress response, which involves induction of a 
wide range of stress proteins [1,10]. The conditioning freeze-dried 
powder under vacuum in packaging light-tight and water vapor, 
increases the storage time [11]. As well as protective compounds, 
growing conditions also influence the resulting viability after freeze-
drying [12]. Another important parameter affecting the stability of 
the product is the value of the water activity (aw) [13]. This value 
depends on parameters of the drying process (e.g. time) and can 
be adjusted to a certain degree after freeze-drying. At high aw val-
ues, the dry cell can be destroyed because solutes can diffuse in 

water and therefore damage the cell by an osmotic effect [11]. 

The aim of this study was to investigate the effect of different 
growth conditions, different protective compounds on P. fluorescens 

BTP1 and influence of the storage temperature.  

Materials and Methods 

Organisms and Growth 

P. fluorescens BTP1 used in our study was from the Walloon Cen-
ter of Industrial Biology laboratory (CWBI) [14]. P. fluorescens was 
cultivated in 863 medium at 30°C. Pre-cultures of 100 ml were 
grown for 24Hrs. in an Erlenmeyer flask at 150 rpm in a rotary shak-
er. The pre-culture was inoculated into 5-L Erlenmeyer flasks con-
taining 3 L of 863 medium, and grown for 24Hrs. at 30°C and 150 
rpm in a rotary shaker before bioreactor inoculation. The bioreactor 
(Biolafitte, France) had a working volume of 250 L and was 
equipped with an electrical heating jacket and temperature sensor. 
Aeration was carried out by sparging with air at an initial gas flow of 
1 vvm [15]. Air saturation was controlled by automatic regulation of 
the stirring speed, which was in the range 100-150 rpm, depending 
on the oxygen consumption rate. The pH was maintained at ~7 by 
addition of 14% KOH solution. Cell growth was monitored as optical 
density (OD) at 540 nm with a spectrophotometer (V-1200) and the 
cultivation time was 16 hours. Cells were harvested by centrifuga-

tion (7000xg, 20 minutes, 4°C). 

Preparation of Freeze-Drying 

Cells were harvested in the stationary phase of growth by centrifu-
gation (7000xg, 20 minutes, 4°C). After centrifugation, pellets were 
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divided into three parts: two with protective compounds (1 or 2% w/
w glycerol, 5 or 10% maltodextrine and 0.1% of ascorbic acid) and 
one without protective compounds [2,3]. Protective solution where 
sterilised at 121°C for 10 minutes before mixing. Then samples 
were placed in the freezer for 24Hrs. and the frozen samples were 
freeze-dried for 72Hrs. in a freeze-drier (LOUW KOELTECHNIEK 
BVBA) with a standard program. The time for primary drying was 
about 6 h, the condenser temperature -45°C and the final sample 
temperature was 25°C by increasing the temperature gradually 
from -45°C to 25°C at 0.9 mbar pressure [16,17]. For storage tests, 
samples were sealed under vacuum in aluminium sachets and 

stored at 4 or 20°C 

Measurement of Cultivability and Water Activity (aw) 

The number of viable cells during growth, before freezing, after 
freeze-drying and during storage was determined as colony forming 
units (CFU). Samples were rehydrated by addition of 9 ml peptone 
water and 100 µl was thereafter plated on plate counts agar (PCA). 
After serial dilutions in peptone water, cells were plated onto solid 
868 agar and incubated at 30°C for 24Hrs. The number of colonies 
was counted after 24Hrs. incubation and survival rate was ex-
pressed as the ratio of colony-forming units per mg or ml after 
freeze-drying (Nf) and before freeze-drying (N0). Viability (%) = (Nf/
N0) x 100. Water activity was measured by a water activity meter 
Gbx, each result was the geometrical mean of at least three counts 

[2].  

Statistical Analysis 

Data from three replicates were analysed by using analysis of vari-
ance to determine if significant difference (P≤0.05) existed between 

mean values (origin 6.1 system function).  

Results  

Bioreactor Growth 

In this work, two bioreactors were initiated and monitoring in the 
same operating conditions of pH, temperature, agitation and volume 
content. The only major differences were the time to harvest of cell 
biomass and against pressure. In the first bioreactor, against pres-
sure was 0.1 bar while in the second bioreactor, this against pres-
sure was 0.3 bar [Table-1]. Cell biomass in the first bioreactor was 
harvested 4Hrs. after the stationary phase while in the second bio-
reactor; cell biomass was harvested 2Hrs. after beginning of the 
stationary phase. The inoculums conditions were also identical in 
terms of growth time, temperature of growth and agitation. The 
consumption of KOH and oxygen during cell growth, optical density 
evolution and viability during growth is shown in [Fig-1] for the first 

bioreactor and in [Fig-2] for the second bioreactor. 

Table 1- Various parameters of the production in bioreactor of 

Pseudomonas fluorescens 

Freeze-Drying 

When P. fluorescens was freeze-dried without protective com-
pounds, the viability dropped to 1% for the powder with the first 
bioreactor and 2% for the second bioreactor. Cells were freeze-
dried with different protective compounds, and survival rate, dry 
matter and water activity after freeze-drying were determined [Table
-2]. For the first bioreactor, the pellet was divided into three parts: 

P1 with 2% glycerol, 5% maltodextrine and 0.2% ascorbic acid; P2 
with 2% glycerol and 0.2% ascorbic acid; and P3 without protective 
compounds. The final water activity was 0.27±0.03, 0.30±0.01 and 
0.28±0.02 respectively. The dry matter was about 92.8±0.6 for P1, 
84.2±0.1 for P2 and 95.5±0.1 for P3. The survival rate after freeze-
drying was 18.9% for P1, 8.5 for P2 and 1.0% for P3. In the second 
bioreactor, the pellet was divided into two parts: S1 with 1% of glyc-
erol, 10% of maltodextrine; and S2 without protective compounds. 
The final water activity was 0.24±0.02 for S1 and 0.23±0.02 for S2. 
The dry matter was about 93.4±0.2 and 95.0±0.2 for S1 and S2 
respectively. The survival rate after freeze-drying was 26% for 
S1and 2% for S2. Protective compounds alone or mixtures im-
proved viability of cells during freeze-drying. The highest survival 

rate was obtained with the S1 sample of the second bioreactor. 

Fig. 1- Evolution of the number of cells per ml, the optical density, 
oxygen and base (KOH) in the growth of P. fluorescens BTP 1 in 

300 L bioreactor 1. 

Fig. 2- Evolution of the number of cells per ml, the optical density, 
oxygen and base (KOH) in the growth of P. fluorescens BTP 1 in 

300 L bioreactor 2. 

Storage Test 

Freeze-dried cultures were stored in portion-size (3±0.2g) in alumi-
num packets under vacuum and stored at 4°C and at room temper-
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Bioreactor 1  Bioreactor 2 

 pO2 pH  T(°C) *pO2 Yield  pO2 pH T(°C) *pO2  Yield  

1 vvm 7.0±0.3 30±2  0.1bar 75% 1vvm 7.0±0.3 30±2  0.3bar 88% 
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ature for 90 days. The water activity, an important factor in the 
preservation of freeze-dried powders, was measured before vacu-
um packaging of powders [Table-2]. The dry matter was measured 
directly after freeze-drying [Table-2]. [Fig-3] and [Fig-4] show the 
evolution of survival rates for powders obtained in the first bioreac-
tor and the results for survival of bioreactor 2 are show in [Fig-5] 
and [Fig-6]. These results show that the survival rate is better at 4°
C than at room temperature and that powders with protective com-
pounds (P1 and P2) have a survival rate greater than the powder 
without protective compounds (P3) during storage. For the second 
bioreactor, the survival rate for the different powders (S1 and S2) 
was better at 4°C than at room temperature. The powder with pro-
tective compounds (S1) had a greater survival rate than the powder 
without protective compounds during storage at 4°C and at room 

temperature. 

Table 2- Percentage survival, water activity and dry matter of differ-

ent combinations of protective compounds after freeze-drying. 

Fig. 3- Loss in survival of freeze-dried P. fluorescens BTP during 

storage at 4°C under vacuum with and without protectors.  

Fig. 4- Loss in survival of freeze-dried Pseudomonas fluorescens 
BTP during storage at room temperature under vacuum with and 

without protectors 

Fig. 5- Loss in survival of freeze-dried P. fluorescens BTP during 

storage at 4°C under vacuum with and without protectors 

Fig. 6- Loss in survival of freeze-dried Pseudomonas fluorescens 
BTP during storage at room temperature under vacuum with and 

without protectors 

Discussion  

The inoculums of our two bioreactors were performed under the 
same conditions (culture time, temperature, agitation and composi-
tion of the culture medium). After 24Hrs. of culture, optical densities 
(OD540 nm) of precultures were respectively 5.4 and 6.3 for the first 
and second bioreactor [18]. The second inoculum was carried out 3 
weeks after the first. This bioreactor was inoculated and the follow-
ing parameters were monitored to improve production: temperature 
maintained at 30°C, pH maintained at ~7 by adding 14% KOH solu-
tion. The only major difference between the two bioreactors was the 
pressure against (0.1 bar in the first bioreactor and 0.3 bar in the 
second) [Table-1]. By comparing the two bioreactors we observe 
that the consumption of KOH to maintain pH at ~7 was almost iden-
tical during production (about 1.5 L). It was the same for the oxygen 
consumption and the optical density increasing. The only difference 
was observed in bacterial growth: in the first bioreactor, the station-
ary phase started after 18Hrs. of culture and the cell concentration 
at the end was 6.3x109 CFU/ml [Fig-3], while in the second bioreac-
tor, the stationary phase occured after only 12Hrs. culture and the 
cell concentration at the end was 1.3x1011 CFU/ml [Fig-3]. The sec-
ond bioreactor considerably reduced culture time and increased 

efficiency of production of P. fluorescens BTP1.  

The freezing step is part of the freeze-drying procedure [19]. Sam-
ples were frozen for 24 hours in a freezer before freeze-drying and 
the time to freeze-drying of our samples was 72 hours in order to 
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Bioreactor 1 Bioreactor 1 

Sample D.M aw survival Sample D.M aw  survival 

P1 92.8±0.6 0.27±0.03 18.90% S1 93.4±0.2 0.23±0.02 26% 

P2 84.8±0.1 0.26±0.01 8.50% S2 95.0±0.2 0.29±0.02 2% 

P3 95.5±0.1 0.33±0.02 1.00%  -  -  -  - 
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have powder with a higher dry matter and a low water activity. The 
pellet was divided into two parts, i.e. with and without protective 
compounds. Our results show that powders with protective com-
pounds have a higher survival rate than powders without protective 
compounds. The survival rate for P1 (powder with 2% glycerol, 5% 
maltodextrine and 0.2% ascorbic acid) was 18.9%, 8.5% for P2 
(powder with 2% glycerol and 0.2% ascorbic acid) and 26% for S1 
(powder with 1% glycerol and 10% maltodextrine). Powders without 
protective compounds (P3, S2) each had a survival rate of 1 to 2% 
after freeze-drying [Table-2]. Similar results were found previously 
[1,3,6,20]. By comparing powders with protective compounds, we 
observe that S1 gives a higher survival rate and dry matter than P1 
and P2. The difference in survival rate of the different powders can 
be explained by the concentration of protective compounds and by 
the cell concentration before freeze-drying (1.6x1010 CFU/g for the 
first bioreactor and 1.03x1011 CFU/g for the second) [1]. The initial 
water activity was lower than the water activities chosen for Pseu-
domonas storage [16]. The European Patent No. EP 1234019 B1 
published in august 28, 2002 reports that the water activity reflects 
the degree of freedom of the water in the product concerned and 
has a strong impact on the stability and preservation during storage 

of this product. 

After freeze-drying, powders with and without protective compounds 
were sealed in aluminum sachets under vacuum and stored at 4 or 
at room temperature. The survival rates of powders without protec-
tive compounds P3 and S2 decrease during storage at 4 or at room 
temperature. But this decrease is most pronounced at room temper-
ature. Example for P3 survival rate is 15% at 4°C and 1.1% at room 
temperature and for S2 survival rate at 4°C is 18% and 1% at room 
temperature. The highest survival rates were observed at 4°C 59% 
for P1, 51% and 56% for P2 and S3 respectively. The international 
patent WO 03/018778 published august 30, 2001 confirm that more 
the storage temperature is low, best is storage the freeze-dried 
powders; and conditioning freeze-dried powder under vacuum in 
light-tight packaging and water vapour increases the storage time. 
Our results show that glycerol and maltodextrine have a strong 
protective effect upon the survival Pseudomonas during freeze-
drying, and similar results were found in our previous study [3, 21]. 
However, industrially used bacteria, such as lactic acid bacteria, 
typically show survival values above 50% when dried in the pres-
ence of a protective compound [10] and above 1% when dried in 
the absence of protective compounds [22]. The survival values of 
26% in the presence of a protective compound and below 2% in its 
absence show that P. fluorescens is rather sensitive to freeze-

drying; similar results were found for P. chlororaphis [1]. 

Conclusion 

In conclusion, the present study shows that carbon starvation, 
growth time, freeze-drying, protective compounds and the initial cell 
concentration contributes to enhanced freeze-drying survival and if 
one of them is suboptimal the survival decreases. It would also be 
important to study the stability of freeze-dried P. fluorescens bacte-
ria. These findings are necessary for the industrial development of 

the starter culture formulation. 
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