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ABSTRACT 

Tuberculosis remains a major global health concern, claiming 1.3 million lives in 2020, with a significant impact on children under 
5 years old. The Bacillus Calmette-Guerin (BCG) vaccine, developed in 1921, is still the primary defense against tuberculosis, yet 
its production methods require modernization. The recombinant BCG-pertussis strain developed by our laboratory shows promise 
in providing dual protection against tuberculosis and whooping cough, especially for vulnerable newborns, and improved 
properties against bladder cancer. Submerged cultivation techniques for BCG offer higher productivity and standardization than 
the traditional static cultures for vaccine production. We have previously established rBCG-pertussis batch cultivation in bioreactor. 
Here, we aim to evaluate a fed-batch cultivation method using L-glutamic acid, the preferred substrate of rBCG-pertussis, with 
pH-stat control. This approach to enhance cell concentration and process yield, paving the way for more efficient vaccine 
production and improved public health outcomes, particularly for the most susceptible populations. 
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1 INTRODUCTION 

Tuberculosis is one of the main infectious diseases worldwide and caused 1.3 million deaths in 2020.1 One in five children does 

not survive tuberculosis development,1 and children under 5 years old are the main risk group.2 Tuberculosis is caused by 

Mycobacterium tuberculosis, which is transmitted through respiratory droplets from infected hosts.2 

In 1921, Calmette and Guerin attenuated Mycobacterium bovis through successive passages in culture medium and generated 

the Bacillus Calmette-Guerin (BCG) strain. Since M. bovis and M. tuberculosis species have 90% homology, BCG vaccine offers 

protection against human tuberculosis.3 Currently, BCG is one of the most adopted vaccine worldwide, it is given at birth and the 

sole vaccine available against tuberculosis.4 Since 1976, BCG has been also used as immunotherapeutic product (onco-BCG) to 

treat bladder cancer using a 10-times higher dose than the vaccine.5 More recently, recombinant BCG (rBCG) strains have been 

investigated as antigen presenting systems for vaccination against other infectious diseases, because of BCG ability to stimulate 

innate immune response and deliver antigens directly to macrophages and dendritic cells.6 Our laboratory developed the rBCG-

pertussis strain, which expresses a nontoxic mutant gene of S1 subunit of pertussis toxin,7 the most important antigen of Bordetella 

pertussis.8 This bacterium infects the respiratory tract, can cause whooping cough in non-immunized individuals, principally 

newborns, which are the main risk group.9  

The immunization with rBCG-pertussis protected neonatal mice against both tuberculosis and pertussis.7 Currently, immunization 

against B. pertussis is achieved with the DTP vaccine, which prevents diphtheria, tetanus and whooping cough, and is 

administered at 2, 4, and 6 months of age. Thus, the new rBCG-pertussis vaccine would protect the age group under 6 months, 

which is the most vulnerable to B. pertussis infection. In addition, rBCG-pertussis showed better results against bladder cancer in 

terms of tumor weight reduction and survival time than the conventional BCG in mouse model,10 which could contribute to reduce 

the number of patients resistant to onco-BCG treatment. Furthermore, there are shortage problems in onco-BCG and vaccine 

supply chains across the world,11 which is mainly related to the labor intensive and not easily standardized BCG production 

process, which is achieved in static cultivation flasks for approximately 21 days12. BCG submerged cultivation in bioreactors would 

allow greater productivity and standardization, but the low price of the vaccine is one of the main barriers to invest in process 

modernization.13 Therefore, a new and improved product as rBCG-pertussis could stimulate the investments necessary to 

modernize the production process.  

Our laboratory has established submerged cultivation of rBCG-pertussis in bioreactors14 and the study of feeding strategies could 

lead to an increase of cell concentration and process yield. Hence, the aim of this work is to evaluate fed-batch strategies using 

L-glutamic acid, which is the preferential substrate of rBCG-pertussis. 

MATERIAL & METHODS 

The rBCG-pertussis used here is a recombinant strain of the original BCG Moreau and lysine auxotrophic.9 The strain was 

inoculated into a 250 mL Erlenmeyer flask containing 50 mL of 7H9Mfg medium, incubated in a shaker at 37°C and 125 rpm. After 

96 h of cultivation, when the optical density (OD) reached approximately 4.0, the necessary inoculum volume was transferred to 

the bioreactor to give an initial OD around 0.2. The OD was measured using a Hitachi U-5100 spectrophotometer at 600 nm and 

culture samples were diluted in phosphate-buffered saline (PBS) when OD was higher than 0.6. The cultivations were done in 

500 mL of medium, using a Ralf Plus Duet 1.0 L bioreactor (Bioengineering), equipped with three Rushton-type impellers. Prior 
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to inoculation, the bioreactor was sterilized with PBS at 120 °C for 30 min. Before cultivation, the PBS was drained and the 7H9Mfg 

medium, previously sterilized by filtration at 0.22 m, was aseptically transferred into the reactor. 

The 7H9Mfg medium was composed of Middlebrook 7H9 broth (Difco) supplemented with glycerol 20 g/L, glucose 2 g/L, 

ammonium sulfate 0.5 g/L, magnesium sulfate heptahydrate 0.25 g/L, zinc sulfate heptahydrate 4 mg/L and L-glutamic acid 2.5 

g/L; tyloxapol 0.5 g/L was used as surfactant to prevent cell aggregation and the pH was adjusted to 6.7. Control cultures were 

done without feeding, and three pH values were evaluated in pH-stat by feeding 7.5 g/L L-glutamic acid solution complemented 

with tyloxapol (0.5 g/L) through the acid pump to control the pH. Two replicates were performed for each culture condition. All 

cultures were performed at 37 °C and 20% dissolved oxygen. 

Daily samples were collected to determine the concentration of viable cells by plating and counting colony-forming units (CFU/mL). 

The samples were serially diluted in PBS+Tween 20% (1:10³, 1:10⁴, 1:10⁵, and 1:10⁶) and plated on Middlebrook 7H10 OADC 

(Difco) agar plates. The OD was also measured daily at 600 nm. The maximum specific growth rate (μmax) was calculated by the 

angular coefficient of linear regression fit of Ln(OD/ODinitial) versus time from day 0 to 4, and µ in the deceleration phase (µdec) 

after day 4 to the beginning of the stationary phase. 

Tukey test for multiple comparisons (two-way ANOVA, α=0.05) was applied for statistical analysis using GraphPad Prism software. 

RESULTS & DISCUSSION 

L-glutamic acid was fed to control three different pH values, pH 7.0, pH 7.2 and pH 7.4, during the cultivation of rBCG-pertussis. 
Figure 1 shows the viable cell counts in these cultivations and in the control culture (no feeding of L-glutamic acid). 

 

Figure 1 Viable cell counts at different pH values of fed-batch cultures of rBCG-pertussis in bioreactor with 0.5 L 7H9Mfg medium compared to 
control cultures without feeding (mean values represented in yellow). The circles represent the days without feeding and the triangles represent 

the days when L-glutamic acid was added and pH was controlled. 

For the cultivation maintained at pH 7.0, the stationary phase was reached on day 9 (Figure 2). The feeding of L-glutamic acid 
started between day 2 and 3, the moment when the rBCG-pertussis culture naturally reached pH 7.0 due to glutamate 
consumption and ammonia release, and finished on day 6, when the feeding solution ended. The viable cell count for the fed-
batch culture was in general lower for both replicates than the control curve, and the statistical analysis showed significant 
difference on day 8 (p<0.05). The maximum specific growth rate (µmax) of this culture was 0.66 day-1, lower than that of the control 
(0.76 day-1), and µdec was the same as the control, 0.38 day-1 (Figure 2).  

When the cultivation was controlled at pH 7.2, the L-glutamic acid feeding started in different periods, on day 3 for replicate 1 and 
day 4 for replicate 2 as this was the moment when pH 7.2 was naturally reached in each culture. The feeding ended 4 days later 
for both replicates. The mean viable cell count was similar to the control culture, except for day 10, when CFU/mL in the fed-batch 
at pH 7.2 was significantly higher than that in the control (p<0.001) and in the fed-batch at pH 7.4 (p<0.05). The values of µmax 
(0.73 day-1) and µdec (0.31 day-1) were lower than the control (Figure 2). 

Finally, when the pH was controlled at 7.4, the mean viable cell count showed a statically significant increase on day 8 compared 
to the fed-batch cultures at pH 7.0 (p<0.0001) and at pH 7.2 (p<0.01). The µmax and µdec of the fed-batch controlled at pH 7.4 were 
higher than those of the control culture (Figure 2). 

Although no statistically significant differences were found for µ values, it can be observed that the early feeding of L-glutamic 
acid at pH 7.0 lowered µmax, while the late start of feeding at pH 7.4 increased µdec and reduced the cultivation time (Figure 2).  
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Figure 2 Growth profile of rBCG-pertussis in bioreactor with 0.5 L 7H9Mfg medium in simple batch control culture (A) and fed-batch cultures 
with pH-sat control (B-D). Average curves (n=2) are presented and specific growth rates (µ) are given by angular coefficients of linear 

regression equations: µmax in blue and µdec in orange. 

 

CONCLUSION 

Although the rBCG-pertussis fed-batch cultures evaluated here showed higher viable cell count than the simple batch at specific 
time points of the cultures, no increase in µmax was observed neither the exponential phase was extended. Therefore, there was 
no clear advantage of fed-batch cultures over the simple batch process and other feeding strategies should be evaluated, for 
example, adding all medium compounds to the feeding solution or using other feeding strategies. 
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