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Abstract 
Human brucellosis is one of the most common zoonotic disease worldwide with more than 

500,000 new cases annually. Brucella melitensis remains the major cause of human infection, 

followed by B. abortus and B. suis. Human brucellosis mainly causes intermittent bouts of 

fever, malaise, arthralgia and can evolve into a chronic form leading to serious complications. 

The treatment currently recommended by the World Health Organization is a combination of 

doxycycline for 6 weeks and either streptomycin for 3 weeks or rifampicin for 6 weeks. Despite 

this harsh therapy, a high rate of relapse is observed, ranging from 5% to 15%, representing a 

significant morbidity factor. The underlying reasons for these relapses are currently unknown.  

In this study, we aimed at investigating the occurrence of persisters in Brucella, using B. abortus 

as a model. Indeed, this sub-population of transiently drug-tolerant bacteria has been recently 

recognized as a possible underlying cause for many chronic bacterial infections. Furthermore, 

we investigated the intracellular susceptibility of B. abortus to the drugs used in the treatment 

of human brucellosis.  

Here we were able to demonstrate for the first time the presence of persisters in B. abortus and 

to show that their formation in broth is growth-phase dependent. Importantly, we discovered 

that persisters are also formed during macrophage infection and that their proportion varies 

according to the stage of infection. Moreover, to better understand the state of B. abortus during 

infection, we developed a pipeline allowing the identification of living intracellular bacteria 

based on their ability to respond to an inducer. Using this pipeline, we could visualize the 

presence of viable intracellular B. abortus after antibiotic treatment confirming the ability of a 

small-population to survive antimicrobials inside the cells. Interestingly, our data suggest that 

the majority of these viable intracellular bacteria are actually non-cultivable, which is also what 

we observed in broth. Using the same approach, we measured the susceptibility of intracellular 

B. abortus against antimicrobials used in the clinic and showed that doxycycline, rifampicin, 

ciprofloxacin, and tetracycline successfully prevent its intracellular replication. Curiously, 

whereas streptomycin alone failed to inhibit Brucella growth in macrophages, the combination 

of streptomycin with doxycycline or tetracycline displayed a synergic antimicrobial effect in 

preventing the intracellular replication of B. abortus. In addition, we demonstrated that the 

minimum concentration of rifampicin or tetracycline required to abrogate intracellular 

transcriptional and translational response of the bacteria is higher than the one required to 

prevent intracellular growth. Furthermore, we found that from the tested antibiotics only 
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tetracycline and rifampicin showed a response under the concentrations reported in human 

serum supporting their use over ciprofloxacin in the clinic.  

Together, our results reveal the occurrence of persisters during Brucella infection. Although 

further investigations will be required to define the specific role of these bacteria during human 

brucellosis, these results open a straightforward path for new strategies to circumvent the 

establishment of chronic brucellosis in human patients. Moreover, our data highlight the 

importance of the antibiotic regimen chosen for brucellosis treatment especially in regards to 

persister cells. We anticipate our method to be a starting point for a larger screen to develop 

new combinations of antimicrobials targeting intracellular persisters.  
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1.1  Antibiotic failure 

1.1.1 Antibiotic discovery  
Before the antibiotic discovery, infectious diseases were the most common cause of death. 

Yersinia pestis, the causative agent for the plague, lead to millions of death with a mortality rate 

estimated between 50 and 90% [1]. The fatal rate dropped to 1-15% when patients had the 

opportunity to be treated with the appropriate antibiotics [2].  

Even though the healing effect of mold was known for thousands of years, it is only in 1928 

that the biologist Alexander Fleming observed the destruction of Staphylococci colonies when 

surrounded by the Penicillium fungi. He identified the active agent from the Penicillium named 

benzylpenicillin (Penicillin G) [3]. The purification and large-scale production of penicillin 

took some time during which the first synthetic antibiotic Potonsil was synthesized and placed 

on the market in 1936 (Table 1.1). The sulfa drug Protonsil cured up to two-third of syphilis-

infected humans. Penicillin was commercialized in 1938 and research led to the synthesis of 

numerous penicillin-derivatives belonging to the β-lactam family. The activity of Protonsil was 

limited to Gram-positive bacteria, defining this drug as a narrow-spectrum antibiotic. On the 

contrary, the β-lactam antibiotics display a broad spectrum as they are active against Gram-

positive and -negative bacteria [4]. The narrow- and broad-spectrum designation evolved during 

the years, today, an antibiotic acting against only one specific target is also defined as a narrow-

spectrum drug.  

Antibiotic class; 
example 

Year of 
discovery 

Year of 
introduction 

Year of 
resistance 
observed 

Mechanism of 
action 

Activity 
or target 
species 

Sulfadrugs; prontosil 1932 1936 1942 
Inhibition of 

dihydropteroate 
synthetase 

Gram-
positive 
bacteria 

β-lactams; penicillin 1928 1938 1945 Inhibition of cell 
wall biosynthesis 

Broad-
spectrum 
activity 

Aminoglycosides; 
streptomycin 1943 1946 1946 Binding of 30S 

ribosomal subunit 

Broad-
spectrum 
activity 

Chloramphenicols; 
chloramphenicol 1946 1948 1950 Binding of 50S 

ribosomal subunit 

Broad-
spectrum 
activity 
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Antibiotic class; 
example 

Year of 
discovery 

Year of 
introduction 

Year of 
resistance 
observed 

Mechanism of 
action 

Activity 
or target 
species 

Macrolides; 
erythromycin 1948 1951 1955 Binding of 50S 

ribosomal subunit 

Broad-
spectrum 
activity 

Tetracyclines; 
chlortetracycline 1944 1952 1950 Binding of 30S 

ribosomal subunit 

Broad-
spectrum 
activity 

Rifamycins; 
rifampicin 1957 1958 1962 

Binding of RNA 
polymerase β-

subunit 

Broad-
spectrum 
activity 

[5] 

Glycopeptides; 
vancomycin 1953 1958 1960 Inhibition of cell 

wall biosynthesis 

Gram-
positive 
bacteria 

Quinolones; 
ciprofloxacin 1961 1968 1968 Inhibition of DNA 

synthesis 

Broad-
spectrum 
activity 

Table 1.1: Timeline of the discovery and introduction of the main 
antibiotics.  This table highlights the golden age of antibiotic discovery and 
the rapid emergence of the associated resistance. The mechanism of action as 
well as the spectrum are described. Adapted from [4]. 

Several aspects remain to be elucidated about the exact mode of action of many antibiotics but 

also their ability to penetrate into the bacterial cells, especially to cross the complex cell wall 

of Gram-negative bacteria. The most commons antibiotics only target three pathways: 

β- lactams, which encompass among others penicillins and cephalosporins, inhibit the cell wall 

biosynthesis by binding to the penicillin-binding proteins; aminoglycosides, chloramphenicol, 

and tetracyclines bind one of the ribosomal subunit inhibiting the protein synthesis; and 

rifampicin inhibits the transcription by binding to the RNA polymerase β-subunit (Figure 1.1). 
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Figure 1.1: Targets of antibiotics.  This scheme illustrates the few bacterial 
mechanisms targeted by the currently available antibiotics. Taken from [4] 

Along with better hygiene, the discovery of antibiotics revolutionized the treatment of 

infectious diseases worldwide and led to a drastic decrease in the mortality rate due to infectious 

diseases.  

1.1.2 Clinical Failures 

1.1.2.1 Emergence of antibiotic resistance 
Interestingly, in 1929 Fleming observed that the growth of a number of bacteria was not 

inhibited by penicillin and warned about the potential resistance of bacteria to this drug. In 

1945, the first clinical failure due to resistance to penicillin was reported. Clinical failure is 

usually defined as the persistence of the symptoms without improvements in the patient 

conditions while being treated with the recommended antibiotic therapy. This definition slightly 

varies depending on the specificity of the bacterial infection involved [6]. In that specific case, 

the production of β-lactamase enzymes by Staphylococci resulted in the hydrolysis of the 
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antibiotic [7]. Resistance to other antimicrobials developed within 2 to 3 years after their 

commercialization (Table 1.1) [8].  

Antibiotic resistance is characterized by either a mutation in the genome or the acquisition of 

foreign DNA coding for a resistance determinant. Bacteria developed numerous strategies to 

counter antibiotics as the modification or destruction of the antibiotic molecule by the 

production of enzymes as mentioned previously, the decrease of antibiotic penetration by 

limiting membrane permeability or increasing efflux, or the change in target sites [9].  

Because of those mechanisms, a higher concentration of the drug is required to kill the bacteria 

and is reflected by the minimum inhibitory concentration (MIC). The MIC defines the lowest 

concentration of a drug required to prevent visible bacterial growth. Organizations such as 

EUCAST (in Europe) or CLSI (in the United States) publish the concentration, called the 

clinical breakpoint, of each antibiotic which defines whether a species of bacteria is susceptible 

or resistant to the antibiotic. When the MIC is greater than the susceptibility breakpoint, the 

bacteria are considered resistant to the antibiotic.  

Unfortunately, in most cases, a higher concentration of the drug is not reachable in humans as 

it becomes toxic for the host [10]. Hence the use of a drug from another antibiotic class becomes 

the only alternative treatment. However, the number of pathogens resistant to several drugs 

keeps increasing whereas the number of drugs available on the market remains limited. Indeed, 

almost all of the antibiotics currently used in the clinic were discovered during the 1940s to 

1960s and since then, the pharmaceutical industry is struggling to identify new antibiotic 

families [4]. Tuberculosis (TB) is a typical example of the current antibiotic crisis: the infection 

by a multidrug-resistant (MDR) Mycobacterium tuberculosis strain leads to a death rate 

equivalent to untreated tuberculosis [11], moreover, TB was one of the top 10 causes of death 

worldwide in 2018 [12].  

In 2014, about 700,000 deaths were attributed to infections by drug-resistant bacterial strains 

and the Review on antimicrobial resistance [13] estimated that 10 million deaths will be 

attributable to antibiotic resistance in 2050 if no new treatments or strategies are developed. 

1.1.2.2 Chronic infection in absence of antibiotic resistance 
Clinical failures can be observed even in the case of infection with antibiotic-susceptible 

bacteria, and can lead to chronic infections. Chronic or persistent infections are defined by the 

ability of bacteria to remain viable in the host for prolonged periods of time after completion of 

the antibiotic therapy. These persistent infections can be symptomatic and lead to a long 
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duration of clinical manifestations or remain asymptomatic. In some cases, the asymptomatic 

infection can undergo reactivation after some time resulting in a significant disease, called 

relapse [10]. During persistent infections and relapses, patients usually experience milder 

symptoms than during the acute illness where severe symptoms are often observed. 

Hereinbelow typical examples of chronic infections are described.  

The causative agents of typhoid and paratyphoid fevers are the Gram-negative bacteria 

Salmonella enterica serovar Typhi and Paratyphi respectively which lead to 128,000-161,000 

death annually [14]. The exposure occurs through the consumption of contaminated food or 

water, bacteria find themselves in the gut where they can invade the cells of the intestinal 

mucosa. S. enterica is an intracellular pathogen that is able to infect phagocytic and non-

phagocytic cells [15]. Once inside the cell, they reside and replicate inside a vacuole that will 

interact with the endocytic pathway of the mammalian cell [16] and later on with the Golgi 

apparatus to form tubules [17]. People infected with typhoid may stay asymptomatic for a while 

and then experience mild or severe symptoms including fever, headache, and dry cough. In 

absence of treatment, the fever remains higher than 39°C [18]. As the clinical symptoms are 

common to many infectious diseases, diagnosis is difficult without laboratory confirmation. 

Once typhoid fever is diagnosed, the WHO recommends treating patients with ciprofloxacin or 

ofloxacin for one to two weeks. Yet, 2-4% of typhoid patients in endemic regions still present 

positive stool or urine for Salmonella Typhi for longer than one year after the onset of acute 

typhoid fever, and are so-called carriers [19, 20]. In the case of carriers, a combination of 

ciprofloxacin plus norfloxacin for one month or a β-lactam plus TMP-SMZ for 6 weeks is 

recommended and clears 60 to 80% of chronic carriers. Patients are considered cured when they 

have had three negative stool cultures at least one month appart [20]. The exact mechanisms 

allowing bacterial persistence in the patient are still unknown, however, it seems that 

colonization of the gallbladder by S. Typhi is key in the process of establishing a carrier state 

[21, 22]. 

Staphylococcus aureus is a Gram-positive bacterium responsible for a wide range of clinical 

symptoms as bacteremia, endocarditis and osteoarticular infections but skin and soft-tissue 

infections are the most common. Antibiotic failures have been observed in skin infections, 

bacteremia, and endocarditis. Despite antibiotic treatment, bacteremia lasting over 7 days 

appears in 6% to 38% of the cases and is correlated with a higher rate of relapses [23]. The 

recommended therapy consists of intravenous injection of vancomycin (>15 mg/ml) instead of 

the commonly administrated oral treatments. Failure to cure skin infections have also been 

observed, however, it is often advised to search for an additional protected/hidden infectious 
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focus rather than changing antibiotic therapy [24]. S. aureus is originally known as an 

extracellular pathogen but has also been shown to invade and survive in various host cells [25]. 

Moreover, S. aureus is able to form multicellular communities held together by a self-produced 

extracellular matrix, called biofilm [26], that might confer some protection against antibiotics 

[27].  

Tuberculosis is a classic example of chronic infections and represents the leading cause of death 

worldwide due to an infectious agent [12]. Infection occurs through inhalation of infected 

droplets aerosolized by patients with active TB. M. tuberculosis (Mtb), the bacterium 

responsible for causing TB, initially infects phagocytic cells in the lung, such as macrophages 

or dendritic cells [28] [29]. Then, the immune cells are recruited to the site of infection and 

form granuloma, providing a cellular niche for bacterial expansion [30]. Inside the cells, it was 

shown that Mtb can reside in a vacuole but also in the cytosol [31]. Mtb is also able to 

disseminate along the body using the lymphatics and lymph nodes [32]. The delayed onset of 

the adaptative response to Mtb leads to bacterial growth arrest and more than 90% of patients 

become asymptomatic [33, 34]. Interestingly a subpopulation of bacteria continues to replicate 

in mice during the silent stage of the disease suggesting that Mtb localize in a place where they 

are able to hide from the immune system [35]. Individuals with acute tuberculosis are treated 

with a combination of 4 drugs (isoniazid, rifampicin, pyrazinamide, and ethambutol) for 2 

months followed by 2 drugs (isoniazid and rifampicin) for 4 months. About one-third of TB 

patients carry a latent form of Mtb [11] and 10% of them relapse during their lifetime [34, 36]. 

The Gram-negative Pseudomonas aeruginosa bacterium is an opportunistic human pathogen. 

It infects airways of cystic fibrosis patients where the viscous secretions facilitate its 

establishment [37, 38]. Conventional treatment consists of inhaling antibiotics combined with 

an oral or intravenous antimicrobial administration [39]. Despite this aggressive treatment, 

eradication of P. aeruginosa is a rare occurrence [40] and might partly be explained by the 

formation of P. aeruginosa biofilm, highly tolerant to antibiotic treatments [41].  

1.1.2.3 Antibiotic delivery and efficacy 
The clearance of the bacteria by the antibiotics depends on the ability of the antibiotic to reach 

the bacterial pathogen in the patient. Depending on where the pathogen is localized, the drug 

has to (i) reach a specific tissue, (ii) penetrate cells and maybe (iii) enter a vacuole containing 

the bacteria (Figure 1.2) [42, 43]. Once all those obstacles are crossed, the antimicrobial needs 

to enter the bacteria.  
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Penetration in the tissue 

First of all, the antibiotic needs to reach the body part where the bacterial infection sites are. 

Depending on the location, different routes are available to administer the drug: the most 

common and convenient is the oral administration, the drug will go through the digestive tract 

where it might diffuse into the cells and reach the bloodstream. In the case of cystic fibrosis 

patients infected with P. aeruginosa, the drug can be inhaled to reach the pulmonary alveoles 

where the bacteria reside. Parenteral administration, encompassing intravenous, intramuscular, 

subcutaneous and intradermal administrations, acts more rapidly and can be administered in a 

specific localization. 

Penetration in the mammalian cell 

In the case of intracellular pathogens, the antibiotic needs to cross the host cell membrane which 

is composed of a lipid bilayer enclosing proteins [44]. Apart from passive diffusion, several 

mechanisms exist to transport drugs across the membrane such as channels, ion pumps or 

endocytosis [45]. Diffusion across the membrane decreases for charged and polar molecules 

and is faster for small molecules. Passive diffusion of an antibiotic depends on its chemical 

properties and its size. The capacity and the mechanisms of the drugs to enter mammalian cells 

are not always well characterized but pharmaco-kinetic and –dynamic studies give an idea of 

the localization and concentration of the drug in the human body. For instance, 

fluoroquinolones and tetracyclines are able to cross the membrane through diffusion and are 

found in greater concentration inside the cell cytosol than in the serum [46]. Similarly, 

rifampicin can also accumulate inside the cell. These are hence considered as drugs of choice 

for treating intracellular bacteria [47-49]. β-lactams also cross the membrane and diffuse in the 

cytosol, however, they are not able to accumulate inside the cells probably because of their 

acidic property. Therefore, β-lactams are logically not of interest in the treatment of intracellular 

infections [50-52]. Yet, appropriate doses and longer times of exposure might still confer an 

intracellular activity to the β-lactam drugs [53]. The most commonly used antibiotics worldwide 

are the aminoglycosides, which are too polar to cross the cell membrane. They actually bind to 

a receptor on the renal epithelial cells, leading to their endocytosis and slow accumulation inside 

the lysosomes of those specific cells [54].  

Penetration in subcellular compartments 

Some pathogens reside in vacuoles requiring the antimicrobial to cross an additional membrane 

and accumulate in this specific compartment. As mentioned above, diffusion and accumulation 

of the antibiotics highly depend on the physico-chemical properties of the compartment. For 

instance, S. enterica [55] and S. aureus [56] reside in vacuoles that undergo acidification at 
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some point. Interestingly, it was shown that the intracellular concentrations of the 

aminoglycoside gentamicin, as well as quinolones, decrease at acidic pH whereas rifampicin 

concentration is enhanced [51, 57]. In contrast to conventional fluoroquinolones, delafloxacin 

displays weak acidic character which increases its potency inside an acidic environment. 

Consistently, pH acidification increases delafloxacin activity against both extra- and 

intracellular bacteria, because of its accumulation in bacteria and mammalian cells [57]. 

Defense mechanisms encountered in immune cells as oxidative burst can also influence the 

activity of the antibiotic as observed for quinolones [58].  

 

 

Figure 1.2: Barriers encountered by antimicrobials before reaching the 
intracellular bacteria. Following host cell entry, bacteria are typically 
enclosed in a vacuole. Some survive and replicate inside this vacuole while 
others escape and end up in the cytosol. The main barriers that limit 
antibacterial access to intracellular bacteria are (1) the plasma membrane of 
host cells, (2) the bacteria-containing vacuole and (3) the bacterial cell wall. 
Adapted from [43]. 

The influence of the bacterial state on antibiotic efficacy 

Last but not least, bacteria growing inside eukaryotic cells may undergo drastic changes in their 

metabolism to adapt to the new and sometimes hostile environment. Small colony variants 

(SCVs) of S. aureus are generated in the intracellular environment of epithelial cells [59]. 

Several reports support the pathogenic role of these variants in persistent and recurrent 

infections [60]. Moreover, these SCVs display a slow growth [60] which is often observed in 

intracellular bacteria to survive the stress of the host cell environment [61]. The delay in growth 
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can contribute to impairing antibiotic activity since many classes of antibiotics act upon bacteria 

in the active stage of multiplication [62-64]. For example, M. tuberculosis stop replicating 

inside the host which provides protection against most of the conventional antibiotics [65]. 

More recently, non-replicating S. enterica were shown to survive antibiotic treatment in 

macrophages and were found to be persisters [66].  

1.1.3 Persisters 

1.1.3.1 Discovery 
Almost 80 years ago, the American microbiologist Gladys Hobby described for the first time a 

fast killing of 99% of the bacterial population followed by a slower killing of the 1% remaining 

bacteria during penicillin treatment in broth [67]. 2 years later, Joseph Bigger observed a similar 

proportion of surviving bacteria that he named persisters [68]. At that time, he already gave a 

detailed definition of the persisters where he hypothesized that their formation is independent 

of the antibiotic treatment (Figure 1.3). 60 years later, Balaban et al., confirmed this hypothesis 

using a microfluidic device by showing that the bacterial cells surviving antibiotic treatment 

were already none growing before addition of antibiotics [69].  

 

Figure 1.3: Summary of the knowledge on persisters in 1944 by Joseph 
W. Bigger. The essential characteristic of persister cells (section 1.1.2.2.2.2) 
were already described by J. Bigger in 1944 [68].  
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Partly due to increasing concerns about antibiotic resistance, the curiosity in bacteria subsisting 

antibiotic treatment raised a strong interest in the scientific community. However, controversial 

results came out from different research groups which could be explained by the emergence of 

many methods to measure persisters and the absence of a consensus on the definition. 

During the European Molecular Biology Organization (EMBO) Workshop “bacterial 

persistence and antimicrobial therapy” (10-14 June 2018), investigators involved in antibiotic 

persistence formulated a Consensus Statement on the definition and detection procedure of 

antibiotic persistence [70]. 

1.1.3.2 Distinguishing between persistence, tolerance, and resistance 
Because no common mechanisms are known yet, only a phenomenological definition of 

persisters has been described. Persisters represent a sub-population of cells that survive 

repetitive exposures to bactericidal antibiotic treatment above the minimum inhibitory 

concentration (MIC) without a resistance mechanism [70]. The hallmark of antibiotic 

persistence is the biphasic killing curve which reveals a slower killing rate of the persistent 

population compared to the sensitive one (Figure 1.4A). In theory, a population comprising a 

subpopulation of persisters can be differentiated from a fully susceptible population based on 

the time required to kill 99.99% of the population (MDK99.99) thus, MDK99.99 should be longer 

for the population containing persisters (Figure 1.4A). As most of the bacteria show some level 

of persistence, an exponential killing of the entire bacterial population is rarely observed. 

Persistence and resistance are two distinct phenomena. Unlike persisters, resistant bacteria are 

able to replicate in the presence of the drug. The MIC is commonly used to evaluate the level 

of resistance of a bacterial strain. Resistant bacteria display a higher MIC than susceptible 

bacteria whereas, for persistence, MIC remains unchanged (Figure 1.4C). Antibiotic resistance 

is genetically encoded contrary to persistence that consists of a phenotypic switch, which 

explains why the persisters progeny give rise to a population with the same proportion of 

persisters as the parental population it was isolated from.  

Similarly to persistence, tolerance increases bacterial survival to antibiotics without increasing 

their MIC (Figure 1.4C), therefore they share common mechanisms, which will be described 

in the next section (1.1.3.3). However, unlike persistence, tolerance affects the entire population 

and not only a sub-population. The level of tolerance can be assessed by measuring the time 

needed to kill 99% of the population, which is longer than the time to kill 99% of a susceptible 

population (MDK99) (Figure 1.4B). 
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As persisters are characterized by their capacity to survive antibiotic treatment, only 

bactericidal antibiotics should be used to study them. By definition, bactericidal antibiotics kill 

bacteria whereas bacteriostatic antibiotics prevent their growth. In 1999, the CLSI published 

the methods to determine the bactericidal activity of antimicrobial agents and defined an 

antibiotic as bactericidal if it decreases ≥ 99.9% of the viable bacterial density within an 18-

24  h period [71]. Antibiotics decreasing the viable bacterial density between 90% and 99.9% 

within this time frame are considered bacteriostatic. Consequently, the distinction between 

bactericidal and bacteriostatic antibiotics depends on many factors including the time of 

treatment, the concentration of the drug, but also the particular organism against which it is 

tested [72]. Referring to the persister's definition, identifying conditions required for a drug to 

display a bactericidal effect (ie. higher drug concentration) may allow the use of antibiotics that 

are not classified as bactericidal because of the conditions in which they were initially tested. 

Nonetheless, bacteriostatic antibiotics might display a bactericidal effect at high concentrations 

[70]. Interestingly, the killing efficacy of ciprofloxacin (fluoroquinolone) on S.  aureus was 

reduced at high cell density [73]. Moreover,higher concentrations of penicillin (β-lactam) than 

the optimal lethal concentration showed a reduced activity on β-hemolytic Streptococci and 

Staphylococci [74]. Hence, before applying antibiotic treatment to identify persisters, 

concentration-kill curves could be a useful tool to choose the appropriate antibiotic 

concentration [75].  

 

Figure 1.4: Distinguishing between persistence, tolerance and resistance. 
The distinct responses of a bacterial population to antibiotic treatment allow 
the identification of populations with various characteristics. (A) The 
appearance of a biphasic killing curve after the addition of a lethal dose of 
bactericidal antibiotics highlights the presence of a subpopulation of cells that 
survive the antibiotic treatment called persisters. The minimum duration 
required to kill 99.99% of this population (MDK99.99) containing persisters 
should be higher than in a fully susceptible population. (B) The ability of an 
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entire population to survive antibiotic treatment is called tolerance and 
increases the minimum duration needed to kill 99% of the population 
(MDK99) compared to susceptible bacteria. (C) In addition to surviving the 
drug treatment, some bacteria are able to grow in the presence of antibiotics 
and are defined as resistant. The minimum concentration to inhibit their 
growth (MIC) is substantially higher than for susceptible, tolerant or persister 
bacteria. Taken from [70]. 

1.1.3.3 Types of persisters and mechanisms involved 
Persisters can be classified into two categories: triggered and spontaneous [69, 70]. Triggered 

persisters are generated upon stress conditions such as nutrient starvation, cell density, acidic 

pH or the acting of immune cells [76]. Additionally, antibiotics can also constitute stress by 

arresting bacterial growth. In contrast, spontaneous persisters are produced at a constant rate in 

a steady-state culture. This spontaneous persistence is attributed to the bet-hedging strategy that 

bacteria developed to survive in various environments [77]. This strategy is reflected by a 

stochastic gene expression generating different phenotypes within an isogenic population [78].  

How a cell become persister is one of the most controversial aspect of the field. Indeed, 

numerous mechanisms are involved and seem to strongly depend on the experimental 

conditions. Interestingly, spontaneous and triggered persisters seem to be generated by the same 

pathways. Hereinafter we described the main mechanisms identified to date for the formation 

of persisters. 

The stringent response together with the alarmones (p)ppGpp are involved in nearly all 

mechanisms of persisters formation [79]. For example, knockout mutants of genes involved or 

linked to the stringent response such as relA or spoT present defective persister formation in 

E.  coli and P.  aeruginosa [76, 80, 81]. Also, the inhibition of a GTPase binding to (p)ppGpp 

in the Gram-positive S.  aureus leads to impaired bacterial survival in the presence of 

antimicrobials [82]. 

Interestingly, the E.  coli HipA toxin has been shown to bind the tRNA synthetase thus leading 

to an increase of the (p)ppGpp [83]. HipAB toxin-antitoxin (TA) module belongs to the type II 

TA system which is characterized by the direct binding of the antitoxin to the toxin protein 

resulting in the toxin inhibition [84]. The S. enterica TacAT module is also a type II TA system 

and was shown to increase persistence via the acetylation of the amino group of tRNAs by the 

TacT toxin [85]. Yet, it is worth noticing that recent studies could not reproduce the findings of 

the implication of these type II TA modules on persister formation neither in E. coli nor in 

S.  enterica [86, 87]. 
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Type I TA modules also seem to play a role in persistence. In this system, the antitoxin is an 

anti-sense mRNA that pairs with the toxin mRNA thus, inhibiting its translation [84]. The 

E.  coli TisB and HokB toxins are able to form pores in the bacterial membrane. While TisB 

was shown to passively decrease the proton motive force (PMF), HokB actively causes an ATP 

leakage [88, 89].  

Interestingly, the reduction in the intracellular ATP level by chemicals led to an increase in 

persistence in E. coli and in S. aureus [90-92]. Notably, unlike E. coli and S. enterica, the 

deletion of the known type II TA modules in S. aureus did not impact its persister frequency 

[92].  

Why lowering the ATP concentration leads to persistence might be explained by a decrease of 

the synthesis of proteins, DNA and peptidoglycans that are all mechanisms requiring ATP to 

work. In addition, a lack of ATP was shown to lead to the aggregation of proteins that are 

essential for the fundamental cellular processes [93]. Shutting down the essential processes 

drives bacteria to a dormant state where most of the antibiotic targets are inactive conferring a 

higher tolerance of the bacteria to antibiotics [94]. 

The bacterial growth has also been involved in persister formation, for instance, toxic proteins 

unrelated to TA modules were able to increase the level of persistence by reducing growth in 

E.  coli [95]. Furthermore, the persister frequency was increased as well in S. enterica when 

slow growth was induced by increasing the Mg2+ concentration and by using nutritional 

auxotroph strains [86]. Importantly, conflicting data were once again observed as other studies 

demonstrated that slow growth does not induce tolerance to antimicrobials in E.  coli [96] or 

S.  aureus [97]. Consistently, a flow cytometric study showed that the majority of dormant 

E.  coli bacteria do not persist to antibiotic treatment [98]. 

The increasing survival to antibiotics could also be explained by a lower intracellular antibiotic 

concentration due to an increase of the antibiotics efflux or an inhibition of their uptake. In 

E.  coli, many genes coding efflux-related proteins were shown to be upregulated in persister 

cells. Interestingly, the multidrug efflux pump AcrAB-TolC was reported to be preferentially 

distributed on the mother cells during bacterial division and could explain the heterogeneity of 

the population [99]. 

The exact mechanisms behind persister formation are still a matter of debate and controversies 

are rising in the field as researchers encounter difficulties in reproducing data published by 

other laboratories. The lack of unified methods to measure persistence could explain the 
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different results obtained by diverse groups. Hence investigators involved in antibiotic 

persistence research published a consensus statement on the detection procedure of antibiotic 

persistence [70]. 

1.1.3.4 Guidelines for the measure of persistence 
As mentioned above (section 1.1.3.2), the biphasic killing curve serves as the starting point for 

studying persisters and is considered as the standard readout. However, this experiment does 

not provide all the required parameters to demonstrate the presence of persisters. One important 

unaddressed point is the non-heritable nature of the persister state. To prove that the persister 

state is not genetically acquired, the culture of the persister fraction and its killing kinetic should 

show a similar pattern as the original population [100]. Similarly to persisters, heteroresistant 

bacteria represent a subpopulation. However, heteroresistant cells present the same 

characteristic as resistant bacteria as they can survive and grow in presence of the antibiotic. 

The heteroresistant phenotype is unstable and cells might revert to the antibiotic-sensitive state 

when the antibiotic pressure is removed [101]. Like resistant bacteria, the killing of the 

heteroresistant population varies with the antibiotic concentration whereas the persister 

frequency should weakly fluctuate with increasing concentration of the drug [70].  

In addition, as the survival to antibiotics reflects the fraction of persisters, it is primordial to 

ensure the stability of the antibiotic along the assay. Furthermore, biofilm formation should be 

monitored as they impair antibiotic activity [102]. The size of the inoculum might also lead to 

variations in the survival ratio as large inoculum requires higher drug concentration to get 

satisfactory bacteria-to-drug molecules ratio [73]. Moreover, a denser bacterial population 

might lead to limited growth because of starvation generating an increase in survival [103]. 

After antibiotic treatment, it was shown that bacteria exhibit a longer lag phase [69] thus, longer 

periods of time might be needed to estimate the correct proportion of survival.  

Many stresses such as starvation, low pH, or population density have been involved in 

triggering persister formation. In order to study spontaneous persistence, the inoculum should 

be diluted below the persistence level to avoid carry-over of previously triggered persisters. In 

addition, the bacterial population should remain in a steady-state of growth to avoid the 

generation of stresses which can be achieved by chemostat growth (constant replacement of the 

medium with fresh medium) or subcultures of the bacterial cultures [100, 104]. Taking this 

steady-state as the basal level of persistence, diverse stresses can be applied (including 

antibiotics) to measure their influence on persister formation [70]. 
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1.1.3.5 Persistence and infection 
By comparing early and late isolates of P.  aeruginosa of a cystic fibrosis patient, Mulcahy et 

al., showed a 100-fold increase in persister level. Furthermore, 10 out of 14 late isolates from 

other chronically infected patients were hip mutants (section 1.1.3.3) that are known to stably 

produce high persistence levels [105]. This study was the first one to demonstrate a direct link 

between persistent bacteria and chronic infection. Recently, it was shown that S.  aureus 

sampled from an abscess of meningoencephalitis displayed a prolonged lag-phase [106] with 

similar characteristics to the one observed in persisters [107]. Moreover, non- or slow-growing 

S.  enterica surviving antimicrobial treatment have been identified during murine infections 

[108, 109] as well as Salmonella persisters in the Peyer’s Patches, mesenteric lymph nodes, 

and, spleen of infected mice [66]. Interestingly, the internalization of Salmonella and 

M.  tuberculosis by macrophages triggered persisters formation [66, 110, 111]. The ability of 

biofilm formation to protect bacteria against antibiotics and the capacity of Salmonella to form 

biofilm on gallstones further suggests the importance of persistence in clinic [112, 113]. These 

new results point towards the involvement of persisters in some aspects of chronic infections 

but their clinical importance still remains elusive. 

1.1.3.6 Combatting persistence to stop resistance 
Interestingly, an increasing number of studies focused on the link between persistence and 

resistance as persisters provide a reservoir of viable cells from which resistant mutants can 

emerge [114]. For instance, Balaban et al., reported that E. coli tolerance always precedes 

resistance [115]. Consistently, the level of persistence of E. coli from clinical isolates strongly 

correlated with the likelihood to generate genetic resistance [116]. In M. tuberculosis, the 

emergence of resistant mutants has been shown to rise from the persister population after long-

term exposure to rifampicin [117]. Also, the infection of mice with a P. aeruginosa strain 

displaying low tolerance abolished the development of resistance [81]. In addition, stress 

responses that are often involved in persistence were shown to increase mutation rates favoring 

the development of antibiotic resistance [118, 119]. Interestingly, preventing the induction of 

the SOS response in E. coli stopped the emergence of antibiotic resistance [120]. Importantly, 

a recent study demonstrated that the spread of antibiotic resistance plasmids in the gut was 

promoted by Salmonella persisters [121]. In conclusion, not only persisters provide a reservoir 

of viable cells from which resistance can emerge but they may facilitate the development and 

the spread of resistance as well [114].  
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1.2  Brucellosis: a case study for relapses 

1.2.1 Ecology and epidemiology 

1.2.1.1 History and taxonomy of Brucella 
In 1884, Dr. Bruce joined the British army in Malta island where a mysterious febrile illness 

debilitated many British soldiers [122]. The autopsy of the spleens from infected soldiers led to 

the identification of the causative agent of the Malta fever disease that he named Micrococcus 

melitensis [122]. In 1897, Brucella abortus were isolated from aborted cattle in Denmark by 

Dr. Bang and by 1938, B. melitensis, B. abortus and B. suis could be differentiated [123].  

Brucellae are gram-negative, facultative intracellular pathogens that belong to the order 

Rhizobiales within the class of α-Proteobacteria. Initially, the Brucella genus was described as 

containing one species called Brucella melitensis with various biovars because of the high 

genomic homology among them [124]. The development in new sequencing technologies led 

to a new classification of Brucellae, where at least 12 Brucella species are now identified [125]. 

Brucella species infect a wide variety of mammals as primary hosts, like sheep, goats, and 

camels for B. melitensis, cattle for B. abortus and swine for B. suis [126]. Humans are 

considered as accidental hosts which defines brucellosis as a zoonotic disease.  

1.2.1.2 Incidence 
In 2017, the OIE (world organization for animal health) reported the presence of human 

brucellosis in 91 countries. Indeed, brucellosis represents one of the most frequent bacterial 

zoonotic diseases worldwide with more than 500,000 new cases annually [127, 128]. Although 

due to the un-specific nature of clinical signs (section 1.2.3), the true incidence is estimated 10 

to 25 times greater [129]. Over the past decades, the epidemiology of human brucellosis has 

been highly variable, several endemic areas achieved control of the disease but many developed 

and developing countries are still lacking surveillance and new foci of human brucellosis are 

emerging [127, 129]. Nowadays, the highest incidence is observed in the Middle East, the 

Mediterranean region, sub-Saharan Africa, China, India, Peru, and Mexico [129] (Figure 1.5).  
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Figure 1.5: Global incidence of human brucellosis. White spaces indicate 
no data. Adapted from [129, 130]. 

1.2.1.3 Reservoir of infection and transmission 
In animals, most infections result from the ingestion of bacteria either from diseased animals 

or contaminated food and, to a lesser extent, natural breeding can also transmit the pathogen in 

sheep and goats. 

As brucellosis is a zoonotic disease, humans get infected by direct or indirect contact with 

infected animals. The most common route of infection arises from the consumption of 

unpasteurized dairy products such as raw milk, soft cheese or ice cream [126, 131]. Bacterial 

load in animal muscle tissues is low, however, undercooked liver and spleen have been 

implicated in human infection as well. Brucellosis is an occupational disease, farms and 

abattoirs workers as well as veterinarians are directly exposed to a heavily contaminated 

environment and can be infected through inhalation of infected aerosolized particles especially 

when abortion occurs but also via conjunctival contamination or skin contamination. Brucella 

spp. can survive long periods outside of the host, for instance B. abortus can subsist in wet soil 

for 2 months and more than 8 months in slurry animal waste, constituting an important reservoir 

[126]. Laboratory staff involved in brucellosis diagnosis are also at particular risks especially 

when brucellosis is not suspected leading to a lack of safety in laboratory practices [132].  
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1.2.2 Intracellular cycle 

1.2.2.1 Cell entry 
The most common portals of entry for Brucella in animals and humans are the mucous 

membranes of the respiratory and digestive tracts [133]. Brucella have a particular affinity for 

the reproductive system in different mammals whereas, in the accidental hosts, any organs can 

become infected [133]. The cellular sites of entry remain poorly characterized. Bacteria are 

eventually taken up by phagocytic cells and reach the regional lymph nodes, leading to 

subsequent systemic dissemination [134]. Brucella is able to invade phagocytic and non-

phagocytic cells. For the macrophages entry, non-opsonised bacteria required a cholesterol-rich 

domain, called lipid rafts [135] (Figure 1.6). The class A scavenger receptor (SR-A) has been 

shown to be associated with lipid rafts in infected macrophages where it interacts with Brucella 

lipopolysaccharide (LPS) [136]. Another cellular protein called prion receptor PrPc was 

proposed to bind to Brucella Hsp60 [137], however, these findings could not be confirmed by 

a later study [138]. Adherence of Brucella to macrophages and epithelial cells occurs through 

sialic acid residues [139] via the interaction with the surface protein 41 (SP41) [140]. 

Furthermore, the attachment to HeLa cells is mediated by several proteins such as vitronectin 

and fibronectin [139]. The latter has been found to interact with the BmaC autotransporter of 

Brucella [141]. In addition, the Brucella BtaE transporter is able to bind hyaluronic acid [142]. 

Cytoskeletal rearrangement is a common mechanism used by bacteria to enter cells, Brucella 

interact with the small GTPases Rac, Rho and directly activate the Cdc42 leading to 

cytoskeleton rearrangement required for internalization by non-professional phagocytes [143]. 

In giant trophoblasts, the heat shock cognate protein 70 (Hsc70) is associated with ezrin protein, 

a linker between plasma membrane and actin cytoskeleton, and participates in the Brucella 

uptake [144, 145].  

1.2.2.2 Intracellular trafficking 
Once Brucella enter the cell, they end up in a Brucella-containing vacuole (BCV) where they 

will remain in a non-replicative stage (nrBCV) during the first hours of infection (Figure 1.6). 

The nrBCV initially interacts with early endosomes, acquiring markers such as Rab5 and EEA1, 

followed by late endosome and lysosome interactions. The limited interactions of the nrBCV 

with late endosomes and/or lysosomes promote its acidification resulting in the expression of a 

VirB type IV secretion system (T4SS) which can then, translocate effector proteins into the host 

cell [146-149]. How these effectors act on the host cell is still mostly unclear, but, their secretion 

enables the BCV to escape the degradative pathway. Moreover, when the acidification of the 
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BCV is impaired, the number of intracellular bacteria is reduced, highlighting the importance 

of this pH switch [146, 150]. Once the BCV escaped the degradative pathway, bacteria establish 

their replicative niche (replicative BCV or rBCV) associated with the host endoplasmic 

reticulum (ER) [151, 152]. Importantly, only 15-30% of the initially infected macrophages 

sustain replication 48 h post-infection [153]. At later stages, BCVs were found to interact with 

the ER exit sites markers, Sar1 and with the COPII complex components [154]. Some effectors 

have been shown to play an important role in intracellular Brucella replication. The BspB 

effector target the COG complex, redirecting the Golgi-derived vesicle to the BCV participating 

in the biogenesis of the replicative niche [155]. The RicA effector protein interacts with the 

small GTPase Rab2 involved in Golgi-to-ER trafficking. Interestingly, ricA mutant enhanced 

intracellular replication suggesting a regulatory role of this effector in Brucella proliferation 

[156]. 

1.2.2.3 The replicative niche 
How the nrBCV changes to an rBCV remains elusive. Once the replicative niche is established, 

Brucella undergoes several rounds of division until most of the cytoplasmic volume of the host 

cell is occupied with bacteria. Several markers specific of the ER compartment have been found 

on the membrane of the rBCV such as calreticulin, calnexin, and G6Pases [157]. Transfer from 

the nrBCV to the ER is proposed to be a limiting step in Brucella infection [150, 158]. Several 

studies showed a physical link between the rBCVs and the ER, hence describing an ER-derived 

vacuole [158-161]. Recently Sedzicki et al., demonstrated that single Brucella are surrounded 

by ER-derived membranes that are interconnected with each other forming a complex mesh 

[162]. The final steps following the intracellular replication are poorly known. One study 

reported the conversion of the ER-rBCV into a vacuole displaying autophagy features and 

involving the proteins Beclin1, ULK-1 and ATG14L but not the autophagy elongation proteins 

[163]. Until today the exact mechanism of egress remains elusive [163]. 
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Figure 1.6: Intracellular lifestyle of Brucella. Following uptake, Brucella 
ends up in a vacuole called the Brucella-containing vacuole (BCV) where it 
remains in a non-replicative state (nrBCV) during the first hours of infection. 
The nrBCV trafficks along the endocytic pathway interacting with early and 
late endosomes. The vacuole gets acidified through interactions with late 
endosomes and/or lysosomes. Acidification of the nrBCV induces the 
expression of the T4SS that secrete effector proteins inside the host cell. 
Eventually, Brucella reaches its ER-derived niche where it starts replicating 
(rBCV). Designed by Maren Ketterer.  

1.2.3 Clinical manifestations 
In animals, after an initial quiet phase, the infection localizes in the reproductive system of 

sexually mature mammals typically producing placentitis in pregnant females or epididymitis 

and orchitis in the males [126]. Spontaneous abortion is the hallmark of brucellosis infection in 

animals and leads to high economic loss [129].  

Despite major ongoing controversies in the taxonomy of the Brucella species [125], the bulk of 

human disease is caused by two species: B. melitensis and B. abortus. Clinical differences 

between species are difficult to determine since few studies have compared them and molecular 

diagnosis is based on Brucella 16S rRNA gene sequencing which does not allow species 

identification [164].  

The clinical features of human brucellosis depend on the stage of the disease, the invaded 

organs, and the systems involved. The incubation period varies from two to four weeks but may 
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go up to several months [131, 165]. Human brucellosis is defined by an acute phase with flu-

like symptoms and can evolve to a chronic one with relapses or development of a persistent 

infection. Chronic brucellosis is characterized by patients with clinical symptoms persisting for 

12 months or more. The recurrence of specific signs or symptoms after the completion of a 

course of treatment, even in the absence of positive culture (section 1.2.4), defines a case of 

relapse. Chronic localized infection consists of the recurrence of characteristic signs and 

symptoms caused by the failure to eliminate a deep focus of infection, such as osteomyelitis 

[126].  

During acute inflammation, the most reported symptoms consist of fever, malaise, sweats, and 

arthralgia (Table 1.2) [166]. Complications may affect any organ but osteoarticular 

complications as arthritis, spondylitis, and sacroiliitis are the most common and are detected in 

12-36% of adults [166]. More severe aggravations as endocarditis (most common cause of 

death) and neurological manifestation (meningitis or meningoencephalitis) are also described 

but remain fairly rare (less than 4%). 

Manifestation Age Category 

 Children Adults All Ages 

General % % % 
Fever 82 73 79 
Sweats 23 55 73 
Chills 18 47 60 
Fatigue 19 33 51 
Headache 9 34 52 
Malaise 24 81 74 
Nausea/vomiting - 16 26 
Weight loss 13 31 29 
Abdominal 

   

Abdominal pain 14 9 26 
Splenomegaly 31 24 25 
Hepatomegaly 27 22 22 
Hepatitis 1 8 3 
Musculoskeletal 

   

Arthralgia 71 65 62 
Arthritis 41 13 25 
Myalgia 18 56 49 
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Manifestation Age Category 

 Children Adults All Ages 

Back pain 10 49 45 
Sacroiliitis 6 32 14 
Spondylitis 18 12 11 
Specific organs 

   

Epididymo-orchitis 10 10 9 
Endocarditis 3 2 1 
Neurological 2 5 4 
Respiratory 5 2 9 
Cutaneous 5 4 8 

Table 1.2: Clinical manifestations of brucellosis. Adapted from [166]. 

1.2.4 Diagnosis 
Proper diagnosis is one of the main obstacles for human brucellosis eradication. The gold 

standard diagnosis of brucellosis is based on blood or tissue culture that provides a definitive 

and direct diagnosis [167]. The sensitivity of this method varies widely between 10% and 90% 

for the acute disease but can go down to 4% for chronic brucellosis [168-172]. Since brucellosis 

is the most common laboratory infection acquired, special care should be taken for the diagnosis 

of suspected brucellosis patients. In the absence of appropriate equipment and because bacterial 

growth is time-consuming, the diagnosis traditionally relies on serological tests. Importantly, 

as there is no standardized reference antigen, the source of the antigen can influence the results. 

The Rose Bengal agglutination test is based on the agglutination reaction of serum with the 

whole B. abortus cells. It displays an overall high sensitivity except in patients exposed 

repeatedly to Brucella or with chronic brucellosis [173, 174]. The serum agglutination test 

(SAT) is also based on the reaction between the serum and whole Brucella suspension and 

similarly to the rose Bengal agglutination test, it generates a lot of false-negatives for chronic 

brucellosis [175]. The indirect Coombs test is used when SAT is negative. It consists of adding 

rabbit anti-human globulin to detect the possible Brucella antibodies that did not produce 

agglutination in the SAT. ELISA has become increasingly popular for brucellosis diagnosis and 

allows the diagnosis of acute, chronic and complicated cases by rapidly revealing the 

immunoglobulins IgM, IgG and IgA with specificity against Brucella [176]. A preliminary 

study showed promising data where a sensitivity of 98% was observed in patients with positive 

blood culture [177]. In order to achieve the most reliable diagnosis of human brucellosis, it is 

recommended to combine at least two serological tests [167, 175]. For complicated and/or 
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chronic brucellosis, the 2-mercaptoethanol (2-ME) agglutination test can be useful. The 

addition of β-mercaptoethanol to STA disrupts disulfide bonds of the IgM permitting only 

Brucella agglutination by the IgG [178].  

Major advancements in molecular diagnosis occurred during the last decade regarding human 

brucellosis. PCR detection has been proven to be faster and more sensitive than traditional 

methods however, the requirement of specific and costly equipment might restrict their use in 

endemic regions [179] (section 1.2.1.2).  

Because none of the actual diagnosis tools allow 100% identification of Brucella, it is 

recommended to perform blood cultures and serological testing for patients with suspected 

brucellosis [167]. 

1.2.5 Treatment and prevention 

1.2.5.1 Treatment 
Recommendations for the treatment of brucellosis by the WHO haven’t changed since 1986 

[126]. They consist of the administration of doxycycline (100 mg twice a day) combined with 

either streptomycin (1 g daily for 2-3 weeks) (DOX-STREP) or rifampicin (600-900 mg daily 

for 6 weeks) (DOX-RIF). Despite this harsh therapy, 5-15% of relapses or clinical failures are 

still observed [126]. Most of the time, relapses occur within 6 months after the completion of a 

course of treatment and are usually not due to the emergence of antibiotic resistance [180, 181]. 

Even though those relapses are mild and can be treated with a repetitive course of the same 

treatment, it still contributes to the increase of the morbidity of brucellosis [130].  

The majority of brucellosis cases arise in developing countries (section 1.2.1.2) with limited 

resources and infrastructures, therefore, the price of the treatment and the equipment required 

have to be taken into account. For instance, antibiotic administrated via parenteral routes as the 

aminoglycosides could be a problem in rural areas. Brucellosis is also present in tuberculosis 

endemic areas where rifampicin is part of the tuberculosis treatment [182, 183]. Because of the 

high risk of M. tuberculosis to develop resistance to rifampicin, the use of this antibiotic in 

brucellosis therapy should be avoided in these regions, even though these treatment 

combinations are preferred by clinicians and patients over DOX-STREP [184, 185]. These 

drawbacks in brucellosis treatment might partly explain why the WHO-recommended treatment 

hasn’t been applied in various regions of the world. Many studies reported the use of gentamicin 

instead of streptomycin in the two-regimen treatment [186, 187]. Indeed, the availability of 

gentamicin is wider and the duration of treatment shorter (5 mg/kg, daily for 1 week) than for 
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streptomycin [130]. According to the studies, the DOX-STREP regimen can be superior or 

equal to the DOX-GM regimen and is thereby recommended for complicated brucellosis [188]. 

Regimens containing quinolones (ciprofloxacin or ofloxacin) display higher rates of relapses 

than the WHO-recommended regimen, furthermore this antibiotic class has a high cost which 

might limit their accessibility [189, 190]. Trimethoprim-sulfamethoxazole (TMP-SMX) 

belongs to the sulfa drugs and has been used together with rifampicin or doxycycline in 

brucellosis treatment with similar results to the WHO-recommended regimen [183, 191]. Their 

low cost represents a great advantage, however, resistance has been found in B. melitensis [168, 

192]. The use of rifampicin, tetracycline, TMP-SMX, ciprofloxacin or ceftriaxone alone led to 

high rates of failures and relapses [183, 189, 193-197]. Thereby monotherapy is considered 

inadequate for the treatment of brucellosis. One study used triple therapy consisting of 

streptomycin, doxycycline, and rifampicin and obtained 100% efficacy and no relapses in the 

treatment of spondylitis (vertebra inflammation) brucellosis [198]. A second study showed a 

higher efficiency of the doxycycline-rifampicin-gentamicin treatment over DOX-RIF regimen 

[199]. However, considering the heaviness of the treatment, triple therapy would only be 

recommended for complicated brucellosis such as spondylitis and neurobrucellosis. For 

children younger than 8 years old, the use of tetracycline is contraindicated because of the 

potential inhibition of bone growth [200]. Consequently, aminoglycosides, TMP-SMX, and, 

rifampicin are the recommended drugs [201]. Generally, the duration of the treatment is 

strongly correlated to its efficacy and shouldn’t last for less than 3 months [202-204]. 

Importantly, the lack of compliance in some patients to the full course of treatment is common 

in rural communities and might play an important role in clinical failure [205]. In the case of 

localized infection, surgery should be considered to limit antibiotic treatment failure and 

chronic infection [206]. 

1.2.5.2 Risk factors and diagnosis of relapses 
Few studies assessed the risk factors associated with relapses. Besides the use of appropriate 

antibiotics, they found out that the duration of the symptoms before applying the antibiotic 

treatment plays an important role in the success of the therapy. Indeed, patients receiving 

treatment after less than 10 days of symptoms have a higher risk of relapses. Positive blood 

culture and a temperature higher than 38.3°C are the two other identified risk factors [181, 207]. 

When the 3 criteria are present for a patient, the probability of relapses after one year is 67% 

and drops to 4.5% when only one factor occurs [207]. The presence of localized focal infections 

is also correlated with higher rate of relapses and often requires a prolonged period of treatment 

[206]. Interestingly, patients with relapses showed an increase in their IgG titer either when the 
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clinical symptoms started or a few months later. PCR tests display high sensitivity in the early 

detection of relapses, unlike blood culture that poorly allowed the identification of Brucella 

during patient relapse [205, 208-211] (section 1.2.4). Together with the serological tests, PCR 

test seems to be a promising tool to diagnose relapses, however, they do not allow prediction 

of chronic brucellosis [212, 213].  

1.2.5.3 Prevention 
To control livestock infections, several strategies have been implemented such as vaccination 

and culling of infected animals. Vaccines are used against B. abortus in bovids and B. melitensis 

in small ruminants, yet, they do not prevent animal infection but decrease the likelihood of an 

abortion and reduce the number of excreted organisms by the animals, consequently limiting 

the contamination of the rest of the herd [129].  

Several attempts have been made to develop vaccines against human brucellosis, unfortunately, 

the prototypes were lacking safety and efficacy [214]. As the vaccine development represents 

high cost, it is generally recognized that the prevention of human brucellosis is best achieved 

passively via the control of animal brucellosis and pasteurization of raw dairy products. 

Unfortunately, many developing countries lack the infrastructures to do so [214].  

1.2.5.4 Possible reasons for brucellosis relapses 
Relapses can be due to the ineffective clearance of the bacteria by the host or by antibiotics 

[10]. In the absence of antibiotic treatment, Brucella can persist for months causing acute or 

sub-acute febrile illness. As a successful intracellular pathogen, Brucella has evolved multiple 

strategies to evade immune response mechanisms to establish chronic infection and replication 

within the host. Interestingly, the surface of Brucella does not bear marked pathogen-associated 

molecular patterns (PAMPs) which prevents its recognition by the immune system [215-218]. 

Moreover, like many other intracellular pathogens, Brucella avoids degradation following 

phagocytosis by host immune cells [219]. Interestingly, it has been shown that Brucella controls 

phagocyte apoptosis [220] and affects cytokines expression necessary for the protective 

function of the immune response [215, 221].  

Apart from antibiotic resistance, antibiotic failures can be due to several factors. For instance, 

because brucellosis is endemic in developing countries and in nomadic populations, compliance 

to the treatment is not easy to monitor and not always optimal [181, 197]. Low patient 

compliance is a critical issue as brucellosis relapses are tightly correlated with the use of the 

correct drugs over a specific period of time (sections 1.2.5.1 and 1.2.5.2). Another important 
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factor is the ability of the antimicrobials to reach the site of infection in order to execute their 

bactericidal or bacteriostatic activities. As described in section 1.1.2.3, the physico-chemical 

composition of the human tissues differs greatly leading to heterogeneous drug distribution in 

the patient. This is of particular interest in the context of Brucella infection as the bacteria are 

able to infect and invade multiple organs and, consequently require the use of drugs with high 

tropism for the infected tissues. Last but not least, certain bacteria own the ability to tolerate 

antibiotics even at high concentrations (section 1.1.3) and therefore constitutes a reservoir of 

viable cells that might resume growth once the antibiotic therapy is over leading to relapses. 

This is the hypothesis we want to evaluate in the present work. 

  



1 Introduction  

28 

1.3  References 
1. Lippi, D. and A.A. Conti, Plague, policy, saints and terrorists: a historical survey. J 

Infect, 2002. 44(4): p. 226-8. 
2. Venkat R Minnaganti, M.S.B., Rhett L Jackson, Plague Treatment & Management. 

emedicine, 2017. 
3. Fleming, A.G., Responsibilities and Opportunities of the Private Practitioner in 

Preventive Medicine. Can Med Assoc J, 1929. 20(1): p. 11-3. 
4. Lewis, K., Platforms for antibiotic discovery. Nat Rev Drug Discov, 2013. 12(5): p. 

371-87. 
5. Drapeau, C.M., E. Grilli, and N. Petrosillo, Rifampicin combined regimens for gram-

negative infections: data from the literature. Int J Antimicrob Agents, 2010. 35(1): p. 
39-44. 

6. Bark, C.M., et al., Clinical symptoms and microbiological outcomes in tuberculosis 
treatment trials. Tuberculosis (Edinb), 2011. 91(6): p. 601-4. 

7. Bellamy, W.D. and J.W. Klimek, Some Properties of Penicillin-resistant Staphylococci. 
J Bacteriol, 1948. 55(2): p. 153-60. 

8. Davies, J., Where have All the Antibiotics Gone? Can J Infect Dis Med Microbiol, 2006. 
17(5): p. 287-90. 

9. Munita, J.M. and C.A. Arias, Mechanisms of Antibiotic Resistance. Microbiol Spectr, 
2016. 4(2). 

10. Fisher, R.A., B. Gollan, and S. Helaine, Persistent bacterial infections and persister 
cells. Nat Rev Microbiol, 2017. 15(8): p. 453-464. 

11. Bloom, B.R. and C.J. Murray, Tuberculosis: commentary on a reemergent killer. 
Science, 1992. 257(5073): p. 1055-64. 

12. Organization, W.H., Global tuberculosis report. 2019. 
13. World Health Organization, Antimicrobial resistance : global report on surveillance. 

2014, Geneva, Switzerland: World Health Organization. xxii, 232 pages. 
14. Organization, W.H., Vaccine-Preventable Diseases Surveillance Standards. Typhoid 

and other invasive salmonellosis. 2018. 
15. Clark, M.A., et al., Preferential interaction of Salmonella typhimurium with mouse 

Peyer's patch M cells. Res Microbiol, 1994. 145(7): p. 543-52. 
16. Steele-Mortimer, O., et al., Biogenesis of Salmonella typhimurium-containing vacuoles 

in epithelial cells involves interactions with the early endocytic pathway. Cell 
Microbiol, 1999. 1(1): p. 33-49. 

17. Mota, L.J., et al., SCAMP3 is a component of the Salmonella-induced tubular network 
and reveals an interaction between bacterial effectors and post-Golgi trafficking. Cell 
Microbiol, 2009. 11(8): p. 1236-53. 

18. Dougan, G. and S. Baker, Salmonella enterica serovar Typhi and the pathogenesis of 
typhoid fever. Annu Rev Microbiol, 2014. 68: p. 317-36. 

19. Levine, M.M., R.E. Black, and C. Lanata, Precise estimation of the numbers of chronic 
carriers of Salmonella typhi in Santiago, Chile, an endemic area. J Infect Dis, 1982. 
146(6): p. 724-6. 

20. Organization, W.H., Background document: the diagnosis, treatment and prevention of 
Typhoid fever Communicable disease surveillance and response Vaccines and 
Biological. 2007, World Health Organization. 

21. Gonzalez-Escobedo, G., J.M. Marshall, and J.S. Gunn, Chronic and acute infection of 
the gall bladder by Salmonella Typhi: understanding the carrier state. Nat Rev 
Microbiol, 2011. 9(1): p. 9-14. 



1.3 References 

29 

22. Charles, R.C., et al., Identification of immunogenic Salmonella enterica serotype Typhi 
antigens expressed in chronic biliary carriers of S. Typhi in Kathmandu, Nepal. PLoS 
Negl Trop Dis, 2013. 7(8): p. e2335. 

23. Chong, Y.P., et al., Persistent Staphylococcus aureus bacteremia: a prospective 
analysis of risk factors, outcomes, and microbiologic and genotypic characteristics of 
isolates. Medicine (Baltimore), 2013. 92(2): p. 98-108. 

24. David, M.Z. and R.S. Daum, Treatment of Staphylococcus aureus Infections. Curr Top 
Microbiol Immunol, 2017. 409: p. 325-383. 

25. Fraunholz, M. and B. Sinha, Intracellular Staphylococcus aureus: live-in and let die. 
Front Cell Infect Microbiol, 2012. 2: p. 43. 

26. Mack, D., et al., Mechanisms of biofilm formation in Staphylococcus epidermidis and 
Staphylococcus aureus: functional molecules, regulatory circuits, and adaptive 
responses. Int J Med Microbiol, 2004. 294(2-3): p. 203-12. 

27. Lebeaux, D., J.M. Ghigo, and C. Beloin, Biofilm-related infections: bridging the gap 
between clinical management and fundamental aspects of recalcitrance toward 
antibiotics. Microbiol Mol Biol Rev, 2014. 78(3): p. 510-43. 

28. Wolf, A.J., et al., Mycobacterium tuberculosis infects dendritic cells with high 
frequency and impairs their function in vivo. J Immunol, 2007. 179(4): p. 2509-19. 

29. Leemans, J.C., et al., Depletion of alveolar macrophages exerts protective effects in 
pulmonary tuberculosis in mice. J Immunol, 2001. 166(7): p. 4604-11. 

30. Sahu, A., et al., Interaction of anti-leprosy drugs with the rat serum complement system. 
Immunopharmacology, 1988. 15(3): p. 143-50. 

31. Bussi, C. and M.G. Gutierrez, Mycobacterium tuberculosis infection of host cells in 
space and time. FEMS Microbiol Rev, 2019. 43(4): p. 341-361. 

32. Behr, M.A. and W.R. Waters, Is tuberculosis a lymphatic disease with a pulmonary 
portal? Lancet Infect Dis, 2014. 14(3): p. 250-5. 

33. Ernst, J.D., The immunological life cycle of tuberculosis. Nat Rev Immunol, 2012. 
12(8): p. 581-91. 

34. Getahun, H., et al., Latent Mycobacterium tuberculosis infection. N Engl J Med, 2015. 
372(22): p. 2127-35. 

35. Gill, W.P., et al., A replication clock for Mycobacterium tuberculosis. Nat Med, 2009. 
15(2): p. 211-4. 

36. Gomez, J.E. and J.D. McKinney, M. tuberculosis persistence, latency, and drug 
tolerance. Tuberculosis (Edinb), 2004. 84(1-2): p. 29-44. 

37. Matsui, H., et al., Evidence for periciliary liquid layer depletion, not abnormal ion 
composition, in the pathogenesis of cystic fibrosis airways disease. Cell, 1998. 95(7): p. 
1005-15. 

38. Oliver, A., et al., High frequency of hypermutable Pseudomonas aeruginosa in cystic 
fibrosis lung infection. Science, 2000. 288(5469): p. 1251-4. 

39. Smith, W.D., et al., Current and future therapies for Pseudomonas aeruginosa infection 
in patients with cystic fibrosis. FEMS Microbiol Lett, 2017. 364(14). 

40. Gibson, R.L., J.L. Burns, and B.W. Ramsey, Pathophysiology and management of 
pulmonary infections in cystic fibrosis. Am J Respir Crit Care Med, 2003. 168(8): p. 
918-51. 

41. Hoiby, N., O. Ciofu, and T. Bjarnsholt, Pseudomonas aeruginosa biofilms in cystic 
fibrosis. Future Microbiol, 2010. 5(11): p. 1663-74. 

42. Bumann, D., et al., Antibiotic chemotherapy against heterogeneous pathogen 
populations in complex host tissues. F1000Res, 2019. 8. 

43. Kamaruzzaman, N.F., S. Kendall, and L. Good, Targeting the hard to reach: challenges 
and novel strategies in the treatment of intracellular bacterial infections. Br J 
Pharmacol, 2017. 174(14): p. 2225-2236. 



1 Introduction  

30 

44. Yang, N.J. and M.J. Hinner, Getting across the cell membrane: an overview for small 
molecules, peptides, and proteins. Methods Mol Biol, 2015. 1266: p. 29-53. 

45. Tom Peck, S.H., Mark Williams, Drug passage across the cell membrane, in 
Pharmacology for Anaesthesia and Intensive Care, Third Edition. 2014: Cambridge 
University Press. 

46. Berens, C. and W. Hillen, Gene regulation by tetracyclines. Genet Eng (N Y), 2004. 26: 
p. 255-77. 

47. Darouiche, R.O. and R.J. Hamill, Antibiotic penetration of and bactericidal activity 
within endothelial cells. Antimicrob Agents Chemother, 1994. 38(5): p. 1059-64. 

48. Eick, S. and W. Pfister, Efficacy of antibiotics against periodontopathogenic bacteria 
within epithelial cells: an in vitro study. J Periodontol, 2004. 75(10): p. 1327-34. 

49. Hand, W.L., et al., Uptake of antibiotics by human alveolar macrophages. Am Rev 
Respir Dis, 1984. 129(6): p. 933-7. 

50. Edelstein, P.H. and M.A. Edelstein, In vitro extracellular and intracellular activities of 
clavulanic acid and those of piperacillin and ceftriaxone alone and in combination with 
tazobactam against clinical isolates of Legionella species. Antimicrob Agents 
Chemother, 1994. 38(2): p. 200-4. 

51. Van Bambeke, F., et al., Cellular pharmacodynamics and pharmacokinetics of 
antibiotics: current views and perspectives. Curr Opin Drug Discov Devel, 2006. 9(2): 
p. 218-30. 

52. Tulkens, P.M., Intracellular distribution and activity of antibiotics. Eur J Clin Microbiol 
Infect Dis, 1991. 10(2): p. 100-6. 

53. Lemaire, S., et al., Activity of three {beta}-lactams (ertapenem, meropenem and 
ampicillin) against intraphagocytic Listeria monocytogenes and Staphylococcus 
aureus. J Antimicrob Chemother, 2005. 55(6): p. 897-904. 

54. Nagai, J. and M. Takano, Molecular aspects of renal handling of aminoglycosides and 
strategies for preventing the nephrotoxicity. Drug Metab Pharmacokinet, 2004. 19(3): 
p. 159-70. 

55. Rathman, M., M.D. Sjaastad, and S. Falkow, Acidification of phagosomes containing 
Salmonella typhimurium in murine macrophages. Infect Immun, 1996. 64(7): p. 2765-
73. 

56. Lacoma, A., et al., Investigating intracellular persistence of Staphylococcus aureus 
within a murine alveolar macrophage cell line. Virulence, 2017. 8(8): p. 1761-1775. 

57. Lemaire, S., P.M. Tulkens, and F. Van Bambeke, Contrasting effects of acidic pH on 
the extracellular and intracellular activities of the anti-gram-positive fluoroquinolones 
moxifloxacin and delafloxacin against Staphylococcus aureus. Antimicrob Agents 
Chemother, 2011. 55(2): p. 649-58. 

58. Ouadrhiri, Y., et al., Mechanism of the intracellular killing and modulation of antibiotic 
susceptibility of Listeria monocytogenes in THP-1 macrophages activated by gamma 
interferon. Antimicrob Agents Chemother, 1999. 43(5): p. 1242-51. 

59. Vesga, O., et al., Staphylococcus aureus small colony variants are induced by the 
endothelial cell intracellular milieu. J Infect Dis, 1996. 173(3): p. 739-42. 

60. von Eiff, C., Staphylococcus aureus small colony variants: a challenge to 
microbiologists and clinicians. Int J Antimicrob Agents, 2008. 31(6): p. 507-10. 

61. Grant, S.S. and D.T. Hung, Persistent bacterial infections, antibiotic tolerance, and the 
oxidative stress response. Virulence, 2013. 4(4): p. 273-83. 

62. Eng, R.H., et al., Bactericidal effects of antibiotics on slowly growing and nongrowing 
bacteria. Antimicrob Agents Chemother, 1991. 35(9): p. 1824-8. 

63. Haugan, M.S., A. Lobner-Olesen, and N. Frimodt-Moller, Comparative Activity of 
Ceftriaxone, Ciprofloxacin, and Gentamicin as a Function of Bacterial Growth Rate 



1.3 References 

31 

Probed by Escherichia coli Chromosome Replication in the Mouse Peritonitis Model. 
Antimicrob Agents Chemother, 2019. 63(2). 

64. Brauner, A., et al., Distinguishing between resistance, tolerance and persistence to 
antibiotic treatment. Nat Rev Microbiol, 2016. 14(5): p. 320-30. 

65. Wayne, L.G. and C.D. Sohaskey, Nonreplicating persistence of mycobacterium 
tuberculosis. Annu Rev Microbiol, 2001. 55: p. 139-63. 

66. Helaine, S., et al., Internalization of Salmonella by macrophages induces formation of 
nonreplicating persisters. Science, 2014. 343(6167): p. 204-8. 

67. Hobby, G.L., Meyer, K. & Chaffee, E., Observations on the mechanism of action of 
penicillin. Proc. Soc. Exp. Biol. (NY), 1942. 50: p. 281–285. 

68. Bigger, J.W., Treatment of staphylococcal infections with penicillin by intermittent 
sterilisation. Lancet, 1944. 244: p. 497–500. 

69. Balaban, N.Q., et al., Bacterial persistence as a phenotypic switch. Science, 2004. 
305(5690): p. 1622-5. 

70. Balaban, N.Q., et al., Definitions and guidelines for research on antibiotic persistence. 
Nat Rev Microbiol, 2019. 17(7): p. 441-448. 

71. Methods for determining bactericidal activity of antimicrobial agents; approved 
guideline., C.a.l.s. institute, Editor. 1999. 

72. Pankey, G.A. and L.D. Sabath, Clinical relevance of bacteriostatic versus bactericidal 
mechanisms of action in the treatment of Gram-positive bacterial infections. Clin Infect 
Dis, 2004. 38(6): p. 864-70. 

73. Udekwu, K.I., et al., Functional relationship between bacterial cell density and the 
efficacy of antibiotics. J Antimicrob Chemother, 2009. 63(4): p. 745-57. 

74. Eagle, H. and A.D. Musselman, The rate of bactericidal action of penicillin in vitro as 
a function of its concentration, and its paradoxically reduced activity at high 
concentrations against certain organisms. J Exp Med, 1948. 88(1): p. 99-131. 

75. Michiels, J.E., et al., In Vitro Emergence of High Persistence upon Periodic 
Aminoglycoside Challenge in the ESKAPE Pathogens. Antimicrob Agents Chemother, 
2016. 60(8): p. 4630-7. 

76. Verstraeten, N., et al., Obg and Membrane Depolarization Are Part of a Microbial Bet-
Hedging Strategy that Leads to Antibiotic Tolerance. Mol Cell, 2015. 59(1): p. 9-21. 

77. Kussell, E., et al., Bacterial persistence: a model of survival in changing environments. 
Genetics, 2005. 169(4): p. 1807-14. 

78. de Jong, I.G., P. Haccou, and O.P. Kuipers, Bet hedging or not? A guide to proper 
classification of microbial survival strategies. Bioessays, 2011. 33(3): p. 215-23. 

79. Harms, A., E. Maisonneuve, and K. Gerdes, Mechanisms of bacterial persistence during 
stress and antibiotic exposure. Science, 2016. 354(6318). 

80. Viducic, D., et al., Functional analysis of spoT, relA and dksA genes on quinolone 
tolerance in Pseudomonas aeruginosa under nongrowing condition. Microbiol 
Immunol, 2006. 50(4): p. 349-57. 

81. Nguyen, D., et al., Active starvation responses mediate antibiotic tolerance in biofilms 
and nutrient-limited bacteria. Science, 2011. 334(6058): p. 982-6. 

82. Corrigan, R.M., et al., ppGpp negatively impacts ribosome assembly affecting growth 
and antimicrobial tolerance in Gram-positive bacteria. Proc Natl Acad Sci U S A, 2016. 
113(12): p. E1710-9. 

83. Korch, S.B. and T.M. Hill, Ectopic overexpression of wild-type and mutant hipA genes 
in Escherichia coli: effects on macromolecular synthesis and persister formation. J 
Bacteriol, 2006. 188(11): p. 3826-36. 

84. Ronneau, S. and S. Helaine, Clarifying the Link between Toxin-Antitoxin Modules and 
Bacterial Persistence. J Mol Biol, 2019. 431(18): p. 3462-3471. 



1 Introduction  

32 

85. Cheverton, A.M., et al., A Salmonella Toxin Promotes Persister Formation through 
Acetylation of tRNA. Mol Cell, 2016. 63(1): p. 86-96. 

86. Pontes, M.H. and E.A. Groisman, Slow growth determines nonheritable antibiotic 
resistance in Salmonella enterica. Sci Signal, 2019. 12(592). 

87. Goormaghtigh, F., et al., Reassessing the Role of Type II Toxin-Antitoxin Systems in 
Formation of Escherichia coli Type II Persister Cells. MBio, 2018. 9(3). 

88. Wilmaerts, D., et al., The Persistence-Inducing Toxin HokB Forms Dynamic Pores That 
Cause ATP Leakage. MBio, 2018. 9(4). 

89. Gurnev, P.A., et al., Persister-promoting bacterial toxin TisB produces anion-selective 
pores in planar lipid bilayers. FEBS Lett, 2012. 586(16): p. 2529-34. 

90. Shan, Y., et al., ATP-Dependent Persister Formation in Escherichia coli. MBio, 2017. 
8(1). 

91. Kwan, B.W., et al., Arrested protein synthesis increases persister-like cell formation. 
Antimicrob Agents Chemother, 2013. 57(3): p. 1468-73. 

92. Conlon, B.P., et al., Persister formation in Staphylococcus aureus is associated with 
ATP depletion. Nat Microbiol, 2016. 1. 

93. Leszczynska, D., et al., The formation of persister cells in stationary-phase cultures of 
Escherichia coli is associated with the aggregation of endogenous proteins. PLoS One, 
2013. 8(1): p. e54737. 

94. Wilmaerts, D., et al., General Mechanisms Leading to Persister Formation and 
Awakening. Trends Genet, 2019. 35(6): p. 401-411. 

95. Chowdhury, N., B.W. Kwan, and T.K. Wood, Persistence Increases in the Absence of 
the Alarmone Guanosine Tetraphosphate by Reducing Cell Growth. Sci Rep, 2016. 6: 
p. 20519. 

96. Fung, D.K., et al., Delineation of a bacterial starvation stress response network which 
can mediate antibiotic tolerance development. Antimicrob Agents Chemother, 2010. 
54(3): p. 1082-93. 

97. Nguyen, H.A., et al., Intracellular activity of antibiotics in a model of human THP-1 
macrophages infected by a Staphylococcus aureus small-colony variant strain isolated 
from a cystic fibrosis patient: pharmacodynamic evaluation and comparison with 
isogenic normal-phenotype and revertant strains. Antimicrob Agents Chemother, 2009. 
53(4): p. 1434-42. 

98. Orman, M.A. and M.P. Brynildsen, Dormancy is not necessary or sufficient for 
bacterial persistence. Antimicrob Agents Chemother, 2013. 57(7): p. 3230-9. 

99. Bergmiller, T., et al., Biased partitioning of the multidrug efflux pump AcrAB-TolC 
underlies long-lived phenotypic heterogeneity. Science, 2017. 356(6335): p. 311-315. 

100. Keren, I., et al., Persister cells and tolerance to antimicrobials. FEMS Microbiol Lett, 
2004. 230(1): p. 13-8. 

101. Dewachter, L., M. Fauvart, and J. Michiels, Bacterial Heterogeneity and Antibiotic 
Survival: Understanding and Combatting Persistence and Heteroresistance. Mol Cell, 
2019. 76(2): p. 255-267. 

102. Taylor, P.C., et al., Determination of minimum bactericidal concentrations of oxacillin 
for Staphylococcus aureus: influence and significance of technical factors. Antimicrob 
Agents Chemother, 1983. 23(1): p. 142-50. 

103. Mok, W.W.K. and M.P. Brynildsen, Timing of DNA damage responses impacts 
persistence to fluoroquinolones. Proc Natl Acad Sci U S A, 2018. 115(27): p. E6301-
E6309. 

104. Ziv, N., N.J. Brandt, and D. Gresham, The use of chemostats in microbial systems 
biology. J Vis Exp, 2013(80). 



1.3 References 

33 

105. Mulcahy, L.R., et al., Emergence of Pseudomonas aeruginosa strains producing high 
levels of persister cells in patients with cystic fibrosis. J Bacteriol, 2010. 192(23): p. 
6191-9. 

106. Vulin, C., et al., Prolonged bacterial lag time results in small colony variants that 
represent a sub-population of persisters. Nat Commun, 2018. 9(1): p. 4074. 

107. Fridman, O., et al., Optimization of lag time underlies antibiotic tolerance in evolved 
bacterial populations. Nature, 2014. 513(7518): p. 418-21. 

108. Claudi, B., et al., Phenotypic variation of Salmonella in host tissues delays eradication 
by antimicrobial chemotherapy. Cell, 2014. 158(4): p. 722-733. 

109. Kaiser, P., et al., Cecum lymph node dendritic cells harbor slow-growing bacteria 
phenotypically tolerant to antibiotic treatment. PLoS Biol, 2014. 12(2): p. e1001793. 

110. Manina, G., N. Dhar, and J.D. McKinney, Stress and host immunity amplify 
Mycobacterium tuberculosis phenotypic heterogeneity and induce nongrowing 
metabolically active forms. Cell Host Microbe, 2015. 17(1): p. 32-46. 

111. Mouton, J.M., et al., Elucidating population-wide mycobacterial replication dynamics 
at the single-cell level. Microbiology, 2016. 162(6): p. 966-78. 

112. Prouty, A.M., W.H. Schwesinger, and J.S. Gunn, Biofilm formation and interaction with 
the surfaces of gallstones by Salmonella spp. Infect Immun, 2002. 70(5): p. 2640-9. 

113. Stewart, P.S., Antimicrobial Tolerance in Biofilms. Microbiol Spectr, 2015. 3(3). 
114. Windels, E.M., et al., Antibiotics: Combatting Tolerance To Stop Resistance. MBio, 

2019. 10(5). 
115. Levin-Reisman, I., et al., Antibiotic tolerance facilitates the evolution of resistance. 

Science, 2017. 355(6327): p. 826-830. 
116. Windels, E.M., et al., Bacterial persistence promotes the evolution of antibiotic 

resistance by increasing survival and mutation rates. ISME J, 2019. 13(5): p. 1239-
1251. 

117. Sebastian, J., et al., De Novo Emergence of Genetically Resistant Mutants of 
Mycobacterium tuberculosis from the Persistence Phase Cells Formed against 
Antituberculosis Drugs In Vitro. Antimicrob Agents Chemother, 2017. 61(2). 

118. Al Mamun, A.A., et al., Identity and function of a large gene network underlying 
mutagenic repair of DNA breaks. Science, 2012. 338(6112): p. 1344-8. 

119. Foster, P.L., Stress-induced mutagenesis in bacteria. Crit Rev Biochem Mol Biol, 2007. 
42(5): p. 373-97. 

120. Cirz, R.T., et al., Inhibition of mutation and combating the evolution of antibiotic 
resistance. PLoS Biol, 2005. 3(6): p. e176. 

121. Bakkeren, E., et al., Salmonella persisters promote the spread of antibiotic resistance 
plasmids in the gut. Nature, 2019. 573(7773): p. 276-280. 

122. Tan, S.Y. and C. Davis, David Bruce (1855-1931): discoverer of brucellosis. Singapore 
Med J, 2011. 52(3): p. 138-9. 

123. El-Sayed, A. and W. Awad, Brucellosis: Evolution and expected comeback. Int J Vet 
Sci Med, 2018. 6(Suppl): p. S31-S35. 

124. Moreno, E., A. Cloeckaert, and I. Moriyon, Brucella evolution and taxonomy. Vet 
Microbiol, 2002. 90(1-4): p. 209-27. 

125. Whatmore, A.M., L.L. Perrett, and A.P. MacMillan, Characterisation of the genetic 
diversity of Brucella by multilocus sequencing. BMC Microbiol, 2007. 7: p. 34. 

126. Joint FAO/WHO expert committee on brucellosis. World Health Organ Tech Rep Ser, 
1986. 740: p. 1-132. 

127. Pappas, G., et al., The new global map of human brucellosis. Lancet Infect Dis, 2006. 
6(2): p. 91-9. 

128. Dean, A.S., et al., Global burden of human brucellosis: a systematic review of disease 
frequency. PLoS Negl Trop Dis, 2012. 6(10): p. e1865. 



1 Introduction  

34 

129. Hull, N.C. and B.A. Schumaker, Comparisons of brucellosis between human and 
veterinary medicine. Infect Ecol Epidemiol, 2018. 8(1): p. 1500846. 

130. Ariza, J., et al., Perspectives for the treatment of brucellosis in the 21st century: the 
Ioannina recommendations. PLoS Med, 2007. 4(12): p. e317. 

131. Pappas, G., et al., Brucellosis. N Engl J Med, 2005. 352(22): p. 2325-36. 
132. Singh, K., Laboratory-acquired infections. Clin Infect Dis, 2009. 49(1): p. 142-7. 
133. von Bargen, K., J.P. Gorvel, and S.P. Salcedo, Internal affairs: investigating the 

Brucella intracellular lifestyle. FEMS Microbiol Rev, 2012. 36(3): p. 533-62. 
134. Baldwin, C.L. and A.J. Winter, Macrophages and Brucella. Immunol Ser, 1994. 60: p. 

363-80. 
135. Watarai, M., et al., Modulation of Brucella-induced macropinocytosis by lipid rafts 

mediates intracellular replication. Cell Microbiol, 2002. 4(6): p. 341-55. 
136. Kim, S., et al., Lipid raft microdomains mediate class A scavenger receptor-dependent 

infection of Brucella abortus. Microb Pathog, 2004. 37(1): p. 11-9. 
137. Watarai, M., Interaction between Brucella abortus and cellular prion protein in lipid 

raft microdomains. Microbes Infect, 2004. 6(1): p. 93-100. 
138. Fontes, P., et al., Absence of evidence for the participation of the macrophage cellular 

prion protein in infection with Brucella suis. Infect Immun, 2005. 73(10): p. 6229-36. 
139. Castaneda-Roldan, E.I., et al., Adherence of Brucella to human epithelial cells and 

macrophages is mediated by sialic acid residues. Cell Microbiol, 2004. 6(5): p. 435-45. 
140. Castaneda-Roldan, E.I., et al., Characterization of SP41, a surface protein of Brucella 

associated with adherence and invasion of host epithelial cells. Cell Microbiol, 2006. 
8(12): p. 1877-87. 

141. Posadas, D.M., et al., BmaC, a novel autotransporter of Brucella suis, is involved in 
bacterial adhesion to host cells. Cell Microbiol, 2012. 14(6): p. 965-82. 

142. Ruiz-Ranwez, V., et al., BtaE, an adhesin that belongs to the trimeric autotransporter 
family, is required for full virulence and defines a specific adhesive pole of Brucella 
suis. Infect Immun, 2013. 81(3): p. 996-1007. 

143. Guzman-Verri, C., et al., GTPases of the Rho subfamily are required for Brucella 
abortus internalization in nonprofessional phagocytes: direct activation of Cdc42. J 
Biol Chem, 2001. 276(48): p. 44435-43. 

144. Watanabe, K., et al., EEVD motif of heat shock cognate protein 70 contributes to 
bacterial uptake by trophoblast giant cells. J Biomed Sci, 2009. 16: p. 113. 

145. Watanabe, K., et al., Participation of ezrin in bacterial uptake by trophoblast giant cells. 
Reprod Biol Endocrinol, 2009. 7: p. 95. 

146. Porte, F., J.P. Liautard, and S. Kohler, Early acidification of phagosomes containing 
Brucella suis is essential for intracellular survival in murine macrophages. Infect 
Immun, 1999. 67(8): p. 4041-7. 

147. Boschiroli, M.L., et al., The Brucella suis virB operon is induced intracellularly in 
macrophages. Proc Natl Acad Sci U S A, 2002. 99(3): p. 1544-9. 

148. Myeni, S., et al., Brucella modulates secretory trafficking via multiple type IV secretion 
effector proteins. PLoS Pathog, 2013. 9(8): p. e1003556. 

149. Starr, T., et al., Brucella intracellular replication requires trafficking through the late 
endosomal/lysosomal compartment. Traffic, 2008. 9(5): p. 678-94. 

150. Detilleux, P.G., B.L. Deyoe, and N.F. Cheville, Effect of endocytic and metabolic 
inhibitors on the internalization and intracellular growth of Brucella abortus in Vero 
cells. Am J Vet Res, 1991. 52(10): p. 1658-64. 

151. Comerci, D.J., et al., Essential role of the VirB machinery in the maturation of the 
Brucella abortus-containing vacuole. Cell Microbiol, 2001. 3(3): p. 159-68. 

152. Lestrate, P., et al., Identification and characterization of in vivo attenuated mutants of 
Brucella melitensis. Mol Microbiol, 2000. 38(3): p. 543-51. 



1.3 References 

35 

153. Gorvel, J.P. and E. Moreno, Brucella intracellular life: from invasion to intracellular 
replication. Vet Microbiol, 2002. 90(1-4): p. 281-97. 

154. Celli, J., S.P. Salcedo, and J.P. Gorvel, Brucella coopts the small GTPase Sar1 for 
intracellular replication. Proc Natl Acad Sci U S A, 2005. 102(5): p. 1673-8. 

155. Miller, C.N., et al., A Brucella Type IV Effector Targets the COG Tethering Complex to 
Remodel Host Secretory Traffic and Promote Intracellular Replication. Cell Host 
Microbe, 2017. 22(3): p. 317-329 e7. 

156. de Barsy, M., et al., Identification of a Brucella spp. secreted effector specifically 
interacting with human small GTPase Rab2. Cell Microbiol, 2011. 13(7): p. 1044-58. 

157. Celli, J., et al., Brucella evades macrophage killing via VirB-dependent sustained 
interactions with the endoplasmic reticulum. J Exp Med, 2003. 198(4): p. 545-56. 

158. Detilleux, P.G., B.L. Deyoe, and N.F. Cheville, Penetration and intracellular growth of 
Brucella abortus in nonphagocytic cells in vitro. Infect Immun, 1990. 58(7): p. 2320-8. 

159. Detilleux, P.G., B.L. Deyoe, and N.F. Cheville, Entry and intracellular localization of 
Brucella spp. in Vero cells: fluorescence and electron microscopy. Vet Pathol, 1990. 
27(5): p. 317-28. 

160. Anderson, T.D. and N.F. Cheville, Ultrastructural morphometric analysis of Brucella 
abortus-infected trophoblasts in experimental placentitis. Bacterial replication occurs 
in rough endoplasmic reticulum. Am J Pathol, 1986. 124(2): p. 226-37. 

161. Anderson, T.D., N.F. Cheville, and V.P. Meador, Pathogenesis of placentitis in the goat 
inoculated with Brucella abortus. II. Ultrastructural studies. Vet Pathol, 1986. 23(3): 
p. 227-39. 

162. Sedzicki, J., et al., 3D correlative electron microscopy reveals continuity of Brucella-
containing vacuoles with the endoplasmic reticulum. J Cell Sci, 2018. 131(4). 

163. Starr, T., et al., Selective subversion of autophagy complexes facilitates completion of 
the Brucella intracellular cycle. Cell Host Microbe, 2012. 11(1): p. 33-45. 

164. Gee, J.E., et al., Use of 16S rRNA gene sequencing for rapid confirmatory identification 
of Brucella isolates. J Clin Microbiol, 2004. 42(8): p. 3649-54. 

165. Mantur, B.G., S.K. Amarnath, and R.S. Shinde, Review of clinical and laboratory 
features of human brucellosis. Indian J Med Microbiol, 2007. 25(3): p. 188-202. 

166. Dean, A.S., et al., Clinical manifestations of human brucellosis: a systematic review 
and meta-analysis. PLoS Negl Trop Dis, 2012. 6(12): p. e1929. 

167. Al Dahouk, S., et al., Laboratory-based diagnosis of brucellosis--a review of the 
literature. Part II: serological tests for brucellosis. Clin Lab, 2003. 49(11-12): p. 577-
89. 

168. Memish, Z., et al., Brucella bacteraemia: clinical and laboratory observations in 160 
patients. J Infect, 2000. 40(1): p. 59-63. 

169. Yagupsky, P., Updates on Brucellosis. 2015. 
170. Mangalgi, S. and A. Sajjan, Comparison of three blood culture techniques in the 

diagnosis of human brucellosis. J Lab Physicians, 2014. 6(1): p. 14-7. 
171. Pappas, G. and P. Papadimitriou, Challenges in Brucella bacteraemia. Int J Antimicrob 

Agents, 2007. 30 Suppl 1: p. S29-31. 
172. Yagupsky, P., Detection of Brucellae in blood cultures. J Clin Microbiol, 1999. 37(11): 

p. 3437-42. 
173. Araj, G.F., et al., Assessment of Brucellosis Card test in screening patients for 

brucellosis. Epidemiol Infect, 1988. 100(3): p. 389-98. 
174. Ruiz-Mesa, J.D., et al., Rose Bengal test: diagnostic yield and use for the rapid 

diagnosis of human brucellosis in emergency departments in endemic areas. Clin 
Microbiol Infect, 2005. 11(3): p. 221-5. 

175. Araj, G.F., Update on laboratory diagnosis of human brucellosis. Int J Antimicrob 
Agents, 2010. 36 Suppl 1: p. S12-7. 



1 Introduction  

36 

176. Araj, G.F., et al., Evaluation of ELISA in the diagnosis of acute and chronic brucellosis 
in human beings. J Hyg (Lond), 1986. 97(3): p. 457-69. 

177. Orduna, A., et al., Evaluation of an immunocapture-agglutination test (Brucellacapt) 
for serodiagnosis of human brucellosis. J Clin Microbiol, 2000. 38(11): p. 4000-5. 

178. Buchanan, T.M. and L.C. Faber, 2-mercaptoethanol Brucella agglutination test: 
usefulness for predicting recovery from brucellosis. J Clin Microbiol, 1980. 11(6): p. 
691-3. 

179. Franco, M.P., et al., Human brucellosis. Lancet Infect Dis, 2007. 7(12): p. 775-86. 
180. Ariza, J., et al., Relevance of in vitro antimicrobial susceptibility of Brucella melitensis 

to relapse rate in human brucellosis. Antimicrob Agents Chemother, 1986. 30(6): p. 
958-60. 

181. Ariza, J., et al., Characteristics of and risk factors for relapse of brucellosis in humans. 
Clin Infect Dis, 1995. 20(5): p. 1241-9. 

182. Al-Hajjaj, M.S., et al., Progressive rise of Mycobacterium tuberculosis resistance to 
rifampicin and streptomycin in Riyadh, Saudi Arabia. Respirology, 2001. 6(4): p. 317-
22. 

183. Alavi, S.M. and L. Alavi, Treatment of brucellosis: a systematic review of studies in 
recent twenty years. Caspian J Intern Med, 2013. 4(2): p. 636-41. 

184. Pappas, G., et al., Doxycycline-rifampicin: physicians' inferior choice in brucellosis or 
how convenience reigns over science. J Infect, 2007. 54(5): p. 459-62. 

185. Pappas, G., et al., Health literacy in the field of infectious diseases: the paradigm of 
brucellosis. J Infect, 2007. 54(1): p. 40-5. 

186. Hasanjani Roushan, M.R., et al., Efficacy of gentamicin plus doxycycline versus 
streptomycin plus doxycycline in the treatment of brucellosis in humans. Clin Infect Dis, 
2006. 42(8): p. 1075-80. 

187. Solera, J., et al., Treatment of human brucellosis with doxycycline and gentamicin. 
Antimicrob Agents Chemother, 1997. 41(1): p. 80-4. 

188. Yousefi-Nooraie, R., et al., Antibiotics for treating human brucellosis. Cochrane 
Database Syst Rev, 2012. 10: p. CD007179. 

189. Falagas, M.E. and I.A. Bliziotis, Quinolones for treatment of human brucellosis: critical 
review of the evidence from microbiological and clinical studies. Antimicrob Agents 
Chemother, 2006. 50(1): p. 22-33. 

190. Pappas, G., et al., Quinolones for brucellosis: treating old diseases with new drugs. Clin 
Microbiol Infect, 2006. 12(9): p. 823-5. 

191. Roushan, M.R., S.M. Gangi, and S.A. Ahmadi, Comparison of the efficacy of two 
months of treatment with co-trimoxazole plus doxycycline vs. co-trimoxazole plus 
rifampin in brucellosis. Swiss Med Wkly, 2004. 134(37-38): p. 564-8. 

192. Kinsara, A., A. Al-Mowallad, and A.O. Osoba, Increasing resistance of Brucellae to 
co-trimoxazole. Antimicrob Agents Chemother, 1999. 43(6): p. 1531. 

193. Hall, W.H., Modern chemotherapy for brucellosis in humans. Rev Infect Dis, 1990. 
12(6): p. 1060-99. 

194. Montejo, J.M., et al., Open, randomized therapeutic trial of six antimicrobial regimens 
in the treatment of human brucellosis. Clin Infect Dis, 1993. 16(5): p. 671-6. 

195. Mousa, A.R., et al., The nature of human brucellosis in Kuwait: study of 379 cases. Rev 
Infect Dis, 1988. 10(1): p. 211-7. 

196. Lulu, A.R., et al., Human brucellosis in Kuwait: a prospective study of 400 cases. Q J 
Med, 1988. 66(249): p. 39-54. 

197. Lang, R., et al., Failure of ceftriaxone in the treatment of acute brucellosis. Clin Infect 
Dis, 1992. 14(2): p. 506-9. 



1.3 References 

37 

198. Bayindir, Y., et al., Comparison of five antimicrobial regimens for the treatment of 
brucellar spondylitis: a prospective, randomized study. J Chemother, 2003. 15(5): p. 
466-71. 

199. Ranjbar, M., et al., Comparison between doxycycline-rifampin-amikacin and 
doxycycline-rifampin regimens in the treatment of brucellosis. Int J Infect Dis, 2007. 
11(2): p. 152-6. 

200. Demers, P., et al., Effects of tetracyclines on skeletal growth and dentition. A report by 
the Nutrition Committee of the Canadian Paediatric Society. Can Med Assoc J, 1968. 
99(17): p. 849-54. 

201. Roushan, M.R., et al., Efficacy of cotrimoxazole and rifampin for 6 or 8 weeks of therapy 
in childhood brucellosis. Pediatr Infect Dis J, 2006. 25(6): p. 544-5. 

202. Pappas, G., et al., Treatment of brucella spondylitis: lessons from an impossible meta-
analysis and initial report of efficacy of a fluoroquinolone-containing regimen. Int J 
Antimicrob Agents, 2004. 24(5): p. 502-7. 

203. Colmenero, J.D., et al., Osteoarticular complications of brucellosis. Ann Rheum Dis, 
1991. 50(1): p. 23-6. 

204. Acocella, G., et al., Comparison of three different regimens in the treatment of acute 
brucellosis: a multicenter multinational study. J Antimicrob Chemother, 1989. 23(3): 
p. 433-9. 

205. Nimri, L.F., Diagnosis of recent and relapsed cases of human brucellosis by PCR assay. 
BMC Infect Dis, 2003. 3: p. 5. 

206. Bosilkovski, M., et al., Osteoarticular involvement in brucellosis: study of 196 cases in 
the Republic of Macedonia. Croat Med J, 2004. 45(6): p. 727-33. 

207. Solera, J., et al., Multivariate model for predicting relapse in human brucellosis. J 
Infect, 1998. 36(1): p. 85-92. 

208. Mitka, S., et al., Evaluation of different PCR assays for early detection of acute and 
relapsing brucellosis in humans in comparison with conventional methods. J Clin 
Microbiol, 2007. 45(4): p. 1211-8. 

209. Maas, K.S., et al., Evaluation of brucellosis by PCR and persistence after treatment in 
patients returning to the hospital for follow-up. Am J Trop Med Hyg, 2007. 76(4): p. 
698-702. 

210. Queipo-Ortuno, M.I., et al., Rapid diagnosis of human brucellosis by peripheral-blood 
PCR assay. J Clin Microbiol, 1997. 35(11): p. 2927-30. 

211. Morata, P., et al., Posttreatment follow-Up of brucellosis by PCR assay. J Clin 
Microbiol, 1999. 37(12): p. 4163-6. 

212. Pellicer, T., et al., Specific antibodies detected during relapse of human brucellosis. J 
Infect Dis, 1988. 157(5): p. 918-24. 

213. Ariza, J., et al., Specific antibody profile in human brucellosis. Clin Infect Dis, 1992. 
14(1): p. 131-40. 

214. Schurig, G.G., N. Sriranganathan, and M.J. Corbel, Brucellosis vaccines: past, present 
and future. Vet Microbiol, 2002. 90(1-4): p. 479-96. 

215. Barquero-Calvo, E., et al., Brucella abortus uses a stealthy strategy to avoid activation 
of the innate immune system during the onset of infection. PLoS One, 2007. 2(7): p. 
e631. 

216. Martirosyan, A., E. Moreno, and J.P. Gorvel, An evolutionary strategy for a stealthy 
intracellular Brucella pathogen. Immunol Rev, 2011. 240(1): p. 211-34. 

217. Lapaque, N., et al., Brucella lipopolysaccharide acts as a virulence factor. Curr Opin 
Microbiol, 2005. 8(1): p. 60-6. 

218. Palacios-Chaves, L., et al., Brucella abortus ornithine lipids are dispensable outer 
membrane components devoid of a marked pathogen-associated molecular pattern. 
PLoS One, 2011. 6(1): p. e16030. 



1 Introduction  

38 

219. Scott, C.C., R.J. Botelho, and S. Grinstein, Phagosome maturation: a few bugs in the 
system. J Membr Biol, 2003. 193(3): p. 137-52. 

220. Gross, A., et al., In vitro Brucella suis infection prevents the programmed cell death of 
human monocytic cells. Infect Immun, 2000. 68(1): p. 342-51. 

221. Caron, E., et al., Live Brucella spp. fail to induce tumor necrosis factor alpha excretion 
upon infection of U937-derived phagocytes. Infect Immun, 1994. 62(12): p. 5267-74. 

 



2 Aim of the thesis 

39 

2 Aim of the thesis  
 

Started in September 2015, the aim of my thesis was to address the potential causes of the 

relapses occurring in human brucellosis.  

The first part of my work was aimed at assessing the presence of bacteria able to survive 

antibiotic treatment, called persisters. To achieve this, I measured the proportion of persisters 

in many conditions, from axenic cultures to infection assays. With these experiments I could 

demonstrate for the first time the formation of persisters in Brucella abortus in laboratory media 

but also during infection. 

The second aspect of my work focused on developing pipelines in order to visualize 

intracellular viable bacteria after antibiotic treatment. By combining the use of several software, 

I established an analysis protocol that enabled the identification of a small proportion of 

intracellular viable bacteria which survived antibiotic treatment.  

Additionally, I took advantage of these new pipelines to investigate the capability of several 

antibiotics used in the clinic to kill intracellular B. abortus.  
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3.1  Persisters in broth 
A high rate of relpases is observed in human brucellosis despite harsh antibiotic therapy [1] 

(section 1.2.5). Although the underlying reasons for these relapses are currently unknown, 

accumulating evidence points towards the importance of transiently drug-tolerant bacteria. 

Many processes enable bacteria to survive lethal exposure to antibiotic treatments, and in this 

work we decided to focus on antibiotic persistence. Persisters bacteria are a subpopulation of 

cells that survive repetitive exposures to a bactericidal antibiotic treatment above the minimum 

inhibitory concentration (MIC) without a resistance mechanism (section 1.1.3).  

To find out whether persisters might be involved in brucellosis relapses, we first tried to 

determine whether Brucella can form persisters using simple broth assays.  

3.1.1 Biphasic killing kinetics of B. abortus 
The presence of persister is characteristically assessed by following the killing of a bacterial 

population exposed to bactericidal antibiotic at a concentration at least 50 times above the MIC 

(section 1.1.3.2). Therefore, it was crucial to first determine the MIC of each antibiotic and 

every strain we were interested in. A classical method for MIC determination is the E-test [2-

5], which we selected for its convenient application under the biosafety level 3 (BSL3) 

conditions. The method consists of determining growth inhibition on an tryptic soy agar (TSA) 

plate inoculated with a pre-diluted B. abortus overnight culture on which a strip with a 

predefined exponential gradient of antibiotic is placed. Besides the inhibition ellipse, an even 

lawn of growth was observed after 3 days of incubation. MIC values were read at the 

intersection of the pointed end of the inhibition ellipse with the side of the strip. The MIC values 

measured using this assay are presented in Table 3.1. To define whether a strain is sensitive to 

a given antibiotic, the MIC should be compared with the official clinical breakpoint defined 

(section 1.1.2.1). However, because of the lack of published reference breakpoint values (CLSI, 

EUCAST) for Brucella, we compared our data to the MICs published in previous studies [3, 

6]. The MIC measured for our strains were similar or lower than the published data, thus we 

concluded that our strains were sensitive to all antibiotics tested.  
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E-test MIC (µg/ml) 

 
B. abortus WT  
(ON culture) 

B. abortus 
WT (frozen 

aliquots) 

B. abortus WT 
pAC42.08 

Published 
data 

Gentamicin 0.25-0.5 0.38 0.5 0.25-0.5 
Cefotaxime 0*-0.75 0.125 0.5 0.25-0.5 
Ciprofloxacin 0.125-0.5 0.38 0.125 0.5-1 
Streptomycin 2 nd nd 1-2 
Doxycycline 0.38 0.25 0.25 0.06-0.25 
Tetracycline 0.25 nd 0.25 0.125 
Rifampicin 0.75-1 nd 1.5-2 0.5-1 

Table 3.1: Minimum inhibitory concentrations (MICs) of antibiotics 
against B. abortus.  MICs were measured with the E-test method against 
B.  abortus WT coming from frozen aliquots or from overnight culture and 
against B. abortus WT containing the plasmid pAC42.08 (Figure 3.4). 
*:  sensitive to all dilutions, nd: not determined.  

As the formation of persister is typically growth-phase dependent (section 1.1.3.3), we first 

determined the growth characteristics of B. abortus in the specific set-up of our BSL3 

laboratory. To do so, we monitored B. abortus growth in tryptic soy broth (TSB), a rich medium 

routinely used to cultivate Brucella spp. [7, 8]. Further, we also tested a more restrictive 

medium used in a previous study [9]. This medium was published as minimum medium [9], 

however, as it also contains yeast extract it was termed Restrictive Medium (RM) in the 

following study. Growth was followed by CFUs counting and OD600 measurements.  

The CFU-based growth showed a steep increase until reaching a plateau at 3.8 x 1010 CFU/ml 

(Figure 3.1A). Similarly, the OD600 curve showed a steep increase until 3.3, followed by a short 

stabilization (Figure 3.1C). Noteworthy, we observed a decline of the OD600 after 80 h which 

was not correlated with any decrease in CFU (Figure 3.1C). We used growth equations to fit 

the CFU and OD600 data in order to define the time when the bacterial population reaches the 

stationary phase [10]. The entry into the stationary phase is commonly defined as the point 

when the culture reaches an equilibrium between growth and death rates [11]. We thus used the 

intersection point between the slope of the curve and the maximum population at the plateau to 

determine the start of the stationary phase [10].  

In RM, we observed a sharp increase of the CFUs until reaching a plateau at 1.6 x 1010 CFU/ml, 

which is about two times less than the maximum value measured in TSB (Figure 3.1A and B). 

The OD600 measurements showed a slower initial increase that reached a maximal OD600 of 2.5, 

followed by an important decrease similarly to what happened in TSB (Figure 3.1D). Based on 

the fittings of the CFU and the OD600 data, the bacterial population reached the stationary phase 

around 52 h and 72 h respectively (Figure 3.1B and D). 
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Figure 3.1: B. abortus growth in broth. Growth curves of B. abortus 
monitored by CFUs counting and OD600 measurements in TSB (A and C), 
and in restrictive medium (RM) (B and D). Displayed are the individual 
replicates with the fitting Gompertz model [12] (A and B) or the Logistic 
growth model [13] (C and D). The intersection of the curve and the maximum 
population at the plateau (dotted lines) defines the entry time in the stationary 
phase. n=3. 

Using an exponential growth equation, we could determine the doubling time of the population 

(Table 3.2). To this aim we only selected the datapoints located in the exponential phase to 

apply the exponential growth model: 0 to 24 h for the growth in TSB and 8 to 32 h for the one 

in RM. 

 
TSB RM 

CFU OD600 CFU OD600 

Doubling time (h) 2.2 2.5 4.2 6.0 

R² 0.96 0.99 0.96 0.99 

Table 3.2: Doubling time of B. abortus WT in two different growth 
medium. The exponential (Malthusian) growth equation was used to 
determine the doubling of the bacterial population in TSB and RM, based on 
CFU counting and OD600 measurements.  

In TSB, the data obtained from OD600 measurements and CFU counts were consistent. The 

doubling time was estimated between 2.2 h and 2.5 h and the entry into the stationary phase 
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between 48 h and 52 h (Table 3.2 and Figure 3.1A and C). The doubling time of the population 

in RM was 2 to 2.5 times longer than in TSB (Table 3.2). Interestingly, we observed some 

discrepancies in the RM between the OD600 and CFU measurements for both doubling time and 

time of entry in the stationary phase. Even though OD600 measurements are routinely use to 

follow bacterial growth, the scattering of the light varies with the shape of the cell. For instance, 

filamentation have been observed for many bacteria, including B. abortus [14]. This can occur 

when nutrients are limited [15] and could influence OD600 measurement without any correlation 

to cell division. We can hypothesize that B. abortus start to undergo filamentation in the RM 

when they encounter starvation, which would explain some of the divergences observed 

between the CFU and the OD600 measurements.  

Taken together, our data show that B. abortus grows 2 times faster in TSB medium than in 

restrictive medium and that the RM limits the absolute growth reachable in the culture. Hence, 

the RM constitutes an interesting medium to assess the effect of slower growth on persister 

formation. As a proof of concept, we decided to first attempt to detect B. abortus persisters in 

TSB medium.  

The presence of persisters can be detected by following the killing kinetics of bactericidal 

antibiotic treatment. Because different processes enable bacteria to survive exposure to 

antibiotics (section 1.1.3.4), we used antibiotic concentrations at least 50 times above the 

measured MICs (Table 3.1) to ensure that we specifically looked at persistence. We followed 

the killing kinetics of Brucella abortus TSB cultures coming from either OD600 0.3 (early 

exponential) or OD600 1.5 (mid-exponential) treated with ciprofloxacin, cefotaxime, 

streptomycin, or gentamicin for different amounts of time and plated on non-selective agar 

plates to assess the survival ratio (Figure 3.2A).  

Ciprofloxacin and cefotaxime treatments revealed characteristic biphasic killing curves for both 

tested culture conditions (Figure 3.2B and C). The survival ratio after 24 h cefotaxime 

treatment was comparable between cultures coming from early- and mid-exponential phase 

with 0.002% (± 0.002%) and 0.008% (± 0.008%), respectively. Similar observations were made 

for ciprofloxacin-treated cultures with 0.07% (± 0.11%) survival of bacteria coming from early-

exponential phase and 0.02% (± 0.02%) for the ones coming from mid-exponential phase. 

Notably, cefotaxime killed about 30 times more bacteria in early-exponential phase than 

ciprofloxacin (Figure 3.2B). Gentamicin treatment of early-exponential phase bacteria also 

resulted in a biphasic killing curve. Yet, at least one of the three replicates was below the 

detection limit from the 4 h time point highlighting the strong killing proficiency of gentamicin 
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against B. abortus (Figure 3.2B). Unlike cefotaxime or ciprofloxacin, gentamicin killed more 

efficiently bacteria in mid-exponential phase than bacteria in early-exponential phase and no 

CFU could be recovered after 24 h treatment (Figure 3.2C). After 48 h gentamicin treatment, 

we ended up below the detection limit for both cultures (Figure 3.2B and C).  

Streptomycin treatment of bacteria in early-exponential phase led to a fast drop in the bacterial 

survival under the detection limit at 6 h onwards (Figure 3.2B). For the mid-exponential phase 

culture, no CFUs were recovered for at least one of the three replicates for the 4 h and 6 h time 

points indicating a strong killing of B. abortus by streptomycin (Figure 3.2C). However, the 

number of CFUs strongly increased after 6 h treatment (Figure 3.2C). We picked 8 colonies 

from both 1 h and 48 h time points and streaked them on an agar plate containing 200 µg/ml 

streptomycin. None of the colonies from the 1 h time point grew whereas all colonies from the 

48 h time points did, indicating the emergence of streptomycin-resistant (StrepR) mutant 

bacteria in the culture. As streptomycin resistance is typically due to a single point mutation in 

the rpsL gene [16], we decided to sequence the rpsL gene of the colonies coming from the 

streptomycin plate to identify the mutations. Sequencing analysis revealed a K88R mutation in 

the rpsL gene (BAB1_1260) of the StrepR mutant bacteria that have been characterized already 

in Brucella [17].  

To sum up, the treatment of the B. abortus cultures with the bactericidal antibiotics 

ciprofloxacin and cefotaxime revealed biphasic killing curves demonstrating the presence of 

persisters: the characteristic initial rapid drop in bacterial counts represents the death of the 

majority of the population (sensitive) and was followed by a second phase with much slower 

kinetics reflecting the slower killing of persister cells. Gentamicin killing displayed a biphasic 

killing curve as well but only for the bacteria coming from the early exponential phase (OD600 

= 0.3) culture. Because of its efficiency and the detection limit of the assay, streptomycin did 

not display biphasic killing curves. Moreover, streptomycin mutants emerged from the mid-

exponential (OD600 = 1.5) culture. 
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Figure 3.2: Killing kinetics of B. abortus during treatment with 
bactericidal antibiotics. (A) Schematic of the experimental set-up of the 
survival ratio measurement. The survival ratio was determined by dividing 
the CFUs obtained before and after antibiotic treatment. Bacteria coming 
from either OD600 = 0.3 (B) or OD600 = 1.5 (C) cultures were treated with the 
following antibiotics: ciprofloxacin 10 µg/ml (open diamond), cefotaxime 
100 µg/ml (black circle), streptomycin 200 µg/ml (black triangle), and 
gentamicin 100 µg/ml (open square). When zero CFU was recovered for the 
3 replicates after antibiotic treatment, data points were removed from the 
graph. When ≥ 1 out of 3 replicates showed zero CFU, the value was set to 
the detection limit of that experiment (section 4.4) and this is indicated by 
(#). Displayed are the averaged survival ratio with associated standard 
deviation, n=3. Data from (A) and (B) could be fitted with a two-phase decay 
model, fittings are represented in (D) and (E) with the individual replicates. 
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Data from the biphasic killing curves (Figure 3.2B and C) could be fitted with a two-phase 

decay model (Figure 3.2D and E) [18] and the resulting parameters are presented in Table 3.3.  

Two-phase decay model Ciprofloxacin Cefotaxime Gentamicin 

OD600 0.3 1.5 0.3 1.5 0.3 

Fast phase 
τ (h) 3.11 4.85 1.86 3.7 0.63 

Half-life (h) 2.16 3.36 1.29 2.56 0.44 

Slow phase 
τ (h) ~495.9 ~349.1 17.03 ~184.0 ~124.8 

Half-life (h) ~343.73 ~241.98 11.80 ~127.54 ~86.50 

R2 0.87 0.94 0.93 0.98 0.94 

Average CFU/ml at t0 1.05 x 109 2.1 x 109 7.32 x 108 4.17 x 108 2.36 x 108 

SD CFU/ml 9.05 x 108 1.23 x 109 1.48 x 109 1.06 x 108 9.45 x 107 

MDK99 0.69 1.0 0.42 0.86 0.15 

Table 3.3: Parameters extracted from the fitting of B. abortus killing 
kinetics in response to different antibiotics. Killing kinetics of B. abortus 
in early- (OD600 = 0.3) and mid- (OD600 = 1.5) exponential phase (Figure 3.2B 
and C) were fitted with a Two-phase decay model. Tau (τ) and R2 values were 
extracted from this fitting. τ represents the exponential time constant for a 
given phase. Half-lives (t1/2) were calculated using the following equation: 
t1/2= τln(2). The minimum duration to kill 99% of the population (MDK99) 
were calculated with the following equation: MDK99 ≈ ln (100)

ln (N)
τ. 

In our experiment, the half-time gives an indication of the killing time of the population by the 

antibiotic and will be referred as such. The fast phase represents the killing of the sensitive 

population whereas the slow phase described the killing of the persister cells and will be 

referred as such in the following study.  

The sensitive population of bacteria in early-exponential phase was more rapidly killed by 

ciprofloxacin than the one of mid-exponential phase culture (Table 3.3). In contrast, 

ciprofloxacin seemed to kill faster persisters in mid- than in early-exponential phase. 

Cefotaxime was more efficient at killing the sensitive and the persister populations than 

ciprofloxacin in both cultures. Sensitive bacteria in early exponential phase were killed faster 

by cefotaxime than the ones in mid-exponential phase. A similar trend was observed for the 

persister bacteria. Gentamicin killing of the sensitive bacteria and the persister population was 

more efficient than the ones of ciprofloxacin or cefotaxime (Table 3.3).  



3.1 Persisters in broth 

49 

A new metric has been recently defined to appreciate the level of persistence of a specific 

bacterial strain (section 1.1.3.2) [19]. This parameter, named MDK99, is defined as the 

minimum duration to kill 99% of the population and can be measured with the following 

equation: MDK99 ≈ ln (100)
ln (N)

τ [19]. N represents the number of CFU/ml at the onset of the 

experiment and τ is the exponential time constant. The calculated MDK99 values of B. abortus 

for the different antibiotics tested are reported in Table 3.3. MDK99 mirrored the half-time 

values of the sensitive population demonstrating that the killing of the bacterial population in 

mid-exponential phase took more time than the killing of bacteria in early-exponential phase. 

Gentamicin led to the shortest MDK99 followed by cefotaxime and ciprofloxacin (Table 3.3).  

Taken together, these data showed a strong killing of B. abortus cultures by gentamicin 

followed by cefotaxime and then ciprofloxacin. The killing was more efficient on the cultures 

coming from OD600 0.3 compared to OD600 1.5 cultures suggesting that the density of the 

population and/or the growth state of the bacteria influences antibiotic killing and persister 

formation. 

After 24 h of ciprofloxacin or cefotaxime treatment, 99.98% and 99.99% of the bacterial 

population was killed, respectively. Hence we decided to use this treatment duration as a read-

out for persister formation in our next experiments as the contribution of the sensitive bacteria 

are negligible at this time. Further, since ciprofloxacin treatment for brucellosis led to a high 

rate of relapses [20] (section 1.2.5.1), we decided to use this treatment as a starting point to 

study persister formation in B. abortus. 

3.1.2 Impact of the growth-phase and the growth-rate on persister 

formation 
To better understand the persister formation in B. abortus, we monitored the proportion of 

persisters in Brucella culture over a longer cultivation time. TSB or RM was inoculated with 

bacteria from a frozen aliquot (section 4.2). For each time point, growth was determined by 

both OD600 measurements and CFU plating. To assess survival ratio, an aliquot of bacteria was 

subcultured in the corresponding medium (TSB or RM) containing 10 µg/ml ciprofloxacin, 

incubated for 24 h and the number of survivor bacteria was assessed by CFUs count. The killing 

of the inoculum (without cultivation) in both RM and TSB led to a high percentage of persisters 

(2% ± 1.02%) (Figure 3.3A and B). In TSB, we observed a marked drop in the percentage of 

survival during the first 32 h of culture (90 fold, Figure 3.3A), with the exception of an outlier 

data point displaying a surprisingly high survival ratio at 24 h. This initial drop in persistence 
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happened during the exponential phase, where the bacteria were actively dividing, hence 

possibly reflecting the dilution of the persisters initially present in the inoculum. Once bacteria 

entered the stationary phase (around 48 h post-inoculation) the persister frequency kept 

increasing and reached 5.7% (± 4.63%) after 120 h culture (Figure 3.3A). In RM, the survival 

ratio kept decreasing until it reached 0.026% (± 0.013%) after 48 h of culture (Figure 3.3B). 

Then we observed a steep increase in the survival ratio, matching the point when bacteria 

entered the stationary phase between 48 h and 72 h (Figure 3.3B). In contrast to TSB, the 

survival ratio remained constant with 1% survival over the following days (Figure 3.3B).  

We have shown in the previous section (3.1.1) that B. abortus grows 2 times slower in RM 

compared to TSB (Table 3.2). Comparing the persister frequency in TSB and RM, the data 

suggest that conditions with limited nutrients i) do not lead to a higher persister frequency, and 

ii) restrain persister frequency to a lower level. In addition, the results show that persisters are 

formed de novo during the stationary phase. This is in line with research on other bacteria 

demonstrating that the stresses generated during the stationary phase (ie. starvation) also seems 

to trigger persister formation in Brucella [18, 21] (section 1.1.3.3). 

Based on our data, it remained unclear whether persisters are also formed during the exponential 

phase. Indeed, the strong decrease of the survival ratio observed during this time frame could 

be explained just by the dilution of pre-existing persisters in the inoculum. To address this 

question, we determined the persister frequency in TSB cultures started with a different amount 

of inoculum. This was achieved by sequential sub-cultivation of a starter culture, with each sub-

culturing and antibiotic killing performed at the same growth state (mid-exponential phase, 

OD600 =1.2). The obtained survival ratio for each culture was then compared to the expected 

ratio if all persisters would be the result of a carry-over from the inoculum (Figure 3.3C). As 

the survival ratio did not go down with the dilution of the inoculum and reached values way 

superior to the one expected from carry-over, we concluded that de novo formation of persisters 

also occurs during Brucella exponential growth (Figure 3.3C). Strikingly, the proportion of 

persister was the same in the two sequential sub-cultures tested, supporting the view that the 

persister frequency we measured in broth is an intrinsic property of the bacterium.  
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Figure 3.3: De novo formation of B. abortus persisters in exponential and 
stationary phases. Survival kinetics to ciprofloxacin treatment (10 µg/ml) of 
B. abortus grown in TSB (A) or in restrictive medium (RM) (B). At the 
indicated time points, an aliquot of the culture was antibiotic-treated for 24 h. 
The survival ratio was determined by dividing the obtained CFUs before and 
after treatment. Displayed are the average and associated standard deviations 
(survival ratio, empty circles) as well as the individual data points (CFU/ml, 
plain circle), n=3. (C) De novo formation of persisters in exponential phase. 
Survival ratio of cultures containing diluted amount of inoculum. Cultures 
started with different amounts of inoculum (serial sub-cultures) were grown 
in TSB until OD600 1.2 and treated for 24 h with ciprofloxacin. The expected 
carry-over was calculated based on the persister proportion in the inoculum 
(data not shown). Bars represent the mean and individual replicates are 
represented by circles, n=3. 

Together our data demonstrate that i) persisters are formed de novo during exponential and 

stationary phase, ii) persister frequency varies with the growth-phase of the culture and iii) 

reduction of the growth rate by half does influence persister formation in B. abortus.   

3.1.3 Monitoring B. abortus persisters by flow cytometry 
The viability of bacteria is formally assessed by CFUs count and is commonly used as a readout 

to measure the bacterial survival after antibiotic treatment. Resuming growth after having 
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experienced a stressful environment is demanding for the bacteria as illustrated by the longer 

lag phase displayed by persisters (section 1.1.3.3) [18]. Interestingly, it was shown that some 

of the non-growing Salmonella are still transcriptionally and translationally active after 

antibiotic treatment but only a small proportion is able to resume growth [22]. Thus, we decided 

to use the ability of the bacteria to respond to an inducer in order to assess the proportion of 

bacteria that survived the antibiotic treatment. This approach could also allow the estimation of 

the replication of the surviving population based on fluorescence dilution [23].  

We used a B. abortus strain containing a plasmid constitutively expressing dsRed and encoding 

for a tetracycline-inducible GFP (B. abortus pAC042.8 (Figure 3.4A and section 4.1)). When 

mentioned, GFP expression was induced by the addition of anhydrotetracycline (aTc), a non-

toxic tetracycline analog (section 4.1). For our flow cytometry analysis, B. abortus were 

identified based on their constitutive dsRed expression and gated on a dsRed versus forward-

scatter plot (Figure 3.4B). The gated events were considered to represent all intact bacteria in 

the analyzed sample, dead or alive. To enable absolute quantification of the analyzed events, 

we added calibrated beads to each samples and compared the number of dsRed bacteria 

measured with the CFUs count obtained by plating of the sample prior to fixation. The GFP 

versus dsRed dot-plot was used to measure the response of the bacteria to the inducer. To this 

end, we induced B. abortus cultures for 4 h before fixation. As shown in Figure 3.4C, the whole 

bacterial population shifted to a higher level of GFP intensity after the addition of the inducer. 

In order to quantify bacterial replication by fluorescence dilution, we washed the culture and 

re-incubated the bacteria in fresh medium without the inducer for 24 h. Even though the 

resulting population shifted to a lower level of GFP fluorescence, it did not reach the GFP 

intensity of the initial (un-induced) culture (Figure 3.4C). An insufficient washout of the 

inducer and/or a GFP promoter not fully repressed could also play a role. On the basis of these 

data, fluorescence dilution could not be used as a read-out in our experimental set-up. Yet, 

improving the regrowth conditions or prolonging the time of regrowth could circumvent this 

problem in future experiments. 

Counting beads were gated on a forward-scatter versus side-scatter plot to get precise absolute 

quantification of the number of bacteria in each sample. Strikingly, no significative difference 

was observed between bacterial quantifications using the flow cytometer and the one based on 

CFUs count (Figure 3.4D). This suggested that all measured dsRed bacteria harvested from 

untreated cultures were cultivable. 
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Figure 3.4: Identification and quantification of B. abortus by flow 
cytometry. (A) Schematic representation of pAC042.8 plasmid. Bacteria 
carrying the pAC042.8 constitutively express dsRed and express GFP under 
a tetracycline-inducible system. The Tet repressors (TetR) bind to Tet 
operator (TetO) located upstream of the gfp gene. Upon addition of 
anhydrotetracycline (aTc), TetR is dissociated from TetO enabling the 
transcription of gfp. (B) Flow cytometric identification of the bacterial 
population grown till the exponential phase based on its dsRed fluorescence 
and forward-scatter (FSC) property. (C) Flow cytometric detection of the 
GFP fluorescence in the bacterial population grown till exponential phase 
(magenta), after the addition of the inducer (green) and 24 h after removal of 
the inducer (yellow). For (B) and (C), displayed is a representative dot blot of 
an experiment performed at least 3 independent replicates. (D) Comparisons 
between CFU counts and flow cytometric counts using counting beads. Data 
represent the mean ± SD, n=4. Statistical analysis was performed using paired 
t-test (ns, non-significant p> 0.05).  

 

In order to monitor B. abortus persisters, bacteria were treated with either ciprofloxacin or 

cefotaxime. Following the 24 h antibiotic treatment, the inducer was added to the culture for 

4  h. For each step, CFUs were determined and matching samples were analyzed by flow 

cytometry (Figure 3.5A). 
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Ciprofloxacin treatment generated a shift of the entire bacterial (dsRed+) population to a higher 

fluorescence level in both dsRed and GFP channels (Figure 3.5B). After the addition of the 

inducer, some bacteria smeared out of the main population with a higher GFP fluorescence 

(Figure 3.5B). We therefore quantified the proportion of GFP+ by gating around the emergent 

GFP positive (GFP+) population. After antibiotic treatment, 0.94% (± 0.6%) of the dsRed 

bacteria were able to respond to the inducer (Figure 3.5C). Comparing the flow cytometry data 

with the matching plating and CFU determination, we calculated that only 0.01% (± 0.005%) 

of the bacteria resumed growth on agar plate after ciprofloxacin treatment, assuming that all the 

bacteria were dsRed positive (dsRed+) under the tested conditions (Figure 3.5C). After 24 h 

regrowth in fresh medium without ciprofloxacin, we only observed a slight increase in the 

number of bacteria when quantifying the culture by flow cytometry (Figure 3.5D). Except for 

one outlier experiment, the number of CFUs also only slightly increased after 24 h regrowth, 

once again corroborating the correlation between both read-outs.  

Besides ciprofloxacin, we decided to include cefotaxime to monitor B. abortus persisters, also 

considering its known lytic properties on bacteria [22, 24]. Although not yet documented, a 

selective lysis of Brucella cells would allow the enrichement of the treated population in 

persister bacteria and favor their separation from killed cells. Similarly to ciprofloxacin, 

cefotaxime treatment shifted the whole bacterial population to a higher fluorescence level. 

Further, addition of aTc led to the apparition of two distinct sub-populations in respect of dsRed 

intensity (Figure 3.5B). After cefotaxime treatment, 0.79% (± 0.4%) of the dsRed bacteria were 

able to respond to the inducer. Interestingly only bacteria from the population displaying the 

highest GFP and dsRed fluorescence were able to respond. Assuming that all the bacteria were 

dsRed+ under the tested conditions, CFUs count indicated that only 0.03% (± 0.039%) of the 

bacteria could resume growth on agar plate (Figure 3.5C). After washing and 24 h inoculation 

in fresh medium, the number of measured dsRed bacteria from the ciprofloxacin condition did 

not increase and 2 out of 3 replicates show an increase in the number of CFU (Figure 3.5D). 

Interestingly, after washing of cefotaxime and 24 h regrowth, the number of dsRed bacteria 

decreased by 0.47 fold (± 0.35) suggesting a lytic effect of cefotaxime on B. abortus¸ although 

to a lesser extent than its measured bactericidal activity (section 3.1.1). In contrast, the number 

of CFU recovered showed the same variability to the ones observed after ciprofloxacin 

treatment, thus, improving the regrowth conditions might help to obtain more consistent data.  
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Figure 3.5: Monitoring B. abortus persisters by flow cytometry. 
(A)  Experimental set-up of the sample preparation for flow cytometry 
analysis and CFUs count. An exponential Brucella culture was treated for 
24  h with ciprofloxacin (10 µg/ml) or cefotaxime (100 µg/ml), incubated 4 h 
with aTc, washed and re-incubated for 24 h in fresh TSB without antibiotics. 
After each step, CFUs were determined. Matching samples were PFA-fixed 
and analyzed by flow cytometry. (B) Flow cytometric identification of the 
GFP+ population. Representative dot blots of an experiment performed in 3 
independent replicates. (C) Comparison between the proportion of GFP+ 
bacteria and the number of bacteria able to resume growth on plates after 24  h 
antibiotic treatment. Data represent the mean ± SD, n=4. (D) Quantification 
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of bacteria after 24 h regrowth using flow cytometry and CFUs count. Data 
show the mean ± SD, n=3. 

In order to estimate the lysis efficiency of B. abortus by cefotaxime, we compared the number 

of bacteria before and after cefotaxime treatment by flow cytometry. The number of dsRed 

bacteria after cefotaxime treatment dropped from 4 x 107 (± 4 x 106) to 1.7 x 107 (± 7.8 x 106) 

which represented a decreased of only 43% (± 21%) (Figure 3.6). From this we concluded that 

cefotaxime treatment only resulted in very limited lysis of Brucella cells under the tested 

conditions. The use of different media and/or different salt concentrations did not allow any 

improvement of the cefotaxime lytic activity on Brucella cells (data not shown).  

Interestingly, we measured about 20 fold increase in the number of dsRed bacteria between 

before and after treatment with the non-lytic ciprofloxacin antibiotic. This increase could be 

explained by the fact that bacteria  had time to go through few divisions before being killed 

(Figure 3.6) [25]. Consequently, the lysis by cefotaxime could be underestimated as we did not 

take into account the possible replication that might have occurred before the killing. 

 

Figure 3.6: Limited bacteriolysis of B. abortus by cefotaxime treatment. 
Number of bacteria measured by flow cytometry before and after 24 h 
treatment with cefotaxime (100 µg/ml) or ciprofloxacin (10 µg/ml). Data 
represent the mean ± SD, n=3. Data were analyzed using an unpaired t-test 
(**p≤ 0.01). 

3.1.4 Summary 
To sum up, we showed that B. abortus form de novo persisters in broth, at various frequencies 

depending on its growth-phase and growth-rate. Moreover, we demonstrated that 1% of 

B.  abortus are transcriptionally and translationally active after antibiotic treatment although 

only a smaller proportion of cells are able to resume growth on agar plate. Regrowth in broth 
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was barely visible after 24 h suggesting that bacteria that survived antibiotic treatment might 

display a longer lag phase (section 1.1.1.1.1.1). Thus, further studies including longer regrowth 

time should be conducted to estimate the possible involvement of an increase lag-phase in 

response to antibiotic treatment.  

3.2  Persisters in macrophages 
Since Brucella abortus is an intracellular pathogen, we were interested to assess the effect of 

internalization and intracellular live-style on the persister frequency. To the best of our 

knowledge, the effect of the intracellular environment on persister formation was so far only 

studied in Salmonella where its internalization by macrophages was reported to strongly trigger 

persister formation [22]. For the following experiments we choose to work with macrophages 

as Brucella colonize this cell type during host infection (section 1.2.2) and specifically RAW 

264.7 macrophages as it is an established model to study Brucella interaction with macrophages 

[9, 26, 27].  

3.2.1 Enrichment and de novo formation of persisters inside 

macrophages 
We initially wanted to know whether the persister phenomenon observed in broth could also be 

observed in the intracellular live-style of Brucella. Indeed, rich media have been generally 

optimized for rapid growth and provide high concentrations of various nutrients. In contrast, 

the intracellular conditions vary very much in many physico-chemical parameters and therefore 

largely differ from the conditions encountered in batch culture using rich medium [28]. 

Considering the importance of the growth state of B. abortus in persister formation (section 

3.1.2), it was essential to study this phenomenon inside host cells. To assess the proportion of 

persisters formed inside host cells, we infected RAW macrophages with B. abortus WT. After 

different amounts of time, macrophages were lysed with Triton X-100 and intracellular bacteria 

were recovered. A fraction of the bacteria were plated on plain agar for CFUs determination 

and the remaining bacteria were sub-cultured in medium containing ciprofloxacin for 24 h 

(Figure 3.7A). The CFUs ratio before and after antibiotic treatment was used to determine the 

persister frequency at different point of the infection. Between the infection medium and the 6 

hpi time point, we observed a drop in the total CFUs number, reflecting the killing of the 

extracellular bacteria by the gentamicin treatment and the killing of a fraction of the internalized 

bacteria by the macrophages (Figure 3.7B). After 6 h, the total number of CFUs increased as 

the intracellular bacteria started replicating. Interestingly, we observed a ~2 log increase in the 

persister frequency within the first 6 h of infection, raising from 0.0009% to 0.13% (Figure 
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3.7B). Since the average total number of bacteria showed a stronger decrease than the increase 

in the total number of persisters between the inoculum and the 6 h time point, it was not possible 

to tell whether internalization of B. abortus by RAW macrophages triggers persister formation 

or selectively kills sensitive bacteria leading to an enrichment of the persisters. However, 

looking at the individual data points, 2 out of 3 replicates displayed an increase of the absolute 

number of persisters between the inoculum and 6 hpi time point. These data suggest that 

internalization of B. abortus by macrophages triggers persister formation yet, additional 

replicates will be required to make a definitive statement. Interestingly, after 6 h, the absolute 

number of persister kept increasing, unambiguously demonstrating that persisters are formed 

de novo during macrophages infection. The proportion of persisters after 6 h slowly decreased, 

which could be explained by the intense intracellular replication of B. abortus, taking place 

from that time point, thus diluting out the number of persisters. 

 

Figure 3.7: Enrichment and de novo formation of persisters during RAW 
macrophage infection.  (A) Schematic experimental set-up of the survival 
ratio measurement of intracellular Brucella abortus. RAW macrophages were 
infected with B. abortus coming from late exponential phase (MOI 50). After 
6-30 h, macrophages were lysed using 0.1% Triton X-100, intracellular 
bacteria were recovered and sub-cultured into 10 µg/ml ciprofloxacin-
containing medium. (B) Plot showing the number of CFU recovered from 
macrophages before (blue line) and after (blue dotted line) ciprofloxacin 
treatment in broth. The CFUs ratio before and after antibiotic treatment 
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determined the survival percentage (black line). Lines represent the mean of 
the three individual data points for each time point. The survival ratio of the 
0 h time point was measured from the culture before infection and adjusted 
to the infection medium dilution. n=3.  

As controls, we tested whether the contact with RAW cells, RAW lysate, the Triton X-100, or 

DMEM could be responsible for the observed persister formation. Preliminary data showed a 

similar survival ratio between bacteria that undergone those treatments and untreated bacteria 

(data not shown), supporting that the observed increase in persister formation is the result of 

the internalization into the macrophages and subsequent trafficking.  

Taken together, these data demonstrated that persisters are formed de novo during RAW 

macrophages infection. However, it is not clear yet whether internalization of B. abortus 

triggers persisters enrichment or persister formation. 

3.2.2 Intracellular antibiotic killing confirms the presence of persisters 

during macrophages infection 
During brucellosis treatment, antibiotics are expected to reach intracellular Brucella. To get 

closer to the situation met in the clinic, we directly treated infected macrophages with either 

ciprofloxacin or doxycycline for 24 h (Figure 3.8A). We decided to include doxycycline in this 

experiment as it is part of all the recommended regimen to treat human brucellosis (section 

1.2.5.1) [1]. The number of persisters was assessed by CFUs counting after lysis of the RAW 

macrophages. In the previous experiment, we used the CFUs ratio before and after antibiotic 

treatment to measure the proportion of persisters (Figure 3.7). As B. abortus remain in a non-

replicative stage during the first hours of infection (section 1.2.2), we decided to use the CFUs 

count at 6 hpi as a proxy for the number of bacteria present before antibiotic treatment. To 

determine the number of bacteria after 6 h in RAW macrophages, we calculated the fold 

increase in CFUs between 6 and 24 hpi in non-treated macrophages (Figure 3.7B). Within this 

time frame, the number of intracellular bacteria increased by 33.5 fold. Using this factor we 

back-calculated the expected number of CFUs at 6 hpi in this experiment (Figure 3.8) and 

assessed the proportion of persister based on the 6/24 hpi CFUs ratio. After 24 h of intracellular 

treatment with ciprofloxacin, 0.097% (± 0.13%) of the bacteria could resume growth on plate. 

The treatment of infected macrophages with doxycycline led to 0.27% (± 0.1%) survival of the 

bacteria (Figure 3.8B).  
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Figure 3.8: Intracellular antibiotic killing reveals persisters in RAW 
macrophages. (A) Experimental set-up for the identification of B. abortus 
persister in infected RAW macrophages. Macrophages were infected with 
B.  abortus coming from late exponential phase culture (MOI 50). After 1 h, 
infected macrophages were washed and gentamicin was added to the medium 
combined or not with ciprofloxacin (20 µg/ml) or doxycycline (100 µg/ml). 
At 24 hpi, macrophages were lysed using Triton X-100 and intracellular 
bacteria were recovered and plated. (B) Survival ratio after 24 h of antibiotic 
treatment in RAW macrophages. Survival ratio was determined by 
calculating the ratio between the number of CFUs recovered after antibiotic 
treatment and the expected number of CFUs at 6  hpi. Data represent the 
mean, ± SD, n=3. 

In summary, both experiments with macrophages consistently demonstrated the presence of 

persisters during infection. The proportion of B. abortus survival in cells was about 0.1% after 

24 h of extra- (Figure 3.7B) or intracellular (Figure 3.8B) ciprofloxacin treatment suggesting 

that persisters are formed independently from the antibiotic pressure.  

3.2.3 Pipeline development and analysis workflow for quantitative 

analysis of intracellular persister formation 
In order to better understand the transcriptional and translational state of the intracellular 

surviving bacteria, we took advantage of the inducible system described in section 3.1.3 

(Figure 3.4A) to visualize and measure the proportion of responding-intracellular bacteria after 

antibiotic treatment. To this aim, we used fluorescent miscroscopy followed by image analysis 

with CellProfiler software [29].  

CellProfiler is an open-source system that has been extensively used by the infection biology 

field for the scoring of cells infected with intracellular pathogens such as parasites (Leishmania 

[30] [31]), bacteria (Mycobacterium tuberculosis [32], Listeria monocytogenes [33], Shigella 
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flexneri [34], Salmonella Typhimurium [35-38], Chlamydia [39]), viruses (Ebola [40, 41], 

papillomaviruses [42], Herpes virus [43, 44]), and the InfectX consortium, comprising 11 

research groups, that developed a common pipeline for infection scoring of different pathogens 

[45]. In these studies, the quantification of the number of infected cells were based on the level 

of fluorescence associated with the pathogen presents in the defined cell area. After antibiotic 

treatment, we expect to have only few bacteria responding to the inducer leading to a very faint 

signal which would not allow the identification of these responding bacteria by looking at the 

average fluorescence signal presents in a cell area. To circumvent this problem, we decided to 

segment each infection site in order to increase the signal-to-noise ratio and properly identify 

the responsive bacteria.  

Previously, our laboratory developed a pipeline that provides a quantification of infected HeLa 

cells with Brucella abortus [8]. This pipeline has been recently refined [46] and allows the 

segmentation of the infection sites. However, the pipeline was optimized for HeLa cells, which 

are much bigger than RAW macrophages and where B. abortus forms large and homogenous 

infection sites easily identifiable unlike the ones formed in RAW macrophages. Therefore, we 

needed to develop a new pipeline enabling segmentation of single B. abortus infection sites 

inside RAW macrophages. 

3.2.3.1 Development of a CellProfiler pipeline for the identification of single 

intracellular Brucella infection sites in RAW macrophages 
Depending on the time of the infection, the infection sites display various forms and sizes. At 

early time points, Brucella remains in a non-replicative stage (section 1.2.2), leading to small 

roundish regular infection sites. In contrast, once Brucella starts to replicate we observe large 

and uneven infection sites displaying heterogeneous intensity that develop themselves around 

the cell nucleus in a croissant shape called microcolonies [47, 48]. Notably, most of the bacteria 

won’t reach their replicative niche and will remain in non-replicative Brucella-containing 

vacuole (nrBCVs) [49] (section 1.2.2). Although it is fairly easy for the human eye to identify 

single infection sites independently from their size and shape, it turned out to be much more 

challenging for an algorithm.  

Unfortunately, we could not define a single pipeline that would properly identify both non-

replicative infection sites and microcolonies. Hereinafter, we present how we developed the 

non-replicative and microcolony pipelines, respectively (Figure 3.9). 
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The infection protocol and first steps of analysis were common to both pipelines (Figure 3.9). 

RAW macrophages were infected with B. abortus WT carrying the reporter plasmid pAC042.8 

(section 3.1.3, Figure 3.4A) for either 5 h or 27 h. As gentamicin was kept in the medium 

during all the infection time, we assumed that most of the extracellular bacteria were dead and 

removed during the washes (Figure 3.9A). To perform high-throughput monitoring of 

intracellular growth of Brucella, we used a wide-field microscope for image acquisition with a 

10 x objective, as described in [8]. Brucella were identified based on their dsRed signal and we 

used DAPI staining to detect macrophages nuclei. As DAPI also stained bacteria, dsRed images 

were substracted from the corresponding DAPI images to minimize artifacts for nuclei 

identification. For nuclei segmentation, we applied a Global Thresholding Strategy followed 

by an Otsu thresholding method [21]. We expanded nuclei by 3 pixels as an estimate for the 

cytoplasmic region. 
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Figure 3.9: Overview of the infection protocol and analysis. 
(A)  Experimental set-up of RAW macrophages infection with B. abortus. (B) 
Image analysis workflow using CellProfiler to segment nuclei and infection 
sites. The minimum typical diameter was set at different values in the 
pipelines to either identify non-replicative infection sites (nrIS) or 
microcolonies (see main text). Nuclei were expanded by 3 pixels and only 
infection sites residing inside the expanded nuclei were kept for the analysis. 
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 Pipeline for the identification of non-replicative sites 

As Brucella abortus remains in a non-replicative stage during the first hours of infection, we 

first analyzed the 5-hours infection plates to define the criteria for the non-replicative infection 

sites. Brucella were identified based on their dsRed signal using an Adaptative Strategy 

followed by a Background method. For each plate, we visually defined a cut-off on the dsRed 

intensity (lower bound on threshold) above the background to only identify Brucella. We will 

further refer to these identified objects as Primary infection sites. 

After visual evaluation, we set the typical diameter of the infection sites between 1 and 30 

pixels corresponding to an area between 1.3 µm² and 39 µm². As uninfected macrophage bodies 

are typically in the range of 30 µm² [50], the defined diameter parameter should allow the 

identification of all Primary infection sites. Multiple infection sites identified as one object by 

the software algorithm are referred to as clumped objects for our analysis. Clumped Primary 

infection sites were identified based on their shape and lines were drawn between those objects 

using a central single peak of brightness on each site (object intensity). 

Primary infection sites situated out of the expanded nuclei mask were considered as 

extracellular and were therefore discarded from the analysis. The remaining objects were then 

defined as True infection sites. For each True infection site, different parameters were extracted 

including intensities and areas (number of pixels in the region). The integrated intensity, which 

is the sum of the pixel intensities within the object, and the standard deviation of the pixel 

intensities within the object were both of interest for the following analysis. For a better 

understanding, integrated intensity will be referred as intensity only in the following study. 

Assuming that artifacts display a homogenous intensity, unlike real infection sites, we looked 

into the data for the distribution of the standard deviation of the dsRed intensity for the True 

infection sites (Figure 3.10). We could clearly distinguish two populations in all conditions 

tested (except the uninfected one), the main one with high standard deviations and a small one 

with very low standard deviations. Thus, to consolidate our dataset, we decided to apply a cut-

off on the first quartile (Q1) of the standard deviation of the dsRed intensity for each condition 

(Figure 3.10). 

Using this new pipeline (termed Non-Replicative (NR)-pipeline), we were able to properly 

identify and analyze the non-replicative infection sites in our data set. 
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Figure 3.10: Filtering of Brucella infection sites. (A) Representative violin 
plot of an experiment performed in 2 independent replicates showing the 
distribution of the standard deviation of the dsRed intensity for each infection 
site of B. abortus WT, B. abortus ΔvirB9 and B. abortus WT killed with 
gentamicin for 24 h (Gm-killed) containing the pAC4042.8 plasmid. 
Horizontal blue lines display the first and the third quartiles, horizontal black 
dotted line represents the median. 

 Pipeline for the identification of microcolonies 

Applying the same 1 to 30 pixels diameter to identify microcolonies 27 h post-infection led to 

their over-segmentation (Figure 3.12A). To circumvent this problem, we tested the impact of 

an increased threshold for the detection of primary infection sites in conditions where 

intracellular replication was visually detected. To set the new threshold value, we had to define 

the maximal size of non-replicative infection sites in our set-up. To do so, we performed parallel 

macrophage infections for 5 h including WT bacteria, gentamicin-killed WT bacteria (Gm-

killed) as well as the ΔvirB9 mutant which is known to be defective in intracellular replication 

[49]. As Brucella intracellular replication is not a fully synchronized process, some WT bacteria 

might have started to replicate at 5 hpi already. Thus, we used the Gm-killed WT and the ΔvirB9 

mutant strain as a control to define the maximal area of a non-replicative infection site. 

We estimated the maximal area of an infection site using the 90th percentile of the infection site 

population area (Figure 3.11A). After 5 h infection, 90% of the infection sites of the WT 

population were below 22 pixels, 90% of the ΔvirB9 were below 19 pixels and 90% of the Gm-

killed population display infection site area below 14 pixels (Figure 3.11A). Interestingly, we 

observed a similar trend when using the dsRed intensity as the read-out, with a small decrease 

for the ΔvirB9 mutant (1.2-fold) and a much stronger effect for the Gm-killed bacteria (1.8-

fold) when compared to the WT condition (Figure 3.11B). As Gm-killed infection sites showed 
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high variations between replicates, we decided to use values obtained with the ΔvirB9 mutant 

to define the diameter threshold for the non-replicative infection sites (Figure 3.11A). Thus, 

infection sites above an area of 19 pixels were defined as microcolonies. 

 

Figure 3.11: Determining the area of Brucella infection sites before 
intracellular replication. (A) 90th percentile of the measured area for each 
condition after 5 h infection. Horizontal lines represent the average, n=4 (2 x 
2 technical replicates). (B) Ratio of the 90th percentile of the measured dsRed 
integrated intensity for each condition compared to the WT condition after 
5  h infection. Horizontal lines represent the average values, n=2. 

CellProfiler uses the diameter as the size criteria to define the threshold for the identification of 

an object. We previously determined the threshold area for a non-replicative infection site 

which represents the number of pixels in the identified object (Figure 3.11A). However, for 

non-round objects, as intracellular Brucella infection sites, the diameter in CellProfiler is 

actually the diameter of a circle with the same area as the object. So we used the following 

formula to convert the area (A) measured for the non-replicative infection sites in the diameter 

(d) of a circle: d = 2(√A
√π

) (Table 3.4).  

As a consequence, the typical diameter was set between 5 (min 4.7, max 5.1) and 30 pixels for 

the identification of microcolonies (Table 3.4). 
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Table 3.4: Average area and typical diameter of infection sites for WT 
and control infections. Table showing the equivalence between the 
measured area and the diameter of a circle using the formula 𝑑𝑑=2(√𝐴𝐴/√𝜋𝜋). 
Displayed are the averages from 2 technical replicates from 2 independents 
experiments. 

After 24 h infection, the distinction between clumped microcolonies was more challenging than 

for the early time point (Figure 3.12A). We initially compared the number of microcolonies 

identified in CellProfiler setting the typical diameter between 1 and 30 pixels or 5 and 30 pixels 

with the number of microcolonies counted manually and set as our reference number. To do so, 

we assembled a training set consisting of 10 images corresponding to 2 sites from 5 independent 

infections to account for the experimental variation. The difference between the manual count 

and the CellProfiler count was expressed as the percentage error. The over-segmentation of the 

microcolonies already observed in Figure 3.12A led to high percent error compared to manual 

count (Figure 3.12B) confirming the need of a different pipeline to identify microcolonies. 

We thus evaluated different segmentation strategies using the same training set and evaluation 

procedure. Quite some variation was observed between the different methods but also between 

replicates evaluated with the same method (Figure 3.12C). We selected the combination 

displaying (i) the smallest variation between replicates and (ii) the median closest to zero 

percent error relative to manual count for our refined pipeline. Hence, clumped microcolonies 

were first identified based on their shape and further segmented by drawing lines between them 

using a central single peak of brightness on each site (object intensity). That resulted in an 

average error of 5% (median: 10%) compared to manual counting (Figure 3.12C). 

Apart from the use of a specific diameter filter for the identification of microcolonies, the 

following analysis was identical to the one defined for the NR-Pipeline (section 3.2.3.1.1). 
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Figure 3.12: Evaluation of different methods to distinguish clumped 
objects. (A) Representative images from RAW macrophages infected for 
27  h with B. abortus WT constitutively expressing dsRed (magenta). 
Macrophage nuclei were stained with DAPI (cyan). Image analysis was 
performed with CellProfiler to segment nuclei and bacteria and to extract 
measurements. The left panel shows microcolonies segmentation with a 
typical diameter set between 1 and 30 pixels. The middle and right panels 
show microcolonies segmentation with a typical diameter between 5 and 30 
pixels, without (middle) clumped-objects correction. The right panel shows 
microcolonies segmentation after identification of clumped objects based on 
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the shape followed by the division of those based on the intensity. Arrows 
indicate examples of separation of merged microcolonies. (B) Percent error 
between manual count and CellProfiler count using a typical diameter 
between 1 and 30 or between 5 and 30. Data represent the mean ±SD, n=10 
(5 x 2 sites per experiment). (C) Violin plot showing the distribution of the 
percent error between manual count and CellProfiler count of microcolonies 
using several methods to distinguish and separate clumped objects. The pink 
line represents the median, dotted lines represent quartiles. n=10 (5 x 2 sites 
per experiment). 

 Analysis workflow 

The proportion of macrophages containing at least one True Infection site (section 3.2.3.1.1) 

was defined either as the entry rate for the 5 h infections or as the percentage of cells containing 

microcolonies for the 27 h infections. On average, the entry rate was 19% (7 – 28%) for the 

Gm-killed and 33% (21 – 45%) for the WT bacteria (Figure 3.13A and C). As expected, the 

measured percentage of cells containing microcolonies was drastically different between the 

WT with 9% infection (8 – 10%), the ΔvirB9 mutant and the Gm-killed bacteria with 0.2% 

(0.03 – 0.52%) and 0.04 % (0 – 0.13%), respectively (Figure 3.13B and C).  

When looking at the few identified infection sites for the two later conditions, it was apparent 

that their area and dsRed intensity were much lower than the ones identified in the WT condition 

suggesting that some non-replicative sites might have been counted as microcolonies (Figure 

3.13D).  

We decided to use the percentage of cells containing microcolonies as a criterium to determine 

which pipeline should be selected for the analysis of any given dataset. Each dataset was first 

analyzed using the MC-pipeline. Initially, the conditions where the percentage of cells 

containing microcolonies was at least 17 times lower than the matching WT control, data were 

re-analyzed using the NR-pipeline. Yet, this value was further readjusted to 3 fold to allow the 

use of the same pipeline to all dataset including antibiotic treated cells (section 3.2.5.3) (Figure 

3.13E). 
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Figure 3.13: Descriptive flow of dataset analysis.  (A) Entry rate and (B) 
percentage of cells containing microcolonies from infected macrophages with 
Brucella WT, ΔvirB9 mutant or Gm-killed WT bacteria carrying the 
pAC042.8 plasmid. The entry rate and the percentage of cells containing 
microcolonies were determined using the number of nuclei associated with at 
least one non-replicative infection site or one microcolony in the 3 pixels-
expanded nuclei area. Horizontal lines show the average, n=2 (2 x 2 technical 
replicates). (C) Representative images from RAW macrophages infected for 
5 h or 27 h with B. abortus WT, Gm-killed or ΔvirB9 bacteria. Bacteria 
constitutively expressed dsRed (magenta) and macrophage nuclei were 
stained with DAPI (cyan). (C) Representatives violin plot of the area (top) 
and the integrated dsRed intensity (bottom) of the infection sites detected in 
RAW macrophages infected for 27 h with B. abortus WT, ΔvirB9 or WT Gm-
killed bacteria analyzed with the MC-pipeline. (D) Flow chart describing the 
sequential steps of the analysis process.  

 

Summing up, we established 2 pipelines for our subsequent analysis: the NR-pipeline allowing 

the identification of the non-replicative infections sites and the MC-pipeline that allows the 

identification of the microcolonies. 

3.2.4 Subsistence and survival of B. abortus in macrophages 
To evaluate macrophage clearance under our assay conditions, we looked at the percentage of 

cells associated with at least one True Infection site, replicative or not. To do so we used the 

NR-pipeline which allowed the identification of all infection sites. Note that this pipeline leads 

to the over-segmentation of the microcolonies as mentioned in section 3.2.3.1.1. However, as 

infection sites were only associated to one nucleus, the incorrect segmentation of the 

microcolonies did not impact the readout. Thus, the percentage of cells associated with at least 

one infection site was named percentage of infected cells (Figure 3.14A). Compared to the WT 

condition, the proportion of infected cells with ΔvirB9 strain and Gm-killed bacteria was lower 

at 5 hpi indicating a defect in entry or early survival (ΔvirB9 bacteria) of these strains in RAW 

macrophages (Figure 3.14A). The infection rate was similar between 5 hpi and 27 hpi in 

macrophages infected with B. abortus WT. However, the percentages of infected cells with the 

ΔvirB9 and Gm-killed bacteria were even lower 27 hpi than at 5 hpi suggesting clearance of 

those bacteria by the macrophages (Figure 3.14A). 

We then used the dsRed intensity as a proxy for the physiological state of the bacteria and 

measured the average pixel intensity within the True Infection sites identified with the NR-

pipeline for the ΔvirB9 strain. Even though the percentage of cells infected with ΔvirB9 mutant 

was lower than for the WT condition (Figure 3.14B), the mean dsRed intensity of the infection 

sites was similar to the one of the WT at 5 hpi (Figure 3.14B). However, 27 hpi the mean dsRed 



3 Results  

72 

intensity of the ΔvirB9 infection sites decreased which could indicate a drop in the metabolic 

activity of those bacteria and/or an active killing of the ΔvirB9 strain by the RAW macrophages 

(Figure 3.14B). True Gm-killed infection sites were almost inexistent after 27 h infection, 

indicating macrophage clearance. As a consequence, their mean dsRed intensity could not be 

measured.  

 

Figure 3.14: Subsistence and survival of the ΔvirB9 and Gm-killed 
bacteria in RAW macrophages. (A) Percentage of cells associated with at 
least one True Infection site identified with the NR-pipeline at 5 and 27 hpi. 
Horizontal lines show the average ±SD, n=2 (2 x 2 technical replicates). Data 
were analyzed using a paired t-test (**p≤ 0.01). (B) Average of the mean 
dsRed intensity of one pixel within a True Infection site in the ΔvirB9 
population at 5 and 27 hpi. Horizontal lines show the average, n=2.  

These data suggest that ΔvirB9 mutant strain is impaired in entry and/or early survival and 

confirm their known incapacity to replicate inside the cells. Moreover, after 27 h in 

macrophages the ΔvirB9 bacteria displayed a lower dsRed fluorescence. Interestingly, Gm-

killed bacteria were not cleared until 5 hpi but only within the following 22 h. Albeit the dsRed 

seems to be stable over time [51], Gm-killed bacteria were dead for 48 h when imaged, which 

could also lead to a decrease in dsRed fluorescence intensity, thus preventing their detection 

with the CellProfiler pipelines.   

3.2.5 Dose-response of the plasmid-encoded GFP to aTc in B. abortus 
We then measured the ability of B. abortus pAC042.8 (section 3.1.3, Figure 3.4A) to respond 

to an inducer during infection. 
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3.2.5.1 B. abortus WT show a homogeneous concentration-dependent 

response to the inducer inside macrophages 
Before measuring the concentration-response to the aTc of the WT bacteria after 23 h infection 

in RAW macrophages, we calculated the percentage of cells containing microcolonies for each 

aTc concentrations using the MC-pipeline (Figure 3.13E). As the differences with the condition 

without aTc was less than 3 fold, we further analyzed the data generated by the MC-pipeline 

(data not shown).  

Increasing aTc concentrations correlated with an increase in the GFP intensity for all identified 

microcolonies (Figure 3.15A). The dsRed intensity and the area of the infection sites strongly 

correlated (R2= 0.89, Figure 3.15B). Thus, to analyze the GFP signal independently from the 

size of the microcolonies, GFP intensities were normalized either to the area or to the dsRed 

intensity. To obtain a more homogenous distribution and resolution, the response to aTc was 

based on the ratio of the GFP intensity divided by the dsRed intensity as the intensities are 

continuous values unlike the ones of the area. Using the median of the GFP/dsRed ratio (Figure 

3.15C), we draw a concentration-response curve to aTc (Figure 3.15D). At 100 ng/ml, the GFP 

intensity reached a plateau therefore, we used this saturating concentration in the following 

assays [8].  
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Figure 3.15: Dose-response of the promoter to aTc in intracellular 
Brucella. RAW macrophages were infected for 27 h with B. abortus 
pAC042.8 constitutively expressing dsRed and expressing GFP under a 
tetracycline-inducible system. (A) Scatter plot showing the integrated GFP 
and dsRed intensities of each microcolony identified in conditions with 
increasing concentration of anhydrotetracycline (aTc). (B) Scatter plot 
displaying the integrated dsRed intensity versus the area for each 
microcolony. The straight-line fit (R²=0.89) indicates a strong correlation 
between both measurements. (C) Size-independent response of the bacteria 
to the inducer with increasing concentration of aTc displayed as a box plot. 
The line in the middle of the box represents the median. (D) Concentration-
response curve of the bacteria to the inducer. Displayed are the median values 
from the populations plotted in panel (C), n=1.  

We then used the median of the GFP/dsRed ratio (100 ng/ml aTc) as a readout to measure the 

response of the WT population to the inducer. Under these conditions we observed a 7 (6.2 - 

7.7) fold increase of the median of the WT population after induction (Figure 3.16A-C).  

Then we looked at the distribution of the single infection sites based on the GFP/dsRed 

intensities ratio and set up a visual threshold between GFP negative (GFP-) and GFP positive 
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(GFP+) events based on the non-induced condition (Figure 3.16D). About 99% of the WT 

microcolonies were considered as GFP+ (Figure 3.16D and E).  

Gm-killed bacteria are not expected to respond to the inducer so we used this condition as an 

internal control of our experiment. Since the percentage of cells containing microcolonies of 

Gm-killed bacteria was more than 3 fold below the WT condition (data not shown), the images 

were analyzed using the NR-pipeline (Figure 3.13E). After induction, we did not observe any 

obvious increase of the GFP intensity compared to the non-induced Gm-killed population 

(Figure 3.16B and C). Looking at the single infection sites, the proportion of GFP+ bacteria 

were similar with and without the addition of the inducer (Figure 3.16D and E). It can be noted 

that the percentages of GFP+ Gm-killed bacteria, with and without the inducer, are higher than 

the ones observed for the un-induced WT and ΔvirB9 strains. These elevated level of GFP+ 

might be explained by the fact that Gm-killed bacteria display a low dsRed fluorescence leading 

to high values when calculating the ratio GFP/dsRed intensities.  

Together those data validated the newly established analysis pipelines to use GFP expression 

as a read-out for the identification of transcriptionally and translationally active bacteria.  

3.2.5.2 The ΔvirB9 mutant does not respond to the inducer after 27 h in 

macrophages  
We previously showed that the non-replicative intracellular ΔvirB9 mutant bacteria displayed 

a lower dsRed intensity than the WT bacteria after 27 h in RAW macrophages (section 3.2.4, 

Figure 3.14). To better understand the state of the intracellular ΔvirB9 mutant, we used the 

response to the inducer as a read-out. As for the Gm-killed bacteria, the percentage of cells 

containing ΔvirB9 mutant microcolonies was at least 3 fold below the one of the WT condition 

(data not shown) thus, the images were analyzed using the NR-pipeline (Figure 3.13E). After 

induction, the ΔvirB9 population did not show any increase in the GFP intensity (Figure 3.16B 

and C). Strikingly, the proportion of GFP+ ΔvirB9 bacteria before and after induction did not 

change (Figure 3.16D and E). The data were similar to the ones of the Gm-killed bacteria 

strongly suggesting that the ΔvirB9 mutant failed to survive within the macrophages which is 

consistent with previously published data [49]. Yet, CFUs counting would be required to further 

validate this finding. 
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Figure 3.16: Response of intracellular B. abortus to an inducer. RAW 
macrophages were infected with B. abortus WT, Gm-killed WT or ΔvirB9 
mutant for 27h. Cells were treated with aTc (100 ng/ml) at 23 hpi. 
(A)  Representative images from RAW macrophages infected for 27 h with 
B.  abortus WT, with or without aTc induction. Bacteria constitutively 
expressed dsRed (magenta) and expressed GFP under the response to the 
inducer (yellow). Macrophage nuclei were stained with DAPI (cyan). (B) Box 
plot showing the size-independent response of the bacterial population to the 
inducer. (C) Fold induction of the bacterial population response to the 
inducer. Fold induction was calculated by dividing the median values of the 
induced population (B) by the non-induced one between matching conditions. 
Each dot represents one independent replicate, the horizontal line represents 
the mean, n=2. (D) Representative dot plot of an experiment performed in 2 
independent replicates showing the distribution of the infection sites based on 
the integrated GFP/dsRed intensities ratio. The horizontal line represents the 
threshold between GFP positives (GFP+) and GFP negatives (GFP-) infection 
sites. (E) Percentage of GFP+ infection sites. Horizontal bars represent the 
mean, n=2.  

3.2.5.3 A small proportion of intracellular bacteria is able to respond to aTc 

after antibiotic treatment 
To identify and quantify surviving intracellular bacteria that are able to respond to an inducer 

after 23 h of antibiotic treatment, infected RAW macrophages with B. abortus pAC042.8 were 
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treated with ciprofloxacin or doxycycline. 23 hpi, GFP expression was induced by the addition 

of aTc to the extracellular medium for 4 h before fixation with PFA (Figure 3.18A). 

We initially evaluated the effect of antibiotic treatment on the number of infected cells with 

replicative and non-replicative infection sites. To do so we analyzed all the conditions with the 

NR-pipeline similarly to section 3.2.4 (Figure 3.14). The addition of ciprofloxacin markedly 

decreased the number of infected cells to 18% (± 6.2%) compared to 37% (± 7.5%) in the 

untreated-condition (Figure 3.17A and B). Doxycycline treatment seemed to have a stronger 

effect than ciprofloxacin as the percentage of infected cells dropped to 6.5% (Figure 3.17B). 

Consistent with the incapacity of the Gm-killed bacteria and ΔvirB9 mutant to respond to the 

inducer (section 3.2.5.2), the addition of ciprofloxacin or doxycycline on RAW macrophages 

infected with Gm-killed bacteria or with ΔvirB9 mutant bacteria did not decrease the number 

of infected cells which constitutes one more evidence that the ΔvirB9 mutant does not survive 

27 h in macrophages (Figure 3.17B).  

To assess whether the antibiotics were able to prevent the intracellular growth of B. abortus in 

RAW macrophages, we then analyzed our data with the MC-pipeline and measured the 

percentage of cells containing microcolonies. After 27 h infection and without antibiotic 

treatment, 11% (± 0.93%) of the macrophages contained microcolonies in the WT condition 

(Figure 3.17A and C). After ciprofloxacin or doxycycline treatment the percentage of 

macrophages containing microcolonies dropped to 2.3% (± 1.7%) and 0.3% (0.28-0.32%), 

respectively (Figure 3.17C). Thus, these data demonstrate the capacity of ciprofloxacin and 

doxycycline antibiotics to prevent the intracellular growth of B. abortus. The addition of the 

antibiotics on RAW macrophages infected with Gm-killed bacteria or with ΔvirB9 mutant 

bacteria did not decrease the proportion of cells containing microcolonies compared to non-

antibiotic-treated conditions (Figure 3.17C). 
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Figure 3.17: Ciprofloxacin and doxycycline prevent intracellular growth 
of B. abortus in RAW macrophages. RAW macrophages were infected with 
WT, ΔvirB9 mutant and Gm-killed bacteria containing the plasmid pAC042.8 
and treated or not with ciprofloxacin (20 µg/ml) or doxycycline (100 µg/ml) 
and fixed at 27 hpi. (A) Representative images from RAW macrophages 
infected for 27 h with B. abortus WT treated or not with ciprofloxacin (20 
µg/ml). Bacteria constitutively expressed dsRed (magenta) and macrophage 
nuclei were stained with DAPI (cyan). Microscopy images were analyzed 
with either NR-pipeline to determine the percentage of cells infected with 
replicative and non-replicative infections sites (B) or MC-pipeline to 
determine the percentage of cells containing microcolonies (C). Individual 
data points are displayed. The top of the bars represent the average with 
associated error bars when n ≥ 3 or min/max when n=2. Data were analyzed 
using an unpaired t-test (***p≤ 0.001).  

We further analyzed the conditions where the percentage of cells containing microcolonies were 

at least 3 times below the one of the WT condition (Figure 3.17C) with the NR-pipeline (Figure 

3.13E). We first looked at the mean GFP/dsRed in absence of the inducer for each condition to 

control the potential effect of the antibiotics on the GFP fluorescence (Figure 3.18B). The ratio 

were similar between the WT and the ciprofloxacin conditions. However, doxycycline 

treatment significantly increased the GFP/dsRed ratio compared to the WT condition, as we 

could have expected because doxycycline belongs to the tetracycline family and thus binds also 

to Tet operator (Figure 3.4). This induction prevented further analysis of the doxycycline-

treated cells regarding the GFP fluorescence (Figure 3.18B).  
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To estimate the fraction of intracellular bacteria responding to aTc, we measured the proportion 

of GFP positive (GFP+) non-replicative (NR)-infection sites after antibiotic treatment, with and 

without the addition of the inducer as described in Figure 3.18A. False-positive couldn’t be 

fully excluded, indeed, 0.3% (± 0.16%) of the infection sites were detected as GFP+ after 

ciprofloxacin treatment in absence of the inducer (Figure 3.18C). Nevertheless, almost 2% (± 

1%) of the intracellular NR-infection sites were able to respond to the inducer which represents 

a 7 fold (± 4) increase compared to the condition without the inducer (Figure 3.18C and D).  

 

Figure 3.18: A fraction of B. abortus is able to respond to aTc after 
antibiotic treatment in macrophages. (A) Experimental set-up for the 
visualization of B. abortus responding to aTc after antibiotic treatment in 
macrophages. RAW macrophages were infected with B. abortus for 1 h. 
Infected cells were then washed and gentamicin (100 µg/ml) was added to the 
medium with or without addition of the tested antibiotic (ciprofloxacin or 
doxycycline). 23 hpi, aTc was added to the medium and infected 
macrophages were fixed in PFA prior microscopy imaging. (B) Average of 
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the size-independent GFP fluorescence of the infection sites in absence of the 
inducer. Horizontal lines represent the mean ±SD, n=2 (2 x 3 technical 
replicates). Data were analyzed using a paired t-test (ns, non-significant p< 
0.05; ***p≤ 0.001. (C) Percentage of GFP positive (GFP+) infection sites 
with and without the inducer after antibiotic treatment. Data represent 
independent replicates, horizontal lines show the mean, n=6 for ciprofloxacin 
condition, and n=2 for doxycycline condition. Data were analyzed using a 
paired t-test (**p≤ 0.01). (D) Representative images from RAW macrophages 
infected for 27 h with B. abortus WT, treated with ciprofloxacin (20 µg/ml) 
and induced. Bacteria constitutively expressed dsRed (magenta) and 
expressed GFP under the response to the inducer (yellow). Macrophage 
nuclei were stained with DAPI (cyan). Arrows show the responsive bacteria 
with GFP and dsRed overlapping signals.  

3.2.6 Summary 
To summarize, we developed 2 pipelines that allow the identification of non-replicative 

infection sites as well as microcolonies. Using these pipelines, we gave further confirmations 

that the ΔvirB9 mutant is not able to survive 27 h in macrophages. In addition, we showed that 

the reporter plasmid pAC042.8 is a valid tool to measure the ability of intracellular bacteria to 

respond to an inducer. Using a WT strain carrying this reporter plasmid, we demonstrated that 

2% of the of the intracellular B. abortus are still transcriptionally and translationally active after 

23 h of antibiotic treatment. These responsive bacteria are likely to represent the persister 

population, or at least part of it, identified during the macrophage infections described in 

sections 3.2.1 and 3.2.2. 

3.3  Does the drug reach Brucella in humans? 

3.3.1 Inhibition of B. abortus intracellular growth in macrophages by 

antibiotics used in the clinic 
Besides persisters, there are various reasons that could explain the observed relapses during or 

following therapy against brucellosis. One of those could be the difficulty of the applied drug(s) 

to reach Brucella in humans (section 1.1.2.3). Indeed, as B. abortus is an intracellular pathogen, 

drugs have to cross numerous barriers before accessing the bacteria. Here we adapted our 

established infection model to test the capacity of several antibiotics to prevent intracellular 

growth. Additionally, we took advantage of the B. abortus pAC042.8 strain (section 3.1.3 and 

Figure 3.4A) to measure the ability of the treated bacteria to respond to aTc after antibiotic 

treatment. Response to the inducer was used as a proxy for the transcriptional and translational 

bacterial activity during antibiotic treatment. Infections were performed as described previously 

(section 3.2.5.3 and Figure 3.18A) and subsequently treated for 23 h with a continuous 

concentration range of ciprofloxacin, doxycycline, tetracycline, rifampicin, or streptomycin. 
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The concentration range was defined to cover MIC x1 (Table 3.1), at least MIC x50, and the 

serum concentration reachable in humans [52-55]. aTc was added to the infected cells 4 h before 

fixation. Infected cells were imaged and analyzed with the MC-pipeline (section 3.2.3). We 

observed a gradual decrease in the percentage of cells containing microcolonies when 

increasing the antibiotic concentration of ciprofloxacin, doxycycline, tetracycline, and 

rifampicin (Figure 3.19A-C and E-F). The decrease in the infection rate was statistically 

significant after ciprofloxacin, doxycycline and rifampicin treatments (Figure 3.19A, B and E). 

Despite a clear trend after tetracycline treatment, more replicates would be required to get 

statistical differences, likely due to the intrinsic variability of the assay. In contrast, addition of 

streptomycin did not impair the intracellular growth of B. abortus (Figure 3.19D). Preliminary 

data showed that cefotaxime was also, unable to prevent intracellular growth of B. abortus (data 

not shown). 
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Figure 3.19: Antibiotics successfully inhibit B. abortus replication in 
RAW macrophages. RAW macrophages were infected with B. abortus 
pAC042.8 and treated with increasing concentration of ciprofloxacin (A), 
doxycycline (B), tetracycline (C), streptomycin (D) or rifampicin (E) for 
23  h. Data represent independent replicates, horizontal lines show the mean 
±SD, n=3. Data were analyzed using a paired t-test (ns, non-significant 
p>  0.05; *p≤ 0.05; **p≤ 0.01). (F) Representative images of RAW 
macrophages infected for 27 h with B. abortus WT and treated with 
increasing concentration of rifampicin. Bacteria constitutively expressed 
dsRed (magenta) and macrophage nuclei were stained with DAPI (cyan).  

3.3.2 Minimum growth- and response-inhibitory concentration of 

antibiotics against intracellular B. abortus 
We then used the dsRed fluorescence as a proxy for intracellular bacterial growth. The dsRed 

intensities displayed similar values as the untreated control (blue line) for low concentrations 

of ciprofloxacin, rifampicin, and doxycycline (Figure 3.20A-C). This plateau was followed by 

a steep decrease until it reached the minimal dsRed intensity indicating intracellular growth 

inhibition (Figure 3.20A-C). At high antibiotic concentrations, the dsRed intensities reached a 

plateau which is due to the application of a threshold on the dsRed intensity for the detection 

of bacteria in CellProfiler software (section 3.2.3). Already at the lowest applied concentration, 

tetracycline led to a decrease of the dsRed intensity compared to the control condition 

suggesting a stronger killing effect compared to the other tested antibiotics (Figure 3.20E). 

Streptomycin treatment did not reduce the dsRed intensity consistent with what was observed 

for the percentage of cells containing microcolonies (Figure 3.20D). 

To evaluate the ability of the intracellular bacteria to respond to the inducer, we used the ratio 

GFP/dsRed intensities as described before (section 3.2.3).  

Similarly to the trend observed for the dsRed intensities, the GFP/dsRed ratio remained constant 

at low concentration of ciprofloxacin and rifampicin (Figure 3.20A and C). The plateau was 

followed by a decrease and stabilization at high concentrations. The decrease after tetracycline 

treatment was milder compared to ciprofloxacin and rifampicin but a plateau was reached at a 

high concentration as well (Figure 3.20E). Consistent with the observations made in section 

3.2.5.3, Figure 3.18, doxycycline treatment led to a strong increase of the GFP/dsRed ratio 

above the untreated control (blue line, Figure 3.20B). The GFP/dsRed ratio decreased when 

doxycycline concentration increased until 100 µg/ml doxycycline, where we observed a sudden 

rise of the GFP/dsRed ratio (Figure 3.20B). Meanwhile, GFP-based fluorescence analysis is 

not compatible with doxycycline treatment as already mentioned in section 3.2.5.3. The 



3 Results  

84 

GFP/dsRed ratio remained constant after streptomycin treatment consistent with the inability 

for this antibiotic to kill intracellular Brucella (Figure 3.20D).  

 

Figure 3.20: MGCs and MRCs of monotherapy treatment on 
intracellular B. abortus. RAW macrophages were infected with B. abortus 
pAC042.8 and treated with increasing concentrations of antibiotics for 23 h. 
Microcolonies were identified using the MC-pipeline. The average integrated 
dsRed intensity of the microcolonies for each condition was extracted (n=3) 
and fitted with the Gompertz algorithm to determine the Minimum Growth-
inhibitory Concentration (MGC) of ciprofloxacin (A), doxycycline (B), 
rifampicin (C), streptomycin (D) and tetracycline (E). The GFP/dsRed 
integrated intensity ratio was extracted for each condition (n=2) and fitted 
with the Gompertz model to determine the Minimum Response-inhibitory 
Concentration (MRC) of ciprofloxacin (A), doxycycline (B), rifampicin (C), 
streptomycin (D) and tetracycline (E). Data show individual replicates and 
the fitting model (black continuous line), MGCs and MRCs were defined at 
the crossing of the slope (red dotted line) and the bottom plateau (dotted black 
line). Blue lines represent the value measured in the control conditions 
without antibiotic treatment. 
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We used the Gompertz algorithm [56] to fit our data and to define (i) the minimum antibiotic 

concentration inhibiting intracellular growth named here as Minimum Growth-inhibitory 

Concentration (MGC), and (ii) the minimum antibiotic concentration preventing bacterial 

response to the inducer termed here as Minimum Response-inhibitory Concentration (MRC). 

MGC was derived from the dsRed measurements whereas MRC was calculated on the basis of 

the GFP/dsRed ratio. 

We used the R² value to assess whether the fitting was realistic. Above 0.9, the fitting was 

considered as reliable to extract the MGCs and MRCs values. MGC and MRC were determined 

at the intersection of the slope with the bottom plateau from the Gompertz fitting (Figure 3.20), 

values were reported in Table 3.5. Streptomycin treated conditions displayed fittings with R² 

values below 0.9 preventing the measurement of the MGC and the MRC (Figure 3.20D). The 

determination of the MRC was not possible for the doxycycline-treated condition as the data 

fitting of the GFP/dsRed ratio was below 0.9 as well (Figure 3.20B).  

MRCs were higher than the MGCs for rifampicin and tetracycline but not for ciprofloxacin, 

where the MGC and MRC were almost the same (Table 3.5). Interestingly, only rifampicin and 

tetracyclines exhibited MGCs lower than the maximum concentration reachable in human 

serum (Table 3.5). 

Antibiotic(s) MGC MRC 

Maximum 
concentration 

reached in human 
serum 

 µg/ml SE µg/ml SE µg/ml 

Ciprofloxacin 6.73 1.12 6.82 (very wide) 2.2 [54] 

Rifampicin 6.57 4.54 10.52 (very wide) 10 [53] 

Tetracycline 0.86 1.32 4.89 1.41 3-5 [52] 

Doxycycline 6.09 1.27 - - 2 [52] 

Streptomycin >400 - - - 30-40 [55] 

DOX–STREP Dox 1.58  - - - - Strep 3.16  

DOX-RIF Dox 1.64  - - - - Rif 1.64 

TET–STREP Tet 0.79 - Tet 3.39 3.13 - 80 - Strep 3.26 Strep 17.36 

TET-RIF Tet 0.79  - Tet 0.81   0.78 – 1.6 - Rif 1.63 Rif 1.67  
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Table 3.5: MGCs and MRCs of antibiotics against intracellular 
B.  abortus. Minimum Growth-inhibitory Concentration (MGC) and 
Minimum Response-inhibitory Concentration (MRC) values were extracted 
from the data fitted with the Gompertz model. SE: standard error, n=3 for 
MGCs and n=2 for MRCs. 

In the clinic, the recommended brucellosis treatment consists of a combination of two 

antibiotics (section 1.2.5.1). Here we tested the recommended regimen doxycycline with 

streptomycin (DOX-STREP) or rifampicin (DOX-RIF). In parallel, we also analyzed the effect 

of tetracycline with streptomycin (TET-STREP) or rifampicin (TET-RIF). To determine the 

MGC and the MRCs for dual-treatment, the matching concentrations (ie. A, B, …F) were 

combined and tested (Table 3.6). MGCs and MRCs were back-calculated based on the fitted 

data. 

Concentration 
(µg/ml) Ciprofloxacin Doxycycline Tetracycline Streptomycin Rifampicin 

A 0.078 0.1 0.04 0.64 0.064 
B 0.312 0.4 0.19 2 0.32 
C 1.25 1.6 0.78 3.2 1.6 
D 5 6.25 3.125 16 8 
E 20 25 12.5 80 40 
F 40 100 50 400 100 

Table 3.6: Tested antibiotic concentrations. 

Unlike doxycycline, streptomycin or rifampicin alone, combinations of DOX-STREP or DOX-

RIF at the lowest concentration already showed a decrease in the measured dsRed intensities 

compared to the untreated condition (Figure 3.21A and B, blue line). Similarly, the 

combination of tetracycline with streptomycin or rifampicin showed a stronger decrease in the 

measured dsRed intensities than tetracycline treatment alone at the lowest concentration 

(Figure 3.21C and D). Consistently with doxycycline treatment, DOX-STREP and DOX-RIF 

treatments resulted in higher GFP/dsRed values than for the untreated condition, thereby 

preventing the use of GFP expression as a read-out for the analysis (Figure 3.21A and B). The 

GFP/dsRed ratio in TET-STREP conditions showed similar trend as for tetracycline used alone. 

However, tetracycline and rifampicin treatments seemed to be more efficient combined than 

alone (Figure 3.21D). Looking at the MGC, the combination DOX-STREP was more efficient 

than doxycycline alone (Table 3.5). Similar results were observed for DOX-RIF that seemed 

to decrease the MGC when combined. The combination TET-STREP did not seem to have an 

advantage over the single use of tetracycline neither on the MGC nor on the MRC. TET-RIF 

combination displayed a reduced MGC than rifampicin alone but the effect was even greater 

on the MRC values (Table 3.5). 
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Figure 3.21: MGCs and MRCs of dual-therapy treatment on 
intracellular B. abortus. Experimental conditions and analysis were 
performed as described in Figure 3.20. MGC was determined for doxycycline 
combined to streptomycin (A), doxycycline combined to rifampicin (B), 
tetracycline combined to streptomycin (C) and tetracycline combined to 
rifampicin (D). MGCs and MRCs were defined at the crossing of the slope 
(red dotted line) and the bottom plateau (dotted black line). Blue lines 
represent the value measured in the control conditions without antibiotic 
treatment. Concentrations are reported in Table 3.6. 
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3.3.3 Summary 
Taken together, those data showed that the combination of two antibiotics decreases the MGC 

compared to the use of an antibiotic alone. In our assay, the regimen including tetracycline 

showed MGC as low or lower than the gold standard DOX-RIF combination. Although 

streptomycin doesn’t seem to penetrate the eukaryotic cells, we measured an increase on the 

effect of doxycycline and tetracycline. As already mentioned, our cell assays are all performed 

in the presence of gentamicin, to prevent extracellular growth of Brucella and possible re-

infection. Streptomycin and gentamicin belongs to the aminoglycoside family, thus, at this 

stage, we cannot exclude an effect of gentamicin on the measured intracellular killing of 

B.  abortus in this experimental set-up, as observed with streptomycin. Finally, we 

demonstrated the potential of our model to test antimicrobials efficacy on the growth as well as 

the transcriptional and translational activity of intracellular B. abortus.   
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4.1  Reagents 

Reagent or resource Source Catalog 
number 

Chemicals   
Tryptic Soy Broth (TSB) Sigma-Aldrich 22092 
Tryptic Soy Agar (TSA) Difco 236950 
Brucella agar Sigma-Aldrich 18795 
Sheep blood, defibrinated Oxoid SB055 
Dubelcco’s Modified Eagle Medium (DMEM) + 
GlutaMAX 

Gibco 61965-026 

Fetal Calf Serum (heat-inactivated) Gibco 10270 
Gentamicin Sigma-Aldrich G1397 
Phosphate-buffered salines (PBS) Gibco 20012 
Paraformaldehyde (PFA) Sigma-Aldrich P6148 
Triton X-100 Sigma-Aldrich T9284 
Anhydrotetracycline hydrochloride Sigma-Aldrich 97919 
DAPI (4’, 6’-diamidino-2-phenylindole) Sigma-Aldrich D9542 
Kanamycin sulfate Sigma-Aldrich 60615 
ciprofloxacin Sigma-Aldrich 17850 
Streptomycin Sigma-Aldrich S9137 
Rifampicin Sigma-Aldrich R3501 
Cefotaxime Sigma-Aldrich C7912 
Tetracycline Sigma-Aldrich 87128 
Doxycycline Sigma-Aldrich D9891 
Doxycycline E-test  Liofilchem 921561 
Ciprofloxacin E-test Liofilchem 920451 
Gentamicin E-test Liofilchem 920091 
Cefotaxime E-test Liofilchem 920070 
Streptomycin E-test Liofilchem 921121 
Tetracycline E-test Liofilchem 921141 
Rifampicin E-test Liofilchem 920011 
Water for molecular biology BioConcept 3-07F04-H 
Restrictive medium (pH 6.8-7): [1]  

D(+)-Glucose monohydrate Merck 14431-43-7 
Yeast extract Oxoid LP0021 
Ammonium sulfate Merck 101217 
Sodium thiosulfate pentahydrate Sigma-Aldrich 217247 
Magnesium sulfate Sigma-Aldrich 63140 
Manganese sulfate Sigma-Aldrich M7634 
Potassium dihydrogen phosphate Merck 7778-77-0 

Materials   
96-well plate, flat clear plastic bottom black 
polystyrene TC-treated  

Corning 3904 

96-well plate, flat clear glass bottom black  Greiner bio-one 655892 
CountBright Absolute Counting Beads, for flow 
cytometry 

ThermoFisher C36950 

Experimental Models: Organisms/Strains   
Brucella abortus 2308 WT   
Brucella abortus 2308 pAC042.08 (aphT::dsRed 
tetO::tetR-gfp) 

[2]  



4.2 Bacteria culture conditions 

95 

Reagent or resource Source Catalog 
number 

Brucella abortus ΔvirB9 [3]  
Brucella abortus ΔvirB9 pAC042.08 
(aphT::dsRed tetO::tetR-gfp) 

This study  

RAW 264.7 mouse macrophage cell line ATCC TIB-71TM 
Software and Algorithms   
FlowJo FlowJo LLT, version 

10.6.1 
 

CellProfiler [4], version 2.2.0  
TIBCO Spotfire Analyst TIBCO, version 7.11.1 

LTS 
 

KNIME  [5], version 3.7.2  
GraphPad Prism GraphPad, version 

8.0.2 
 

OMERO.insight [6], version 5.4.10  

Table 4.1: List of the reagents used in this study. 

When no references, the schemes in this thesis were created with Biorender.com. 

4.2  Bacteria culture conditions 
Bacterial strains were stored as frozen aliquots in 10% skim milk at -80°C and thawed to 

inoculate cultures. Bacteria were routinely grown in tryptic soy broth (TSB) medium, 

supplemented with 50 µg/mL kanamycin when indicated, at 37 °C with shaking (100 rpm).  

4.3  Susceptibility testing 
Minimum inhibitory concentrations (MICs) were determined for gentamicin, cefotaxime, 

ciprofloxacin, streptomycin, doxycycline, tetracycline, and rifampicin on Brucella agar plates 

containing 5% defibrinated sheep blood. Brucella abortus were grown in TSB medium for 20  h 

at 37°C to an OD600 of 1. We performed a 1:4 dilution of the bacterial culture in PBS and 80  μl 

of this suspension were spread on the agar plate. One to two E-test strips were placed on the 

agar and MICs were read after 3 days of incubation at 37°C. 

4.4  Killing kinetics 
B. abortus were grown in TSB as described in section 4.2 for either 17 h or 24 h to OD600 0.3 

or 1.5, respectively. Bacterial cultures were diluted 1:10 in fresh TSB containing streptomycin 

(200 µg/ml), ciprofloxacin (10 µg/ml), cefotaxime (100 µg/ml), or gentamicin (100 µg/ml) for 

different amount of time. For cefotaxime treatment, the culture was diluted to 1:50 as higher 

density resulted in clumping of the bacteria, which interfered with accurate CFU determination. 

At each time point, an aliquot of the bacterial culture was taken and spin down for 5 min at 

12 ,000 rpm. The supernatant was discarded and resuspended in PBS. The centrifugation step 
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and the PBS wash were repeated once more before resuspending the bacterial pellet in PBS. 

Serial dilutions (1:5) were performed in 96-well plates using PBS and 9 ul of each dilution were 

plated on plain tryptic soy (TS) square agar plate. After 3 days at 37°C, CFUs were counted 

and the survival ratio was determined by dividing the obtained CFU before and after antibiotic 

treatment. When ≥ 1 out of 3 replicates showed zero CFU, the value was set to the detection 

limit of that experiment: gentamicin, OD600 0.3: 2.1 x 10-07 ±9.9 x 10-07, OD600 1.5: 2.3 x 10-07 

±9 x 10-08 and, streptomycin, OD600 0.3: 9.5 x 10-07 ± 5.7 x 10-07.  

4.5  Growth curve and survival ratio 
TSB or restrictive medium (RM) was inoculated with B. abortus and incubated at 37°C. At 

defined time points, OD600 was measured and an aliquot of the bacterial culture was serial 

diluted in PBS as described in section 4.4 and plated on TS agar plate. After 3 days at 37°C, 

CFUs were counted. To assess the proportion of persisters, for each time point an aliquot of the 

culture was taken and diluted 1:1,000 in fresh TSB containing 10 µg/ml ciprofloxacin. The 

subcultures were incubated for 24 h at 37°C with shaking (100 rpm). After 24 h, an aliquot of 

the treated culture was spin down and treated as described for the killing kinetics in section 4.4 

to measure the survival ratio. 

4.6  Dilution of the inoculum and measure of survival ratio 
To measure the persister frequency with different starting amounts of the inoculum, we first 

diluted the inoculum 1:250, followed by a 1:10,000 dilution (final dilution 1:2,500,000) and 

incubated the culture at 37°C with shaking (100 rpm). Once the culture reached OD600 1.2, the 

culture was diluted 1:10 in TSB containing 10 µg/ml ciprofloxacin and incubated for 24 h. In 

parallel, the culture was diluted once more 1:1,136 and incubated until it reached OD600 1.2. 

Then, bacteria were subcultures 1:10 in TSB containing 10 µg/ml ciprofloxacin for 24 h before 

plating. To assess the persister frequency in the frozen inoculum (section 4.2), we directly 

diluted the inoculum 1:1,000 in TSB containing 10 µg/ml ciprofloxacin and incubated 24 h at 

37°C. After 24 h incubation in the antibiotic medium, an aliquot of the cultures was spin down 

and treated as described for the killing kinetics in section 4.4 to measure the survival ratio. 

4.7  PCR analysis and sequencing 
In order to further characterize the StrepR mutant bacteria, 8 colonies from the streptomycin TS 

agar plate were heat-killed in molecular biology water for 30 min at 90°C. The rpsL gene was 

amplified by PCR using primers prMQ1910 (ATGCCTACCGTAAACCAGCTT) and 

prMQ1911 (TTACTTCGGACGCTTTGCACCGT). The resulting amplified PCR products 
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were cleaned up with the Wizard SV System (Promega) and analyzed by DNA sequencing 

using prMQ1911. The sequencing of the gene was performed by Microsynth. 

4.8  Flow cytometry and survival ratio 
Brucella abortus carrying the pAC042.08 plasmid were grown for 24 h in TSB at 37°C 

supplemented with 50 μg/mL kanamycin. Once the OD600 reached 1.4, bacterial culture was 

diluted 1:5,000, 1:50 or 1:10 in TSB, TSB containing 100 µg/ml cefotaxime or TSB containing 

10 µg/ml ciprofloxacin, respectively. Subcultures were incubated for 24 h at 37°C. 24 h later, 

GFP expression was induced by the addition of 100 ng/ml anhydrotetracycline (aTc) for 4 h. 

After induction, bacteria were spin down 5 min at 12,000 rpm and resuspended in PBS. The 

centrifugation step was repeated once more. For bacterial regrowth, bacteria were resuspended 

in fresh TSB, diluted 1:5 in TSB and incubated for 24 h at 37°C. For flow cytometry analysis, 

samples were diluted 1:4 in 3.7% PFA (in HEPES buffer) and fixed for 30 min at room 

temperature (RT). After fixation bacteria were spin down and resuspended in 0.22 µm filtered-

PBS. Counting beads were added to each sample before flow cytometry analysis. Based on the 

concentration of the beads, we could calculate the bacterial concentration in every sample. 

Matching samples were spotted on TS square plates as described for the killing kinetic (section 

4.4).  

4.9  Cell line and culture 
All experiments were performed in the murine macrophages cell line RAW 264.7. 

Macrophages were maintained at 37°C and 5% CO2 in Dulbecco Modified Eagle Medium 

(DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS). 

4.10  RAW macrophages infection 
Infections were performed in plastic or glass-bottom (for microscopy) 96-well plates. Bacteria 

were grown as described previously [7], [2]. In short, B. abortus pAC042.8 strains were grown 

in TSB containing 50 µg/ml kanamycin for 20 h at 37°C and shaking (100 rpm) to mid-

exponential phase (OD600: 0.8 - 1.1). For gentamicin (Gm)-killed bacteria, a 20 h-B. abortus 

pAC042.8 culture was treated with 100 µg/ml gentamicin for 24 h prior to infection. Bacteria 

were then diluted in DMEM/10% FCS and added to the macrophage at a final multiplicity of 

infection (MOI) of 50. Plates were centrifuged at 400 X g for 10 min at RT. After 1 h of 

incubation at 37°C and 5% CO2, cells were washed once with DMEM/10% FCS containing 

gentamicin (100 µg/ml) and incubated in the gentamicin-medium to kill extracellular bacteria. 
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After 5h, the medium was exchanged to DMEM/10% FCS containing 10 µg/ml gentamicin. 

The following steps are described below for each experimental set-up. 

4.10.1 Survival of intracellular B. abortus after in-broth antibiotic killing 
After the indicated time points, cells were washed once with PBS and lysed with 0.1% Triton 

X-100 (in water). After 10 min, lysed cells were collected by pipetting up- and down and spin 

down for 5 min at 12 000 rpm. The supernatant was discarded and the pellet was washed 2 

times in PBS before resuspension of the bacterial pellet in TSB. The collected bacteria were 

subcultured in TSB containing ciprofloxacin (10 µg/ml). After 24 h, an aliquot of the treated 

culture was spin down and treated as described for the killing kinetics (section 4.4). The 

survival ratio was determined by dividing the obtained CFUs before and after antibiotic 

treatment. 

4.10.2 Survival of intracellular B. abortus after antibiotic treatment of the 

infected cells 
After 1 h incubation of the infected cells, ciprofloxacin (20 µg/ml) or doxycycline (100 µg/ml) 

was added to the medium containing 100 µg/ml gentamicin. At 6 hpi, the medium was replaced 

with DMEM/10% FCS containing 10 µg/ml gentamicin together with the antibiotics initially 

added. Infected macrophages were lysed and washed as described in section 4.10.1. Pellets 

were resuspended in PBS and plated on TS agar plate as described in section 4.4. The survival 

ratio was determined by dividing the obtained CFUs after antibiotic treatment by the number 

of CFUs at 6 hpi. Because of technical reasons due to the BSL3 set-up, the 6 h time point could 

not be assessed in this experiment (Figure 3.8). To determine the number of bacteria after 6 h 

in RAW macrophages, we calculated the fold increase between the CFUs measured at 6 and 24 

hpi in section 3.2.1 (Figure 3.7). Using this factor we could back-calculate the expected number 

of CFUs at 6 hpi in this experiment (section 3.2.2).  

4.10.3 Infection for microscopy analysis  
After 1 h incubation of the infected cells, ciprofloxacin, doxycycline, rifampicin, tetracycline 

or streptomycin was added to the medium containing 100 µg/ml gentamicin when indicated. 

5  hpi, the medium was replaced with DMEM/10% FCS containing 10 µg/ml gentamicin and 

the corresponding antibiotics previously added. 23 hpi, medium was replaced with DMEM/10% 

FCS containing 100 ng/ml aTc. 4 h later, cells were washed once with PBS and finally fixed 

for 20 min in 3.7% PFA. Fixed infected macrophages were washed 3 times with PBS and cell 

nuclei were stained with DAPI (1 µg/ml) diluted in PBS for 15 min at RT. After DAPI staining 

cells were washed 3 times with PBS before imaging. 
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For the entry assay after 5 h infection, the fixation and the staining procedures were done as 

described hereinabove. 

4.11  Microscopy analysis 

4.11.1 Imaging 
Microscopy was performed with Molecular Devices ImageXpress microscopes. A metaXpress 

plate acquisition wizard with gain 2, 12-bit dynamic range, and 25 sites per well in a 5 X 5 grid 

were used with no spacing and no overlap and laser-based focusing. A DAPI channel was used 

for imaging nuclei and a dsRed and a GFP channel for bacteria. Images were taken with a 10X 

objective. The Site Autofocus was set to “All sites”, and the initial well for finding the sample 

was set to “First well acquired”. Z-Offset for focus was selected manually, and manual 

correction of the exposure time was applied to ensure a wide dynamic range with low exposure.  

4.11.2 Image analysis 
Images were analyzed with the CellProfiler software [4]. To correct uneven illumination 

inherent in wide-field microscopic imaging, an illumination function was computed for every 

plate. The illumination function was calculated on all images based on the Background method. 

The resulting image was smoothed using a Gaussian method with a 100-filter size.   

To reduce the signal originating from Brucella DNA in the DAPI channel, the dsRed images 

were substracted from the DAPI image. On all images, CellProfiler was executed to perform 

object segmentation and measurements with the following steps. (i) Nuclei were detected as 

primary objects using an Adaptative strategy followed with a Maximum correlation 

thresholding method (MCT). (ii) Bacteria were detected as primary objects using an Adaptative 

strategy followed by a background method. Clumped objects were identified based on their 

shape and segmented based on their intensity. (iii) Nuclei were expanded by 3 pixels. (iv) 

Bacteria were masked with the expanded nuclei and bacteria partially or entirely masked were 

scored as 1. The number of infection sites and nuclei were extracted for each image. The area, 

integrated intensity and standard deviation of the intensity of the infection site objects were 

measured. To consolidate our dataset, a cut-off on the first quartile (Q1) of the standard 

deviation of the dsRed intensity was applied to remove potential artifacts. However, the data 

distribution of the doxycycline-treated infection sites did not allow the application of this cut-

off. Data from all images from the same well were pulled together and analyzed as a single 

condition. 
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4.11.3 Data mining 
CellProfiler analysis resulted in one comma-separated values (csv) file per object category 

containing the selected measurements. To analyze the millions of data points that were 

generated, we used the open-source KNIME Analytic Platform [5], allowing easy handling and 

exploration of big datasets. KNIME provides a Graphical User Interface (GUI) to visually 

create workflows allowing a step-by-step data analysis.  

Visualization and analysis of the data were performed using TIBCO Spotfire Analyst and/or 

GraphPad Prism 8.0.2. Modeling and statistical analysis were executed with GraphPad Prism 

software.  
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Bacteria from the genus Brucella are facultative intracellular pathogens that are able to infect a 

wide variety of mammals. Brucella are transmitted to humans through direct or indirect contact 

with infected animals, mainly via the consumption of unpasteurized dairy products. Brucellosis 

is one of the most frequent zoonotic diseases worldwide and requires lengthy therapy 

combining two antibiotics. Despite this harsh treatment, relapses ranging from 5 to 15% are 

still observed without associated antibiotic resistance. The underlying reasons for this high 

relapse rate are currently unknown but accumulating evidence now points to the importance of 

transiently drug-tolerant bacteria, also called persisters, as a major player. Importantly, the 

isolation of high persistent mutants in P. aeruginosa from clinical isolates of cystic fibrosis 

patients showed for the first time the link between chronic infection and persistence [1] (section 

1.1.2.2). Similarly, S. aureus originating from a patient abscess display a lag phase similar to 

the one of in vitro persisters [2]. Moreover, persisters cell have been identified in mice infected 

with S. enterica [3]. Together, these studies highlight the underestimated importance of 

persisters in antibiotic failure. In addition, the difficulty of the drugs to reach the pathogens 

inside humans is a well-known problem and constitutes another explanation for the observed 

clinical failures [4-6]. The aim of our study was to assess the formation of persisters by Brucella 

abortus in broth and during infection, and to develop tools to investigate their potential role for 

the establishment of their intracellular replication niche. Further, we developed a new 

experimental set-up to investigate the ability of antimicrobials to prevent intracellular growth 

as well as the bacterial response to an inducer. In this study we show for the first time that 

B.  abortus is able to form persisters in axenic cultures at variable frequencies depending on the 

growth state of the population. B. abortus is also able to form de novo persisters during 

macrophage infections. The formation of persisters during infection and their ineffective killing 

by the current antibiotic regimen may explain some of the clinical failures observed.  

5.1  The formation of persisters in B. abortus is growth-phase 

dependent 
In this study, we identified for the first time the presence of persister in B. abortus. Consistent 

with what has been described for E. coli, P. aeruginosa, S. aureus, and M. tuberculosis [7-9], 

we showed that the persister frequency in B. abortus is growth-dependent. After ciprofloxacin 

treatment in broth, Brucella persisters were formed at low frequency during the exponential 

phase (0.01%) and increased up to 5% during the stationary phase. Following the established 

nomenclature, persisters continuously generated during exponential growth are defined as 
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spontaneous whereas the ones generated by specific stress conditions in stationary phase are 

defined as triggered persisters [8].  

Despite the likely universality of the persister phenotype in bacteria, their proportion highly 

varies from one organism to the other as well as within the same organism between 

experimental conditions suggesting the involvement of several mechanisms in their formation. 

For instance, 0.01% of persisters were recovered in stationary phase after ciprofloxacin 

treatment in E. coli compared to 50% in Salmonella despite similar experimental conditions 

[10, 11]. Regardless of the discrepancies in persister frequency, the dynamic of persister 

formation during bacterial growth seems to be preserved in all studied organisms [7, 10, 11] 

including now Brucella abortus. 

5.2  Possible mechanisms involved in B. abortus persister 

formation 
The mechanisms underlying persister formation are still a matter of debate, yet, a drop in the 

growth rate of the bacteria seems to be a common prerequisite of persister formation. Whereas 

some studies showed the implication of specific mechanisms, others demonstrated that anything 

resulting in slow growth inherently triggers persister formation [11-13]. Our data showed that 

after 4 days in the stationary phase, the persister frequency was only 5%. If slow growth would 

be sufficient to generate persisters, we would expect a much higher proportion of persisters in 

the late stationary phase where bacteria are though to be in a non-replicative states. However, 

the stationary phase represents the balance between non-growers, death and replicating bacteria, 

thus we cannot exclude that the growth rate of most of the bacteria is not reduced enough to 

form persisters.  

5.2.1 Identification of viable but non-cultivable bacteria after 

antibiotic treatment 
To better understand the persistence phenotype of B. abortus, we used flow cytometry to assess 

the proportion of responding bacteria after antibiotic treatment in broth and measured the 

proportion of bacteria that were able to resume growth by CFUs enumeration. About 1% of the 

bacteria were able to respond to the inducer after ciprofloxacin treatment in exponential phase 

yet, only 0.01% were able to resume growth on plate. Similar frequencies were observed upon 

cefotaxime treatment. Interestingly, we observed the same phenomenon inside the cells: the 

proportion of intracellular bacteria responding to the inducer after ciprofloxacin treatment was 

20 times higher than the number of CFUs recovered on plate. Although we couldn’t formally 
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prove it, it is very likely that the bacteria resuming growth on plate originated from the 

responsive population. This would indicate that only 1% of the responsive bacteria are able to 

resume growth under the tested conditions after in broth treatment and 5% after intracellular 

treatment. 

Why 95 to 99% of responding bacteria would fail resuming growth under the tested conditions 

remains elusive. An extended lag phase of these bacteria could be one explanation [8] and is 

consistent with the appearance of colonies of different sizes after 3 days of incubation (data not 

shown). An alternative, yet nonexclusive hypothesis is that these responsive-non-growing 

bacteria would represent so called viable-non-cultivable bacteria (VNCB). These could require 

specific nutrients to resume growth (resuscitation) that were possibly not provided by the tryptic 

soy plates used in our set-up. For instance, it was shown that the addition of sugars and 

glycolysis intermediates allow E. coli and S. aureus persisters to resume growth [14]. These 

data could be of critical importance in the diagnosis of brucellosis as blood culture are positive 

in only 4 to 70% of cases (section 1.2.4) [15-17]. Considering the high proportion of viable but 

non-replicating bacteria observed in exponential phase in this study, it would be interesting to 

estimate the proportion of responsive bacteria in stationary phase in the absence of antibiotic 

treatment. Indeed, we were surprised to only measure 5% of persisters during the stationary 

phase but that could be a strong underestimation if we consider the estimated regrowth rate of 

the responsive population. In any case, the rate of persisters experimentally determined could 

largely vary depending on the media and conditions used for the regrowth. Further studies will 

be required to better understand the discrepancies between the number of bacteria that are able 

to respond to an inducer and the number of bacteria resuming growth on plate. Using 

Fluorescence-activated cell sorting (FACS) in a BSL3-set up in combination with 

transcriptomic and/or proteomic would represent an attractive approach to better characterize 

the state of these putative VNCBs. 

In order to gain a deeper knowledge on the link between Brucella growth state and its ability to 

tolerate antibiotics, we could take advantage of bacteriostatic antibiotics such as rifampicin or 

ciprofloxacin which have been used at low concentrations to stop bacterial growth and that were 

shown to generate high level of persistence towards bactericidal treatments [18, 19]. Slowing 

growth might not be sufficient to turn the entire population into persisters, yet our experiments 

demonstrate that it could contribute to a 500 times increase in persister frequency (from 0.01 to 

5%) if we compare exponential and stationary phase. A more advanced set-up would be the use 

of fluorescent markers of bacterial division, that could be used to sort Brucella depending on 

their growth state prior to measuring their ability to survive antibiotic treatment. Two 



5.2 Possible mechanisms involved in B. abortus persister formation  

105 

complementary techniques have been recently developed, the first one relies on a reporter 

system which is based on dilution of a fluorescent protein that occurs during bacterial cell 

division [20, 21]. The second uses a so-called TIMER protein that changes fluorescence color 

over time [22]. Depending on the time point of interest, one or the other might be more suitable 

as the fluorescent signal might be limiting in the fluorescence dilution method and the TIMER 

protein requires some time to mature and therefore is not suitable for short time points. 

Although promising, these approaches would require cell sorting under BSL3 condition, a 

possibility that we do not have at the moment in our institution. Microfluidic devices are also 

powerful devices for single-cell analysis, allowing real-time monitoring of single bacteria 

before, during and after antibiotic treatment [8]. Implementing such technologies would 

constitute a powerful approach towards resolving the kinetics of Brucella persister formation. 

5.2.2 Trails & tools to uncover mechanisms involved in B. abortus 

persistence 
Interestingly, we observed a faster kinetic of the persister formation in a restrictive medium 

compared to a rich medium, strongly suggesting that the exhaustion of nutrients could trigger 

early induction of persisters. In addition, environmental stresses such as starvation are known 

to activate the stringent response, a mechanism that has been involved in the persister formation 

for several organisms [23]. The initiation of this pathway leads to the activation of the 

RelA/SpoT proteins that synthesize the alarmones (p)ppGpp, which then modulates bacterial 

physiology by regulating transcription [24]. In E. coli and P. aeruginosa, the relA spoT mutants 

showed defective persister formation [25-27]. In order to investigate the possible involvement 

of the stringent response in Brucella, we mutated the relA/spoT homolog (rsh) in our B. abortus 

strain. Surprisingly, preliminary data did not show any defect in persister frequency for the rsh 

mutant, neither in exponential nor in stationary phase (data not shown). These data could 

suggest that in Brucella, (p)ppGpp is not involved in persister formation during stationary phase 

in axenic culture, however, further experiments will be required to clarify this finding. 

In order to gain a broader comprehension of mechanisms involved in persister formation, omics 

analyses are often privileged as they allow the characterization of pools of molecules and/or 

pathways. Transcriptomic has been repeatedly used in that context as the starting amount of 

material required for such analysis is usually easily accessible. The analysis of the transcriptome 

of E. coli and M. tuberculosis persisters showed that energy metabolism is strongly 

downregulated and in contrast, several Toxin-Antitoxin (TA) modules are upregulated [9, 28]. 

Overall, these studies pointed towards a complex picture of multiple and likely redundant 
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pathways leading to formation of persisters. Importantly, high discrepancies have been 

observed between the transcriptome and the proteome profiles during the growth of 

Rhodobacter sphaeroides, Bacillus anthracis, Pseudomonas fluorescens and Helicobacter 

pylori supporting the view that post-transcriptional modifications play a major role in the 

adaptation to growth conditions [29-32]. Considering the central importance of the growth state 

in persistence, proteomic seems to be the most direct and suitable read-out to study persisters 

[33]. However, because of the inherent rarity and transience of the phenotype, as well as the 

relatively large amount of material required, proteomic has to date only been applied in the 

study of biofilms because of the abundance of persisters in these complex structures [34-39]. 

For instance, in M. tuberculosis, a regulon contributing to a substantial part of the protein 

content detected during dormancy was identified together with an increased expression of TA 

modules during starvation [35, 36]. As for transcriptomic analysis, these studies highlighted 

again a general diversity of the potential pathways involved in persistence.  

To apply proteomics in our experimental set-up, we would need to increase the number of 

persisters in the overall population. This increase could be achieved by starvation or addition 

of a bacteriostatic drug to the culture [11, 19, 40]. The persister frequency could also be boosted 

by applying cyclic rounds of bactericidal antibiotics which have been shown to successfully 

isolate hyper-persister strains for many bacteria such as E. coli, M. tuberculosis, Salmonella, 

and P. aeruginosa [1, 41-43]. In our study we showed that a small proportion of bacteria were 

able to respond to an inducer after antibiotic treatment by producing GFP fluorescent proteins. 

This property could be used to sort viable bacteria from the rest of the population in order to 

analyze their proteome. A second option to isolate persisters is to take advantage of lytic 

antibiotics. Antibiotics that target the biosynthesis of the cell wall (mainly β-lactams) weaken 

the peptidoglycan scaffold leading to the lysis of the sensitive bacteria [44]. However, unlike 

E. coli and S. enterica that are successfully lysed by β-lactam antibiotics [3, 28], we showed 

that only half of the B. abortus cells are lysed after cefotaxime treatment. Our findings are 

consistent with previously published data reporting that Brucella survived a wide range of 

bactericidal cationic peptides [45]. Moreover, other lytic antibiotics such as aztreonam 

(monobactam, β-lactam), mecillinam (penicillin, β-lactam), and fosfomycin (antibiotic 

inhibiting cell wall synthesis) were also shown to be unable to lyse B. abortus after 24 h 

exposition [46]. Interestingly, cycloserine successfully isolated M. tuberculosis persisters by 

lysing the sensitive population despite the complex and resistant cell wall of this 

mycobacterium [9]. Thus, further work will be required to identify an optimal treatment to lyse 

Brucella while preserving persisters.  
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Importantly, it should be considered for the investigation of the mechanisms involved in 

persister formation that antibiotics have been shown to trigger persistence via specific 

pathways. For instance, ciprofloxacin has been shown to increase the level of persisters by 

induction of a toxin that decreases the proton motive force in E. coli [47]. Consistently, 

rifampicin was shown to increase the level of persistence via the DNA repair pathway in E. coli 

[40]. Thus, the treatment applied to generate and possibly isolate persisters should be carefully 

considered when identifying potential mechanisms involved in persister formation.   

5.3  B. abortus forms persisters during macrophage infection 

5.3.1 Enrichment of persisters during the non-replicative stage of 

B.  abortus 
In our study, we further identified B. abortus persisters in macrophages, which raises the 

question about what could be their role during infection. Interestingly, a sharp increase in the 

persister frequency was observed early after internalization of the bacteria by macrophages. 

The proportion of persisters at this early time point was the highest measured during infection 

(0.1%). Curiously, it corresponds to the time where B. abortus is still in a non-replicative state 

[48, 49], similar to what we observed in the stationary phase in broth. This observation suggests 

that B. abortus internalization generates triggered persisters. The use of an auxotroph strain 

(being developed) could allow the exploration of the effect of blocking bacteria in a non-

replicating state at different stages of the infection, and could be linked to the persister 

frequency. That could be achieved by playing with the availability of the compound the bacteria 

are depending on (extra-cellular complementation).  

The strong increase in the persister frequency at early time point of infection could maybe also 

be explained by a differential killing between persister and sensitive bacteria by macrophages. 

Measuring the proportion of persisters after internalization by non-phagocytic cells as HeLa 

cells could give valuable indications regarding this hypothesis, as it would remove the host 

killing component from the equation. Interestingly, our data show an increase in the absolute 

number of intracellular persisters in 2 out of 3 replicates, which supports the idea that 

internalization of B. abortus by macrophages actually triggers persister formation as it has been 

shown for Salmonella [3]. Curiously, acidification and starvation both showed a positive effect 

on persister formation of Salmonella in broth [3], suggesting that it is possible to mimic in broth 

the conditions encountered into the host.  
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In B. abortus, the combination of low pH with a nutrient-limiting environment has been shown 

to induce the activation of the BvrR/BvrS two-component system leading to the expression of 

the transcriptional regulator VjbR which in turn triggers the expression of the virB operon 

encoding the components of the T4SS [50]. Therefore, it is tempting to speculate that the 

expression of the T4SS might be linked in some ways to the formation of persisters. 

Noteworthy, it has been reported that the expression of the SPI-1 T3SS in Salmonella leads to 

reduce bacterial growth and increase persistence against antibiotics [51]. Also, a study 

demonstrated that it is the persisters that secrete effectors through the SPI-2 T3SS of Salmonella 

[52]. These effectors then lead to the reprogrammation of the infected macrophages, 

undermining their immune response and thus, allowing the survival of Salmonella in the host 

[52]. Therefore, it would be important to measure the proportion of persisters formed in a virB 

mutant either during infection or in axenic medium under conditions supporting T4SS 

expression. In addition, it would be interesting to investigate the expression of the VirB T4SS 

at the single-cell level in conjunction with the persister state of Brucella cells. These 

experiments would give clues whether the expression of the virB operon is sufficient or not to 

form persisters. Further, the use of an effector translocation assays would give an additional 

read-out to assess the relation between the activation of the T4SS and persistence.  

Interestingly, the secretion of effectors by Salmonella persisters was reported to induce M2 

polarization of macrophages, which are characterized by their anti-inflammatory response [52]. 

Hijacking of the host polarization seems to be spread among bacteria as it has also been shown 

for instance in Francisella, Coxiella, and, Yersinia [52-55]. Investigating the polarization of 

macrophages during Brucella infection, especially after antibiotic treatment, would contribute 

in a better understanding of the host diversion by Brucella and possibly link the formation of 

persisters to the overall infection strategy. 

The role of these persisters formed early during infection remains to be elucidated. Are they 

present in all cells or only in cells that will subsequently support intracellular replication 

(microcolonies)? Several approaches could be used to address this question. By closely 

observing the timecourse of infection on a single-cell level, using live cell microscopy, it might 

be possible to determine if a persister gave rise to the microcolony or not. Fluorescence dilution 

using a double inducible reporter could be used to detect non- or slow-replicating bacteria that 

are still able to respond to an inducer. This system would need to be optimized for B. abortus, 

possibly by adding a double toggle switch on the reporter system [21]. Also, assessing the 

colocalization of the persister-containing vacuole with host cell markers that are known to 

interact with the majority of the nrBCV, over a time course by live cell microscopy or with 
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fixed samples, would allow do address whether the intracellular trafficking of the persisters is 

in anyway different than the one of the sensitive bacteria. Such approaches would help to 

pinpoint a possible role for persisters at the early stages of the infection. One technical limitation 

comes from the observation that the intracellular killing kinetics of the antibiotics active against 

B. abortus tested so far are too slow to select for persisters at an early time of infection. Thus, 

the development of persister-specific markers would be of great help to investigate the role of 

persistence in the establishment of Brucella replicative niche.  

5.3.2 De novo formation of persisters during the replicative stage of 

B.  abortus 
We have shown as well that persisters are formed de novo during intracellular replication of 

B.  abortus albeit at a lower frequency than what we observed during the non-replicative state 

of Brucella. These different frequencies are reminiscent of the one observed in broth between 

the exponential and the stationary phase. Whether those persisters are formed stochastically in 

a bet-hedging strategy or are triggered by an intracellular signal are important questions that 

require further explorations. In that context, the above mentioned tools (section 5.3.1) would 

also allow the visualization of persisters at a later stage of infection in the absence of antibiotic 

treatment and uncover their possible role in the Brucella infection strategy.  

Interestingly, the asymmetric division of bacteria has been shown to lead to some level of 

heterogeneity in bacterial populations. Indeed, polar growth might generate an uneven 

partitioning of components such as efflux pumps which confer some tolerance to the bacteria 

against antibiotics [56]. As other Alphaproteobacteria, Brucella grows unidirectionally and its 

polar growth has been correlated with the localization of the system producing cyclic β-1,2-

glucan (Cgs) [57-59]. Moreover, Cgs has been shown to be important for Brucella virulence 

and for its resistance to osmotic shock, thus assessing the ability of a cgs mutant to survive 

antibiotic treatment might highlight an important link between asymmetric division and 

persister population.  

5.3.3 Possible mechanisms involved in persister formation during 

infection 
Noteworthy, deletion of the gene encoding the Lon protease in Salmonella has no effect on the 

persister frequency when grown in rich or minimum laboratory medium. However, it 

significantly reduced the proportion of persisters formed after macrophage internalization [3]. 

Because Lon is directly activated by the RelA/SpoT synthetase, measuring the persister 
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frequency of B. abortus rsh mutant in the context of infection could reveal a potential 

involvement of the stringent response in persister formation by B. abortus.  

Many pathogenic bacteria are capable of modulating the expression of surface proteins such as 

E.  coli, Salmonella, Haemophilus influenza, Actinobacillus actinomycetemcomitans and 

Mycobacteriaceae [60-63]. This property, referred to as dissociation, is also well known in 

Brucellae and describes a switch from smooth to rough LPS, where the most external moiety 

called the O-polysaccharide is missing [64, 65]. Interestingly, the persister frequency is 

reminiscent of the dissociation rate observed for Brucella in cells [66]. Furthermore, rough 

variants seem to be important during Brucella infection as they were recovered from 

macrophages and mice infected with only smooth Brucella [67]. Consistent with these 

laboratory experiments, rough mutants were directly isolated from goat milk [68]. Considering 

that alike persisters, rough mutants are inherent to Brucella infection, it would be important to 

address the correlation between rough/smooth state of the strains and the persisters state. 

Further, it was shown that dissociation is essential for macrophage egress and dissemination of 

B. melitensis [66] which might be explained by the cytopathic effect of the rough variant that 

leads to macrophage lysis [69]. Interestingly, it has been shown that a shorter LPS enhanced 

the T3SS functionality in Shigella and that a minimal needle length is required for the efficient 

functioning of the Yernisia enterocolitica T3SS [70, 71]. Because we already know that the 

expression of the T4SS depends on environmental signals, we could speculate that similar 

signals also trigger LPS dissociation during Brucella infection. Therefore, environmental 

stimuli might activate several pathways leading to the regulation of virulence factors which 

then generate various phenotypes such as persisters conferring, for instance, antibiotic tolerance 

to bacteria.  

In order to identify these various phenotypes generated by the host cell cues, cyclic infection of 

macrophages with B. abortus could be performed. The isolation of hyper persister mutants 

would indicate that macrophage environment triggers persister formation in B. abortus. 

Sequencing of these mutants would allow a better understanding of the mechanisms involved 

in Brucella persistence and their role in infection. Compared to the experiment in broth with 

cyclic rounds of bactericidal antibiotics, this one has the advantage to select for hyper persister 

displaying mechanisms developed independently from the antibiotic pressure. Also, comparing 

intracellular pathway and survival of these hyper persisters with the sensitive strain would give 

further insights on the role of persisters during infection.   
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5.3.4 The formation of persisters is intrinsic to Brucella 
Interestingly the difference between the proportion of responsive and the proportion of bacteria 

resuming growth is similar between bacteria treated with antibiotic in broth and in cells (section 

5.2.1). We observed comparable levels of persistence in broth using antibiotics interacting with 

different targets (cefotaxime and ciprofloxacin) but also in our infection experiments where we 

recovered equivalent proportion of intracellular persisters after intra- or extracellular antibiotic 

treatment. Together, these data suggest that persister formation is independent from the 

antibiotic pressure and so is intrinsic to Brucella. Consistent with these data, brucellosis 

relapses were observed independently of the class of antibiotics used and even after a 

combinatorial therapy treatment. Indeed, the persistence phenotype seems to be a common trait 

in bacteria and has been shown to be present in many Gram-positive and –negative bacteria 

from clinical or environmental isolates [1, 3, 8, 72]. Also it would not be surprising that a similar 

phenomenon would be observed in non-pathogenic bacteria. Therefore, as already discussed 

for other pathogens [73-76], it is likely that persistence in Brucella did not evolve solely to 

overcome antibiotic treatment but is thought to rather be a conserved strategy to ensure the 

survival of the bacterial population when environmental stresses are encountered. 

5.3.5 New pipelines to quantify intracellular persisters: achievements & 

further requirements 
In this study, we have established two major analysis pipelines: one allowing the identification 

of the non-replicative infections sites, including persisters, and a second one that allows the 

identification of the microcolonies. Although these tools proved to be very powerful for data 

analysis, further improvements could boost their capacities. 

For instance, the differentiation between intra- and extracellular bacteria relied solely on the 

association of the bacteria with the cell body. Because we used a 3-pixel expansion of the nuclei 

as a proxy for the cell body, we cannot exclude that some extracellular bacteria were counted 

as intracellular ones. However, the number of extracellular bacteria that remained at the end of 

the course of infection was considered negligible as gentamicin was maintained in the medium 

throughout the infection and extracellular bacteria washed away several times before 

microscopy analysis. Yet, an antibody staining against Brucella LPS in absence of 

permeabilization could be used as a control to decipher between intra- and extracellular 

bacteria. Moreover, since the assignment of an infection site to a specific cell was based on the 

proximity of the infection site with a nucleus, the association of large microcolonies to the right 

nucleus was sometimes challenging. To circumvent this problematic, the body of the cells could 
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be stained and a module implemented in the CellProfiler pipeline to get a more precise 

association of the infection sites and the given cell. 

The correct segmentation of the infection sites constituted one of the biggest challenges in the 

development of these pipelines and highly depended on the cell density, which had to remain 

subconfluent for optimal identification of the different objects on the image. Further, since we 

were looking at single infection sites and for rare events, the analysis was very sensitive to 

artifacts. After numerus iteration rounds we decided to use the standard deviation of the dsRed 

fluorescence of an infection site to filter out objects displaying a low standard deviation based 

on the assumption that real infection sites do not display homogenous fluorescence. However, 

we cannot exclude that all artifacts were filtered out from the analysis. In addition, this filtering 

strategy cannot be applied reliably when fluorescent drugs are used as for instance doxycycline 

[77-79].  

CellProfiler offers a module that measures image quality through blur, saturation, and, intensity 

metrics. This module is efficient when all the data set display a similar level of fluorescence 

but become rather ineffective when, like in our case, intensity of the dsRed highly varies 

depending on the formation of microcolonies or not. For optimal use, this module has to be 

applied to image datasets segregated per dsRed intensities. To optimize the analysis process, 

developing a pipeline that would automatically classify the images, run the image quality 

module, exclude the images that do not fulfill the requirements and pull images back together 

for analysis needs to be considered. Furthermore, the development of a module to link a single 

identified event to its microscopy image would allow a direct visual inspection of the analyzed 

data and would be very useful to validate the metrics used for our quality controls.  

Our data also showed that, although the GFP expression is under the control of an inducible 

promoter, some GFP fluorescence could be measured in absence of the specific inducer. In the 

proposal to use fluorescence dilution to identify persisters, tighter control of the GFP expression 

will be required and could be improved for instance by adding a toggle switch to the reporter 

[80]. As reported before, we also showed that doxycycline was able to induce the expression of 

GFP preventing GFP-based fluorescence analysis [81]. Considering that doxycycline is used in 

all regimen to treat human brucellosis, it would be useful to have a reporter system not inducible 

by this antibiotic. Henssler et al., constructed a mutant of the tetracycline-inducible repressor 

protein TetR with specificity for a tetracycline analog but not for doxycycline or aTc that could 

be employed as well in our system [82]. 
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5.4  Treatment of human brucellosis 

5.4.1 Fluoroquinolones, tetracyclines, and rifampicin prevent the 

intracellular growth of B. abortus 
Pathogens developed many strategies to hide inside the human body in places difficult for the 

immune system as well as for antibiotics to access, which might be one reason for antibiotic 

failures. As Brucella is an intracellular pathogen, we tested the ability of the antibiotics used in 

the clinic to prevent intracellular bacterial growth. To this end, we developed a screening 

procedure that enables the determination of the minimal antibiotic concentration required to 

prevent intracellular growth and intracellular response to an inducer of B. abortus.  

Our data showed that doxycycline, ciprofloxacin, rifampicin, and tetracycline successfully 

prevent intracellular growth of Brucella which is consistent with previous findings published 

for other intracellular organisms such as M. tuberculosis or Legionella pneumophila [83-85]. 

The minimal concentration of ciprofloxacin required to inhibit intracellular growth of 

B.  abortus was 54 times greater than the one needed to inhibit extracellular growth (broth 

conditions), which is comparable to what was observed for L. pneumophila and M. tuberculosis 

[83-85]. Fluoroquinolones as ciprofloxacin are known to accumulate inside the cells, however, 

it was shown that they mainly accumulate in the cytosol and not in the acidic compartment such 

as the lysosomes (section 1.1.2.3) [86, 87]. In addition, the killing effect of ciprofloxacin is 

impaired at low pH [88, 89] which is coherent with the fact that the Brucella-containing vacuole 

gets acidified during the first hours of infection (section 1.2.2). Similarly to ciprofloxacin, the 

minimal concentration of rifampicin to kill intracellular B. abortus was higher than the one 

required to kill the extracellular ones in agreement with the findings in L. pneumophila [85]. 

Consistent with the ability of tetracyclines to diffuse and accumulate inside the cells, our data 

showed that the minimum concentration of this antibiotic required to inhibit intra- and 

extracellular growth of B. abortus was the same, as previously shown for L. pneumophila [85, 

90]. Although doxycycline belongs to the tetracycline family, a higher concentration was 

required to inhibit intracellular growth of B. abortus than the extracellular one. This discrepancy 

has not been observed in L. pneumophila and requires further investigations especially since 

doxycycline is considered as the drug of choice to treat human brucellosis [91].  

Interestingly, the combination of rifampicin with doxycycline or tetracycline showed a synergic 

effect in preventing intracellular growth of B. abortus, which is coherent with the 

recommendation of combining these two antibiotics to treat human brucellosis. A similar 

synergic effect was observed in the treatment of clinical isolates of Brucella [92] as well as 
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Staphylococcus epidermidis biofilms, and during the treatment of infected mice with E. coli or 

S. Typhimurium [93-95]. However, the combination of tetracycline plus rifampicin to treat mice 

infected with B. suis did not improve the efficacy compared to rifampicin alone [96].  

The discrepancies observed in antimicrobial susceptibilities might be explained by several 

factors such as the strain, the physiological state of the bacteria and the environment. Curiously, 

important variations in growth rate have been shown between laboratory strains and clinical 

isolates when grown in the same rich medium [97]. Similar differences were observed between 

S. aureus strains isolated from food [98]. These studies draw attention to the necessity of testing 

persister frequency and antibiotic susceptibility from animal and patient isolates in parallel to 

laboratory strains. In addition, the physiological state of the bacteria varies a lot between axenic 

and intracellular growth as it has been previously shown for S. enterica, L. pneumophila and 

Listeria monocytogenes [99-101]. For instance, in vitro conditions are often optimized for rapid 

growth of the bacteria whereas the metabolic state and growth of bacteria during infection vary 

much depending on their microenvironment. It was shown that P. aeruginosa strains isolated 

from chronic cystic fibrosis patients display on average a doubling time of 139 min in sputum 

which is more than two times slower than in rich medium [102]. Similarly, S. aureus isolated 

from cystic fibrosis patients show growth rates far slower and more heterogeneous in human 

infection than in laboratory conditions (2 to 100 times lower than the rates at which this 

organism is typically grown in the laboratory) [97]. In addition, a recent study demonstrated 

than testing antimicrobials in host-mimicking conditions is more accurate than the standard 

antimicrobial testing in predicting antibiotic efficacy in vivo [103]. Thus, the relevance of using 

an antibiotic defined as bactericidal in vitro rather than a bacteriostatic one does not make a lot 

of sense in the clinic [104].  

5.4.2 The use of aminoglycosides in brucellosis: synergy of the drugs 

and/or requirement to kill extracellular Brucella 
Most of the established screens that evaluate the ability of drugs to prevent intracellular growth 

use a bacterial strain constitutively expressing a fluorescent protein and measure the average 

fluorescence for each condition [83-85, 105]. Our method not only allows the measurement of 

the intracellular MIC but also allows the determination of the threshold concentration at which 

bacteria are still viable but not able to replicate which relates to persistent state. This readout is 

of crucial importance in the respect of antibiotic persistence and tolerance. Indeed, we 

demonstrated that a higher concentration (1.5 to 5 times) of rifampicin or tetracycline is 

required to prevent bacteria to respond to an inducer than to prevent their growth inside cells 
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whereas no difference between both read-outs was observed for ciprofloxacin. Interestingly, 

the minimal concentration of rifampicin or tetracycline to inhibit the intracellular response of 

Brucella was similar to the maximum concentration reached in human serum. In contrast, the 

minimal concentration of ciprofloxacin to inhibit intracellular growth or response was at least 

3 times above the maximum concentration reached in human serum [106]. These data might 

explain why ciprofloxacin alone is not very efficient to cure brucellosis and support the 

recommendation to not include this drug in brucellosis regimen [91].  

Although streptomycin showed the strongest bactericidal activity in broth from all tested 

antibiotics (section 3.1.1), it failed to prevent intracellular growth of B. abortus. This had 

already been reported before [107, 108] and is consistent with the poor capacity of 

aminoglycosides to cross mammalian cell membranes [107-109]. Likewise, streptomycin is not 

able to prevent intracellular growth of M. tuberculosis or L. pneumophila [83-85]. 

Interestingly, the combination of streptomycin with either tetracycline or doxycycline shows a 

synergic effect to prevent the intracellular growth of B. abortus in our macrophage infection 

assay as it has been already reported [110]. The basis for this synergy remains to date elusive. 

Permeability to aminoglycosides has been shown to be enhanced by the addition of antibiotics 

weakening the bacterial cell wall such as the ones belonging to the β-lactam family [111]. 

However, tetracycline and doxycycline belong to the tetracycline family for which no 

interactions with streptomycin has been shown so far. Still, we can speculate that the inhibition 

of the translational machinery by the tetracyclines disrupts as well the stability of the bacterial 

cell wall increasing its permeability to molecules as aminoglycosides. Alternatively, 

aminoglycoside treatment may favor the uptake of tetracyclines. 

Considering our results, it is important to note that the gold standard treatment of human 

brucellosis is a combination of doxycycline with streptomycin. This combinatorial therapy has 

been proven to be more effective and leads to fewer relapses than doxycycline used alone 

(section 1.2.5.1). Based on the observed synergy between both antibiotics, it is conceivable that 

the addition of streptomycin potentiates the killing activity of doxycycline. Alternatively, these 

clinical data could suggest the importance of extracellular Brucella during chronic human 

infection, which could be targeted by streptomycin. The significance of extracellular bacteria 

in human brucellosis is actually supported by the presence of a substantial number of Brucella 

outside of spleen cells in mice after 21 days of infection [112]. Consistently, numerous studies 

report the isolation of Brucella from implants and prosthesis from patients [113-117]. Biofilm 

formation on surgical implants is a well-known problem and a widespread mechanism among 
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pathogens responsible for chronic infections [118]. Giving that Brucella have been shown to 

form biofilm in vitro, it is tempting to hypothesize that they are able to survive and possibly 

replicate extracellularly in biofilm structures within the infected host [119-122]. As biofilms 

are known to confer some protection against antibiotics [123], it would be interesting to 

investigate the relation between biofilm formation and persister frequency in Brucella. 

As a further antibiotic, we have also tested the effect of cefotaxime on the intracellular growth 

of B. abortus. Preliminary data indicated that cefotaxime is not able to prevent B. abortus 

intracellular growth even at 100x MIC (data not shown) although we showed that it was 

effective against extracellular B. abortus (section 3.1.1). These findings are consistent with the 

low ability of β-lactam antimicrobials to cross the mammalian cell membrane and the data 

published for L. pneumophila [85]. Yet, cefotaxime treatment successfully inhibits growth of 

Salmonella in bone marrow–derived (BMd) macrophages [3]. This either suggests that the 

membrane of BMd and RAW macrophages display different properties that might facilitate 

cefotaxime entry or that the physico-chemical property (ie. pH) of the bacterial containing 

vacuoles are largely different for both pathogens. 
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6.1  Future models to study Brucella-drug interaction  
The ability of a specific drug to reach the pathogen in vivo is crucial as the antimicrobials 

display strong differences in their affinity for a specific tissue or cell type. Complications during 

human brucellosis are diverse and commonly cause osteoarticular inflammations but can also 

be more severe and lead to neurological and cardiac manifestations. For instance, vascular 

supply in bones is poor, thus it is important to treat osteomyelitis or spondylitis patient with 

drugs that can easily penetrate bones or with prolonged therapy as recommended by the WHO. 

The treatment of neurobrucellosis is also complicated as the drug has to achieve a high 

concentration in the cerebrospinal fluid (CSF). Importantly tetracyclines and aminoglycosides 

do not penetrate the brain barrier, thus, it is recommended to use bacteriostatic antibiotics such 

as rifampicin or co-trimoxazole (TMP-SMX) which efficiently penetrate the CSF, in 

combination to the standard doxycycline-streptomycin regimen [1]. Endocarditis brucellosis is 

the complication that leads the most frequently to death even though its occurrence is fairly rare 

(less than 1%) [1]. The diagnosis of endocarditis brucellosis is complicated and frequently 

results in valve damage because of delayed therapy. In addition, bacteria often reach high 

concentration in cardiac vegetation during endocarditis which leads to a reduction of their 

metabolism and so a higher tolerance to antibiotics requiring active targets [2]. The 

recommended regimen consists of the combination of the bacteriostatic doxycycline with an 

aminoglycoside (bactericidal) but rifampicin or TMP-SMX can be used in addition as they 

easily penetrate cell membranes. Overall, prolonged therapy is advised when cases of 

complicated brucellosis are encountered. This is consistent with the idea that even drugs that 

poorly cross the cell membrane can achieve a sufficient intracellular concentration to kill or 

attenuate the pathogen after long time exposure (section 1.1.2.3).  

These findings highlight the importance of developing models mimicking human tissue 

structures in order to revive the discovery of new antimicrobial therapies. During the past few 

years, micro-tissues have been engineered, for example, organoid mimicking the 

gastrointestinal structure has been developed to study the infection of gastrointestinal pathogens 

such as Helicobacter pylori or S. enterica [3]. The development of a human gut with a 

physiological fluid flow on a chip seems to efficiently imitate the physical microenvironment 

of human intestine and constitute an adequate device to mimic infection by enteric viruses [4]. 

Similarly a chip reconstituting human airways with associated lung tissue was developed and 

seems promising to study P. aeruginosa infection of cystic fibrosis patients [5]. Despite the 

interest of these systems to study host-pathogen interactions in a more relevant environment, a 

better understanding of the infection cycle of Brucella is required to select the most appropriate 
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model. Interestingly, biopsies from patients revealed the presence of Brucella granuloma 

mainly in the liver but also in the testicles, gall bladder, myocardium, spleen and, nervous 

system [1, 6-9]. Granulomas constitute 3D-organized cellular aggregates containing multiple 

immune cell types including macrophages which are known to be infected by Brucella. In vitro 

models have already been developed for tuberculosis and could be relevant models to adapt for 

Brucella [10]. 

6.2  Antimicrobial therapy against persisters 
Interestingly, antimicrobials targeting the bacterial cell wall are considered as advantageous to 

eradicate persisters and are currently not part of the recommended regimen to treat brucellosis. 

Indeed, the low metabolism and slow growth of the persister cells lead to the inactivation of 

many antibiotic targets that participate in their survival to the treatment (for review, see for 

instance [11]). Consistently, antibiotics targeting the cell wall and leading to membrane 

depolarization or inhibition of the peptidoglycan proved to be effective against persisters 

formed in S. aureus or M. tuberculosis [12]. Several studies showed the advantage of 

antimicrobial peptides, which often target the bacterial membrane, to eradicate persister cells 

[13-15]. The acyldepsipeptide antibiotic (ADEP4) was shown to activate the ClpP protease 

which degrades many proteins resulting in bacterial cell death. The combination of ADEP4 

with rifampicin successfully eradicate S. aureus biofilm in a mouse model of chronic infection 

[16]. Another strategy consists of waking-up persisters with metabolic stimuli for instance, that 

demonstrated to facilitate the uptake of aminoglycosides by E. coli and S. aureus persisters 

enabling their eradication [17]. All these specific approaches in the treatment of persisters could 

be tested using our screening model in the context of Brucella infection and provide possible 

directions to limit relapses following the treatment of human brucellosis.  
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