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RESUMEN 

Una de las mayores amenazas para la salud pública es el incremento de bacterias 

resistentes a los antimicrobianos. Dicho incremento se debe a múltiples factores, 

entre los que comienzan a destacar la existencia de poblaciones bacterianas 

tolerantes y/o persistentes a las condiciones de estrés, incluyendo el tratamiento 

antimicrobiano. A lo largo de la presente tesis doctoral se han analizado diversos 

mecanismos moleculares de persistencia y/o tolerancia bacteriana, destacando la 

red del quorum (sensing/quenching) y los sistemas toxina-antitoxina (TA) en 

aislamientos ambientales y clínicos.  

En relación con la red del quorum, llevamos a cabo estudios genómicos y de 

expresión ante condiciones de estrés en la cepa aislada de ambiente hospitalario 

aéreo Acinetobacter sp. 5-2AC02 (cercano a la especie A. towneri) destacando el 

cluster del metabolismo de la acetoína y caracterizando el regulador negativo, AcoN. 

Posteriormente, estudiamos la importancia de dicha red del quorum en el desarrollo 

de bacteriemia secundaria a neumonía en aislamientos clínicos de Acinetobacter 

baumannii. 

Finalmente, se realizaron estudios de caracterización funcional y análisis bacteriano 

de los sistemas toxina-antitoxina (TA) (como el módulo AbkB/AbkA y otros) en 

aislamientos de A. baumannii y Escherichia coli. 
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RESUMO 

Unha das maiores ameazas para a saúde pública é o incremento de bacterias 

resistentes aos antimicrobianos. Devandito incremento débese a múltiples factores, 

entre os que comezan a destacar a existencia de poboacións bacterianas tolerantes 

e/ou persistentes ás condicións de estrés, incluíndo o tratamento antimicrobiano. Ao 

longo da presente tese doutoral analizáronse diversos mecanismos moleculares de 

persistencia e/ou tolerancia bacteriana, destacando a rede do quorum 

(sensing/quenching) e os sistemas toxina-antitoxina (TA) en illamentos ambientais e 

clínicos. 

En relación coa rede do Quorum, levamos a cabo estudos xenómicos e de 

expresión ante condicións de estrés na cepa illada de ambiente hospitalario aéreo 

Acinetobacter sp. 5-2AC02 (próximo á especie A. towneri) destacando o clúster do 

metabolismo da acetoína e caracterizando o regulador negativo, AcoN. 

Posteriormente, estudamos a importancia da devandita rede do quorum no 

desenvolvemento de bacteriemia secundaria a pneumonía en illamentos clínicos de 

Acinetobacter baumannii. 

Finalmente, realizáronse estudos de caracterización funcional e análise bacteriano 

dos sistemas toxina-antitoxina (TA) (como o módulo AbkB/AbkA e outros) en 

illamentos de A. baumannii e Escherichia coli. 
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ABSTRACT 

One of the greatest current threats to public health is the rapid increase in the 

emergence of antibiotic resistant strains of bacteria. This increase is due to multiple 

factors, including the development of tolerant and/or persistent populations under 

stress conditions (e.g. antimicrobial treatment). The present thesis reports research 

investigating several molecular mechanisms of bacterial persistence and/or 

tolerance, particularly the quorum network (sensing/quenching) and toxin-antitoxin 

systems (TA), in both clinical and environmental isolates. 

In relation to the quorum network, we carried out genomic and expression studies 

with an airborne strain isolated from a hospital environment, Acinetobacter sp. 5-

2AC02 (closely related to A. towneri), and subjected to different stress conditions. 

We identified the acetoin metabolism cluster and characterized the negative 

regulator, AcoN protein. We then investigated the importance of the quorum network 

in clinical isolates of Acinetobacter baumannii in the development of secondary 

bacteraemia following pneumonia. 

Finally, we carried out functional characterization studies and examined toxin-

antitoxin (TA) systems (such as AbkB/AbkA among others) in strains of A. baumannii 

and Escherichia coli. 
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1. Genus Acinetobacter 
 

Acinetobacter is a Gram-negative, aerobics, non-fermentative, catalase positive, 

oxidase negative, with guanine/cytosine content between 39-47%, cocobacillus 

gender (1). Members of this genus can be found in a wide variety of environments 

from water to air, passing by human skin (2). Acinetobacter sp. has developed the 

ability to stay in hospitals environments, thanks to their capacity to survive to 

desiccation, disinfectants and antibiotics, and their incredible capacity to acquire 

genes and modify their genome (genome plasticity). These characteristics cause a 

high rate of nosocomial infections of this opportunistic pathogen, which generates a 

wide spectrum of infections such as pneumonia, urinary tract infections, 

bacteraemia, secondary meningitis and infections in burned tissues (3). Among all 

the members of this genus mentioned above, there are four highly-related and 

difficult to differentiate, which are: A. baumannii, A. pitti, A. nosocomiales and A. 

calcoaceticus; these species are usually included in A. calcoaceticus-baumannii 

complex being the first three the most common Acinetobacter in hospitals (4). That is 

why in 2006 the Infectious Diseases Society of America (IDSA) included A. 

baumannii into ESKAPE group, which include the most important nosocomial 

pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

A. baumannii, Pseudomona aeruginosa and Enterobacter sp.) (5). Nowadays, A. 

baumannii cause more than 20% of the intensive care units (ICUs) patients’ 

infections (6). 

 

2. Genus Escherichia 
 

The members of this genus are Gram-negative, rod-shaped, facultative anaerobic, 

and belonging to the Enterobacteriaceae family (7). The most known species from 

this genus is Escherichia coli, which is one of the most prevalent bacterium in the 

gastrointestinal tract of animals, as a commensal. Besides, E. coli has been deeply 

analysed, and is usually used as bacteria model because of the fact that it has a 

rapid growth rate, is easy to culture in vitro, can growth under several growth 

conditions, there are very harmless strains and its genome has been deeply 
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analysed and is easy to manipulate (8). Nevertheless, E. coli produces a wide range 

of disease both diarrheagenic and extraintestinal pathogenic, being the most 

common pathogen not only in humans but also in animals (9). The classification of 

the pathogenic E. coli strains is based on the presence of some specific virulence 

genes, being classifty in: enteropathogenic, enterotoxigenic, enteroinvasive, 

enteroaggregative, Shiga toxin-producers, diffusely adherent and adherent invasive 

(associated with Crohn’s disease) (10).  

Highlighting, for the first time in its history the world health organization published in 

2017 the list of antibiotic-resistant priority pathogens (11). The main point of this list 

is highlight the threat of the bacteria included in this list, which are Acinetobacter, 

Pseudomonas and various Enterobacteriaceae (such as Klebsiella, Escherichia, 

Serratia and Proteus). 

 

3. Multi-Drug Resistance (MDR), tolerance and persistence 
 

Since the discovery of pathogen bacteria, scientists tried to fight against them 

without much success until 1928 with the discovery of penicillin (12), when humanity 

began to take advantage from this “silent” threat. However, as early as 1945 Sir 

Alexander Fleming warned about the antibiotic resistant phenomenon. In the last few 

decades, the wide range of antibiotic resistance in pathogenic bacteria has been 

exponentially improved, becoming one of the most important worldwide health 

problems nowadays. Furthermore, resistant cells are highly related to tolerant and 

persister cells, these two concepts being relatively new in the general scientific 

community. It was in 1942 that Hobby et al. described for the first time non 

metabolically active cells, which were called persister cells by Joseph Bigger in 1944 

(13, 14).  

These three concepts are sometimes confused due to their subtle differences. Below 

there are some clues to distinguish them. Resistant bacteria are characterized by: i) 

using active mechanisms in their defence, usually associated to mutations; ii) 

growing under drug pressure; and iii) their phenotypes are inherited. Tolerant 

bacteria are those that can survive to antibiotic exposure without modifications in its 
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minimal inhibitory concentration (MIC) reducing its biological processes. 

Nevertheless, persister bacteria are characterized by: being a subpopulation of the 

culture, tolerant to antibiotics or other stress conditions remaining dormant in their 

presence by stopping their cellular activity, do not inheriting the persister phenotype, 

and being able to turn into wild-type as soon as the antibiotic is eliminated from the 

environment (15, 16).  

In the last decades bacteria have developed resistance not only to antibiotics, but 

also to biocides (common used antiseptics to clean and sterilize hospitals surface) 

(17). The acquisition of resistance usually comes from particular mutations or foreign 

DNA (18), but these processes need time. The presence of tolerant or persister cells 

contributes to the appearance of resistance (19, 20). These findings can be 

explained by the fact that those tolerant cells, which can survive under high 

concentrations of antimicrobial, are the ones that eventually generate the resistance 

to those treatments (21). Therefore, the study of the relationship between tolerance 

and persistence mechanisms in multi-drug resistant pathogens (MDR) is clue to 

analyse new anti-infectious treatments (Figure 1) (22). Among them we highlight: 

 

Figure 1. Links between the different mechanisms of tolerance/persistence. (Figure adapted from 
Trastoy et al. 2018). 
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 General stress response: These mechanisms as well as the RpoS response 

contribute to bacterial survival under stress conditions (23). The RpoS 

response has been related to toxin antitoxin (TA) systems in E. coli, in which 

MqsR/MqsA system and YafQ/DinJ system modify rpoS gene transcription 

and translation under stress situations (24, 25). 

 Reactive oxygen species (ROS) response: ROS are chemical species with 

oxygen, which are highly reactive. They are produced under normal 

conditions as part of bacterial metabolism and are used as cell signals. Under 

certain situations, ROS levels increase reaching dangerous concentrations, 

with the result that they can produce damage in lipids, proteins and even DNA 

causing cell death (26). However, bacteria present a superoxide dismutase 

(SOD) and catalase enzymes as well as some other antioxidants that 

eliminate ROS from bacterial cytoplasm (27).  

 Energy metabolism: In this area there are two mechanisms principally 

related to tolerant cells. Firstly, cytochrome bd, a quinol:O2 oxidoreductase 

from respiratory metabolism in prokaryotes under oxygen limitation conditions, 

which contributes to improve the ROS response and the tolerance to 

nitrosative stress (28). Secondly, Tau metabolism, active under cystine or 

sulfate deficiency for sulfite production in bacteria in order to use it as a 

substrate (29). 

 Efflux pumps: They are used to eliminate any possible toxic element in the 

bacterial cytoplasm or to maintain the molecular balance between inside and 

outside of cell (30). It has been described that efflux pumps are essential for 

maintenance of low antibiotic concentration in the bacteria, especially in 

persister cells (15, 31). Efflux pumps are known to be regulated by ROS 

response, secretion systems such as type III (T3SS) or type VI (T6SS), QS 

among others (32, 33). 

 SOS response: This response is activated under DNA damage conditions to 

repair the bacterial genetic material. The SOS system regulates genes 

involved in DNA repair and recombination, as well as biofilm production and 

antimicrobial resistance (34). Some researchers have also associated the 
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SOS system with the generation of persister cells in E. coli through TisB/TisA 

TA system (35). 

 Guanosyl (penta)tetra-phosphate ((p)ppGpp): This molecule is regarded as 

the alarmone signal, being activated under environmental pressure such as 

amino acid starvation (36). The (p)ppGpp is highly related to RelA/SpoT 

homolog (RSH) protein, which are responsible for synthetic and/or hydrolytic 

functions. This molecule is involved in all the DNA-RNA process, under a 

nutrient-deficient environment, being highly related to persister cell formation 

(37). 

 Bacterial volatile compounds (BVC): BVCs are molecules of low molecular 

weight that can rapidly evaporate. They are produced by bacteria to improve 

their competence, and have been related to antibiotic resistance and persister 

cell production (38). 

 Quorum network (sensing/quenching) and secretion systems: QN, 

bacterial communication mechanisms, has been related to virulence 

mechanisms such as toxins production, motility chemotaxis, biofilm production 

and secretion systems T3SS and T6SS in bacterial competition (39). 

However, Quorum Quenching (QQ) is known as the capacity of bacteria to 

interrupt the Quorum sensing (QS), it has been described a wide number of 

QQ molecules, not only in bacteria but also algae, invertebrates and plants 

(40).  

 Toxin-antitoxin systems: TA systems are one of the widely studied 

mechanisms related to persister cell formation. There are seven different 

types of TA systems that can be found in plasmids, bacterial chromosomes 

and bacteriophages in almost all bacteria (41). 

 

4. Quorum network 

4.1 Quorum sensing 
It was in 1970 that Nealson et al. found that the luciferase operon, of Vibrio fischeri, 

suffered an autoinduction phenomenon (42). However, it was not until 1994 that the 
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term quorum sensing (QS) appeared with reference to the mechanism by which 

bacteria can detect the population density (43), and until 2001 that it was identified 

as a mechanism of bacterial communication (44). 

The QS has been identified in both Gram-positive and Gram-negative bacteria. In 

Gram-positive bacteria these systems worked with secreted oligopeptides and two 

component systems (cytoplasmic transcription factors and a membrane-bound 

sensor kinase receptor) (45). Gram-negative bacteria usually have various 

autoinducers (AIs), which are detected by receptors that discern between closely 

related molecules (Figure 2) (46). The QS is characterized by: i) diffusible molecules, 

both acyl-homoserine lactones (AHLs) and molecules synthesized from S-adenosyl-

L-methionine (SAM) in Gram-negative bacteria; ii) specific receptors for the 

autoinducers, either cytoplasmic or inter-membrane; iii) these molecules have effect 

over several bacteria mechanisms; iv) the molecules can produce its own activation 

(47). 

Some authors speculate about the fact that the heterogeneity of the QS systems can 

be essential for those non-related cells that share environment (48). It is known that 

autoinducers are produced by prokaryotic and eukaryotic organisms, which implied 

that they could act as one, two or multi-way communication. Moreover, some 

autoinducers can be used as probiotics, due to the microbiotic alteration that they 

produce, their interaction with the expression of virulence factors, and their ability to 

stimulate pathogens to abandon biofilms (49).  

Gram-positive autoinducers are principally autoinducing peptides (AIPs), being the 

best-known the accessory gene regulator (agr) locus of the QS system of 

Staphylococcus aureus. This locus is composed by two different transcripts, RNAII, 

which codifies the Agr cluster and RNAIII, represses the synthesis of cell wall-

associated proteins and increase the production of exoproteins in response to high 

cell density (50). AIPs are recognized by a histidine kinase in the cell membrane, 

which produces a phosphorylation cascade that ultimately modify the transcriptional 

process of the cell (51). 

On the contrary, in Gram-negative bacteria there are identified two classical types of 

signals: the N-acyl-homoserine lactones (AHL) and the quinolones. The AHLs are 

homologues to Lux signal from V. fischeri and are considered the most extensive 
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ones. These systems are composed by a transcriptional regulator LuxR-like and a 

synthase LuxI-like. AHLs diffusible molecules, synthesize from the combination of S-

adenosyl methionine (SAM) and a particular fatty acyl chain (50, 52); the length of 

the acyl chain can be from 4 to 18 carbons and the length of it might influence their 

stability, affecting signalling dynamics (53, 54). Most bacteria have more than one 

type of signal, as is the case of P. aeruginosa that not only has AHLs (which has 

two, known as las and rhl) but also quinolones. Quinolone system also has two 

components: the MvfR, a transcriptional regulator; and the PqsH, which transform 

3,4-dihydroxy-2-heptylquinolone in 4-hydroxy-2-alkylquinolone (HAQ), commonly 

known as Pseudomonas quinolone signal (PQS) (55). 

Moreover, in the last few years new autoinducers have been described such as: the 

diffusible signal factor (DSF) these molecules have been found in clinical 

pathogens, and the most surprising fact about them is that one RpfF can synthesize 

several DSFs in the same bacterium (56); the autoinducer 2 (AI-2), which is present 

in more than 500 bacterial species, is a furanosyl borate diester synthesized from S-

4,5-dihydroxy-2,3-pentanedione by a LuxS-like synthase in Escherichia coli (57, 58), 

although is also produced by Gram-positive bacteria being considered an inter-

species communication signal (59, 60); the indole identified as AI in 2007 in E. coli 

and regarded as an interkingdom signal in the gastrointestinal tract (61-63); the 

pentapeptide extracellular death factor (EDF) signal that is highly related to the 

MazF/MazE TA system in the programmed cell death (PCD) and the production of 

ROS (64, 65). 

 

Figure 2. Different autoinducers. AIP (autoinducing peptides), AHL (acil-homoserine-lactone), AI- 
(autoinducer 2), EDF (extracellular death factor). 
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Quorum sensing model of Vibrio fischeri 

Each bacterium produces autoinducers (AIs) that are exported and accumulated in 

the medium or environment. When the population is numerous enough and the 

amount of AIs accumulate in the environment passes the threshold concentration, 

the receptors of every bacterium in the medium are activated and begin a 

transduction cascade that activates several bacterial mechanisms that are only 

effective with the proper amount of population (66).  

The V. fischeri system is used as model to explain most of the systems from Gram-

negative bacteria, due to the fact that almost all of them use at least one AHL as QS 

signal (Figure 3a). V. fischeri used N-(3-oxo-hexanoyl)-L-homoserine lactone 

(OHHL) as principal AI in the bioluminescence mechanism. This mechanism is 

codified by lux operon (luxCDABE), the LuxI synthase and the LuxR receptor. Under 

low bacteria density, the lux operon is repressed and LuxI produces basal levels of 

OHHL, which spread to the medium through the cell membrane. Once the population 

has reached enough density and the amount of OHHL accumulated in the 

environment exceeds certain concentration, the OHHL diffuses across the 

membrane to the cytoplasm. The cytoplasmic OHHL binds to the LuxR receptor 

creating a complex that can interact and activate the LuxBox (located in the promoter 

region of luxI). The LuxBox begins the transcription not only of luxI but also of lux 

operon, producing luciferase (protein required for light generating) and LuxI, which 

transforms SAM in OHHL (creating a positive feedback loop) (67). 

Surprisingly, it was found that around 76% of the bacterial species studied only 

present a LuxR receptor but not a synthetase gene as LuxI (68). These findings 

imply that these bacteria employ another molecules as AIs and that they employ the 

LuxR receptor to detect the QS signals from another species (69). 
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Figure 3. a) Quorum sensing model in V. fischery, previously described. b) Quorum sensing model in 
A. baumannii, descrived bellow. 

 

Quorum sensing in Acinetobacter sp. 

QS system in Acinetobacter has been described as homologous to the Vibrio 

fischeri; having a LuxR-like receptor (AbaR), LuxI-like synthase (AbaI) (2) and AHLs 

as autoinducers. Acinetobacter synthesize different long-chain AHLs, such as C12, 

C10, C14, C13 and C16 in A. baumannii. Nevertheless, these AHLs are not specific 

of this species, but they can be found in others (70). It is known that only small 

molecules can diffuse across the cell membrane, the limit has been stipulated in less 

than 8 carbons, which is why long chain AHLs are transported outside the cell by 

efflux pumps (2). It has been observed that when Acinetobacter is cultured in 
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shaking, there are no AHL in the medium. Although, when strains from this gender 

are cultured in static conditions the AHL signal can be detected. These findings 

suggest that the activation of AbaI in the Acinetobacter AHL-mediated QS is 

dependent on cell-to-cell contact (71). 

Like in V. fischeri, the synthesis of 3-hydroxy-dodecanoyl-(L)-homoserine lactone (3-

Hidroxy-C12-HSL) is produced by AbaI in a basal level until the population reaches 

the proper density. Once the concentration of 3-Hidroxy-C12-HSL is high enough 

outside the cell, its molecules enter the cell (using porines, activated by the 

concentration difference) and bind its receptor AbaR. The complex AbaR-AHL joins 

with the Lux-box-like (promoter) that is 67 bp upstream abaI, and activate its 

transcription. AbaI synthase begins the production of new 3-Hidroxy-C12-HSL 

molecules, which are exported to the medium by AdeFGH efflux pump (72), feeding 

the positive feedback loop (Figure 3b). Nowadays, it is not completely clear which 

are the synthases of the rest of the AHLs in Acinetobacter gender (73). 

In the last few years, it has been found that many bacteria can be influenced by 

light/dark exposure, modifying their Quorum Network or affecting its virulence. Mussi 

et al. found that Acinetobacter baumannii moves by switching under dark condition at 

24ºC, but not at 37ºC, meanwhile they do not move under light exposure. They 

noticed that it was blue light the one which produce motility inhibition (74). 

Researchers analyzed other members of the Acinetobacter calcoaceticus-baumannii 

complex (ACB), showing that not all of the members of the group have the same 

capacity to respond to dark/light conditions. Surprisingly, meanwhile A. baumannii 

showed an inhibition of its biofilm formation ability under blue light, the rest of the 

members of the group, which responds to light, showed a stimulation of biofilm 

formation in the presence of blue light and an inhibition in darkness, and not only at 

24ºC, but also at 37ºC (75). Mussi et al. found a photoreceptor known as BlsA (for 

blue light sensing A) in A. baumannii, which is overexpressed under blue light at 

24ºC (74). They hypothesized that BlsA play a role in the pathogenesis of surface-

exposed wounds, due to its light exposure and the low temperature, but no in 

systemic infections (76). Furthermore, it has been analyzed the relation between 

light and the resistance to some antibiotics, such as Minocycline and Tigecycline. 

These experiments showed an increase of the halo produced by the presence of 

each antibiotic in the dark. They found that in the presence of FeCl3 the effect of light 
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was reduced in resistance. The next step was the search of the photoreceptor 

implied in these mechanisms, as it was demonstrated that BlsA has no effect on 

resistance. After several experiments, they found that the regulation was produced 

by 1O2, which is a single oxygen produced by photosensitizer MB under red light 

(which showed a production of smaller halos than blue light) (77). In addition, these 

researchers observed that light produce an increment of surfactant and the tolerance 

to fluoroquinolones, these findings could be related to the persistence ability under 

stress condition of A. baumannii. Furthermore, light is also implied in the regulation 

of the expression of type VI secretion system genes, lipid metabolism cluster, efflux 

pumps genes and acetoin pathway (78). 

4.2 Quorum quenching 

Quorum quenching (QQ) is defined as the mechanisms by which quorum sensing is 

inhibited. The inhibition of the QS can be produced by degradation of the AIs, 

inhibiting the signal efflux, avoiding AIs accumulation or competing with the AI for the 

receptor (79, 80). Antagonists of QS can be found in a great variety of species such 

as bacteria, algae, invertebrates, plants and even mammalian (40). QQ mechanism 

has been found in every bacterium, indicating the importance of these mechanisms 

in bacterial fitness. Different roles of bacterial QQ enzymes has been described such 

as recycling QS signals (81), interrupting the QS from other bacteria (82), and 

detoxification. Mostly of the current research about this subject have been focused 

on the degradation of AHL due to its wide distribution in clinical pathogens. 

Bacterial AHL degradation molecules can be classified in three types, depending on 

their mechanism of action against AHL (Figure 4): 

 

Figure 4. Action mechanism of different QQ enzymes 
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 Lactonases: Enzymes from this group are mostly metallo-β-proteins that 

hydrolyze the ester bond of the HSL ring. The first enzyme of this type was 

discovered in Bacillus sp. 240B1, AiiA (autoinducer inactivator) (83). However, 

there are other less abundant types of lactonases: i) phosphotriesterases 

(PTE) that can inactivate AHLs with chains between 6 and 14 carbons (84); ii) 

the Geobacillus kaustophilus thermostable lactonase (GKL), which is a PTE 

metalloprotein with preference for AHL with 8 or less carbons (85); iii) α/β 

hydrolases, which include the AidH from Ochrobactrum anthropic ATCC 

49188 (86), the AiiM from Microbacterium testaceum StLB037 that use the 

α/β hydrolase domain for the AHL degradation (87) and AidA from A. 

baumannii a dienelactone that inactivate AHLs at least with chains of 6 and 12 

carbons (88); iv) QsdH from Pseudoalteromonas byunsanensis strain 

1A01261, a GDSL-like hydrolase located in the N-terminus of a resistance-

nodulation-cell division (RND) efflux pump (89). 

 Acylases: These types of enzymes were discovered in Variovorax paradoxus 

(a betaproteobacterium) and are suspected to break the amide bond between 

the HSL ring and the acyl side chain (90). Acylases can inactivate AHLs 

completely unlike the lactonases, whose products can revert to active, 

depending on the pH (83). These enzymes were found in several bacteria, 

which showed their similarity to Ntn (N-terminal nucleophile) hydrolases, and 

their action against long chain AHLs (91).  

 Oxidoreductases: These enzymes do not degrade AHLs but modify them by 

interfering with its specificity and union with the receptor. The first discover 

oxidoreductases where the ones from Rhodococcus erythropolis W2. These 

enzymes change the oxo group of the C3 to a hidroxy group in AHLs ranging 

from C8 to C14 (92). 

 Halogenated furanones: These compounds are not produced by bacteria, 

instead they are produced by the macroalga Delisea pulchra; these furanones 

act as substrate of LuxR receptor blocking AHL union to it (93). 

There are different types of AIs, with the exception of AHLs, whose inhibition has not 

been deeply studied. Some research about the DSF have shown that E. coli DH10β 
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can degrade DSF when it comes into contact with it for 24h or more (94). Besides, 

Llamas et al. have found out that carA and carB, two genes from the operon for the 

synthesis of carbamoyl phosphate (precursor of arginine and pyridine biosynthesis), 

in Pseudomonas sp., can inactivate DSF by an unknown mechanism (95). This 

operon has been found needed for DSF modification in different bacteria with various 

inactivation rates (94). Quinolone, AI of Pseudomonas (PQS) is quenched by the 

dioxygenase Hod (1H-3-hydroxy-4-oxoquinaldine) from Arthrobacter 

nitroguajacolicus due to its similarity with Hod substrate, being transform into N-

octanoylanthranilic acid and CO (96). Finally, two possible interspecies mechanisms 

that quench AI-2 depending on QS has been analysed in enteric bacteria, based on 

the Lsr system. Roy et al. have showed that LsrK (kinase that phosphorylate AI-2) 

can quench AI-2 responses in cultures of E. coli, V. harveyi and Salmonella 

typhimurium alone or in combination (97). Furthermore, LsrG (enzyme that catalyse 

the modification of P-AI-2 into 3,4,4-trihydroxy-2-pentanone-5-phosphate in E. coli) 

can be a valuable target for AI-2 based QQ therapies (98). 

Quorum Quenching in Acinetobacter sp. 

In Acinetobacter different QQ enzymes had been found in the last few years, such as 

AmiE, an acylase from Acinetobacter sp. Ooi24 (99); or AidE, a lactonase from 

Acinetobacter sp. 77 (100). The expression of QQ enzymes in this genus was found 

during the stationary phase, when the concentration of AHL became low due to the 

activity of these enzymes, showing an endogenous regulation of the QS system 

(101).  

Recently, AidA protein was discovered, a dienelactone (102). It was found during a 

study of clinical isolates of A. baumannii, in which it was found that the majority of 

the non-motile strains were isolated from respiratory tract and presented the aidA 

gene in their genomes. These strains are subject to an extremely stressful 

environment with high concentrations of ROS. Some authors have related the 

response to ROS and QS in Acinetobacter (103, 104). Lopez et al. also related the 

overexpression of the aidA gene with the presence of 3-oxo-dodecanoyl-HSL (3-

Oxo-C12-HSL) from P. aeruginosa. 3-Oxo-C12-HSL is quite similar to Acinetobacter 

AHL (3-Hidroxy-C12-HSL). This similarity could imply an interaction between AbaR 

and LasR (receptors from Acinetobacter and P. aeruginosa respectively) with the 
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other AI, suggesting an inter-species communication (103), mediated by the 

activation of QQ enzyme AidA (102). 

Subsequently, Mayer et al. have found that AidA is upregulated in early stages of 

AHL-producing static cultures and its expression is lower under low-salt conditions 

producing a higher 3-Hidroxy-C12-HSL concentration. These authors also found high 

number of lactonase sequences belonging to metallo-β-lactonases family in A. 

baumannii ATCC 17978, selecting three of them to be analyzed. One of the QQ 

enzymes studied showed activation in the presence of 3-Hidroxy-C12-HSL, which 

indicates that this enzyme might be under QS regulation. The presence of different 

QQ enzymes in Acinetobacter and the fact that they have not only different 

regulation, but also small differences in their substrates, highlights the importance of 

the AHL-mediated QN in this species. Besides, the four QQ enzymes described in A. 

baumannii may regulate the concentration of exogenous and endogenous AHLs 

(88). 

4.3 Bacterial volatile compounds (BVCs) 
Bacterial volatile compounds are small molecules produced as secondary 

metabolites that are naturally secreted by bacteria as antibacterial “weapons” in 

order to control their competitors, as well as a help to environmental adaptation (105, 

106). These molecules have a low molecular weight, which contributes to their rapid 

evaporation, letting them pass through solids, liquids and gasses (107). BVCs are 

principally organic compounds, but there are also inorganic ones, such as nitric 

oxide, hydrogen cyanide, also known as ammonia and hydrogen sulfide. Among 

organic compounds can be found: i) hydrocarbons, usually derived from fatty acid 

biosynthesis (108); ii) ketones/alcohols, generated during the decarboxylation of fatty 

acids, the most remarkable ones being acetoin and its oxidized form 2,3-

butanedione (109), this molecules are commonly associated with 

Enterobacteriaceae; iii) acids, organic acids are less common than the previous 

ones, although several short-chain fatty acids have been described to be related to 

this subject, such as acetic, butyric and propionic acids (107); iv) sulfur compounds, 

which are related to fermentations specially used in food industry (110); v) nitrogen-

containing compounds, trimethylamine and trimethylamine oxide are two abundant 

compounds in animal and human intestines, being more abundant in fish, in which 

produce the smell of spoiling fish; 2-amino-acetophenone (2-AA) is the responsible 
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for the odor of P. aeruginosa (106); in this category indole, a QS molecule can also 

be included (111); vi) terpenes, only monoterpenes, sesquiterpenes and their 

derivatives are volatile compounds, these products derived from mevalonato or 

deoxyxylulose pathway (107). 

BVCs have been related with bacterial competition, stress resistance and virulence, 

among others.  

 Competence: It has been observed that certain bacteria from animal 

intestinal tract such as Veillonella sp. produce BVCs that inhibit 

enteropathogens growth such as Salmonella enteritidis, Salmonella 

typhimurium, E. coli and P. aeruginosa (112). It was reported that 1-butanol, 

2-butanone, indole or acetoin can affect motility in E. coli and P. aeruginosa 

(113). Besides, Pseudomonas fluorescens and Serratia plymuthica produce 

dimethyl disulfide, which has bacteriostatic effects against Agrobacterium 

tumefaciens and A. vitis (114). Moreover, P. aeruginosa is influenced by 

BVCs from other bacteria to produce BVCs against Bacillus sp. or pyocyanin, 

which is enhanced by 2,3-butanediol of Serratia marcescens (115); in adition, 

2,3-butanediol has been found in cystic fibrosis patients (116).  

 Stress resistance: BVCs are involved in an increase of tolerance to 

environmental stress, including antibiotic resistance (117). Bernier et al. 

demonstrated that under high population density, the production of volatile 

ammonia by bacteria increases tetracycline and ampicillin resistance as well 

as the decrease of resistance to aminoglycosides, in Gram-negative and 

Gram-positive bacteria (118). Trimethylamine, produced by 

Enterobacteriaceae, increase resistance to tetracycline and aminoglycosides 

but decrease the resistance to chloramphenicol and oxidative stress (113). 

2,3-butanedione and glyoxylic acid, both produced by Bacillus subtilis, have 

been related to modifications in E. coli resistance profile through hipA toxin 

activation (38). Indole, a QS molecule, can increase acid and drug resistance 

in P. aeruginosa, S. enterica and E. coli (119). 2-AA alter antibiotic tolerance 

by producing persister cells in P. aeruginosa, B. thailandensis (both 

productors of it) and A. baumannii (non productor of 2-AA), suggesting the 

role of 2-AA in Gram-negative antibiotic tolerance during polymicrobial 
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infections (106, 120). Que et al. postulated that BVCs used as sub-MIC 

concentrations can produce bacterial persistence helping some cells to 

survive unpredictable stress (106).  

 Bacterial virulence: 2,3-butanediol and acetoin, volatile molecules from 

glucose fermentation metabolism, increase virulence factors in 

Enterobacteriaceae pathogens (121). The genes implied in its production are 

organized in an operon, which is regulated by pH, QS and oxygen (122). 

Furthermore, in P. aeruginosa the QS genes lasR/lasI are activated under 

2,3-butanedione presence, increasing the biofilm and phenazine production 

(115). 

One of the most studied mechanisms related to the BVCs is the acetoin/butanediol 

metabolism. Under high cell density, the medium is acidified (low pH) as 

consequence of glucose metabolism, is at this moment that acetoin cluster is 

activated reducing the acetoin levels and increasing the pH of the environment, and 

has been related to bacterial pollution resistance as well as to an increase capacity 

of environmental adaptation (122, 123). Acetoin/butanediol cluster, usually named as 

aco operon, is present in a broad spectrum of bacteria species such as: Bacillus 

subtilis, Pleobacter carbinolicus, Vibrio cholerae, Pseudomonas putida, Klebsiella sp. 

among others (121, 122, 124-126). The aco operon is regulated, in B. subtilis, by 

AcoR as positive regulator, found downstream of the operon in contrast to other 

bacteria (127); and is composed by two acetoin oxidoreductases encoded by acoA 

and acoB, a acetyltransferase encoded by acoC, and a dehydrogenase encoded by 

acoD, although this enzyme has also been named as acoL (124). Furthermore, in 

some bacteria such as Pseudomonas putida it has been found a butanediol 

dehydrogenase being also part of the operon (125). The regulation of this operon by 

the QS has been shown in V. cholerae (Figure 5), in which, depending on the cell 

density, the QS regulator LuxO controls both the repressor AphA and the activator 

HapR of the operon regulatory gene alsR, (128). Under high cell density and 

therefore elevated AI levels, LuxO is inactivated by dephosphorylation, preventing 

the activation of aphA and stabilizing hapR, activating alsR of the cluster (122, 129). 

Hawver et al. demonstrated that V. cholerae change pyruvate flux to acetoin and 2,3-

butanediol production, reducing the ATP produced, in order to maintain appropriate 

environment to prevent population collapse at high cell density, demonstrating that 



Introduction 

 29 

QS is essential to the survival of the V. cholerae population to low pH (128). 

Furthermore, in Bacillus subtilis under glucose presence the CcpA (catabolite control 

protein A) repress the aco operon by binding itself to both a cre site from the AcoR 

regulator and cre site in the sigL, which has been related to an RNA polymerase that 

recognize the sequence of the aco operon promoter (127); however, in the presence 

of acetoin CcpA is repressed and AcoR and SigL induce operon expression (124). 

 

Figure 5. Regulation of acetoin cluster by QS molecules. The presence of homoserine-lactones 
produces the inactivation of LuxO, eliminating the inhibition of HapR, which produced the activation of 
alsR and the acetoin cluster. 

 

5. TA systems 
 

Toxin-antitoxin systems are usually two component systems composed by a stable 

protein, the toxin, and an unstable protein, the antitoxin (130). TA systems can be 

found not only in bacteria, but also in archaea and even some fungi (Doc toxin 

homologues identified) (131). These systems were originally found in bacterial 

plasmids (132) being associated with plasmid stabilization (133), although nowadays 

it is known that they can be found in bacterial chromosome and in bacteriophages. In 

contrast to what their name could imply, the toxins of these systems are not a 

weapon against other bacteria, but they affect their own host metabolism; that is why 

a more proper name would be “growth inhibitors” (134, 135). Nowadays, seven types 
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of TA systems have been described, depending on how the antitoxin interact with the 

toxin (Figure 6). i) Type I (e.g., RalR/RalA), the antitoxin is an antisense RNA of the 

toxin; ii) type II (e.g., MqsR/MqsA), the antitoxin protein binds the active center of the 

toxin; iii) type III (e.g.,ToxN/ToxI), the same mechanism than the type II, but in this 

case is the antitoxin RNA, which binds the protein (136); iv) type IV (e.g., 

CbtA/CbeA), the antitoxin produces a competitive inhibition with the toxin for its 

target (137); v) type V (GhoT/GhoS), the antitoxin cleaved the toxin mRNA (138); 

type VI (e.g., SocB/SocA), the antitoxin binds the toxin producing its degradation by 

cellular proteases (139); vi) type VII (Hha/TomB), the antitoxin oxidase a cysteine 

residue of the toxin inactivating it (140). Surprisingly, Georgiades et al. found that 

there is a correlation between the number of TA systems and the virulence of 

bacteria (141), corroborating the importance of these systems to bacteria and 

explaining their wide distribution and even their redundancy in bacteria genomes. 

 

Figure 6. Types of toxin-antitoxin systems. Type I: The antitoxin mRNA binding to toxin mRNA which 
prevent toxin protein formation; type II: it has been formed a TA complex by the union of toxin and 
antitoxin proteins; type III: it has been formed a TA complex by the union of toxin protein with antitoxin 
mRNA; type IV: the antitoxin protein binds to toxin target blocking its action; type V: the antitoxin 
mRNA encodes an RNase which degrades the toxin mRNA; type VI: a TA complex is formed by the 
union of toxin and antitoxin proteins, producing decomposition of the toxin by a cellular protease; type 
VII: the antitoxin attenuated toxin activity by forming a complex with it. 

In the last decade, some secreted toxins from TA systems have been found. i) EsaD, 

from the EsaD/EsaG TA system, is secreted by type VII secretion system in S. 

aureus with the object of using it as a competitive weapon (142); ii) AvRxo1, from the 

AvRxo1/Arc1 TA system, is secreted by type III secretion system in Xanthomonas 

oryzae modificating nicotinamide adenine dinucleotide in plants (143); iii) MqsA the 
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antitoxin from the MqsR/MqsA TA system, is secreted in membrane vesicles by 

Xylella fastidiosa (144). 

TA systems are usually inactive, but they are activated under stress situations such 

as nutrition starvation, oxidative stress, antibiotic exposure and phage infection 

among others, they are activated (145). TA systems have been related to the 

generation of persistence and tolerance, but also to programming cell-death (PCD) 

or biofilm formation, demonstrating that the TA systems are integral part of the 

bacterial stress response network and generate tolerance to the stress. 

Furthermore, it has been shown that QS signals can regulate TA system expression, 

such as AI-2 that uses MqsR toxin from the MqsR/MqsA TA system to produce 

motility and biofilm formation. The researchers proposed that AI-2 induces MqsR 

expression, which stimulates several motility related genes expression, activating the 

cell motility and biofilm formation in E. coli (146). MqsR toxin has also been related 

to persister cell formation (147) by its effect over ClpXP, a protease that degrades 

RpoS and DNA binding-protein; Lon proteases, which degrade antitoxins such as 

MazE and RelB; Hha, the toxin from the Hha/TomB type VII TA system that has 

been related to biofilm formation (148). Apart from MqsR, other toxins from different 

TA systems have been related to persister cell formation, for example: i) HipA, from 

HipA/HipB type II system, the first toxin related to persister cells (149); HipA, which 

has been shown to activate (p)ppGpp production via RelA (150); ii) HokB toxin, from 

HokB/SokB type I system, which is regulated by (p)ppGpp (151); iii) YafQ toxin, from 

YafQ/DinJ type II system, which increases persistence by reducing indole signal 

(152, 153); iv) TisAB, from TisAB/IstR-1 type I system, in which TisB is the toxin that 

acts as an ion channel reducing the proton motive force, and IstR-1 is the antitoxin 

that binds the untranslated ORF of tisA, this TA system showed that persistence can 

appear due to the SOS response and DNA repair helping to understand why 

persister cells appear during exponentially growing phases (151, 154).  

Biofilm formation is also influenced by cryptic-prophages (bacteriophages whose 

genome is integrated in bacteria chromosome, which have lost its lysis capacity) TA 

systems, such as YpjF/YfjZ type IV system from E. coli CP4-57 cryptic-prophage, 

which reduce biofilm formation; or RelE/RelB type II system from Qin cryptic-

prophage, which increase biofilm formation (155-157). Nevertheless, TA system, as 
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it mentioned above, can also been found in bacteriophages as is the case of 

Doc/Phd type II system is codified in bacteriophage P1 (158). 

The MazE/MazF, a type II TA system, has been found to mediate PCD as a 

population phenomenon, requiring the involvement of QS extracellular death factor 

(159). When the bacteria is under rifampicin or chloramphenicol presence, or other 

antibiotic that inhibits transcription or translation, the EDF initiate ROS production, 

which activates the MazF/MazE system in order to produce PCD. However, under 

other type of antibiotics that cause DNA damage the activation of the TA system is 

not through the ROS pathway (65). Besides, it has been observed that RpoS 

produce a protection against MazF/MazE mediated PCD during stationary growth 

(160). Furthermore, MazF/MazE is also implied in the inhibition of the phage P1 by 

PCD mechanism (161). Besides, in the last few years, TA systems have been found 

to generate resistance against bacteriophage infection. Hok/Sok type I system, 

which is found in the plasmid R1, blocks T4 phage propagation (162);  RnlA/RnlB 

and IsoA/IsoB type II systems from E. coli suppress T4 propagation (163, 164); 

ToxN/ToxI type III system has activity against several phages, being the most 

studied system in relation to bacteriophages (165); and AbiEii/AbiEi TA type IV TA 

system from Lactobacillus lactis has also been reported to relate to phage inhibition 

(166). 

A. baumannii has several TA systems described in its genome, such as MazF/MazE 

in the chromosome of a wide range of clinical strains, although most of them are 

located in plasmids. The most common plasmid in clinical isolates in p3ABAYE, 

which encode RelE/RelB, two HigB/HigA, SplT/SplA and CheT/CheA systems (167). 

Interestingly, the SplT/SplA system, also known as AbkB/AbkA system, has been 

usually found in a resistance plasmid that also carries a β-lactamase blaOXA-24/40 

gene (168). This system found in E. coli too, can prevent translation by AbkB 

endoribonuclease activity through the scission of lpp mRNA.   
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Multiresistance is one of the most serious health problems nowadays. However, the 

problem cannot be considered in isolation as it is closely related to, and in some 

cases dependent on, tolerance and persistence mechanisms. Understanding these 

mechanisms will help in the fight against pathogenic bacteria. The research reposted 

in this thesis focuses on some of these mechanisms, mainly the quorum network and 

toxin-antitoxin systems in clinical strains such as Acinetobacter sp. and E. coli. 

 

The specific objectives of this doctoral research are as follows: 

Chapter 1 

 To determine the complete genome sequence of airborne Acinetobacter sp. 

strain 5-2Ac02 isolated from air samples collected in an ICU in a hospital in 

Rio de Janeiro (Brazil). 

 To determine the complete sequence of the airborne Acinetobacter sp. strain 

5-2Ac02 in order to investigate the genomic characteristics of the persistome, 

mobilome and tolerome. 

Chapter 2 

 To study the global gene expression of airborne Acinetobacter sp. strain 5-

2Ac02 under stress conditions such as the SOS response (mitomycin C) and 

quorum network (AHLs). 

 To characterize the AcoN protein as a negative regulator of the 

acetoin/butanediol operon. 

 To investigate the relationship between acetoin/butanediol cluster and the 

quorum network and also photoregulation of the relationship. 

Chapter 3 

 To study the relationship between QS (abaR gene) and QQ (aidA gene) 

mechanisms in clinical strains of A. baumannii in connection with 

development of pneumonia and bacteraemia. 
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 To investigate the mortality of a QS deficient (lacking abaI) A. baumannii 

strain in comparision with the wild type strain (A. baumannii ATCC 17978) in 

an animal model. 

Chapter 4 

 To study gene expression in a chlorhexidine-tolerant clinical strain of A. 

baumannii belonging to clone ST-2, which carries a β-lactamase blaOXA-24/40 

(resistance to carbapenems) and AbkB/AbkA toxin-antitoxin system in a 

plasmid. 

 To examine the relationship between the AbkB/AbkA toxin-antitoxin system 

and persister cell formation in the presence of imipenem in this chlorhexidine-

tolerant clinical strain of A. baumannii. 

Chapter 5 

 To investigate phenotypic E. coli reaction under an overexpression of a toxin 

cloned in an expression plasmid, from different types of toxin-antitoxin 

systems. 

 To investigate genetic modifications in the bacterial plasmid and genome that 

lead to inactivation of external toxins. 
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Chapter I. Genome sequence of airborne Acinetobacter sp. strain 5-2Ac02 in 
the hospital environment, close to the species of Acinetobacter towneri 

Although the atmosphere does not have its own microbiota, it is a means for the 

dispersion of many types of microorganisms (spores, bacteria, viruses and fungi) 

from other environments. Some microbes have specialized adaptations that favour 

their survival and permanence. Aerially dispersed microorganisms are of a great 

biological and economic importance. They produce diseases in plants, animals and 

humans, cause alteration of food and organic materials and contribute to the 

deterioration and corrosion of monuments and metals. Air microbiology was 

introduced in the nineteenth century by Pasteur and Miquel, who designed methods 

of studying microorganisms in the air and discovered the cause of some diseases. 

Since then, numerous researchers have worked in this field focusing both on outdoor 

air and enclosed spaces. Airborne diseases caused by bacteria, viruses and fungi 

include respiratory (pneumonia, whooping cough, tuberculosis, legionellosis, cold, 

flu), systemic (meningitis, measles, chicken pox, mycosis) and allergic diseases 

(169). 

Several authors have studied the survival of different microorganisms in aerosols: 

Bacillus (170), Escherichia coli and Pseudomonas (171) Corynebacterium, 

Micrococcus, Serratia and Mycobacterium, Staphylococcus, as well as fungi (172), 

and the influenza virus (173). 

Information about of the mechanisms of bacterial persistence and tolerance will help 

to identify the factors that favour the survival of airborne pathogens with the aim of 

developing infection control strategies with public health and biodefence 

applications. Several tolerance and persistence mechanisms have been described to 

date, including the general stress response (RpoS mediated), reactive oxygen 

species (ROS), energy metabolism, drug efflux pumps, the SOS response, the 

quorum network (QS/QQ) and TA systems (22). 

Acinetobacter species are found in almost all environments. In the past decade, 

researchers began to speculate about the capacity of members of the Acinetobacter 

genus to be transmitted by air (174). However, it remains unclear whether the 

presence of these bacteria in the air occurs as a result of contamination due to the 

presence of sick patients or merely as a result of the airborne mode of transmission. 



Chapter I 

 40 

Genome sequencing techniques facilitate both phylogenetic and epidemiologic 

analysis. This type of analysis provides genomic data, thus helping to identify the 

proteins, involved in the development of tolerance, persistence and resistance. 

In the research reported in chapter I, we sequenced and analysed the whole genome 

of Acinetobacter sp. strain 5-2Ac02, which was isolated from air samples from an 

Intensive Care Unit (ICU) in a hospital in Brazil. 

The genome of this strain includes a small chromosome of 2,951,447 base pairs (bp) 

(the chromosome of A. baumannii ATCC 17978 has 4,004,792 bp), with 40.9% G+C 

content and 2,795 predicted coding sequences (CDSs). Analysis of the resistome 

revealed the presence of TerC family proteins belonging to the ter operon, klaA and 

klaB genes from the kil operon, arsenic operon genes (this operon distribution has 

only been described in Pseudomona stutzeri TS44) (175), and a blaOXA -58 with an 

ISAba3-like transposase upstream that blocks its function. 

Four different toxin-antitoxin systems have been identified in the persistome: RelE-

RelB, ParD-ParE, HipB/HipA and HigB/HigA. Remarkably, analysis of the mobilome 

revealed that insertion sequences (IS) accounted for 5% of the genome, i.e. a higher 

level than in clinical strains of Acinetobacter sp. Finally, phylogenetic analysis 

revealed that this strain belongs to a new Acinetobacter species closely related to 

Acinetobacter towneri. 

Attached is the corresponding paper at Genome Announcements journal:  
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Chapter II. Quorum and Light Signals Modulate Acetoin_Butanediol 
Catabolism in Acinetobacter spp. 

As mentioned aboved, several tolerance and persistence mechanisms that occur 

under stress conditions and that favour bacterial survival have been described: the 

general stress response (RpoS mediated), reactive oxygen species (ROS), energy 

metabolism, drug efflux pumps, the SOS response, the quorum network (QS/QQ) 

and TA systems (22). 

In addition, it has been found that, under stress pressure, some airborne bacteria 

can produce and disperse multiple small molecules (such as acetoin) called bacterial 

volatile compounds (BVCs). These compounds are used, among other things, in 

cross-kingdom interactions (plants, animals and fungi) modulating antibiotic 

resistance, virulence and even biofilm production (176). 

Furthermore, QS is related to several virulence mechanisms such as the T6SS 

system and acetoin/butanediol metabolism (122). Acetoin is used for energy storage 

in fermentative bacteria, protecting the bacteria against cytoplasm and 

environmental acidification (124). 

In the research reported in chapter II, we analysed gene expression in the airborne 

Acinetobacter sp. 5-2Ac02 (genome reported in the previous chapter) in response to 

environmental stress such as the SOS response (induced by mitomycin C) and 

quorum network (AHL). Analysis of the airborne Acinetobacter sp. 5-2Ac02 enabled 

functional characterization of the negative regulator of the acetoin/butanediol cluster 

(AcoN protein) in A. baumannii and its relation to the quorum network and 

photoregulation. 

Array analysis in the presence of mitomycin C demonstrated the expression of genes 

involved in the SOS response, 6 types of TA systems, the ROS response and heavy 

metal resistance genes, the colicin V protein and several mobile elements. Time 

killing curves constructed for bacteria in the presence of mitomycin C plus 

ciprofloxacin indicated tolerance due to the slow growth in response to stress (the 

sensitivity was indicated by the MIC of this antibiotic). 

Study of gene expression in the presence of quorum network signals (AHLs mix and 

3-Oxo-C12-HSL) revealed overexpression of the aromatic compounds, 
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biodegradation cluster and, unexpectedly, the acetoin/butanediol cluster genes. This 

acetoin/butanediol operon was detected in A. baumannii ATCC 17978 as well as in 

18 strains of A. baumannii isolated in the “II Spanish Study of A. baumannii GEIH-

REIPI 2000-2010 (Bioproject PRJNA345289)”. The cluster has been described as a 

metabolic pathway for preventing medium acidification (122) and improving 

resistance to bacterial pollution (123). A. baumannii is one of the major causes of 

nosocomial infections worldwide and is mainly isolated from patients in Intensive 

Care Units (ICUs) (177, 178), in whom it causes pneumonia and in some cases 

bacteraemia (179, 180). This pathogen is extremely successful due to its high 

genetic plasticity (22, 181), its resistance to several antimicrobial agents and 

environmental stress (22, 182, 183) and its high level of virulence (184, 185).  

Interestingly, we observed that in the acetoin/butanediol cluster, the airborne strain 

Acinetobacter sp. 5-2Ac02 lacks one of the genes possessed by A. baumannii, 

AcoN. We therefore analysed the role of this gene as a negative regulator. We used 

an isogenic mutant of A. baumannii for functional characterization of the gene (acoN) 

and constructed growth curves for the strain in the presence of 5mM acetoin. The 

curve showed that the isogenic mutant grows in a significantly higher ratio than its 

wild type A. baumannii ATCC 17978, thus confirming the function of acoN as a 

negative regulator of the cluster. Moreover, the 2,3-butanediol dehydrogenase 

protein in the cluster was overexpressed in the presence of 3-Oxo-C12-HSL in the A. 

baumannii ATCC 17978 ΔacoN mutant. 

We also showed that acetoin catabolism is induced by light, and that the BlsA 

photoreceptor interacts with and antagonizes the functioning of AcoN, while also 

integrating a temperature signal. In fact, growth on acetoin was much better 

supported under blue light than in darkness through BlsA and AcoN proteins. Acetoin 

catabolic genes were also induced under this condition in a BlsA and AcoN-

dependent manner. The opposite behaviour was observed for blsA and acoN 

mutants, with BlsA being necessary for the observed induction and AcoN for 

repression, indicating that BlsA antagonizes AcoN. Finally, Y2H assays indicated 

that BlsA interacts with AcoN only under blue light but not in darkness. The data 

support a model in which BlsA interacts with and probably sequesters the acetoin 

repressor under these conditions, relieving acetoin catabolic genes from repression 

and leading to temperature-dependent increased growth under blue light. BlsA is 
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thus a dual regulator, antagonizing the functioning of different transcriptional 

regulators in darkness but also under blue light, which is a novel finding.  

In this part of the research, we undertook the functional characterization of the 

negative regulator AcoN protein from the acetoin/butanediol cluster in an isogenic A. 

baumannii model and demonstrated that the quorum network modulators as well as 

light regulate the acetoin catabolic cluster, thus providing a better understanding of 

the mechanisms used by environmental as well as clinical bacteria. 

Attached is the corresponding paper at Frontiers Microbiology journal: 
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Chapter III. Relationship between the quorum network (sensing/quenching) 
and clinical features of pneumonia and bacteraemia caused by Acinetobacter 
baumannii  

In the research reported in chapter III, we continued to study this important 

mechanism of tolerance and bacterial persistence, i.e. the quorum network in the A. 

baumannii. We examined the relationship between the quorum network (QS/QQ) 

(abaR/aidA genes), and the development of pneumonia and secondary bacteraemia 

in 30 clinical strains of A. baumannii isolated in the “II Spanish Study of A. baumannii 

GEIH-REIPI 2000-2010 (Bioproject PRJNA345289)”. In addition, we explored the 

relationship between the quorum network and mortality in an in vivo model of 

Galleria mellonella, using a mutant A. baumannii lacking the abaI gene and the wild-

type A. baumannii ATCC 17978. 

Analysis of the expression of these genes, abaR (QS gene) and aidA (QQ gene) by 

RTq-PCR did not reveal any significant differences between the 17 isolates from 

colonized patients and the 13 isolates from pneumonia patients. However, there 

were significant differences between patients with pneumonia and bacteraemia (Pn-

B) and patients with pneumonia but not bacteraemia (Pn-NB). The abaR gene was 

overexpressed in Pn-B patients relative to Pn-NB patients, and the aidA gene was 

overexpressed in Pn-NB patients relative to the Pn-B patients. Furthermore, analysis 

of these quorum network genes under different conditions such as 3-Oxo-C12-HSL 

and H2O2 in the strains from Pn-NB patients showed regulation of aidA gene in the 

presence of 3-Oxo-C12-HSL (overexpression) and H2O2 (underexpression). In 

adition, there was a significant decrease in expression of the abaR gene due to the 

effect of 3-Oxo-C12-HSL. Analysis of these genes in the strains from Pn-B patients 

revealed that the aidA gene was not regulated by either of the compounds; 

nevertheless, the abaR gene was overexpressed under H2O2 pressure. These 

findings indicate that the isolates from Pn-B patients did not possess a functional 

aidA gene, in contrast to the strains that did not cause bacteraemia secondary to 

pneumonia. 

On the other hand, clinical analysis of the risk factors associated with the 

development of pneumonia vs colonization demonstrated that diabetes mellitus is 

the only significant variable. Nevertheless, the only important factor associated with 
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the development of bacteraemia following pneumonia caused by A. baumannii is the 

lack of the functional aidA gene. These results are consistent with those reported by 

Lopez et al., who showed that 67% of clinical A. baumannii were non-mobile, 

isolated from the respiratory tract and expressed the AidA protein. However, the only 

non-motile isolate from blood lacks the aidA gene (33, 102). 

Finally, in vivo analysis revealed 100% mortality of Galleria mellonella in 24h when 

the moth was infected with A. baumannii ATCC 17978, whereas infection with A. 

baumannii ATCC 17978 ΔabaI only produced 70% mortality in 24h. 

The research findings showed that the QN (QS/QQ) is involved in the development 

of bacteraemia in patients with pneumonia caused by A. baumannii. This is the first 

study to analyse the relationship between the absence of the functional AidA QQ 

enzyme and the development of secundary bacteraemia following pneumonia. 

Attached is the corresponding paper at Frontiers in Microbiology journal: 
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Chapter IV. Relationship between tolerance and persistence mechanisms in 
Acinetobacter baumannii strains with AbkB/AbkA toxin-antitoxin system  

In hospitals, bacteria must survive stressors such as disinfectants and biocides in 

addition to the important antimicrobial stress (17). Among the biocides most 

frequently used in the hospital environment, we highlight chlorhexidine (186). 

In the research reported in chapter IV, we used transcriptomic and phenotypic 

assays to analyse the tolerance and persistence mechanisms in response to 

chlorhexidine in A. baumannii isolates previously characterized in the “II Spanish 

Study of A. baumannii GEIH-REIPI 2000-2010 (Bioproject PRJNA345289)”. 

Transcriptomic analysis of strain Ab-2_clon_2010-CHLX (tolerant to chlorhexidine) in 

the presence of chlorhexidine, showed overexpression of the following: i) Efflux 

pumps genes encoding AdeABC, arsenite and AceI chlorhexidine; ii) Plasmid 

PMMCU3p genes, such as OXA 24/40 β-lactamase, OriV and DNA replication 

protein; iii) CsuA/BABCDE operon, taurine and CydAB operons; and iv) Quorum 

sensing genes. However, the analysis also revealed repression of some genes, the 

metabolic pathways of which were analysed by reference to the Kyoto Encyclopedia 

of Genes and Genomes (KEGG): i) the ppGpp network, which is mediated by a 

variety of RelA/SpoT homologe (RSH) proteins (187), the accumulation of ppGpp 

affects resource-consuming cell processes and produces cell arrest under nutrient 

starvation (188); and ii) oxidative phosphorylation, in which α/β subunits of the ATP 

synthase as well as rho factor (a transcription termination factor) were 

downregulated.  

Additionally, time-kill curves showed that, unlike Ab-2_clon_2010, Ab-2_clon_2010-

CHLX suffered a massive depletion in the presence of imipenem; confirmed by the 

lower expression levels of OXA 24/40 β-lactamase, abkA antitoxin gene and the 

overexpression of abkB toxin gene. In addition, we observed regrowth of persister 

cells in the Ab-2_clon_2010-CHLX isolate in the presence of imipenem plus 

chlorhexidine. Moreover, we used two A. baumannii ATCC strains as controls (both 

susceptible to carbapenems) and surprisingly found that growth of A. baumannii 

ATCC 17978 (which contains the AbkB/AbkA toxin-antitoxin system) was reactivated 

in the presence of imipenem and chlorhexidine, in contrast to A. baumannii ATCC 
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19606 (which lacks the TA system). These data were confirmed by enzymatic 

analysis with the cell proliferation reagent WST-1. 

These data confirm the importance of tolerance and persistence mechanisms under 

chlorhexidine and imipenem pressure in clinical strains of A. baumannii carrying the 

blaOXA 24/40 β-lactamase gene and the AbkB/AbkA toxin-antitoxin system in a plasmid. 

They thus demonstrate the importance of the TA systems in persister cell formation 

under stress conditions.  

Attached is the corresponding paper at Antimicrobial Agents and Chemotherapy 

journal: 
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Chapter V. Toxin inactivation in toxin/antitoxin systems 

In the previous chapter we demonstrated the relationship between TA systems and 

persistence/tolerance mechanisms. TA systems are widely distributed in bacteria, 

but they are also found in Archaea and even fungi (131); the broad distribution and 

myriad types of TA systems implies an evolutionary advantage for their use. 

Nevertheless, TA systems require tight regulation, to prevent undesired effects on 

metabolism. 

In this fifth chapter, we provide insights into how bacteria respond to TA toxin 

activity, by identifying the mutations that occur in bacteria to inactivate toxins, when 

antitoxins do not function or are not present. We produced each toxin (an RNase, 

membrane-damaging peptide, DNase, and transcriptional regulator) from a common 

plasmid backbone and promoter.  

We constructed growth curves for E. coli K12 BW25113 strain with a plasmid 

pCA24N, which carried a toxin gene (mqsR, ghoT, ralR, and hha) that was 

overexpressed in the presence of IPTG. The growth curves showed inhibition of 

growth during the first hours; however, after 12 h the bacteria had regrown. 

Surprisingly, a second curve with these strains showed that they were no longer 

affected by overexpression of the toxin, confirming the presence of a stable 

mutation. 

Moreover, in order to determine the type of modification that had occurred, we 

sequenced the plasmids and found a deletion in the promoter of some of them. The 

genomes of those strains in which the plasmid was not mutated were sequenced, 

revealing several SNPs in different genes, highlighting mutations in lacI, iraM and 

mhpR. Furthermore, we determined the rate of conservation of these toxin genes in 

1000 genomes of E. coli, noting a high rate of preservation in almost all of them, 

except RalR, in which the sequence was more variable. 

The research findings demonstrate that bacteria inactivate toxins by mutating the 

promoter of the toxin or by inactivating chromosomal copies of lacI, iraM and mhpR, 

thus preventing modification of the toxin sequence. 

Attached is the corresponding paper in review at Journal of Applied Microbiology: 
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In the last few decades there has been a great increase in the emergence of 

antibiotic resistant bacteria, causing a huge problem for public health worldwide. One 

of the most important causes of this increase is the appearance of tolerant and 

persister cells, which can survive antibiotic exposure by reducing some bacterial 

processes (22). Determining the mechanisms by which bacteria become tolerant 

and/or persistent has become a priority target for the scientific community. It is 

currently known that the following mechanisms participate in tolerance and 

persistence: the ROS response (by the action of SOD and catalase) (27); the 

general stress response (through the RpoS response by activating bacterial TA 

systems) (24); the SOS response (by repairing DNA damage and regulating DNA 

recombination) (34); energy metabolism (by improving ROS response or adapting 

bacteria to different substrates) (28, 29); (p)ppGpp (by regulating all the DNA-RNA 

process) (37); efflux pumps (by removing toxic elements from bacteria) (33); the 

quorum network (by controlling bacteria population and regulating several metabolic 

routes) (39); and TA systems, which are closely involved in persister cell formation 

via inhibition of  bacterial growth (41). 

In the research reported in chapter I of the present thesis, we analysed these 

mechanisms in an airborne strain isolated from air samples from an ICU in a hospital 

in Rio de Janeiro (Brazil), identified as Acinetobacter sp. strain 5-2Ac02. The 

genome of this strain included a small chromosome (2,951,447 bp), and 5% of the 

genome consisted of insertion sequences (a very high percentage). Moreover, we 

identified several heavy metal resistant genes, six TA systems and, more 

surprisingly, an OXA-58 ß-lactamase that is blocked by an ISAba3-like transposase 

in its upstream region, explaining why this ß-lactamase OXA-58 was not expressed 

and therefore there was no resistance to carbapenemic antimicrobials (189). The 

presence of the β-lactamase and the heavy metal resistance genes indicates that in 

this strain not only has an astonishing capacity to survive in adverse environments, 

but also acts as an environmental reservoir of resistance genes (190, 191). In fact, 

antibiotic resistance is a natural phenomenon, as some bacteria can produce 

antibiotics in order to eliminate other competing bacteria from the environment (192). 

Surprisingly, β-lactam resistance genes have been found in bacteria isolated from 

30,000-year-old permafrost (193), and other several resistance genes have been 

detected in 4 million-year-old sediment from a cave in New Mexico (USA) (194). The 
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coexistence of antibiotic producing and non-producing bacteria has contributed to 

the natural development of antibiotic resistance genes as well as the horizontal 

transfer of these between bacteria (195). In addition, the widespread use of 

antibiotics in clinical situations, as well as in livestock and plant cultures, in addition 

to the antibiotic contamination of the environment have led to an increase in the 

development of several new antibiotic resistance genes. However, as well as 

affecting environmental strains, these problems also affect clinical strains (as both 

types coexist), contributing to an increase in the acquisition of the resistance genes 

in clinical pathogens (196). This is well illustrated in airborne strain Acinetobacter sp. 

5-2Ac02, in which 5% of the genome corresponds to insertion sequences (indicating 

its high genome plasticity), and which possesses several resistant genes such as a 

β-lactamase and heavy metal resistant genes. Furthermore, A. baumannii was a rare 

pathogen 25 years ago, and Acinetobacter sp. was considered an environmental 

bacteria that can persist in both in humid and dry locations and tolerate a wide range 

of pH, temperatures, energy and carbon resources, whereas it is now considered 

one of the most dangerous opportunistic pathogens worldwide (197). 

In order to determine the mechanisms that are activated in Acinetobacter sp. strain 

5-2Ac02, we analysed gene expression in this bacterium in response to different 

types of stress (chapter II). We observed that under mitomycin C (MMC) pressure, 

this strain expresses SOS response genes, as well as antibiotic peptides, heavy 

metals resistance gene operons (such as arsenate, copper, and cobalt-zinc-

cadmium) and, as in strain Ab-2, the TA system (five in this case) and ROS 

response genes. These data show the importance of these tolerance and 

persistence mechanisms in different bacteria under different stress conditions. 

Moreover, we constructed growth curves for Acinetobacter sp. strain 5-2Ac02 in the 

presence of MMC (stress factor) as well as different antibiotics, either alone or in 

combination with MMC. Mitomycin C has been described as a treatment for persister 

cells in A. baumannii, and in other bacteria such as Borrelia burgdorferi (198, 199). 

However, we observed that the presence of this substance in combination with 

ciprofloxacin actually induced the production of tolerant cells. Similar results were 

reported by Dörr et al., who observed an increase in persister cell formation in those 

cultures treated with MMC prior to ciprofloxacin (200). These findings demonstrated 

that MMC is not an efficient treatment against all bacterial persister cells, as 
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suggested by other authors (201). On the other hand, focusing on the QN analysis, 

we characterized the acetoin/butanediol cluster in the airborne Acinetobacter sp. 

strain 5-2Ac02, which lacks the acoN gen (negative regulator). Moreover, we studied 

this acetoin/butanediol operon in A. baumannii ATCC 17978 and in eighteen clinical 

A. baumannii strains in the “II Spanish Study of A. baumannii GEIH-REIPI 2000-

2010”, as well as its negative regulator, AcoN, which was located in all isolates 

(202). Comparison of growth curves of the isogenic mutant A. baumannii ATCC 

17978 ΔacoN in the presence of acetoin and the wild type revealed the role of the 

acoN gene as a negative regulator. We also observed a relationship between the 

acetoin/butanediol cluster and the quorum network. Regulation of this operon has 

been widely studied and is known to be associated with quorum sensing and pH or 

the concentration of acetoin in the environment; regulation is activated when the high 

cell density leads to accumulation of acetoin as a consequence of glucose 

metabolism (122). In V. cholerae, the QS regulator LuxO is inactivated by 

dephosphorylation, stabilizing hapR, which activates alsR in the cluster (129). 

However, negative regulation is more variable: in B. subtilis the acetoin operon is 

downregulated by the catabolite control protein A (CcpA) to the cre site of the 

promoter region of acoR (positive regulator of the cluster) (127); in Serratia 

marcescens, SwrR (QS receptor) downregulates two genes of the operon (slaA and 

slaB) that control acetoin production, although it cannot control either the 2,3-

butanediol dehydrogenase (slaC) or the positive regulator SlaR (203); in Klebsiella 

and Serratia, BudR (positive regulator) also acts as its own negative regulator under 

neutral pH, in the absence of acetate and under aerobic conditions (204, 205). We 

demonstrate that the absence of the AcoN negative regulator in Acinetobacter sp., 

under certain types of environmental stress, converts the strain into a more efficient 

one, which can grow readily in the presence of high levels of acetoin and increase 

activation of the cluster in response to quorum network signals. In addition, the 

absence of the QS synthase has also been related to a decrease in acetoin 

production, demonstrating the relationship between QS and acetoin metabolism, 

although it has also been shown to be regulated by pH (204). Acetoin and 2,3 

butanediol are also BVCs, which can influence bacterial pathogenesis (120) by 

altering the production of virulence factors (115) or by affecting host cell functions 

(206). In addition to the fundamental ecological interest, a better understanding of 

environmental bacteria and of the roles of BVCs (including 2,3-butanediol), metabolic 
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pathways and mechanisms involved could provide new information about the 

bacterial response to the environment, thus potentially leading to clinical or industrial 

applications. 

For deeper analysis of the cluster and negative regulator function of the AcoN 

protein, we carried out photoregulation studies, in which the relationship between 

acetoin/butanediol metabolism and both bacterial pathogenesis and activation of 

virulence factors has been demonstrated (176). For example, in P. aeruginosa, in the 

presence of 2,3-butanediol increases elastase production and biofilm density, but 

also produces a reduction in swimming and swarming motility, contributing to biofilm 

formation. Pyocyanin levels are also stimulated by 2,3-butanediol, inducing a 

competitive advantage, and, a relationship between 3-Oxo-C12-HSL and 2,3-

butanediol has been observed in this bacterium (115). Otherwise, acetoin is an 

important product of the physiological metabolism of bacteria produced in response 

to excess glucose or other fermentable carbon sources (207). Metabolism of acetoin 

controls the NAD/NADH ratio, and also prevents the accumulation of acid both in 

bacterial cytoplasm and in the environment (208, 209). The presence of this operon, 

particularly without its negative regulator, contributes to better environmental 

adaptation under stress conditions, helping the bacteria to persist for longer in an 

unfavourable environment (123). Besides, the more time bacteria could survive in an 

environment, the longer this bacterium will have the chance of acquiring new 

resistance genes (21). Moreover, we found that light can modulate acetoin 

metabolism through BlsA (a short blue light using flavin (BLUF) type protein) in a 

temperature dependent way, by inducing aco ABC genes and repressing AcoN. 

Certain types of light can regulate A. baumannii metabolism as well as biofilm 

formation and tolerance to antibiotics (75, 77). Although the short BLUF proteins are 

widely distributed in bacteria, a mechanism of signal transduction by short BLUF 

photoreceptors has only been described in few cases (210). Many photoreceptors, 

such as PixD (210), AppA (211) and YcgF (212), have been shown to antagonize 

transcriptional repressors, but BlsA is the only photoreceptor known to act both in 

darkness (repressor Fur inactivation) and in light (AcoN repression) (213). Light-

induced activation of the acetoin/butanediol metabolism may occur in the same 

direction as in P. aeruginosa, in which light has been shown to increase virulence 

(115). Indeed, light induces virulence and persister factors such as the type VI 
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secretion system, production of antioxidant enzymes, the quorum network and 

tolerance to antibiotics, among others (78). All of these findings indicate that light 

may modulate bacterial persistence in the environment. Despite the absence of light 

in internal organs and tissues, it may be important in surface-exposed wound 

infections (74). 

Given the importance of the QN as a mechanism of bacterial tolerance and 

persistence, we focused our research on attempting to understand the role of QN in 

the development of bacteraemia in patients with pneumonia caused by clinical 

strains of A. baumannii (Chapter III). We chose to study this aspect because it is 

precisely in the lungs of the patients where Acinetobacter is submitted to a high level 

of environmental stress by ROS, and its tolerance mechanisms, catalase and 

superoxide dismutase (SOD) enzymes will be activated through the QN (103). 

Furthermore, we found that the respiratory strains are less motile than the blood 

strains, demonstrating a correlation between the motility and origin of the strain. The 

authors speculate that motile strains cannot attach as firmly to alveolar cells as the 

non-motile strains. In addition, an oxygen-rich environment has been proposed to 

inhibit the factors required for motility (214). It has also been demonstrated that 

several proteins involved in the oxidative stress response are affected by QQ, such 

as Gor protein, a glutathione reductase, whose activity has been reduced in the 

absence of the QQ enzyme AiiA, a lactonase isolated from Sinorhizobium meliloti 

(215, 216). It has been found that strains of A. baumannii isolated from blood 

samples, are motile (in contrast to those isolated from lung), but also lack the QQ 

AidA protein (a dienelactone) (102). In the present study, analysis of 13 isolates from 

patients with pneumonia revealed overexpression of abaR in strains isolated from 

patients with bacteraemic-pneumonia relative to strains from patients with only 

pneumonia. Moreover, we observed regulation of aidA in the presence of H2O2 and 

3-Oxo-C12 in pneumonia-causing strains. However, we observed overexpression of 

the aidA gene only under H2O2 pressure in the pneumonia-causing strains, as five of 

the six strains that produced bacteraemia did not express AidA. These findings are 

consistent with previous reports, inasmuch as AidA does not only regulates the QS 

of producer bacteria, but also can degrade signals from other bacteria (88, 102). 

Nevertheless, there was no difference in the expression of the analysed genes 

between colonized and pneumonia patients, as previously observed (217). In an 
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analysis of different variables in the patients we found that the only statistically 

significant risk factor for the development of pneumonia was diabetes mellitus, as 

previously described (218). This can be attributed to the effects of diabetes on the 

immune system, such as a reduction in chemotaxis, phagocytosis and killing by 

macrophages and polymorphonuclear cells (219). However, in relation to the 

development of bacteraemia secondary to pneumonia, the only significant risk factor 

was the underexpression of the aidA gene. The lack of AidA protein resulted in lack 

of regulation of the QS, contributing to the activation of virulence factors as T6SS 

and motility, which could favour the development of invasive infections such as 

bacteraemia (102). 

In infection assays conducted in an in vivo model with larvae of wax moth Galleria 

mellonella, we observed a reduction in the mortality of the larvae infected with abaI 

gene mutants, because of the role of QS in the regulating virulence in several 

bacteria (220). In A. baumannii, motility requires a functional AbaI synthase, and the 

lack of AbaI reduced biofilm formation by 30-40% relative to the wild-type, although 

complementing the culture with AHL restores biofilm maturation (221, 222). In 

addition, a mutation in the synthase of Aeromonas salmonicida subsp. 

achromogenes reduced virulence factors such as levels of expression of a toxic 

metalloprotease, secretion of cytotoxic factors and generation of pigments (223). 

Nevertheless, lasR gene mutants of P. aeruginosa adapt better in certain 

environments, such as the lungs, where they grow better under chronic infection 

conditions, thus providing a selective advantage (224). However, cells with a 

defective QS are known as cheaters, as they cannot supply QS signals to the 

population, although they can take advantage of them (225). In spite of that, high 

levels of stress, such as oxidative stress, contribute to eliminating the cheaters from 

the population and selecting those cells with a functional QN (225). 

Toxin-antitoxin systems represent another important mechanism of bacterial 

tolerance and persistence. Chapter IV reports a study of the molecular mechanisms 

involved in tolerance to chlorhexidine (a commonly used antiseptic) in a clinical 

isolate of A. baumannii (Ab-2_clon_2010-CHLX). In this strain, overexpression of 

efflux pumps occurred in response to chlorhexidine (in order to eliminate the 

antiseptic) and surprisingly to arsenite, ROS response, biofilm, ppGpp genes and an 

OXA-24/40 β-lactamase (which confers resistance to imipenem) together with the 
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module AbkB/AbkA TA system (also known as SplT/SplA) (23). With the object of 

determining whether the genomic expression modified the bacterial phenotype, we 

constructed growth curves for the strain in the presence of chlorhexidine, imipenem 

and a combination of both. Astonishingly, we found that the presence of TA systems 

(AbkB/AbkA proteins) in A. baumannii ATCC 17978 contributes to tolerance 

mechanisms that enable survival in the presence of antibiotics and environmental 

stress factors, such as chlorhexidine, but also that activation of the AbkB toxin (from 

module AbkB/AbkA) in the tolerant A. baumannii Ab2_clon_2010-CHLX strain 

generated the development of persister cells in the presence of imipenem and 

chlorhexidine and the absence of expression of the OXA-24/40 β-lactamase. In the 

last few decades it has been shown that certain antibiotics (such as those that 

prevent translation) contribute to persister cell formation (226), and chlorhexidine has 

been found to induce the production of persister cells in Archaea such as Haloferax 

volcanii (227). In addition, clinical isolates of K. pneumoniae have been found to 

acquire cross-resistance to colistin as a consequence of becoming resistant to 

chlorhexidine (228). In addition, a combination of imipenem and gentamicin 

generates the formation of persister cells at the initial stages of treatment; and 

revival after 12 hours, elevating the number of surviving cells, even though 

antibiotics are still present (229).  

As stated above, tolerance and persister mechanisms contribute to maintaining 

bacteria in adverse environments, thus increasing the chance of these acquiring new 

resistance genes and contributing to their better adaptation to different conditions 

(22, 230). The presence of these mechanisms has been widely studied in pathogenic 

bacteria, and the TA systems are one of the most widely analysed. TA systems 

contribute to both tolerance and persister cell formation, and their contribution to one 

or the other depends on the balance between the toxin and the antitoxin (231). It is 

known that toxins from TA systems can act on protein synthesis, replication, DNA 

and RNA integrity, protein assembly, cell-wall synthesis and energy production 

(232). The persister cell formation that depends on TA systems is associated with a 

stringent response and the alarmone signal (p)ppGpp (36), as well as with the QN 

response (233); these mechanisms are activated under several types of 

environmental stress, in order to reprogram physiological cell functions, ranging from 

growth to survival functions (234). The (p)ppGpp inhibits the exopolyphosphatase 
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(ppX), which degrades polyP, thus producing an accumulation of polyP that 

contributes to degradation of the anitytoxins by Lon-protease (235). Two of the main 

TA systems involved in persister cell formation are MqsR/MqsA and HipB/HipA 

systems, which also impact motility, biofilm formation and QS (236). Despite the 

focus of research on the relation of the type II TA systems in persistence, members 

of the other types of systems have also been related to persister cell formation (23). 

It has been reported that MazF toxins increase the expression of stress resistant 

genes as well as reducing metabolic processes, producing reversible formation of 

persister cells, which are more resistant to antibiotics and environmental stress than 

the non-persisters (237).  

All of these mechanisms can be considered possible new targets for antimicrobial 

treatments. In the last few decades, both natural and synthetic molecules with the 

capacity to reduce persister cell formation have been studied, such as inhibitors of 

(p)ppGpp (238), inhibitors of the RecA protein and the SOS response (239), 

antibiofilm activity molecules (240), and QS inhibitors (22). Some of these molecules 

are already used; for example, QS inhibitors are used in clinical trials and also to 

develop medical devices (241). Furthermore, TA systems have also been analysed 

as new antimicrobial targets, and some authors have speculated about the possibility 

of activating expression of the toxin or eliminating the antitoxin from the system in 

order to provoke bacterial death. For example, artificial activation of TA systems by 

PNA oligomers (which inhibit the antitoxin) has been proposed as a new antibacterial 

strategy (242). However, the proposed strategy involved artificial dysregulation of the 

natural balance between a toxin and its antitoxin. TA systems are tightly self-

regulated, and thus as antitoxins repress expression via promoter binding, toxins 

limit both antitoxin and toxin levels via post-transcriptional cleavage of mRNA (231, 

243), and antitoxins inhibit toxins. In some cases, the antitoxins repress expression 

via other TA systems as GhoT/GhoS, which is regulated by MqsR (243). The high 

variability of these systems has been demonstrated by the fact that only two 

sequence substitutions can turn the antitoxin of one system into a new toxin or even 

in the antitoxin of a total different toxin, thereby generating a new system (244).  

Finally (chapter V), we analysed what occurs in bacteria when an external toxin is 

added and overexpressed, noting that despite initial inhibition of growth, bacteria can 

regrow after 12 hours even though the external factor (the IPTG that induced 
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overexpression of the toxin) remains in the medium. Previous research on the 

inactivation of external toxins has shown that these toxins are inactivated by 

mutations in their genes (245-247). However, we found that the inactivation was due 

to a deletion in the TATA box of the Pt5-lac promoter of the plasmid, in most of the 

strains analysed. In those strains in which we did not observe deletion in the plasmid 

promoter, we observed chromosome modifications, specifically in the genes lacI (lac 

operon inhibitor), iraM (anti-RssB factor involved in RpoS stabilization during Mg 

starvation) and mhpR (transcriptional activator). The lac system repressor (LacI) has 

been found to be repressed by IPTG, enabling activation of the lac operon (248). 

Several mutations in the lacI gene that modified the mechanism of action have been 

detected, highlighting a change in the valine 95 to alanine, so that IPTG activates 

LacI rather than repressing it (249). IraM is an anti-adaptor protein that has been 

related to the stabilization of RpoS during Mg starvation, and has been found to be 

encoded by the ycgW and elbA genes (250-252). This protein has been related to 

PhoP/PhoQ, a two component system, which is necessary for activating IraM, and 

H-NS (Histone-like nucleoid-structuring), which inhibit IraM activation (253). Finally, 

MhpR (a DNA-binding transcriptional activator), which is located following lac operon 

(254), regulates the 3-hydroxyphenyl propionate catabolic pathway (255). This 

operon, and more specifically MhpR, has been related to the cAMP-CRP complex, 

which activates the cluster when glucose is not available, but 3-hydroxyphenyl 

propionate (an aromatic compound) is available (256). We believe that the mutations 

in these two genes are related to the high level of stress to which the bacteria are 

subjected during overexpression of the external toxin. 

The mutation capacity of bacteria has been shown to increase under exposure to 

high levels of environmental stress (257). The appearance of mutations in cultures 

under environmental stress conditions has been widely studied, especially the 

appearance of mutants resistant to antibiotics, such as rifampicin, in pathogens such 

as E. coli (258, 259). Some researchers have hypothesized that bacteria can switch 

between high and low mutation rates in order to adapt to environmental conditions 

(258). However, other authors consider that mutant bacteria appear as a result of 

selection under stress rather than as a result of random mutagenesis. Mutants 

accumulate under rifampicin pressure because they can grow, whereas the wild type 

cannot grow under these conditions (259). We consider that the appearance of 
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bacteria that inactivate the external toxin corresponds to selection rather than to 

random mutation, inasmuch as inhibition of the external toxin allows bacteria to 

resume growth, unlike those without the mutation. Moreover, the high prevalence of 

these toxin genes in the bacterial population, observed by bioinformatic tools, and 

the high plasticity of the TA systems (244) may explain why the toxin gene has not 

mutated in bacteria.  

The study findings indicate that artificial modification of the balance of the TA 

systems is not a correct antibacterial strategy and new ways of approaching this 

treatment path should be sought. 
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Chapter 1 

1. The genome of the airborne strain Acinetobacter sp. 5-2Ac02, isolated from 

an ICU of a hospital in Rio de Janeiro (Brazil), is described. This strain has a 

genome of size 2.95Mb, with a 40.9% GC content and 2,795 CDSs. The 

genome has a high percentage (5%) of insertion sequences, and the genes 

include several heavy metal resistant genes, six TA systems, and a β-

lactamase OXA-58 interrupted by an ISAba3-like transposase. 

2. Acinetobacter sp. 5-2AC02 was suggested to be a new species of 

Acinetobacter, closely related to A. towneri. 

Chapter 2 

1. Several tolerance mechanisms were activated under stress conditions such 

as the SOS response (mitomycin C) and quorum network (AHLs) in airborne 

Acinetobacter sp. 5-2Ac02. Among these we highlight SOS and ROS 

responses, heavy metal resistance, acetoin/butanediol metabolism, quorum 

network and toxin-antitoxin systems. 

2. The AcoN protein was functionally characterized as a negative regulator of 

the acetoin/butanediol cluster in Acinetobacter sp. 5-2Ac02 and clinical strains 

of A. baumannii. 

3. The relationship between the acetoin/butanediol cluster and the quorum 

network was demonstrated, and knowledge of acetoin metabolism as well as 

the ion light transduction mechanism mediated by the BLUF photoreceptor 

BlsA in A. baumannii strains is highlighted. 

Chapter 3 

1. The relationship between reduced expression of the QQ enzyme (AidA) from 

the quorum network in A. baumannii clinical strains and the development of 

bacteraemia secondary to pneumonia infections is described. 

2. Quorum network deficiency in the A. baumannii mutant by knockout of the 

abaI gene isolate showed a reduction in mortality in an animal model. 
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Chapter 4 

1. Efflux pumps, ROS response, CsuABCDE (biofilm genes) and ppGpp, among 

others, were identified as the mechanisms of tolerance to chlorhexidine in the 

A. baumannii clinical isolate ST-2 harbouring the β-lactamase OXA-24/40 

gene and AbkB/AbkA TA system in a plasmid. 

2. The important link between mechanisms of bacterial tolerance and 

persistence under chlorhexidine and imipenem pressure in a clinical isolate of 

A. baumannii ST-2 harbouring the β-lactamase OXA-24/40 gene and 

AbkB/AbkA TA system in a plasmid are described and attributed to the 

absence of activity of the OXA-24/40 ß-lactamase together with the 

overexpression of the abkB toxin (from AbkB/AbkA module). 

Chapter 5 

1. None of the toxin genes (from the TA systems) mutated, emphasizing the 

importance of the conservation of TA system genes in the E. coli genome. 

2. It was demonstrated that the chromosome or the plasmid promoter sequence 

in E. coli can mutate in order to block toxins, for which antitoxins are lacking. 

This highlightings the importance of the regulation of TA systems. 

General conclusion 

The study of global mechanisms of tolerance and persistence in multiresistant 

bacteria may be key factors in the development of new anti-infectious treatments 

from new molecular targets. 
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STRAIN/PLASMID RELEVANT CHARACTERISTIC SOURCE OR 
REFERENCE 

Acinetobacter sp.strain 
5-2Ac02 

Airborne strain (Barvosa et al. 
2016) 

A. baumannii   

ATCC 17978 Clinical isolate ATCC 

ATCC 17978 ΔabaI Generated by mutagenesis 
using plasmid pMO130-telR 

(Castañeda-Tamez 
et al. 2018, Hamad 
et al. 2009) 

ATCC 17978 ΔacoN Generated by mutagenesis 
using plasmid pMO130-telR 

This study 

18 clinical strains Identified in the "II Spanish 
Study of A. baumannii GEIH-
REIPI 2000-2010" 

Genbank Umbrella 
Bioproject 
PRJNA422585 

ATCC 17978 ΔblsA blsA::aph derivative of 17978; 
Kmr 

(Mussi et al., 2010) 

ATCC 17978 ΔblsA 
pWHBlsA 

17978 ΔblsA harboring plasmid 
pWHBlsA; Kmr Ampr 

(Mussi et al., 2010) 

ATCC 17978 ΔblsA 
pWH1266 

17978 ΔblsA  harboring 
pWH1266; Kmr Tetr Ampr 

(Mussi et al., 2010) 

ATCC 17978 ΔacoN 
pWHAcoN 

17978 ΔacoN harboring plasmid 
pWHAcoN; Kmr Ampr 

This study 

ATCC 17978 ΔacoN 
pWH1266 

17979 ΔacoN harboring plasmid 
pWH1266; Kmr Tetr Ampr 

This study 

E. coli   

DH5α Used for DNA recombinant 
methods 

Gibco-BRL 

Saccharomyces 
cerevisiae 

  

Mav 203 strain MATa, leu2-3,112, trp1-901, 
his3-D200, ade2-101, gal4D, 
gal80D, SPAL10::URA3, 
GAL1::lacZ, HIS3UAS 
GAL1::HIS3, YS2, can1R 
and cyh2R 

Thermofisher 

 



Supplementary material chapter II 

 148 

Plasmids   

pMO130-TelR suicide vector (Aranda et al. 2010, 
Hamad et al. 2009) 

pBluescript PCR cloning vector; Ampr Promega 

pWH1266 E. coli-A. baumannii shuttle 
vector; Ampr Tetr 

(Hunger et al., 
1990) 

pWHBlsA pWH1266 harboring wildtype 
copy of blsA from ATCC 17978 
expressed under its own 
promoter; Ampr 

(Mussi et al., 2010) 

pWHAcoN pWH1266 harboring wild-type 
copy of acoN from ATCC 17978 
expressed under its own 
promoter; Ampr 

This study 

pENTR3C Gateway system entry-vector Invitrogen- 
Thermofisher 

PGAD-T7-GW Y2H AD-fusion vector, adapted 
to Gateway System 

Clontech, (Cribb 
and Serra, 2009) 

PGBK-T7-GW Y2H DB-fusion vector, adapted 
to Gateway System 

Clontech, (Cribb 
and Serra, 2009) 

 

Table S1. Bacterial, yeast strains and plasmids used in this study. 

 

Table S2. Primers for A. baumannii ATCC 17978 ΔacoN strain mutant. 
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 q-PCR PRIMERS  

GENE SEQUENCE (5'-3') PROBE REFERENCE 

abaR Fow AGAGGCGTTACGTTGGACTG 155/ 
GAAGGCAA 

(Lopez et al., 
2017a) 

Rev CCAAGAATCTGAGCTATTTCTGC 

abaI Fow GGGAACTTCTTTCGGTGGAG 145/ 
CAGCGACC 

(Lopez et al., 
2017a) 

Rev AACAGCAGCAAGTCGATTATCA 

acoB Fow TGCCAAATAAAAGTTTTCGTAATG 135/ 
ATGGCTTC 

This study 

Rev TGCCAAATAAAAGTTTTCGTAATG 

dehydorenase Fow TGGGTGCATCCAATTTCC 27/CAGGCAGC This study 

Rev CCACCGATAACGGTTCAATTA 

rpoB Fow CGTGTATCTGCGCTTGG 131/ 
CTGGTGGT 

(Fernández-
Cuenca et al., 
2015) Rev CGTACTTCGAAGCCTGCAC 

rpoB Fow CAGAAGTCACGCGAAGTTGAAGGT  (Muller et al., 
2017) 

Rev AACAGCACGCTCAACACGAACT 

recA Fow TACAGAAAGCTGGTGCATGG  (Mussi et al., 
2010) 

Rev TGCACCATTTGTGCCTGTAG 

acoA Fow AAGATGACGGACTATGCCGTGGAA  This study 

Rev ACGCCGCCAGTCTTTAAGGTTT 

acoB Fow TCAGAAATGCGCCGTGATCCAA  This study 

Rev TTACGCCCAATACACCACCGAAAC 

acoC Fow ACAATGTGCAGCCCAACCACAA  This study 

Rev GGAAATGCGGTGCGTTACGTTT 

 

Table S3. qPCR primers and probes. 
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Table S4. Genomes and Proteins in the acetoin/butanediol cluster. Genbank database. a A. 

baumannii strains isolated in the "II Spanish Study of A. baumannii GEIH-REIPI 2000-2010" 

(Genbank Umbrella Bioproject PRJNA422585). ND: Not detected in the genome. 

 

 

Figure S1. Acinetobacter sp. strain 5-2Ac02 is resistant to arsenic and copper. Growth curves of 

Acinetobacter sp. strain 5-2Ac02 in low LB browth in the absence (control) or in the presence of 

arsenic 1024 μg/ml and copper 133 μg/ml at 37ºC. 
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Figure S2. Light modulates acetoin catabolism at moderate temperatures in A. baumannii ATCC 

17978. A and B. Growth curves in M9 minimal medium supplemented with acetoin 10 mM as sole 

carbon source of A. baumannii ATCC 17978 wild-type and derivative strains, incubated stagnantly at 

23°C under blue light (L) or in the dark (D). C and D. Growth curves in M9 minimal medium 

supplemented with acetoin 15 mM as sole carbon source of A. baumannii ATCC 17978 wild-type and 

derivative strains, incubated stagnantly at 23°C under blue light (L) or in the dark (D). 
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Fig. S1. Plasmid sequences for inactivated MqsR. Red highlight indicates the -10 

and -35 promoter regions, yellow highlight indicates promoter deletions, yellow 

letters indicate the pt5-lac promoter, bold and underlined letters indicate the RBS, 

green highlight indicates the coding portion of the gene sequence, bold green 

highlight at the 5’ end contains the 6x His tag, italic bold green highlight at the 5’ and 

3’ends indicates SfiI restriction sites, and pink highlight indicates the start and stop 

codons. 
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Fig. S2. Plasmid sequences for inactivated GhoT. Red highlight indicates the -10 

and -35 promoter regions, yellow highlight indicates promoter deletions, yellow 

letters indicate the pt5-lac promoter, bold and underlined letters indicate the RBS, 

green highlight indicates the coding portion of the gene sequence, bold green 

highlight at the 5’ end contains the 6x His tag, italic bold green highlight at the 5’ and 

3’ends indicates SfiI restriction sites, and pink highlight indicates the start and stop 

codons. 
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Fig. S3. Plasmid sequences for inactivated RalR. Red highlight indicates the -10 and 

-35 promoter regions, yellow highlight indicates promoter deletions, yellow letters 

indicate the pt5-lac promoter, bold and underlined letters indicate the RBS, green 

highlight indicates the coding portion of the gene sequence, bold green highlight at 

the 5’ end contains the 6x His tag, italic bold green highlight at the 5’ and 3’ends 

indicates SfiI restriction sites, and pink highlight indicates the start and stop codons. 
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Fig. S4. Plasmid sequences for inactivated Hha. Red highlight indicates the -10 and 

-35 promoter regions, yellow highlight indicates promoter deletions, yellow letters 

indicate the pt5-lac promoter, bold and underlined letters indicate the RBS, green 

highlight indicates the coding portion of the gene sequence, bold green highlight at 

the 5’ end contains the 6x His tag, italic bold green highlight at the 5’ and 3’ends 

indicates SfiI restriction sites, and pink highlight indicates the start and stop codons. 
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Desde su descubrimiento las bacterias han sido encontradas en prácticamente 

cualquier ambiente por muy adverso que pudiera parecer. Sin embargo, la 

atmósfera no tiene una microbiota autóctona, aunque es un medio para la dispersión 

de muchos tipos de microorganismos (esporas, bacterias, virus y hongos) de otros 

ambientes. Algunos han creado adaptaciones especializadas que favorecen su 

supervivencia y permanencia. Los microorganismos dispersados por el aire tienen 

una gran importancia biológica y económica; produciendo enfermedades en plantas, 

animales y humanos, alterando los alimentos y materiales orgánicos, además de 

contribuir al deterioro y corrosión de monumentos y metales. La microbiología del 

aire comenzó en el siglo XIX, con Pasteur y Miquel, quienes diseñaron métodos 

para estudiar los microorganismos en el aire y descubrieron la causa de algunas 

enfermedades. Desde entonces, numerosos investigadores han trabajado en este 

campo enfocándose en el aire tanto en espacios abiertos como en ambientes 

cerrados. Las enfermedades transmitidas por el aire, causadas por bacterias, virus y 

hongos, son respiratorias (neumonía, tos ferina, tuberculosis, legionelosis, resfriado, 

gripe), sistémicas (meningitis, sarampión, varicela, micosis) y alérgicas. 

Múltiples autores han estudiado la supervivencia de los microorganismos en 

aerosoles: Bacillus, Escherichia coli, Pseudomonas, Corynebacterium, Micrococcus, 

Serratia and Mycobacterium, Staphylococcus; así como hongos o virus (influenza). 

Miembros del género Acinetobacter puede encontrarse en casi cualquier ambiente, 

razón por la cual en la década pasada, los investigadores empezaron a especular 

sobre la capacidad de las especies del género Acinetobacter para transmitirse por el 

aire. Aunque aún se está discutiendo si la presencia de estas bacterias en el aire 

debiera ser considerada como una contaminación causada por la presencia de 

pacientes enfermos o bien como un medio de transmisión.  

Las técnicas de secuenciación facilitan no sólo los análisis filogenéticos, sino que 

también permiten unos análisis epigenéticos más sencillos. Estos análisis 

proporcionan un mayor conocimiento de los genomas, ayudando a encontrar 

proteínas que podrían estar implicadas en el desarrollo de tolerancia, persistencia y 

resistencia. 

Una de las mayores amenazas para la salud pública en nuestros días es el 

incremento de bacterias resistentes a los antimicrobianos. Dicho incremento se 
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debe a múltiples factores, entre los que comienzan a destacar la existencia de 

poblaciones bacterianas tolerantes y/o persistentes a las condiciones de estrés, 

incluyendo los tratamientos antibióticos, así como la exposición a antisépticos. 

Esta es la razón por la cual el conocimiento de los mecanismos de persistencia y 

tolerancia es la clave para identificar los factores que favorecen la supervivencia de 

patógenos aéreos, con el objetivo de desarrollar estrategias para el control de la 

infección y aplicaciones para la biodefensa. Actualmente, hay múltiples mecanismos 

de persistencia y tolerancia descritos en la bibliografía, como son: La respuesta 

general al estrés (a través del RpoS), la respuesta a las especies reactivas de 

oxígeno (ROS), el metabolismo energético (mediante el citocromo bd y el 

metabolismo Tau), las bombas de expulsión (relacionadas en los últimos años con 

los sistemas de secreción tanto tipo 3 como tipo 6), la respuesta SOS, el ppGpp, los 

compuestos volátiles bacterianos, la red del Quorum (sensing/quenching) y los 

sistemas toxina-antitoxina. 

La red de Quorum incluye tanto la comunicación bacteriana (Quorum sensing- QS) 

como su inhibición (Quorum quenching- QQ). El QS se caracteriza por moléculas 

difusibles (autoinductores) que se unen a receptores específicos provocando efectos 

en múltiples mecanismos moleculares, estas moléculas pueden producir su propia 

activación. Estos autoinductores pueden ser usados como probióticos, 

aprovechando la alteración que producen en la microbiota, su interacción con los 

factores de virulencia y su habilidad para estimular la fase de dispersión de las 

biopelículas. Por otra parte, el QQ se produce mediante la degradación de los 

autoinductores, inhibiendo su salida de la célula, evitando su acumulación o 

compitiendo por su receptor. La red del quorum está relacionada con múltiples 

mecanismos bacterianos incluyendo la generación de células persistentes y/o 

tolerantes. 

Otro importante mecanismo relacionado tanto con la red del quorum como con la 

tolerancia y/o persistencia es el metabolismo de los compuestos volátiles 

bacterianos. Estos compuestos son producidos como metabolitos secundarios y son 

secretados por las bacterias como “armas” para el control de sus competidores, así 

como para favorecer su propia adaptación al ambiente. Uno de los metabolismos de 
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compuestos volátiles bacterianos más estudiados es el metabolismo de la acetoína, 

que permite a las bacterias sobrevivir a medios ácidos. 

La relación entre la formación de células persistentes y tolerantes y los sistemas 

toxina-antitoxina (TA) ha sido ampliamente estudiada en las últimas décadas. Los 

sistemas TA son sistemas de dos componentes en los que la toxina (proteína 

estable) actúa como inhibidor del crecimiento celular y una antitoxina (proteína 

inestable) que bloquea la acción de la primera. Actualmente hay siete tipos de 

sistemas TA, clasificados en función de la interacción entre la toxina y la antitoxina. 

Estos sistemas están presentes en prácticamente todas las bacterias, 

encontrándose en la mayoría de los casos varios sistemas en el mismo genoma, 

pudiendo llegar incluso a ser redundantes; un claro ejemplo de esto es el caso de la 

P. aeruginosa en la que se han encontrado hasta 88 sistemas TA diferentes. 

A lo largo de la presente tesis doctoral se han analizado diversos mecanismos 

moleculares de persistencia y/o tolerancia bacteriana, destacando la red del Quorum 

(Sensing/Quenching) y los sistemas Toxina-Antitoxina (TA) en cepas ambientales y 

clínicas. 

En el capítulo 1 llevamos a cabo el análisis del genoma de una cepa aislada del 

ambiente aéreo hospitalario, concretamente del aire de una Unidad de Cuidados 

Intensivos (UCI) de Río de Janeiro (Brasil), llamada Acinetobacter sp. 5-2Ac02 (que 

resultó ser una nueva especie cercana a A. towneri). Esta cepa presentaba un 

genoma pequeño, de tan solo 2.951.447 pares de bases (el cromosoma de A. 

baumannii ATCC 17978 contiene 4.004.792 pares de bases), con un contenido de 

G+C del 40,9% y una previsión de 2.795 secuencias codificantes. Gracias a este 

análisis genómico descubrimos la presencia de múltiples genes de resistencia a 

metales pesados (proteínas de la familia TerC pertenecientes al operón ter, genes 

kilA y kilB pertenecientes al operón kil, genes del operón del arsénico, ...), un gen 

que codifica para una β-lactamasa que estaba bloqueado por una transposasa tipo 

ISAba3, así como cuatro sistemas toxina-antitoxina conocidos y dos posibles 

sistemas. Sorprendentemente, el genoma de esta bacteria contiene un 5% de 

secuencias de inserción, un porcentaje bastante más alto que en las especies 

clínicas de Acinetobacter.  
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A lo largo del capítulo 2 se realizaron estudios de resistencia a diferentes 

antibióticos y metales pesados que mostraron la alta sensibilidad de esta cepa a los 

antimicrobianos, siendo sin embargo resistente a varios de los metales pesados, 

indicando su elevada capacidad de adaptación al ambiente. Posteriormente 

llevamos a cabo estudios de expresión génica ante diferentes condiciones de estrés 

como fueron la presencia de mitomicina y enzimas de QQ (Acil-homoserina 

lactonas). Ante la presencia de mitomicina C observamos la expresión de los 6 

sistemas TA, además de la expresión de genes del sistema SOS, de la respuesta 

ROS, de resistencia a metales pesados, la proteína colicina V y elementos móviles; 

todo ello relacionado con mecanismos de persistencia y/o tolerancia. Así mismo, 

hay que destacar que la combinación de mitomicina C junto con el antibiótico 

ciprofloxacino dió lugar a la generación de células tolerantes. En lo relativo a los 

estudios de expresión génica relacionados con la red del Quorum cabe destacar la 

sobreexpresión de genes encargados de la degradación de compuestos aromáticos, 

cluster de la acetoina. Este operón de genes fue encontrado en 18 cepas de A. 

baumannii procedentes del “II estudio español de A. baumannii GEIH-REIPI 2000-

2010 (Bioproject PRJNA345289)” así como en A. baumannii ATCC 17978. Este 

cluster es conocido como un método bacteriano para prevenir la acidificación del 

medio, así como aumentar la resistencia a la polución.  

Durante el estudio de este operón observamos que Acinetobacter sp. 5-2Ac02 

carecía de uno de los genes con respecto al mismo operón en A. baumannii ATCC 

17978, AcoN. Esta fue la razón que nos llevó a analizar el papel de este gen como 

regulador negativo del operón de la acetoína. Mediante un mutante isogénico de A. 

baumannii ATCC 17978 caracterizamos la función de este gen por medio de curvas 

de crecimiento en presencia de 5 mM de acetoína; esta curva mostró que el mutante 

isogénico crecía con un ratio significativamente mayor que su cepa salvaje (A. 

baumannii ATCC 17978), confirmando la función de AcoN como regulador negativo 

del cluster. Además, la proteína 2,3-butanediol deshidrogenasa del operón se 

sobreexpresaba en presencia de 3-Oxo-C12-HSL en el mutante A. baumannii ATCC 

17978 ΔacoN.  

A mayores observamos que el catabolismo de la acetoína es inducido por la luz y 

que el fotorreceptor BlsA interactua con este operón antagonizando la función de 

AcoN, viéndose afectado también por la temperatura. De hecho, se observó que el 
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crecimiento en presencia de acetoína era mejor bajo luz azul que en oscuridad, 

gracias a la acción de las proteínas BlsA y AcoN. Así mismo, los genes del 

catabolismo de la acetoína eran inducidos, en estas condiciones, de forma 

dependiente de BlsA y AcoN. Sin embargo, los mutantes de los genes acoN y blsA 

mostraron el comportamiento el opuesto, siendo BlsA necesario para la inducción 

del operón en luz azul, así como AcoN para su represión, indicando que BlsA 

efectivamente antagoniza el efecto de AcoN. Finalmente, ensayos con el sistema 

Y2H indicaron que BlsA interactúa con AcoN sólo en presencia de luz azul y no 

oscuridad. Estos datos corroboran el modelo en el cual BlsA interactúa con el 

operón y probablemente secuestra al represor del cluster, permitiendo un mejor 

crecimiento en condiciones de luz azul (de forma temperatura-dependiente). BlsA es 

por tanto un doble regulador, antagonizando la función de diferentes reguladores 

transcripcionales en oscuridad o bajo luz azul.  

Posteriormente, en el capítulo 3 estudiamos la importancia de dicha red del Quorum 

en el desarrollo de bacteriemia secundaria a neumonía en aislamientos clínicos de 

Acinetobacter baumannii procedentes del “II estudio español de A. baumannii GEIH-

REIPI 2000-2010 (Bioproject PRJNA345289)”. 

El análisis de expresión de los genes abaR (gen del QS) y aidA (gen del QQ) 

mediante RT-qPCR, en 17 aislados procedentes de pacientes colonizados y 13 de 

pacientes con neumonía, no mostraron diferencias significativas. Sin embargo, sí 

fueron encontradas diferencias entre los pacientes con neumonía y bacteriemia 

(secundaria a la neumonía) y los pacientes que sólo presentaban neumonía. El gen 

abaR estaba sobreexpresado en las cepas procedentes de pacientes con neumonía 

y bacteriemia con respecto a las de los pacientes que sólo presentaban neumonía, 

así como el gen aidA que estaba sobreexpresado en los aislados de pacientes que 

sólo presentaban neumonía respecto a los pacientes con neumonía y bacteriemia. 

Además, el análisis de estos genes de la red del quorum bajo diferentes condiciones 

como las moléculas 3-Oxo-C12-HSL y el H2O2 en los aislados de cepas de 

pacientes que sólo presentaban neumonía mostró una regulación del gen aidA en 

presencia de ambas moléculas (en presencia de 3-Oxo-C12-HSL sobreexpresión y 

en presencia de H2O2 represión). Por otra parte, el gen abaR mostró una 

significativa disminución de su expresión en presencia de 3-Oxo-C12-HSL en estos 

pacientes. El análisis de estos genes en los aislados de pacientes con neumonía y 
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bacteriemia revelaron que el gen aidA no era regulado por ninguno de estos dos 

compuestos; sin embargo, el gen abaR sí que se sobreexpresaba en presencia de 

H2O2. Estos resultados indican que los aislados de pacientes con neumonía y 

bacteriemia no muestran un gen aidA funcional, en contraste con los aislados que 

no desarrollan una bacteriemia secundaria. 

Por otra parte, el análisis de factores de riesgo asociados con el desarrollo de 

neumonía vs colonización demostró que el único factor significativo es la diabetes 

mellitus. Sin embargo, el único factor asociado con el desarrollo de bacteriemia 

secundaria a neumonía causada por A. baumannii es la ausencia de un gen aidA 

funcional. Estos resultados corroboran los obtenidos previamente en nuestro 

laboratorio, en los que se expone que el 67% de las cepas clínicas de A. baumannii 

respiratorias son no-motiles y expresan el gen aidA; mientras que el único aislado 

motil que además carecía de dicho gen era de origen sanguíneo. 

Por último, los estudios in vivo en Galleria mellonella mostraron un 100% de 

mortalidad en las primeras 24h cuando eran infectadas por A. baumannii ATCC 

17978, mientras A. baumannii ATCC 17978 ΔabaI solo producía un 70% de 

mortalidad. 

Continuando con el estudio de los mecanismos de persistencia y/o tolerancia, en el 

capítulo 4 se estudió el efecto de la clorhexidina (un antiséptico comúnmente 

usados en los hospitales para desinfectar superficies incluido en el grupo de las 

biocidas), causante de un estrés bacteriano que debe ser añadido al de los 

antibióticos, en una cepa clínica de A. baumannii (procedente del “II estudio español 

de A. baumannii denominada Ab-2_clon_2010 GEIH-REIPI 2000-2010 (Bioproject 

PRJNA345289)”) que había sido previamente caracterizada. 

El estudio transcriptómico de la cepa Ab-2_clon_2010-CHLX (tolerante a la 

clorhexidina) en presencia de clorhexidina, mostró la sobreexpresión de: i) Los 

genes de las bombas de expulsión AdeABC, arsenito y AceI clorhexidina; ii) los 

genes del plásmido PMMCU3p, que incluyen la OXA 24/40 β-lactamasa, OriV y 

proteínas de replicación del ADN; iii) los genes de los operones de genes 

CsuA/BABCDE, taurina y CydAB; y iv) genes del quorum sensing. Este análisis 

también mostró la represión de algunos genes de rutas metabólicas, que fueron 

analizados mediante la base de datos “kyoto Encyclopedia of Genes and Genomes 
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(KEGG)”: i) La red ppGpp, que es mediada por una variedad de proteínas 

homólogas a RelA/SpoT (RSH), precisamente la acumulación de ppGpp afecta a los 

procesos celulares de consumo de recursos y la producción de arresto celular en 

casos de inanición; y ii) la fosforilación oxidativa, en la que están implicadas las 

subunidades α/β de la ATP sintasa así como el factor rho (un factor implicado en la 

terminación de la transcripción), que estaban reprimidos en nuestro análisis. 

Posteriormente, realizamos curvas de muerte celular de las cepas Ab-2_clon_2010 

(cepa salvaje), Ab-2_clon_2010-CHLX (cepa adaptada), mostrando que la cepa 

tolerante a la clorhexidina sufría una muerte masiva en presencia de imipenem; 

confirmado por los bajos niveles de expresión de la OXA 24/40 β-lactamasa, la 

antitoxina AbkA y la sobreexpresión de la toxina AbkB. Además, se observó un 

recrecimiento de las células persistentes generadas en el aislado Ab-2_clon_2010-

CHLX, en presencia de la combinación de imipenem y clorhexidina. Para completar 

los experimentos, usamos dos cepas tipo de A. baumannii como controles (ambas 

susceptibles a las carbapenemasas) y sorprendentemente, encontramos que la 

cepa A. baumannii ATCC 17978 (que contiene el sistema AbkB/AbkA en su 

genoma) también sufría una reactivación del crecimiento en presencia de la 

combinación imipenem con clorhexidina, al contrario que la cepa A. baumannii 

ATCC 19606 (que carece de dicho sistema). Todos estos datos fueron también 

confirmados por el método enzimático WST-1 de supervivencia celular. 

Tras demostrar la importancia de los sistemas TA, así como su estrecha relación 

con la formación de células persistentes y/o tolerantes, en el capítulo 5 decidimos 

analizar lo que ocurre en una bacteria al sobreexpresar una toxina de un sistema 

TA.  

Los sistemas TA están ampliamente distribuidos no solo en bacterias, sino también 

en los reinos Archea y Fungi; su amplia distribución y variedad implica que confieren 

una ventaja evolutiva a aquellas células que los poseen. Sin embargo, es sabido 

que estos sistemas TA requieren una estricta regulación, para prevenir reacciones 

indeseadas en el metabolismo celular. 

Nosotros proporcionamos claves sobre cómo las bacterias afrontan la actividad de 

una toxina (procedente de un sistema TA) al identificar qué mutaciones tienen lugar 

en las bacterias para inactivar dichas toxinas, en los casos en los que las antitoxinas 
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no funcionan o no están presentes. Usando una cepa de E. coli con el plásmido de 

expresión pCA24N, que llevaba integrado un gen de una toxina; concretamente 

genes de cuatro sistemas TA diferentes (RalR- tipo I, MqsR- tipo II, GhoT- tipo V y 

Hha- tipo VII), llevamos a cabo curvas de crecimiento en presencia de IPTG para la 

sobreexpresión de los genes previamente mencionados. A través de estas curvas 

pudimos observar cómo a pesar de la clara inhibición del crecimiento producida por 

estas toxinas en las primeras horas, al cabo de 12h las bacterias habían recuperado 

su crecimiento, llegando a presentar un cultivo en fase estacionaria. 

Sorprendentemente, una segunda curva de crecimiento usando las bacterias que 

habían crecido en el experimento anterior, mostró que estas células ya no se veían 

afectadas por la sobreexpresión de la toxina con IPTG, permitiendo un crecimiento 

normal de las mismas, lo que implicaba la presencia de mutaciones estables en el 

ADN de estas bacterias. 

Con el objetivo de determinar qué modificaciones habían ocurrido en estas células, 

se procedió a la secuenciación del plásmido integrado observando la deleción del 

promotor en algunos de los aislados estudiados, pero no en todos. De entre todos 

los aislados que no mostraron modificaciones en el plásmido se seleccionaron 5 

para la realización de un análisis de polimorfismos de un solo nucleótido (SNPs) en 

su genoma. Este análisis mostró la presencia de una serie de SNPs que estaban 

presentes en todas las cepas y que afectaban a varios genes, destacando los genes 

que codifican para las proteínas LacI (regulador negativo del operon Lac), IraM 

(factor anti-RssB, implicado en la estabilización del RpoS) y MhpR (regulador 

transcripcional).  

Las curvas de crecimiento usando mutantes que portaban estos genes delecionados 

confirmaron que la ausencia de estos genes, efectívamente afecta a la acción de la 

toxina, bloqueando su acción. También es importante destacar que los genes de 

estas cuatro toxinas están altamente conservados en una población de 1000 

genomas de E. coli, a excepción del caso del gen ralR que muestra una mayor 

variabilidad en su secuencia. 

A lo largo de toda esta tesis doctoral se han estudiado principalmente la red del 

quorum y los sistemas toxina-antitoxina (dos importantes mecanismos de 

persistencia y tolerancia), así como sus efectos en cepas clínicas bajo condiciones 
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de estrés. Gracias a este estudio se encontró que Acinetobacter sp. 5-2Ac02, cepa 

aislada del aire de una unidad de cuidados intensivos en Brasil, tenía un genoma de 

2,95MB con un contenido de G+C del 40,9%; en este genoma encontramos un 5% 

de secuencias de inserción, seis sistemas TA, múltiples genes de resistencia a 

metales pesados y una β-lactamasa OXA-48 interrumpida por una transposasa tipo 

ISAba3. Esta cepa fue determinada como una nueva especie próxima a A. towneri.  

Siguiendo con el estudio de esta cepa en el capítulo 2 encontramos además de 

múltiples mecanismos de persistencia y tolerancia activados bajo condiciones de 

estrés, el regulador negativo del cluster de la actetoína en A. baumannii y la 

regulación de este operón de genes por el quorum sensing y la luz.  

Por otra parte, en el capítulo 3 encontramos que la reducción de la expresión de la 

enzima de QQ aidA o su ausencia en cepas clínicas de A. baumannii es un factor 

clave en el desarrollo de bacteriemia secundaria a neumonía; y que la falta del gen 

abaI (sintasa del QS) reduce la mortalidad de la infección por A. baumannii ATCC 

17978 en un modelo animal.  

También describimos una importante conexión entre la presencia de imipenem y 

clorhexidina y la generación de células persistentes en una cepa clínica de A. 

baumannii perteneciente al clon ST-2 que porta un plásmido con una β-lactamasa 

OXA 24/40 y el sistema TA AbkB/AbkA.  

Por último, observamos que E. coli es capaz de inactivar una toxina 

sobreexpresada, en ausencia de su antitoxina, inactivando el promotor de la misma 

o modificando su propio cromosoma, pero no modificando la propia toxina; 

demostrando la importancia no solo de la conservación de los genes procedentes de 

los sistemas TA, sino de la regulación de estos sistemas. 

Esta tesis es el estudio de los mecanismos globales de tolerancia y persistencia en 

patógenos clínicos, aportando datos que pueden llegar a ser la clave para el 

desarrollo de nuevos tratamientos antiinfecciosos por medio del uso de nuevas 

dianas moleculares. 
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