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Abstract: Bacteria present in the human body are innocuous, providing beneficial functions, some of
which are necessary for correct body function. However, other bacteria are able to colonize, invade,
and cause damage to different tissues, and these are categorised as pathogens. These pathogenic
bacteria possess several factors that enable them to be more virulent and cause infection. Bacteria have
a great capacity to adapt to different niches and environmental conditions (presence of antibiotics,
iron depletion, etc.). Antibiotic pressure has favoured the emergence and spread of antibiotic-resistant
bacteria worldwide. Several studies have reported the presence of a relationship (both positive
and negative, and both direct and indirect) between antimicrobial resistance and virulence among
bacterial pathogens. This review studies the relationship among the most important Gram-negative
bacteria (Escherichia coli and Pseudomonas aeruginosa) taking into account two points of view: (i) the
effect the acquisition of resistance has on virulence, and (ii) co-selection of resistance and virulence.
The relationship between resistance and virulence among bacteria depends on the bacterial species,
the specific mechanisms of resistance and virulence, the ecological niche, and the host.
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1. Introduction

Bacteria present in the human body are innocuous, providing beneficial functions, some of which
are necessary for correct body function. However, other bacteria are able to colonise, invade and cause
damage to different tissues and are categorized as pathogens. Pathogenic bacteria possess a variety
of factors that allow them to cause damage to the host, but they are able to modify their virulence to
adapt to the host immune system [1]. However, bacterial pathogenicity is a complex and multifactorial
process, which depends on both human and bacterial factors, such as the host immune status and the
bacterial virulence. The virulence mechanisms used by the bacteria to cause infection include adhesins,
invasins, type three secretion systems, outer membrane proteins, toxins, capsules, iron acquisition
systems, and biofilm formation, among others. Some of these mechanisms are chromosomic located
such as some adhesins, but others are located within mobile genetic elements such as plasmids.

Nowadays, one of the most important health problems is the increasing emergence and spread
of antimicrobial resistance among different microorganisms (bacteria, fungi, virus, and parasites).
Among bacteria, resistance to antibiotics is rising in both community and hospital settings in association
with an increase in mortality and morbidity. Antibiotic-resistant bacteria are estimated to cause
33,000 deaths in Europe and 700,000 in the world each year. In the worst-case scenario, by 2050,
10 million people in the world will die every year from bacterial infections, exceeding 1.8 million deaths
from cancer [2]. The emergence of resistance in bacteria is threatening our ability to treat common
infectious diseases, resulting in prolonged illness, disability, and death. Consequently, antimicrobial
resistance increases healthcare costs, with lengthier hospital stays estimated at 2.5 million days of
extra hospitalisation per year throughout the European Union, for a cost of about 900 million euros [3].
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This poses serious challenges to the functioning of healthcare systems and represents high economic
costs to society.

The development of new antibiotics with new mechanisms of action slowed in 1968 after the
discovery of cephalosporins [4]. Most of the antibiotics developed thereafter are derivatives of the
existing classes, being considered as “new-generation”. Unfortunately, the development of an antibiotic
has, sooner or later, been followed by the emergence of bacterial strains resistant to these antibiotics [5].
There are three types of antibiotic resistance: (i) innate resistance by genes encoding inherent antibiotic
resistance present in the bacteria, (ii) acquired resistance due to selective antibiotic pressure from the
environment, and (iii) adaptative resistance that is a reflection of the ecological niche of the bacteria
and includes environmentally induced genetic changes [6]. One of the most important mechanisms of
the spread of antimicrobial resistance is through horizontal gene transfer (HGT). Thus, most acquired
resistance is propagated by three ways of horizontal transfer between bacteria belonging to the same
or different species or genera: mobile genetic elements (plasmids, transposons, etc.), transfection by
bacteriophages, or by the acquisition of environmental DNA [7].

Although virulence and resistance are developed at different times (virulence from the beginning
of host colonisation and resistance from the appearance of antibiotics), they are not independent
characteristics but rather there is a relationship between them that depends on the bacterial species,
the specific mechanisms of resistance and virulence, the ecological niche and environmental conditions,
and the immune system of the host. In addition to the immune status, diet, age, and stress determine
the host susceptibility to infection. Thus, opportunistic pathogens are able to cause infection in
immunocompromised patients but not in healthy individuals [1].

Three scenarios have been reported: (i) an increase of resistance accompanied by an increase of
virulence; (ii) an increase of resistance accompanied by a decrease of virulence; and (iii) an increase of
resistance that does not cause effects on virulence.

In this work, this relationship among the most important Gram-negative bacteria (Escherichia coli
and Pseudomonas aeruginosa) is revised taking into account two points of view: (i) the effect the
acquisition of resistance has on virulence and (ii) the co-selection of resistance and virulence.

2. Relationship between Antibiotic Resistance and Virulence in Escherichia coli

Escherichia coli is a well characterised microorganism frequently used as a laboratory model and
in industrial microbiology [8]. In the human body, most gut-resident E. coli prevent colonisation by
pathogenic bacteria and favour the host by producing vitamin K and B12, which are essential during
the blood coagulation process and the formation of red blood cells, respectively [9–11]. However,
some E. coli can also cause intestinal or extraintestinal infections such as urinary tract infections (UTIs),
meningitis, and neonatal sepsis [12–16]. These pathogenic strains possess several virulence factors that
allow them to colonise, invade, and cause damage to the host.

One of the relationships that has been described in different studies is that the acquisition of
resistance to certain antimicrobial agents may be associated with a decrease in the virulence levels
of a microorganism. The clearest example of this is found in uropathogenic strains of E. coli (UPEC).
These strains possess certain virulence factors that allow them to colonize the urinary tract and
produce cystitis (CT), pyelonephritis (PNP) and prostatitis (PT), and they can even reach the blood
stream [17]. Many of these virulence factors, such as hemolysin, cytotoxic necrotizing factor, P-fimbriae,
siderophore systems, S-fimbriae, yersiniabactin, toxin autotransporters, among others, are in regions of
the chromosome called pathogenicity islands (PAIs) [18]. In the last decades, an increase in the level of
resistance to antimicrobials such as quinolones in these microorganisms has been observed worldwide,
possibly due to the fact they are considered the treatment of choice for UTIs. Studies among UPEC
strains causing CT, PNP, or PT have been performed to establish the pattern of resistance, virulence,
and the possibility of determining a relationship between these two features.

The first studies carried out on the virulence and resistance among UPEC strains causing CT
and PNP by Bagel et al. 1999 [19] and Vila et al. 2002 [20] demonstrated that strains resistant to
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quinolones presented a decrease in the expression of type 1 fimbriae in comparison with susceptible
strains (p = 0.019). In addition, a higher percentage of hemolysin-producing strains was found in
strains susceptible to quinolones, and the presence of the cnf1 and sat genes (encoding the cytotoxic
necrotizing factor and toxin autotransporter, respectively) in these strains, both of which are involved
in virulence, was also more frequent [20]. This study showed that quinolone resistant UPEC have fewer
virulence factors, and they also show a decrease in the expression of type 1 fimbriae. Virulence factors
located in the chromosome, such as aerobactin and P-fimbriae, were often absent in quinolone-resistant
E. coli isolates [21–23].

A possible explanation for these results could be: when the strain is resistant to quinolones
by a mutation in codon 83 of the DNA-gyrase, this mutation produces a reduction of the degree
of supercoiling of the catalyzed DNA by this enzyme [19]. The expression of some genes has been
linked to a negative supercoil, as is the case with fimA, which encodes type 1 fimbriae. To support
this hypothesis, the role of the acquisition of a mutation in the gyrA gene in the virulence and protein
expression of UPEC was studied. The HC14366M strain carrying a mutation in the gyrA gene (S83L)
was found to lose the capacity to cause CT and PNP mainly due to a decrease in the expression of the
fimA, papA, papB, and ompA genes. The levels of expression of the fimA, papB, and ompA genes were
recovered on complementing the strain with a plasmid containing the gyrA wild-type gene. However,
only a slight recovery was observed in the colonisation of the bladder in the GyrA complement strain
compared to the mutant strain in a murine model of ascending UTI. Therefore, a mutation in the
gyrA gene of UPEC reduced the virulence of the bacteria, likely in association with the effect of DNA
supercoiling on the expression of several virulence factors and proteins, thereby decreasing their
capacity to cause CT and PNP [24].

The second hypothesis is that, during the development of quinolone resistance, probably facilitated
by exposure to these antimicrobials, these agents can act by enhancing the increase of the deletion and
transposition of DNA regions (such as PAIs). These PAIs share some characteristics of bacteriophages,
and it has been shown that prophages inserted into the chromosome are split by SOS system activity
(see Section 5).

Nonetheless, one hypothesis does not preclude the other, and both mechanisms can be
observed concomitantly.

Resistance to ciprofloxacin due to mutations in the parC and gyrA genes showed no reduction
in in vitro growth rates. The biological cost of quinolone resistance differs among bacterial species
and depends on the level of resistance and the number of resistance mutations, and highly resistant
mutants with multiple mutations show significantly lower fitness than wild-type strains [25].

Several studies have determined that hemolysin-producing E. coli isolates were less resistant to
tetracycline, nalidixic acid, cefotaxime and cotrimoxazol than non-hemolytic isolates [26,27]. In addition,
there is a significant correlation between resistance to ceftazidime and cefotaxime with the presence
of fyuA and iutA iron genes in UPEC isolates, while isolates harbouring the chuA genes were more
susceptible to sulfamethoxazole [27].

However, a positive relationship has been found between the acquisition of resistance and
virulence in the case of other antimicrobial agents. UPEC strains carrying the blaCTX-M15 presented
more colV, colE2-E9, colIa-Ib, hlyA, and csgA genes. On the other hand, some UPEC strains present
blaOXA-2 beta lactamase together with presence of colM, colB, colE, and crl genes [28]. It has been
reported that tetA and tetB positive E. coli strains more often carry the virulence factors for P- fimbriae
and aerobactin than susceptible strains [29].

Another mechanism that is involved in the dissemination of virulence and resistance is the
presence of prophages. Thus, the Shiga toxin of E. coli is a virulence factor carried by prophages.
These prophages can spread this toxin to other species that possess resistance mechanisms favouring
the persistence or dissemination of both virulence and resistance in the environment [1].

Porins are barrel membranes that cross cell membranes and act as a pore through which molecules
such as nutrients, toxins and antibiotics can diffuse. They play an important role in virulence and
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resistance, controlling not only the entry of antibiotics into the bacteria, but also the virulence factors [1].
In E. coli, OmpC is related to both characteristics. It has been observed that a deletion of this porin
causes antibiotic resistance and a reduction of antibody-dependent bactericidal activity [30]. This porin
has also been related to adhesion, cell invasion, and intestinal colonisation in patients with Crohn’s
disease [31] (Table 1).

Table 1. Relationship resistance-virulence among E. coli explained in this review.

Resistance Involved Mechanism Effect on Virulence

Quinolones gyrA gene mutation Decreased expression of type 1 fimbriae, P-fimbriae and OmpA.
Absence of cnf1, hlyA and sat genes.

Quinolones SOS-system activation Loss of virulence genes located into PAIs.

Betalactamics Presence of blaCTx-M-15 gene High presence of colV, colE2-E9, colIa-Ib, hlyA, csgA genes.

Betalactamics Presence of blaOXA-2 gene High presence of colM, colB, colE, crl genes.

Tatracyclines Presence of tetA and tetB genes Increased expression of P-fimbriae and aerobactin.

Antibiotics OmpC deletion Decreased antibody-dependent bactericidal activity, adhesion,
invasion and intestinal colonisation.

Therefore, positive and negative relationships between antibiotic resistance and virulence exist,
depending on the antibiotic studied, the mechanism of resistance and the type of E. coli.

3. Relationship between Antibiotic Resistance and Virulence in Pseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic human pathogen able to adapt to diverse
natural and nosocomial conditions. This microorganism can cause pneumonia and bacteremia in
immunocompromised hosts and is responsible for chronic lung disease in patients with cystic fibrosis.
The prevalence of this pathogen in hospitals is due to its low susceptibility to antibiotics.

P. aeruginosa exhibits a wide range of virulence factors including elastase, proteases, phospholipase C,
exotoxin A, exoenzyme S, pyocianine, rhamnolipids, lipopolysaccharide, flagella, and pili [32]. There is
a correlation between a deficiency in virulence factor production and a decrease of susceptibility to
antibiotics. Thus, P. aeruginosa isolates lacking elastase are more resistant to piperacillin, and no-pyocianine
producing isolates are more resistant to amikacin, tobramycin, ciprofloxacin, and ceftazidime [32].

It has been observed that P. aeruginosa showing increased virulence related to the development
of swarming motility presents greater resistance to polymyxin B, ciprofloxacin, and gentamicin [1].
This process involves the overexpression of different virulence factors such as the type III secretion
system (TTSS), and proteases, among others.

Efflux pumps are involved in intrinsic and acquired resistance to antibiotics as well as in virulence,
helping colonisation and growth on surfaces. Among these efflux pumps, those belonging to the
resistance-nodulation-division family, play an important role in the pathogenesis of some bacteria and
are involved in processes such as colonisation, infection and persistence [1]. One of the efflux pumps
well-known in P. aeruginosa is the MexAB-OprM which is able to export quinolones, tetracyclines,
chloramphenicol and beta lactams [33]. It has been reported that an increase in MexAB-OprD expression
decreases the production of proteases and virulence [34]. In addition, the MuxABC-Omp efflux pump
has been associated with macrolide resistance and virulence in P. aeruginosa. Thus, a mutant defective
in the muxABC-ompB operon showed attenuated virulence due to a decrease in twitching motility but
an increase in ampicillin and carbenicillin resistance. Other efflux pumps related to virulence and
resistance are MexCD-OprJ and the MexEF-OprN. Overexpression of the MexCD-OprJ efflux pump
causes a reduction in TTSS expression [35]. On the other hand, the overexpression of MexEF-OprN due
to a mutation in the nfxC gene causes a decrease in the production of diverse virulence factors such as
pyocianine, elastase, and rhamnolipids [34]. Finally, deletion of OprD, a channel for the uptake of basic
amino acids, small peptides and carbapenem, led to an increase in bacterial fitness and virulence in
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a mouse infection model, as well as an increase in colonisation and systemic dissemination, and an
increase in killing by human serum and low pH [36,37] (Table 2).

Table 2. Relationship resistance-virulence among P. aeruginosa explained in this review.

Resistance Effect on Virulence

Piperacillin No elastase production.

Amikacin, Tobramycin, Ciprofloxacin, Ceftazidime No pyocianine production.

Quinolones by gyrA-parC mutations Overexpression of TTSS (exoU, exoS, exoT and exoY genes)

Overexpression MexAB-OprD Low expression of proteases and virulence.

Deletion MuxABC-OprB Decreased twitching motility.

Overexpression MexCD-OprJ Decreased TTSS expression.

Overexpression MexEF-OprJ Decreased production of pyocianine, elastases,
and rhamnolipids.

Deletion of OprD Decreased bacterial fitness.
Increased colonisation and systemic infection.

Mutations in the gyrA and parC genes conferring quinolone resistance in P. aeruginosa have been
associated with a higher expression of the TTSS genes including the exoS, exoT, exoU and exoY genes
involved in virulence. ExoS is a major cytotoxin involved in colonisation, invasion and dissemination
of bacteria during infection [38]. ExoU has been related to diverse infections and to the severity of
the infection [38]. Thus, exoS+/exoU+ P. aeruginosa strains have increased cytotoxicity and quinolone
resistance [39].

Among P. aeruginosa, both positive and negative relationships between virulence and resistance
can be found, playing an important role the levels of efflux pumps expression on the presence of
secreted virulence factors.

4. Bacterial Biofilm and Its Relationship with Virulence and Resistance

Biofilms are well-organised 3D communities in which microorganisms live embedded, forming
aggregates in self-produced extracellular polymeric substances (EPS), adhered to biological or inherent
surfaces [40]. Biofilm communities confer special properties not present in free-living cells (Table 3) [41–44].

Table 3. Biofilm mechanisms for adaptation to the media.

Property Advantages References

Localised gradients of
nutrients, oxygen, pH,

and quorum sensing molecules

As a result of biofilm heterogeneity, gradients are generated which provide
multiple habitats in which microbial cells can establish, depending on their

physiological requirements.
[45]

Tolerance to desiccation
EPS confer structural protection against dehydrated environments. Studies in

bacterial biofilm confirm that bacteria overproduce EPS molecules in
dry environments.

[46,47]

Intraspecies cooperation and
metabolic cooperativity

Biofilms favour intraspecies cooperation producing microenvironments that
favour growth conditions. For example, nutrient cycling (carbon, nitrogen,

sulphur) confers new nutrient sources inside the biofilm.
[48]

Antimicrobial tolerance Biofilm lifestyle allows microorganisms to develop tolerance to antimicrobial
therapies. Matrix can hinder diffusion or inactivate antimicrobial agents. [42,49,50]

Persister cells and
dormant cells In these stages microbial cells remain inside biofilms and lead to treatment failure. [51]

Efflux pumps Efflux pumps promote antifungal and antibiotic depletion from the biofilm. [52,53]

Exchange of genetic material Cell-to-cell contact improves horizontal gene transfer given the cell-to-cell
contact environment. [54]

Enzyme degradation
Biofilm accumulates derived and waste products from metabolic processes.

Enzymatic activity can recycle these nonviable subtracts to viable nutrients and
degradation of EPS for cell dispersal.

[45,55]

Sorption The sorption effect provides nutrients, gases and other molecule exchange. [56]
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In many cases, biofilms worsen the course of infection since they increase antimicrobial treatment
tolerance and trigger treatment failure (J William Costerton et al. 1995; Stewart 2015). Indeed, biofilms
increase treatment resistance by up to 100–1000-fold compared to their planktonic counterparts [57].
Moreover, biofilms avoid innate and adaptive immune defences [58]. The biofilm architecture confers
protection from external aggressions (i.e., pH and temperature changes, ultraviolet radiation, dryness,
oxidation, metal ions or biocides), providing an ideal environment for their establishment [59–62].

This biofilm lifestyle provides a highly versatile structure which, unfortunately, makes treatment
and eradication difficult. There is, therefore, an urgent need to increase our current knowledge about
the genetics and physiological mechanisms of biofilms.

The mechanisms involved in biofilm antimicrobial tolerance can be classified into two groups
(Table 4):

- Innate mechanisms, as a result of biofilm growth, such as extracellular matrix (ECM), metabolism
heterogeneity and persister cells. Escape from the immune system can indirectly be included
in this group, since the ECM provides cellular protection and allows persister cells to remain
undetected by the host immune system.

- Induced or acquired resistance, derived from response to antimicrobial treatment (efflux pumps)
or HGT, respectively.

Table 4. Relationship between virulence and resistance among biofilms.

Type of Resistance Mechanisms of Resistance Effect on Virulence

Innate Extracellular matrix (ECM), metabolism
heterogeneity and persister cells.

Antibiotic treatment and immune
system protection.

Induced or Acquired Efflux pumps, horizontal gene
transference (HGT)

Transference of plasmids harbouring
resistance and virulence determinants

Thus, innate mechanisms have been identified as factors that lead to biofilm antimicrobial
tolerance, while induced and acquired resistance may contribute to biofilm antimicrobial tolerance
but are not the main factors of biofilm recalcitrance [57,63]. Cell density and intercellular proximity
inside biofilm promotes HGT through conjugation, transduction, and transformation, promoting
both biofilm formation and gene transfer between biofilm forming species [54]. In this horizontal
transmission, microorganisms harbouring plasmids containing antimicrobial resistance or virulence
genes can contact other non-resistant cells, being able to transfer these plasmids and leading to new
resistant or virulent cells [6].

Biofilms also play an important role in virulence, favouring the persistence and chronicity of
infection as well as acting as a source of bacterial dissemination. Therefore, biofilm development
is an essential part of bacterial pathogenicity, and it presents complex transcriptional regulation [6].
Within the biofilm, virulence genes can be activated through different mechanisms such as quorum
sensing or two-component systems.

Apart that biofilm confer to the bacteria protection against the antibiotics and the immune system
as well as virulence characteristics, a relationship between resistance and virulence exists within the
formation of a biofilm structure. Thus, this structure facilitates the transference and the spread of
antibiotic resistance and virulence genes among the cells forming the biofilm through HGT, among
other mechanisms.

Several studies have demonstrated a relationship between biofilm formation and quinolone
resistance in E. coli. Thus, among UPEC isolates, strains forming biofilm were significantly less resistant
to nalidixic acid than those negative for biofilm formation (19% vs. 38%, p = 0.01) [64]. Salicylate induces
a number of morphological and physiological alterations in bacteria including the activation of the
transcriptional regulator MarA, which is also involved in quinolone resistance. An inverse relationship
was observed between in vitro biofilm formation and the salicylate concentration added to the culture
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medium. Thus, the presence of salicylate increases the expression of marA and decreases the expression
of the fimA and fimB genes in the wild-type strain. Therefore, the expression of type 1 fimbriae in the
presence of salicylate may be regulated by the level of marA expression through a fimB regulator, albeit
through neither the ompX nor the tolC genes [65].

On the other hand, a positive relationship has been found between P. aeruginosa resistant strains
and biofilm formation, with resistant strains presenting higher biofilm production than susceptible
strains [66].

5. Co-Selection of Resistance and Virulence

In addition to the effects that the acquisition of antibiotic resistance has on virulence, a co-selection
of both characteristic can occur through mobile genetic elements such as plasmids and integrative
and conjugative elements (integrative conjugative elements, ICEs: transposons, PAIs, integrons, etc.).
These elements are transferred among bacterial strains belonging to the same or different species
through three different mechanisms: conjugation, transformation, and transduction.

Plasmids are extra-chromosomal and self-replicating elements that are not essential to bacteria
but which often carry and spread genes that confer the bacteria characteristics such as virulence,
resistance, and persistence that allow them to adapt to different environments and niches [67].
Conjugative plasmids play an important role in the dissemination of resistance and virulence through
HGT, with those belonging to the IncF incompatibility group being the most involved in this process.
For example, the E. coli ST131 clone expresses the beta lactamase CTX-M15 that is located in a plasmid
and improves the persistence of this bacteria during infection.

The dissemination of conjugative plasmids carrying both virulence and resistance determinants
leads to a simultaneous selection of both types of factors in an effective environment with or without
antibiotic pressure [1]. The spread of these plasmids among the most pathogenic bacteria can be an
important health problem.

ICEs are also self-transmissible mobile genetic elements that disseminate genes located in another
higher DNA molecule such as chromosomes and plasmids through HGT.

Among these ICEs, we found PAIs that represent distinct large chromosomal regions that
contribute to the evolution of bacterial pathogens [68] and carry virulence genes. In vitro studies with
UPEC isolates showed that antimicrobials and, in particular, quinolones, induce the loss of virulence
factors located in certain PAIs in a SOS-dependent or –independent manner. They can also induce
mutations in punctual genes that prevent exit outside the cells of toxins or modify the functionality of
certain virulence factors, such as hemolysin [68]. In addition, UPEC strains submitted to subinhibitory
concentrations of ciprofloxacin lost the PAI-I and the ability to colonise the kidneys in a mouse model
of urine infection due to a decrease in papA gene expression (Soto-unpublished data)

This relationship has been demonstrated in vivo by studying E. coli strains isolated from patients
receiving treatment with quinolones [69]. In this study, 30 E. coli isolates were collected from 15 patients
with a febrile UTI presenting bacteriological recurrence during long-term follow-up. Horizontal transfer
of virulence factors contained in a PAI had occurred in one isolate after 14 days of treatment with
ciprofloxacin [69]. Quinolone resistance is not necessary for E. coli strains to lose PAIs; however,
quinolone-resistant E. coli strains have likely been in previous contact with these antimicrobial agents,
thus favouring the loss of the PAI (Table 5).

Table 5. Relationships among resistance and virulence through mobile genetic elements.

Mobile Genetic Elements Effect on Virulence

Conjugative plasmids Transference of virulence and resistance determinants intra- and interspecies.

ICEs (transposons, PAIS, etc.) Loss of PAIs due to exposure to quinolones in UPEC.
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6. Conclusions

Antimicrobial resistance and virulence are not two independent characteristics but rather a
negative or positive relationship can be found between them. This relationship offers advantages
to the microorganisms, conferring characteristics that allow them to survive in different niches with
different selective pressures (presence of antibiotics, etc.). Thus, the acquisition of antibiotic resistance
can induce the loss of virulence factors and biofilm formation among UPEC strains but, in other
cases, an increase in antibiotic resistance enhances virulence capacity. In some cases, this relationship
is very direct. When the virulent pathogen is present in the host causing infection, antimicrobial
treatment is given, that could be associated to an increase of bacterial resistance. In addition, mobile
genetic elements are an important route of dissemination of both virulence and resistance and could be
an important health problem due to the acquisition of these mobile genetic elements carrying both
virulence and resistance genes, could become susceptible strains to more pathogenic and resistant
bacteria. Therefore, not only are new antibiotics needed, but anti-virulence molecules may also be
useful in the fight against the emergence and dissemination of antibiotic-resistant strains.
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