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Abstract 

The bacterium Pseudomonas aeruginosa is the cause of difficult-to-treat 

opportunistic infections in humans and animals with innate resistance to a variety of 

antimicrobial drugs commonly used in human and veterinary medicine. This innate 

resistance significantly limits the range of antimicrobials effective against this 

bacterium to carboxypenicillins (carbenicillin, ticarcillin), ureidopenicillins 

(piperacillin), third (cefoperazone, ceftazidime) and fourth generation cephalosporins 

(cefepime, cefpirome), carbapenems, aminoglycosides, fluoroquinolones, and 

polymyxins. All those antimicrobial groups are categorized by the World Health 

Organization as critically important antimicrobials in human medicine, so their use in 

veterinary medicine is strongly discouraged.  

In addition, P. aeruginosa is rapidly evolving new resistance mechanisms by 

acquiring resistance genes or adapting to environmental conditions, which is 

manifested by overexpression of efflux pumps, decreased expression of porin for 

antimicrobial entry, and modified target sites for antimicrobials. Of concern is the fact 

that multiple resistance mechanisms can manifest simultaneously in a single isolate, 

resulting in a multidrug-resistant phenotype. 

Fluoroquinolones are synthetic antimicrobial drugs with broad spectrum of 

antibacterial activity against Gram-negative pathogens, including P. aeruginosa. Their 

efficacy depends on the applied dose, i.e., the concentration reached in the tissues. In 

addition to better antibacterial efficacy, the optimal dose and treatment duration 

prevents the selection of resistant bacterial strains and the spread of resistance.  

In this paper, we provide an overview of the resistance mechanisms of P. 

aeruginosa to fluoroquinolones: decreased permeability, increased activity of efflux 

pumps, target site modifications, and acquisition of plasmids carrying resistance 

genes. 
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Introduction 

Infections with multidrug-resistant bacteria are an increasing problem in both 

human and veterinary medicine. Pseudomonas aeruginosa (P. aeruginosa), an 

opportunistic, ubiquitous bacterial pathogen, is of particular concern due to its 

antimicrobial resistance and ability to cause various infections in animals and humans, 

including otitis externa, dermatitis, conjunctivitis, lower urinary tract infections, 

septicemia, and bacterial endocarditis (Markey et al., 2013; Hirsh et al., 2004). In 

human medicine, P. aeruginosa is one of the most common causes of nosocomial 

infections (Labovská, 2021; Mesaros et al., 2007).  

Unfortunately, the treatment of P. aeruginosa infections has become a major 

challenge due to its ability to resist many of the currently available antimicrobials. In 

addition, the overuse of antimicrobials can lead to the development and selection of 

multidrug-resistant P. aeruginosa strains, causing the failure of empirical 

antimicrobial therapy against this bacterium (Pang et al., 2019). The World Health 

Organization (WHO) has listed carbapenem-resistant P. aeruginosa as one of the 

bacterial species for which new antimicrobials are urgently needed (World Health 

Organization, 2017).  

Generally, the main mechanisms of resistance in P. aeruginosa can be 

classified into intrinsic, acquired, and adaptive resistance (Pang et al., 2019). Intrinsic 

resistance of P. aeruginosa involves low outer membrane permeability, production 

and derepression of chromosomal AmpC β-lactamase, and the presence of numerous 

genes encoding various multidrug resistance efflux pumps (Poole, 2001; Hancock, 

1998; Livermore, 1995).  

Apart from its high intrinsic resistance, P. aeruginosa has a great capacity to 

acquire other resistance mechanisms, which can be achieved either by horizontal 

transfer of resistance genes or by mutational changes and include acquisition of 

resistance genes, target site alterations, increased efflux pump activity, decreased 

porin expression, and production of antibiotic-hydrolyzing enzymes. These 

mechanisms can be present simultaneously in one strain, resulting in a multidrug-

resistant phenotype (Strateva and Yordanov, 2009). 

Adaptive resistance in P. aeruginosa is induced by environmental stimuli and 

involves the formation of a biofilm that serves as a diffusion barrier to limit 

antimicrobial access to bacterial cells (Pang et al., 2019). 
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Mechanisms of fluoroquinolone action 

Fluoroquinolones include a large group of synthetic antimicrobial drugs that 

play a significant role in the treatment of bacterial infections with a wide range of 

antibacterial activity against Gram-negative pathogens. The first representative of 

quinolones is nalidixic acid, which has been used since 1962. The addition of a 

fluorine molecule at position 6 increased antibacterial activity, and the entire group 

was named ”fluoroquinolones”. The addition of pipera inyl or pyrrolidinyl group at 

position 7 improved the effect of fluoroquinolones on P. aeruginosa (Martinez et al., 

2006). The first fluoroquinolone approved for use in veterinary medicine was 

enrofloxacin (Giguère et al., 2013).  

Fluoroquinolones are an important class of antimicrobials for the treatment of 

P. aeruginosa infections, with ciprofloxacin and levofloxacin being the most 

commonly used in human medicine (Zhao et al., 2020). Fluoroquinolones are 

bactericidal antimicrobial drugs whose efficacy depends on the dose applied, i.e., the 

concentration reached in tissues. In addition to better antibacterial activity, the optimal 

dose also prevents the selection of resistant strains and the spread of resistance 

(Giguère et al., 2013). 

Fluoroquinolones belong to the group of antimicrobial drugs that inhibit 

bacterial nucleic acid synthesis by interfering with the enzyme topoisomerase II (DNA 

gyrase) and topoisomerase IV (Giguère et al., 2013; Martinez et al., 2006). DNA 

gyrase is a tetramer consisting of two GyrA and two GyrB subunits encoded by the 

gyrA and gyrB genes. Topoisomerase IV has a similar structure and consists of two 

ParC and two ParE subunits encoded by the parC and parE genes (Giguère et al., 

2013). The main target of fluoroquinolones in gram-negative bacteria is DNA gyrase, 

especially its subunit GyrA (Van Bambeke et al., 2005).  

The main disadvantage of fluoroquinolones is that their use often leads to in the 

development and selection of resistant strains (Giguère et al., 2013). This can be 

prevented by appropriate dosing that leads to adequate concentration of the drug in the 

tissues. Namely, the higher the concentration of the drug, the higher the percentage of 

susceptible microorganisms that the drug can eliminate. The dose of the drug is based 

on the minimum inhibitory concentration (MIC) value for a particular microbe. When 

the bacterium is exposed to a lower concentration of fluoroquinolones than the 

effective one, fewer bacterial cells are susceptible, so after treatment all cells with a 

higher MIC will survive. Such bacteria have the potential to become the dominant 

population (Dudley et al., 1991). Therefore, it is extremely important to adjust the 

dose of fluoroquinolones to a minimum inhibitory concentration that is different for 

each microbe, and this is especially true for P. aeruginosa (Giguère et al., 2013; 
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Prescott et al., 2000). According to Cole et al. (2008), for bacteria with a minimum 

inhibitory concentration of 0.51-0.64 μg/ml, enrofloxacin should be dosed at 20 

mg/kg (high end of the enrofloxacin dose range). On this basis, according to the 

recommendations of the Clinical and Laboratory Standards Institute (CLSI, 2015), all 

intermediate susceptible isolates should be considered resistant because adequate 

tissue levels cannot be achieved even with a maximum enrofloxacin dose.  

 

Intrinsic fluoroquinolone resistance 

Intrinsic resistance can be defined as a trait that is universally shared within a 

bacterial species, is independent of previous antimicrobial exposure, and is not related 

to horizontal gene transfer (Reygaert, 2018). Pseudomonas aeruginosa has a high 

degree of intrinsic resistance due to low outer membrane permeability, efflux systems 

that pump antimicrobials out of the cell, and production of antibiotic inactivating 

enzymes that confer resistance to a very wide range of antimicrobial drugs: most 

penicillins, first- and second-generation cephalosporins, some third-generation 

cephalosporins (cefotaxime, ceftriaxone), macrolides, chloramphenicol, some 

aminoglycosides (streptomycin, neomycin, kanamycin and spectinomycin), 

tetracyclines, trimethoprim and sulfonamides, quinolones, and some fluoroquinolones 

(Livermore et al. 2001). Therefore, the choice of antimicrobial drugs for the treatment 

of pseudomonas infections is limited to ureidopenicillins (piperacillin), 

carboxypenicillins (carbenicillin, ticarcillin), third-generation (cefoperazone, 

ceftazidime) and fourth-generation (cefepime, cefpirome) cephalosporins, 

carbapenems, aminoglycosides, fluoroquinolones, and polymyxins (Giguère et al., 

2013). All of these antimicrobial groups are classified by WHO as critically important 

antimicrobials in human medicine, and their use in veterinary medicine is therefore 

strongly discouraged (World Health Organization, 2019).  

 

Outer membrane permeability 

Most antimicrobials used to treat P. aeruginosa infections must be able to 

penetrate the cell membrane to reach their sites of action. Quinolone antimicrobials 

interfere with DNA replication by inhibiting DNA gyrase and topoisomerase IV 

(Giguère et al., 2013). They are small molecules that pass through the cell wall 

through water channels surrounded by porin proteins. In P. aeruginosa, this non-

specific permeability of the wall is very low, so antimicrobials pass through the porins 

extremely slowly and with difficulty. For example, pseudomonas porins pass 10-100 

times fewer molecules than E. coli porins (Yoshimura and Nikaido, 1982).   

In general, porins can be divided into four classes: the nonspecific porins for the 
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slow diffusion of small hydrophilic molecules; specific porins with specific sites for 

the binding of specific molecules; gated porins, which are ion-regulated outer 

membrane proteins responsible for the uptake of ion complexes; and efflux porins, 

which are components of efflux pumps (Pang et al., 2019). 

Porin OprF is the predominant porin in all strains of P. aeruginosa, whose 

function is nonspecific and serves as the main entry point for various molecules into 

the bacterial cell, but it has low efficiency for antimicrobial penetration (Nikaido, 

1994). Porin OprF can fold into two conformers: the closed conformer with two 

domains and the open channel conformer with one domain. The closed conformer is 

the predominant structure of OprF porin, which may explain why the permeability of 

the outer membrane of P. aeruginosa is much lower than that of other bacteria 

(Sugawara et al., 2006). 

In addition to OprF, pseudomonas possess several porins with specific 

functions, of which the OprD porin, which contains the binding sites for carbapenems, 

is most important for antimicrobial uptake. The absence of this porin in P. aeruginosa 

leads to resistance to imipenem (Hancock, 1998). 

 

Efflux pumps 

Decreased accumulation of drugs in bacterial cells due to active efflux is an 

important mechanism of antimicrobial resistance in gram-negative bacteria. The term 

"efflux" refers to the active elimination of a toxic substance from a cell via 

transmembrane systems consisting mainly of three proteins. The first protein is a 

transporter located in the cell membrane and functions as an energy-dependent pump. 

The second protein, located on the cell wall, is a porin, and the third protein, located 

in the periplasmic space, connects the first two by linking them to form a channel 

through which substances are expelled from the periplasmic space and cytoplasm into 

the extracellular space (Strateva and Yordanov, 2009). 

Many different substances, such as antiseptics, dyes, detergents, and organic 

solvents, as well as antimicrobials, are ejected via pumps (Lister et al., 2009).  

Genome analysis of the P. aeruginosa reference strain PAO1 revealed the 

existence of 12 efflux systems (Stover et al., 2000), four of which are important for 

antimicrobial resistance: MexA-MexB-OprM, MexC-MexD-OprJ, MexE-MexF-

OprN, and MexX-MexY. Each of them has the ability to bind and release different 

molecules and thus different antimicrobial drugs. 

The MexC-MexD-OprJ and MexE-MexF-OprN pumps extrude members of 

different groups of antimicrobial drugs and thus may be involved in the development 

of a multidrug-resistant phenotype. These pumps become active through mutation of 
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regulatory genes and play no role in innate resistance (Hancock and Brinkman, 2002).  

The MexA-MexB-OprM and MexX-MexY pumps are involved in both innate 

and acquired resistance to various antimicrobials (Morita et al., 2001; Masuda et al., 

2000a; Masuda et al., 2000b). Both pumps eject antimicrobials from the cell through 

the same porin. Indeed, the MexX-MexY pump does not have a porin gene in its 

operon but binds to the OprM porin encoded by a gene in the MexA-MexB-OprM 

pump operon (Masuda et al., 2000a; Mine et al., 1999). This gene is spontaneously 

expressed, and therefore the porin OprM is constantly active in the bacterial cell, 

regardless of the presence of antimicrobials and other substrates of these pumps. 

Therefore, this porin is responsible for the innate resistance of pseudomonas to many 

antimicrobials, especially to older generations of fluoroquinolones (LI et al., 1994), 

which was confirmed by a study in which removal of the OprM gene showed 10 to 

1000 times greater susceptibility of P. aeruginosa to antimicrobial drugs (Hancock 

and Brinkman, 2002).   

Fluoroquinolones are a good substrate for all of the above pumps, but in terms 

of innate resistance, they are only affected by the MexA-MexB-OprM efflux pump 

(Masuda et al., 2000b). However, Tejedor et al. (2003) reported that the MexA-MexB-

OprM pump does not act equally on all fluoroquinolones. The more lipophilic 

fluoroquinolones such as difloxacin are more affected by the overexpression of this 

efflux pump than the less lipophilic molecules such as ciprofloxacin. Thus, it is 

evident that basal expression of the MexA-MexB-OprM pump is not sufficient to 

confer innate resistance to all fluoroquinolones but is responsible for resistance to 

more lipophilic fluoroquinolone antimicrobials. However, an important feature of 

efflux pumps is that they protect bacteria from low concentrations of antimicrobials, 

especially fluoroquinolones, and thus may allow the emergence and selection of 

resistant strains with higher resistance levels (Hawkey, 2003; Lomovskaya et al., 

1999). 

In the last few decades, the possibilities of inhibiting the action of efflux pumps 

have been intensively investigated, which would improve the efficacy of various 

antimicrobials, especially fluoroquinolones as a substrate for all pumps. Lomovskaya 

et al. (1999) found that inhibition of pumps would significantly reduce the level of 

innate resistance, as well as the frequency of emergence of fluoroquinolone-resistant 

strains. Since efflux pumps are found not only in bacterial cells but also in host cells 

(humans and animals), an inhibitor that does not interfere with their action is required 

(Lomovskaya and Watkins, 2001). However, the use of efflux pump inhibitors has 

emerged as a potential therapeutic strategy for the treatment of P. aeruginosa 

infections (Askoura et al., 2011).  
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Antibiotic-inactivating enzymes 

The production of enzymes that inactivate or modify antimicrobials is one of 

the most important mechanisms of intrinsic resistance in bacteria. Many 

antimicrobials have chemical bonds that are susceptible to hydrolysis by enzymes 

commonly produced by P. aeruginosa, such as β-lactamases and aminoglycoside-

modifying enzymes (Poole, 2005; Hancock and Speert, 2000). Like many Gram-

negative bacteria, P. aeruginosa possesses an inducible, naturally occurring ampC 

gene that encodes cephalosporinase, which confers low-level resistance to 

aminopenicillins and first-generation cephalosporins (Wolter and Lister, 2013; 

Livermore, 1995). Fluoroquinolones are not affected by this enzyme, but expression 

of the ampC gene may be increased during exposure to some fluoroquinolones, such 

as ciprofloxacin (Wolter et al., 2007).   

 

Acquired fluoroquinolone resistance  

In addition to the high intrinsic resistance of P. aeruginosa, acquired resistance 

also contributes greatly to the selection of multidrug-resistant strains, making 

eradication of this microorganism difficult (Henrichfreise et al., 2007). There are 

several acquired mechanisms responsible for P. aeruginosa resistance to 

fluoroquinolones: change in cell wall permeability, increased activity of efflux pumps, 

change in the target site of action of fluoroquinolones, acquisition of plasmids 

carrying resistance genes (Giguère et al., 2013). Most commonly, resistance arises 

through site-specific mutations and overexpression of efflux pumps (Zhao et al., 

2020). 

 

Decreased outer membrane permeability  

In order to act on the target site, fluoroquinolones must penetrate the bacterial 

cell, which in gram-negative bacteria means they must pass through the cell wall. To 

do this, they use porins with non-specific functions, the most common of which is the 

porin OprF. Alterations in this porin or its deficiency generally have little effect on the 

occurrence of resistance, but in combination with other mechanisms can cause an 

increase in MIC (Van Bambeke et al., 2005). The change in susceptibility to 

fluoroquinolones due to OprF porin deficiency is usually accompanied by decreased 

susceptibility to other antimicrobial agents that use this porin to enter the cell. 

 

Increased activity of efflux pumps  

Because fluoroquinolones are a good substrate for all efflux pumps described in 

P. aeruginosa, increased activity of any pump contributes to the development of 



CONFERENCE Antimicrobial Resistance in Veterinary Medicine-Current State and Perspectives 2022 Novi Sad 

 

 

119 

resistance. In addition, resistance to other unrelated antimicrobials (cephalosporins, 

carbapenems), which are also substrates of pumps, is also characteristic (Giguère et 

al., 2013). 

The change in susceptibility is mainly influenced by the MexA-MexB-OprM 

pump, whose increased activity leads to resistance to fluoroquinolones and all beta-

lactam antimicrobials except imipenem. The genes encoding the proteins of this pump 

form an operon controlled by the transcriptional regulator MexR, which is encoded by 

the mexR regulatory gene. When MexR is nonfunctional due to mutations in the mexR 

gene, MexAB-OprM overexpression occurs (Scoffone et al., 2021; Masuda et al., 

2000a). Mutations as well as the selection of mutants are usually the consequence of 

therapy with fluoroquinolones, penicillins and cephalosporins (ZIHA-ZARIFI et al., 

1999). 

For the innate resistance of pseudomonas, the efflux pump MexC-MexD-OprJ 

is irrelevant because its expression is stimulated by a mutation in the nfxB gene. NfxB 

is the negative regulator of MexCD-OprJ and inhibits the action of the pump (Poole, 

2001). Therefore, the efflux pump MexCD-OprJ is expressed only in nfxB mutants. 

These mutants showed different levels of resistance to the antimicrobials effluxed by 

MexCD-OprJ, such as chloramphenicol, erythromycin, fluoroquinolones, and 

tetracyclines (Scoffone et al., 2021; Masuda et al., 1996). Mutations occur most 

frequently with the use of newer fluoroquinolones such as norfloxacin and 

ciprofloxacin (Köhler et al., 1997). 

The efflux pump MexE-MexF-OprN is expressed only in strains with a 

mutation in the nfxC gene characterized by a multidrug-resistant phenotype. Its 

substrates are fluoroquinolones, chloramphenicol, and trimethoprim. Imipenem 

resistance occurs in strains with expressed pumps because mutation of the nfxC gene 

is associated with decreased expression of the porin OprD, which is crucial for 

imipenem entry into the cell (Poole, 2001). 

Mutations in the mexZ gene cause increased activity of the MexXY efflux 

pump, which can lead to resistance to fluoroquinolones, but this pump has a greater 

and more significant effect on aminoglycosides (Llanes et al., 2004; Vogne et al., 

2004). 

 

Modification of the fluoroquinolone target sites 

Mutations in chromosomal genes encoding the enzymes DNA gyrase and 

topoisomerase IV play an important role in the spread of fluoroquinolone resistance. 

Mutations occur most frequently in a stepwise manner in the quinolone resistance-

determining region (QRDR), which alters the amino acid composition of the enzyme 
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(Hawkey, 2003; Drlica and Zhao, 1997). In gram-negative bacteria, DNA gyrase is 

the primary target of fluoroquinolone activity, so the first step in the development of 

resistance is changes in the enzyme subunit of GyrA, which is encoded by the gyrA 

gene (Hooper, 1999). Mutations in the gyrB gene, which encodes the DNA gyrase 

subunit GyrB, can also lead to quinolone resistance, but the frequency of these 

mutations is much lower than that of mutations in the gyrA gene (Vila et al., 1996). 

 

Plasmid-mediated fluoroquinolone resistance 

Plasmid-mediated quinolone resistance (PMQR) is considered a common 

resistance mechanism in gram-negative bacilli. To date, three PMQR-mediated 

mechanisms of fluoroquinolone resistance have been recognized, which include qnr 

genes (encoding Qnr proteins that are blocking drug targets), acetyltransferase aac(6')-

Ib-cr, which is a variant of an enzyme involved in aminoglycoside modification and 

resistance, and mobile efflux pumps such as QepA and OqxAB (Saki et al., 2022; 

Rodríguez-Martínez et al., 2016). Only few data are available on the prevalence of 

PMQR genes among clinical isolates of P. aeruginosa worldwide, although a few 

examples have been reported (Khan et al., 2020; Molapour et al., 2020; Al-Marjani, 

2014). 

 

Adaptive fluoroquinolone resistance 

Unlike intrinsic and acquired resistance, which are characterized by an 

irreversible phenotype that is independent of the presence of the antimicrobial agent 

or the environmental conditions surrounding the microorganism and can be 

transmitted vertically to the next generations, adaptive resistance has an unstable 

property and usually reverts when the environmental stimulus is removed (Pang et al., 

2019; Fernández et al., 2011). Adaptive resistance can be defined as the induction of 

resistance to one or more antimicrobials in response to the presence of a specific 

signal (Fernández et al., 2011). Adaptive resistance increases the ability of a 

bacterium to survive an antimicrobial attack due to transient changes in gene and/or 

protein expression in response to an environmental stimulus (Pang et al., 2019).  

Due to its transient nature, this type of resistance is difficult to detect. However, 

adaptive resistance may be responsible for the clinical failure of some antimicrobial 

regimens, especially when antimicrobial concentrations are in the subinhibitory range 

during treatment (Fernández et al., 2011). 

In P. aeruginosa, the best characterized mechanisms of adaptive resistance are 

the formation of a biofilm and the differentiation of persister cells (Pang et al., 2019; 

Taylor et al., 2014). 
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Biofilm-mediated resistance 

A biofilm can be described as a microbial sessile community characterized by 

cells irreversibly attached to a surface or interface or to each other and embedded in a 

matrix of extracellular polymeric substances that they have produced themselves. By 

forming a biofilm, bacteria, including P. aeruginosa, protect themselves from host 

defenses, disinfectants, and antimicrobials. Bacteria in biofilm are much more 

resistant to antimicrobials than planktonic forms (Dincer et al., 2020), but 

antimicrobial susceptibility can be rapidly restored if bacteria lose biofilm protection 

(Pang et al., 2019). General mechanisms of biofilm-mediated resistance include 

prevention of antimicrobial entry, slow growth of biofilm cells due to differences in 

nutrient and oxygen availability within biofilms, induction of an adaptive stress 

response that acts as a preventive factor for cellular damage rather than repair factor, 

quorum sensing as a process of the cell-to-cell interaction that regulates gene 

expression, and differentiation of persister cells (Pang et al., 2019; Singh et al., 2017).  

 

Persister cells in antimicrobial resistance 

Another difficulty in the treating of P. aeruginosa infections is the formation of 

bacterial persister cells, a subpopulation of cells that are not genetically resistant to 

antimicrobials but can survive exposure to a bactericidal drug concentration (Balaban 

et al., 2019; Pang et al., 2019). Unlike resistant cells, persister bacterial cells cannot 

replicate in the presence of the drug any better than the non-persister cells but are 

killed at a lower rate than susceptible cells (Balaban et al., 2019). 

Many stress conditions have been shown to trigger persistence, including 

nutrient deficiency, high cell number, acid stress, exposure to immune cells, and 

exposure to antimicrobials. In the case of drug-induced persistence, instead of killing 

cells, a bactericidal antimicrobial becomes bacteriostatic to a subpopulation of cells 

that respond to the antimicrobial activity, for example, by activating a stress response 

that allows them to survive (Balaban et al., 2019). It has been observed that P. 

aeruginosa increases persister cell differentiation in chronic infections that have been 

associated with frequent and long-term antimicrobial treatment, and that these 

persister cells are able to remain viable and repopulate biofilms (Van den Bergh et al., 

2017; Mulcahy et al., 2010). For example, Dudley et al. (1991) described that 

ciprofloxacin is 99% bactericidal at MIC concentrations or higher, but at subinhibitory 

concentrations, even if ciprofloxacin is bactericidal, it does not kill all cells at the first 

exposure, leading to re-growth of resistant subpopulations that can be observed after 

4-6 hours. A second exposure to fluoroquinolones had no or very little bactericidal 

effect on these strains. Thus, those cells that were not killed by the first exposure are 
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highly adaptively resistant to subsequent treatment (Fernández et al., 2011; Dudley et 

al., 1991).  

 

Fluoroquinolone resistance of P. aeruginosa in veterinary medicine in Croatia 

The first report of resistance to fluoroquinolones in veterinary medicine in 

Croatia was published in 2002 with isolates of P. aeruginosa from dogs. 

Antimicrobial susceptibility testing showed that among the three fluoroquinolones 

tested, ciprofloxacin was the most effective with 3.8% of resistant isolates, followed 

by marbofloxacin with 4.4% of resistant isolates (Šeol et al., 2002). Enrofloxacin 

showed lower activity with 26.2% of resistant isolates. Resistance rates reported nine 

years later were higher with 8.7% of ciprofloxacin-resistant and 51.9% of 

enrofloxacin-resistant isolates (Mekić et al., 2011). The P. aeruginosa isolates 

included in the later study were all from the ears of dogs with otitis externa, and it is 

known that ear isolates tend to have higher rates of resistance to various 

antimicrobials, including fluoroquinolones (Harada et al., 2012). Another study was 

conducted in 2017 comparing two methods (disk diffusion and microdilution) for 

fluoroquinolone susceptibility testing of P. aeruginosa isolates from different samples 

of dogs (Pintarić et al., 2017). For marbofloxacin and ciprofloxacin, there was no 

statistically significant disagreement between the results of the two methods. The 

resistance rates obtained with microdilution were similar to previous studies and were 

8.9% for marbofloxacin and 2.2% for ciprofloxacin, respectively. On the other hand, 

the authors reported statistically significant disagreement between the results obtained 

with microdilution and disk diffusion testing for enrofloxacin. Most of the 

disagreements were due to the fact that the disk diffusion test overestimated the 

number of susceptible strains compared with the microdilution test, leading the 

authors to conclude that the use of the disk diffusion test to evaluate the enrofloxacin 

susceptibility of P. aeruginosa strains may result in inappropriate and ineffective 

therapy. The resistance rate determined by microdilution was 15.6%, but the study 

reported a high percentage of intermediate susceptible isolates (75.6%) (Pintarić et al., 

2017).  

 

Concluding remarks 

Pseudomonas aeruginosa continues to be extremely important pathogen 

causing serious infections in animals and humans and posing an increasing challenge 

for their treatment. Antimicrobial resistance, including fluoroquinolone resistance, in 

P. aeruginosa can occur in intrinsic, acquired, and adaptive form. Mechanisms of 

intrinsic resistance present in this species prevent the action of some fluoroquinolones 
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such as norfloxacin and difloxacin, limiting the choice of fluoroquinolones for the 

treatment of infections, especially in veterinary medicine. In addition, pseudomonas 

has a remarkable ability to develop or acquire other resistance mechanisms, as well as 

to adapt to environmental conditions (e.g., exposure to antimicrobials) by forming 

biofilms and persisting cells that are resistant to antimicrobials. Multiple resistance 

mechanisms may be present in the same bacterial cell, and infections caused by such 

multidrug-resistant strains may be virtually impossible to treat.  
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