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Abstract In recent years, the expansion of multidrug-resistant strains poses a severe threat  

to human health. The extensive and incorrect administration of antibiotics and other 

antimicrobial agents has led to their inefficiency in treating severe infections. Also, the 

selective pressure caused by the abusive use of biocides can co-select antibiotic resistance. 

Currently, one of the most common Gram-negative resistant pathogens is Acinetobacter 

baumannii. This bacterium has various resistance mechanisms, such as efflux pumps, 

alteration of membrane permeability, and production of antibiotic inactivating/modifying 

enzymes. In this review, we will present general aspects of A. baumannii biology and  

the mechanisms of resistance to antibiotics and biocides. We will subsequently discuss  

the biocides influence on antibiotic resistance and their involvement in co-selection and 

cross-resistance mechanisms. Due to the expansion of clinical isolates' resistance, the 

standardization of techniques for the rapid and specific detection of resistant strains must 

be considered. To this end, the transition from laboratory research to entrepreneurial 

solutions (new detection techniques and their patenting) represents an important  

desideratum to counteract the dramatic consequences of bacterial resistance. 
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Introduction 

Bacterial resistance is a critical concern both for the 
environment and the clinical sector. It is considered that the 
leading cause of the resistance expansion is the selection 
driven by incorrect administration of antibiotics, enhancing 
both the mobility of antibiotic resistance genes (ARGs) and 
the diversity of resistance mechanisms (HOLMES et al 
[1]). Acinetobacter baumannii is one of the main threats 
related to the emergence of resistant and pathogenic 
bacteria in hospital settings (PELEG et al [2]). Initially, 
bacteria belonging to the genus Acinetobacter were 
considered rather opportunistic, with a low degree of 
pathogenicity. In recent years, however, the emergence of 
multidrug-resistant (MDR) strains has significantly inc-
reased the scientific interest in this bacterium (HOWARD 
et al [3]). 

A. baumannii has many adaptive mechanisms, among 
which numerous ARGs, efflux pumps and virulence factors 
that allow it to survive in extreme environmental conditions 
and to initiate infectious processes. In addition to the 
involvement of adaptive mechanisms in the antibiotic 
resistance (AR) of A. baumannii strains, biocides play an 
essential role in the growth and dissemination of AR. 
Biocides are used in various environments, such as the 
clinical environment, for disinfecting medical devices  
and controlling the transmission of infections caused by 
pathogens. The co-localization of biocide resistance and 
ARGs in the same genetic platforms as plasmids, integrons, 
or transposons has led to the hypothesis that biocides can 
co-select ARGs. Also, studies have shown that the use of 
suboptimal concentrations of biocides can lead to cross-
resistance to both biocides and antibiotics (LANGSRUD et 
al [4]). Therefore, it is considered that the incorrect use  
of biocides can lead to the selection of MDR strains 
(RUSSELL et al [5]). In this review, we will initially 

present the main characteristics of the Acinetobacter genus 
and subsequently, we will present the main genetic 
mechanisms of resistance to antibiotics and biocides 
encountered in A. baumannii. We will discuss the role of 
biocides in increasing bacterial resistance and, implicitly, 
in the selection of MDR strains.  

 

Acinetobacter spp. 

1. General characterization 
It was first isolated from soil in 1911, by the Dutch 

microbiologist Beijerinck, who used minimal media 

enriched with calcium-acetate. For the first time was 

described as Micrococcus calcoaceticus. After 43 years, 

Brisou and Prevot proposed the name Acinetobacter to 

differentiate it from motile organisms within the genus 

Achromobacter (BRISOU & PREVOT [6]). The name of 

the genus Acinetobacter comes from the greek "akinetos", 

meaning non-motile. The name was accepted in 1968, after 

Baumann et al, published complex research of Micrococcus 

calcoaceticus, Mima polymorpha, Alcaligenes hemolysans, 

Moraxella lwoffi, Bacterium anitratum, and Herellea 

vaginicola. The conclusion was that the above micro-

organisms belong to a single genus. Thereby, the sub-

committee on the Taxonomy of Moraxella and Allied 

Bacteria, officially acknowledged the genus Acinetobacter 

in 1971 (LESSEL [7]). 

Acinetobacter belongs to Moraxellaceae family and 

includes non-fastidious, strictly aerobic, and non-motile 

Gram-negative coccobacilli (Fig. 1), which are non-

fermenting, catalase-positive and oxidase-negative and 

have a GC DNA content of 39% - 47% (PELEG et al [2]). 

Numerous species of this genus have been identified,  

the most clinically significant and common being  

A. baumannii, A. pittii, and A. nosocomialis (D’SOUZA  

et al [8]; CHEN et al [9]). 
 
 

   
Figure 1. (A) A. baumannii – culture and colony aspects;  

(B) Gram-staining aspect of log phase A. baumannii cells grown in Luria-Bertani Agar. 
 
 

The cells of Acinetobacter spp. are ~ 1.5 µm length, 

with a different shape, depending on the growth phase, 

from coccoid to coccobacillary. It can be quickly grown on 

simple microbiological media; clinically relevant species 

incubate at 37°C, while environmental strains at lower 

temperatures. For the recovery rate of Acinetobacter in 

culture or the enrichment of clinical or environmental 

specimens, slightly acidic mineral medium containing 

acetate and nitrate as carbon and nitrogen sources or 

Leeds selective medium can be used (VISCA et al [10]). 
 

2. Adaptative mechanisms to different environments 
A. baumannii is a successful pathogen due to its 

ability to acquire resistance determinants and adapt to harsh 

environments. The ability to acquire multiple virulence 

factors, as well as resistance determinants such as serum 
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resistance, motility, efflux pumps, and iron acquisition 

mechanisms, help this bacterium to survive in adverse 

environmental conditions, to persist for months in dry and 

harsh environments, leading to the emergence of noso-

comial and community-acquired infections. These species 

can also survive exposure to common disinfectants – 

chlorhexidine, phenols, gluconate. Many strategies have 

been described to explain the survival on surfaces for long 

periods in changing environments or when basic require-

ments for growth are low: i) bust and boom – few surviving 

cells resume growth and replicate rapidly when the envi-

ronmental conditions are suitable; ii) cellular quiescence – 

bacterial population persists in a viable nonreplicating state 

displaying metabolic capacity; iii) true dormancy – proper 

sporulation takes place (GALLEGO [12]); iv) biofilm 

formation ability (GALLEGO [12]). The ability to survive 

in hospital environments lead A. baumannii to become one 

of the most successful nosocomial pathogens, mainly in 

intensive care units (ICUs) (AL-KADMY et al [11]). 
 

Molecular mechanisms of antibiotic 

resistance in A. baumannii 

1. Enzymatic mechanisms 
1.1. β-lactamases 

In Gram-negative bacteria, β-lactamases are the 

primary mechanism of AR. The first enzyme with  

β-lactamase action was discovered by Abraham and Chain 

in 1940, being today’s associated with the chromosomal 

cephalosporinase from Escherichia coli (ABRAHAM & 

CHAIN [68]; MATTHEW & HARRIS [69]). β-lactamases 

have been classified based on molecular (AMBLER [70]) 

and functional (BUSH et al [71]; BUSH & JACOBY [72]) 

analysis. Based on amino acid sequences, in the molecular 

structure classification, β-lactamases were grouped into 

four classes (A, B, C, and D). All four classes of  

β-lactamases have been identified in A. baumannii strains. 

In the functional classification, β-lactamases were included 

in 3 groups, depending on the degraded β-lactam substrate 

and the inhibitor’s effects.  

Class A β-lactamases are among the most important 

enzymes involved in the development of the bacterial 

resistance phenomenon (BUSH [73]). The enzymatic 

activity occurs in the presence of clavulanate. Regarding 

the hydrolysis capacity, class A β-lactamases can hydrolyze 

penicillins and cephalosporins (JEON et al [74]). In  

A. baumannii, studies reported several class A β-lactamases 

such as TEM, GES, CTX-M, SHV, SCO, PER, CARB, 

VEB, or KPC. Most are broad-spectrum β-lactamases 

(ESBL) (SHV-5, PER-1, PER-2, PER-7, TEM-92, CTX-

M-15, VEB-1, GES-14, CARB-10, CTX-M-2), and some 

are narrow-spectrum (TEM-1, SCO-1). 

Class B β-lactamases (MBL) can hydrolyze almost all 

β-lactam antibiotics, except monobactams, and have a 

heavy metal such as Zn at the catalytic site (JEON et al 

[74]). Due to the presence of metal at the catalytic site, 

MBLs are inhibited by a chelating agent such as 

ethylenediaminetetraacetic acid (EDTA) (AOKI et al [75]).  

Class C β-lactamases are part of group 1 of the 

functional classification and are encoded by the AmpC 

gene, a non-inducible cephalosporinase (JACOBY [76]; 

THOMSON [77]). In A. baumannii, studies reported the 

presence of the AmpC gene in most strains analyzed (SUN 

et al [78]; LIN et al [79]). Class C β-lactamases are 

involved in resistance to penicillins, cefamycins, or 

cephalosporins (JEON et al [74]). 

Class D β-lactamases (CHLD) or oxacillinases (OXA) 

can degrade oxacillin and contain serine in the active site 

and are included in group 2 of the classification made by 

Bush and Jacoby (BUSH & JACOBY [72]). In A. baumannii, 

OXA β-lactamases are the primary carbapenem resistance 

mechanism. In A. baumannii clinical isolates five groups of 

acquired, chromosomal or plasmid located CHDLs with 

variable geographic distribution have been identified, i.e., 

OXA-23, OXA-24/-40, OXA-58, OXA143 and OXA-235 

(DA SILVA & DOMINGUES [80]). OXA-23 is the most 

worldwide spread enzyme in A. baumannii, having been 

implicated in outbreaks in multiple European (including 

Romania and other Eastern European countries), Asian and 

American countries, and Oceania (MUGNIER et al [58]). 

1.2. Aminoglycoside-modifying enzymes  

Modification of the aminoglycosides (AMG) molecule 

is an essential resistance mechanism generally determined 

by aminoglycoside-modifying enzymes (AMEs) (ZHOU  

et al [43]). Depending on the mechanism of action, AMEs 

are classified into acetyltransferases, phosphotransferases, 

and nucleotidyl transferases (RAMIREZ & TOLMASKY 

[44]). The main AMEs involved in resistance to AMGs in 

A. baumannii strains are aac(3')-I, aph(3')-I, aph(3')-VI, 

aac (6')-Ib, ant (2'')-Ia, ant (3')-I, aac (3)-Ia [aacC1], aac (3) 

-IIa [aacC2], aac (6')-Ib [aacA4], aac (6')-Ih, aac (6')-Im, aph  

(3')-Ia [aphA1], aph (3')-VIa [aphA6], ant (3") Ia [aadA1], 

ant (2")-Ia [aadB] , aac (6')-I ad and aac (6') - II (WEN  

et al [45]; HEIDARY et al [46]; NIGRO et al [47]; 

AGHAZADEH et al [48]; HASANI et al [49]; 

SHEIKHALIZADEH et al [50]; SALIMIZAND et al [51]; 

SHOOSHTARI et al [52]; AKERS et al [53]). Among the 

identified AMEs, aac (6')-I is cryptic and confers resistance 

to netilmicin, tobramycin, gentamicin, and amikacin 

(LUPO et al [54]). Recently, it has been observed another 

mechanism of AMG resistance represented by the action of 

16S rRNA methylases (encoded by the armA gene) that 

confer resistance to tobramycin, amikacin, gentamicin, 

and netilmicin (LIOU et al [55]; DOI et al [56]).  

1.3. Rifampin enzymatic resistance  

One of the causes of rifampin resistance in  

A. baumannii strains is the acquisition of the enzyme 

ADP-ribosyltransferase encoded by the arr-2 gene, 

generally localed in class 1 integrons, which modifies the 

antibiotic molecule (HOUANG et al [63]). 
 

2. Non-enzymatic mechanisms 
2.1. Efflux pumps 

The efflux systems encountered in A. baumannii are 

involved in resistance to various antimicrobial agents when 

overexpressed (CHEN et al [13]). MDR efflux systems are 

encoded by chromosomal genes and are expressed either 
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constitutively, causing inherited resistance, or following 

mutations, are contributing to acquired resistance (BUTAYE 

et al [14]; POOLE [15]). In A. baumannii, four main 

categories of efflux systems were identified: superfamily 

RND (resistance-nodulation-division superfamily), MATE 

(multidrug and toxic compound extrusion family), MFS 

(major facilitator superfamily) and SMR (small multidrug 

resistance transporters) (LIN & LAN [16]). 

The RND system is well represented in A. baumannii, 

includes the AdeABC pump, with an essential role in 

resistance to antimicrobial and antibiotic agents, especially 

AMGs. AdeABC regulation is performed by the adeRS 

operon, whose expression occurs when the efflux pump  

is exposed to a high concentration of toxic agents or 

antibiotics, thus leading to resistance (YOON et al [17]). 

The appearance of point mutations in the adeRS operon 

causes the regulation of the AdeABC pump activity, 

leading to the increase of resistance level to different 

antibiotics such as AMG, β-lactams, fluoroquinolones, 

tetracyclines, macrolides, and chloramphenicol. The RND 

family also includes the AdeFGH and AdeIJK efflux 

pumps associated with tigecycline resistance (DAMIER-

PIOLLE et al [18]). 

MATE is another category of efflux pumps that 

includes the AbeM pump. The AbeM efflux pump is 

involved in resistance to different antibiotics such as 

norfloxacin, ofloxacin, ciprofloxacin, gentamicin, doxoru-

bicin, triclosan, and imipenem (SU et al [19]; HOU et al 

[20]; RUMBO et al [21]). 

The MFS superfamily is involved in resistance to 

antibiotics and various antimicrobial agents, contributing  

to both intrinsic and acquired resistance through over-

expression caused by the acquisition of mutations. One 

such example is the CraA pump, involved in the IR to 

chloramphenicol in A. baumannii (ROCA et al [22]). This 

category also includes AmvA and AbaF pumps, which 

determine resistance to various antibiotics such as phos-

phomycin, disinfectants, and dyes (RAJAMOHAN et al 

[23]; SHARMA et al [24]). Recently, there have been 

reported  AbaQ pump involved in the virulence and efflux 

of quinolone antibiotics (PEREZ-VARELA et al [25]). 

Another category of efflux pumps found in  

A. baumannii is SMR, which includes the AbeS pump, 

with a role in AR and dyes (SRINIVASAN et al [26]). 

The genes encoding the efflux mechanisms of specific 

antimicrobial agents are usually located in the structure of 

MGEs (plasmids, transposons, integrons), increasing the 

risk of their horizontal dissemination. 

2.2. Outer membrane permeability 

In A. baumannii, the pores of the outer membrane 

that mediate the transport of molecules play an essential 

role in the resistance and virulence of MDR strains (LEE et 

al [27]). It has been shown that the decrease in the density 

of some membrane pores such as Omp22-23, Omp43, 

Omp44, Omp47, Omp33-36, Omp37, and CarO) is 

associated with the increase of carbapenem resistance 

(BOU et al [28]; DUPONT et al [29]; QUALE et al [30]; 

DEL MAR TOMAS et al [31]; HOOD et al [32]; MUSSI 

et al [33]; MUSSI MA et al [34]; SIROY et al [35]; 

CATEL-FERREIRA et al [36]). Also, another membrane 

porin involved in the pathogenesis of A. baumannii is 

OmpA. Investigation of OmpA functions has demonstrated 

the association of this porin type with aztreonam, 

chloramphenicol, and nalidixic acid resistance (SMANI et 

al [37]). Recent studies have shown the role of OmpA in 

increasing virulence level (ESPINAL et al [38]), lung 

infections, sepsis, and increased mortality (SANCHEZ-

ENCINALES et al [39]; SATO et al [40]). OmpA can bind 

to host epithelia and cause mitochondrial dysfunction, and 

after translocation to the nucleus, it leads to cell death 

(CHOI et al [41]; CHOI et al [42]). 

2.3. Antibiotic target modification by point mutations  

A well-known example of resistance caused by 

point mutations is resistance to fluoroquinolones (FQ), 

generally mediated by mutated gyrase and topoisomerase. 

In A. baumannii, the primary mechanism of resistance is 

based on the mutations in the gyrA, gyrB, and parC genes 

(PARK et al [57]; ARDEBILI et al [58]). Specific amino 

acid substitutions in the sequence of the following genes: 

gyrA Ser83Leu, parC Ser80Leu, and Glu84Lys play an 

essential role in increasing the FQ resistance level (VILA 

et al [59]). Another FQ mechanism is represented by 

mutations in genes encoding proteins from the outer 

membrane and efflux pumps. It has been observed that 

overexpression of the AdeABC efflux pump is associated 

with quinolone resistance. FQR can also be mediated by 

plasmid genes (PMQR), either by the qnr gene (quinolone 

resistance) (ALBORNOZ et al [60]) or by an amino-

glycoside-modifying mutant enzyme, which can reduce the 

antibacterial action of the antibiotic molecule by adding an 

acetyl group (ROBICSEK et al [61]). It has been observed 

that rifampin resistance is associated with point mutations 

in the rpoB gene that produce changes in the amino acid 

sequence (FLOSS et al [62]).  

Another example is the development of colistin 

resistance, used extensively in recent years due to the 

spread of the AR phenomenon. In A. baumannii, colistin 

resistance is mediated by two mechanisms: modification of 

lipid A from the structure of lipopolysaccharides (LPS) 

through mutations in the PmrAB component and loss of 

LPS production capacity due to mutations in the lpxA, lpxC 

and lpxD genes encoding enzymes involved in the synthesis 

stages of LPS. Mutational inactivation of the lpxA, lpxC, 

and lpxD genes, which are involved in the LPS synthesis 

stages, results in the loss of the antibacterial activity of 

colistin (ADAMS et al [64]; CHIN et al [65]). 
 

Mechanisms of resistance to biocides  

Biocides can be grouped into several categories, 

depending on the functional group they possess (e.g., 

derivatives of imidazole, phenols, aromatic diamidines, 

biguanides, chlorine compounds, etc.), the mode of action 

(oxidative, membrane-active, or thiol interactive) or their 

target (e.g., the cell wall, membranes, intracellular proteins, 

nucleic acids) (FRENZEL et al [66]). For example, oxygen-

releasing chemicals act on enzymes in the membrane and 

cytoplasm, causing them to oxidize. Biocides such as 
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alcohol and chlorhexidine act on proteins and cause their 

denaturation. The quaternary ammonium compounds (QAC) 

and biguanides induce the physical denaturation and partial 

solubilization of the cell membrane and wall. Biguanides 

enter the cell following the destabilization of divalent 

cations associated with the cell membrane (D’ARCY & 

TAYLOR [67]). Bisphenol triclosan acts on the fabI protein 

reductase transporter of enoyl acyl compounds, involved in 

the synthesis of fatty acids (CAREY & MCNAMARA 

[68]).  

Biocides, including antiseptics and disinfectants, 

have been used over time in various fields such as water 

treatment, wood or paint preservation, textiles, household 

products, plastics, cosmetics, and processed food industries. 

The use of biocides, especially in hospital environments for 

the disinfection of medical devices and infections control 

has led to the selection of resistant strains. Unlike 

antibiotics, the target sites of biocides are not very specific, 

which is why nonspecific resistance mechanisms might 

occur (GNANADHAS et al [69]) following the exposure  

to suboptimal or sublethal concentrations of biocides 

(POOLE [70]). The main mechanisms of biocidal resistance 

found in Gram-negative bacteria, including A. baumannii, 

are represented by the activation of efflux pumps and cell 

membrane permeability changes.  
 

1. Efflux pumps 
One of the main mechanisms of biocide resistance is 

the expression of efflux systems, especially qac genes 

(qacE and qacE∆1). The qac genes (quaternary ammonium 

compounds) are highly prevalent in Gram-negative bacteria 

(CHANG et al [72]), including A. baumannii, mainly due 

to the plasmid-mediated dissemination of class 1 integrons, 

which typically contain the qacE∆1 gene (the functionally 

active deletion derivative of qacE gene) (RIANO et al 

[73]). Many of the qac genes are derived from MGEs such 

as qacA / B, qacC / D, qacE, qacED1, qacF, qacJ and qacG, 

while other are chromosomal (sugE (c), emrE, ydgE / ydgF, 

mdfA) (COSTA et al [74]; ZOU et al [75]). The qacA / B 

gene encodes for MFS, while the qacC to qacH for the 

SMR superfamily (PRAG et al [76]; WASSENAAR et  

al [77]). Qac genes have been associated with diverse 

carbapenems, AMGs, trimethoprim, and sulfonamides 

ARGs (SHIRMOHAMMADLOU et al [78]) on the same 

genetic platforms, such as class 1 integrons. Given this, the 

inappropriate use of biocides may select antibiotic-resistant 

bacteria among Gram-negative rods (HEGSTAD et al 

[79]). Also, reducing the intracellular accumulation of 

biocides and other antimicrobial agents can be achieved  

by overexpressing efflux pumps, given that biocides and 

antimicrobial agents are a substrate for most efflux pumps 

(POOLE [15]). Studies have shown that the RND efflux 

system is involved in the development of biocidal 

resistance, although it mainly causes AR. It has been 

observed that inactivation of the adeB and adeJ genes 

increases the susceptibility of A. baumannii to biocides 

action (RAJAMOHAN et al [80]). 

2. Outer membrane porins 
Another mechanism involved in biocide resistance is 

represented by the modified porins expressions inducing 

changes in membrane permeability. It has been shown that 

the exposure to biocides is associated with the decreased 

expression of the OmpA and CarO genes, leading to both  

reduced susceptibility to biocides and co-resistance to 

certain antibiotics (e.g., AMGs, carbapenems, quinolones). 

Following these findings, it remains to be determined 

whether the effect of biocides is a consequence of altered 

permeability or is also due to  acquired mutations that affect 

the level of biocide resistance (FERNANDEZ-CUENCA  

et al [81]). 
 

3. Co- and cross-selection mechanisms 
It has been observed that specific biocides can induce 

cross-resistance to antibiotics, due to the use of common 

resistance mechanisms (e.g., efflux pumps) or the acqui-

sition of resistance genes through MGE (DENVER [71]). 

The expansion of the AR phenomenon as a result of 

exposure to the action of biocides was explained through 5 

principles: cross-resistance (selection of genes that encode 

both biocide resistance and resistance to one or several 

antimicrobial agents), changes in the physiological res-

ponse of the bacterial population following exposure to 

biocides (resulting in increased resistance to both biocides 

and antibiotics), co-resistance (selection of clones or MGEs 

that harbor different resistance genes that can be transferred 

and expressed in a new host bacterium), indirect selection 

of resistant bacterial subpopulations following exposure to 

biocides, leading to increased resistance and activation of 

the SOS response (SCENIHR [82]).  

Unlike the many studies focusing on  the AR 

mechanisms, there are fewer studies that examine biocide 

resistance and the link between biocide use and co-selec-

tion for AR. It is known that if biocide/metal and AR genes 

are located on the same genetic platform (plasmids), 

exposure to biocides or metals can lead to the spread of AR 

through horizontal gene transfer (HGT) (PIDDOCK [83]). 

In both natural and polluted environments, various metals 

or biocides can co-select resistant bacteria and implicitly 

for plasmids involved in resistance (GULLBERG et al 

[84]). An analysis of the biocide/metal and antibiotic 

resistance gene cluster (ARGs-BMRG) revealed that QACs 

have a high co-selection potential for different antibiotic 

classes and also contribute to the maintenance of the 

carrying MGEs (PAI et al [85]). It has been also shown 

that the exposure to chlorhexidine digluconate increases 

resistance to several antibiotics (KAMPF [86]), and in case 

of streptococci, the reduced susceptibility to biocides was 

linked to resistance to AMG (MARTIN & MARIS [87]).  

In the hospital settings, exposure of aerobic bacteria to high 

concentrations of biocides has led to increased MIC values 

for current antibiotics (TANDUKAR et al [88]). Exposure 

of E. coli strains to benzalkonium chloride and cipro-

floxacin has shown an increase in efflux pump activity and 

biofilm formation capacity. It has also been observed that 

there is a more significant potential of biocide / chromo-

somal metal resistance genes to promote HGT of ARGs 
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through co-selection, than plasmid ones (PAGEDAR et al 

[89]). Studies have shown that prolonged exposure to 

sublethal concentrations of biocides causes overexpression 

of efflux pumps and, consequently, increased resistance 

(GILBERT & MCBAIN [90]). In P. aeruginosa, following 

prolonged exposure to the action of 2-phenoxyethanol 

biocide, an increase in MIC and cross-resistance to other 

biocides and antibiotics has been observed (ABDEL et al 

[91]). Exposure to subinhibitory concentrations of QAC of 

some E. coli strains has led to increased resistance to 

antibiotics but also to phenol compounds, due to the 

increased expression of efflux systems (LANGSRUD et 

al [4]). In A. baumannii, investigation of MBL-positive  

A. baumannii strains revealed the presence of at least one 

qac gene in each isolate. The presence of multiple copies of 

the qacE∆1 gene is associated with both AR and biocide 

resistance (GOMAA et al [92]). The high distribution of 

biocide resistance genes in A. baumannii clinical strains 

suggests the selective pressure in the hospital environment. 

The application of low levels of biocides can cause the 

persistence of microorganisms in the environment and 

contribute to the maintenance of MDR strains (BOOST et 

al [93]). 
 

Conclusions 

Resistance to antimicrobial agents has increased  

in recent years among strains associated with severe 

nosocomial infections (MARINESCU et al [94], OANCEA 

& STOIA [95]. A. baumannii is one of the most pro-

blematic opportunistic agents due to the multitude of 

adaptation mechanisms, allowing it to survive in extreme 

environments (NAWFAL HAITHAM AS et al [96]). 

Improper administration of antibiotics and other biocides 

has led to an uncontrolled expansion of resistance among 

A. baumannii isolates, which exhibit both intrinsic resis-

tance mechanisms (e.g., efflux pumps) and mechanisms 

acquired through HGT of ARGs and biocide resistance 

genes (SAVIUC et al [97]). Studies have shown that there 

is a link between biocide exposure and the co-selection  

of AR (PIDDOCK [83]; GULLBERG et al [84]). In  

A. baumannii, activation of efflux pumps and co-selection 

of ARGs due to their localization on the same MGE with 

biocide resistance genes is the main mechanism by which 

biocides can contribute to increased bacterial resistance. 

Also, prolonged exposure to biocide concentrations 

lower than MIC causes selective pressure that leads to 

cross-resistance to biocides or antibiotics (TANDUKAR  

et al [88]).  

Given the widespread use of biocides in various 

fields, future studies are needed to analyze the selective 

pressure of biocides on clinical isolates as well as the risk 

of selection of MDR strains associated with severe 

infections. Due to the expansion of clinical isolates' 

resistance, the standardization of techniques for detecting 

the minimum inhibitory concentration must be considered. 

To this end, the transition from laboratory research to 

entrepreneurial solutions (new detection techniques and 

their patenting) can be a way to counteract the adverse 

effects of bacterial resistance. 
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