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Abstract 

The Enterobacteriaceae family includes various types of Gram-negative bacteria.  Microorganisms treated with 

antibiotics modify “resistance mechanisms”. An example is selected bacteria from the Enterobacteriaceae family, 

strains of which can produce extended-spectrum β-lactamases (ESBLs). β-lactamases are enzymes that can 

hydrolyse penicillins, cephalosporins (including third- and fourth-generation, C3G and C4G) and aztreonam, 

resulting in the development of infection, and fewer therapeutic options. Diagnosis is impeded by the presence of 

different phenotypes of ESBL resistance to β-lactamases. It leads to detailed substrate preferences of specific 

ESBL types, designated inhibitor sensitivity, and degree of enzymatic activity and expression, providing the basis 

for several identification steps. A single mutation in the active site of the enzyme led to the formation of known 

ESBLs (TEM-1, TEM-2 and SHV-1). Newer enzymes (CTX-M) are derived from cephalosporinases produced by 

certain plant bacterial strains (e.g. Kluyvera ascorbata), which are then inserted into mobile genetic elements. To 

date, more than 350 different ESBL enzymes have been identified. 
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Introduction 

For many years, β-lactam antibiotics have been among the most commonly chosen therapeutic 

drugs for bacterial infections (Livermore, 1995). The β-lactam ring in the antibiotic molecule 

has antimicrobial activity and the opening of the ring causes this activity to disappear. The 
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choice of β-lactam antibiotics in antibacterial therapy is mainly influenced by good bactericidal 

results, low toxicity to humans and appropriate pharmacokinetic properties (Dzierżanowska, 

2018). The main, well-known mechanism of β-lactam antibiotics is based on blocking the 

synthesis of peptidoglycan (the main component of the bacterial cell wall) by inactivating the 

activity of transpeptidases, as well as carboxypeptidases and endopeptidases. The enzymes 

targeted by β-lactam antibiotics are called penicillin binding proteins (PBPs) (Bush, Bradford, 

2016). 

The Enterobacteriaceae Rahn, family includes non-fermenting, facultative Gram-

negative anaerobic bacilli-shaped bacteria. Strains are mainly found in the intestines of humans 

as well as animals, and are also found in the environment, including water and soil (Cagnacci 

et al., 2008). Human bacilli of the Klebsiella pneumoniae (Schroeter) Trevisan and Escherichia 

coli (E. coli) (Migula) Castellani and Chalmers species stand out as one of the most viable 

agents of infection in both hospital and non-hospital settings. These microorganisms, whether 

entering the respiratory system or penetrating the urinary tract, the blood and even the nervous 

system, cause a range of alarming health symptoms (Nowakowska et al., 2004; Sękowska et 

al., 2008; Wang et al., 2023). 

Enterobacteriaceae have acquired resistance to β-lactam antibiotics. This resistance 

involves the production of extended substrate spectrum β-lactamases (ESBLs), which are a key 

problem in antibiotic therapy and in the use of chemotherapeutics (Jabłoński, 2010). In recent 

years, abnormalities in the use of antibiotic therapies – overuse in treatment or prophylactic use 

– have been observed, leading to modification of resistance mechanisms in clinical strains, 

leading to drug resistance (Livermore, 1995). 

This paper discusses the molecular aspects of the production of extended-spectrum β-

lactamases (ESBLs) by selected Enterobacteriaceae. 

 

Extended-spectrum β-lactamases (ESBLs) 

ESBL β-lactamases are extended spectrum enzymes that hydrolyse the β-lactam ring in 

antibiotics such as penicillins, cephalosporins and monobactams. They are secreted by alarm 

pathogens of the Enterobacteriaceae family (Escherichia coli, Salmonella enterica (ex 

Kauffmann & Edwards) Le Minor & Popoff, Klebsiella pneumoniae). Enzymes inactivate 

broad-spectrum oxyiminocephalosporins (third and fourth generation are distinguished), and 

monobactams (aztreonam) (Bush et al., 1995; Livermore, 1995; Breurec et al., 2012). 

Cefamycins (e.g. cefoxitins), carbapenems (e.g. meropenem, ertapenem, doripenem) and 

combinations of β-lactam antibiotics (penicillins and cephalosporins: e.g. ceftriaxone, 

ceftazidime) (Fig. 1) with β-lactamase inhibitors such as clavulanic acid, sulbactam and 
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tazobactam remain active against ESBL strains. Imipenem shows 100% susceptibility to ESBL 

according to the drug susceptibility studies of the authors of microbiological papers (Pfaller et 

al., 1998; Nowakowska et al., 2004; Radosz-Komoniewska et al., 2004; Quentin et al., 2004; 

Paterson, Bonomo, 2005; Rudnicka et al., 2005; Sacha et al., 2007; Zientara et al., 2008). 

 

 

Fig. 1. The main groups of β-lactam antibiotics (Source: CBMAR– changed) 

 

Genes encoding ESBLs are located in transposons but also found in the insertion 

sequences of large bacterial plasmids. The presence of plasmid genes is not the basis for 

bacterial survival, but their main function is to encode virulence, adaptation and antibiotic 

resistance genes which can even be transferred to other bacteria in the process of horizontal 

gene transfer (bacterial conjugation) (Hopkins et al., 2006; Coque et al., 2008; Marcade et al., 

2009). ESBLs are most often encoded by large plasmids, which facilitates their rapid and 

uncontrolled spread among Gram-negative bacilli (Babini, Livermore, 2000). 
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ESBLs which move within the same or different species classified as Gram-negative 

bacteria, lead to the selection of strains characterised by multidrug resistance. Resistance to 

many antibiotics commonly used in antimicrobial therapies has been observed: tetracyclines, 

chloramphenicol, fluoroquinolones, trimethoprim and even aminoglycosides (Pagani et al., 

2003; Mammeri et al., 2005; Bush, Bradford, 2016). 

The ESBL β-lactamases most commonly found in hospitalised patients are species: 

Klebsiella pneumoniae, E. coli, Enterobacter spp. but Acinetobacter baumannii Bouvet and 

Grimont and Pseudomonas aeruginosa (Schröter) Migula are also encountered (Pagani et al., 

2003). It has been assumed that the most common strain with the ability to produce extended-

spectrum ESBL β-lactamases (ESBL) is non-fermenting E. coli, followed by Klebsiella 

pneumoniae (Mulani et al., 2019; Castanheira et al., 2021). 

There are ESBL variants belonging to families with characteristics: TEM (most 

common in E. coli), SHV (most common in Klebsiella spp. and E. coli) and CTX-M (common 

among E. coli, K. pneumoniae) (Livermore, 1995; Achouak et al., 2001; Liu et al., 2012). 

 

Characterisation and evolution of ESBLs 

ESBLs are β-lactamases that can hydrolyse oxyimino- β-lactam compounds at a rate greater 

than 10% of the rate of benzylpenicillin hydrolysis (Livermore, 1995; Bonnet, 2004). It is 

necessary to distinguish between the schemes used to classify ESBL β-lactamases: the Bush-

Jacoby scheme (describing the functional characteristics of the enzymes) and the Ambler 

scheme (based on molecular structure – sequence similarity). According to Ambler, β-

lactamases are divided into four classes (A, B, C, D). Classes A, C and D have a localized serine 

in the active site, which is essential for the catalytic mechanism of hydrolysis, while class B β-

lactamases are metalloenzymes that owe their activity to one or two zinc ions. These enzymes 

have been divided based on functional similarity, which is the substrate and inhibitor profile, 

which is the diagnostic essence (Bush et al., 1995; Gniadkowski, 2001; Bush, Jacoby, 2010).  

ESBL β-lactamases were first identified in the 1980s (Knothe et al., 1983; Kliebe et al., 

1985). The microorganisms were found to arise from point mutations of TEM and SHV 

enzymes that led to resistance to β-lactam antibiotics. It was also observed that the resulting 

mutations were also found to induce catalytic activity against β-lactam drugs indicating high 

affinity for these compounds. Currently, more than 300 ESBL variants have been described, 

dividing them into families with distinct features: TEM, SHV and CTX-M. The variants have 

largely been obtained through mutations in genes encoding β-lactamases with an extended 

substrate spectrum: TEM-1, TEM-2, SHV-1 (Gniadkowski, 2001). 
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Selected resistance mechanisms, resistance genes 

There are several main mechanisms by which β-lactam antibiotics are inactivated by Gram-

negative bacteria. The cell wall layer of Gram-negative bacteria, which is located between the 

outer membrane and the cell membrane, releases β-lactamase with high affinity for β-lactam 

antibiotics. The gene responsible for encoding β-lactamase is located (in the case of 

Enterobacter Hormaeche & Edwards) in extra-chromosomal mobile genetic elements (in 

plasmid, trans-membrane receptors, transposon). Resistance genes are acquired from bacteria 

of the same or different species (Gniadkowski, 2001). 

Genes that encode ESBLs are located on plasmids, where resistance genes to 

tetracyclines, chloramphenicol, aminoglycosides, and cotrimoxazole, among others, are also 

often found (Mammeri et al., 2005; Bush, Jacoby, 2010). Proteins in the outer membrane of 

bacteria form porins, which are involved in the processes of adhesion, invasion and serum 

resistance. Removal of the porin proteins in ESBL-positive bacteria results in increased 

resistance to antibiotics and new mechanisms of resistance. The proteins LamB, OmpK26, 

PhoE, OmpK35, OmpK36 and KpnO stand out as sources of innate drug resistance (Buchanan, 

1999; Achouak et al., 2001; Doménech-Sánchez et al., 2003; Pilonieta et al., 2009; Pulzova et 

al., 2017). 

Many Gram-negative bacteria have genetic elements called integrons in their genomes. 

Integrons provide a vehicle for the transfer of resistance genes. The existence of intergrons 

enables the natural flow of genes located in transposons, chromosomal DNA, in conjugation 

plasmids in bacteria. Genes that are responsible for encoding β-lactamase TEM are transported 

by transposons such as Tn1, Tn2 or Tn3. The genes that encode the β-lactamases of the SHV 

version are derived from the chromosome and bacterial plasmids. CTX-M β-lactamases are 

transmitted during conjugation. The integrons intl1, intl2, intl3, intl4, and intl5 play a 

significant role in the recombination of bacterial genetic material and are critical for the spread 

of antibiotic and chemotherapeutic resistance genes (Knothe et al., 1983; Kliebe et al., 1985; 

Wolinowska et al., 2002; Castanheira et al., 2021). 

Mechanisms of enzymatic treatment of β-lactam antibiotics lead to their hydrolysis. 

Antibiotic resistance in Gram-negative bacteria is due to the reduced permeability of cell 

membranes associated with reduced synthesis of porin proteins, and the presence of efflux 

pumps (AcrAB-TolC), which actively remove the applied antibiotic from the bacterial cell 

(Castanheira et al., 2021; Huy, 2024). 

Biofilm production in Gram-negative bacteria (including Klebsiella pneumoniae) 

impedes the penetration of antibacterial substances. By producing an osmotic barrier, biofilm 

causes a decrease in the sensitivity of bacteria to many antibiotics, including gentamicin, 



6 

 

ampicillin and even the popular ciprofloxacin. A correlation between biofilm production and 

colistin resistance has been demonstrated (Ong et al., 2008; Chung, 2016; Cepas et al., 2019; 

Desai et al., 2019; Huy, 2024). 

Currently, new enzymes (CTX-M) are distinguished, which are formed from 

cephalosporinases produced by bacterial strains of plants such as Kluyvera ascorbata Farmer 

et al. from the Enterobacteriaceae family. These enzymes have the ability to migrate to genetic 

components. K. ascorbata produces β-lactamase, which leads to the development of a unique 

sensitivity pattern – low-level resistance to antibiotics: penicillins, cephalothin and cefuroxime, 

which is reversible by the use of clavulanate (Humeniuk et al., 2002). 

 

Identification of ESBL β-lactamases 

The World Health Organization (WHO) has determined that ESBL β-lactamases are among the 

most challenging pathogens present, so it is essential that screening be done with an accurate 

interpretation of the bacteria present (Castanheira et al., 2021). The Clinical and Laboratory 

Standards Institute (CLSI) indicates that the interpretation of strain detection should include 

two steps. The European Committee on Antimicrobial Susceptibility Testing (EUCAST) 

guidelines for the detection of ESBL bacilli are also distinguished (Novais et al., 2007). In the 

first step, it is recommended to use Kirby-Bauer discs and Vitek discs, which have a high 

sensitivity (even more than 90%). Subsequently, using the double-disk synergy test (DDST), 

confirmatory tests are made. It is also possible to use the disk combination method (sensitivity 

of 100% testing cefotaxime and cefepime) or E-test ESBL strips (sensitivity of up to 73% 

testing cefotaxime and ceftazidime). The above methods are widely used in diagnostic 

laboratories, however, there are growing problems in identifying individual ESBL types, so it 

is recommended to perform additional interpretations in the second stage. It includes, among 

others, genotypic confirmation tests to determine the enzymes present and their variants. 

Techniques by which identification of distinguished strains is performed include among others: 

polymerase chain reaction (PCR), sequencing, and real-time PCR. 

The PCR reaction involves the use of primers that give rise to the multiplication of a 

DNA fragment that includes the sequence of the gene encoding ESBL. After the PCR reaction 

is completed in an apparatus-thermocycler, the obtained products are separated 

electrophoretically and visualised under a UV lamp. The test has several steps and includes 

controls – positive and negative samples. Multiplicity markers identify amplification products 

and determine the correct course of the PCR reaction. The result allows interpretation of ESBL-

encoding genes (Hryniewicz et al., 2022). 
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The real- time PCR reaction is a sensitive technique that allows the determination of the 

gene present at a low initial concentration. It relies on measuring the fluorescence that is emitted 

by the amplified DNA fragments. The increase in fluorescence occurs as the concentration of 

amplification products increases in cycles. The analysis of the reaction is observed and 

visualized on a monitor, which allows interpretation of the result during the reaction, this allows 

shortening the testing process (Hryniewicz et al., 2022). 

Different DNA markers can be used in the molecular diagnostics of ESBL prevalence, 

but the beta-lactamase (bla) genes: blaTEM, blaCTX-M and blaSHV are the most commonly 

ones (Hasman et al., 2005; Carvalho et al., 2016). What is important, there are numerous 

variants of these genes, i.e. TEM-4, TEM-29, TEM-85, TEM-86, TEM-93, and TEM-94 

(Baraniak et al., 2005), CTX-M-1, CTX-M-3, CTX-M-10, CTX-M-12, CTX-M-15 (Bonnet, 

2004) and SHV-2a, SHV-5, and SHV-12 (Liakopoulos et al., 2016). Table 1 summarises the 

most often amplified markers with the examples of their primer sequences. 

 

Tab. 1. The examples of the most commonly used DNA markers in the molecular diagnostics of ESBL presence 

Gene Sequence Size (bp) Reference 

blaSHV 5′-TTCGCCTGTGTATTATCTCCCTG-3′ 

5′-TTAGCGTTGCCAGTGYTCG-3′ 
854 Hasman et al., 2005 

blaTEM 5′-GCGGAACCCCTATTTG-3′ 

5′-TCTAAAGTATATATGAGTAAACTTGGTCTGAC-3′ 
964 Mulvey et al., 2003 

blaCTX-

M 

5′-ATGTGCAGYACCAGTAARGTKATGGC-3′ 

5′-TGGGTRAARTARGTSACCAGAAYCAGCGG-3′ 
593 Miró et al., 2002 

 

In the recent years, the whole genome sequencing (WGS) becomes more and more 

important method in the ESBL diagnostics (Founou et al., 2019; Kurittu et al., 2022). WGS can 

be performed using both short- and long-read technologies, leading to accurately identify 

virulence and resistance genes sequence types (STs). It is also possible to perform a hybrid 

sequence analysis combining long- and short-read sequencing (Berbers et al., 2023). To identify 

the type of plasmid involved in the mechanism of resistance, sequences obtained for the tested 

strains can be compared to those previously published in the dedicated databases such as 

ResFinder (version 4.1) (Florensa et al., 2022). 

Another method commonly used to detect of ESBL bacilli is an automated mass 

spectrometry-based microorganism identification system (Autof MS1000/MALDI-TOF). 

There are also immunochromatographic techniques that allow efficient and rapid detection of 

CTX-M enzymes (NG-Test CTX-M MULTI), and subsequent identification of 

Enterobacterales in tested materials using MALDI-TOF. Ongoing mutations that lead to 
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modifications in the patterns of ESBL subtypes, complicate bacterial identification and require 

the use of different pathogen detection techniques (Paterson et al., 2001; Novais et al., 2007; 

Zboromyrska et al., 2022). 

 

Conclusions 

Antibiotic resistance is now becoming a serious global problem. Organizations such as the 

World Health Organization (WHO), the European Parliament (EP) and the United States 

Centres for Disease Control and Prevention (CDC) have identified the fight against antibiotic 

resistance in bacteria as a priority (Amyes, Gemmell, 1992; Hopkins et al., 2006). The increase 

in infections caused by ESBL-producing strains of the Enterobacteriaceae family poses a 

challenge to modern medicine. The occurrence of β-lactamases with an extended substrate 

spectrum in hospital settings brings a huge clinical problem. The complex and dynamic 

evolution, the diversity of producer strains that can express different combinations of β-

lactamases, leads to an overestimation of the level and increase in the spectrum of resistance 

phenotypes in Enterobacteriaceae, resulting in the use of specialised antibiotic regimens that 

ultimately do not provide sufficient therapeutic options (Baraniak et al., 2005). 

It is now stated that the epidemiology of ESBLs is evolving at a very rapid pace, and its 

consequences will in the future require specialised pharmacological targeting, and the design 

of non-standard therapies that are not yet sufficiently defined (Paterson et al., 2001; Novais et 

al., 2007). 
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Streszczenie 

W niniejszej pracy omówiono aspekty molekularne wytwarzania β-laktamaz o poszerzonym spektrum działania 

(ESBL) przez wybrane pałeczki z rodziny Enterobacteriaceae. Rodzina Enterobacteriaceae obejmuje różne typy 

bakterii Gram-ujemnych. Drobnoustroje poddawane działaniu antybiotyków modyfikują „mechanizmy 

oporności”. Przykładem są wybrane bakterie z rodziny Enterobacteriaceae, których szczepy posiadają zdolność 

do wytwarzania β-laktamaz o poszerzonym spektrum działania (ESBL). β-laktamazy to enzymy, które mogą 

hydrolizować penicyliny, cefalosporyny (również trzeciej i czwartej generacji, C3G i C4G) i aztreonam, czego 

skutkiem jest rozwinięcie się infekcji, oraz mniejsze możliwości terapeutyczne. Utrudniona diagnostyka przez 

występowanie zróżnicowanych fenotypów oporności ESBL na β-laktamazy prowadząca do szczegółowych 

preferencji substratowych konkretnych typów ESBL, wyznaczonej czułości na inhibitory, stopnia aktywności 

enzymatycznej oraz ekspresji, stanowi podstawę do wyznaczenia kilku etapów identyfikacyjnych. Pojedyncza 

mutacja miejsca aktywnego enzymu prowadziła do powstania znanych ESBL (TEM-1, TEM-2 i SHV-1). Nowsze 

enzymy (CTX-M) wywodzą się z cefalosporynaz wytwarzanych przez niektóre szczepy bakteryjne roślin (np. 

Kluyvera ascorbata), które następnie są wprowadzane do ruchomych elementów genetycznych. W chwili obecnej 

znanych jest ponad 350 różnych enzymów ESBL. 

Słowa kluczowe: mechanizmy oporności, mutacje, gram-ujemne bakterie 
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