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Abstract

Antibiotic-resistant bacteria are considered one of the major global threats to human and animal 

health. The most harmful of the resistant bacteria are β-lactamases producing Gram-negative 

species (β-lactamases). β-lactamases constitute a paradigm shift in the evolution of antibiotic 

resistance. Therefore, it is imperative to present a comprehensive review of the mechanisms 

responsible for the development of antimicrobial resistance. Resistance due to β-lactamases 

develops through to a variety of mechanisms, and the number of resistant genes is involved 

that can be transferred between bacteria, mostly via plasmids. Over time, these new molecular

based resistance mechanisms have been progressively disclosed. The present review article 

provides information on the recent findings regarding the molecular mechanisms of resistance 

to β-lactams in Gram-negative bacteria, including CTX-M-type ESBLs with methylase activity, 

plasmids harbouring phages with β-lactam resistance genes, the co-presence of β-lactam resistant 

genes of unique combinations and the presence of β-lactam and non-β-lactam antibiotic-resistant 
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genes in the same bacteria. By keeping in view, the molecular ways of resistance development, 

multifactorial and coordinated measures may be taken to counter the challenge of rapidly 

increasing β-lactam resistance.

Keywords

Antibiotics; resistance; Carbapenemas; microbial drug resistance; public health

Introduction:

Infections due to multidrug-resistant (MDR) bacteria are increasing worldwide, and the 

number of untreatable diseases is rapidly growing [1]. According to the Global Risk report 

of the World Economic Forum, antibiotic resistance is one of the worst universal risks 

to animal and human health [2]. Antibiotic resistance is not limited to human medicine, 

a similar trend has been found in the veterinary field because equivalent quantities of 

antibiotics are inadequately used in livestock to improve the health and production of 

animals, even resistance has been reported from organic farms [3].

According to Ambler’s classification, more than 1800 described variants are classified 

into four types of β-lactamases based on protein sequence: A (serine penicillinases), B 

(Metallo-β-lactamases), C (cephalosporinases), or D (oxacillinases), which show resistance 

to penicillin, most β-lactams, cephalosporins, and cloxacillin, respectively [4]. These 

variants can also be classified based on their phenotypic profiles Bush and Jacoby 

(2010); however, Ambler’s classification is mostly followed. Class A and Class D 

consist of ESBLs and are mainly composed of CTX-M, TEM, SHV and OXA enzymes, 

class B β-lactamases consist of Metallo-β-lactamases (NDM-1) while class C contains 

AmpC β-lactamases. Many β-lactamases producing genes with these mechanisms are also 

responsible for resistance against different classes of antibiotics, like aminoglycosides, 

β-lactams, and fluoroquinolones [6]. It is well noted that major microbial resistance is 

because of production of extended-spectrum β-lactamases (ESBLs), AmpC β-lactamases, 

and carbapenemases. The beta lactam ring in all of the first, second, third generation 

cephalosporins and aztreonam are hydrolyzed by β-lactamases while most of fourth 

generation cephalosporins are also affected by ESBL [5].

β-lactamase mediated resistance to β-lactam antibiotics developed in recent years as a 

significant clinical threat to these lifesaving drugs. Accordingly, two techniques were 

developed to preserve the utility of β-lactam antibiotics: (i) identify or develop β-lactam 

antibiotics that avoid bacterial enzymatic inactivation presented by β-lactamase enzymes, 

or (ii) repress β-lactamases so that the accomplice β-lactam can aptly target [7]. An 

understanding of bacterial resistance on a genetic basis and the activity range of antibiotics 

will allow researchers to develop new antibiotic combinations with a vast range of target 

species. Therefore, this review will provide an update on the most recent research on 

β-lactam resistance mechanisms and the possible preventive measures. Moreover, from a 

wider scope, the anti-microbial resistance has become a one-health issue affecting eco-health 

and sustainability at a faster pace. This review presents a comprehensive way forward to 
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understand the molecular pathology and the ways to inhibit or reduce the rapid development 

of antibiotic resistance.

Development of β-lactams resistance

Primarily, there are four basic mechanisms of β-lactams resistance in bacteria. β-lactamase 

enzymes production is the most common resistance mechanism in Gram-negative bacteria, 

which is the focus of our review (fig 1). Secondly, changes in the dynamic site of penicillin

binding proteins (PBPs) that can reduce the attraction for β-lactam antibiotics and enhance 

resistance to these operators. Through characteristic change and recombination with DNA 

from different organisms, bacteria have procured extreme resistance and low attraction 

to PBPs. Similarly, horizontal gene transfer (HGT) plays an important role in β-lactam 

resistance [8]. Another mechanism of resistance is the low expression of external membrane 

proteins. With a specific goal of reaching the PBPs on the inner plasma membrane, 

β-lactams may either diffuse or cross porin diverts in the external membrane of the 

Gram-negative bacterial cell wall [9]. It is worth noting that the interruption porin proteins 

alone are not generally adequate to deliver the resistance phenotype, and this system is 

associated with β-lactamase expression [10]. Efflux pumps being another probable pathway 

to resistance development, are a major feature of either a procured or natural resistance 

phenotype, are equipped to send out an extensive variety of substrates from the periplasm 

to its surroundings [11]. These pumps are vital determinants of multidrug resistance in 

numerous Gram-negative pathogens, especially Pseudomonas aeruginosa and Acinetobacter 

spp. In Pseudomonas aeruginosa, the upregulation of the MexA-MexB-OprD framework, 

combined with the low permeability of the external membrane, can add to reduced 

acceptance of penicillins and cephalosporins, as well as tetracycline, chloramphenicol, and 

quinolones [12].

Additionally, β-lactamases are either chromosomal or plasmid-related. The genes encoding 

β-lactamases may be located on chromosomes and expressed with or without the 

involvement or transported by the plasmids in single or various duplicates. In Gram-negative 

bacteria, the inducible expression of β-lactamases is usually found in chromosomal β

lactamases. However, plasmid-encoded β-lactamases are, for the most part, constitutively 

transferable to other bacteria [13]. Resistance was first appeared in Gram-negative bacteria 

against β-lactams such as cephalosporin and monobactams due to the mutation or 

overproduction of chromosomal AmpC β-lactamase. The plasmid-encoding class C of 

β-lactamases features a wider spectrum of resistance than chromosomal concern [14]. 

Moreover, chromosomal β-lactamases were found to move to plasmids or transposons; some 

plasmid-encoded β-lactamases can also be transferred to bacterial chromosome [15].

Most of AmpC β-lactamases are plasmid-mediated as well as carry the resistance genes 

for other antibiotic classes [16]. Furthermore, the plasmids harboring ESBL genes also 

develop resistance to trimethoprim/sulfamethoxazole and aminoglycosides which is mostly 

related to plasmid-evoked resistance to a cephalosporin [17]. β-lactamases are inhibited 

by β-lactamase inhibitors e.g., clavulanic acid. AmpC β-lactamases are also inhibited by 

β-lactamase inhibitors such as cloxacillin, aztreonam, and cefoxitin in addition to high 

concentrations of clavulanate [18].
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Deactivation of β-lactams via hydrolysis

Initially, β-lactamases were resistant to first-generation β-lactams while later on extended 

spectrum β-lactamases (ESBLs) were discovered as resistant to oxyimoino-cephalosporins 

[19]. The presence of various carbapenemases and ESBLs, such as Klebsiella pneumoniae 
carbapenemase (KPC), IMP (imipenaemase), VIM (Verona integrin-encoded metallo β

lactamase), OXA (oxacillinose), and NDM enzymes in Gram-negative bacteria (e.g. E. coli, 
K. pneumoniae, A. baumannii and P. aeruginosa) has reinforced the bacteria to become 

resistant to all antibiotics containing β-lactam ring. This leads to dangerous conditions for 

the treatment of serious infections [20].

1 Extended-spectrum β-lactamases (ESBLs)

Single nucleotide transposition in genes that are encoding resistance to β-lactamases 

can result in resistance to extended-spectrum cephalosporins because these genes are 

related to SHV-1, TEM-1, and TEM-2 [21]. Many Gram-negative isolates show resistance 

against β-lactam antibiotics by hydrolysis because they contain ESBLs; therefore, the 

efficacy of those antibiotics for diseases developed by these bacteria is decreased. 

Furthermore, the plasmids harbouring ESBL genes often contain genes that develop 

resistance to trimethoprim/sulfamethoxazole and aminoglycosides, mostly due to plasmid

evoked resistance to cephalosporin. There is a clear relationship between ESBL production 

and quinolone resistance in the absence of a plasmid-mediated reduction in quinolone 

susceptibility [22]. Epidemiological studies found that Asia has the highest prevalence of 

ESBL enzymes in K. pneumonia and E. coli; China is at the top position in ESBL-producing 

E. coli [23].

1.1 CTX-M family

CTX is gene named because of ceftazidimase which were detected in 1986 from E. coli 
isolate of dog. Later these were identified in four-year-old child from Munich-Germany so 

named as CTX-M (Ceftazidimase Munich). These enzymes are the earliest ESBLs having 

no hydrolytic activity against cefotaxime. However, with type over other type of one or 

more cephalosporins, ESBL differed in substrate variability. These genes encode 291 amino 

acid and change in single amino acids leads to new CTX-M type. CTX-M enzymes are 

not developed as outcome of point mutations in parent enzymes rather the chromosomal 

bla genes of Kluyvera sps (Environmental bacteria isolated from water, sewage, soil, and 

animal-based food products) were mobilized into plasmids (Fig 2). Later to this mobilization 

of chromosome into plasmids were the mutations that give rise further diversification and 

providing opportunity for expansion of hydrolytic activity to ceftazidime. This is the reason 

that earlier CTX-M were only cefotaximases but recently more than 60% of CTX-M can 

hydrolyze cefotaxime as well as ceftazidime Cantón et al., 2012; Naseer et al., 2011)

Numerous forms of CTX-M genes encode ESBLs. CTX-M β-lactamases are likely the most 

widespread ESBLs, resulting in what is called the global “CTX-M pandemic” [24]. CTX-M 

genes originated from the chromosome of Kluyvera spp. and spread through mobile genetic 

elements. Their co-resistance with fluoroquinolones and aminoglycosides also facilitated the 

co-selection of these genes, along with other antibiotic resistance genes [25]. In some of 
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cases, insertion sequences (IS) adjacent to blaCTX gene are identified in integron which 

are in turn part of transposon. Transposons integrate and make plasmids (Fig 2). These 

kinds of genes include ISEcp1, ISCR1, IS10 and IS26. ISEcp1 which were first identified 

adjacent to CTX-M-15 gene. CTX-M-15 gene is spotted 42–266 bp upstream of different 

blaCTX-M and provides a higher promoter expression for blaCTX-M. These genes are 

associated with all except CTX-M-8. Conjugative transposons and integrated conjugated 

plasmids are grouped as integrative and conjugate elements (ICE) are diverse mobile genetic 

elements which are found in integrated form in bacterial chromosome. These may excise 

themselves to get introduced into other chromosome and hence transfer bacteria to bacteria 

like plasmids. There are some ICE and IS that get fail to recognize terminal sequences of 

their own thus mobilize adjacent sequences through open-end transposition. Such cases may 

be seen with ISECP1and ISCR1 as well as Tn3 & Tn21 transposons (Cantón et al., 2012; 

Naseer et al., 2011).

Enterobacteriaceae isolates from animal and environmental origins contain the CTX-M-14 

gene, frequently associated with IncK plasmid pCT [26]. Some of these isolates can 

hydrolyze ceftazidime more quickly than cefotaxime. These genes are divided into different 

subgroups, based on the escape of these genes from the chromosome. Enzymes CTX-M-2, 

CTX-M-3, and CTX-M-14 rank the highest ranking among ESBL isolation throughout 

the world, particularly in cephalosporin-resistant species of K. pneumonia and E. coli. 
Combinations of CTX-M 14 with OXA-1 and CTX-M-9 with SHV-12 have been studied 

on conjugative plasmids of Salmonella spp., which were resistant to a broad range of 

β-lactams. Similarly, combinations of CTX-M-15, SHV-12, and NDM-1 were detected in 

E. cloacae and demonstrated resistance towards many carbapenems. These resistant genes 

were present in IncHI2 plasmids with HI2 replicon as well [27]. A colistin-sensitive, ESBL

producing Klebsiella. pneumonia strain was treated with cefotaxime, which became resistant 

to cefotaxime due to the occurrence of the mgrB gene, which led to the cephalosporin 

selective pressure. However, the insertion of ISEcpI-blaCTX-M-15 locus into this gene also 

resulted in colistin resistance [28]. E. coli isolates with CTX-M-1, CTX-M-14, CTX-M-15, 

SHV-12, and TEM-167 have been identified as one of emerging mechanisms of resistance to 

16S rRNA methylase. Therefore, ESBL-positive isolates paired with methylase activity are 

resistant to several antibiotics and susceptible to only colistin and carbapenems [29].

1.2 TEM family

TEM β-lactamases are the best-studied antibiotic resistance enzymes in that it is responsible 

for 90% of resistance in E. coli. Abbreviation of TEM comes from the name of Greek 

patient, Temoneira, who clinical samples yielded this gene. TEM variants were discovered 

during 1980, during which series of novel β-lactam antibiotics were discovered. At initial 

stages, these variants contained 1–3 amino acid substitutions whose extension later lead 

to one or more of new β-lactams. Hence, TEM alleles that are known today cover 

variants that present resistance to most of novel β-lactams introduced in the past three 

decades.Their mode of action lies in hydrolyzing β-lactam ring of penicillin, cephalosporins 

and related antibiotics. These resistant genes are isolated from hospitals and clinics at higher 

frequencies. Further looking into mode of action, it implies that amino acid substitution that 

is required for ESBL phenotype is clustered around active site of enzyme thus changing 
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configuration and allowing access to oxyimino-beta-lacatm substrate. On the other hands, 

opening of active site may make it susceptible for beta-enzyme inhibitors e.g clavulanic 

acid that may destroy this enzyme. So use of penicillin in combination with clavulanic 

acid produces effective results against bacteria having TEM-1 resistant genes. It is evident 

from studies that single nucleotide mutations in amino acid of TEM beta lactamase give 

rise to substituted enzyme. Most of the substitution seen are at point 104 (Glu → Lys), 

point 164 (Arg → Ser or His), point 238 (Glu → Ser), point 240 (Glu → Lys) as per 

Ambler’s numbering scheme. TEM-harbouring microbes are equipped to resist the activity 

of β-lactams because they break down before attacking a specific target. These perceptions 

might be explained by the expansion of the protein’s stability [30]. ESBLs are most often 

encoded by large plasmids; however, single nucleotide mutations in genes producing TEM-1 

β-lactamases lead to cephamycins and carbapenem resistance, attained during in vitro 
activities [31]. There are over 170 variants which are formed due to mutations in amino 

acids, mostly 1 to 5 substitutions, while some are those that emerge due to difference in 

resistance in phenotypes. TEM-1 only confer resistance to penicillin and early cephalosporin 

by hydrolyzing their βlactam rings. Mutations develop within the TEM structure and 

increase the plasticity of the active site due to the loss of hydrogen bonds, making the 

TEM more reactive to β-lactams and allowing for contact between oxyimino-β-lactams 

and the active site [32]. Thus, the exposure of the binding site to β-lactam substances 

as well as to the exposed TEM group members to β-lactamase blockers (e.g. clavulanic 

acid) leads to resistance, a dangerous condition in this case. A metagenomics study in 

nosocomial bacteriophages found that these phages confer resistant blaTEM genes. These 

results substantiate that bacteriophages act as a reservoir for these resistance genes and 

play an essential role in the development and spread of β-lactams resistance [33]. The 

transcription of TEM was affected by the exogenous addition of auto-inducer 2 (AI-2); the 

antibiotic’s breakpoints increased more than two-fold in a cow affected by mastitis. This 

suggests that exogenous AI-2 upregulates the TEM resistance. Furthermore, the transcription 

of lsrR increased, which encodes the AI-2 receptor. Moreover, TEM resistance is regulated 

by AI-2, which is itself reliant on LsrR. TEMs are becoming significant genes alone 

and in co with other genes isolated from various parts of the world. Five-year Swedish 

study revealed 63% of isoaltes positive for TEM alone, and 62% of clinical samples were 

identified for TEM and CTX-Ms. Global survey declared 73% of ESBL samples to be 

positive for TEM while expression of CTX-M was 65%. [34].

1.3 SHV family stands for sulfhydryl variable

Sulfhydryl-variable (SHV) are included in Ambler class A encoded as blaSHV that are 

divided as per their substrate and lactamase inhibitor on Bush-Jacoby-Medeiros (BJM) 

classification into class 2b type, class 2be type, and class 2br type. The type 2b hydrolyzes 

penicillin and 1st & 2nd generation cephalosporins, type 2be third generation cephalosporins, 

and type 2br becomes resistant to clavulanic acid and tazobactam. SHV-1 was isolated 

in 1970 from E. coli which was thought to be originated from chromosomal homology 

of K. Peneumoniae. Its plasmid named p453 was sequenced in 1988. The difficulty in 

identification with these genes as point mutation is differential aspect which are not 

commonly detected from routine PCR assays. SHV alleles express low clinical significance 

except their beta lactamase properties. It is another fact that process of transfer of blaSHV-1 
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from chromosome to plasmid has not been concluded because link with transposable 

element has not been confirmed so far. However, 189 SHV allelic variants has been 

reported as resistant to third generation cephalosporin, monobactams, and carbapenems. 

Only a portion of SHV has been genetically characterized so far which is the reason 

that half of the variants are yet to be classified into any group. Majority of SHVs are 

however found in E. coli and K. pneumoniae. Four clinical variants were found only in 

clinical E. coli isolates 1) blaSHV-15 Imported from India to United Kingdom; 2) blaSHV-24 

found in Japan with 150kb highly resistant genes; 3) blaSHV-102 found from hospital in 

Spain, 4) blaSHV-129 identified from Italy. Three novel ESBLs variants were found in 

clinical E. cloacae:1) blaSHV-70, patient from china having been on ceftazidime treatment; 2) 

blaSHV-128, from Tunisia expressing IncFII conjugative plasmid, and expressing resistance to 

all β-lactams other than imipenem (Bourouis et al.,2015); 3) blaSHV-183, which is yet to be 

described. Whole genome sequencing, resistom of strain, and mobilome (mobile elements 

linked with antibiotic resistance diffusion) can make differentiation of SHV beta lactams. 

These information provide understanding of complex genome structure e.g. 1) 19 antibiotic 

resistance genes found in chromosome and plasmid, 2) beta lactam genes resistant against 

aminoglycosided, macrolides, sulphonamides, trimethoprim, and 3) Six various plasmids 

encoding for beta lactam and found on chromosome clusters

The prevalence of SHV-ESBL genes was associated with Klebsiella pneumonia outbreaks 

and to a lesser extent with E. coli [35]. The SHV-type ESBL enzymes evolved via point 

mutation from classical plasmid-encoded enzyme SHV-1, which has a limited hydrolytic 

capacity for extended-spectrum cephalosporins [36]. [37] [33,38]. The replacement of an 

amino acid found in an inhibitor-resistant SHV isolate (S130G in the SHV class-A β

lactamase, for instance) causes resistance to inhibition by avibactam, a unique non-β-lactam 

β-lactamase inhibitor. This resistance mechanism appears to be the S130G enzyme acylation 

by avibactam. The S130G replacement gives the impression of resistance to various classes 

of inhibitors and is mainly found in SHV-10. The absence of a hydroxyl group at location 

130 in the S130G variant of SHV-1 substantially reduces the carbamylation of β-lactamase 

by avibactam in two ways. First, this absence eliminates a significant proton acceptor 

and donator for catalysis. Second, the quantity of hydrogen bonds is significantly reduced 

[39]. E. coli isolates (ST540 and ST58) harboring SHV-12 along with other non-β-lactam 

resistant genes (e.g. qnrS1) have been identified in China’s wastewater, posing a significant 

threat to the local community as well as its livestock [40].

1.4 Klebsiella pneumoniae carbapenemase (KPC)

KPC was identified in 1996 from isolates of Klebsiella pneumonia and thereafter found in 

several Enterobacteriaceae species [41]. Carbapenemases belong to Ambler molecular class 

A, which evolved from TEM-1. Nine KPC types have been identified, for which KPC-1 

and KPC-2 enzymes are almost identical. The KPC carbapenemases, generally present 

on plasmids in Klebsiella pneumonia [42]. Recently, E. coli and Klebsiella pneumonia 
harbouring KPC-3 are resistant to colistin, where the primary mechanism of resistance 

was the inactivation of the mgrB gene [43]. There are numerous forms of kpc genes, 

which translate proteins, and they are differentiated on the basis of single amino acid. 

The kpc gene is present on a plasmid named pKP-Qil, or on its closely related variants 
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[44]. Recently, E. coli and K. pneumonia harbouring KPC-3 have been found in an Indian 

hospital. These strains were resistant even to colistin, where the primary mechanism of 

resistance was the inactivation of the mgrB gene. The co-presence of KPC and NDM-1 has 

been studied in K. pneumoniae and E. coli on several plasmids that confers a significant 

threat of resistance development and treatment failure. KPC has also been found to be 

integrated into the prophage detected in K. pneumoniae strain ST258, which can be easily 

transmitted to other strains through transduction. In greece, carbapenem-resistant klebsiella 
pneumoniae (CRPK) was emerged in 2002 initiallly becausue of VIM carabpenemase 

production and later because of KPC, OXA-48 like carbapenemases, and NDM and apeared 

as endemic.The dynamicicity of CRPK strains is associated with antibiotic consumption and 

global travelling Porins defects inclusive of which are disruption of OmpK35 variants and 

have contributed to carbapenem resistance. It is considerable that CRKP would require stern 

preventive measures to control the spread of this pathogen. Molecular pattern would also be 

studied time to time to find suitable preventive measures (Karampatakis et al., 2016).

1.5 OXA β-lactamases

Plasmid encoded beta lactams in gram negative bacilli are of two types a) ubiquitous TEM 

enzyme, b) small group significantly hydrolyzing oxacillin. The latter was plasmid oriented 

having heterogenous substrate profile and encoded by narrow range plasmids showing 

properties like those found on R1818 that was later named as R46. OXA enzymes belong 

to class D carbapenemas of beta lactamases which are mostly isolated from Acinetobacter 
baumannii. These enzymes are effective against oxacillin and methicillin while narrow range 

of activity against penicillin and less inhibited by clavulanic acid. The resistance incurred by 

OXA β-lactams owes to use of flucloxacillin and methicillin. Initially three variants OXA-1, 

OXA-2 and OXA-3 were identified while the first two were inhibited by chloride ions. It 

is however also narrated in some other studies that not all the OXA beta lactams found on 

plasmids rather also found on chromosomes. It is noteworthy that plasmid linked resistance 

spread horizontally with greater speed.

Studies noted degree of conservation around serine active site at position number 71 (red 

text) and leucin at position number 179 (blue text)

APDSTFKIALS SLKISPEEQIQFLRK- OXA-1

SPASTFKIPHT SLAISAQEQIAFLRK- OXA-2

BlaOXA-1 was located in transposon Tn21 inserted between “aad gene” that encode 

aminoglycoside resistance and its promoter. Similarly, OXA-2 gene was also located in the 

same position which is indication presence of gene within bacteria, and it is carrying within 

transposon. This is the reason that OXA enzymes were given number according to their 

position on chromosome number which was later verified through amino acid sequences. It 

was however noteworthy that closely related enzymes meant for their position number not 

their similarities.

Most OXA group members are comparatively resistant to clavulanic acid-evoked 

suppression. Few show resistances to ceftazidime, but OXA-17 displays more resistance 

to cefixime and cefotaxime than ceftazidime [45]. ESBL-producing K. pneumonia and 
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E. coli showed resistance to carbapenem due to the collective effect of β-lactamases 

with porin impenetrability and efflux pump’s function; in some microbes, this was 

traced to the presence of the carbapenemase-encoding gene OXA-48 and the more 

recently identified blaNDM-1. OXA-48 producers presented diverse stages of resistance 

to imipenem, ertapenem, and meropenem, perhaps as a result of the variations in the levels 

of gene appearance. The genome sequencing of Pseudomonas aeruginosa identified that, 

along with other resistance mechanisms for meropenem, the alteration of the β-lactam 

binding site of PBP3 and significant genomic deletion evolved. This provides bacteria with 

the ability to proliferate, even in the presence of an antibiotic. Acinetobacter spp., which 

were resistant to meropenem, contained enzyme oxacillinases, and their genetic evaluation 

showed the presence of OXA-23 and OXA-58-like genes associated with ISAba1 and 

ISAba3, respectively [46].

1.6 Other ESBLs

Rare ESBLs, for example, IBC-1, TLA-1, BES-1, and SFO-1, have only been identified 

in some species of Enterobacteriaceae family. Other ESBLs are mostly studied in the P. 

aeruginosa of different small territories [47]. Their multifactorial mechanism of resistance, 

(plasmid-mediated horizontal gene transfer, porin loss, carbapenem selective pressure, 

efflux pumps) and strains showed resistance to many antibiotics, including Piperacillin, 

cefotaxime, ceftriaxone, ceftazidime, aztreonam, and gentamicin. The co-presence of ESBL 

genes on the same plasmid constitutes a significant threat of transfer to other species [48].

2 Metallo-β-lactamases

Class B β-lactamases consist of metallo-β-lactamases (MBLs) with zinc in their active 

site [49], and consisted of imipenemase (IMP), Seoul imipenemase (SIM), Germany 

imipenemase (GIM), São Paulo metallo-β-lactamase (SPM), New Delhi metallo-β

lactamase (NDM) types, and Verona integron-encoded metallo-β-lactamase (VIM) as most 

prevalent types of acquired MBLs (Zavascki et al., 2011). MBLs may intrinsically be 

encoded by chromosomal genes or encoded by transferable genes. The later are reported 

extensively in Acinetobacter, Enterobacteriaceae, and Pseudomonas thus becoming as 

global broad-spectrum β-lactam resistance (Cornaglia et al., 2011). In a recent year 2020, 

prevalence of MBL genes in P. aeruginosa were noted to be 28.2, 18.8, 16.1, 9.4, 6.7, 

6.0, 4.0, and 1.3% for blaIMP-1, blaVIM-2, blaVIM-1, blaNDM-1, blaIMP-2, blaSIM, 

blaSPM-1, and blaGIM genes, respectively. Combination of blaIMP-1 with blaIMP-2 was 

noted to be the most prevalent among other combinations. Increased prevalence of blaIMP-1 

and blaVIM-2 alarms the increased resistance of carbapenem (Wang and Wang, 2020). 

Similar findings were also reported from Japan and Iran. New Delhi Metallo-β-lactamase 

(NDM) was first identified in India in 2009 and now is one of the most prevalent 

carbapenemases worldwide, isolated from Gram-negative bacteria, including E. coli, K. 
pneumonia, and A. baumannii [50,51]. NDM producing isolates are present in 55 countries. 

With the exception of aztreonam, NDM is resistant to all β-lactam antibiotics. The ndm 
genes are present in a variety of hosts and attach to plasmids belonging to numerous replicon 

types, including IncA, IncC, IncF, IncHI1, IncL-IncM, and other antibiotic-resistance genes 

[52,53]. The mobility of the blaNDM gene itself is responsible for NDM spread, facilitated 

Hussain et al. Page 9

Microb Pathog. Author manuscript; available in PMC 2021 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by an ISAba125 component upstream of the ndm gene, rather than the extension of an 

endemic colon of isolates or plasmid, as occurs with kpc genes [54]. Many species of 

bacteria produce NDM enzymes, the genes of which are situated on the host chromosome, 

as well as the plasmid, and easily move from one to the other [55]. NDM-containing 

bacterial infections were initially epidemiologically limited to the Indo-Pak, Middle East, 

and Balkan states, but more recently have been reported in many other parts of the world 

[56]. Ancient-β-lactamases were initially identified in strains of P. aeruginosa; there is now 

a growing universal disaster with this class of β-lactamases, Enterobacteriaceae in particular. 

MDR E. coli and K. pneumoniae were more important in Enterobacteriaceae-containing, 

plasmid-harboring NDM-1, and were readily transferable through conjugation [57]. NDM-1 

and KPC have similar ranges of antibiotic resistance and are spread by a wide variety of 

plasmids.

PCR mapping and DNA sequencing of Acinetobacter spp. revealed the presence of 

NDM-1 on a transposon between two copies of ISAba125. Most isolates were resistant 

to meropenem [58]. MDR E. coli contains not only NDM-1 but also other resistance genes, 

including qnrB, aac(6c)-ib-cr, and blaSHV-11. All of these strains were STs2 type with the 

exception of one strain that was ST594. Their MDR property was due to the presence of 

NDM-1 and the loss of the outer membrane. The conjugation experiment showed that drug 

resistance spread in the presence of IncN and STs2, which were horizontally transferred 

[59]. Previous research also found that the IncN plasmid-encoded very important resistance 

genes, such as blaNDM-1, blaCTX, and qnr in E. coli and K. pneumonia [60]. The genomic 

sequence of a nosocomial MDR E. cloacae showed the presence of NDM-1 plasmid on a 

novel class 1 integron, which is a mosaic between replicons, including IncA/C2 and IncR. 

This strain also carried blaKPC-3, gyrA, gyrB, parC, pare, and armA genes mutations and 

a simultaneous loss of the outer membrane porins, thus making it resistant to all β-lactams 

and many other antibiotics [57]. The metallo-β-lactamase fold (MBLf) in bacteria helped to 

hydrolyze many β-lactam drugs [61]. There is another gene identified and characterized in 

Pseudomonas aeruginosa in 2012 and named as blaFIM-1 gene. FIM-1 enzyme, belongs to 

subclass B1, expresses ca. 40% amino acid identity with NDM enzymes which is highest 

among other members of acquired MBLs. Kinetic parameters of FIM-1 revealed broad 

substrate specificity with penicillin and carbapenems. This activity can make it interesting 

model to further probe into structure cum functional relationships of metallo-β-lactamases 

(Polllini et al., 2013).

The blaSIM-1 gene was originally discovered from Acinetobacter pittii from hospitalized 

patient in Koreaa in year 2003 that later were also isolated from Acinetobacter bereziniae 

and Acinetobacter nosocomialis. It is also notable that blaSIM-1 is rare and limited to 

Acinetobacter from China and South Korea. Moreover, SIM-1 is rarely detected member 

of MBLs but displays more than 60% amino acid similarity with IMPs which are its 

nearest relatives. This gene is found embedded in class 1 integran with modular structure 

intI1-blaSIM-1-arr3- catB3-aadA1-qacED1.It is well noted that these genes are located on 

variable sized plasmids, but these are yet to be sequenced.

Recently, the presence of blaIMP-1, blaKPC-3, and the co-occurrence of blaNDM-1 

and blaVIM-2 has been found in E. coli, and K. pneumonia isolates from India. The 
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plasmid containing NDM-1 and VIM-2 belonged to IncL/M and IncA/C. Two predominant, 

transferable Metallo-β-lactamase genes have been found among the clinical bacteria (e.g. 

bla IMP and bla VIM) displayed on the gene cassette of the integrons and situated on the 

chromosome or plasmid. Verona integron-encoded MBLs (VIM-type enzymes) were first 

recognized in 1996 but holds 60 allelic variants among which VIM-2 is routinely reported 

MBL in the world. It has expressed itself in outbreaks of P. aeruginosa while rarely isolated 

in Enterobacteriaceae. Most VIM alleles are classified into VIM-1 and VIM-2. The latter 

is peculiar case which is VIM-1/VIM-2 hybrid giving rise to N-terminal sequence from 

VIM-1 (signal peptides are included) and C-terminus from VIM-2. The blaVIM-12 gene 

has been found in Enterobacteriaceae despite of occupation of VIM-2 in chromosomal 

cassette. This fact reveals that signal peptide is important than genetic environment of MBL 

gene in conferring host specificity. Hence, sequence speaks of host specificity and possible 

spread of MBL alleles (López et al., 2019). Another gene named as blaGIM-1 gene was 

identified in 2002 from Germany in clinical isolate of Pseudomonas aeruginosa consisting 

of 24-kb nontransferable plasmid. GIM-1 possesses three characteristics of B1 MBLs a) 

binuclear zinc site in an αβ/βα fold, b) mobile loops 1 & 2 adjacent to active site c) a lower

affinity Zn2 site) whereas some are unique properties with reference to Trp228 and Tyr233 

producing narrower and more hydrophobic active-site groove. There are 9 independently 

pure models of GIM-1 that give rise to dynamic portfolio of active sites that to routinely 

provided crystallographic investigations. These reflect plasticity of active site groove which 

is feature of enzyme.

3 AmpC β-lactamases

In most bacterial genera, the AmpC gene was inducible via a mechanism involving the 

ampD, ampG, ampR and the intermediate molecules used in peptide glycan recycling [20]. 

AmpC β-lactamases were identified in many Gram-negative bacteria when mutations in 

significant genes caused increase in levels of expression and encouraged the development 

of cephalosporin resistance [48]. AmpC enzymes are either chromosomally encoded or 

plasmid-encoded. Most plasmid-encoded AmpC enzymes showed resistance to multiple 

antibiotics, e.g., tetracycline, aminoglycosides or sulfonamides as they conferred resistance 

to 7-α-methoxy-cephalosporins and were not affected by commercially available β

lactamase inhibitors. Among the plasmid-encoded AmpC enzymes, the most important 

subgroup is CMY, which features cephalosporins activity. CMY-2, DHA-1 and ACT-1 are 

chromosomally-located AmpC enzymes [7]. In Gram-negative bacteria, the production of 

chromosomal AmpC enzymes was lower compared to plasmid-encoded AmpC enzymes; 

however, this product can be enhanced by the induction of some β-lactams, such as 

cefoxitin. E. coli and K. pneumoniae strains harbouring AmpC β-lactamases have the 

ability to lose porin Omp-K35 from their outer membrane and show resistance against 

cephamycin because this porin permits water soluble β-lactams to passthrough and gain 

access into the cells [63]. Recent studies found that more than twenty plasmid-expressed 

AmpC β-lactamases exist. The regulatory pathway of ampC β-lactamases consists of 3 

components: (1) AmpG, a permease present in the interior membrane; (2) AmpD, an 

amidase in the cytoplasm; and (3) AmpR, a transcription factor which is a member of 

the regulatory protein LysR family [64]. For the expression of AmpC β-lactamases in P. 
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aeruginosa and Enterobacteriaceae Spp., these three components are necessary [65]. During 

the cell wall recycling process, 1,6-anhydromuropeptides are detached from the bacteria cell 

wall and relocated into the cytosol with the help of AmpG permease. AmpD protein cuts 

the 1,6-anhydromuropeptides and yields tripeptides, which are consequently changed into 

UDP-MurNAc-pentapeptides (UDP-MNPP). The UDP-MNPP combine with AmpR proteins 

in the intergenic region between ampC and ampR, and create a structure that monitors the 

stimulation of ampC. This results in decreased AmpC generation, low expression levels, 

and ultimately confines the β-lactamase to the periplasmic space. β-lactams penetrate 

the outer membrane of Gram-negative bacteria and bond with target PBPs after reaching 

such periplasmic spaces. 1,6-anhydromuropeptides increases and AmpD cannot competently 

handle such a large quantity of cell wall components. Anhydro-MurNAc-peptides (AMNP) 

substitute UDP-MNPP binding to AmpR, structurally altering the enzyme. The AmpR 

is changed into the role of a transcriptional promoter, a very high amount of AmpC is 

formed, and the quantity of AmpC increases in the periplasmic region. In cytoplasm, the 

quantity of AMNP decreases due to the fact that the concentration of β-lactam is lower 

than its “dangerous level”; as a result, the ability of AmpD to efficiently counter these 

peptides is reinstated. Even so, the mutation of nucleotides causes a shortage of AmpD 

and down-regulates the expression of AmpD damage in the process of cell wall fragment 

recycling, which produces a high concentration of AMNP in the cytosol. Consequently, the 

conjoining of AmpR with AMNP makes AmpR “protected” as a “transcriptional activator” 

of AmpC and yields a higher amount of AmpC β-lactamases (Table 1).

In summary, AmpC enzymes can be provoked for expression at resonant level through 

mutation which in turn lead to resistance to broad-spectrum cephalosporins inclusive of 

which are cefotaxime, ceftazidime, and ceftriaxone. Transmissible plasmids are holding 

acquired genes for AmpC that resultantly can emerge in bacteria such as E. coli, P. mirabilis, 
and K. pneumoniae which is lacking or poorly expressing chromosomal blaAmpC gene.

Prevention and future prospectives

Several β-lactamase inhibitors have been used to minimize the development of β-lactamase 

inactivation and target the special features and characters of these enzymes. We must use 

the inhibitors with high affinity for the active site of the β-lactamase target so that the 

inhibitor can work efficiently; for example, phosphonates and methylidene penems attain 

an inhibition similar to classes D, C, and A [58,66]. By mimicking the available natural 

substrates, β-lactamase can therefore be inhibited. Like class C, β-lactamases show very 

high binding with those inhibitors that are structurally similar to natural cephalosporin 

substrates [67]. Similarly, β-lactamases can also be inhibited if the interaction between 

the β-lactamase inhibitor and the active site of β-lactamases is prolonged. Accordingly, 

the long-life, acyl-enzyme intermediate is crucial for a successful reaction by class An 

inhibitors. Another mechanism by which inhibitors cease the activity of β-lactamases is 

expedient diffusion in the cell membrane because β-lactamases are mostly found in the 

periplasm of Gram-negative bacteria. For example, cefipime, a β-lactam molecule, rapidly 

diffuses the bacterial cell membrane[68]. Therefore, drugs that easily diffuse the outer 

membrane of the cell through porins and rapidly filter the membrane back through efflux 

pumps should be formulated [7]. β-lactams should not only destroy the mechanism of 
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β-lactamase during in vitro settings, but also inhibit the function of β-lactamases during 

in vivo conditions, which is our main goal. Similarly, different combinations of available 

drugs should be applied to control the activity of β-lactamases, including clavulanate with 

meropenem, cefpirome, or cefipime [50,51].

A combination of the fungal products (aspergillomarasmine) and meropenem are good 

inhibitors of NDM-1 in a murine infection model. Detection of ESBLs and plasmid-encoded 

AmpC lactamases is necessary for the effective surveillance and epidemiology, as well as 

to develop appropriate infection control strategies associated with resistance mechanism 

[47]. NDM-1 and KPC have the capacity to cross-genetic transfer through HGT and are 

distributed worldwide, so it is recommended to screen for their presence in nosocomial 

Enterobacteriaceae strains. Carbapenems should be widely used to limit the development of 

resistance. Avicaz, a combination of avibactam-ceftazidime, is a very effective β-lactamase 

inhibitor that was approved by the FDA in 2015 and is being widely used for systemic 

infections [69]. The blaNDM-1 genes have been recently found in wastewater treatment 

plants, and blaNDM-1 receiving rivers were located in a number of horizontally transferred 

plasmid isolates. This study tracked the pathway of NDM-1 genes as they spread into 

the ecosystem; accordingly, strict measures should be taken to combat the vectors that 

facilitate the dissemination of these genes. Non-therapeutic uses of antibiotics in agriculture 

and veterinary fields must be minimized; otherwise we will have no possible solutions to 

decrease antibiotic resistance in the future [70]. Worldwide actions are occurring in many 

forums. The World Health Assembly passed a resolution to develop a Global Action Plan 

on Antibiotic resistance published by WHO [57]. Likewise, a relevant proposal was passed 

by the G7 Ise-Shima Summit in Japan to take similar actions, aligned with the WHO 

and FAO resolutions. Available drugs should be used appropriately, and the unnecessary 

use of β-lactams with broad-spectrum activity (the main reason for resistance emergence) 

should be avoided [40]. Recently, in silico techniques have exposed the β-lactamases genetic 

evolution and the resistome in bacteria; therefore, these approaches will help to develop 

the specific molecular diagnostic tools for the detection and formulation of non-β-lactam 

β-lactamase inhibitors [71].

We are certain that controlling β-lactamase resistance is the greatest current challenge in 

the medical field. New β-lactams have been gradually integrated into clinical trials. This is 

a demonstration of the flexibility and multifaceted nature of β-lactamases; moreover, this 

review describes the unimaginable developmental capacity of the life forms harbouring β

lactamases. A thorough understanding of genetic pathways behind the development of anti

microbial resistance may help devise better solutions. For instance, an integrated approach 

to managing clinical infections that features the use of alternative ways to curb severe 

clinical symptoms. The use of anti-microbial adjuvants, nanomedicine and other easily 

biodegradable options for blocking resistance mechanisms may help counter the superbugs 

at initial stages [69,72].

Conclusion

In the last decade, some studies have focused β-lactam resistance; however, this field 

still warrants additional consideration of researchers in order to establish a paradigm for 
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the development and spread of resistance. In Gram-negative bacteria, highly transferable 

plasmid-mediated β-lactamases that hydrolyze the most β-lactams pose the main challenge 

to the medical field. Every year new β-lactamase variants are identified. Moreover, an 

understanding of new mechanisms is necessary to combat this challenge. The co-presence 

of different classes of β-lactamase and combinations of β-lactamase genes with non-β

lactamase, antibiotic-resistant genes worsen the situation, as the presence of NDM- and 

KPC-type carbapenemases in Enterobacteriaceae enhance overall aminoglycoside resistance.

Recent investigation on the prevalence of ESBL- and AmpC-encoding Enterobacteriaceae 

in food products and river water has been reported in China. Accordingly, the priority 

should be to check for resistant bacteria in freshwater, food, animals, and food products. 

Through our knowledge of β-lactams resistance is not ample; we should consider the 

existing evidence in order to make policies and combat resistance. It is clear that the co

existence of β-lactamase genes and other non-β-lactam-resistant genes has been increasing 

due to the co-selection process, which ultimately will give rise to new opportunities for 

evolution. No single strategy will be entirely effective; therefore, numerous concurrent and 

synchronized measures should be taken on national and international levels. The most 

pressing task in the field is the best use of existing information, practical skills and 

scientific equipment to combat the influence of resistance along with the development of 

next-generation antibiotics. If we consider all of these aspects over the coming decades, 

resistance to β-lactams and all other antibiotics will become a controllable problem rather 

than a universal health disaster.
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Figure 1: 
Basic mechanisms of β-lactam resistance in Gram-negative bacteria are illustrated. (i) 

deactivation of β-lactams by plasmid or chromosome encoded β-lactamases having 

hydrolytic activity, (ii) change in dynamic site of PBPs which hinder the binding of 

β-lactam molecules to PBPs, similarly, mecA gene encodes PBP2a in methicillin-resistant 

Staphylococcus spp. which has no affection for β-lactams, (iii) reduced permeability of 

outer membrane by porin modifications, change in the types of porins found in the outer 

membrane or complete loss of porin expression, (iv) efflux of β-lactams to outside of 

bacterium through activation of efflux pump (Nordmann et al., 2012).
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Figure 2: 
Insertion sequence (IS) and CTX-M gene upstream model.
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