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Abstract  

Metallo-β-lactamase (MBL)-producing multidrug-resistant (MDR) bacteria have emerged as one of 

the most critical threats to global public health. These zinc-dependent enzymes, particularly NDM, 

VIM, and IMP, hydrolyze carbapenems, the last-resort antibiotics for treating severe Gram-negative 

infections. Unlike serine-β-lactamases, MBLs evade all clinically approved β-lactamase inhibitors, 

leaving a profound therapeutic vacuum. This review synthesizes evidence from 204 peer-reviewed 

articles (1970–2026) to examine the molecular diversity, global burden, diagnostic approaches, risk 

factors, and future directions for MBL-producing pathogens, including Escherichia coli, Klebsiella 

pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii. MBL genes are predominantly 

disseminated via mobile genetic elements (plasmids and integrons) and high-risk clones, facilitating 

rapid cross-border spread. Geographic disparities are striking: Asia accounts for 80% of MBL-

producing Acinetobacter reports, while the Eastern Mediterranean and Africa show the highest 

prevalence of carbapenem-resistant A. baumannii (42.1% and 36.1%, respectively). In contrast, Europe 

and the Americas report prevalence below 1%, though absolute case numbers remain substantial due 

to robust surveillance. Phenotypic detection methods (combined disc test, E-test, and modified 

Hodge test) are practical in resource-limited settings but suffer from poor specificity and subjective 

interpretation. Genotypic methods (PCR, whole-genome sequencing, and MALDI-TOF MS) offer 

definitive gene identification but require specialized infrastructure and expertise. Critical risk factors 

for MBL acquisition include prior carbapenem exposure, prolonged ICU stays, invasive devices, 

immunosuppression, and healthcare-associated transmission. The absence of Food and Drug 

Administration (FDA)-approved MBL inhibitors forces reliance on antibiotics that have limited 

efficacy, high toxicity, and emerging resistance. Addressing this crisis demands a coordinated, multi-

pronged strategy: strengthening global genomic surveillance; deploying rapid molecular diagnostics 

at the point of care; accelerating the development of novel MBL inhibitors; enforcing antimicrobial 

stewardship to curb carbapenem overuse; and implementing rigorous infection prevention and 

control measures. 

Keywords: Metallo- β-lactamases; muti-drug resistance; global threat; antibiotic resistance 

challenges; molecular insights of antibiotic resistance; MBLs-production 

 

1. Introduction  

Antimicrobial resistance (AMR) is a major global health threat, in which microorganisms adapt 

to survive drugs intended to kill or inhibit them [1–3].  The introduction and widespread use of 

antimicrobial agents have revolutionized modern medicine, greatly improving treatment and 

outcomes for many infectious diseases [4–6]. However, the rapid spread of multidrug resistance 
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(MDR) in clinical settings poses serious challenges and threatens global healthcare systems and 

modern medical practices [7–9].  MDR organisms resist multiple antibiotics, making treatment 

harder, increasing illness and death rates, and raising healthcare costs [10]. This crisis threatens a 

century of medical progress, risking a return to a time when common infections were often deadly 

[11,12].  

To establish antibiotic resistance, bacteria employ two primary categories of mechanisms: 

intrinsic and acquired [2,5,13,14].  The intrinsic resistance is  natural, chromosome-encoded ability 

to resist antibiotics due to its structural or functional traits [14]. Acquired resistance arises when 

bacteria gain resistance through mutations or by obtaining genes from other microbes [5,15]. Bacteria 

use various strategies to resist antibiotics, such as breaking them down, altering targets, reducing 

drug entry, or pumping them out [16,17]. These resistance mechanisms hinder treatment, weaken 

antibiotic effectiveness, and demand urgent action in drug development, stewardship, and infection 

control [9,18]. The rise and spread of resistant pathogens, especially 'superbugs' resistant to multiple 

antibiotics, threaten the ability to treat common infections effectively [12,19–21,].  

Beta-lactam antibiotics, accounting for about 60% of global antibiotic use, are the most widely 

used due to their efficacy, broad spectrum, and safety [22,23]. They inhibit bacterial cell wall synthesis 

by binding to penicillin-binding proteins (PBPs), mimicking the D-alanine-D-alanine sequence in 

peptidoglycans [23,24]. This inhibits trans-peptidases, crucial enzymes in cell wall formation[25]. 

However, their effectiveness is challenged by bacteria producing β-lactamases, which hydrolyze 

these antibiotics [25,26].  

Beta-lactamases are diverse enzymes that evolved as bacterial defense mechanisms against β-

lactam antibiotics, and they are classified using two complementary systems [27,28]. The Ambler 

classification, based on amino acid sequence similarity, divides β-lactamases into four molecular 

classes: classes A, C, and D ( serine-β-lactamases) that use serine nucleophiles to form covalent acyl-

enzyme complexes, and class B (metallo-β-lactamases) that require zinc ions for carbapenem 

hydrolysis [29]. Class A notably contains most Extended Spectrum β-Lactamases (ESBLs) that resist 

first through third-generation cephalosporins but remain susceptible to clavulanic acid inhibition 

[29–33]. The Bush-Jacoby-Medeiros functional classification organizes these enzymes into three 

groups based on substrate specificity and inhibitor response: Group 1 (class C cephalosporinases with 

minimal clavulanic acid inhibition), Group 2 (the largest category of serine-β-lactamases from classes 

A and D that are generally inhibited by β-lactamase inhibitors), and Group 3 (MBLs with broad 

substrate range including penicillins, cephalosporins, and carbapenems, which are minimally 

affected by most β-lactam antibiotics except monobactams [31,32,34]. Together, these classification 

frameworks provide essential molecular and functional understanding for clinical β-lactamase 

characterization and antimicrobial resistance management. 
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Figure 1. Complementary functional and molecular classification of β-lactamase enzymes. Class B (group 3) 

metallo-β-lactamases (MBLs) are further divided into subclasses B1, B2, and B3 according to differences in active-

site amino acid sequences, zinc ligands and stoichiometry, loop architecture, and substrate profiles. Subclass B1 

hydrolyzes all β-lactams except monobactams (e.g., aztreonam) and includes most acquired MBLs, such as IMP, 

NDM, and VIM[29,35]. 

Metallo-β-lactamases (MBLs) are a class of zinc-dependent enzymes capable of hydrolyzing a 

wide range of β-lactam antibiotics, including carbapenems  which contributes to their clinical 

importance, even though they represent only about 10% of all β-lactamases [36,37]. Unlike serine-β-

lactamases, MBLs are not inhibited by traditional β-lactamase inhibitors such as clavulanate, 

sulbactam, or tazobactam, but they are susceptible to inhibition by metal chelators like ethylene 

diamine tetraacetic acid (EDTA) [38,39]. MBLs require one or two zinc ions for their enzymatic 

activity and currently have no approved inhibitors for clinical use [40]. They are classified into three 

subgroups: B1, B2, and B3, based on differences in their active sites. Subgroup B1 is most often 

associated with antibiotic resistance, whereas B3 enzymes are typically found in environmental and 

healthcare-associated bacteria [41,42].  

MBL-producing bacteria, including Enterobacteriaceae, pseudomonas aeruginosa (P. 

aeruginosa), Acinetobacter baumannii(A. baumannii), and  Klebsiella pneumoniae (K. pneumonia)  

severe infections with high morbidity and mortality due to resistance to β-lactams, including 

carbapenems, and a lack of effective inhibitors [43,44]. They constitute a significant public health 

threat due to their role in complicating the management of infectious diseases [45,46], and their 

emergence is associated with elevated rates of mortality and morbidity, prolonged hospitalization, 

and increased healthcare expenditures. These organisms are particularly prevalent in hospital 

environments, with a notable concentration in ICUs, where vulnerable patient populations and high 

selective pressure from antimicrobial use facilitate their dissemination [47,48]. 

2. Method and Materials  
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This narrative review was developed through a comprehensive literature search conducted 

across PubMed Central, Google Scholar, and Web of Science using the following keywords and 

Boolean combinations: "Metallo-β-lactamases," "Multi-drug resistance," "Global threat of antibiotic 

resistance mechanism," "Antibiotic resistance challenges," "Molecular insights of antibiotic 

resistance," and "MBLs production." Only peer-reviewed, full-text articles published in English 

between 1970 and 2026 were included, as antibiotic resistance has remained a persistent global 

challenge due to continuously evolving bacterial resistance mechanisms and declining antibiotic 

efficacy. Articles published before 1970, non-English publications, and conference abstracts without 

full texts were excluded. A total of 229 records were initially retrieved from the database searches. 

After removing 15 duplicates, 214 unique records remained. Subsequently, 7 articles were excluded 

for falling outside the specified publication timeframe (pre-1970), and 3 articles were removed for 

being published in languages other than English, resulting in a final total of 204 articles included for 

full review. The synthesized literature was used to address the global threat of metallo-β-lactamase-

producing multidrug-resistant bacteria, with a specific focus on molecular insights, risk factors, and 

urgent challenges. 

3. Objective of the Seminar  

This review aims to synthesize current knowledge on metallo-β-lactamase-producing 

multidrug-resistant bacteria by examining their molecular diversity and resistance mechanisms, 

evaluating the global burden and regional disparities in their distribution, and delineating the critical 

risk factors and urgent clinical challenges that necessitate immediate public health and research 

interventions. 

To establish a foundation for understanding the escalating threat of MBL-producing multidrug-

resistant bacteria, this literature review consolidates current knowledge across several interconnected 

domains. It begins by exploring the molecular diversity and resistance mechanisms that characterize 

MBL-producing pathogens, followed by an analysis of the global burden and regional disparities 

shaping their epidemiology. Subsequent sections review contemporary approaches to resistance gene 

profiling and detection, examine the risk factors and urgent challenges associated with clinical 

management, and conclude with a discussion of future directions and mitigation strategies, 

encompassing integrated initiatives from enhanced surveillance to the development of novel 

therapeutic agents. 

 

Figure 2. Scheme of antibiotic resistance mechanisms mediated by bacterial resistance enzymes. (A) Resistance 

enzymes hydrolyze antibiotics, conferring resistance. (B) Resistance enzymes modify the structure of antibiotics 

or antibiotic targets, preventing the antibiotics from binding to their targets and conferring resistance [49]. 
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4.1.1. Bacterial Hosts and High-Risk Clones 

MBL genes are disseminated horizontally across Gram-negative bacilli via mobile genetic 

elements[50]. These determinants are frequently identified in clinically significant pathogens, 

including Acinetobacter species, Enterobacterales (e.g., K. pneumoniae, Providencia stuartii), and P 

.aeruginosa [51,52]. A. baumannii is a prominent reservoir for blaNDM, blaVIM, and blaIMP, often 

exhibiting drug-resistant phenotypes [57] extensively. Similarly, P. aeruginosa demonstrates high 

MBL carriage rates, particularly in burn wound and nosocomial infections, further complicating 

treatment [53]. 

High-risk clones are specific bacterial lineages, defined by their sequence type (ST), that possess 

an enhanced capacity for global dissemination and environmental persistence [54). These lineages 

are primary drivers in the worldwide spread of critical MBL genes and pose a threat that extends 

beyond clinical settings, with documented persistence in wildlife reservoirs and hospital plumbing 

systems, where aerosolization can facilitate transmission [55,56]. 

In P. aeruginosa, the dissemination of MBLs, particularly VIM-type (predominant), IMP, and 

NDM variants, is largely driven by well-characterized high-risk clones, including ST111, ST233, 

ST235, ST357, ST654, and ST773 [57]. Similarly, the global spread of carbapenemases such as NDM-1 

and KPC-2 in K. pneumoniae is associated with distinct pandemic lineages, most notably ST11, ST147, 

ST258, ST38, and ST617 [58,59]. In A. baumannii, the acquisition of NDM-type carbapenemases is 

frequently observed within globally disseminated lineages, including the dominant international 

clone ST2 (corresponding to ICII), as well as ST85 and ST107 [60]. The clinical challenge posed by 

these clones is compounded by their carriage of a large repertoire of resistance determinants, which 

severely limits therapeutic options [60].  

4.1.2. Molecular Diversity of MBL-Producing Bacteria 

MBL genes pose a significant global public health threat because they encode enzymes that 

inactivate nearly all β-lactam antibiotics [61]. These genes are often found on plasmids, enabling their 

rapid spread across various bacterial species [62]. MBL genes can be acquired via mobile genetic 

elements such as plasmids and integrons, or they may be inherited[35,63,64].  The MBL family 

encompasses over 10 variants, including Imipenemase (IMP), Seoul imipenemase (SIM), Verona 

integron-encoded metallo-β-lactamase (VIM), New Delhi metallo-β-lactamase (NDM), São Paulo 

metallo-β-lactamase (SPM), Serratia metallo-β-lactamase (SMB), Tripoli metallo-β-lactamase (TMB), 

Germany imipenemase (GIM), Florence imipenemase (FIM), and Dutch imipenemase (DIM), with 

NDM, VIM, SPM, GIM, SIM, and IMP being the most clinically significant acquired types that 

contribute substantially to global resistance against broad-spectrum β-lactam antibiotics [51,65].  

Globally, the most frequently reported MBL-encoding genes are blaNDM, blaVIM, and blaIMP 

[51,66]. The geographical distribution of these variants reveals distinct epidemiological patterns: 

NDM enzymes have shown remarkable global dissemination since their initial identification in 2008, 

with particularly high prevalence in South Asia and subsequent spread to Europe, North America, 

and other regions [67–69]. VIM variants are predominantly found in Mediterranean countries and 

have been associated with nosocomial outbreaks [70–72]; whilst  IMP enzymes were first identified 

in Japan and have since spread throughout Asia and other continents [73].  Amongst these variants, 

VIM, SPM, and GIM are rapidly disseminating MBLs located on transferable genetic elements, while 

IMPs and VIMs are the most prevalent and widely distributed in Pseudomonas, Acinetobacter, and 

Enterobacteriaceae species [74]. 

Table 1. Historical Timeline and Geographic Distribution of MBL Discoveries. 

Type of MBLs 
Sub 

class 
First isolate  Origin   

1St  

Discovery    

β-LA 

HP  
GL(s) ANO Refer 
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NDM B1 K. pneumoniae 
New Delhi, 

India 
2008 Broad -S 

Plasmid, 

chromosome 
JQ080305 [44,75] 

VIM B1 P. aeruginosa Verona, Italy 1997 
Broad-

spectrum  

Plasmid, 

chromosome 
GU724868 [44,75,77,] 

IMP B1 S. marcescens Japan  1991 
Broad-

spectrum  

Plasmid, 

chromosome 
HM036079 [43,64,66,69] 

GIM B1 P. aeruginosa 
Düsseldorf, 

Germany 
2002 

Broad-

spectrum  
Plasmid JF414726 [44,75,81] 

SIM B1 A. baumannii 
Seoul, South 

Korea 
2005 

Broad-array  

Narrow 

carbapenem 

Plasmid, 

chromosome 
GQ288397 [44,75,78,82] 

DIM B1 P. stutzeri Netherlands 2007 
Broad 

spectrum,  
Plasmid  GU323019  [44,75,83,84] 

SPM B1 P. aeruginosa 
São Paulo, 

Brazil 
1997 

Broad 

spectrum  

Plasmid, 

chromosome 
GU831565 [44,75,83,85] 

AIM B3 P.aeruginosa 
Adelaide, 

Australia 
2011 

Broad 

spectrum  
Plasmid AM998375 [44,75,83,86] 

BlaB B1 C.meningosepticum     - 1996  
Broad 

spectrum 

Chromosom

e 
AF189298. [62,89,93,] 

CcrA B1 B. fragilis England 1987 
Broad-

spectrum  

Chromosom

e 
AB087225 [62,73,93,94] 

CphA B2 A. hydrophila Italy 1995 

Narrow 

spectrum 

 

Chromosom

e 
AY261378 

(62,93,95,95,96

) 

ImiS B2 A. sobria 

United 

Kingdom 
1996 

Narrow 

spectrum 

Chromosom

e 
Y10415 [62,97,98] 

ImiH B2 A. hydrophila Italy 1998 
Narrow 

spectrum 

Chromosom

e 
AJ548797 [62,98] 

CAU B3 C. crescentus - 2004 
Broad 

spectrum  

Chromosom

e 
AJ308331 [62,93,99,100] 

FEZ B3 L. gormanii - 2001 
Broad 

spectrum  

Chromosom

e 
Y17896 [62,93,101,102] 

L1, L2 B3 S. maltophilia - 1982 
Broad 

spectrum  

Chromosom

e 
AJ272109 [103,104] 

IND B1 B. rium indologenes India  2007 
Broad 

spectrum  

Plasmid, 

chromosome 
EF394436 [81] 

GOB B3 E. meningoseptica 
Guadalajara, 

Spain 
2007 

Broad 

spectrum 

Chromosom

e 
AF090141 [89,92] 

DHT2 B3 S. maltophilia Germany 2016 
Broad 

spectrum 

Chromosom

e 
KU167035 [62,105] 

ALG6 B3 J.  lividum Algeria 2016 
Broad-

spectrum  

Chromosom

e 
KU167038  [62,105] 
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Sfh-1 B2 S. maltophilia Portugal 1990s 
Narrow 

spectrum 

Chromosom

e 
AF197943 [62,106] 

CRD3 B3 Erythrobacter Denmark  2016 
Narrow 

spectrum 

Chromosom

e 
KU167037 [105] 

SLB B1 S.maltophilia Islands 2005 
Broad 

spectrum 

Chromosom

e 
AY590118 [35,107] 

SFB B1 S.  frigidimarina Islands 2005 
Narrow 

spectrum 

Chromosom

e 
AY590119 [44,62,107] 

TMB  

 
B1 A. xylosoxidans Tripoli, Libya 2010 

Broad 

spectrum  

Chromosom

e 
FR771847 [35,108] 

*NDM: New Delhi Metallo-β-lactamase; ImiH: Imipenem-hydrolyzing enzyme; VIM: Verona Integron-encoded 

Metallo-β-lactamase; GIM: German Imipenemase; SIM: Seoul Imipenemase; DIM: Dutch Imipenemase; AIM: 

Adelaide Imipenemase; IND: Integron-associated; GOB: Guadalajara Imipenemase; SPM: São Paulo Metallo-β-

lactamase; TMB: Tripoli Metallo-β-lactamase; Ini/Comp: Initial/ complete characterization; CAU: Caucasus 

Metallo-β-lactamase; β-LAHP: beta lactam antibiotic hydrolysis profile; GL: genetic location; ANO: Accession 

number. 

4.1.3. Antibiotic Resistance Mechanism of MBL-Producing Bacteria  

Antimicrobial resistance can be intrinsic, adaptive, or acquired. Intrinsic resistance is naturally 

present in all members of a species, while adaptive resistance is triggered by antibiotic exposure. 

Acquired resistance results from gaining resistance genes from other microorganisms [109] . Gram-

negative bacteria primarily resist β-lactam antibiotics by producing β-lactamases, enzymes that 

destroy the compounds [51]. Based on their catalytic mechanism, β-lactamases are classified as either 

serine-β-lactamases (SBLs) or MBLs. SBLs employ a catalytic serine for a nucleophilic attack, whereas 

MBLs utilize zinc ions to activate a hydroxide nucleophile. Consequently, SBL-targeting inhibitors 

are largely ineffective against MBLs [36]. 

Resistance to β-lactam antibiotics occurs via four main mechanisms:  limited drug uptake, 

modification of the drug target or altered peptidoglycan binding protein (PBP), drug efflux, and   

drug inactivation. MβLs are enzymes that inactivate a broad range of β-lactam antibiotics, including 

last-resort carbapenems [110]. 

Bacteria with outer membranes rely on porin channels for drug uptake. Reducing porin numbers 

or altering their selectivity through mutations can therefore limit drug entry [111]. Bacteria produce 

PBPs with reduced affinity for β-lactams, modifying the drug target rather than neutralizing it. For 

example, Enterococcus species intrinsically resist β-lactams by expressing low-affinity PBPs [36,51].   

Resistance can occur through modifications to drug targets, such as altering the structure or number 

of transpeptidase enzymes [112]. Bacteria use chromosomally encoded efflux pumps to expel toxins. 

These pumps can be constitutively active, induced, or overexpressed under certain conditions [113]. 

Drug inactivation by bacteria occurs through:  degradation (e.g., by β-lactamases) or modification 

via the addition of acetyl, phosphoryl, or adenyl groups [113]. MBLs contribute to antibiotic 

resistance by breaking down carbapenems, penicillins, and cephalosporins. Unlike serine-β-

lactamases, they have a distinct structure, active site, and catalytic mechanism. Understanding this 

mechanism has been difficult, hindering the development of effective inhibitors. 

Carbapenem-resistant A. baumannii (CRAB) is increasingly lethal in ICUs worldwide, where few 

effective therapies remain. A. baumannii overcomes last-line carbapenems through a sophisticated 

combination of resistance mechanisms, including enzymatic inactivation, decreased drug uptake, 

active efflux, and membrane alterations. These mechanisms work in concert, creating a formidable 

barrier to treatment [114]. Deciphering the molecular basis of resistance is critical for guiding the 

development of new and effective therapies. Resistance to nearly all available antibiotics renders 

CRAB an urgent threat with high mortality rates [115]. Plasmid-encoded β-lactamase, OXA-23, is the 
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predominant gene responsible for making A. baumannii resistant to carbapenems, largely owing to its 

location on mobile genetic elements that enable its rapid and widespread dissemination [116,117].  

4.2. Global Burden and Regional Disparities of MBL-Producing MDR Bacterial Pathogens 

MBLs are a growing public health threat because they inactivate nearly all β-lactam antibiotics, 

including last-resort carbapenems [48,51]. These enzymes are produced by diverse Gram-negative 

pathogens such as A. baumannii, P. aeruginosa, and Enterobacterales (e.g., K. pneumoniae and E. coli) [51]. 

Infections caused by MBL-producing pathogens lead to severe outcomes, such as prolonged hospital 

and ICU stays and elevated mortality rates (ranging from 0% to 55.3% across studies) [118]. Key risk 

factors include prior antibiotic use and extended hospitalization[118]. 

The burden, however, varies significantly by region [45,51]. Global prevalence figures can be 

misleading, as they mask dramatic regional variations [45]. For instance, while a recent meta-analysis 

estimated global MBL-producing carbapenem-resistant A. baumannii (CRAB) prevalence at just 5.3%, 

this low figure is skewed by very low rates in some areas and does not reflect the intense pressure in 

hotspots [45]. 

4.2.1. Geographic Disparities in the Burden of MBL-Producing Pathogens 

Epidemiological data reveal marked geographic heterogeneity in the distribution of MBL-

producing pathogens, with the highest burdens concentrated in specific regions [119–121]. Asia is a 

major hub for MBL epidemiology. One review found that 80% of reports on MBL-producing 

Acinetobacter originated from Asia [45].  However,  a separate study identified more MBL-

producing Enterobacterales isolates in Europe, Asia contributed 31.4% of global isolates and was the 

source of nearly all IMP-type producers (99%) [118]. The pooled prevalence of MBLs in CRAB in 

South-East Asia is 17.9% [45]. 

The Eastern Mediterranean and African regions exhibit some of the highest reported prevalence 

rates of MBL-producing CRAB, estimated at 42.1% and 36.1%, respectively [122]. Country-level 

analyses, such as those from Nigeria, underscore the contribution of specific determinants, 

particularly blaVIM to the dissemination of MDR  in hospital settings [123]. In Latin America, data 

from Brazil reveal a high pooled prevalence of MBL genes (44.6%) among K. pneumoniae isolates, with 

blaNDM identified as the predominant variant. Substantial international variation exists, with the 

highest prevalence observed in the Southeast region [124]. Regional conference data further 

corroborate NDM and KPC as the most prevalent [125]. 

The epidemiological landscape in Europe is complex. Although one study reported the highest 

absolute count of MBL-producing Enterobacterales isolates (58.0%), this is likely influenced by 

extensive surveillance and reporting infrastructure [118]. In contrast, the prevalence of MBL-

producing  CRAB in Europe is estimated at less than 1% [122]. Notably, the region constitutes a 

hotspot for VIM-type MBL producers[118]. Similar to Europe, MBL prevalence among CRAB isolates 

in the Americas is estimated at below 1% [122]. However, this figure does not indicate an absence of 

threat, as evidenced by the distinct challenges posed by MBL-producing organisms in specific 

settings, such as Brazil [124]. The type of MBL gene also varies geographically, which is critical for 

diagnostics and treatment [126].  

Africa is increasingly recognized as a significant region for the dissemination of MBL-producing 

pathogens. A 2025 systematic review on MBL-producing Acinetobacter reported that 16.5% of global 

publications originated from Africa, second only to Asia (80%) [45]. The epidemiology of MBLs in 

Africa is complex, marked by significant regional variation in the distribution of enzyme types [45]. 

A multi-country investigation provided valuable data on carbapenemase genes across several 

African nations [127]. 

Nigeria exhibits a notably high diversity of MBL genes. Data from 2022 indicate that among 

carbapenemase-producing isolates, NDM predominated, followed by VIM-types (VIM-2, VIM-5, 

VIM-44), with IMP and GES-type MBLs also detected [128]. This heterogeneity suggests multiple 
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introductions and a complex evolutionary landscape, posing significant challenges for treatment and 

control.  

North Africa presents a notable epidemiological contrast. While Egypt exhibits a strong 

predominance of NDM-type MBLs, Morocco and Tunisia demonstrate a higher prevalence of VIM-

type enzymes, which often co-circulate with OXA-48-like serine carbapenemases [128,129].  This 

heterogeneity underscores the role of local epidemiological factors in shaping the establishment and 

dissemination of specific resistance genes within a region. A study across Burkina Faso, Gabon, 

Ghana, and Tanzania detected no carbapenem resistance among tested isolates, suggesting 

carbapenems remain viable options in these settings [130].  

In Ethiopia, the first report of carbapenemase-producing bacteria emerged in 2017, involving an 

NDM-producing A. baumannii isolate  [131]. Since then, NDM has become the predominant 

carbapenemase, frequently detected in K. pneumoniae, A. baumannii, and E. coli. A critical concern is 

the co-harbouring of multiple carbapenemase genes particularly NDM alongside OXA-type 

enzymes, which severely constrains treatment options  [131]. 

4.3. Resistance Gene Profiling and Detection Methods 

Profiling resistance genes is crucial for surveillance, infection control, and guiding therapy [132]. 

Antibiotic resistance genes are profiled using phenotypic or genotypic methods [133].One unit of β-

lactamase is defined as the amount of enzyme required to hydrolyze 1.0 μmol of nitrocefin per minute 

at pH 7.0 and 25 °C. Β-Lactamase activity is measured by monitoring the hydrolysis of nitrocefin, a 

chromogenic cephalosporin substrate widely used for detecting β-lactamase enzymes produced by 

various microorganisms. The resulting colorimetric product, measured at 490 nm (A₄₉₀), is 

proportional to the enzymatic activity present [134]. 

4.3.1. Phenotypic Detection Type  

4.3.1.1. Sulfamoyl Heteroarylcarboxylic Acid Inhibitors  

MBL-specific sulfamoyl heteroarylcarboxylic acid ( SHCs)  inhibitors enabled highly sensitive 

and specific phenotypic detection of MBL-producing P. aeruginosa and Acinetobacter spp., offering a 

practical, cost-effective alternative for laboratories lacking molecular tools [135]. These inhibitors 

selectively bind to the active-site zinc ions of MBLs via their carboxylic acid and sulfamoyl groups, 

blocking enzyme function. This restores the activity of carbapenems, normally destroyed by MBLs, 

through a synergistic principle, allowing the co-administered β-lactam antibiotic to exert its lethal 

effect [136]. As highly specific "rescuing" agents, they neutralize MBL-mediated resistance, with 

results visualized through standard antimicrobial susceptibility testing[135,136].  SHCs 

competitively inhibit clinically relevant MBLs (IMP, NDM, VIM) at nanomolar to micromolar levels, 

restoring meropenem efficacy against most MBL-producing Enterobacteriaceae [135]. X-ray 

crystallography shows SHCs coordinate to active-site zinc ions via their sulfamoyl and carboxylate 

groups. With low toxicity and high stability in preclinical models, SHCs represent promising lead 

compounds for MBL inhibitors to combat CRE [135]. 

In contrast to SHCs, traditional inhibitors such as ethylenediaminetetraacetic acid (EDTA) are 

non-selective against MBLs; they inhibit a wide range of zinc-dependent bacterial enzymes and can 

impede bacterial growth, resulting in false-positive interpretations. Furthermore, EDTA is toxic and 

chelates calcium and magnesium in agar media, which can distort assay results [137]. 

4.3.1.2. The Combined Disc Synergy Test  

The Combined Disc Synergy Test (CDST) is a straightforward and resource-efficient phenotypic 

assay routinely employed in clinical microbiology to detect specific antibiotic resistance 

determinants, most notably extended-spectrum β-lactamases (ESBLs) and MBLs [138]. The 

fundamental principle of this method is based on the visualization of enzyme inhibition, achieved by 
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placing two antibiotic-impregnated discs in proximity, typically 15 to 20 mm apart, on an agar surface 

inoculated with the test organism [139]. One disc contains a standard antibiotic, such as ceftazidime, 

while the other contains the same antibiotic supplemented with a specific enzyme inhibitor, such as 

clavulanic acid. During incubation, the antibiotics and inhibitors diffuse radially into the medium, 

establishing overlapping concentration gradients. In the presence of an ESBL-producing isolate, the 

organism exhibits resistance to the standard antibiotic disc, resulting in a minimal or absent zone of 

inhibition around that disc. However, within the zone of gradient overlap, the inhibitor (e.g., 

clavulanic acid) inactivates the ESBL enzyme, thereby permitting the antibiotic to exert its bactericidal 

effect. This localized neutralization manifests as a discernible expansion or characteristic “keyhole” 

distortion of the inhibition zone adjacent to the combined disc, visually indicating synergy and 

confirming the presence of the resistance mechanism. 

Growth-based methods, such as the CDST and modified Hodge test (MHT), infer antimicrobial 

resistance by evaluating bacterial growth in the presence of an antibiotic. In contrast, hydrolysis-

based techniques, including matrix-assisted laser desorption ionization–time of flight mass 

spectrometry (MALDI-TOF MS), directly detect enzymatic carbapenem degradation, while lateral 

flow immunoassays employ specific antibodies for the immunochromatographic identification of 

carbapenemase enzymes [140]. The advantage of CDST is its simplicity to perform, requires no 

specialized automated equipment and incurs low costs, making it well-suited for routine use in 

resource-limited laboratories [141].  

However, as a phenotypic method, it detects the functional effect of resistance, namely enzyme 

activity, without identifying the specific genetic determinants. Interpretation may be challenging 

when inhibitor diffusion is suboptimal or when multiple resistance mechanisms coexist, and the test 

is incapable of detecting all clinically relevant resistance types [141].  The catalytic efficiency of 

carbapenemases toward carbapenem antibiotics is governed by specific amino acid residues within 

the active site that mediate key interactions with the β-lactam ring [142,143]. These interactions 

facilitate the destabilization of the amide bond in the β-lactam ring, promoting its hydrolytic cleavage 

and thereby rendering the antibiotic therapeutically inactive [144]. 

4.3.1.3. The Modified Hodge Test (MHT) 

The Modified Hodge Test (MHT) is a phenotypic method employed to detect carbapenemase 

production in Gram-negative bacteria, particularly members of the Enterobacteriaceae family (e.g., 

E. coli, K. pneumoniae). Carbapenemases are enzymes that hydrolyze carbapenem antibiotics (such 

as meropenem or imipenem), which are considered last-resort agents for treating infections caused 

by MDR organisms [145]. The test operates on the principle of synergy through enzymatic 

inactivation: a test organism producing a carbapenemase releases the enzyme into the agar medium, 

where it degrades the diffused carbapenem from a centrally placed disk (typically meropenem or the 

more sensitive ertapenem), thereby permitting the growth of a nearby carbapenem-susceptible 

indicator strain, a standardized E. coli ATCC 25922 with no intrinsic carbapenemase activity that 

serves as a biosensor whose growth within the inhibition zone signifies localized antibiotic 

inactivation [146]. When applied to MBL detection, the same principle applies, with the enzyme 

hydrolyzing the carbapenem in a zinc-dependent manner (requiring trace zinc ions in the agar as 

essential cofactors), producing a characteristic cloverleaf indentation within the zone of inhibition 

[147]. However, the MHT alone cannot distinguish MBLs from serine-based carbapenemases such as 

KPC or OXA-48, a limitation with direct therapeutic implications, as MBLs render ceftazidime-

avibactam ineffective [148,149]. Consequently, while the MHT may successfully identify 

carbapenemase-producing organisms, accurate MBL-specific detection requires confirmatory 

methods, including EDTA combination tests, the Carba NP test with EDTA, molecular techniques 

such as PCR, or immunochromatographic lateral flow assays [148,149].  

4.3.1.4. Epsilometer Test (E-Test) 
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The MBL E-test principle is based on EDTA-mediated chelation of the zinc ions essential for 

MBL catalytic activity [150,151]. Removal of these metal cofactors irreversibly inactivates the enzyme, 

preventing carbapenem hydrolysis and resulting in a reduced MIC and restored susceptibility 

[151,152]. A double-sided plastic strip bearing exponential gradients of a carbapenem. alone on one 

side and with a fixed EDTA concentration on the other, is applied to an inoculated agar plate [153]. 

Following incubation, two elliptical inhibition zones develop [150,152]. A ≥3- to 5-fold MIC reduction 

on the carbapenem+EDTA side relative to the carbapenem-alone side (e.g., imipenem >32 μg/mL vs. 

imipenem+EDTA 5 μg/mL) denotes a positive MBL result [153]. The lack of a substantial MIC 

difference suggests alternative resistance mechanisms, including serine carbapenemases or porin loss 

[151,154]. 

Despite its utility in routine diagnostics, the E-test has limitations [151,154]. EDTA may increase 

cell wall permeability, leading to false-positive results independent of MBL activity[151]. Sensitivity 

and specificity for MBL detection are approximately 94% and 95%, respectively [154]. Therefore, 

positive results are presumptive and require confirmatory genotypic testing (e.g., PCR for blaIMP, 

blaVIM, blaNDM) for definitive identification and infection control [151,154]. 

4.3.1.4. Matrix-Assisted Laser Desorption Ionization–Time of Flight Mass Spectrometry  

MALDI-TOF MS is a technique that identifies bacteria and fungi by measuring the mass-to-

charge ratio of their proteins [155]. It has revolutionized clinical microbiology by reducing 

identification time from 24–48 hours to just minutes [156,157]. This technique works through four 

stages. First, during sample preparation, the microorganism is mixed with a matrix on a metal plate 

to protect and prepare biomolecules for analysis. Next, in the ionization (MALDI) step, a laser fires 

at the sample and the matrix absorbs the energy, releasing intact, charged ions from the biomolecules. 

Then, during acceleration and separation (TOF), the ions are accelerated into a flight tube, where 

lighter ions travel faster and reach the detector first, separating them by mass. Finally, for detection 

and analysis, the detector records arrival times to generate a unique spectral fingerprint, which is 

matched against a database to identify the organism [155–157]. 

MALDI-TOF MS generates a mass spectrum from ion arrival times and abundances, producing 

a unique proteomic fingerprint, dominated by ribosomal proteins, that is matched against reference 

databases for rapid organism identification, making it a clinical standard [158,159]. Beyond 

identification, modified sample preparation enables functional assays to detect antimicrobial 

resistance. For MBL detection, the platform assesses carbapenem hydrolysis with results in 2.5–4 

hours [159]. The direct-on-target microdroplet growth assay (DOT-MGA) evaluates bacterial growth 

in the presence of a carbapenem and EDTA, a zinc chelator that specifically inhibits MBLs. Growth 

with carbapenem alone indicates resistance; growth inhibition upon EDTA addition confirms MBL-

mediated resistance. This approach enables rapid, accurate MBL detection through both hydrolysis-

based and inhibitor-based methodologies [158]. 

4.3.2. Genotypic Detection Type  

Phenotypic assays are inherently variable, with results influenced by inoculum density, culture 

medium composition (e.g., zinc concentration affecting MBL activity), EDTA concentration and 

diffusion, incubation parameters, and subjective interpretation of inhibition zones [160,161]. 

Genotypic methods overcome these limitations by providing standardized, objective results (gene 

presence or absence), high inter-laboratory reproducibility when using validated protocols, 

archivable data (e.g., DNA sequences, amplicons) amenable to retrospective re-analysis, and digital 

data formats compatible with large-scale databases and bioinformatic pipelines[162,163]. Rapid 

genotypic methods facilitate same-day MBL gene detection, enabling early targeted therapy, 

avoiding ineffective carbapenems and ceftazidime-avibactam, prompt implementation of infection 

control measures (e.g., isolation, contact precautions), and reduced broad-spectrum antibiotic 

exposure, thereby minimizing collateral damage to the microbiome [164–166]. Rapid genotypic 
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confirmation, via lateral flow immunoassays or multiplex PCR, enables definitive gene identification 

and expedites clinical intervention [167,168]. In contrast, comprehensive genotypic characterization 

using WGS supports epidemiological surveillance, outbreak investigations, and translational 

research [169,170]. 

Table 2. Comparative summary of phenotypic versus genotypic detection methods for MBLs. Phenotypic 

methods detect MBL activity as a family but cannot distinguish specific enzyme types (e.g., NDM vs. VIM), 

require pure culture, and are subject to variability in sensitivity and interpretation. Genotypic methods enable 

specific gene and allele identification, simultaneous detection of co-resistance genes, assessment of transmission 

potential via plasmid typing, faster turnaround times (15 minutes to 5 hours), direct application to clinical 

specimens, and the ability to discover novel genes through WGS and metagenomics, though they require 

molecular biology expertise and bioinformatics support for WGS analysis. 

Parameter Phenotypic Detection Genotypic Detection 

Specificity MBL family only (cannot 

distinguish NDM vs. VIM) 

Specific gene family and allele 

Sensitivity Affected by expression level; 

false negatives possible 

Affected by expression level; 

false negatives possible 

Co-resistance Requires separate testing for 

each drug 

Simultaneous detection of all 

resistance genes 

Transmission potential Cannot determine Reveals plasmid type and 

genetic context 

Time to result (post-culture) 16–48 hours 15 minutes to 5 hours (rapid 

methods) 

Culture requirement Requires pure, viable isolate Can be performed directly on 

specimens 

Novel gene discovery Not possible Possible via WGS and 

metagenomics 

Data reproducibility Variable; subjective 

interpretation 

Highly standardized; digital 

data 

Expertise required Basic microbiology training Molecular biology skills; 

bioinformatics for WGS 

4.4. Risk Factors and Urgent Challenges for MBLs-Producing MDR Bacteria 

4.4.1. MBL: Silent Pandemic Intensifiers 
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Metallo-β-lactamases (MBLs) are zinc-dependent enzymes that hydrolyse nearly all β-lactam 

antibiotics, including carbapenems, the last line of defence [171]. Unlike serine-β-lactamases, MBLs 

evade all clinically available inhibitors, from clavulanic acid to the newer avibactam and relebactam 

[109]. The most clinically significant MBLs, IMP, VIM, and NDM, thrive in multidrug-resistant 

Enterobacterales, Pseudomonas aeruginosa, and Acinetobacter baumannii, driving extremely drug-

resistant (XDR) and pan-drug-resistant (PDR) phenotypes [172,173]. The following sections detail the 

risk factors for acquisition and infection, alongside the urgent challenges in detection, treatment, and 

containment. 

4.4.2. Risk Factors for Acquisition and Infection 

4.4.2.1. Host-Specific Risk Factors 

The burden of MBL-MDR infections falls disproportionately on patients with significant medical 

comorbidities and extensive healthcare exposure[174]. Immunosuppressed individuals, such as those 

with hematological malignancies, solid organ transplants, or undergoing chemotherapy, face 

heightened risk due to compromised innate immunity, the primary defence against Gram-negative 

bacteria [175]. Similarly, patients undergoing major surgery (particularly abdominal or liver 

transplantation) or sustaining severe trauma, including blast injuries, are highly susceptible, with 

MBL-producing Pseudomonas and Acinetobacter frequently causing surgical site infections, 

ventilator-associated pneumonia, and osteomyelitis [176,177]. Intensive care units serve as amplifiers 

of resistance, where high antibiotic selective pressure, invasive devices, and high patient acuity 

converge to facilitate MBL acquisition [178]. Indwelling medical devices, such as endotracheal tubes, 

central venous catheters, and urinary catheters, further compound risk by bypassing anatomical 

barriers and providing surfaces for biofilm formation, within which MBL-producing bacteria are 

shielded from both antibiotics and host immunity [179]. Prior antimicrobial use, especially 

carbapenems like meropenem, is a strong, dose-dependent risk factor that eliminates susceptible flora 

and enables MBL-producing organisms to thrive; broad-spectrum cephalosporins and 

fluoroquinolones also play a major role [180,181]. 

4.4.2.1. Epidemiological and Transmission Risk Factors 

Beyond individual patient factors, broader epidemiological and environmental elements play a 

critical role in the spread of MBL-producing organisms [182]. Healthcare tourism has been a major 

driver of global dissemination, particularly for NDM, as patients receiving medical care in high-

endemicity regions, such as the Indian subcontinent for NDM, or the Mediterranean and Latin 

America for VIM and KPC, frequently import these resistant organisms into low-prevalence countries 

[183]. Long-term care facilities serve as additional reservoirs, where patients with chronic wounds, 

indwelling catheters, and repeated antibiotic courses facilitate silent intestinal colonization with 

MBL-producing bacteria [179]. Compounding the issue, MBLs differ from serine carbapenemases by 

persisting in environmental reservoirs, such as drinking water, sewage, and agricultural soil in high-

burden countries, highlighting a complex ecology where the environment serves as a lasting source 

of resistance [36,51]. 

4.5. Urgent Challenges 

The management of MBL-MDR bacteria is hampered by a triad of challenges: detection, 

treatment, and prevention [46,184]. 

4.5.1. Diagnostic Blind Spots 

Early identification of MBL producers is essential for reducing mortality, but current diagnostics 

fall short [185]. Phenotypic ambiguity in automated susceptibility testing can misclassify MBL 

producers as carbapenem-susceptible, leading to inappropriate therapy and higher mortality [186]. 

Compounding this, most laboratories report "Carbapenem-Resistant Enterobacterales" without 

distinguishing serine carbapenemases (e.g., KPC) from MBLs (e.g., NDM, VIM, and IMP), a critical 
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distinction, as serine enzymes respond to ceftazidime-avibactam while MBLs do not [187]. Further 

complexity arises from MBL genes residing on mobile genetic elements that carry additional 

resistance determinants, alongside the emerging threat of co-production with other carbapenemases 

(e.g., NDM + OXA-48), rendering nearly all β-lactams inactive and evading standard PCR detection 

[118,188]. 

4.5.2. The Therapeutic Vacuum 

No FDA-approved β-lactamase inhibitors currently target MBLs, forcing clinicians to rely on 

salvage therapy regimens with limited supporting data [189].Cefiderocol is a promising siderophore 

cephalosporin that leverages bacterial iron uptake to reach high periplasmic concentrations, but its 

use is limited by heteroresistance, high cost, and poor availability. Aztreonam combined with 

ceftazidime-avibactam is an off-label, unvalidated option requiring specialist oversight, while colistin 

has been relegated to last-line use due to nephrotoxicity, mobile colistin resistance-1(mcr-1), and poor 

lung penetration. Similarly, Tigecycline is effective for intra-abdominal infections but has poor serum 

and urine penetration, limiting its use in bacteremia or UTIs [190,191]. 

4.5.3. Infection Prevention and Decolonization 

The gut serves as the primary reservoir for MBL-producing Enterobacterales, with colonized 

patients remaining asymptomatic while facilitating horizontal gene transfer to commensals and 

risking future autoinfection. A major challenge is the lack of reliable decolonization strategies; faecal 

microbiota transplantation remains experimental, and selective digestive decontamination risks 

selecting for higher resistance. Compounding this, MBL genes often reside on plasmids that confer 

tolerance to heavy metals and disinfectants such as quaternary ammonium compounds, enabling 

these bacteria to survive routine hospital disinfection and persist in sinks, drains, and medical 

equipment. 

4.6. Future Directions and Mitigation Strategies 

Addressing these challenges requires a multifaceted approach. Rapid diagnostics are essential, 

with molecular point-of-care testing, such as multiplex PCR directly from blood cultures, needed to 

distinguish MBLs from serine carbapenemases, moving labs from reporting "CRE" to identifying 

specific enzymes like NDM or VIM within hours. Novel therapeutics are emerging, including 

xerubactam, a diazabicyclooctane in development that inhibits both serine enzymes and MBLs, 

potentially offering a single-agent solution when combined with aztreonam; QPX9003, a siderophore 

cephalosporin with enhanced activity against MBL-producing Pseudomonas aeruginosa; and zinc 

chelators like disulfiram, explored as adjunctive therapy to disable MBL active sites. Strict 

antimicrobial stewardship must enforce carbapenem-sparing regimens and rapid de-escalation 

protocols to curb MBL selection. Finally, enhanced infection control, including screening high-risk 

patients and implementing contact precautions, is critical to preventing intra-hospital spread of MBL 

plasmids. 

4.7. Combating the Global Threat of MBL-Producing Bacteria: From Surveillance to Novel Therapeutic 

Approaches 

MBL-producing bacteria are globally widespread and highly diverse, with numerous variants 

and mobile resistance genes driving multidrug resistance in major pathogens [192]. Their 

transmission across continents and healthcare settings is often linked to prior antibiotic use and 

healthcare exposure[51,193]. Molecular surveillance reveals complex genetic backgrounds, frequent 

co-carriage of resistance genes, and high-risk clones enabling rapid dissemination [194]. This 

evolving threat demands continuous global monitoring, robust infection control, and new therapies 

[195].   
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To address MBL-mediated resistance, several strategies are emerging: The first strategy is the 

development of novel therapeutic approaches that include β-Lactam/β-Lactamase Inhibitor 

Combinations, contemporary drug discovery initiatives, and alternative antimicrobial classes 

[196,197]. The development of next-generation β-lactam/β-lactamase inhibitor (BL/BLI) combinations 

is a pivotal therapeutic advancement in combating MBL-mediated resistance [198]. These innovative 

formulations employ synergistic mechanisms that restore the antimicrobial activity of β-lactam 

antibiotics against MBL-producing pathogens through competitive or non-competitive inhibition of 

enzymatic activity [199,200]. A contemporary drug discovery initiative that focuses on structure-

activity relationship studies and rational drug design approaches tailored to specific MBL subtypes 

(NDM, VIM, IMP variants) and the development of non-β-lactam antimicrobial agents that 

circumvent the MBL-mediated resistance mechanisms entirely are the comprehensive strategies that 

can be used to tackle MBL-mediated resistance [201,202].  Precision Medicine and Diagnostic 

innovation including rapid diagnostic technologies to implement advanced diagnostic platforms that 

enable the real-time MBL detection in clinical settings, simultaneous detection and characterization 

of multiple resistance determinants and rapid determination of antimicrobial susceptibility profiles 

are essential for the targeted antimicrobial therapy [16,152,203,204]. 

In general, global Surveillance enhancement; evidence-based infection prevention and control 

strategies; systematic deployment of antimicrobial stewardship initiatives; sustained funding for 

translational research; capacity building in resource-constrained settings; and international 

collaborative framework among governmental agencies, healthcare institutions, academic research 

centers, and pharmaceutical industry stakeholders are a comprehensive resistance mitigation 

framework to address the complex challenges posed by MBL-producing pathogens. 

Conclusion  

This seminar underscores that Metallo-β-lactamase-producing multidrug-resistant bacteria 

represent one of the most urgent global health threats. These pathogens, particularly E. coli, K. 

pneumoniae, P. aeruginosa, and A. baumannii, inactivate last-resort carbapenem antibiotics, leaving a 

critical therapeutic vacuum. The rapid global spread of MBL genes, such as blaNDM, blaVIM, and 

blaIMP, is driven by their location on mobile genetic elements and their association with high-risk 

clones that persist in healthcare settings, particularly ICUs. 

The review highlights significant geographic disparities in MBL prevalence, with hotspots in 

Asia, the Eastern Mediterranean, and Africa, alongside complex regional epidemiology. Diagnostic 

challenges remain a major obstacle, as phenotypic methods often fail to distinguish MBLs from serine 

carbapenemases, leading to ineffective treatment with inhibitors like avibactam. This is compounded 

by a severe lack of FDA-approved MBL-targeting therapies, forcing clinicians to rely on salvage 

regimens with limited efficacy. 

To combat this escalating crisis, the review calls for an urgent, multi-pronged strategy. This 

includes strengthening global surveillance with advanced tools like whole-genome sequencing, 

implementing robust infection prevention and control measures, and enforcing antimicrobial 

stewardship programs to curb unnecessary antibiotic use. The development of novel diagnostics and 

new therapeutics, such as next-generation β-lactamase inhibitors, is critical to closing the treatment 

gap and mitigating the devastating impact of MBL-mediated antimicrobial resistance. 

Abbreviation 

AMR:   Antimicrobial resistance 

BLI:   β-lactam/β-lactamase inhibitor 

CDST:  Combined Disc Synergy Test 

CRE:   Carbapenem-resistant Enterobacteriaceae 

CRAB:  Carbapenem-resistant Acinetobacter baumannii 

DIM:   Dutch imipenemase 
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DOT-MGA:  Direct-on-target microdroplet growth assay 

EDTA:  Ethylenediaminetetraacetic acid 

ESBLs:  Extended-spectrum β-lactamases 

ETest:  Epsilometer Test 

FDA:  Food and Drug Administration 

FIM:  Florence imipenemase 

GIM:  Germany imipenemase 

ICUs:  Intensive care units 

IMP:  Imipenemase 

MALDI-TOF MS: Matrix-assisted laser desorption ionization–time of flight mass spectrometry 

MBL:  Metallo-β-lactamase 

MHT:  Modified Hodge test 

NDM:  New Delhi metallo-β-lactamase 

PBP:  Penicillin-binding protein (or peptidoglycan-binding protein) 

PCR:  Polymerase chain reaction 

SBLs:  Serine-β-lactamases 

SHCs: Sulfamoyl heteroarylcarboxylic acids 

SIM:  Seoul imipenemase 

SMB:  Serratia metallo-β-lactamase 

SPM:  São Paulo metallo-β-lactamase 

TMB:  Tripoli metallo-β-lactamase 

VIM:  Verona integron-encoded metallo-β-lactamase 

WGS:  Whole-genome sequencing 
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