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Abstract
The emergence and spread of Antibiotic Resistance Genes (ARG) into multidrug resistant bacteria have become a global 
health threat. Resistance to carbapenem, the last line of antibiotic, encoded by the plasmid-borne gene blaNDM, have been 
reported in China in 2009 and was described as a problem of growing significance due to limited treatment options. Diffi-
culty in treating infections caused by carbapenem resistant species led to the renewal use of polymyxin compounds such as 
colistin. Reconsidering colistin as a last line resort antibiotic for treatment of carbapenem-resistance-Gram-negative infec-
tions resulted in the extensive use of the drug. Unfortunately, mobilized colistin resistance encoded by plasmid-borne gene 
mcr-1 was identified in China in 2015. This was followed by the discovery of mcr-2, colistin resistant gene distinct from 
mcr-1, with the ability to confer high spread frequency among closely and distantly related species. This review explores 
the prevalence, spread, aggregation and mechanisms of resistance of two genes that are challenging all available lifesaving 
therapeutics; blaNDM and mcr-1 and mcr-2.
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Introduction
Bacteria, one of the most diverse kingdoms of microorgan-
isms, are amongst the oldest and structurally simplest forms of 
life on earth. These unicellular living organisms are character-
ized by the presence of a cell wall around their cell membrane 
[1]. Bacterial cell wall is essential for the maintenance of the 
shape and the integrity of the cell, thus protecting it from dam-
age such as swelling or rupturing [2]. The cell wall is made 
up of peptidoglycan (PPG), which consists of a polysaccha-
ride network connected via polypeptides cross linkages [3]. 
In some bacteria, the peptidoglycan is found around the outer 
surface of the cell forming a thick and complex network, in 
other bacteria the peptidoglycan forms a thin layer between 
two plasma membranes [4]. The two major types of bacteria 
were distinguished using the Gram staining technique; Gram-
positive bacteria were reported to have a thicker peptidoglycan 
compared to compared to a thin peptidoglycan layer in gram 
negative bacteria [5]. The thin peptidoglycan layer in Gram-
negative bacteria is located between the plasma membrane 
and an outer membrane. The latter is composed of phospholip-
ids concentrated on the inner leaflet whereas the outer leaflet 
contains mainly glycolipids and lipopolysaccharides (LPS or 
endotoxin). Moreover, the LPS is a unique component of the 
outer surface and is made up of a specific carbohydrate-lipid 
moiety termed lipid A [6]. Lipid A is attached to a linear poly-
saccharide region consisting of a core and an O-specific poly-
saccharide [6, 7]. In fact, LPS is responsible of eliciting strong 

immune responses in various animal species with the lipid A 
being the primary immunity stimulator center [7]. In order to 
treat infections caused by pathogenic bacteria, the most com-
monly used family of drugs is called antibiotics. These anti-
microbial agents are capable of killing bacteria, or stopping 
their growth. Depending on the range of their targets, antibiot-
ics are classified into two types: narrow and broad-spectrum. 
The term broad-spectrum antibiotic refers to an antibiotic that 
acts against a wide range of disease-causing bacteria [8]. It 
acts against both Gram-positive and Gram-negative bacteria in 
contrast to a narrow-spectrum antibiotic, which is only active 
against specific families [9]. Since their introduction in the ear-
ly 1940s, antibiotics have been a turning point in the history of 
medicine. However, studies from across the world have shown 
that some bacteria have developed resistance to commonly used 
antibiotics, leading to the loss of the potency and the efficiency 
of this class of drugs. Despite all the extensive research and 
major breakthroughs in antibiotic development and treatment 
advancements, recent evidence revealed the emergence of re-
sistance to all first-line and last-resort antibiotics [10]. The mo-
lecular mechanism of antibiotic resistance development exhib-
ited by Different Multidrug Resistant (MDR) bacteria has been 
central to extensive studies. A variety of genomic alterations 
can be the root of antibiotic resistance acquisition and studies 
showed that Mobile Genetic Elements (MGEs) are key fac-
tors in enabling resistance transfer mechanism among bacterial 
population to survive stress conditions [11]. Recently, extreme 
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concerns have increased with the emergence of MGEs carrying 
genes encoding enzymes for Extended Spectrum β-Lactamases 
(ESBLs) carbapenems. Rapid spread of carbapenemases was 
reported earlier after New Delhi Metallo β-lactamase-1 (NDM-
1) was identified in 2008 in Sweden from a patient who was 
previously hospitalized in India [12]. Emergence of blaNDM 
resistant gene encoding NDM-1 is now the focus of a global 
attention since it is reported from all continents; most isolates 
have shown failure to treatment to all available antibiotics 
[13]. Another more recent burden is the emergence of the first 
transferable colistin antibiotic resistance gene, mcr-1 which 
was identified in Enterobacteriaceae – a species of bacteria that 
mainly inhabits animals’ gastrointestinal tract (GIT) - mainly 
in Escherichia coli. Since then, mcr-1 gene has been detected/
reported worldwide [14]. In 2016, a new gene termed mcr-2 
gene was identified in Belgium and its encoded polypeptide 
was described to share 80.6% amino acid identity with MCR-1 
[15]. The aim of this report is to present an overview of the cur-
rent knowledge on blaNDM and mcr resistant genes and their 
variants, and to review recent developments in our understand-
ing of their prevalence worldwide.

Understanding Resistance
The emergence of antibiotic resistant bacteria has shown a sig-
nificant rise in the past decade. It has been widely documented 
that the use of antibiotics leads to dissemination and amplifica-
tion of resistant genes via natural selection [16]. Natural selec-
tion processes in diseases-causing bacteria have been studied 
extensively. Frequently used antimicrobial drugs have acceler-
ated the pace of advent of selection among bacterial species; 
this increased selective pressure in bacterial population al-
lowed strains to evolve robust mechanisms to bypass the effec-
tive action of antibiotics and become resistant [17]. Resistance 
appearance due to selective pressure represents a Darwinian 
competition among bacterial species [18]. In fact, recent stud-
ies involving meta-genomic analysis of soil pathogens revealed 
widespread variance of Antibiotic Resistant Genes (ARGs) of 
which only a fragment have been identified in human patho-
gens [19].  In addition to selection of antimicrobial resistance 
through mutations in genes encoded on a microbe’s chromo-
some, new genetic material can also be exchanged between 
organisms. Thus, bacteria develop resistance by (1) Random 
mutations and Vertical Gene Transfer (VGT) - the transmission 
of DNA from parent to offspring and (2) Exchange of genetic 
material via Horizontal Gene Transfer (HGT) – the transmis-
sion of DNA between microorganisms and the expression of 
these transferred ARGs [20]. Currently, most studies describe 
mechanisms of resistance acquisition and dissemination as a 
result of HGT rather than mutational events, with the former 
to be considered as the most important factor in the current 
outbreak of Anti-Microbial Resistance (AMR) [21]. Horizontal 
gene transfer is a process that involves the transfer of Mobile 
Genetics Elements (MBE) between strains that are either close-
ly or distantly related. The three major mechanisms by which 
bacteria transfer genes horizontally are Conjugation, Natural 
Transformation, and Transduction [22]; it has been previously 
shown that the main mechanism of HGT is through conjuga-
tion [23]. Gene transfer via conjugation has been studied ex-
tensively and the frequencies of the transfer events showed sig-
nificant variance. Experimental data suggest that frequencies 
of conjugative events in nature are presumably several orders 
of magnitude higher than those under laboratory conditions 

[24]. Conjugation is the transfer of DNA through a multi-step 
process via cell surface pili or adhesins. It is promoted by the 
conjugative machinery which is encoded either by genes on au-
tonomously replicating plasmids or by Integrative Conjugative 
Elements (ICEs) in the chromosome [25]. However, many of 
the genes that enable bacteria to metabolize organic compounds 
that are toxic to them, such as antibiotics, are carried by plas-
mids [26,27]. Typically, plasmids are extra chromosomal DNA 
carrying genes required for replication machinery. In addition 
to their function in replication, studies have showed that plas-
mids are heavily implicated in the transfer of resistance genes 
[28, 29]. Plasmid genome consists of “core” and “accessory” 
genes. Core genes are involved mainly in plasmid transmission 
and replication, whereas accessory genes function in increas-
ing bacterial fitness and survival under certain environmental 
stress conditions [30, 31]. In fact, antibiotic resistance in many 
pathogenic bacteria has evolved by acquiring plasmids carry-
ing antibiotic resistant genes – such as blaNDM and mcr-1 and 
mcr-2.– that are derived from either closely or distantly related 
bacteria [32, 33]. In this context, some plasmids have a broad 
host range and can transfer between different species whereas 
others exhibit much narrower effect and thus are confined to 
one genus or species [34].

Beta Lactams
Discovery of β-Lactams; A Brief History
Penicillin: It all began in the 1920s when Sir Alexander Flem-
ing, a Scottish bacteriologist, was studying the relationship 
between colony morphology and virulence in Staphylococcal 
species. Fleming noticed that some of the cultures were con-
taminated with molds. Colonies in proximity to mold were 
undergoing lysis. The dissolving and transparent surround-
ing agar gel supported his observation [35]. Upon subsequent 
experiments on several bacterial cultures, Fleming was able 
to confirm that the fungal extract exhibited an “inhibitory” 
property against most Gram-positive bacteria such as Staphy-
lococcus aureus, Bacillus anthracis, Streptococcus pyogenes, 
Corynebacterium diphtheria, but not against Gram-negative 
bacteria such as Escherichia coli, Klebsiella pneumonia, Vib-
rio cholerae and others. The fungal extract was termed “Peni-
cillin”, since it was derived from Penicillium notatum mold 
[36]. However, Fleming found it difficult to extract and isolate 
his so-called “mold juice” in large quantities. In fact, it was 
only until 1940, that Penicillin was transformed from a labora-
tory interest into a life-saving drug during World War II when 
Howard Florey, Ernst Chain and their colleagues at the Oxford 
University were able to isolate and mass produce the drug [37]. 
The initial recognition of Penicillin and its clinical introduction 
was recognized as one of the greatest advances in the history 
of medicine.
β-Lactam Structure: The Building Block: Further interest 
in the activity of the compound revealed that different strains, 
culture conditions, and media result in the production of differ-
ent penicillin forms [38]. Two forms of the extract were used 
at that time: 2-pentenyl penicillin and benzyl-penicillin, com-
monly known as Penicillin F or I and Penicillin G or II, respec-
tively. In fact, Florey and his colleagues proceeded to crystal-
lize and identify the structure of the compound; the two forms 
were found to share a common feature with differences only in 
their R group [39].  The common feature was a four-membered 
lactam, a cyclic amide, and was termed β-lactam because the 
nitrogen atom is attached to the β-carbon atom relative to the 
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carbonyl (C=O) group [40]. The ring is further fused into 5- or 
6- membered rings depending on the group of β-lactam.
β-Lactam Derivatives: The discovery of Penicillin and its 
successful introduction into clinical practice led to the robust 
search for other antibiotics and natural sources continued to 
be explored. Novel β-lactam compounds were developed and 
modified continuously and hundreds of β-lactam antibiotics 
have been developed (naturally occurring or semi-synthetic). 
Members of β-lactam antibiotics of clinical importance include 
the penicillin, cephalosporins, monobactams and carbapen-
ems [41, 42]. The penicillins and cephalosporins contain the 
β-lactam ring fused to 5- and 6-membered rings, respectively, 
which contain a carboxyl group at the C-3 and C-4 positions. 
As a group, these antibiotics display a wide range of activ-
ity against Gram-positive and Gram-negative bacteria [41]. In 
contrast, monobactams do not contain a fused ring structure. 
They consist of the β -lactam ring linked to a sulfonic acid 
group at the analogous position of the carboxylate group found 
in previously described penicillins and cephalosporins. More-
over, monobactam antibiotics are active against aerobic Gram-
negative bacteria [43]. 
Finally, carbapenem β-lactam members possess the broadest 
spectrum of activity and greatest potency against Gram-posi-
tive and Gram-negative bacteria. As a result, carbapenems are 
often used as “last-line” or “antibiotics of last resort” when 
patients with bacterial infections fail to respond to classical 
treatment or when infection is suspected to involve resistant 
bacteria [44]. In the next section of this review, we describe 
the current state of carbapenem family of β-lactams with an 
emphasis on the landscape of carbapenem resistance develop-
ment.

Mechanism of Action of β-Lactams
Overview of Bacterial Cell Wall Biosynthesis: To grow and 
divide efficiently, bacterial cells must add new peptidoglycan 
to its wall. The peptidoglycan layer consists of a network of al-
ternating polysaccharides, N-acetylmuramic acid (NAM) and 
N-acetylglucosamine (NAG), with pentapeptide chains cross-
linking NAM residues of neighboring chains. Peptidoglycan 
synthesis is divided into three stages that occur at three differ-
ent locations in the cell [45]. The first stage takes place in the 
cytoplasm and involves the synthesis of the nucleotide sugar-
linked precursors UDP-N-acetylmuramyl (UDP-MurNAc)-
pentapeptide and UDP-N-acetylglucosamine (UDP-GlcNAc) 
[46]. During the second stage, which takes place in the cyto-
plasmic membrane, precursor lipid intermediates are produced 
(specifically, lipid I and lipid II) [46, 47]. The final stage occurs 
at the outer part of the cytoplasmic membrane. It involves the 
polymerization of the newly synthesized disaccharide-peptide 
unit and its addition to the nascent peptidoglycan [48]. This 
is carried out mainly by the action of a specific class of en-
zymes called penicillin binding proteins, or PBP [49, 50]. PBP 
enzymes are responsible of cross-linking the peptidoglycan 
chains and include (i) transglycosylases that catalyze the for-
mation of glycosidic bonds; (ii) transpeptidases that catalyze 
the formation of peptide bonds; and (iii) carboxypeptidases 
that hydrolyze peptide bonds at C-terminus [51]. PBPs were 
initially identified because of their ability to covalently bind 
penicillin. In addition, depending on the organism, the peptide 
chains are further modified [52] (Figure 1).
β-Lactams Activity Against Bacterial Wall: β-Lactam anti-
biotics block the biosynthesis of peptidoglycan wall by inhibit-

ing PBPs, making them inefficient in achieving their role in 
cell wall synthesis. In fact, the structural similarity between 
β-Lactam antibiotics and D-alanyl-D-alanine – the terminal 
amino acid residue on NAM - facilitates their binding irre-
versibly to the active site of PBPs (a serine residue) [52, 53]. 
Subsequently, cross-linkage between adjacent NAMs will 
be prevented. This hindrance greatly affects and disrupts the 
structural integrity of bacterial cell wall, leading to osmotic in-
stability and, eventually, driving the cell to undergo autolysis 
[54] (Figure 1). 

Figure 1: Schematic representation of the Gram-negative 
bacterial membrane structures, including the interaction of 
β-lactam antibiotics and β-lactamases [69].
A. Penicillin-Binding Proteins (PBPs) with transpeptidase ac-
tivity are involved in cell wall biosynthesis by catalyzing the 
crosslinking of adjacent peptides at the terminal D-Ala-D-Ala 
portion of the peptidoglycan stem peptide. B. β-Lactams are 
transported to the periplasmic space via porins. C. β-lactams 
binds covalently to the transpeptidases forming a stable ester 
adduct, thus inhibiting them. D. When exported to the peri-
plasm, β-Lactamase enzymes are attached to the inner leaflet of 
the bacterial outer membrane via an N-terminal lipid. They hy-
drolyze the β-lactam antibiotics preventing them from inhibit-
ing the transpeptidases. E. Efflux pumps transports actively the 
antibiotics to the external environment avoiding their deadly 
effect on the bacterial cell.

Mechanisms of Resistance to β-Lactams
Emergence of β-Lactamases: It is important to mention that 
the microbial genetic capacity to evolve and spread resistance 
was underestimated. In fact, resistance to penicillin was report-
ed shortly after its introduction in 1945 [55]. This was followed 
by a critical number of cases reporting emergence of resistant 
species to β-lactam antibiotics [56]. Several mechanisms of 
bacterial resistance acquisition have been described and these 
mainly include: (i) decreased access of antimicrobials to the 
target PBPs (efflux pumps) [57]; (ii) alteration of the sequence 
of target transpeptidases by mutation or recombination to cre-
ate enzymes that bind poorly to β-lactams; (iii) lowered perme-
ability (decreasing the number of outer membrane porins thus 
restricting the influx of antibiotics); and (iv) hydrolysis and 
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inactivation by enzymes termed β-lactamases [58] (Figure 2). 
Despite the significance of the previously described processes, 
the production of β-lactamase enzymes is the most common 
mechanism of bacterial resistance to β-lactam antibiotics [59].
The continuous exposure of bacterial strains to a multitude 
of β-lactams has led to the overproduction and mutation of 
β-lactamases among different species of bacteria.

nism of acquiring resistance to this family of antibiotics [63].
Classification of β-Lactamases: Two current classification 
schemes for β-lactamases are globally accepted. The first one is 
based on the amino-acid sequence and the second one is based 
on the functionality; in this review we use the first classifica-
tion system for the interest of its subclasses [64]. Based on the 
primary homology sequence, β-lactamases were divided into 
four classes: A, B, C, and D enzymes [65]. Classes A, C, and D 
are active-site serine enzymes that catalyze, via a serine-bound 
acyl intermediate, the hydrolysis of the β-lactam ring. They are 
termed serine-β-lactamases [66,67]. Class B enzymes, called 
metallo-β-lactamases (or simply metalloenzymes), require di-
valent zinc ions for their activity (substrate hydrolysis) and are 
further discussed later in this context [68, 69].
Carbapenem
Overview
Following the emergence and widespread of β-lactamases and 
the threat over the usage of penicillin and its derivatives, the 
search for inhibitors began [70]. The first carbapenem was de-
veloped and introduced for clinical use in 1985. Carbapenems 
are part of the β-lactam class of antibiotics. They consist of a 
β-lactam ring fused to a 5-membered ring that has a carbon 
replacing the sulfur at C-1 and also containing a double bond 
between C-2 and C-3.

Mechanism of Action of Carbapenem
As a class of β-Lactam antibiotics, carbapenem acts by target-
ing cell wall biosynthesis via PBP inhibition. Interaction with 
different types of PBPs occurs on cell surface of Gram-positive 
bacteria and in periplasmic space of Gram-negative bacteria 
[71]. In the latter, carbapenems cannot diffuse easily through 
the bacterial cell wall, and therefore must enter through wa-
ter filled outer membrane proteins known as porins. Following 
their entry, carbapenems behave similarly to other β-Lactams 
and “permanently” acylate PBPs rendering them inactive and 
eventually leading to bacterial cell death [72].

Resistance to Carbapenem
Emergence of Carbapenemases: Since described as the “last 
resort antibiotic”, the emergence and spread of acquired car-
bapenem resistance represents a major public health concern 
[73]. Resistance to carbapenems was first observed in entero-
bacterial isolates, especially among Enterobacter spp [74]. 
Recently, global spread of carbapenemase has increased sig-
nificantly and is considered as a major global threat. Carbapen-
emases are defined as β-lactamases with activity against most 
β-lactams and significant activity against carbapenems [75].
Classification of Carbapenemases: Like the other beta-lac-
tamases, carbapenemases are generally classified into func-
tional groups and molecular classes. Following the molecular 
scheme produced by Ambler and colleagues, carbapenemases 
are divided into serine-carbapenemases (Class A, and D) and 
metallocarbapenamases (Class B, commonly called metallo-
beta-lactamses or MBLs) [76, 77]. We focus in this review on 
Carbapenemases with the greatest clinical relevance world-
wide, MBLs.
Metallocarbapenemases: The first MBLs were isolated from 
environmental and opportunistic bacteria such as Bacillus ce-
reus [78, 79], Aeromonas spp. [80, 81], and Stenotrophomonas 
maltophilia [82]. Further Studies revealed that MBL genes of 
these soil dwelling pathogens were intrinsic and chromosome-
borne. Since the 1990s, an increase in acquired MBL genes 

Figure 2: Primary mechanisms of ß-lactam resistance [25].
The porins are responsible of the uptake of the β-lactams 
through the bacterial outer membrane. PBPs binds irreversibly 
to the β-lactams in the periplasmic-interspace, leading to the 
inhibition of the peptidoglycan synthesis. Primary mechanisms 
of β -lactam resistance include the following: (i) enzymatic in-
activation of the antibiotic by chromosome- and/or plasmid-
encoded enzymes possessing hydrolytic activity against β -lac-
tam molecules; (ii) decreased outer membrane permeability 
via: production of modified porins, downregulation of porin 
expression, or a shift in the types of porins found in the outer 
membrane; and (iii) Upregulation of the efflux pumps leading 
to the export of the antibiotic to the external medium.
Development of β-Lactamases: β-Lactamases are bacte-
rial enzymes that hydrolytically inactivate the β-lactam fam-
ily of antibiotics [60]. Following their appearance, extensive 
research focused on the development of extended-spectrum 
β-Lactam antibiotics. However, later in the 1980s, extended-
spectrum β-lactamases (ESBLs) rapidly evolved in response 
to newer β-lactam antibiotics and they were termed so to re-
flect theexpanded substrate spectrum of these enzymes [61,62]. 
These enzymes were frequently reported in Klebsiella pneu-
moniae (K. pneumoniae), Escherichia coli (E. coli), Acineto-
bacter baumannii (A. baumannii), Pseudomonas aeruginosa 
(P. aeruginosa), Salmonella typhimurium (S. Typhimurium), 
Enterobacter species, Proteus species, Serratia species, among 
others. Moreover, genes encoding β-lactamases can be found 
on the bacterial chromosome or on plasmids; many studies de-
scribed the HGT of these genes as the most common mecha-
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has been reported in Pseudomonas spp. [83], and Enterobac-
teriaceae [84; 85]. The most common families of the identi-
fied plasmid-mediated MBL genes mainly include IMP- [86], 
and VIM-type enzymes [87, 88], together with the emerging 
NDM-type [89, 90]. Reports showed that VIM and IMP-type 
enzymes have the largest numbers of enzyme derivatives. 
However, the greatest clinical impact has been correlated 
mainly to NDM-enzymes.
blaNDM: The Carbapenem Resistant Gene
Identification: In 2007, a 59-year-old Swedish male patient of 
Indian origin traveled to India and was diagnosed and hospital-
ized for gluteal abscess (a collection of pus under the skin close 
to the anus) [89]. A year after, he was sent back to a hospital 
in Sweden where a Urinary Tract Infection (UTI) was con-
firmed by obtaining a urine culture that was positive for Kleb-
siella pneumoniae showing resistance to antibiotics including 
carbapenems [89]. In March 2008, following transfer of the 
patient to a nursing home, test samples of stool showed a car-
bapenem resistant strain of E.coli [89]. Results of phenotypic 
tests of both isolates proposed that resistance was caused by the 
production of MBLs. Interestingly, none of the known genes 
coding for MBLs were detected by PCR analysis. In fact, after 
series of cloning and sequencing experiments, a novel type of 
enzyme was identified and was found to share 32% identity 
with the other MBLs [89]. This MBL was named NDM-1 and 
its gene blaNDM-1 after New Delhi, the capital city of India, 
by Yong et al. who believed that the resistance originated from 
there [89]. In 2010, in the United Kingdom, another case was 
reported with an infection of E.coli expressing NDM-1 [91]. 
The infected patient was of an Indian descent and had under-
gone dialysis 18 months previously while visiting India. Stud-
ies showed that the bacterium was fully resistant to all antibiot-
ics except to the polymyxin antibiotic colistin.  The fact that the 
same novel resistance gene was present in two different genera 
implied that it was transferable. Many strains thereafter were 
analyzed and revealed to be carrying blaNDM-1 on plasmids, 
allowing it to transfer between multiple strains of bacteria via 
horizontal gene transfer. Moreover, all of the samples were re-
sistant to different classes of antibiotics but susceptible to co-
listin. Later in 2010, an environmental point prevalence study 
was conducted on samples collected from seepage samples and 
drinking water in New Delhi. Twenty strains of bacteria were 
found carrying the blaNDM-1 gene [92]. In August 10, the first 
death due to an infection with bacteria expressing the NDM-1 
enzyme was reported in Belgium. The deceased was hospital-
ized with a major leg injury in Pakistan and was treated in a 
hospital there. He was then repatriated to Belgium and passed 
away despite the administration of colistin. 
Infection Site: NDM-1 producing bacteria have been recov-
ered from many infection sites. They have been found in pa-
tients with urinary tract infections, pneumonia, septicaemia, 
wound infections and device-associated infections [93, 94].
Global Dissemination: There has been an increase in the num-
ber of articles about the ‘New Delhi Metallo-betalactamase-1’ 
enzyme added to the PubMed database since 2010, but the cur-
rent spread of NDM- 1-prodcucing bacteria in 2016 is likely 
broader than the published reports suggest. The rapid global 
spread of NDM-type carbapenemases may be partly attributed 
to the dissemination of various epidemic broad-host-range 
plasmids bearing the blaNDM genes. Since 2006, NDM- car-
rying bacteria have been reported from 40 countries covering 
all continents except South America and Antarctica. At pres-

ent, most isolated bacteria have originated from people that 
were either infected or colonized on the Indian subcontinent 
and who have then traveled elsewhere [95, 96]. There are other 
reservoirs of colonized and/or infected patients in the Balkan 
countries and in the Middle East, where people often travel to 
and from the Indian subcontinent [97, 98].
Epidemiological link of NDM with the Indian subconti-
nent: An epidemiological link to the Indian subcontinent, the 
Balkans and the Middle East has been demonstrated in most of 
the reports of the global spread of NDM producers, identify-
ing these geographic regions as endemic for NDM [99,100]. 
In particular, NDM-positive Enterobacteriaceae were found to 
be geographically widespread in the Indian subcontinent, be-
ing recovered from ten areas in India, eight areas in Pakistan 
and one area of Bangladesh. Many factors have influenced the 
geographically widespread emergence of NDM-1-producing 
bacteria: (i) the increase in long-distance travels [101], (ii) the 
increase in international travels to access medical care [102], 
and (iii) the widespread access to broad-spectrum antibiotics. 
Given the volume of global travel, the quality of hygienic stan-
dards in many countries, and the number of humans carrying 
NDM-1-producing bacteria, it is likely that these bacteria will 
continue to spread worldwide [94].
Bacterial Species Dissemination: The blaNDM-1 gene was 
reported in multiple Enterobacteriaceae sp., mainly in epidem-
ic clones of K. pneumoniae and E. coli. Other Gram-negative 
bacteria, such as some strains of Vibrio cholerae, Pseudomonas 
spp. and A. baumannii were also reported producing NDM-1 
[103, 104]. Retrospective Studies of cultures of Enterobacte-
riaceae isolates dating back to 2006 revealed the presence of 
blaNDM-1. Analyses of the genetic environment revealed that 
dissemination of blaNDM-1 might have originated from A. 
baumanni.
NDM- producing Klebsiella pneumonia: Klebsiella pneu-
moniae is the most important member of Klebsiella genus of 
the Enterobateriaceae family. In recent years, it became a key 
pathogen in global nosocomial dominance. It inhabits humans 
as well as the ecological environment, such as water, soil, and 
sewage. In addition, K. pneumoniae is capable of surviving in 
extreme environments for long periods of time [105]. K. pneu-
moniae producing NDMs have spread rapidly [105]. They are 
considered to be endemic in the Indian subcontinent, includ-
ing India, Pakistan, and Bangladesh as mentioned previously 
[106]. In fact, NDM-1 was reported to be the most common 
carbapenemase type detected in India. It accounted for 75.22% 
of the carbapenemase-producing isolates [107]. The movement 
of patients between countries may be the reason for the inter-
national spread of carbapenemase-producing K. pneumoniae 
[108]. K. pneumoniae and other Gram-negative bacteria that 
produce carbapenemase were obtained from patients that had 
recently traveled outside Canada between the years 2010 and 
2013. These isolates were found to be NDM-1 producing K. 
pneumoniae that were imported from India to Canada [109]. 
Thus, appropriate attention and care are required in the treat-
ment of patients with a history of hospitalization in foreign 
countries in which carbapenemase-producing bacteria are 
heavily reported and documented.
Structural features: As mentioned above, class B1 
β-lactamases consists of 3 types, IMP, VIM, and the newly 
discovered NDM. Through reviewing articles reporting the oc-
currence of IMP, VIM or NDM, a global distribution map was 
developed by Maria F. Mojica and her colleagues. The authors 
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noted that as of July 2014, the only country that reported only 
IMP and NDM was Lebanon. The representative B1 MBLs ap-
pear to have structurally conserved active-site features in the 
primary zinc ligands. Crystal structures of B1 β-lactamases 
showed a mononuclear or dinuclear metal ion cluster in the 
active site [110, 111]. Zn1 site is occupied by the sole zinc 
ion in monozinc B1 MBLs. Dizinc B1 MBLs structures fall 
in two categories. In the first, dizinc site binds both zinc ions 
with positive cooperativity, with binding of the first favoring 
the binding of the second [112]. In other structural studies of 
dizinc B1 MBLs with differing affinities for each site, Zn1 is 
refined with higher occupancy than Zn2 implying that Zn2 to 
be the weaker binding site [113, 114]. Some crystal structures 
of the B1 β-lactamase NDM-1 a third zinc ion (Zn3) bound at 
the edge of the active site [115].
Colistin
Overview
Following their discovery in the 1940s, the polymyxin group 
of polypeptide antibiotics showed effective therapeutic activity 
in the treatment of infections caused by Gram-negative bacte-
ria [116,117]. Groups of polymyxins are produced by Bacillus 
species and they consist of 5 chemically different compounds 
(polymyxins A–E), with only polymyxin B and polymyxin E, 
also known as PMB and Colistin respectively, commonly used 
in clinical practices [118]. PMB is produced by Bacillus poly-
myxa; while Colistin is produced by Bacillus colistinus [119].
However, administration of polymyxins was associated with 
reports on nephrotoxicity and neurotoxicity in the 1970s, and 
thus compounds of this class were gradually withdrawn and 
replaced with other antibiotics of less toxicity [120,121]. In the 
past two decades, the emergence of MDR pathogens, and the 
lack of development of new antibiotics with activity against 
them have threatened therapeutic choices. Subsequently, this 
led to the revival and reconsideration of the usage of this class 
of antibiotics in clinical practice; in fact colistin and PMB were 
considered to be the last resort for the treatment of infections 
caused by MDR Gram-negative bacteria [122, 123]. The cur-
rent review focuses on colistin, rather than PMB, because of its 
widely described use clinically.
Chemical Structure
As mentioned earlier, Colistin is a polypeptide antibiotic of 
the polymyxin family. It is non-ribosomally synthesized with 
a molecular weight of 1750 Da. Polymyxins consist of a deca-
peptide (an oligopeptide containing ten amino acids) that com-
prises a cyclic heptapeptidecore (seven amino acids) linked to 
a linear tripeptide segment that holds an N-terminal fatty acyl 
tail [124,125]. The amino acid composition of the molecule 
is as follows: d-leucine, l-threonine, and l-a-g-diaminobutyric 
acid with the latter attached to a fatty acid group. Depending on 
the composition of the fatty acid residue, one can distinguish 
two classes: Colistin A with the fatty acid residue attached 
identified as 6-methyl-octan-oic acid, or 6-methyl-eptanoic 
acid for Colistin B [126; 127]. Moreover, two types of colistin 
are synthesized for clinical application; colistin sulfate in the 
form of sulfate salt; while the second is Colisti-Methate Sodi-
um (CMS) in the form of sodium salt [128]. CMS – colistin de-
rivative – is unstable both in vivo and in vitro. However, once 
in the plasma, the molecule undergoes a spontaneous hydroly-
sis reaction and releases the active form colistin [129,130]. The 
hydrophilic peptide chain, and the hydrophobic fatty acid por-
tion give the molecule of colistin an overall amphipathic char-
acteristic; this provides a stable reaction with polar and non-

polar targets such as the previously described LPS membrane 
of the bacteria [131]. Next, we describe the specific mechanism 
by which colistin targets lipid A component of LPS.
Mechanism of Action
Colistin and formerly described polymyxin B are commonly 
active against MDR Gram-negative bacteria including P. ae-
ruginosa, A. baumannii and K. pneumoniae that previously 
showed resistance to all current available antibiotic therapeu-
tics [132,133]. The primary target of colistin is the polyanionic 
LPS component of the outer membrane. As described earlier, 
LPS of Gram-negative cell wall is made up of a double lipid 
layer and polysaccharides that contain negative charges that 
are believed to play major role in maintaining the integrity of 
the cell wall. Moreover, LPS components are further stabilized 
via bivalent cations such as calcium (Ca++) and magnesium 
(Mg++) found linked to phosphate groups of the LPS [134]. 
As mentioned previously, colistin molecules have a strong 
positive charge and a hydrophobic acyl chain that give them 
a high binding affinity to LPS molecules. In fact, having a 
positive charge is essential for polymyxins activity [135]. The 
interaction between colistin and the LPS is best described in 
a detergent-like fashion in a two-step process. Initially, bind-
ing of colistin to its target is facilitated through electrostatic 
interactions between the cat4ionic polypeptide and anionic 
LPS molecules in the outer membrane of the Gram-negative 
bacteria [136]. The positively charged Dab residues of the 
polypeptide provide a means of electrostatic attraction with 
the negatively charged phosphate headgroups of lipid A [137]. 
This binding induces competitively the displacement of diva-
lent cations (Ca++ and Mg++) from the phosphate groups of 
membrane lipids [138,139] (Figure 3). Colistin molecules in-
sert the hydrophobic N-terminal fatty acyl chain segment into 
the outer membranes leading to local destabilized areas of the 
membrane [140,141]. This induced disruption of the outer cell 
membrane causes an increase in the permeability of the cell 
envelop, followed by leakage of cell content, and eventually, 
cell lysis [141, 142] (Figure 3). However, it is important to 

Figure 3: Action of colistin on Gram-negative bacterial mem-
brane [2].
Cationic colistin binds with anionic Lipopolysaccharide (LPS) 
molecules by displacing calcium and magnesium from the 
outer cell membrane of Gram-negative bacteria, leading to 
permeability changes in the cell envelope and leakage of cell 
contents. By binding to the Lipid A portion of LPS, colistin 
also has an anti-endotoxin activity.
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note that recent studies showed that colistin might exert its an-
tibacterial effect through an alternative route of action [143]. 
Thus, the exact mechanism of action of colistin needs further 
investigations.
Mechanisms of Resistance
The prevalence of resistance to colistin is relatively rare and 
the data is very scarce. This probably reflects the uncommon 
use of the drug worldwide. However, the past years have wit-
nessed a growth in the incidence rate of colistin resistance fol-
lowing the failure of MDR Gram-negative bacteria to respond 
to all currently available antibacterial therapeutics [144]. In 
fact, Colistin-resistant isolates have been recently identified 
in Gram-negative bacteria species such as A. baumannii, K. 
pneumoniae and P. aeruginosa, and many other strains to be 
discussed in following sections [145].
Natural or Intrinsic Resistance: Until the discovery of plas-
mid mediated resistance, Colistin was only known for its chro-
mosomally mediated, inherited resistance via vertical trans-
mission. There is a number of Gram-negative bacteria that are 
naturally resistant to colistin; these mainly include the follow-
ing: Neisseria spp., Moraxella catarrhalis, Helicobacter pylori, 
Proteus mirabilis, Serratia marcescens, Morganella morganii, 
Chromobacterium and Brucella species [146,147].
Acquired Resistance: The general mechanism by which bac-
teria acquires resistance against colistin is currently under ex-
tensive research. The sudden spread of resistance is of a prima-
ry global concern and is believed to involve upregulation of a 
number of regulatory systems [148]. We previously described 
that the critical and essential step in the mechanism of action 
of the drug is the electrostatic interactions that take place be-
tween positively charged residues on colistin and the negative-
ly charged phosphate group of lipid A on LPS [149,150]. In 
fact, resistant species were able to alter this type of interactions 
through lipid A modification [151]. This reduces the total nega-
tive net charge of the outer membrane and therefore weakens 
the attraction between the drug and its target [152]. Recently, 
the most common mechanism of resistance to colistin is the 
acquisition of plasmid-mediated resistant gene through hori-
zontal gene transfer, mainly conjugation [153, 154].

The Colistin Resistant Gene
Overview: Until recently, polymyxin resistance has been 
always reported via chromosomal mutations but has never 
shown to involve horizontal gene transfer. A significant in-
crease in colistin was observed in commensal E.coli from food 
animals in China during a routine surveillance project on anti-
microbial resistance. Analysis of an E. coli strain isolated from 
a pig, possessing colistin resistance, showed the emergence of 
the first plasmid-mediated polymyxin resistance mechanism, 
designated mcr-1, in Enterobacteriaceae.
Bacterial Species Carrying mcr-1: Interestingly, mcr-1 was 
shown to have a very high in-vitro transfer rate between E. coli 
strains and is capable as well to transfer into epidemic strains 
of Enterobacteriaceae, such as Klebsiella pneumonia, Pseudo-
monas aeruginosa, and many others listed in (Table 1) [155].
Animal to Human Transmission: Based on the fact that mcr-
1 gene predominates and was first described in animals; it was 
suggested that plasmid mediated colistin resistance moved 
from animals to humans [155]. In addition, animals are report-
ed to consume the largest volume of colistin antibiotic [156]. 
Moreover, colistin resistance in bacterial isolates from animal 
feeds confirmed the contribution of antibiotic consumption in 

Table 1: Bacterial species reported carrying mcr-1 gene and 
their host reservoir [16].

Source Bacterial Species Host Reservoir / 
Specimen

Food an-
imals

Escherichia coli

Chicken

Veal Calves

Pigs

Turkeys

Cattles

Broilers

Salmonella Typhimuri-
um

Pigs

Chicken

Environ-
ment Escherichia coli Water – River water

Food

Escherichia coli

Chicken meat

Retail meat (turkey)

Ground beef

Pork meat

Vegetables

Salmonella Typhimuri-
um Food products

Salmonella Paratyphi B
Guinea fowl pie

Chicken

Salmonella Derby Pork sausage

Salmonella Paratyphi B 
var java Poultry meat

Humans

Escherichia coli

Gastrostomy tube

Bloodstream infec-
tion

Faecal carriage

Wound infection

Urinary tract infec-
tion

Salmonella Sonnei Dynsentery

Salmonella Typhimuri-
um Salmonellosis

Salmonella Paratyphi B 
var java Salmonellosis

Salmonella Virchow Salmonellosis

Klebsiella pneumoniae Surgical site infec-
tion

Peritoneal fluid
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animals to increased resistance levels in humans [157].

Mechanism of Resistance and Catalytic Structure of 
mcr-1
As mentioned previously, modification of the LPS component 
of the outer membrane is the most common mechanism of ac-
quired resistance. Resistance takes place when the 1’ and 4’ 
phosphate groups of lipid A are modified resulting in neutral-
izing the negative charge and reducing the binding of the posi-
tively charged colistin [158,159]. This mechanism is associat-
ed with gene mutations that result in expression of transferase 
enzymes that modify the LPS [158,159]. The phosphate groups 
are modified by the phosphoethanolamine transferase enzymes 
that add phosphoethanolamine (PEA) or by aminoarabinose 
transferase enzymes (ArnT) that add 4-aminoarabinose [160, 
161]. ArnT belongs to the GT-C family of glycosyltransferases. 
It is a membrane protein having a periplasmic domain. PEA 
transferases have a periplasmic catalytic domain in addition to 
a membrane spanning one [162, 163]. mcr-1 gene, a plasmid-
mediated resistance gene in Escherichia coli isolates from hu-
mans and animals, was identified in China [155]. mcr-1 con-
fers resistance by modification of the colistin target. As shown 
in Figure 7, it catalyzes the transfer of phosphoethanolamine 
(PEA) onto the glucosamine saccharide of lipid A in the bacte-
rial outer membrane [155]. The resulting reduced net charge of 
the outer membrane disrupts colistin binding [164]. The struc-
tures of the catalytic domains of Campylobacter jejuni PEA 
transferase “EptC” and Neisseria meningitidis PEA transferase 
“LptA” as well as an ArnT transferase were previously identi-
fied and described [160, 161]. LptA and EptC PEA transferases 
have catalytic domains similar in structure and are members 
of the sulfatase group. The MCR-1 enzyme was found to be 
41 % identical to the PEA transferase LptA and 40 % to EptC 
[160] with both their sequence comparisons suggesting con-
servation of the active-site residues. Palzkill and colleagues 
resolved the X-ray crystal structure of the soluble periplas-
mic catalytic domain of the MCR-1 [165]. They identified a 
globular protein with an overall hemispherical shape having a 
central β-sheet composed of seven β-strands sandwiched be-
tween α-helical structures of a cMCR [165]. Moreover, they 
detected the presence of a phosphate group attaching cova-
lently to the side-chain hydroxyl oxygen, which results from 
phosphorylation of Thr285 [165]. In addition, three zinc ions 
were found surrounding the phosphothreonine. The presence 
of zinc binding sites and phosphorylated threonine along with 
previous studies of PEA transferases, confirmed that region of 
the catalytic domain is the active site of MCR-1 [163, 166]. 
Based on amino acid sequence homology, LptA from Neisseria 
meningitidis and PEA transferases EptC from Campylobacter 
jejuni are found to be the closest in structure to MCR-1, thus 
being noted to be homologs [160,163,166]. In summary, the 
structure of the catalytic domain of MCR-1 reveals conserva-
tion of structure, particularly in the active site, with other PEA 
transferases [163, 166]. Philip Hinchliffe and his colleagues 
again confirmed this work. They presented crystal structures 
showing the MCR-1 periplasmic, catalytic domain to be a zinc 
metalloprotein with an alkaline phosphatase/sulphatase fold 
containing three disulphide bonds [167]. To understand the 
impact of MCR-1 activity across the range of Gram-negative 
bacteria and to identify alternative means to overcome its ac-
tivity, they investigated the molecular basis of MCR-1. Mu-
tation of residues implicated in zinc or phosphoethanolamine 

binding, or catalytic activity, resulted in the recovery of colistin 
susceptibility of recombinant E. coli [167,168]. These results 
show the importance of PEA transferases as interesting drug 
target for they are in most Gram-negative bacteria and have 
important role in mechanisms of bacterial lipopolysaccharide 
modification [166]. In addition, the use of inhibitors of MCR-1 
may restore polymyxin susceptibility.

mcr-2: The Other Colistin Resistant Gene
Identification: After the reporting of a colistin-resistant mcr-
1 gene in China [169], S. Malhotra-Kumar and colleagues 
screened 105 colistin resistant E. coli extracted from 52 calves 
and 53 piglets from different regions of Belgium [170]. 13 iso-
lates revealed the presence of mcr-1 and the others were pre-
served for later studies for the cause of resistance to colistin 
[170, 171].
In another study performed by the same group, 10 porcine 
and bovine colistin-resistant Escherichia coli isolates were 
randomly selected and their plasmid DNA was amplified. The 
results showed three of the ten isolates harboring the presence 
of a gene coding for phosphoethanolamine transferase enzyme, 
however, it was not mcr-1. The novel plasmid-mediated colis-
tin resistance-conferring gene, was named mcr-2 [172].
Structural Analyses of the MCR-2 Protein: S. Malhotra-Ku-
mar and his team studied the similarities of MCR-1 and MCR-
2 and showed that both proteins had 80.65% identity [172]. 
Moreover, mcr-2 gene was found 1,617 bp long, shorter than 
mcr-1 by nine bases, with 76.75% identity to mcr-1 [172]. It 
was predicted to have two domains, with domain 1 as a trans-
porter domain that would be embedded in the cell membrane 
and responsible for transporting different molecules, and do-
main 2 as a transferase domain for the enzyme [172]. S. Mal-
hotra-Kumar and colleagues conducted Phylogenetic analysis 
- the study of the evolutionary history and relationships among 
species – and revealed that mcr-2 might have originated from 
Moraxella catarrhalis [172]. Phylogenetic analysis between 
mcr-1 and mcr-2 provided strong evidence that the latter was 
distinct from mcr-1.
Predicted Tertiary Structure: Moreover, the same study pre-
dicted that MCR-2 protein has two domains: (i) domain 1 as 
a transporter, with residues ranging between 1 to 229; and (ii) 
domain 2 as a transferase domain, with residues ranging be-
tween 230 to 538 [172]. The best template for domain 1 was 
4HE8. 4HE8 is a secondary membrane transport protein that 
transfers solutes across membranes [173]. The best-fit template 
for domain 2 was 4kav, a lipo-oligosaccharide phosphoetha-
nolamine transferase A from Neisseria meningitidis. 4kav was 
previously detected to be the best fit template for MCR-1 [169].

Discussion
Antimicrobial resistance is the ability of infectious organisms 
to survive the drugs that are designed to kill them, or inhibit 
their growth, and therefore render the infection treatable [169].  
The rapid diffusion and dissemination of Antibiotic resistance 
and the emergence of multidrug resistant bacteria represent a 
threat of great importance to global health [174]. While the 
phenomenon can occur naturally through bacterial adaptation 
to environmental conditions, development of resistant genes 
from natural selection aspect showed low incidence compared 
to the high incidence level of acquired resistance via transfer 
of plasmids containing resistant genes among closely as well as 
distantly related species [175]. Carbapenem and Colistin serve 
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as last-resort antibiotics against infections caused by MDR 
Gram-negative bacteria [176]. Production of B-lactamases is 
one of the most common mechanisms used by Gram-negative 
bacteria for resistance against beta-lactam antibiotics such as 
carbapenem [177]. Over the years, various beta-lactamases 
and carbapenemases were identified in Gram-negative bacte-
ria with several species displaying co-resistance to most avail-
able drugs, thus limiting medication options [178]. The novel 
carbapenemase New Delhi metallo-b-lactamases (NDM-1), 
encoded by the blaNDM-1 gene, has been reported in many 
pathogenic bacterial species, especially members of Entero-
bacteriacea [179]. In infections due to NDM-positive bacteria, 
antimicrobial choice is limited to polymyxins mainly, espe-
cially polymyxin E, Colistin. For years, clinical use of colistin 
was shown to be effective against NDM-producing bacteria; 
Polymyxins were increasingly used as last resort for infections 
caused by these species harboring blaNDM resistant gene 
[180, 181]. Unfortunately, discovery of transmissible colistin 
resistance in China and subsequent identification of plasmid-
borne gene mcr-1 was reported in animal, food, and clinical 
samples, worldwide [182,183]. Moreover, following reports 
of mcr-1 detection, a team of researchers in Belgium reported 
discovery of a new gene with the ability to confer colistin re-
sistance; phylogenic analysis showed that this gene was dis-
tinct from mcr-1 and was termed mcr-2 [184]. Further studies 
indicated that mcr-2 gene might be able to spread more rapidly 
than mcr-1; prevalence data showed mcr-2 has a higher trans-
fer frequency. Most recently, mcr-1 gene was identified in two 
clinical carbapenem-susceptible E.coli strains in United States. 
The two strains were isolated from urine cultures obtained in 
May 2015 and April 2016 [185, 186]. In October 2016, two 
colistin-resistant E. coli isolates were reported in Venezuela; 
the report represents the first detection of mcr-1 in the country. 
Moreover, one of the mcr-1-positive E. coli strains showed to 
harbor blaNDM-1, revealing the coexistence of the two genes 
within the same isolate [187].  Therefore, with the emergence 
of species harboring genes resistant to both carbapenem and 
colistin creates a highly drug-resistant member that is poten-
tially untreatable and poses a serious threat to public health 
worldwide [188, 189]. The coexistence of mcr-1 with other 
resistance genes with high potential of spread is of great con-
cern. Nevertheless, in a recent study published in February 
2017, Zhu and colleagues investigated the effect of a combina-
tion therapy of colistin and another class of antibiotics ami-
kacin against E. coli strain expressing mcr-1 and blaNDM-5 
– variant of blaNDM-1 – resistant genes. In vitro assays and 
in vivo analyses in mice revealed a better response to com-
bined therapy compared to monotherapy: use of colistin and 
amikacin separately. In fact, augmented susceptibility was re-
corded in strains treated with combination therapy indicating 
that it may be a promising option [190]. Recent advances in 
genome sequencing and gene editing tools allowed researchers 
to identify genetic changes corresponding to antibiotic resis-
tance and carry out genetic manipulations in the aim of restor-
ing antimicrobial activity [191, 192]. In one study published 
earlier this year - January 2017- in the Journal of Antimicrobial 
Chemotherapy, Geller and his colleagues at the Oregon State 
University (OSU) developed a new molecule with the ability 
to reverse resistance depicted by the presence and expression 
of blaNDM-1 gene [193]. The molecule is a type of an oligo-
mer, which has the ability to bind complementary to mRNA 
sequences and exert its effect through inhibition of translation 

[194]. In this study, the so-called Peptide Phosphorodiamidate 
Morpholino Oligomers (PPMOs) were described to inhibit 
the expression of NDM-1. In vitro analyses revealed the great 
potential of the developed molecule in restoring susceptibil-
ity to meropenem – class of carbapenem – by making bacteria 
sensitive to the drug it was resistant to. The study combined 
meropenem with PPMO and directed it against three different 
types of NDM positive bacteria; in all cases, PPMO restored 
meropenem activity and resistance was inhibited [194]. PPMO 
represents a new hope in the absence of rapid development of 
antibiotics that would show effectiveness against all resistant 
species. However, the prevalence of antibiotic resistance genes 
and its widespread progression rate poses serious pressure on 
the need for immediate global actions in the aim of fighting 
against antimicrobial resistance.

Conclusion
In this review, we have collected available data resources to 
address the knowledge regarding the blaNDM and mcr-1 and 
mcr-2 genes resistant to last-resort antibiotics carbapenem 
and colistin respectively. Resistant genes do not recognize 
geographical and ecological borders; the widespread of these 
genes is increasing at a rate that exceeds development of po-
tential drugs effective against corresponding infections. Con-
sequences include failure to successful treatment and therefore 
prolonged illness and increased mortality rate. A collaborative 
network to support surveillance of antimicrobial resistance, 
development of low-cost diagnostic tools along with other me-
dicinal interventions are required for improved assessment and 
containment of the situation. Moreover, a global action plan to 
limit inappropriate use of these drugs in food, agriculture, and 
animal farming to restrict the further progression and transfer 
among different species.
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