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Review Article

Super drug resistance (PDR / EDR) in microbial strains has been a
continuous phenomenon in nosocomial and miscellaneous infections. The
load of these bugs has inflated over worldwide. Microbes evolve such
phenomena involving mutational processes, hyper performance of
pumping out systems, synthesis of secretory saccharides,
bioaccumulation and directed flagella based shifting resulting out of hypo-
doses of drug stimulation. Further, the prevalence of Enterobacteriaceae
member strains has been witnessed producing Extended Spectrum (-
Lactamases (ESBLs) and Carbapenemases. Drug resistance in viral
entities has also posed challenge for public health programs. About 20%
people die of viral hepatitis in one of Pakistan provinces. A counter
malarial acrine drug is being tried against proteinaceous infectious
particles (causing many transmissible neuro-diseases). These
epigenetical agents have been a source of concern for our planet
regarding food safety issues (e.g. infected meat). No doubt, man has
made significant achievements in effective and neo-antimicrobials
research, one wonders why not a single infectious agent has been
completely knocked out. Our group has been focusing on ascertaining the
basis of antibiotic deferring processes acquired by (indigenous) clinical
strains. Accordingly, sub-lethal doses of the drug result in development of
hyper-resistances. The bacteria have evolved the molecular genetical
basis (and other parameters) for acquiring the resistance. For the
containment and eradication of globally evolving MDR bacteria, it is
crucial to understand and implement certain strategies/agents such as,
probiotics, CRISPRs, bacteriophages, nanotechnology and
phytochemicals.

Keywords: Super drug resistance, ESBLS, antimicrobial drugs, sub-lethal
drug induced resistance, crossed resistance.

INTRODUCTION

Antibiotics constitute naturally occurring
antimicrobials or metabolic products of bacteria and
fungi. These substances reduce competition for
nutrition and space. The microbes that produce
antibiotics  include  Streptomyces, Bacillus,
Penicillium, Cephalosporium spp (Sethi et al,
2013). Residues of tetracycline were traced in
Homosapien skeletons in pre-historic Sudanian
Nubia (350-550 CE). The drug presence in bones
is only possible after post exposure to tetracycline-

laced material(s) in the diet of the ancient people.
The exposition to antibiotics during pre-antibiotic
period has been seen out of cures opted for
complementary drugs with particular reference to
Chinese medicine. The historic narrative of drug
deferring genetic factors may be explained via
phylogeny and that could suggest the longer period
sustenance of varied resistance genes even prior to
drug era. Phylogenic bases of metallo-beta-
lactamases and serine proteases suggested the
origin of these enzymes earlier than two thousand
million years and quite a few serine B-lactamases
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were similarly located on extra-chromosomal
elements. The initial approaches of Paul Ehrlich
met with sulfa discovery success (e.g. Prontosil)
and was subjected to testing (by Gerhard) for the
counter of microbes. Infact, Prontosil acted as
precursor for furthering the activated compounds
(Aminov, 2010).

The “antibiotics era” began with Paul
Ehrlich and Alexander Fleming (the Laureates).
“Magic bullet” concept was floated by Ehrlich that is
targeting selectivity (of microorganisms that cause
diseases instead of the cells of the host) by Aniline
and other dyes. Sexually transmitted diseases
(STDs) (like syphilis) was cured (with low efficiency)

1940
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using salts of mercury but also leaving behind the
bad effects. Further, Salvarsan & Neosalvarsan
(with low toxicity) constituted the drugs of choice till
“penicillin” took their place during 1940s (Marketed
by Hoest) (Pelczar et al., 1986). Selman Waksman
coined the word “antibiotics” as a chemical
substance produced by microbes that suppresses
or kills other microorganisms. He was responsible
for the disclosure of Streptomycin (Davies &
Davies, 2010). About 80% of antibiotics have been
extracted from Streptomyces (Barka et al., 2016).
A precise scheme for the historical development of
antibiotics is shown in figurel.

1980 2000

Sulfonamides 193&]
B-Lactams 1938
Aminoglycosides 19346

Ampheanicols 1948
Polymyxins 1950
Macrolides 1951
Tetracyclines 153]52_
Ritamycins

Glycopeplides 1958 |
Quinolones 1968|

Streptogramins 1999]
Oxazolidinonas 2000
Lipopeplidas 2003
Pleurcmutilins 2007
Macrolactones 2011
Diarylquinolines 2012

Fig. 1: Development of antibiotic era (Fair and Tor, 2014)

Antibiotics should be soluble, show tissue
stability with selective / stable toxicity, non-
resistance acquisition, normal shelf life, not showing
allergy and be cost effective. Antibiotics should be
exclusively (possibly) toxic for bacteria (with

bactericidal or bacteriostatic activities) but be
patient friendly (Tortora et al., 2004; Gould, 2016).
Antibiotics are usually grouped on the basis of their
strategy to encounter bacteria. Various classes of
antibiotics are listed in Table I.

Table I: Various classes of antibiotics on the basis of their mechanism of action (Nelson et al., 2019)

Mechanism

Class of antibiotic

Selected drug examples

Inhibitors of cell wall synthesis (beta-lactams)

Disruptors of cell membranes
Nucleic acid synthesis inhibitors

Protein synthesis inhibitors

Folic acid synthesis inhibitors

Mycolic acid synthesis inhibitors

Penicillins

Cephalosporins
Carbapenems
Monobactams

Vancomycin

Bacitracin

Polymyxins

DNA synthesis inhibitors
RNA polymerase inhibitors
30s subunit—aminoglycosides
Tetracyclines

50s subunit—macrolides
Chloramphenicol
Lincosamide
Sulfonamides/Trimethoprim
Pyrimethamine

Isoniazid

Penicillin G, Methicillin, Ampicillin
Cefalotin, Cefaloxin, Cefotan
Ertapenem, Meropenem,
Aztreonam

Vancomycin

Bacitracin

Polymyxin B, Polymyxin E
Nalidixic Acid, Ciprofloxacin
Rifampin

Gentamicin, Streptomycin
Tetracycline, Doxycycline
Erythromycin, Clarithromycin
Chloramphenicol

Clindamycin

Sulfamethoxazole, Trimethoprim
Pyrimethamine

Isoniazid
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Some factors should be taken into
consideration while deciding to opt for an
antibiotics: (1) Where did the patient fall ill (travel or
exposurel), (2) Anatomical origin of the infection
(and spread thereafter) and the causative agent, (3)
Recent antibiotic therapy of the patient, presence of
underlying diseases, hospital flora, culture data
(current and past), (4) Risk for drug resistant
pathogens, antibiotics administered within last 90
days and presence of risk factors for resistance, (5)
Current  hospitalization of =5 days, (6)
Immunosuppressive disorders / or therapy (Gidal &
Barnett, 2018).

After the discovery of antibiotics in 1929,
they have been extensively adopted in animals and
human medications to hamper bacterial ailments.
Their superfluous use has necessarily escalated the
degree of resistance in bacteria globally (Ali et al.,
2018). The relevant figure of deaths are frightening,
touching upto 50,000 fatalities per annum in Europe
and USA (Simlai et al., 2016; Jansen et al., 2018).
The extensive use, discriminative pressure and
injudicious application of antibiotics is mainly
responsible  for discriminating evolution  of
pathogenic and non-pathogenic bacteria defiant to
presently used antibiotics, thus causing widely
distribution of resistance genes in the environment
(Tello et al.,, 2012; Nitsch-Osuch et al., 2016).
Antimicrobial defiance or resistance has evolved
into an international issue, after the first
communiqué of its first emergence in Pakistan,
India, the United States, United Kingdom, Japan
and Canada (Rios et al.,, 2016). This antibiotic
defiance can takes place in various fashions relying
mainly upon attained and discriminative genetic
alterations or infusion of foreign genes. Many
processes of resistance have surfaced recently,
containing modification of drug target (e.g. DNA
gyrase), inhibition of quinolones (by aminoglycoside
N-acetyltransferase), enhanced efflux (outflow of a
drug from bacteria), preservation of target by DNA
fastening peptides (Qnr family), and hindrance of
30S component of ribosome (by aminoglycosides)
(Redgrave et al.,, 2014; Munita & Arias, 2016;
Kapoor et al., 2017). Few of such alterations were
previously determined like, change in the chemical
structure of antibiotics (Alekshun & Levy, 2007),
reduction in the conc. of antimicrobial at the spot of
its activity (Gonzalez-Bello, 2017; Willers et al.,
2017), alterations in the targets of antibiotics
(Sieradzki & Markiewicz, 2004), and changes in
membrane permeability (Hao et al., 2018). Some
processes of reduced permeability in P. aeruginosa
do not comprise expression of porins instead of
surface alteration which are linked with Polymyxin B
resistance (Falagas & Kasiakou, 2005). Activity of
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antimicrobials  like  Penicillins,  Tetracyclines,
Macrolides and Glycopeptides may also diminish
because of their altered targets (Poehlsgaard and
Douthwaite, 2005; Wu et al., 2005).

Resistance has necessarily been expended
in Gram negative bacteria and Gram positive
bacteria as a result of discriminatory stress of
antibiotics in 20 years. Such broadened resistance
is absolutely important for healthcare system
(Lautenbach et al. 2001; Evans et al., 2007; Patel at
al., 2008; Gasink et al., 2009; Hu et al., 2010;
Tumbarello et al., 2012; Pouch et al., 2015; Thaden
et al., 2017). In the widest view, knowing the
antibiotic resistance systems can illustrates the
surge of antibiotic resistance and its dissemination.
The knowledge of resistance mechanisms is
essential for pharmaceutical industry because
various new gents have surfaced to bypass
resistance  mechanisms in  bacteria. Their
application in combo with antibiotics will be crucial
to prevent antibiotic resistance (Marshall et al.,
2017). This review article is aimed to elaborate the
evolution of drug resistance, antibiotic resistance
mechanisms in Gram negative and Gram positive
bacteria and the possible solutions and novel
strategies (new antimicrobials) to minimize the
degree of resistance.

Antibiotic resistance mechanisms and evolution

Living organisms have the tendency to
adapt and obviously bacteria cannot be left out.
Antibiotic resistance has been regarded as a major
risk to well being of mankind during the ongoing
century by the World Health Organization.
Approximately, 7 lacs lose their life every year out
of diseases caused by antibiotic resisting microbes
and many more contracting infections. Antibiotics
presence allows super-bugs to flourish. A common
reason responsible for the evolution of drug
resistant strains includes rapid frequency of non-
induced mutations. Such mutants are selective for
some drugs (Fair and Tor, 2014). Misuse, overuse
and over the counter procurement of antibiotics in
the agricultural and medical areas are responsible
to the problem related to the antibiotic resistance. It
is supposed that 70% of pathogenic bacteria are
now resistant to at least one or more antibiotics
(inclusive of our study) (Rasool et al.,, 2019).
Various mechanisms of drugs and their targets in
bacterial cells are depicted in fig 2.
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Fig. 2: A simplified presentation of various approaches of antibiotics activity (Etebu and Arikekpar, 2016)

Multi-drug resistant organism is described
as having attained resistance to an antibiotic in 3 or
>3 antibiotic groups (Magiorakos et al., 2012).
Extensively drug resistance is described as
sensitivity to a minimum of 1 antibiotic in total or <2
antibiotic classes (i.e., bacteria stay sensitive to at
least 1or 2 antimicrobial classes) (Magiorakos et al.,
2012; Eichenberger and Thaden, 2019). This term
is referred as resistant to all antibiotics in all
antibiotic classes. These types of bacterial strains
have acquired the ratio of resistance that actually
none of the antimicrobial choices are offered to cure
them (Magiorakos et al.,, 2012). The resistant
microbial strains carry on multiply themselves that
end up in toto resistant clones. A fast track
enhancement of drug resistance is caused by
mutational process and pressure oriented evolution
(Anthony et al., 2010).

Misuse-excessive use of antibiotics leads to the
emergence of resistant clones. It is possible that such
drugs are prescribed which stand ineffective against the
common flu viruses. Such drugs also wipe out the
resident normal flora. While, resistant opportunistic
bacteria could sustain and continue to multiply. Tertiary

care facility centers may act as “reservoir” to cater the

resistant strains. Hospital is a place and paradise where
resistance can develop rapidly. The human communities
exist with unhealthy status; enhanced clustering of
microorganisms and a bulk of them are extreme
pathogens (Rasool, 2016). Considerable amounts of
different antibiotics are constantly in use. Antibiotic
resistance can be transferred by bacterial swapping
genes. This can be easily accomplished in a hospital
setting. Health care workers (who don’t observe infection
control norms) also promote the drug resistance.
Plasmids containing genes for resistance can integrate
into the chromosome and form resistance islands. These
genes accumulate and are stably maintained and
transferred (also possess the tendency of jumping)
(Davies, 1994).

Bacteria exploit several mechanisms to acquire
antibiotic-resistance e.g. inactivation of the antibiotic,
outer membrane permeability barrier, efflux pumping of
the antibiotic, modification of the antibiotic target(s),
alteration of the pathway etc. (Casson and Giordono,
2009; Maviglia et al., 2009). Many resistant bugs follow a
scheme (fig 3) to render the drugs ineffective.
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Fig. 3: Mechanisms of acquisition of antibiotic resistance (Peterson and Kaur, 2018)

Antibiotics get inactivated

Enzymes are responsible for breaking
down of the drugs e.g. B-lactamase which is
released in the space between cell wall and cell
membrane and destroys the drug as it follows its
targeted locations (Zeng and Lin, 2013).
Reportedly, >190 variants of beta-lactamases exist
e.g. specific for Escherichia coli and
Staphylococcus. aureus etc. referred as extended
spectrum B-lactamases (ESBLs) e.g. TEM, SHV
and CTX-M, and carbapenemases. These enzymes
are subjected to disrupt beta-lactam ring of beta-
lactams (Rasool, 2016; Farzana et al., 2013).
AmpC cephalosporinase encoded by chromosome
in Acinetobacter baumannii and has ability to
breakdown cephalosporins. A. baumannii also
produce oxacillinase (OXA-51) which disintegrates
carbapenem and penicillins (Corvec et al., 2003;
Turton et al, 2006). Procurement of
carbapenemases (OXA-23, OXA-40 and OXA-58)
has been witnessed on plasmids, transposons
(Tn2006 and Tn2007) and chromosome in A.
baumannii and is responsible for hospital acquired
outbreaks globally (Poirel & Nordmann, 2006;

Corvec et al., 2007; Pairel et al., 2010; Olaitan et
al., 2013; Merino et al, 2014). Other
carbapenemases like KPC, SIM, VIM, NDM and
IMP has also been reported in such bacteria. Over-
expression, inherent occupation and gaining of
antibiotic degrading enzymes like AmpC through
conjugation grant antimicrobial defiance in P.
aeruginosa (Potron et al., 2015; Emily and Joshua,
2019). PSE-1 and PSE-4 (Pseudomonas specific
enzyme) confer resistance only to Pseudomonas
limited penicillins, While GES-1 and 2 (Guiana
extended spectrum), PER-1 (Pseudomonas
aeruginosa RNL-1) and VEB-1 (Vietham extended-
spectrum beta-lactamase) contribute in resistance
against monobactams and cephems in addition to
Pseudomonas limited penicillins but are inefficient
against  carbapenems.  Metallobetalactamases
(MBLs) like SPM (Sao Paulo metllo beta-
lactamase), IMP, VIM (Verona Integron-borne
Metallobetalactamase) and GIM  (Germany
imipenamase) can destroy all beta-lactams.
Aminoglycoside modifying enzymes (AMES) are the
major cause of resistance against aminoglycosides
in Enterobacteriaceae family (Table 2) (Nordmann



6 S.A. RASOOL ET AL

& Pairel, 2002; Rossolini & Mantengoli, 2005; Bush,
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2010).

Table: 2 Nomenclature and classification (modified) of beta-lactamases (Jacoby, 2006)

Ambler Class f-Lactamases  Active Site Agent Examples Substrates
PSE Penicillins
A Penicillinases Serine TEM, SHY, CTX-M, VER, Fenicilling, 3rd generation
o ’ PER, GES cephalosporing
KPC, SME, IMINMC-A All plactams
' IMF, VIM, NDM, 5I'M, All B-lactams, except
B Metallo-p-laclamases Fine CIM monohactams
— » Cephamyqins, 3rd
C Cephalosporinases Serine AmpC generation cephalosporins
All pelactarms, though class
B Oracillinases Sering OXA D enzymes have highly

variable spectra of activily

Abbreviations: CTX-M, active against cefotaxime (CTX) and isolated in Munich (-M); GES, Guiana extended spectrum;
GIM, German imipenemase; IMF, active on imipenem; KPC, Klebsiella pneumoniae carbapenemase; NDM, New
Delhi metallo-p-lactamase; NMC, not metalloenzyme carbapenemase; OXA, oxacillinase; PER, Pseudomonas
actuginosa RNL-1; PSE, Pseudomonas specific engyme; SHY, sulfhydrl reagent varable; SME, Serratia marcescens
enzyme; SPM, Sao Paulo metallo- § lactamase; VEB, Vietnamese extended-spectrum f-lactamase; VIM, Verona

integron-encoded metallo-f-lactamase.

Efflux pumping of drugs

Such systems are active ousting watch-outs and
need ATP. These pumps exist in the microbial cell
membrane and the outer most layer of Gram-negatives
bacteria. Such ousting maintains the drug level well
below which will be toxic for bacterial cells. Genetic
factors that regulate ousting systems are located on extra
chromosomal genetic elements (e.g. Transposons,
Insertion sequence (IS) elements and plasmids). Some of
these DNA elements carry out “flip flop” activities i.e.
mobilize themselves to new locations along the cellular
genome of a single cell (Hurdle et al, 2011).
Transposons are horizontally transferred to susceptible
bacterial cells. Insertion sequences are also instrumental
in resistance spread (Lix & Nikaido, 2009). Pseudomonas
aeruginosa strains have different types of efflux pumps,
(some are responsible for beta-lactam resistance). For
example MexAB-OprM system when over expressed
provides resistance against monobactams, ticarcillin,
cefepime and some carbapenems (Keith, 2011; Pan et
al., 2016). Efflux systems patrticipate in the development
of MDR P. aeruginosa and other Gram negative bacilli.
Multidrug efflux pump was also identified in M.
smegmatis (Lix & Nikaido, 2009; Ankita et al., 2016).

The antibiotic producer microbes possess self-
immunity systems e.g. transmembranous proteins flush
out the denovo synthesized antibiotics in order not to
allow their accumulation (a musical chair like activity).
Otherwise, it would be a self-suicidal activity. Genes

responsible to code for the efflux mechanisms are
connected with the ones coding for the antagonistic
metabolites. Actually, antibiotic synthesis genetic factors
are switched on concomitant with the pumping genes i.e.
the two systems are switched on simultaneously (Lix &
Nikaido, 2009; Li et al.,, 2015). In Enterobacteriaceae,
modified porin proteins and efflux pumps are also
responsible for carbapenems resistance in addition to
carbapenemases. AcrAB-TolC pump reside in the
resistance-nodulation-division (RND) family of efflux
pumps and is a powerful resistance mechanism against
betalactams, fluoroquinolones, tetracyclines and
macrolides. Enhanced regulation of efflux pump further
strengthens the resistance mechanism (Goessens et al.,
2013).

Outer membrane (OM) permeation gate(s)

A number of microbes decrease membrane
permeation to keep the drugs out. They switch off
synthesis of porins along with miscellaneous
membrane products e.g. as witnessed in
streptomycin, tetracycline and sulfa-drug
formulation resistance as the genes controlling
porins undergo mutations. p-lactams (small water-
soluble antibiotics) may have access to the cell
interior through porins such as OmpF in E. coli and
OprD enclosed in the OM of aeruginosa.
Modifications in lipids and the porin proteins are
responsible for antibiotic resistance by bacteria
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(denEngelsen et al., 2009; Jose and Cesar, 2015).
OprD grant access to basic amino acids and
carbapenems through the outer membrane.
Deprivation or impairment of OprD delivers
resistance against meropenem and imipenem.
Enhanced repression together with the impairment
of OprD (due to mutations) yields resistance to
carbapenems, quinolones, ureidopenicillin,
ceftazidime, tetracyclines, carboxypenicillin and
chloramphenicol  (Livermore, 2001). Mutated
OmpK35 and OmpK36 in conjunction with
carbapenemases enhance the carbapenem
resistance in representatives of Enterobacteriaceae
(Cornaglia et al., 1995 Livermore, 1995).

Antibiotic receptors or targets are modified

Bacterial modification of drug receptors
takes place for slipping out. A changed structuring
of the receptor is ensured (while still functioning). It
is achievable by mutating the genetic factors that
code for the receptor protein or by a borrowed gene
responsible for the changed receptor e.g. Staph.
aureus that resist methicillin, analogous to penicillin,
bound proteins which act as the attempted locations
(Livermore, 2003; Monserrat-Martinez et al.,
2019).The mode of resistance against methicillin
depends upon chromosomal cassette SCCmec
including mec A which is responsible for PBP2a
with decreased binding capacity to beta-lactams.
SSCmec IV and V are the variants with deficient
resistance to various antibiotics and are reported in
community acquired MRSA (DeLeo and Chambers,
2009). Betalactam resistance in Streptococcus
pneumoniae is also linked with change in cpoA,
murM and pdgA which produce glycosyltransferase,
murein and GIcNAc respectively (Hakenbeck et al.,
2012). Vancomycin resistant Enterococci (VRE)
harbor vancomycin resistance genes clustered on
transmittable and non-transmittable plasmids and
transposons (Tn3 and Tnl546). The enzymes
encoded by the these genes alter the last D-Alanin-
D-Alanin peptidoglycan precursor (Courvalin, 2006;
Kelley et al., 2015). Linezolid resistance is
attributed by mutations in the domain V of central
loop in 23rRNA of E. coli (Marshall et al., 2002).
Flouroquinolones resistance mediated by their
mutated targets (gyrA for topoisomerase IV and
parC for DNA gyrase) has been disclosed in P.
aeruginosa (Kato et al., 1992; Morais Cabral et al.,
1997; Akasaka et al., 2001).

Bacterial ribosomes constitute the basic
targeted locations for the incoming drugs (varied
drugs modify ribosomes differently). Of course,
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rRNA modification results in acquiring the
resistance. Some organisms exploit target
modification along with efflux pumps (such
resistance is fairly effective) (Livermore, 2003; Doi
et al., 2016). Aminoglycoside resistance in P.
aeruginosa is favored by the mutations in 16S rRNA
(e.g. ArmA, RmtA and RmtD for 16S rRNA
methylase) (Yokoyama et al., 2003; Doi et al., 2007;
Gurung et al, 2010). Mutations in phoPQ and
pmrAB are accountable for the altered LPS which
promot colistin resistance (Olaitan, et al., 2014).
Moreover, polymyxin/colistin resistance can be
passed on between bacteria through plasmid
bearing mcr-1 gene leading to altered target hence
reduces the affinity between polymyxin and its
target (Sun et al., 2018).

Altering the pathways

Some antimicrobials competitively  disrupt
metabolic cycles of microbes. Microorganisms may seize
such approach through opting a substitute metabolic
cycle. Approximately, seven percent of Staph. aureus
chromosome comprises of genetic factors reserved for
resistance to drugs. The non-pathogenic B. subtilis
carries no such genes. A number of methicillin resistant
Staph. aureus (MRSA) genes (conferring particular
resistance) are reported (linked to varied resistance
logistics) e.g. beta-lactamase and erythromycin
resistances, synthesis of aminoglycosides along with
efflux pumping systems being switched on (Canu et al.,
2002).

Methicillin  resistant S. aureus (MRSA),
Vancomycin resistant S. aureus (VRSA) and
Vancomycin resistant Enterococci (VRE)

Quite regularly, clinically threatening microbes
are seen offering resistance to drugs. Consequently,
MRSA and VRSA carry hyper-virulence for humans (as
professional pathogens). MRSA and VRSA carry
abundant resistance genes (with >25 extra gene
crowding on plasmids that have the tendency to flip-flop).
Several antibiotic-resistant bacteria are considered
dangerous. MRSA and VRSA resistance pockets are
present in Staphylococcus aureus and others.
Vancomycin resistant Enterococci (VRE) strains share
about 90 percent of total microbes that offer resistance to
vancomycin (Kehrenberg et al.,, 2005). Furthermore,
aminoglycoside, methicillin resistance and macrolide
genes on plasmid have been noticed in association with
exfoliative toxin B gene on single plasmid of MRSA
(Hisatsune et al., 2013).


https://www.mdpi.com/search?authors=Ana%20Monserrat-Martinez&orcid=
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hisatsune%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
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Relevant Researches at our end

Antibiotics at sub-inhibitory concentrations
promote/induce mutations, cross-resistance
and biofilm formation

Drug resistant bugs are steadily increasing
on the global basis. Drug resistance stimulation by
hypo-toxic levels of ampicillin can be the outcome
of mutational rounds, cross resistance and
adaptation to keep on surviving at intermediate
level ampicillin. Research at our lab revealed about
16% E. coli and 17% Salmonella spp., (both of
clinical origin) did develop irreversible ampicillin
resistance (often their parent isolates were
gradually treated to ampicillin of hypo-toxic levels.
The percentages of E. coli strains and Salmonella
spp., (out of the same lot of isolates) that opted
adaptation to intermediate resistance concentration
of ampicillin was approximately doubled. The
biofilm formation (fig 4) by the non-reversible
resistant, at various concentrations of ampicillin was
also detected by scanning electron microscopy
(SEM). Accordingly, sub-lethal concentrations (0.25
to 4 ug/ml) of ampicillin should be avoided because
such exposure may enable bacteria to adapt to
higher concentrations of ampicillin and provoke
bacteria to develop cross resistance.

Fig. 4: Biofilm formation (E. coli) seen by SEM, 2016;
Hoiby et al., 2010)

Detection of plasmid mediated bla-TEM ESBL
genein E. Coli

Plasmids were isolated (miniprep method)
from 47 selected ESBL producing E. coil and
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subjected to PCR for the amplification of bla-TEM 1
(a type of ESBL gene), twenty nine (62%) plasmid
preps showed about 848 bp amplified DNA product
(bla-TEM 1) in agarose gel electrophoresis (fig 5)
and were sequenced (fig 6) (Hoiby et al., 2010;
Rasool, 2016).

848 bp

Fig. 5. Agarose gel electrophoresis of PCR product of
ESBL enzyme gene (bla-TEM 1) (Rasool, 2016)

Key: Lane 1: 1 Kb Marker; 2, 3, 6, 7, 8: Amplified
bla-TEM 1 gene PCR product

>160113-30_G12 6 TEM-1Aabl (Length 843bp)

TCGTCACCGCTCCTGCGGCATTTTGCTTCCTGTTTTTGCTCACCC AGAAA
CGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGT
TACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCC
CGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGITCTGCTATGTGGCG
CGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATA
CACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCA
TCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCA
TGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCG
AAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCT
TGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTG
ACACCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACT
GGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGA
GGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCT
GGATTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATC
ATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTITATCTA
CACGACGGGGAGTCAGGCGACTATGTATGAACGAAATAGACAGATCGCTG
AGAAGGGCCCACAAAAAATAAAAAAAAAATTTTTTTTTTIGIG

Fig. 6: Sequencing of bla-TEM gene

By BLAST (NCBI) nucleotide sequence analysis of
bla-TEM 1 gene (Fig. 6) indicated the identity (95-
99%) with bla-TEM-116 gene (Rasool, 2016).

Contributing factors and possible solutions
Misuse and abusive usage of antimicrobial

drugs have been a tremendous source for the

evolution of drug resistant bacterial strains. Further,
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noncompliance of nosocomial infective incidence
containment guidelines, uneasy access to novel
drugs and rapid easy global travel facilitation
(turning the world into a global village) also
contribute to infection spread outs (reportedly, 20%
infections are contracted during air travel) (Wang et
al., 2019). Super-infections are promoted as a
result of excessive use of wide spectrum drugs (e.g.
cephalosporins). Pathogenic strains fall into places

(a) (b)
infection through
fecal-oral route
drug
circulates

normal flora important

to maintain intestinal drug destroys
balance normal flora
giving pathogen
potential pathogen an opportunity
resistant to drug but to grow

unable to grow because
of inhibition by normal
microbial flora
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where from usual or sensitive microorganism would
be eliminated (fig 7). Infact, the infected persons
are compromised by the antibiotics (e.g. GIT
resident Cl. difficle may cause pathogenic
superinfection). This anaerobic pathogen has
acquired antibiotic resistance over the time and
causes diarrhea (a tough clinical condition to
handle) (Rasool & Ajaz, 2017).

(c)

super-
infection

pathogen grows
and produces
increased
infection and
disease

Fig. 7: Knock out of normal flora allures pathogens for dominance (Anthony et al., 2010)

New targets for antimicrobials

Comparing the metabolism cycles of
resident flora and microbial pathogens with the
antibiotics that target them could facilitate and
indicate the new antibiotics / targets in pathogenic
strains. The drug phosphonosulfonate lowers the
human cholesterol (targeting squalene synthase)
and inhibits the Staphylococcus aureus virulence
contributing enzyme dehydrosqualene synthase
(Gao et al., 2017). Novel staphyloxanthin inhibitors
(with improved potency against MRSA) have been

reported. Nanotechnology against drug resistant

bacteria and material probiotic (human breast milk)
supplementations are best choices. Other potential
areas in microbial metabolism constitute fatty acid
anabolism, cellular multiplication, synthesis of
aminoacyl-tRNAs, protonic motive force (PMF),
signal transmission sensing of quorum etc.
Combined therapeutic approach involving coupled
action of drugs along with antibiotics vitiating
bacteriophage, is a confident and encouraging
encounter approach for resistant bacteria (Ni et al.,
2018).

Probiotics-postbiotics
The live microorganisms and their exclusive
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products (enjoy GRAS rating) offer health benefits to
the host. These living microbes exhibit their
survivability along with attachment to mucous
membrane of the gut with transient bioclustering.
They effectively encounter the bugs of vast variety in
medical-clinical therapeutics (challenged by rapidly
emerging MDR / XDR microbial strains). A number
of studies involving probiotics (such as
Saccharomyces  boulardii  and  Lactobacillus
rhamnosus GG) have indicated a considerable
reduction in >50% of antibiotic related diarrhea.
Lactobacilli reuteri (producing reuterin) and species
of Bacillus have been exploited as probiotics against
pathogenic Vibrio spp. Reuteri also acts against
miscellaneous microbial infections (Rasool et al.,
2018). Reuterin carries an extended antimicrobial
spectrum of bioactivity that downgrade the release
of “proinflammatory” cytokines. It obstructs
adsorption/adherence, to limiting the crowding of the
pathogenic bacteria. Bacteriotherapy with L. reuteri
helps to curer rotavirus gastroenteritis also.
According to recent studies human breast milk has
been found to have extended antimicrobial action
over MDR pathogens (with possible anticancer
activity as well). Recently, ludgunensis (resident of
nostrils) produces ludgunin (bioacative peptide)
which shows antagonistic action against MRSA and
many other MDR strains (Simpson et al., 2015;
Rasool and Ajaz, 2017; Kerry et al., 2018).

A strong link exists between livestock and
human population. Vaccines should be preferred for
animals to avoid resistance against antibiotics.. Field
livestock and others are given to feed along with
about 80 percent of drugs within the USA that are
fed to humans. So is the case with poultry that
needs to be antibiotic free industry. Alternatively,
powerful commissions may draw the line between
the antibiotics for poultry and farm animals and such
antibiotics must not be prescribed for the human
pathogenesis intervention (w.p.r. to developing
countries). Instead of antibiotics phytochemicals can
be used alternatively for the enhancement of poultry
and livestock (Lillehoj et al., 2018). Education for
credible vaccines development (vaccines are
alternative to antibiotics) is essential. Vaccines are
all and always effective but not the antibiotics.
Marine microorganisms (algae, sponge and
cyanobacteria) are rich source of bioactive
compounds against human pathogens. Sidr honey is
used against virulence genes of MRSA (inactivation
of cva and spa genes) (Newman & Cragg, 2007).
Similarly, biofilm formation on gallstone by S. typhi
was deferred by Manuka Honey (Hannan et al.,
2018). MDR reversal activity by a rare
dimericnaphthoquinone from Diospyros lotus was
reported. Bioactive phenozine from Ps. aeruginosa
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against clinical isolates has been recorded (Gao et
al., 2017).

CRISPRs

Clustered regularly interspaced short
palindromic repeats (CRISPRs) are adjusted
defence mechanism acquired from bacteria.
CRISPR-Cas scheme uses RNA for target DNA
identification and enzyme (Cas) for successive
degradation of nucleic acid. This technique has
antimicrobial activity and is now being applied to
selectively destroy microorganisms and especially
multidrug resistant bacteria (Sorek et al.,, 2013;
Bikard et al., 2014; Gomaa et al., 2014; Hsu et al.,
2014). Recently, genetically modified
bacteriophages and nanoparticles are being
practiced to dispence CRISPRs (Yan et al., 2015;
Shen et al.,, 2018). However, some studies have
revealed that resistant Shigella and K. pneumoniae
may lessen the effect of CRISPR-Cas (Oliveira
Santos et al. 2018, Chen et al. 2019). Recently, a
successful study has been conducted to handle
carbapenem resistant K. pneumoniae by two
efficient novel DNA editing mechanisms like
pCasKP-pSGKP and pBECKP. Both mechanisms
could help in the cure of carbapenem resistant
bacterial infections (Wang et al., 2018).

Nanotechnology to tackle multidrug resistant
(MDR) bacteria

Nanotechnology is a crucial approach to
formulate novel antibiotics because it employs
nanometric-sized substances with tremendous
affinity for the bacteria and compounds with
enhanced bioavailability and absorption, improved
muco-adherence, quick entry of drug into the cell.
They may generate regulated discharge systems for
encapsulated or surface ligated drugs delivery (Zaidi
et al.,, 2017; Jamil and Imran, 2018). A recent
progress in nanotechnology is the use of silver that
influences the respiration of bacteria and stimulates
the production of reactive oxygen species (ROSs).
Such nanoparticles can be applied in combination
with antibiotics to modify cell wall synthesis and
disintegration (Shahverdi et al., 2007; Kumar et al.,
2018). Moreover, nanoparticles have proved
promising treatment of infections as they can
approach sites of microbial colonization (Zaidi et al.,
2017).

Nanocages are small, emptied and
absorbent chemical frameworks that are valuable in
drug transit and distribution. They may be
composed of polymers, metals and proteins having
considerable strength to destroy MDR bacteria as
better attachment, enhanced systemic circulation
and aggregation at the site of infection (Wang et al.,
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2016; Meeker et al., 2018). Gold nanocages have
confirmed the bactericidal activity against S. aureus
when injected locally and systemically (Wang et al.
2018). Apoferritin nanocages enclose streptomycin
and deliver it at the site of infection (Ruozi et al.
2017).

Bacteriophages

They have the capability to encounter
resistant bacteria hence are crucial substitute of
presently used antibitics (Hagens & Loessner, 2010;
Summers, 2012). Practices of phage for the
treatment and eradication of MDR bacterial
infections have been approved by Euorpean
Medicines Agency (EMA) and Food and Drug
Administration (FDA) (Rios et al.,, 2016). The
combined strategy is potentially advantageous that
is the use of designated phages to dispense
CRISPR-Cas in bacteria to abolish MDR-bacteria
(Balcdo and Vila, 2015). Various companies have
produced such systems including Eligo Bioscience
and Locus Biosciences. Current advancement in
biotechnology has improved the capacity to invade
biofilms, enhance the phage efficiency, increased
host range of phages and rendered a phage more
specific and durable (Maura & Debarbieux, 2011,
Rios et al., 2016; Harada et al., 2018).

Phytochemicals

Phytochemicals are plant derived
biologically active chemicals having potential to
reduce the evolution of drug resistance in bacteria
(Rossiter et al., 2017). Encompassing the all
possible choices, phytochemicals have found more
potential to encounter drug resistant bacteria. They
have antifungal, antioxidant and antibacterial effect
and potentiate the ancient antibiotics to evade drug
resistance and hence can be recovered for clinical
use again (Barbieri et al., 2017). Piperine, an
alkaloid, can reduce  minimum inhibitory
concentrations (MICs) of ciprofloxacin and kill the
Staphylococcus aureus when use synergistically
with ciprofloxacin (Khan et al., 2006). Similarly,
piperine in combo with gentamicin can cure MRSA
inflicted infections (Khameneh et al., 2015).
Dictamnine, maculine and kousagine (Quinoline
alkaloids) has demonstrated immense antimicrobial
activity (Lin et al, 2006; Kuete et al., 2008).
Respiration inhibition with decreased oxygen
utilization is attributed by Alkyl methyl quinolones
(Tominaga et al, 2002). Synergistic use of
Reserpine  with  antibiotics increases the
antimicrobial  effect on  Microcccus  spp.,
Staphylococcus spp., and Streptocccus  spp.,
(Abdelfatah et al., 2015; Sridevi et al.,, 2017).
Further, it inactivates efflux pumps like AdeABC in
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MDR A. baumannii and makes this bacterium
sensitive (Jia et al, 2015). Sanguinarine is
potentially effective against MRSA. It can cause the
discharge of cell wall autolytic enzymes
consequently, disruption of the cell. Moreover, under
electron microscopy modifications in the pattern of
septum synthesis were observed (Obiang-Obounou
et al., 2011; Vandevelde et al., 2016).

CONCLUSIONS

The super drug resistant bacteria are on
high emergence. They have evolved and acquired
multiple strategies to conferment the effects of
antibiotics. Therefore, the application of new
systems and methods to evade MDR bacteria is
mandatory, as scarcity of new drugs and consistent
evolution of resistant bacterial strains. The scenario
and various approaches explained in this review
may contribute novel ideas for eradicating MDR
bacteria. These strategies may include novel targets
for antimicrobials, use of probiotics and prebiotics,
CRISPRs, nanotechnology, bacteriophages and
phytochemicals. All these approaches have been
found effective and significant upto their extent in
excluding the emergence and evolution of MDR
bacteria.

References

Abdelfatah, S. A. and Efferth, T., 2015. Cytotoxicity
of the indole alkaloid reserpine from
Rauwolfia serpentina against drug-resistant
tumor cells. Phytomedicine., 22(2): 308-318.

Alekshun, M. N. and Levy, S. B., 2007. Molecular
mechanisms of antibacterial multidrug
resistance. Cell., 128 (6): 1037-1050.

Ali, J., Rafig, Q. A. and Ratcliffe, E., 2018.
Antimicrobial resistance mechanisms and
potential synthetic treatments. Future Sci.
OA., 4 (4), Fs0290. doi: 10.4155/ fsoa-2017-
0109

Aminov, R. I., 2010. A brief history of the antibiotic
era: lessons learned and challenges for the
future. Front. Microbiol., 134(1): 1-7.

Ankita, B., Dhriti, M., Debasish, K. and Anindya, G.,
2016. Identification of a multidrug efflux
pump in Mycobacterium smegmatis. FEMS.
Microbiol. Lett., 13(363): 1-5.

Anthony, J., Strelkauskas, J. and Strelkauskas,
D.M., 2010. Microbiology: A clinical
approach. 2" Ed. Garland Science
Publisher. South Carolina, USA. 485 pp.

Akasaka, T., Tanaka, M., Yamaguchi, A., and Sato,
K., 2001. Type Il topoisomerase mutations in
fluoroquinolone-resistant clinical strains of



12 S.A. RASOOL ET AL

Pseudomonas aeruginosa isolated in 1998
and 1999: Role of target enzyme in
mechanism of fluoroquinolone resistance.
Antimicrob. Agents. Chemother.. 45(8):
2263-2268.

Balcao, V. M., and Vila, M. M. D. C., 2015. Structural
and functional stabilization of protein
entities: state-of-the-art. Adv. Drug Deliv.
Rev., 93: 25-41.

Barbieri, R., Coppo, E., Marchese, A., Daglia, M.,
Sobarzo-Sanchez, E., Nabavi, S. F., et al.,
2017. Phytochemicals for human disease:
An update on plant-derived compounds
antibacterial activity. Microbiol. Res., 196:
44-68.

Barka, E. A., Vatsa, P., Sanchez, L., Gaveau-
Vaillant, N., Jacquard, C., Meier-Kolthoff, J.
P., et al., 2016. Taxonomy, physiology, and
natural products of actinobacteria. Microbiol.
Mol. Biol. Rev., 80: 1-43.

Bikard, D., Euler, C. W., Jiang, W., Nussenzweig, P.
M., Goldberg, G. W., Duportet, X., et al.,
2014. Exploiting CRISPR-Cas nucleases to
produce sequence-specific antimicrobials.
Nat. Biotechnol., 32 (11): 1146-1150.

Bush., K., 2010. Alarming beta-lactamase-mediated
resistance in multidrug-resistant
Enterobacteriaceae. Curr. Opin. Microbiol.
13(5): 558-564.

Canu, A., Malbruny, B., Conquemont M., Davies, T.
A., Appelbaum, P. C. and Leclercq R., 2002.
Diversity of ribosomal mutations conferring
resistance to macrolides, clindamycin,
streptogramin, and telithromycin
in Streptococcus pneumoniae. Antimicrob.
Agents. Chemother., 46(1):125-131.

Casson, M. and Giordono, A., 2009. Resistance
genes traveling the microbial internet: down
the drain, up the food chain? Expert. Rev.
Anti. Infect. Ther., 7:637-639.

Chen, S., Liu, H., Liang, W., Hong, L., Zhang, B.,
Huang, L., et al., 2019. Insertion sequences
in the CRISPR-Cas system regulate
horizontal antimicrobial resistance gene
transfer in. shigella strains. Int. J. Antimicrob.
Agents., 53(2): 109-115.

Cornaglia, G., Russell, K., Satta, G., and Fontana,
R., 1995. Relative importances of outer
membrane permeability and group 1 beta-
lactamase as determinants of meropenem
and imipenem activities against
Enterobactercloacae. Antimicrob. Agents
Chemother.. 39(2): 350-355.

Corvec, S., Caroff, N., Espaze, E., Giraudeau, C.,
Drugeon, H., Reynaud, A., 2003. AmpC

BIOLOGIA PAKISTAN

cephalosporinase hyperproduction in
Acinetobacter baumannii clinical strains. J.
Antimicrob. Chemother., 52(4): 629-635.

Corvec, S., Poirel, L., Naas, T., Drugeon, H., and
Nordmann, P., 2007. Genetics and
expression of the carbapenem-hydrolyzing
oxacillinase gene blaOXA-23 in
Acinetobacter baumannii. Antimicrob.
Agents Chemother., 51(4): 1530-1533.

Courvalin, P., 2006. Vancomycin resistance in
Gram-positive cocci. Clin. Infect. Dis.,
42(suppl 1): S25-34.

Davies, J., 1994. Inactivation of antibiotics and the
dissemination of resistance genes. Science.,
264(5157): 375-382.

Davies, J. and Davies, D., 2010. Origins and
evolution of antibiotic resistance. Microbiol.
Mol. Biol. Rev., 74: 417-433.

DeLeo, F. R., and Chambers, H. F., 2009.
Reemergence of antibiotic-resistant
Staphylococcus aureus in the genomics era.
J. Clin. Invest., 119(9):2464—-2474.

denEngelsen, C., Vander W. C., Matute A. J. et. al.,
2009. Infectious diseases and the use of
antibiotics inoutpatients at the emergency
department of theUniversity Hospital of
Leo'n, Nicaragua. Int. J. Infect. Disease., 13:
349-354.

Doi, Y., de Oliveira Garcia, D., Adams, J., and
Paterson, D. L., 2007. Coproduction of novel
16S rRNA methylase RmtD and metallo-
beta-lactamase SPM-1 in a panresistant
Pseudomonas aeruginosa isolate from
Brazil. Antimicrob. Agents. Chemother,.
51(3): 852-856.

Doi Y, Wachino, J. and Arakawa, Y., 2016.
Aminoglycoside resistance: The emergence
of acquired 16S ribosomal RNA methy
transferases. Infect Dis Clin North Am.,
30(2): 523-537.

Eichenberger, E. M. and Thaden. J. T., 2019.
Epidemiology and mechanisms of resistance
of extensively drug resistant gram-negative
bacteria. Antibiotics. 8(2): 37-40.

Emily, M. E., and Joshua T. T., 2019. Epidemiology
and mechanisms of resistance of extensively
drug resistant Gram-negative bacteria.
Antibiotics., 37(8): 1-21.

Etebu, E. and Arikekpar, 1., 2016. Antibiotics:
Classification and mechanisms of action with
emphasis on molecular perspectives. Int. J.
Appl. Microbiol. Biotechnol. Res., 4(2016):
90-101.

Evans, H. L., Lefrak, S. N., Lyman, J., Smith, R. L.,
Chong, T. W., McElearney, S. T., Schulman,
A. R., Hughes, M. G., Raymond, D. P,


https://www.ncbi.nlm.nih.gov/pubmed/?term=Davies%20TA%5BAuthor%5D&cauthor=true&cauthor_uid=11751122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Appelbaum%20PC%5BAuthor%5D&cauthor=true&cauthor_uid=11751122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leclercq%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11751122
https://www.ncbi.nlm.nih.gov/pubmed/?term=Eichenberger%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=30959901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thaden%20JT%5BAuthor%5D&cauthor=true&cauthor_uid=30959901

VOL. 65 (lI)

Pruett, T. L., et al.,, 2007. Cost of Gram-
negative resistance. Crit. Care. Med., 35(1):
89-95.

Fair, R. J. and Tor, Y., 2014. Antibiotics and
Bacterial Resistance in the 21st Century.
Perspect. Med. Chem., 2014(6): 25-65.

Falagas, M. E. and Kasiakou, S. K., 2005. Colistin:
the revival of polymyxins for the
management of multidrug-resistant gram-
negative  bacterial infections.  Clinical
infectious diseases: an official publication of
the. Infect. Dis. Soc. Am., 40 (9): 1333-
1341.

Farzana, R., Shamsuzzaman, S. M., Mamun, K. Z.
and Shears, P., 2013. South East Asian J.
Trop. Med. Pub. Health., 4(1): 96-103.

Gao, P., Davies, J. and Kao, R. Y. T., 2017.
Dehydrosqualene desaturase as a novel target

for anti-virulence therapy
against Staphylococcus aureus. mBiol., 8(5):
1-12.

Gasink, L. B., Edelstein, P. H., Lautenbach, E.,
Synnestvedt, M. Fishman, N. O., 2009. Risk
factors and clinical impact of Klebsiella
pneumoniae  carbapenemase-producing K
.pneumoniae. Infect. Control. Hosp. Epidemiol.,
30(12): 1180-1185.

Gidal, A. and Barnett, S., 2018. Risk factors
associated with multidrug-resistant
pneumonia in non hospitalized patients. Fed.
Pract., 35(1): 16-18.

Goessens, W. H., van der Bij, A. K., van Boxtel, R.,
Pitout, J. D., van Ulsen, P., Melles, D. C.,
and Tommassen, J., 2013. Antibiotic
trapping by plasmid-encoded CMY-2 beta-
lactamase combined with reduced outer
membrane permeability as a mechanism of
carbapenem resistance in Escherichia coli.
Antimicrob. Agents. Chemother., 57(8):
3941-3949.

Gomaa, A. A., Klumpe, H. E., Luo, M. L., Selle, K.,
Barrangou, R., and Beisel, C. L., 2014.
Programmable removal of bacterial strains
by use of genome-targeting CRISPR-Cas
systems. MBio., 5(1): e00928-00913.

Gonzalez-Bello, C., 2017. Antibiotic adjuvants—a
strategy to unlock bacterial resistance to
antibiotics. Bioorg. Med. Chem. Lett., 27(18):
4221-4228.

Gould, K., 2016. Antibiotics: from prehistory to the
present day.J. Antimicrob. Chemother.,
71(3): 572-575.

Gurung, M., Moon, D. C., Tamang, M. D., Kim, J.,
Lee, Y. C, Seol, S. Y., Cho, D. T., and Lee,
J. C., 2010. Emergence of 16S rRNA
methylase gene armA and cocarriage of

EVOLUTION OF SUPER DRUG RESISTANT MICROBIAL STRAINS 13

bla(IMP-1) in Pseudomonas aeruginosa
isolates from South Korea. Diagn. Microbiol.
Infect. Dis., 68(4): 468—470.

Hagens, S., and Loessner, M. J., 2010.
Bacteriophage for biocontrol of foodborne
pathogens: calculations and considerations.
Curr. Pharm. Biotechnol., 11(1): 58—68.

Hakenbeck, R., Bruckner, R., Denapaite, D., and
Maurer, P., 2012. Molecular mechanisms of
beta-lactam resistance in Streptococcus
pneumoniae. Future. Microbiol., 7(3):395—
410.

Hannan, A., Bajwa, A. E. Riaz, S., Arshad,
U., Saleem, S. and Bajwa, U. I, 2018. In
vitro Salmonella typhi biofilm formation on
gallstones and its disruption by Manuka
honey. Pak. J. Pharm. Sci., 31(1): 129-135.

Hao, M., Ye, M., Shen, Z., Hu, F., Yang, Y., Wu, S,,
et al., 2018. Porin deficiency in carbapenem-
resistant enterobacter aerogenes strains.
Microb. Drug Resist., 24(9): 1-7.

Harada, L. K., Silva, E. C., Campos, W. F., Del Fiol,
F. S., Vila, M., Dabrowska, K., et al., 2018.
Biotechnological applications of
bacteriophages: state of the art. Microbiol.
Res., 212-213: 38-58.

Hisatsune, J., Hirakawa, H., Yamaguchi, T., Fudaba,
Y., Oshima, K., Hattori, M., Kato,
F., Kayama, S.and Sugai, M., 2013.
Emergence of Staphylococcus
aureus carrying multiple drug resistance
genes on a plasmid encoding exfoliative
toxin B. Antimicrob. Agents. Chemother.,
57(12): 6131-6140.

Hoiby, N., Bjarnsholt, T., Givskov, M., et al., 2010.
Antibiotic resistance of bacterial biofiims Int.
J. Antimicrob. Agents., 35(4): 322-332.

Hsu, P. D., Lander, E. S., and Zhang, F., 2014.
Development and applications of CRISPR-
Cas9 for genome engineering. Cell., 157(6):
1262-1278.

Hu, B., Ye, H., Xu, Y., Ni, Y., Hu, Y., Yu, Y., Huang,
Z., Ma, L., 2010. Clinical and economic
outcomes associated with community-
acquired intra-abdominal infections caused
by extended spectrum beta-lactamase
(ESBL) producing bacteria in China. Curr.
Med. Res. Opin., 26(6): 1443—-1449.

Hurdle, J. G., O'Neill, A. J., Chopra, I. and Lee, R.
E., 2011. Targeting bacterial membrane
function: an underexploited mechanism for
treating persistent infections. Nat. Rev.
Microbiol., 9(1): 62-75.

Jacoby, G. A., 2006. B-Lactamase nomenclature.
AAC. 50(4): 1123-1129.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Gidal%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30766318
https://www.ncbi.nlm.nih.gov/pubmed/?term=Barnett%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30766318
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6248144/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6248144/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hannan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=29348094
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bajwa%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=29348094
https://www.ncbi.nlm.nih.gov/pubmed/?term=Riaz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=29348094
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arshad%20U%5BAuthor%5D&cauthor=true&cauthor_uid=29348094
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arshad%20U%5BAuthor%5D&cauthor=true&cauthor_uid=29348094
https://www.ncbi.nlm.nih.gov/pubmed/?term=Saleem%20S%5BAuthor%5D&cauthor=true&cauthor_uid=29348094
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bajwa%20UI%5BAuthor%5D&cauthor=true&cauthor_uid=29348094
https://www.ncbi.nlm.nih.gov/pubmed/29348094
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hisatsune%20J%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hirakawa%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yamaguchi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fudaba%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oshima%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hattori%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kato%20F%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kayama%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sugai%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24080652
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3837849/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hurdle%20JG%5BAuthor%5D&cauthor=true&cauthor_uid=21164535
https://www.ncbi.nlm.nih.gov/pubmed/?term=O%26%23x02019%3BNeill%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=21164535
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chopra%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21164535
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20RE%5BAuthor%5D&cauthor=true&cauthor_uid=21164535
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3496266/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3496266/

14 S.A. RASOOL ET AL

Jamil, B., and Imran, M., 2018. Factors pivotal for
designing of nanoantimicrobials: an
exposition. Crit. Rev. Microbiol., 44(1): 79—
94.

Jansen, K. U., Knirsch, C. and Anderson, A. S.,
2018. The role of vaccines in preventing
bacterial antimicrobial resistance. Nat. Med.,
24 (1): 10-19.

Jia, W., Li, C., Zhang, H., Li, G., Liu, X., and Wei, J.,
2015. Prevalence of genes of OXA-23
carbapenemase and AdeABC efflux pump
associated with multidrug resistance of
Acinetobacter baumannii isolates in the ICU
of a comprehensive hospital of northwestern
China. Int. J. Environ. Res. Public. Health.,
12(8): 10079-10092.

Jose, M. M. and Cesar, A. A, 2015. Mechanisms of
antibiotics resistance. Microbial Spectr., 4(2):
1-10.

Kapoor, G., Saigal, S. and Elongavan, A., 2017.
Action and resistance mechanisms of
antibiotics: a guide for clinicians. J.
Anaesthesiol. Clin. Pharmacol., 33 (3): 300-
305.

Kato, J., Suzuki, H., and Ikeda, H., 1992. Purification
and characterization of DNA topoisomerase
IV in Escherichia coli. J. Biol. Chem.,
267(36): 25676—25684.

Kehrenberg, C., Schwarz, S., Jasobsen, L., Hansen,
L. H. andVester, B., 2005. A new
mechanism for chloramphenicol, florfenicol
and clindamycin resistance: methylation of
23S ribosomal RNA at A2503. Molec.
Microbiol. 57(4): 1064-1073.

Keith, P., 2011. Pseudomonas Aeruginosa:
Resistance to the max. Front. Microbiol.,
2(65): 1-13.

Kelley, W. L., Jousselin, A., Barras, C., Lelong, E.,
and Renzoni, A., 2015. Missense mutations
in PBP2A affecting ceftaroline susceptibility
detected in epidemic hospital-acquired
methicillin-resistant Staphylococcus aureus
clonotypes ST228 and ST247 in western
Switzerland archived since 1998. Antimicrob.
Agents. Chemother., 59: 1922-1930.

Kerry, R. G., Patra, J. K., Gouda, S., et al. 2018.
Science Digest online, in press, Elsevier,
Taiwan-JFDA, 1-13 pp.

Khameneh, B., Iranshahy, M., Ghandadi, M.,
Ghoochi A. D., Fazly, B. B. S., Iranshahi, M.,
2015. Investigation of the antibacterial
activity and efflux pump inhibitory effect of
co-loaded piperine  and  gentamicin
nanoliposomes in methicillin-resistant
Staphylococcus aureus. Drug. Dev. Ind.
Pharm. 41(6): 989-994.

BIOLOGIA PAKISTAN

Khan, I. A., Mirza, Z. M., Kumar, A., Verma, V., Qazi,
G. N., 2006. Piperine, a phytochemical
potentiator of ciprofloxacin against
Staphylococcus aureus. Antimicrob. Agents.
Chemother., 50(2): 810-812.

Kuete, V., Wansi, J. D., Mbaveng, A. T., Kana Sop
M. M, Tadjong, A. T., Beng, V. P., et al.,,
2008. Antimicrobial activity of the methanolic
extract and compounds from Teclea afzelii
(Rutaceae). S. Afr. J. Bot. 74(4): 572-576.

Kumar, M., Curtis, A., and Hoskins, C., 2018.
Application of nanoparticle technologies in
the combat against anti-microbial resistance.
Pharmaceutics., 10(1): 11. doi:
10.3390/pharmaceutics10010011

Lautenbach, E., Patel, J. B., Bilker, W. B., Edelstein,
P. H., Fishman, N. O., 2001. Extended-
spectrum beta-lactamase-producing
Escherichia coli and Klebsiella pneumoniae:
Risk factors for infection and impact of
resistance on outcomes. Clin. Infect. Dis.,
32(8): 1162-1171.

Li, X., Plésiat, P. and Nikaido, H., 2015. The challenge
of efflux-mediated antibiotic resistance in gram-
negative bacteria. Clin. Microbiol. Rev., 28(2):
337-418.

Lillehoj, H., Liu, Y., Calsamiglia, S., Fernandez-
Miyakawa, M. E., Chi, F., Cravens, R.
L.,Oh, S.andGay, C. G, 2018.
Phytochemicals as antibiotic alternatives to
promote growth and enhance host health.
Vet. Res., 49(76): 1-18.

Lin, C. M., Preston, J. F., and Wei, C. I., 2000.
Antibacterial mechanism of allyl
isothiocyanate. J. Food. Prot. 63(6): 727—
734.

Livermore, D. M., 1995. Bacterial resistance to
carbapenems. Adv. Exp. Med. Biol. 390: 25—
47.

Livermore, D. M., 2001. Of Pseudomonas, porins,
pumps and carbapenems. J. Antimicrob.
Chemother.. 47(3): 247-250.

Livermore, D. M., 2003. Bacterial resistance: origins,
epidemiology, and impact. Clin. Infect. Dis.,
36: 11-23.

Lix, Z. and Nikaido, H., 2009. Efflux-mediated
resistance in bacteria. Drugs., 69: 1555-
1623.

Magiorakos, A. P., Srinivasan, A., Carey, R.
B., Carmeli, Y., Falagas, M. E., Giske, C.
G., Harbarth, S., Hindler, J. F., Kahlmeter,
G., Olsson-Liljequist, B., Paterson, D.
L., Rice, L. B., Stelling, J., Struelens, M.
J., Vatopoulos, A., Weber, J. T., Monnet, D.
L., 2012. Multidrug-resistant, extensively
drug-resistant and pandrug-resistant


https://www.ncbi.nlm.nih.gov/pubmed/?term=Hansen%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=16091044
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hansen%20LH%5BAuthor%5D&cauthor=true&cauthor_uid=16091044
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vester%20B%5BAuthor%5D&cauthor=true&cauthor_uid=16091044
https://www.ncbi.nlm.nih.gov/pubmed/?term=Poole%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21747788
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lillehoj%20H%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Calsamiglia%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandez-Miyakawa%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fernandez-Miyakawa%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chi%20F%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cravens%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oh%20S%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gay%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=30060764
https://www.ncbi.nlm.nih.gov/pubmed/?term=Magiorakos%20AP%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Srinivasan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carey%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carey%20RB%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Carmeli%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Falagas%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Giske%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Giske%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Harbarth%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hindler%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kahlmeter%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kahlmeter%20G%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Olsson-Liljequist%20B%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paterson%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paterson%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rice%20LB%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stelling%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Struelens%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Struelens%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vatopoulos%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Weber%20JT%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Monnet%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=21793988
https://www.ncbi.nlm.nih.gov/pubmed/?term=Monnet%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=21793988

VOL. 65 (lI)

bacteria: an international expert proposal for
interim standard definitions for acquired
resistance. Clin. Microbiol. Infect., 18(3): 2
68-281.

Marshall, S. H., Donskey, C. J., Hutton-Thomas, R.,
Salata, R. A., and Rice, L. B., 2002. Gene
dosage and linezolid resistance in
Enterococcus faecium and Enterococcus
faecalis. Antimicrob. Agents. Chemother.,
46(10): 3334-3336.

Marshall, S., Hujer, A. M., Rojas, L. J., Papp-
Wallace, K. M., Humphries, R. M., Spellberg,
B., Hujer, K. M., Marshall, E. K., Rudin, S.
D., Perez, F., et al.,, 2017. Can ceftazidime-
avibactam and aztreonam overcome beta-
lactam resistance conferred by metallo-beta

lactamases in Enterobacteriaceae?
Antimicrob. Agents Chemother., 61, e02243-
16.

Maura, D., and Debarbieux, L., 2011.

Bacteriophages as twenty-first century
antibacterial tools for food and medicine.
Appl. Microbiol. Biotechnol., 90(3): 851-859.

Maviglia, R., Nestonini, R. and Pennisi, M., 2009.
Role of old antibiotics in multidrug resistant
bacterial infections. Curr. Drug. Targets., 10:
895-905.

Meeker, D. G., Wang, T., Harrington, W. N., Zharov,
V. P., Johnson, S. A., Jenkins, S. V., et al.,,
2018. Versatility of targeted antibiotic-loaded
gold nanoconstructs for the treatment of
biofilm-associated bacterial infections. Int. J.
Hyperthermia., 34(2): 209-219.

Merino, M., Poza, M., Roca, ., Barba, M. J. Sousa,
M. D., Vila, J.,, and Bou, G., 2014.
Nosocomial outbreak of a multiresistant
Acinetobacter baumannii expressing OXA-
23 carbapenemase in Spain. Microb. Drug.
Resist., 20(4): 259-263.

Monserrat-Martinez, A., Gambin, Y. and Sierecki,
E.,2019. Thinking outside the bug:
Molecular targets and strategies to
overcome antibiotic resistance. Int. J. Mol.
Sci., 20(1255): 1-23.

Morais Cabral, J. H., Jackson, A. P., Smith, C. V.,
Shikotra, N., Maxwell, A., and Liddington, R.
C., 1997. Crystal structure of the breakage-
reunion domain of DNA gyrase. Nature.,
388(6645): 903—906.

Munita, J. M. and Arias, C. A., 2016. Mechanisms of
antibiotic resistance. Microbiol. Spectr. 4 (2). doi:
10.1128/microbiolspec.VMBF-0016-2015.

Nelson, D. W., Moore, J. E. and Rao, J. R., 2019.
Antimicrobial resistance (AMR): significance
to food quality and safety. Food Quality and

EVOLUTION OF SUPER DRUG RESISTANT MICROBIAL STRAINS 15

Safety. 3(1): 15-22.

Newman, D. J. and Cragg, G. M., 2007. Natural
products as sources of new drugs over the
last 25 years. J. Nat. Prod., 70(3): 461-477.

Ni, S., Li, B., Chen, F., et al. 2018. Novel
staphyloxanthin inhibitors with improved
potency against multidrug
resistant Staphylococcus aureus. ACS Med.
Chem. Lett., 9(3): 233-237.

Nitsch-Osuch, A., Gyrczuk, E., Wardyn, A,
Zycinska, K. and Brydak, L., 2016. Antibiotic
prescription practices among children with
influenza. Adv. Exp. Med. Biol., 905: 25-31.

Nordmann, P., and Poirel, L., 2002. Emerging
carbapenemases in Gram-negative aerobes.
Clin. Microbiol. Infect., 8(6): 321-331.

Obiang-Obounou, B. W., Kang, O. H., Choi, J. G.,
Keum, J. H., Kim, S. B., Mun, S. H., et al.,
2011. The mechanism of action of
sanguinarine against methicillin-resistant
Staphylococcus aureus. J. Toxicol. Sci.,
36(3): 277-283.

Olaitan, A. O., Berrazeg, M., Fagade, O. E.,
Adelowo, O. O., Alli, J. A., and Rolain, J. M.,
2013. Emergence of multidrug-resistant
Acinetobacter baumannii producing OXA-23
carbapenemase, Nigeria. Int. J. Infect. Dis.,
17(6): e469—e470.

Olaitan, A. O., Morand, S., and Rolain, J. M., 2014.
Mechanisms of polymyxin resistance:
Acquired and intrinsic resistance in bacteria.
Front. Microbiol., 5: 643.

Oliveira Santos, I. C., Albano, R. M., Asensi, M. D.,
and D’Alincourt Carvalho Assef, A. P., 2018.
Draft genome sequence of KPC-2-producing
Pseudomonas aeruginosa recovered from a
bloodstream infection sample in Brazil. J.
Glob. Antimicrob. Resist., 15: 99-100.

Pan, Y. P., Xu, Y. H., Wang, Z. X,, Fang, Y. P. and
Shen, J. L., 2016. Overexpression of
MexAB-OprM efflux pump in carbapenem-
resistant Pseudomonas aeruginosa. Arch.
Microbiol., 198(6): 565-571.

Patel, G., Huprikar, S., Factor, S. H., Jenkins, S. G.,
Calfee, D. P., 2008. Outcomes of
carbapenem-resistant Klebsiella
pneumoniae infection and the impact of
antimicrobial and adjunctive therapies.
Infect. Control. Hosp. Epidemiol., 29(12):
1099-1106.

Pelczar, M. J., Reid, R. D. and Chan, E. C. S., 1986.
Microbiology. 5" Ed. McGraw-Hill. New
York. 9.7 pp.

Peterson, E. and Kaur, P., 2018. Antibiotic


https://www.ncbi.nlm.nih.gov/pubmed/21793988
https://www.mdpi.com/search?authors=Ana%20Monserrat-Martinez&orcid=
https://www.mdpi.com/search?authors=Yann%20Gambin&orcid=
https://www.mdpi.com/search?authors=Emma%20Sierecki&orcid=
javascript:;
javascript:;
javascript:;
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=David+J.++Newman
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Gordon+M.++Cragg
https://pubs.acs.org/doi/10.1021/acsmedchemlett.7b00501
https://pubs.acs.org/doi/10.1021/acsmedchemlett.7b00501
https://pubs.acs.org/doi/10.1021/acsmedchemlett.7b00501
https://pubs.acs.org/doi/10.1021/acsmedchemlett.7b00501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pan%20YP%5BAuthor%5D&cauthor=true&cauthor_uid=27060003
https://www.ncbi.nlm.nih.gov/pubmed/?term=Xu%20YH%5BAuthor%5D&cauthor=true&cauthor_uid=27060003
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20ZX%5BAuthor%5D&cauthor=true&cauthor_uid=27060003
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fang%20YP%5BAuthor%5D&cauthor=true&cauthor_uid=27060003
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shen%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=27060003
https://www.ncbi.nlm.nih.gov/pubmed/27060003
https://www.ncbi.nlm.nih.gov/pubmed/27060003

16 S.A. RASOOL ET AL

resistance mechanisms in bacteria:
relationship between resistance
determinants of antibiotic  producers,
environmental bacteria, and clinical
pathogens. Front. Microbiol., 2018(9): 1-21.

Poehlsgaard, J. and Douthwaite, S., 2005. The
bacterial ribosome as a target for antibiotics.
Nat. Rev. Microbiol., 3 (11): 870-881.

Poirel, L., and Nordmann, P., 2006. Carbapenem
resistance in Acinetobacter baumannii:
Mechanisms and epidemiology. Clin.
Microbiol. Infect., 12(9): 826—836.

Poirel, L., Naas, T., and Nordmann, P, 2010.
.Diversity,epidemiology,and genetics of class
D Dbeta-lactamases. Antimicrob. Agents
Chemother., 54(1): 24-38.

Potron, A., Poirel, L., and Nordmann, P., 2015.
Emerging broad-spectrum resistance in
Pseudomonas aeruginosa and
Acinetobacter baumannii: Mechanisms and
epidemiology. Int. J. Antimicrob. Agents.,
45(6): 568-585.

Pouch, S. M., Kubin, C. J., Satlin, M. J., Tsapepas,
D. S., Lee, J. R., Dube, G., Pereira, M. R.,
2015. Epidemiology and outcomes of
carbapenem-resistant Klebsiellapneumoniae
bacteriuria in kidney transplant recipients.
Transpl. Infect. Dis., 17(6): 800—-809.

Rasool, M. S., 2016. In vitro detection of inducible
antibiotics resistance inclined gram negative
bacilli. Ph. D. Thesis. University of Karachi.
Karachi. Pakistan. 1-238 pp.

Rasool, M. S., Siddiqui, F., Ajaz, M. and Rasool, S.
A., 2019. Prevalence and antibiotic
resistance profiles of gram negative bacilli
associated with urinary tract infections
(UTIs) in Karachi, Pakistan. Pak. J. Pharm.
Sci., 32(6): 2617-2623.

Rasool, S. A. and Ajaz, M., 2017. Probiotics: the live
therapies. Muhammadi Advertizing. Karachi,
Pakistan. 1-209 pp.

Rasool, S. A, Mirza, F., Waheed, H. and Munir, M.,
2018. Probiotics as human health promoters.
RADS J. Biol. Res. Appl. Sci., 9(2): 102-105.

Redgrave, L. S., Sutton, S. B., Webber, M. A. and
Piddock, L. J. V. (2014). Fluoroquinolone
resistance: mechanisms, impact on bacteria,
and role in evolutionary success. Trends
Microbiol. 22 (8): 438-445.

Rios, A. C., Moutinho, C. G., Pinto, F. C., Del Fiol, F.
S., Jozala, A., Chaud, M. V., et al., 2016.
Alternatives to  overcoming  bacterial
resistances: state-of-the-art. Microbiol. Res.,
191: 51-80.

BIOLOGIA PAKISTAN

Rossiter, S. E., Fletcher, M. H., Wuest, and W. M.,
2017. Natural products as platforms to
overcome antibiotic resistance. Chem. Rev.,
117(19): 12415-74.

Rossolini, G. M., and Mantengoli, E., 2005.
Treatment and control of severe infections
caused by multiresistant Pseudomonas
aeruginosa. Clin. Microbiol. Infect., 11
(Suppl. 4): 17-32.

Ruozi, B., Veratti, P., Vandelli, M. A., Tombesi, A.,
Tonelli, M., Forni, F., et al., 2017. Apoferritin
nanocage as streptomycin drug reservoir:
technological optimization of a new drug
delivery system. Int. J. Pharm., 518(1-2):
281-288.

Sethi S, Kumar R and Gupta S., 2013. Antiiotic
production by microbes isolated from soil.
IJPSR. 4(8):2967-2973.

Shahverdi, A., Fakhimi, A., Shahverdi, H., and
Minaian, S., 2007. Synthesis and effect of
silver nanoparticles on the anti-bacterial
activity of different antibiotics against
Staphylococcus aureus and. Escherichia
coli. Nanomed. Nanotechnol. Biol. Med., 3:
168-171.

Shen, J., Zhou, J., Chen, G. Q., and Xiu, Z. L., 2018.
Efficient genome engineering of a virulent
Klebsiella bacteriophage using CRISPR-
Cas9. J. Virol., 92(17): e00534—-00518.

Sieradzki, K. and Markiewicz, Z., 2004. Mechanism
of vancomycin resistance in methicillin
resistant  Staphylococcus  aureus. J.
Microbiol., 5(4): 207-214.

Simlai, A., Mukherjee, K., Mandal, A., Bhattacharya,
K., Samanta, A. and Roy, A., 2016. Partial
purification and characterization of an
antimicrobial activity from the wood extract
of mangrove plant Ceriops decandra. EXCLI.
J., 15: 103-112.

Simpson, M. R., Brede, G., Johanson, J., et al.,
2015. Human breast milk miRNA, maternal
probiotic  supplementation and atopic
dermatitis in offspring. PLOS. ONE.,
DOI:10.1371/journal.pone.0143496.

Sridevi, D., Shankar, C., Prakash, P., Park, J. H, and
Thamaraiselvi, K., 2017. Inhibitory effects of
reserpine against efflux pump activity of
antibiotic resistance bacteria. Chem. Biol.
Lett., 4(2): 69-72.

Sorek, R., Lawrence, C. M., and Wiedenheft, B.,
2013. CRISPR-mediated adaptive immune
systems in bacteria and archaea. Annu. Rev.
Biochem., 82: 237-266.

Summers, W. C., 2012. The strange history of phage
therapy. Bacteriophage., 2(2): 130-133.

Sun, J., Zhang, H., Liu, Y. H., and Feng, Y., 2018.



VOL. 65 (lI)

Towards understanding MCR-like colistin
resistance. Trends. Microbiol., 26(9): 794—
808.

Tello, A., Austin, B. and Telfer, T. C., 2012. Selective
pressure of antibiotic pollution on bacteria of
importance to public health. Environ. Health
Perspect., 120 (8): 1100-1106.

Thaden, J. T., Li, Y., Ruffin, F., Maskarinec, S. A.,
Hill-Rorie, J. M., Wanda, L. C., Reed, S. D.,
Fowler, V. G., 2017. Increased Costs
Associated with Bloodstream Infections
Caused by Multidrug-Resistant Gram-
Negative Bacteria Are Due Primarily to
Patients with Hospital-Acquired Infections.
Antimicrob. Agents Chemother., 61, e01709-
16.

Tominaga, K., Higuchi, K., Hamasaki, N.,
Hamaguchi, M., Takashima, T., Tanigawa,
T., et al., 2002. In vivo action of novel alkyl
methyl quinolone  alkaloids  against
Helicobacter pylori. J. Antimicrob.
Chemother., 50(4): 547-52.

Tortora, G. J., Funke, B. R. and Case, C. L., 2004.
Microbiology: ~ An introduction.  8"Ed.
Pearson Education, Singapore. 1-898 pp.

Tumbarello, M., Viale, P., Viscoli, C., Trecarichi, E.
M., Tumietto, F., Marchese, A., Spanu, T.,
Ambretti, S., Ginocchio, F., Cristini, F. et al.,
2012. Predictors of mortality in bloodstream
infections caused by Klebsiella pneumoniae
carbapenemase-producing K. pneumoniae:
Importance of combination therapy. Clin.
Infect. Dis., 55(7): 943-950.

Turton, J. F., Woodford, N., Glover, J., Yarde, S.,
Kaufmann, M. E., Pitt, T. L., 2006.
Identification of Acinetobacter baumannii by
detection of the blaOXA-51-like
carbapenemase gene intrinsic to this
species. J. Clin. Microbiol., 44(8): 2974—
2976.

Vandevelde, N. M., Tulkens, P. M., and Van
Bambeke, F., 2016. Modulating antibiotic
activity towards respiratory  bacterial
pathogens by co-medications: a multi-target
approach. Drug. Discov. Today., 21(7):
1114-1129.

Wang, Y., Wan, J., Miron, R. J., Zhao, Y., and
Zhang, Y., 2016. Antibacterial properties and
mechanisms of gold—silver nanocages.
Nanoscale., 8(21): 11143—- 11152.

EVOLUTION OF SUPER DRUG RESISTANT MICROBIAL STRAINS 17

Wang, C., Wang, Y., Zhang, L., Miron, R. J., Liang,
J., Shi, M., et al. 2018. Pretreated
macrophage-membrane-coated gold
nanocages for precise drug delivery for
treatment of bacterial infections. Adv. Mater.,
30(46): €1804023. doi:
10.1002/adma.201804023

Wang, M., Wei, H., Zhao, Y,, Shang, L., Di, L., Lyu,
C. and Liu, J., 2019. Analysis of multidrug-
resistant bacteria in 3223 patients with
hospital-acquired infections (HAI) from a
tertiary general hospital in China. Bosn J
Basic Med Sci., 19(1): 86-93.

Willers, C., Wentzel, J. F., du Plessis, L. H., Gouws,
C. and Hamman, J. H., 2017. Efflux as a
mechanism of antimicrobial drug resistance
in clinical relevant microorganisms: the role
of efflux inhibitors. Expert Opin. Ther.
Targets., 21 (1): 23-36.

Wu, J. Y., Kim, J. J.,, Reddy, R., Wang, W. M.,
Graham, D. Y. and Kwon D. H., 2005.
Tetracycline-resistant clinical Helicobacter
pylori isolates with and without mutations in
16S rRNA-encoding genes. Antimicrob.
Agents Chemother., 49 (2): 578-583.

Yan, M., Wen, J., Liang, M., Lu, Y., Kamata, M., and
Chen, I. S. Y., 2015. Modulation of gene
expression by polymer nanocapsule delivery
of DNA cassettes encoding small RNAs.
PLoS. ONE., 10(6): e0127986. doi: 10.1371/
journal.pone.0127986

Yokoyama, K., Doi, Y., Yamane, K., Kurokawa, H.,
Shibata, N., Shibayama, K., Yagi, T., Kato,
H., and Arakawa, Y., 2003. Acquisition of
16S rRNA methylase gene in Pseudomonas
aeruginosa. Lancet., 362(9399): 1888-1893.

Zaidi, S., Misba, L., and Khan, A. U., 2017. Nano-
therapeutics: a revolution in infection control
in post antibiotic era. Nanomedicine., 13(7):
2281-2301.

Zeng, X. and Lin, J. 2013. Beta-lactamase induction
and cell wall metabolism in gram-negative
bacteria. Front. Microbiol., 4(128): 16-32.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20M%5BAuthor%5D&cauthor=true&cauthor_uid=30579325
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wei%20H%5BAuthor%5D&cauthor=true&cauthor_uid=30579325
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zhao%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=30579325
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shang%20L%5BAuthor%5D&cauthor=true&cauthor_uid=30579325
https://www.ncbi.nlm.nih.gov/pubmed/?term=Di%20L%5BAuthor%5D&cauthor=true&cauthor_uid=30579325
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lyu%20C%5BAuthor%5D&cauthor=true&cauthor_uid=30579325
https://www.ncbi.nlm.nih.gov/pubmed/?term=Liu%20J%5BAuthor%5D&cauthor=true&cauthor_uid=30579325
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6387671/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6387671/

	Barka, E. A., Vatsa, P., Sanchez, L., Gaveau-Vaillant, N., Jacquard, C., Meier-Kolthoff, J. P., et al., 2016. Taxonomy, physiology, and natural products of actinobacteria. Microbiol. Mol. Biol. Rev., 80: 1-43.
	Bikard, D., Euler, C. W., Jiang, W., Nussenzweig, P. M., Goldberg, G. W., Duportet, X., et al., 2014. Exploiting CRISPR–Cas nucleases to produce sequence-specific antimicrobials. Nat. Biotechnol., 32 (11): 1146–1150.
	Bush., K., 2010. Alarming beta-lactamase-mediated resistance in multidrug-resistant Enterobacteriaceae. Curr. Opin. Microbiol. 13(5): 558–564.
	Canu, A., Malbruny, B., Conquemont M., Davies, T. A., Appelbaum, P. C. and Leclercq R., 2002. Diversity of ribosomal mutations conferring resistance to macrolides, clindamycin, streptogramin, and telithromycin in Streptococcus pneumoniae. Antimicrob. ...
	Davies, J., 1994. Inactivation of antibiotics and the dissemination of resistance genes. Science., 264(5157): 375-382.
	Davies, J. and Davies, D., 2010. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev., 74: 417-433.
	DeLeo, F. R., and Chambers, H. F., 2009. Reemergence of antibiotic-resistant Staphylococcus aureus in the genomics era. .J. Clin. Invest., 119(9):2464–2474.
	Doi Y, Wachino, J. and Arakawa, Y., 2016. Aminoglycoside resistance: The emergence of acquired 16S ribosomal RNA methy transferases. Infect Dis Clin North Am., 30(2): 523–537.
	Eichenberger, E. M. and Thaden. J. T., 2019. Epidemiology and mechanisms of resistance of extensively drug resistant gram-negative bacteria. Antibiotics. 8(2): 37-40.
	Emily, M. E., and Joshua T. T., 2019. Epidemiology and mechanisms of resistance of extensively drug resistant Gram-negative bacteria. Antibiotics., 37(8): 1-21.
	Etebu, E. and Arikekpar, I., 2016. Antibiotics: Classification and mechanisms of action with emphasis on molecular perspectives. Int. J. Appl. Microbiol. Biotechnol. Res., 4(2016): 90-101.
	Evans, H. L., Lefrak, S. N., Lyman, J., Smith, R. L., Chong, T. W., McElearney, S. T., Schulman, A. R., Hughes, M. G., Raymond, D. P., Pruett, T. L., et al., 2007. Cost of Gram-negative resistance. Crit. Care. Med., 35(1): 89–95.
	Fair, R. J. and Tor, Y., 2014. Antibiotics and Bacterial Resistance in the 21st Century. Perspect. Med. Chem., 2014(6): 25-65.
	Falagas, M. E. and Kasiakou, S. K., 2005. Colistin: the revival of polymyxins for the management of multidrug-resistant gram-negative bacterial infections. Clinical infectious diseases: an official publication of the. Infect. Dis. Soc. Am., 40 (9): 13...
	Gao, P., Davies, J. and Kao, R. Y. T., 2017. Dehydrosqualene desaturase as a novel target for anti-virulence therapy against Staphylococcus aureus.  mBiol., 8(5): 1-12.
	Gasink, L. B., Edelstein, P. H., Lautenbach, E., Synnestvedt, M. Fishman, N. O., 2009. Risk factors and clinical impact of Klebsiella pneumoniae carbapenemase-producing K .pneumoniae. Infect. Control. Hosp. Epidemiol., 30(12): 1180–1185.
	Gidal, A. and Barnett, S., 2018. Risk factors associated with multidrug-resistant pneumonia in non hospitalized patients. Fed. Pract., 35(1): 16-18.
	Goessens, W. H., van der Bij, A. K., van Boxtel, R., Pitout, J. D., van Ulsen, P., Melles, D. C., and Tommassen, J., 2013. Antibiotic trapping by plasmid-encoded CMY-2 beta-lactamase combined with reduced outer membrane permeability as a mechanism of ...
	Gomaa, A. A., Klumpe, H. E., Luo, M. L., Selle, K., Barrangou, R., and Beisel, C. L., 2014. Programmable removal of bacterial strains by use of genome-targeting CRISPR–Cas systems. MBio., 5(1): e00928–00913.
	Gonzalez-Bello, C., 2017. Antibiotic adjuvants—a strategy to unlock bacterial resistance to antibiotics. Bioorg. Med. Chem. Lett., 27(18): 4221–4228.
	Harada, L. K., Silva, E. C., Campos, W. F., Del Fiol, F. S., Vila, M., Dąbrowska, K., et al., 2018. Biotechnological applications of bacteriophages: state of the art. Microbiol. Res., 212–213: 38–58.
	Hisatsune, J., Hirakawa, H., Yamaguchi, T., Fudaba, Y., Oshima, K., Hattori, M., Kato, F., Kayama, S. and Sugai, M., 2013. Emergence of Staphylococcus aureus carrying multiple drug resistance genes on a plasmid encoding exfoliative toxin B. Antimicrob...
	Hoiby, N., Bjarnsholt, T., Givskov, M., et al., 2010. Antibiotic resistance of bacterial biofilms  Int. J. Antimicrob. Agents., 35(4): 322-332.
	Hurdle, J. G., O’Neill, A. J.,  Chopra, I. and Lee, R. E., 2011. Targeting bacterial membrane function: an underexploited mechanism for treating persistent infections. Nat. Rev. Microbiol., 9(1): 62-75.
	Jacoby, G. A., 2006. β-Lactamase nomenclature. AAC. 50(4): 1123–1129.
	Jamil, B., and Imran, M., 2018. Factors pivotal for designing of nanoantimicrobials: an exposition. Crit. Rev. Microbiol., 44(1): 79–94.
	Jansen, K. U., Knirsch, C. and  Anderson, A. S., 2018. The role of vaccines in preventing bacterial antimicrobial resistance. Nat. Med., 24 (1): 10–19.
	Jia, W., Li, C., Zhang, H., Li, G., Liu, X., and Wei, J., 2015. Prevalence of genes of OXA-23 carbapenemase and AdeABC efflux pump associated with multidrug resistance of Acinetobacter baumannii isolates in the ICU of a comprehensive hospital of north...
	Kehrenberg, C., Schwarz, S., Jasobsen, L., Hansen, L. H. and Vester, B., 2005. A new mechanism for chloramphenicol, florfenicol and clindamycin resistance: methylation of 23S ribosomal RNA at A2503. Molec. Microbiol. 57(4): 1064-1073.
	Keith, P., 2011. Pseudomonas Aeruginosa: Resistance to the max. Front. Microbiol., 2(65): 1-13.
	Kelley, W. L., Jousselin, A., Barras, C., Lelong, E., and Renzoni, A., 2015. Missense mutations in PBP2A affecting ceftaroline susceptibility detected in epidemic hospital-acquired methicillin-resistant Staphylococcus aureus clonotypes ST228 and ST247...
	Li, X., Plésiat, P. and Nikaido, H., 2015. The challenge of efflux-mediated antibiotic resistance in gram-negative bacteria. Clin. Microbiol. Rev., 28(2): 337-418.
	Lillehoj, H., Liu, Y., Calsamiglia, S., Fernandez-Miyakawa, M. E., Chi, F., Cravens, R. L., Oh, S. and Gay, C. G.,  2018. Phytochemicals as antibiotic alternatives to promote growth and enhance host health. Vet. Res., 49(76): 1-18.
	Lin, C. M., Preston, J. F., and Wei, C. I., 2000. Antibacterial mechanism of allyl isothiocyanate. J.  Food. Prot. 63(6): 727–734.
	Livermore, D. M., 1995.  Bacterial resistance to carbapenems. Adv. Exp. Med. Biol. 390: 25–47.
	Livermore, D. M., 2001. Of  Pseudomonas, porins, pumps and carbapenems. J. Antimicrob. Chemother.. 47(3): 247–250.
	Livermore, D. M., 2003. Bacterial resistance: origins, epidemiology, and impact. Clin. Infect. Dis., 36: 11-23.
	Magiorakos, A. P., Srinivasan, A., Carey, R. B., Carmeli, Y., Falagas, M. E., Giske, C. G., Harbarth, S., Hindler, J. F., Kahlmeter, G., Olsson-Liljequist, B., Paterson, D. L., Rice, L. B.,
	Marshall, S. H., Donskey, C. J., Hutton-Thomas, R., Salata, R. A., and  Rice, L. B., 2002. Gene dosage and linezolid resistance in Enterococcus faecium and Enterococcus faecalis. Antimicrob. Agents. Chemother., 46(10): 3334–3336.
	Marshall, S., Hujer, A. M., Rojas, L. J., Papp-Wallace, K. M., Humphries, R. M., Spellberg, B., Hujer, K. M., Marshall, E. K., Rudin, S. D., Perez, F., et al., 2017. Can ceftazidime-avibactam and aztreonam overcome beta-lactam resistance conferred by ...
	Maura, D., and Debarbieux, L., 2011. Bacteriophages as twenty-first century antibacterial tools for food and medicine. Appl. Microbiol. Biotechnol., 90(3): 851–859.
	Maviglia, R., Nestonini, R. and Pennisi, M., 2009. Role of old antibiotics in multidrug resistant bacterial infections. Curr. Drug. Targets., 10: 895-905.
	Meeker, D. G., Wang, T., Harrington, W. N., Zharov, V. P., Johnson, S. A., Jenkins, S. V., et al., 2018. Versatility of targeted antibiotic-loaded gold nanoconstructs for the treatment of biofilm-associated bacterial infections. Int. J. Hyperthermia.,...
	Merino, M., Poza, M., Roca, I., Barba, M. J. Sousa, M. D., Vila, J., and Bou, G., 2014. Nosocomial outbreak of a multiresistant Acinetobacter baumannii expressing OXA-23 carbapenemase in Spain. Microb. Drug. Resist., 20(4): 259–263.
	Monserrat-Martinez, A., Gambin, Y. and Sierecki, E., 2019. Thinking outside the bug: Molecular targets and strategies to overcome antibiotic resistance. Int. J. Mol. Sci., 20(1255): 1-23.
	Morais Cabral, J. H., Jackson, A. P., Smith, C. V., Shikotra, N., Maxwell, A., and Liddington, R. C., 1997. Crystal structure of the breakage-reunion domain of DNA gyrase. Nature., 388(6645): 903–906.
	Munita, J. M. and Arias, C. A., 2016. Mechanisms of antibiotic resistance. Microbiol. Spectr. 4 (2). doi: 10.1128/microbiolspec.VMBF-0016-2015.
	Nelson, D. W., Moore, J. E. and Rao, J. R., 2019. Antimicrobial resistance (AMR): significance to food quality and safety. Food Quality and Safety. 3(1): 15-22.
	Newman, D. J. and Cragg, G. M., 2007. Natural products as sources of new drugs over the last 25 years. J. Nat. Prod., 70(3): 461-477.
	Ni, S., Li, B., Chen, F., et al. 2018. Novel staphyloxanthin inhibitors with improved potency against multidrug resistant Staphylococcus aureus. ACS Med. Chem. Lett., 9(3): 233-237.

	Pan, Y. P., Xu, Y. H., Wang, Z. X., Fang, Y. P. and Shen, J. L., 2016. Overexpression of MexAB-OprM efflux pump in carbapenem-resistant Pseudomonas aeruginosa. Arch. Microbiol., 198(6): 565-571.
	Patel, G., Huprikar, S., Factor, S. H., Jenkins, S. G., Calfee, D. P., 2008. Outcomes of carbapenem-resistant Klebsiella pneumoniae infection and the impact of antimicrobial and adjunctive therapies. Infect. Control. Hosp. Epidemiol., 29(12): 1099–1106.
	Peterson, E. and Kaur, P., 2018. Antibiotic resistance mechanisms in bacteria: relationship between resistance determinants of antibiotic producers, environmental bacteria, and clinical pathogens. Front. Microbiol., 2018(9): 1-21.
	Poehlsgaard, J. and Douthwaite, S., 2005. The bacterial ribosome as a target for antibiotics. Nat. Rev. Microbiol., 3 (11): 870–881.
	Poirel, L., and  Nordmann, P., 2006. Carbapenem resistance in Acinetobacter baumannii: Mechanisms and epidemiology. Clin. Microbiol. Infect., 12(9): 826–836.
	Poirel, L., Naas, T., and Nordmann, P, 2010. .Diversity,epidemiology,and genetics of class D beta-lactamases. Antimicrob. Agents Chemother., 54(1): 24–38.
	Potron, A., Poirel, L., and Nordmann, P., 2015. Emerging broad-spectrum resistance in Pseudomonas aeruginosa and Acinetobacter baumannii: Mechanisms and epidemiology. Int. J. Antimicrob. Agents., 45(6): 568–585.
	Pouch, S. M., Kubin, C. J., Satlin, M. J., Tsapepas, D. S., Lee, J. R., Dube, G., Pereira, M. R., 2015.  Epidemiology and outcomes of carbapenem-resistant Klebsiellapneumoniae bacteriuria in kidney transplant recipients. Transpl. Infect. Dis., 17(6): ...
	Rasool, M. S., Siddiqui, F., Ajaz, M. and Rasool, S. A., 2019. Prevalence and antibiotic resistance profiles of gram negative bacilli associated with urinary tract infections (UTIs) in Karachi, Pakistan. Pak. J. Pharm. Sci., 32(6): 2617-2623.
	Rasool, S. A., Mirza, F., Waheed, H. and Munir, M., 2018. Probiotics as human health promoters. RADS J. Biol. Res. Appl. Sci., 9(2): 102-105.
	Redgrave, L. S., Sutton, S. B., Webber, M. A.  and Piddock, L. J. V. (2014). Fluoroquinolone resistance: mechanisms, impact on bacteria, and role in evolutionary success. Trends Microbiol. 22 (8): 438–445.
	Rios, A. C., Moutinho, C. G., Pinto, F. C., Del Fiol, F. S., Jozala, A., Chaud, M. V., et al., 2016. Alternatives to overcoming bacterial resistances: state-of-the-art. Microbiol. Res., 191: 51–80.
	Rossiter, S. E., Fletcher, M. H., Wuest, and W. M., 2017. Natural products as platforms to overcome antibiotic resistance. Chem. Rev., 117(19): 12415–74.
	Rossolini, G. M., and Mantengoli, E., 2005. Treatment and control of severe infections caused by multiresistant Pseudomonas aeruginosa. Clin. Microbiol. Infect., 11 (Suppl. 4): 17–32.
	Ruozi, B., Veratti, P., Vandelli, M. A., Tombesi, A., Tonelli, M., Forni, F., et al., 2017. Apoferritin nanocage as streptomycin drug reservoir: technological optimization of a new drug delivery system. Int. J. Pharm., 518(1-2): 281–288.
	Wang, M., Wei, H., Zhao, Y,, Shang, L., Di, L., Lyu, C. and Liu, J., 2019. Analysis of multidrug-resistant bacteria in 3223 patients with hospital-acquired infections (HAI) from a tertiary general hospital in China. Bosn J Basic Med Sci., 19(1): 86-93.
	Willers, C., Wentzel, J. F., du Plessis, L. H., Gouws, C. and Hamman, J. H., 2017. Efflux as a mechanism of antimicrobial drug resistance in clinical relevant microorganisms: the role of efflux inhibitors. Expert Opin. Ther. Targets., 21 (1): 23–36.
	Wu, J. Y., Kim, J. J., Reddy, R., Wang, W. M., Graham, D. Y. and Kwon D. H., 2005. Tetracycline-resistant clinical Helicobacter pylori isolates with and without mutations in 16S rRNA-encoding genes. Antimicrob. Agents Chemother., 49 (2): 578–583.
	Yan, M., Wen, J., Liang, M., Lu, Y., Kamata, M., and Chen, I. S. Y., 2015. Modulation of gene expression by polymer nanocapsule delivery of DNA cassettes encoding small RNAs. PLoS. ONE., 10(6): e0127986. doi: 10.1371/ journal.pone.0127986
	Yokoyama, K., Doi, Y., Yamane, K., Kurokawa, H., Shibata, N., Shibayama, K., Yagi, T., Kato, H., and Arakawa, Y., 2003. Acquisition of 16S rRNA methylase gene in Pseudomonas aeruginosa. Lancet., 362(9399): 1888–1893.
	Zaidi, S., Misba, L., and Khan, A. U., 2017. Nano-therapeutics: a revolution in infection control in post antibiotic era. Nanomedicine., 13(7): 2281–2301.
	Zeng, X. and Lin, J. 2013. Beta-lactamase induction and cell wall metabolism in gram-negative bacteria. Front. Microbiol., 4(128): 16-32.

