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Abstract 
Among all pathogenic bacteria, gram-negative bacteria including members of the genera Providen-

cia, Serratia, Pseudomonas, Escherichia, and Klebsiella have been identified to exhibit an incredible evo-
lutionary adaptation to acquire resistance to antibiotics. This is due to their characteristic structure and 
the ease of evolution of their genome, which is expressed phenotypically. Antibiotic resistance by these 
bacteria contributes greatly to the global public health crises since infections caused by these pathogens 
have high morbidity and mortality rates across the globe. Before now, β-lactam antibiotics were known to 
be very effective antimicrobial agents against these virulent pathogenic gram-negative microorganisms. 
However, as these microorganisms evolve, they have also developed various survival mechanisms; target 
bypass/replacement, target site protection, antibiotic efflux pump among others, which have all mediated 
their resistance to this group of antibiotics. The proper understanding of these mechanisms is critical to the 
development of new antibiotics, alternative antimicrobial agents, natural derivatives as well as the mod-
ification of already existing antibiotics to effectively curb the scourge of antimicrobial resistance among 
gram-negative bacteria.
Keywords: antibiotic resistance, antimicrobial agents, β-Lactam, gram-negative bacteria, penicillin-bind-
ing proteins
Резюме

Доказано е, че от всички патогенни микроорганизми, грам-отрицателните бактерии, 
включително членовете на родовете Providencia, Serratia, Pseudomonas, Escherichia и Klebsiella, са 
тези, които в еволюцията си проявяват забележителна адаптация за придобиване на резистентност 
към антибиотици. Това се дължи на тяхната характерна структура и еволюция на геном им, който се 
експресира фенотипно. Резистентността към антибиотици сред тези бактерии допринасят значително 
за глобалните кризи в общественото здраве, тъй като причинените от тях инфекции предизвикват 
висока заболеваемост и смъртност по целия свят. Доскоро беше известно, че β-лактамните 
антибиотици са много ефективни антимикробни средства срещу посочените вирулентни патогенни 
грам-отрицателни микроорганизми. Едновременно с това, те еволюират в посока развитието на 
различни механизми за оцеляване: целеви байпас/замяна или защита на целевото място, ефлуксна 
помпа и други, които медиират резистентност към тази група антибиотици. Правилното разбиране 
на тези механизми е от решаващо значение за разработването на нови антибиотици, алтернативни 
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Introduction
Antibiotics are chemical substances pro-

duced by microorganisms, which can inhibit the 
growth of bacteria and other microorganisms or kill 
the microorganisms completely (Bud, 2007). These 
substances are produced either by natural fermen-
tation method, synthetic method, or semi- synthetic 
method. Since the accidental discovery of a natu-
ral antibiotic by Alexander Fleming in 1928, there 
have been various studies and discoveries on anti-
biotics, their types, mode of action, and sensitivity. 
This includes Beta-lactam antibiotics (β-lactam), 
which have a β-lactam ring in their molecular 
structure and are one of the most prescribed antibi-
otics for use because of their broad spectrum nature 
and minimal side effects (Rothstein et al., 2005). 
The industrial synthesis of β-lactam antibiotics by 
fermentation method has been one of the greatest 
advancements of biotechnology. β-Lactam antibi-
otics, especially penicillin’s and cephalosporin’s, 
are one of the world’s main biotechnology prod-
ucts which constitute about 65% of the total world 
market of antibiotics (Elander, 2003). Due to the 
fast rate at which bacteria are evolving, β-lactam 
antibiotic resistance has become a global issue of 
concern. It has shown a possibility in mitigating 
and stalling progress on research made on antibi-
otics. It has also caused a great increase in the cost 
of accessing medical health care, a spike in mor-
tality rate (WHO, 2014), an increase in morbidity 
rate, an increase in infection and contamination 
rates, and even death. The World Health Organi-
zation declared antibiotic resistance as one of the 
top three threats to public health in the 21st century 
(WHO, 2014). Antibiotic resistance occurs as a re-
sult of overuse and incomplete use of antibiotics as 
specified for use. Also, when antibiotics are used 
in a lower dosage required to kill bacteria, they 
easily mutate and become resistant to the bacterial 
treatment (Richardson, 2017). With β-lactam anti-
biotics, there are different mechanisms that can be 
responsible for bacteria being resistant to β-lactam 
compounds, such as the production of enzymes 
used for degradation, alteration of the drug target 
site, decrease in the permeability of the membrane 
and drug efflux pump (Nkaido, 1994; Spratt, 1994). 
However, the production of different β-lactamases 
has been reported as the major cause of rising resist-
ance in gram-negative bacilli (Temkin et al., 2014).

Overview of antibiotics and classes
An antibiotic is an antimicrobial substance that 

is active against bacteria. It is the most important type 
of antibacterial agent used in the treatment and pre-
vention of bacterial infections (ECDC, 2014). Anti-
biotics can completely kill bacteria or inhibit their 
growth by disrupting important biochemical pro-
cesses necessary for their continued growth and/or 
survival. The term antibiotic is broadly used to refer 
to any substance used against microbes, but in med-
ical usage, antibiotics (such as penicillin) are those 
produced naturally, whereas non-antibiotic antibac-
terial substances are fully synthetic. However, both 
classes have the same goal of killing or preventing 
the growth of microorganisms and both are included 
in antimicrobial chemotherapy.

The discovery of antibiotics during wartime 
changed how patients recovered from wounds and 
sped up recuperation because bacteria and microbes, 
in general, were easily eliminated. However, be-
cause of the popularity that antibiotics gained over 
the years, their strength is now gradually becoming 
its weakness. The effectiveness and easy access to 
antibiotics have also led to their overuse (Laxmi-
narayan et al., 2013) and certain bacteria have now 
evolved resistance to them (Gould, 2016). A lot of 
people heavily rely on the use of antibiotics because 
they believe that every ailment can be cured by pop-
ping them with or without prescription.

Antibiotics are usually classified based on their 
mechanism of action, chemical structure, or spec-
trum of activity. Antibiotics can either directly elim-
inate bacteria or target specific functions necessary 
for their reproduction. Most of them target bacterial 
functions or growth processes. For example, antibi-
otics that target the bacterial cell wall, cell membrane 
or interfere with essential bacterial enzymes have 
bactericidal activities, that is, they specifically kill 
bacteria while antibiotics that inhibit protein synthe-
sis are bacteriostatic, that is, they inhibit the growth 
of bacteria. Further categorization is based on their 
target specificity. Narrow-spectrum antibiotics target 
specific types of bacteria, such as gram-negative or 
gram-positive, whereas broad-spectrum antibiotics 
affect a wide range of bacteria (Cunha, 2009).
Major classes of antibiotics
Sulfonamides

Sulfonamides are the first synthetic bacterial 
agents that provide a broad spectrum of biological 

антимикробни средства, естествени производни, както и модификация на вече съществуващи 
антибиотици с цел ефективно ограничаване на антимикробната резистентност сред грам-
отрицателните бактерии.
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activities including carbonic anhydrase inhibition, in-
sulin release induction, and anti-inflammation (Carta 
et al., 2012). Usually, sulfonamides function via in-
terference with the folate pathway in bacteria. This 
interruption consequently suppresses the growth and 
reproduction of bacteria (Nasr et al., 2014).

Despite their early prominence, there is lim-
ited use of sulfonamides in clinical medicine. This 
may be attributed to the high and rapid resistance 
against this class of antibiotics. More so, sulfona-
mides exert severe toxicity and allergic adverse re-
actions that are very common amongst their users 
(Skold, 2000). Examples of sulfonamides include 
sulfathiazole, sulfadiazine, sulfisoxazole, etc. (Nasr 
et al., 2014).
Rifamycins

Rifamycins are antibiotics in the ansamy-
cin family (Rinehart and Shields, 1976), so named 
because of its basket-like molecular architecture 
which consists of an aromatic moiety bridged at 
nonadjacent positions by an aliphatic chain (Prelog 
and Oppolzer, 1973). Sensi and colleagues at Lep-
etit SA in Milan originally isolated rifamycins in 
1959 as a complicated combination of many conge-
ners (Sensi et al., 1959).

The most prominent example of rifamycins 
is the rifampicin and this functions by inhibiting 
DNA-dependent RNA synthesis. Rifampicin is 
most notable in its use in the treatment of tubercu-
losis (Calvori et al., 1965).
Penicillin 

According to Kardos and Demain (2011), 
Penicillins are a group of antibiotics originally ob-
tained from Penicillium moulds, principally Peni-
cillum chrysogenum and P. rubens. This group of 
antibiotics is now commonly used widely in med-
icine. Penicillins were among the first antibiotics 
effective against many bacterial infections caused 
by staphylococci and streptococci and they are still 
widely used today for different bacterial infections, 
though many types of bacteria have developed re-
sistance following extensive use (Kardos and De-
main, 2011). There are three major types of Peni-
cillin and these are the naturally synthesized ones 
produced by the fungus, the chemically synthesized 
ones produced by a combination of chemical pro-
cesses in the lab, and the semi-synthetic Penicillin 
that is obtained by using a genetically modified 
strain of penicillin fungus.

Natural penicillin: Penicillin G (benzylpeni-
cillin) was first produced from a Penicillium fungus 
that occurs in nature. The strain of fungus used to-

day for the manufacture of penicillin G was creat-
ed by genetic engineering to improve the yield in 
the manufacturing process. Semi-synthetic peni-
cillin: Penicillin V (phenoxy-methylpenicillin) is 
produced by adding the precursor phenoxyacetic 
acid to the medium in which a genetically modified 
strain of the penicillium fungus is being cultured 
(Kardos and Demain, 2011).

Antibiotics created from 6-APA: There are 
three major groups of other semi-synthetic antibi-
otics related to penicillins. They are synthesised by 
adding various side-chains to the precursor 6-APA, 
which is isolated from penicillin G. These are the 
antistaphylococcal antibiotics, broad-spectrum an-
tibiotics, and antipseudomonal antibiotics (Patrick, 
2017).
Polypepetides 

A polypeptide is a long, continuous, un-
branched peptide chain. Therefore, peptides fall 
under the broad chemical classes of biological pol-
ymers and oligomers, alongside nucleic acids, ol-
igosaccharides, polysaccharides, and others (Sala-
din, 2011). There are large and diverse groups of 
polypetides and most of them have been classified 
or categorized according to their sources and func-
tions. According to the Handbook of Biologically 
Active Peptides, some groups of peptides include 
plant peptides, bacterial/antibiotic peptides, fun-
gal peptides, invertebrate peptides, amphibian/
skin peptides, venom peptides, cancer/anticancer 
peptides, vaccine peptides, immune/inflammatory 
peptides, brain peptides, endocrine peptides, inges-
tive peptides, gastrointestinal peptides, cardiovas-
cular peptides, renal peptides, respiratory peptides, 
opiate peptides, neurotrophic peptides, and blood–
brain peptides (Abba and Kastin, 2013).

Some ribosomal peptides are subject to pro-
teolysis. These function, typically in higher organ-
isms, as hormones and signaling molecules. Some 
organisms produce peptides as antibiotics, such as 
microcins and bacteriocins (Duquesne, 2007).

Non-ribosomal peptides are assembled by en-
zymes, not the ribosome. A common non-ribosomal 
peptide is glutathione, a component of the antiox-
idant defenses of most aerobic organisms (Meister 
and Anderson, 1983). Other non-ribosomal pep-
tides are most common in unicellular organisms, 
plants, and fungi and are synthesized by modular 
enzyme complexes called non-ribosomal peptide 
synthetases (Hahn and Stachelhaus, 2004).
Streptogramins

Streptogramins are grouped into A strepto-
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gramins (polyunsaturated macrolactones — dalfo-
pristin) and B streptogramins (cyclic hexadepsipep-
tides — quinupristin). Separately, these groups are 
moderately bacteriostatic by binding to the bacte-
rial 50S ribosomal subunit hence blocking transla-
tion. Together, they are more effective resulting in a 
bactericidal activity (Yvonne and Wolfgang, 2014). 
Group A Streptogramins are synthesized by Strep-
tomyces virginiae, while Group B streptogramins 
are produced by various members of the Strepto-
myces genus. These species of Streptomyces have 
a restricted spectrum of activity against gram-pos-
itive bacteria (Johnson et al., 2002). However, a 
synercid — a parenteral formulation of dalfopristin 
and quinupristin, is appropriate for the treatment 
of penicillin-susceptible and penicillin-resistant 
Staphylococcus pneumoniae, coagulase-negative 
staphylococci, MRA and vancomycin-resistant En-
terococcus faecium (Gumustas et al., 2017). Gen-
erally, streptogramins are derivatives of the natu-
rally occurring pristinamycin. Other examples are 
pristinamycin, and virginiamycin (Gumustas et al., 
2017). Streptogramins are used in human therapy 
as last-resort antibiotics. Resistance against strep-
togramins can be through target modification, drug 
inactivation or drug efflux. In addition, due to the 
different chemical structure of the A and B groups, 
resistance can be different (Yvonne and Wolfgang, 
2014). 
Tetracyclines

Tetracyclines belong to a family of antibiotics 
that inhibit protein synthesis by preventing aminoa-
cyl-tRNA from attaching to the ribosomal acceptor 
A site (Chopra and Roberts, 2001). These antibiotics 
are active against a wide range of gram-positive and 
gram-negative bacteria in addition to other group of 
organisms, such as rickettsiae, mycoplasmas, and 
chlamydiae, and other parasites. Tetracylines have 
been used extensively in human and animal therapy 
due to their favorable antimicrobial properties and 
absence of adverse side effects (Chopra and Rob-
erts, 2001). 

Tetraclines were discovered as natural prod-
ucts in the form of chlortetracycline and oxytetracy-
cline, produced by S. aureofaciens and S. rimosus. 
The basic chemical structure of tetracycline and its 
analogues consists of tetracyclic napthacene car-
boximade ring system (Nelson and Ismail, 2007). 
Tetracyclines are classified into first generation if 
they are generated biosynthetically, second gener-
ation if they are derived from semi-synthesis, and 
third generation if they are obtained via total artifi-
cial method, synthesis (Fucoco, 2012). 

Mode of action of Beta-lactams against gram-
negative bacteria

The beta-lactams nucleus is the basic build-
ing block of an exceptionally large class of anti-
biotics all of which share a common mode of ac-
tion but have quite distinct properties in terms of 
spectrum, pharmacokinetics, and activity against 
resistant strains. All antibiotics in this class have a 
cyclic amide, which is known as beta-lactam, how-
ever various classes have been described based on 
the nature of the cycle of the heteroatom included 
in the cycle (Bush et. al., 1995).

Beta-lactam acts primarily as an inhibitor of 
the synthesis of the cell wall by blocking the action 
of the transferases or transpeptidase, which are in-
volved in the assembly of the bacterial cell wall. 
It is also known that all beta-lactam antibiotics are 
bactericidal and they share a common core contain-
ing a four-member Beta-lactam ring (Heesemann, 
1993).

This ring, however, displays a remarkable 
structure that mimics the backbone of the D-Ala-
nyl-D-alanine, which is the substrate of penicil-
lin-binding proteins (Andre et al., 2008). The anti-
bacterial properties of all these molecules are most-
ly responsible for by this moiety. However, because 
of their ability to block the bacteria cell wall syn-
thesis, that is as a result of their covalent binding 
to penicillin-binding proteins, that are usually the 
vital enzymes that are involved in the terminal steps 
of the synthesis of peptidoglycan (Zeng and Lin, 
2013).

As it is known that a vital constituent of the 
bacterial cell wall is Peptidoglycan or Murein and 
it provides mechanical stability for the bacteria, it 
is equally recognized to be an extremely preserved 
constituent of both gram-negative and gram-pos-
itive bacteria envelopes (Pandey and Cascella, 
2021). These Beta-lactam antibiotics inhibit the 
last steps in the peptidoglycan synthesis by acyla-
tion of the transpeptidase enzyme, which is usually 
involved in the cross-linking of peptides to form 
Peptidoglycans and the final transpeptidation step 
in the synthesis of peptidoglycans is facilitated by 
DD-transpeptidase, which is also referred to as pen-
icillin-binding protein (Pandey and Cascella, 2021).

However, the target for the action of Be-
ta-lactam antibiotics are the penicillin-binding pro-
teins, these penicillin-binding proteins varying in 
their affinity for penicillin and other Beta-lactam 
antibiotics. While the binding process, on the other 
hand, interrupts the terminal transpeptidation pro-
cess and induces the loss of viability and lyses and 
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also through an autolytic process within the bacteri-
al cell (Spratt, 1983; Zeng and Lin, 2013).

The transpeptidases are usually located in the 
periplasmic space, which is directly accessible in 
gram-positive bacteria, but in gram-negative bac-
teria, the Beta lactam antibiotics will have to cross 
the outer membrane of the bacteria through the 
membrane by passive diffusion or through the por-
in channels (Zeng and Lin, 2013).

Under normal circumstances, the peptidogly-
can precursors signal the reorganization of the bac-
teria cell wall and as a result, trigger the activation 
of autolytic cell wall hydrolases, whereas the inhi-
bition of the cross-linking by Beta-lactam antibiot-
ics causes the build-up of peptidoglycan precursor, 
which then triggers the digestion of existing pepti-
doglycan by autolytic hydrolases without the pro-
duction of new peptidoglycan (Heesemann, 1993; 
DeRosa et al., 2021). As a result of this, the bacte-
ricidal action of Beta-Lactam antibiotics is further 
enhanced.
Survival mechanisms of gram-negative bacteria 
against β-lactams 

Many bacteria, especially gram-negative bac-
teria, adopt a number of mechanisms to avert the 
lethal effect of antibiotics. Some of these survival 
strategies/mechanisms are summarized in Table 1 
below.
Antibiotic modification

Bacteria have different strategies for sur-
viving the effects of antibiotics. One such strate-
gy common in gram-negative and gram-positive 
bacteria is the production of enzymes which adds 
certain chemicals to the antibiotic molecules and 
inactivates the drug, making the antibiotic unable 
to interact with the target (Wilson, 2014). This is a 
common strategy used by microorganisms to make 
antibiotics ineffective, especially in aminoglyco-
side antibiotics (kanamycin, gentamycin, and strep-
tomycin), chloramphenicol, and β-lactams (Pe-
terson and Kaur, 2018). Some of these biological 
reactions and the enzymes involved are phospho-
rylation (chloramphenicol and aminoglycosides), 
acetylation (chloramphenicol, aminoglycosides 
and streptogramins) and adenylation (aminoglyco-
sides and lincosamides). The effect of any of these 
reactions is a reduction in the effect of the antibiotic 
on the target (Munita and Arias, 2016). An example 
of resistance by antibiotic modification is the cova-
lent modification of the hydroxyl or amino groups 
of the aminoglycoside molecule by the presence 
of aminoglycoside modifying enzymes (AMEs). 

Many AME have been identified and are known to 
be the major mechanism of aminoglycoside resist-
ance. These enzymes are found in mobile genetic 
elements (MGEs) (Ramirez and Tolmasky, 2010). 
However, genes which code for AMEs have been 
found to be part of the chromosomal makeup of 
some gram-negative bacteria, such as Providencia 
stuartii and Serratia marcescens (Ramirez and Tol-
masky, 2010).
Antibiotic efflux pumps

Another notable mechanism of antibiotic re-
sistance in bacteria which is mostly regarded as the 
first line of defense to antibiotics is through a drug 
efflux pump, which is responsible for pumping out 
antibiotics from within the cell to the cell’s envi-
ronment. These efflux pumps that help bacteria to 
lower the concentration of antibiotics in their cells 
to a sub-lethal concentration are proteins, which 
are specially adapted to carry out this function. 
One notable and outstanding characteristics of ef-
flux pumps in bacterial cells is the fact that they 
can pump out a wide range of compounds that are 
structurally different from each other (Poole, 2004; 
2005; Piddock, 2006b; Nikaido and Pages, 2012; 
Blanco et al., 2016). By implication, these promis-
cuous proteins help to confer multidrug resistance 
to bacterial cells (Hernando-Amado et al., 2016, 
Piddock, 2006a). When there is an exposure of a 
bacterium to an antibiotic, there is usually rapid in-
crease in the production of genes responsible for 
the expression of efflux pumps, and this usually 
leads to nonlethal concentration of antibiotics with-
in the cell. With this, the cell can survive until a 
specific mechanism of resistance to the antibiotics 
has been acquired. For this reason, it is therefore 
very important to consider an active efflux pump 
when selecting mutants with novel-drug resistance 
(Lomovskaya and Bostian, 2006; Ricci et al., 2006; 
Zhang et al., 2011; Piddock, 2014).

Typically, in gram-negative bacteria of clini-
cal importance, a sizeable level of antibiotic resist-
ance is usually acquired through the efflux pumps 
within the family of the resistance-nodulation di-
vision (RND) (Poole, 2004; Kumar and Schweiz-
er 2005; Blair et al., 2014). This tripartite protein 
complex is usually composed of the OM, the IM, 
as well as the periplasm for the effective extru-
sion of antibiotics out of the double membrane, 
which characterizes gram-negative bacteria (Du 
et al., 2014). When it comes to the tripartite drug 
efflux pump complexes, the AcrA–AcrB–TolC in 
Escherichia coli and MexA–MexB–OprM in P. 
aeruginosa are the most studied. In the two drug 
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efflux complexes above, AcrB/MexB encodes for 
the IM proteins that expel drugs from the periplasm 
or the cytoplasm of bacterial using proton motive 
force (Ohene-Agyei et al., 2012) while TolC/OprM 
encodes for the OM proteins that are responsible 
for allowing drugs to move through the cell to the 
environment. Finally, AcrA/MexA encodes for the 
membrane fusion proteins, which are sometimes 
called the periplasmic adaptor proteins, and are 
concerned with the linking of both the internal and 
external membrane proteins together (Welch et al., 
2010; Du et al., 2013; 2014).
Target overproduction

Another important way in which gram-neg-
ative bacteria resist antibiotics is through an over-
whelming production of the target cellular com-
ponent so that the amount of the target component 
becomes too much for the antibiotics to destroy. 
For instance, there is a report of Trimethoprim 
resistance in E. coli through the overproduction 
of the enzyme dihydrofolate Reductase (DHFR)  

(Eliopoulos and Huovinen, 2001).
Antibiotic destruction

The mechanisms of β-lactam antibiotic resist-
ance depend mainly on the successful destruction 
of the antibiotic molecule by the action of β-lacta-
mases. This is achieved when the enzymes destroy 
the amide bond present in the β-lactam ring, which 
eventually makes the antibiotic ineffective. There is 
evidence that β-lactamases have been in existence 
for millions of years and have been described a year 
prior to the introduction of penicillin in the pharma-
ceutical market (D’Costa et al., 2011). Following 
the availability of penicillin, the mechanism of re-
sistance in penicillin resistant S. aureus was discov-
ered to be plasmid-encoded penicillinase, which 
was transmitted between different strains of S. au-
reus. This however led to the spread of the resist-
ant trait among different strains of S. aureus (Bush, 
2013). To address the concern of this growing re-
sistance, new β-lactam compounds with a broader 
spectrum and less susceptible to penicillinases was 

Table 1. Different antibiotic resistance mechanisms of bacteria to various antibiotics
Antibiotics 
Resistance 

Mechanism

Typical example Antibiotic class affected Some bacteria using this  
mechanism

Target  
replacement  
or bypass

Acquisition of a new penicil-
lin-binding protein (PBP)
Penicillin-binding protein 
(PBP) replacement
Acquisition of a new dihydrop-
teroate synthase
he use of exogenous folinic 
acid

 β-Lactams
 
β-Lactams
Sulfonamides

Trimethoprim
Sulfonamides

S. pneumoniae
 
S. aureus
 Gran-negative bacteria
 
Enterococci

Antibiotic  
destruction

Carbapenenmases
 
 
 

Extended-Spectrum β-Lact-
amases
 
β-Lactamases
Penicillinases

Carbapenems as well as 
virtually all hydrolysable 
β-Lactams
 
 
 
 Penicillins, first, second, 
third generation cephalo-
sporins, and aztreonam
 
Penicillins, narrow spec-
trum cephalosporins

P. aeruginosa
Acinetobacter spp
Enterobacteriaceae
Stenotrophomonas maltophilia
P. aeruginosa
Enterobacteriaceae
 
S. aureus
Haemophilus influenza
Enterobacteriaceae
Neisseria gonorrhea

Modification of 
antibiotics-acti-
vating enzymes

Mutations in the nitroreduc-
tase genes ; nfsA and nfsB

Nitrofurantoin Enterobacteriacea

Antibiotic 
modification

Aminoglycosidic modifying 
enzymes (AME)
Chloramphenicol acetyltrans-
ferases (CATs)

 Aminoglycosides
 
Chloramphenicol

A wide range of bacteria
 
A wide range of bacteria 
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produced. In 1960, a new plasmid-encoded β-lacta-
mase which had the ability to hydrolyze penicilli-
nase (ampicillin) was found in some gram-negative 
microorganisms. This led to the development of 
more β-lactams alongside enzymes with the ability 
to destroy manufactured antibiotic molecules.
Target replacement or target bypass

In order to combat the effects of antibiotics, 
gram-negative bacteria produce a protein often 
called penicillin-binding protein (PBP). Howev-
er, over the years, novel antibiotics, such as the 
LYS228, a monobactam, which functions through 
the inhibition of the penicillin-binding protein 
(PBP) have been developed (Dean et al., 2020). 
As a result of these new developments, gram-neg-
ative bacteria have devised means to tackle their 
new “opponents” by replacing or bypassing these 
proteins that have become targets for the recently 
developed β-lactams.

This resistance mechanism has been report-
ed in the past few years to have been utilized by 
gram-positive bacteria, such as S. pneumoniae and 
S. aureus against β-lactam antibiotics. In order to 
show this resistance to β-lactams, they produce 
mosaic PBP genes via the recombination of indige-
nous DNA and foreign DNA originating from other 
β-lactam-resistant bacteria such as S. pneumoniae. 
This new gene encodes another form of proteins 
such as penicillin-binding-protein 2a (PBP2a), 
which is a unique PBP with quite a low affinity for 
all β-lactams. Due to this action, regardless of the 
presence of β-lactams, there is continued synthesis 
of bacterial cell wall (Hiramatsu et al., 2013).
Global cell adaptation (changes in cell regulation)

Changes in cell regulation, which is common-
ly referred to as global adaptive response, is anoth-
er mechanism through which bacterial cells express 
resistance to antibiotics, and this is often quite dif-
ferent from just a single change in the cell regu-
latory mechanism of bacterial cells. For instance, 
a typical clinical example of global cell adaptation 
mechanism is observed in S. aureus as well as Ente-
rococci, where there is resistance to daptomycin. In 
the same vein, this antibiotic resistance mechanism 
is also observed in S. aureus, where there is a low 
level resistance to Vancomycin (Eirini et al., 2019). 
In the case of daptomycin, bacterial cells are de-
stroyed by an alteration of the homeostasis of their 
cell membrane components, while in enterococci, 
mutations in the genes encoding the regulatory sys-
tems, which control the homeostasis of the cell en-
velope as well as the genes responsible for the me-

tabolism of phospholipids have all been linked with 
the development of resistance against daptomycin 
in enterococci (Miller et al., 2014).

Global cell adaptation, which leads to the de-
velopment of daptomycin resistance in S. aureus is 
associated with the gradual accumulation of mutant 
genes, which are involved in the modification of the 
cell wall as well as the regulation of some major 
cell membrane activities (Bayer et al., 20013). In S. 
aureus, an intermediate susceptibility to vancomy-
cin (MIC 4-8 μg/mL) is usually observed. Howev-
er, this intermediate susceptibility is not related to 
the acquisition of some resistance genes as it is the 
case in VRSA, where there is usually acquisition 
of a cluster of vanA genes. Instead, the resistance 
is usually as a result of some changes that involve 
genes as a component of the regulatory systems 
controlling the homeostasis of the bacterial cell en-
velope (Howden et al., 2010). The actual mecha-
nism through which such intermediate resistance to 
vancomycin in S. aureus works is not clear. Never-
theless, there are theories about a reduction in the 
cell wall turnover as well as an autolytic activity 
that leads to an increased level of cell wall produc-
tion, and this prevents vancomycin from getting to 
its target site, which is the septum responsible for 
cell wall division (Howden et al., 2010).
Target site alteration (mutation or enzyme-
mediated)

The alteration of antibiotics target sites is 
a viable means of antibiotic resistance; this can 
occur either by mutation or by the activity of en-
zymes. Modification of target sites via mutation or 
post-translational modifications inhibits the binding 
of antibiotics, as such antibiotics can be modified 
inside the bacterial cell or eventually destroyed (De 
Pascale and Wright, 2010); this occurs since the an-
tibiotic have nowhere to bind to or attack, hence 
loses its integrity. Enzymes recognized to function 
in this manner are the methyltransferases; this class 
of enzymes alter elements on the ribosome and 
confer resistance to ribosome-targeting antibiotics, 
such as aminoglycosides, β-lactams, etc. (Schaen-
zer and Wright, 2020).
Target site protection

Antibiotic targets can also be protected by 
different mechanisms. One of the major targets of 
β-lactams is peptidoglycan, which helps to maintain 
the integrity of the cell against its internal turgor 
pressure. However, since the advent of β-lactams, 
this form of resistance has become obsolete; hence 
another means was to be developed by these bac-
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teria: β-lactamases (Paterson and Bonomo, 2015). 
This group of enzymes act to protect peptidoglycan 
and the cell wall as they hydrolyze the β-lactam ring 
present in β-lactams, thus the chemical structure of 
the antibiotics becomes compromised and cannot 
function to inhibit the synthesis of the bacterial cell 
wall (Donhofer et al., 2012).
Horizontal gene transfer

The mechanism of acquired antibiotic resist-
ance in bacteria can also be possible through the 
process of horizontal gene transfer. For this reason, 
even nonpathogenic bacteria with antibiotic re-
sistance genes can serve as a donor of such genes 
to pathogenic bacteria (Salyers and Shoemaker, 
2006). During horizontal gene transfer of antibiot-
ic resistance genes, a naked genetic material such 
as DNA, plasmid, transposons, gene cassettes, and 
even integrons from the environment is picked up 
by a bacterium cell (Nwosu, 2001). Very common 
about horizontal gene transfer of antibiotic resist-
ance among bacteria is the fact that more than one 
antibiotic resistance genes can be transferred to a 
recipient cell at a time. For instance, when consid-
ering the acquisition of a gene cassette, Methicil-
lin-Resistant S. aureus (MRSA) is a very good clin-
ical example where the mec element is responsible 
for carrying the mecA gene, and this gene codes for 
a protein that is insensitive to B-lactam, thus help-
ing the cell to synthesize its cell wall even where 
there is an antibiotic (Katayama et al., 2000). Sim-
ilar mec elements have also been identified across 
various species of Staphylococcus, and this shows 
that horizontal gene transfer is a potential mecha-
nism through which this gene is being transferred 
from one species to the other (Shore et al., 2011).
Conclusion and Perspectives

The resistance of bacteria to antimicrobial 
agents is not only the most important global health 
threat, but it is also one with the rarest solution. 
Since the discovery of various antimicrobial agents 
to help us win the war against antibiotic resistant 
bacteria, gram-negative bacteria in particular have 
been shown to develop several evolutionary mech-
anisms that give them an incredible surviving edge 
even in the face of the deleterious effects of these 
antimicrobial agents against them. Evidently, the 
war against these unfriendly neighbors of ours is far 
from over, which is an obvious indication that more 
research is needed to fully understand better ways 
to boost the efficacy antimicrobial therapies as well 
as the susceptibility of gram-negative bacteria to 
these antimicrobial agents. By so doing, antimicro-

bial resistance in bacteria will not only be a thing 
of the past, but diagnosis in clinical microbiology 
will also prove to be more effective and efficient, 
especially as this will give a lasting solution to the 
hydra-headed antimicrobial resistance potentials of 
gram-negative bacteria.
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