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INTRODUCTION 
 
Antimicrobial resistance is acquired by a microorganism when 
it proliferates in the presence of an escalated concentration of 
antimicrobial drug on comparing with phylogenetically related 
strains. Antimicrobial resistance is a relative terminology that 
can only be measured after juxtaposition with one or more 
microbial strains under an analogous set of conditions. 
Improper and burgeoning dosages of antimicrobial drugs have 
substantially enhanced the susceptibilities of drug resistance. 
To elevate weight and growth rate in veterinary animals like 
herds or flocks, an optimized dosage of antibiotics is provided 
to them which also compensates for the unhygienic 
conditions in the crowded farms. It ultimately leads to an 
increase in the excessive collation of antibiotics in the 
environment and accretion of antibiotic resistance in the 
microorganism on their contact with the antibiotic drugs 
inside animal bodies (Kumar et al. 2020). Livestock animals 
greatly contribute to this resistive outspread. Antibiotic 
dissipation is highest in China (23%) followed by US (13%), 
Brazil (9%), and India (3%) (Kakkar et al. 2017). A survey in 
India reported the Vancomycin-resistant strains of 
Staphylococcus aureus from cow and goat milk. Furthermore, 
isolates derived from poultry were examined and found 
resistive to Streptomycin (75%), erythromycin (57%) along 
with more than 40 % combinative resistance against 
Kanamycin, tobramycin, rifampicin, and ampicillin 
(Bhattacharyya et al. 2016). Extended-spectrum  
β-lactamase (ESBL) constituting pathogens instigate a 
worldwide expansion of resistance against highly competitive 
third-generation antibiotics like cephalosporins. 
ESBL-producing E. coli strains have been isolated from 
livestock, poultry feces or remnants, and animal feed in 
developed countries of the world (Allen et al. 2014). This 
case was first reported in the US when salmonella and E. coli 
strains possessing CTX-M extended-spectrum lactamase 
(blaCTX-M) were examined inside cattle in Ohio. These strains 
stimulated the inhibitory action against the antimicrobial 
activity of cephalosporin (Wittum et al. 2010). 
Susceptibility and Resistance are directly associated with the 
Minimum Inhibitory Concentration (MIC). This minimum 
concentration of antibiotics is responsible for the inhibition of 
microbial growth. Bacterial susceptibility to the antibiotic or 
drug is correlated with the range of average MICs. Intrinsic 
resistance can be acquired with this MIC value in the resistive 
part of the range. 

General Mechanisms of Resistance against 
Antimicrobial Drugs 
 
In addition to the intrinsic resistance, gram-positive and gram-
negative bacteria have acquired intrinsic resistance in several 
modifying and mechanistic pathways. In animals, antimicrobials 
have been practiced for medicinal and prophylaxis purposes. 
But, excessive incorporation of these antimicrobial systems 
has stimulated a competent group of microbes for inhibiting 
the effect of added antimicrobials and producing resistance 
against them. Many animals like pets, as well as domestic 
animals (chicken, dogs, cats, horses, cows, and pigs), can 
harbor these antibiotic-resistant bacteria and transmit them 
from animals to humans and vice versa through different 
Horizontal and Mobile genetic transfer of genes, plasmids, 
transposons, and Integrons, enhancing the dissemination of 
the Multidrug-Resistant Genes (MDR) to multiple class of 
antibiotic in one step or event (El Salabi et al.2013). The 
Horizontal Gene Transfer mechanism is accountable for the 
acquisition of foreign DNA and transmission of antimicrobial 
resistance (Briceno et al. 2011) and (Verraes et al. 2013). The 
mechanisms of antimicrobial resistance have been briefly 
summarized here. A detailed description of mechanisms has 
been delineated in this chapter. 
 
Strategies for Antimicrobial Resistance 
 
 Enzymatic modification. 
 Efflux pumping and reduction in cell permeability. 
 Ribosomal modification or Target modification. 
 Ribosomal protection. 
 Inhibition of Protein formation. 
 Modification of metabolic pathways.  
 
Mechanistic Resistance against Antibiotics 
Polymyxin 
 
Polymyxins are produced naturally by gram-positive 
bacterium Bacillus polymyxa using non-ribosomal protein 
synthetase enzymes. These antibiotic drugs exhibit prodigious 
efficacy against a wide range of bacteria (gram-negative) 
through the electrostatic attractions between the cationic 
peptide chain of Polymyxins and negatively charged phosphate 
groups in the innermost anchoring lipid A component of the 
bacterial outer membrane (OM) which is formulated with 
lipopolysaccharides (LPS) chains. 

 
 
How to cite this chapter: Naz I, Sadia H, Saleemi MK and Jubeen F, 2022. Biochemical mechanisms of drug resistance against 
bacteria and fungi in animals. In: Abbas RZ, Khan A, Liu P and Saleemi MK (eds), Animal Health Perspectives, Unique Scientific Publishers, 
Faisalabad, Pakistan, Vol. 2, pp: 16-28. https://doi.org/10.47278/book.ahp/2022.38 

CHAPTER 03 



 17 

 
 
Fig. 1: With the continuous dosage and collation of antimicrobials and other injections, competent microbes inside the animals 
adapt several mechanisms to inhibit the functioning of antimicrobials. The drug enters the cell from protein channels mentioned 
as 1, 2, 3, and 4. The drug is trapped by another substrate to reduce the binding of antimicrobial with the target site. The 
targeted site is blocked or shielded to inhibit antimicrobial attachment. Target is modified or altered so antimicrobial will not 
recognize and bind with the specific site. The drug is enzymatically inactivated by phosphorylation. The drug is released out of 
the cell through active pumps (ABC). The permeability of the cell is declined to terminate the entry of antimicrobials. 
 

 
 
Fig. 2: (a). It stipulates the membrane structure of gram-negative bacteria along with the protein channels. (b) . It indicates the segmental 
division of lipopolysaccharide. 
 
Table 1: Working modes of various classes of antibiotics have been mentioned below. 
Mechanism of Antibiotic Action Antibiotic Family 
Disruption of bacterial outer 
membrane 

Polymyxin, colistin, Lipopeptides, and Deptomycin 

Inhibition of cell wall formulation Penicillin, Cephalosporin, Monobactams, Carbapenems and Glycopeptides. 
Inhibition of DNA synthesis Deptomycin, Fluoroquinolones 
Inhibition of protein synthesis Aminoglycosides, Streptogramins, Deptomycin, Ketolides, Macrolides, Lincosamides, and Tetracyclines. 
Inhibition of Folic acid synthesis Trimethoprim and Sulfonamides. 
Inhibition of RNA synthesis Rifampin and other Metronidazoles. 
(a). Operational Activity of Polymyxin and bacterial resistance against the drug: (b). Operational Activity of Macrolides accompanied by the 
Mechanism of Bacterial Resistance against it. 
 
Operational Activity of Polymyxin 
 
The asymmetric and semi-permeable outer membrane (OM) 
of gram-negative bacteria is responsible for the intake of 
essential entities like nutrients and the release of toxic 

moieties outside the cell. The bacterial OM is surrounded by 
a leaflet structure of lipopolysaccharide (LPS). The LPS is 
constituted by the three domains. The most distinct 
compartment is an anchoring hydrophobic chain of lipid A 
(endotoxin) which constitutes the tight packaging with fatty 
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acyl chains and serves as a membrane stabilizer, a central 
portion or core of oligosaccharide, and the outermost 
compartment of a distal polysaccharide (O-antigen) (Yu et al. 
2015). 
The bactericidal activity of polymyxin is conciliated by the 
electrostatic interaction with Lipid A, which anchors the drug 
in the bacterial membrane, disrupting the permeability of the 
cell. The negative charge of lipid A is due to the presence of 
phosphate ions (PO43-) which are stabilized by the 
electrostatic interaction with divalent cations like calcium 
(Ca2+) and magnesium (Mg2+),γ-amines on the positively 
charged Dab residues (di-amino butyric acid) undergo 
protonation which creates the binding targeted sites of 
polymyxin drug with the Lipid A. These cationic peptide 
chains of polymyxin antibiotic exhibit greater affinity to the 
phosphate ions as compared to these divalent cations 
followed by the incorporation of N-terminal fatty acid chain 
D-Phe6-L-Leu7 (polymyxin B) or D-Leu6-L-Leu7 (polymyxin 
E) and can invent the curvature on the membrane surface, 
facilitating the formulation of destabilized areas on the outer 
membrane, accompanied by the penetration into the 
periplasm which leads to the increased Permeability of 
membrane, non-regulated release of divalent Ca2+ and Mg2+ 
ions, instability of cell integrity and eventually the death of 

bacterial cell (Falagas et al. 2010; Yu et al. 2015; Jian and 
Roger 2019). 
In addition to this membrane lysis mechanism, an innovative 
survey has elicited that polymyxin can expeditiously instigate 
cell death via the aggregation of hydroxyl radical (•OH). In 
these bactericidal antibiotics, reactive oxygen species (ROS) 
like superoxide (O2-), hydrogen peroxide (H2O2), and •OH 
can enhance oxidative stress within the cell. It has been 
postulated that polymyxin can potentially induce superoxide 
O2-, once they enter and cross the OM and then IM. These 
superoxides are transfigured to the H2O2 by superoxide 
dismutase enzymes. This newly synthesized H2O2 will be 
responsible for the oxidation of ferrous ion (Fe2+) into ferric 
ion (Fe3+) along with the biosynthesis of free hydroxyl radicals 
(•OH). This is characterized as the Fenton reaction. 
Excessively produced concentrations of these free radicals 
can stimulate the mutilation of DNA, lipids, proteins, and the 
ultimate cell death via oxidative stress (Yeom et al. 2010; Yu 
et al. 2015). This methodology has been operated in the 
species like pseudomonas aeruginosa and Pseudomonas putida. 
But many species like Escherichia coli have been reported to 
be resistant against these fatal effects of antibiotics by the cell-
permeable chelators which hinder the Fenton reaction 
accompanied with the suppression of oxidative stress (Yeom 
et al. 2010). 

 
 

 
 
Fig. 3: The cationic Polymyxin targets lipid A, contriving a curvature at the outer membrane, then penetrating into the periplasm of the gram-
negative bacteria, disturbing the permeability of the cell membrane, causing the efflux of Ca2+ and Mg 2+ ions. (a). Polymyxin instigates the lysis 
of the membrane, devastating the integrity of the bacterial cell. (b). the drug also penetrates the inner and outer leaflets of phospholipids. This 
phenomenon is referred to as vesicle-vesicle contact, resulting in an osmotic imbalance and ultimate cell lysis. 
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Bacterial Resistance against the Polymyxin Drug 
 
Various bacterial species like Proteus spp, Serratia spp, and 
Burkholderia spp have been found as intrinsically resistive to 
this drug. However, this resistance has been burgeoned after 
the development of acquired resistive mechanisms in Klebsiella 
pneumoniae, Pseudomonas aeruginosa, Yersinia spp, Escherichia 
coli, Salmonella enterica, Vibrio cholerae, Yersinia enterocolitica, 

and Acinetobacter baumannii (Olaitan et al. 2014). These 
bacterial species acquire mcr-1 genes which assist in resistive 
maneuver. The efficacy of polymyxin can be curtailed by 
adopting the following features: 
I. Modification of LPS. 
II. Loss or elimination of LPS and lipid A. 
III. Plasmid Mediated Efflux Response. 
IV. Capsule Expression. 

Among the aforementioned categories, the highest observed 
mechanism is the modification of lipopolysaccharide at the 
phosphate group of lipid A by the addition of 4-amino-L-
arabinose (L-Ara4N), phospho ethanolamine (PEtn), and 
galactosamine (GalN). These alterations mitigate the negative 
 
Modification of LPS via 4-amino-L-Ara4N 
 
The L-Ara4N, being the most pervasive modification, has 
been explicated in detail. The biosynthesis of L-Ara4N has 
been mediated by the genes of polymyxin resistance operon 
arn (formerly known as pmr). This operon constitutes of 
genes pmr HFIJKLM. The multi-steps involved in the 
biochemical formulation, conversion, and addition of L-Ara4N 
to the lipid A have been represented above in Figure 5. 
The biochemical formulation and addition of L-Arabinose are 
acquired by the synchronized activity of enzymes PmrE, 
PmrH, PmrF, PmrI, PmrJ, PmrK, PmrL, and PmrM. This 
process proceeds in the cytoplasm with the conversion of 
UDP-glucose into UDP-glucuronic acid by PmrE/Ugd 
dehydrogenase enzyme which is accompanied by the 
oxidative decarboxylation via PmrI/ArnA and converts into 

UDP-4-keto pyranose. The enzymatic activity of PmrH/ArnB 
then converts UDP-4-keto pyranose into UDP-beta-L-
arabinose which is further formylated by PmrI/ArnA to 
synthesize UDP-beta-L-Ara4FN to the Undecaprenyl 
phosphate carrier (Undp) which is present in the inner 
membrane of the bacterial cell where  ultimate deformylation 
is carried out by the activity of PmrJ/ArnD and the formerly 
synthesized compound is flipped across the inner membrane 
into the periplasm by the consolidated activity of PmrL/ArnE 
with PmrM/ArnF charge characterized by the phosphate 
groups which leads to the reduction of anionic domains or 
drugs-binding sites. All these events exotically dwindle the 
affinity between the bacterial outer membrane and polymyxin 
(Nang et al. 2021). 
PmrJ/ArnD and the formerly synthesized compound is flipped 
across the inner membrane into the periplasm by the 
consolidated activity of PmrL/ArnE with PmrM/ArnF. 
Eventually, L-ara4N is transferred to lipid A by the 
biochemical activity of the glycosyl transferase enzyme. 
Figure 5. This modification of lipid A by L-arabinose 
mitigates the predisposition of drug-binding sites and 
contributes to bacterial survival. Biosynthesis of the addition 
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of L-Ara4N varies in terms of gene expressions among 
different species (Jian and Roger 2019). In addition to this 
enzymatically controlled phenomenon, another two-
component regulatory system PhoP/PhoQ also contributes to 
the modification of lipid A in many bacterial species like 
p.aeruginosa. This regulating system is mediated in the 
presence of high iron concentration (Fe3+ ions and reduced 
pH) and low magnesium concentration (Mg2+) or calcium 
(Ca2+) ions (Falagas et al. 2010). 
 
Resistance through the Expression of Capsule 
 
Capsulated species of gram-negative bacteria were observed 
to depict more resistance against polymyxin drugs. While a 
capsular mutants were found to be more predilcated towards 
the polymyxin and its attachment at the bacterial surface 
when juxtaposed with the capsulated bacterial mutants (Jian 
and Roger 2019). Thus, the capsular expression has 
incremented the resistivity against the targeted drug in 
Klebsiellapneumoniae. This mechanism has been established on 
the principle of electrostatic interference between the anionic 
capsule and the polymyxin drug. These bacterial species can 
easily shed their anionic or negatively charged capsular 
polysaccharides (CPs) and cohere with the positive peptide 
chains of polymyxin (Olaitan et al. 2014). This crucial step 
neutralizes the positive charge of polymyxin drug, and it 
abates the susceptibility of the Lipopolysaccharide layer to 
bind with the drug via electrostatic correspondence (Yu et al. 
2015). 
 
Multidrug Efflux System (MDES) 
 
Multidrug resistance has been accomplished by the mediated 
expression of efflux pumps in gram-positive and gram-negative 
pathogens colonizing within the animals. MexAB-OprM, 
AcrAB, and NorM have progressively contributed to the 
mechanism of bacterial resistance. These pumping systems 
transport polymyxin in and out of the cell. These pumping 

systems have been operated inside the bacterial species 
mentioned below. 
 
Loss of Lipopolysaccharide (LPS) 
 
A few bacterial species have adapted the complete elimination 
of the lipopolysaccharide layer which has delineated the 
escalated degree of antibacterial resistance. But this strategy 
also exerts a negative impact on the fitness of bacterial cells 
because the lipopolysaccharide chain is the utmost 
requirement for the stabilization of the outer membrane of 
bacteria. Only the Acinetobacter baumannii strains have been 
reported to exhibit this unusual mode of impedance. Analysis 
of strains in the mouse infection model, the loss of lipid A and 
the alteration of lipid A has curtailed the competitive index of 
A. baumannii to 0.09 and 0.35 sequentially (Johnson et al. 
2017). 
Macrolides antibiotics have been extracted from Streptomyces 
spp. through the synergistic activity of polyketide synthase. 
Chemical representation of macrolides manifests them as 12-
18 membered lactone rings attached with 1 to 3 various 
hexose components like desosamine. 
 
Macrolides, Lincosamides and Streptogramins (MLS) 
 
Macrolides, lincosamides, and streptogramins exhibit the 
same mode of spectral activity. In the early era, macrolides 
and related drugs were manipulated for the medication of 
respiratory tract and infection in skin tissues but further next-
generation advancement expanded the usage of macrolides 
(Zhanel et al. 2001). This activity has been extended to the 
intracellular bacteria or other pathogens like (Chlamydia 
trachomatis, Treponema pallidum, Mycoplasma pneumoniae, and 
Rickettsia) and gram-positive bacteria (staphylococcus aureus 
and Streptococcus pneumoniae, Streptococcus pyogenes, and 
bacilli species). Gram-negative bacteria are intrinsically 
resistant to these MLS antibiotics except Helicobacter, 
Campylobacter, Legionella, Bordetella pertussis, Chlamydia species,  

 

 
 
Fig. 6: Divisional model of Macrolides according to the different membered lactone –rings. Antibiotics mentioned with (*) sign 
are authorized for veterinary practices. 
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Table 2: Various Efflux systems have been mentioned in different Antibiotic classes. 
Multidrug Efflux system Bacterial species with the corresponding pumping system 
MexAB-OprM Pseudomonas aeruginosa 
AcrAB K. pneumoniae, E. coli 
NorM Burkholderia veitnamien 
MtrCDE Neisseria meningitidis 

(Yu et al. 2015; Jian and Roger 2019). 
 
Table 3:  Administrative quantities, inhibitory activities, and injective time periods of various classes of antibiotics have been 
assayed in dogs, cats, ruminants (cattle, sheep, goat, and buffaloes), horses and swine (Giguère and Prescott 2013). 
Species  Antibiotics  Dosages 

(mg/kg) 
Defensive activity against the Selected bacterial species. Intervals 

(hours) 

Dogs and 
cats 
 
 
 

Tylosin 10-20 
(dogs), 5-10 
(cats) 

Heals abscesses, wound infections, tonsillitis, trachea bronchitis, and 
pneumonia caused by pathogens like staphylococci, streptococci, anaerobes, and 
Mycoplasma. 

 
 12  

Clarithromycin  5-10 Cures gastric ulcers associated with Helicobacter spp. in dogs  12 
Azithromycin  5(cats), 

10(dogs) 
Eliminates Babesia gibsoni from continuously infected dogs, effective against 
Chlamydophila felis infections in cats,  
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Ruminants Tylosin 4-10 Treats pneumonia associated with Mycoplasma bovis and otitis media and  
intern in calves, foot rot, metritis, and mastitis caused by Gram-positive cocci. 

 
 24 

Erythromycin 1.1-2.2 Exhibits inhibitory activity against H. somni, A. pyogenes, and anaerobic bacteria  24 
 
Gamithromycin 

 
6 

Effective against bovine respiratory disease associated with M. haemolytica,  
P. multocida, Mycoplasma bovis, or H. somni in beef and non-lactating dairy cattle.  

Single 
dose 

Horses   
Erythromycin 

 
25 

Cures infections caused by Lawsonia intracellularis, Rhodococcus equi pneumonia 
in foals, staphylococcal and streptococcal infections in horses. 

 
6-8 

Clarithromycin 7.5 Assists in treatment of Rhodococcus equi infections in foals 12 
Azithromycin 10 Assists in treatment of Rhodococcus equi infections in foals. 24- 48 

Swine   
Tylosin 

9 Inactivates Pasteurella multocida, reduced the frequency of M. hyopneumoniae 
lesions,  P. multocida and A. pyogenes pneumonia 

12-24 

Tildipirosin 4 Aids in the treatment of respiratory disease associated with A. 
pleuropneumoniae, P. multocida, Bordetella bronchiseptica, and H. Parasuis. 

Single 
dose 

Tulathromycin 2.5 Active against swine respiratory disease caused by A. pleuropneumoniae, 
P. multocida, B. bronchiseptica, H. parasuis, or Mycoplasma hyopneumoniae. 

Single 
dose 

 
and Haemophilus influenza (Leclercq et al. 2002). Macrolides are 
characterized by a lactone ring. Erythromycin-derived 
macrolides constitute 15-membered clarithromycin, roxithro-
mycin, azithromycin and dirithromycin. The pharmacokinetic 
(PK) profile has been enhanced due to the structural 
modification of erythromycin but cross-resistance has been 
observed in these antibiotics. Therefore, better spectral activity 
has been expressed by 16- membered macrolides (Spiramycin, 
Midecamycin, Josamycin, and Miocamycin) and veterinary 
medicine (Tylosin) (Felmingham et al. 1991). 
 
Manipulation of MLS antibiotics in Animals 
 
For veterinary purposes, various macrolides against bacterial 
infections and syndromes have been administered in specific 
concentrations and intervals of time. These regulations have 
been elucidated in the Table-2. 
 
Operational Activity of Macrolides 
 
This intrigued class of antibiotics exerts its antibacterial effect 
in bacterial strains via inhibiting protein synthesis and 
ribosomal inhibition of the microbes. Macrolide binds 
to23rRNA of 50S bacterial ribosome only at a related site (v-
domain) to avoid the interferences of other antibiotics like 
chloramphenicol on this site. This binding was further 
declared when the binding of macrolide Erythromycin was 
acknowledged via the Fragment reaction studies and dimethyl 
sulfate and kethozol probing (Moazed et al.1987). Macrolides 

annihilate bacterial growth by targeting ribosomes and 
inhibiting the phenomenon of protein synthesis. After 
incorporating into the bacterial cell, this antibiotic increments 
the affinity and coheres with the peptide exit tunnel of the 
larger ribosomes which is directly adjoined with the peptidyl 
transferase. Thereby, this devastating antibiotic obstructs the 
exit channel of protein and prevents the elongation of the 
polypeptide chain. Depending upon the dual antibacterial 
nature (bacteriostatic and bactericidal), macrolides can 
terminate the protein formulation and thus the growth of 
bacterial cells (Svetlov et al. 2017). Other antibiotics like 
Lincosamide as well as streptogramins also exhibit the 
analogous mode of attack on the bacterial surface (Matzov et 
al. 2017). The hydrophobic and hydrophilic-faced lactone rings 
bind to the ribosomal subunit with their hydrophobic end 
accompanied by the specific hydrogen bondings of 
desosamine or mycaminose entities with nucleotides A2058 
and A2059 of the host cell, thus, escalating the interaction of 
macrolides with the bacterial ribosomes (Hansen et al. 2002). 
Another 18-membered ring macrolide has the potency to 
interfere with the protein synthesis via inhibiting RNA 
polymerase rather than binding to the ribosomal subunit 
(Artsimovitch et al. 2012). 
 
Mechanism of Resistance against Macrolides 
 
Miscellaneous mechanistic pathways have been operated by 
the bacteria to antagonize the effect of the antibacterial drug. 
Bacteria can 
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Fig. 7: (Macrolide) Erythromycin interacts with 23S subunit of RNA nucleotide A2058. After internalization of macrolide with 
the binding site on the 50S subunit, a Hydrogen bond is formulated between the 2-OH group of desosamine and Nitrogen (N1) 
in A2058. 
 
Table 4: Efflux pumping system marked with (*) and subfamilies provide substantial resistance against macrolides (Gomes et al. 
2016). 
Efflux pumping system Symbols/ Ideogram Bacterial strains 
 Major facilitator Superfamily MFS* subfamily Mef Mef(A) in Streptococcus (pneumonia, pyogenes, agalactiae) 
ATP-binding cassette ABC* subfamily Msr Msr(A) in Staphylococcus xylosus and S. epidermidis, S.aureus 
Multidrug and toxic compound extrusion MATE  
Resistance nodulation division RND  
Small multidrug resistance SMR  

 
I. Diminish the Concentration of Macrolides inside the cell. 
II. Modify or amend the target (Ribosome). 
III. Modify the Macrolides. 
IV. Shielding or Protecting the Ribosome. 
 
Diminish the Intracellular Concentration of 
Macrolides 
 
Various bacterial species are competent enough to elude the 
working of macrolide via decreasing their concentration 
inside the cells. This mechanism is acquired through the 
optimized activity of efflux pumps encoded on the plasmid or 
chromosomes (Ambrose et al. 2005). 
Multicomponent Mef efflux system belongs to the MFS family 
and transports the antibiotic to the exterior of the cell via the 
secondary active transport rather than the direct utilization of 
ATP. Mef (A) and Mef (B) are the effectively operated 
determinants against macrolide. Mef (A) is resistive against 
macrolides, with minimum inhibitory concentration MIC of 
erythromycin, clarithromycin, and azithromycin against the 
bacterial strains as mentioned in Table: 4. On the contrary, 
Msr related to the ABC family utilize ATP as an energy 
source for active transport. It encrypts a protein with the 2-
ATP binding compartment of ABC transporters. Both 
aforementioned efflux systems proved to be efficient 
against14 and 15- membered ring macrolides like 
erythromycin and ketolides (telithromycin). Streptogramins 
and clindamycin are not resistive to bacterial strains as they 
don't induce Msr (A) genes (Leclercq et al. 2002; Li et 
al.2009). 

Modification of Ribosome 
 
Various categories of alteration at the ribosome also 
contribute to macrolide resistance. These resistive 
modifications include methylation of ribosomal subunits, 
mutations at ribosomal RNA and proteins. The Emr family of 
enzyme methyltransferase involves the prepotent methylation 
of 23S subunit of rRNA at the N6 position of nucleotide 
A2058,(see figure-7) which formulates unique chemical 
bonding with the saccharides entities (hexoses) at the C5 
position of macrolactone rings of the drug, accompanied by 
the hydrogen bonding in the drug structure (Poehlsgaard et 
al. 2005). Monomethylation demonstrates a low resistive 
activity in contrast to dimethylation. The phenomenon of 
dimethylation encounters the prodigious resistance to all 
MLSb antibiotic drugs (see figure-8) against Mycobacterium 
avium, Helicobacter pylori, Treponema pallidum, 
Propionibacterium, and Streptococcus pneumoniae (exhibiting 
4rrn genes). Ketolides (telithromycin) have been reported to 
be resistant against gram-negative and gram-positive bacterial 
strains. 
 
Modification of Macrolides 
 
In this resistive pathway, enzyme-catalyzed modification of 
antibiotics is adapted to mitigate the level of interaction and 
binding of antibiotics to the target site (50S ribosomal 
subunit) inside the bacterial cell. This intrigued class of 
bacterial enzymes has been diversified into various 
subclasses.i.e. Macrolide phosphotransferases (MPHs), 
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Macrolide esterases (Eres), Macrolide glycosyltransferases. 
MPH(A) and (B)  genes induced phosphorylation against 14, 
15 and 14, 16 membered ring macrolides respectively(Fyfe et 
al. 2016).This enzymatic alteration was observed from the 
clinical analysis of Escherichia coli strains which inhibited the 
action of Oleandomycin in 1988. Later, it was confirmed that 
an enzyme in those was responsible for the phosphorylation 
of the hydroxyl group at the 2nd position of C5 linked 
desosamine entity of Oleandomycin. Due to the 
phosphorylation reaction, the enzyme was named "Macrolide 
2'-phosphotransferase". Later, this mechanism was also 
declared in another macrolide Erythromycin. In the 1980s, a 
substantial level of resistance was observed in Erythromycin 
but not in Lincosamide and Streptogramins. It was due to 
another enzyme known as Esterase (Ere) (Barthelemy et al. 
1984). A detailed mechanism of this reaction has not been 
explicated in this chapter. 
Glycosyltransferase enzyme has been reported for the 
"Antibiotic Resistance and Immunity" in the Host cell (Fyfe et 
al. 2016). For an instance, Streptomyces spp, from which 
macrolide originated, operate this resistive mechanism for 

instigating the Self-resistance against the antimicrobial 
generated by itself (Bolam et al. 2007). 
Glycosyltransferase enzyme has been reported for the 
"Antibiotic Resistance and Immunity" in the Host cell (Fyfe et 
al. 2016). For an instance, Streptomyces spp, from which 
macrolide originated, operate this resistive mechanism for 
instigating the Self-resistance against the antimicrobial 
generated by itself (Bolam et al. 2007). 
 
Antifungal Drugs 
 
Fungal cell membranes have distinctive ergosterol, sterol, 
which replaces cholesterol present in mammalian cell 
membranes. An antifungal agent is a medicinal elixir that 
selectively exterminates fungal pathogens from a host with 
minimum toxicity to the host. 
 
Three commonly used classes of antifungal drugs are: 
1. Flucytosine (5-FC). 
2. Ergosterol Synthesis Inhibitors. 
3. Polyenes. 

 

 
 
 
Fig. 8: It explicates the modification of antibiotic sites and stimulates resistance to Macrolide, Lincosamide, and streptogramins 
(MLS). After the action of Adenyl-N-methyltransferase enzymes, adenine is methylated and reduces the binding of erythromycin to 
the 50S targeted site of the ribosome. 
 

 
 
 
Fig. 9: Simplified and Schematic presentation of the mode of action of Antifungal Drugs. 
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Flucytosine 
 
Flucytosine (5-FC) is an anti-metabolite initially synthesized in 
1957 while looking for new antineoplastic agents. Although it 
lacked anticancer capabilities, it quickly became clear that it 
was a powerful antifungal agent. Flucytosine is a pyrimidine 
analogue that is water-soluble and related to the 
chemotherapy drug 5-fluorouracil (5-FU). It has a substantially 
restricted range of action than amphotericin B. Ascomycete 
and basidiomycete yeasts, as well as several hyaline and 
melanized filamentous fungi, are all susceptible to 5-FC 
(Vermes et al2000). The drug is especially crucial for treating 
fungal infections in body regions where other antifungal drugs 
have limited penetration, such as inflammatory infections of 
the urinary system, brain and eyes, or heart valves (Chandra 
et al. 2017). 
 

 
 
Mode of Action of 5-Flucytosine 
 
Flucytosine (5-FC) has a unique method of action among 
antifungal drugs in that it targets DNA, RNA, and protein 
synthesis. 5-FC is a drug precursor, which means that it must 

be metabolized through the pyrimidine salvage route to be 
activated, where it serves as a disruptive substrate, producing 
poisonous nucleotides and disrupting DNA and protein 
synthesis. Among antifungal agents, the mediated activity of 5-
Flucytosine is unique, as it targets protein, DNA, and RNA 
synthesis. 
Activation of Flucytosine is carried out by metabolization 
through the pyrimidine salvage route, where it functions as a 
disruptive substrate, producing poisonous nucleotides and 
disrupting the formation of DNA and protein (Figure 9). 
Membrane permeases actively transfer them into the fungal 
cell (cytosine permease encoded by the gene (FCY2) and 
other encoded by FCY21 and FCY22), flucytosine (5-FC) is 
transformed via Fluorouracil (5-FU) to 5-Fluorourdine 
monophosphate (5-FUMP) under the action of cytosine 
deaminase enzymes, encoded by the FCY1 gene and Uracil 
Phosphoribosyl-transferase (UPRT) is encoded by the gene 
FUR1, respectively. Two specific kinases phosphorylate the 5-
FUMP, resulting in 5-fluoro-UTP, which is integrated into the 
RNA. 
FUMP, resulting in 5-fluoro-UTP, which is integrated into the 
RNA. 5-FUMP is also converted to 5-fluoro-2՛-deoxyuridylate, 
which suppresses the activity of thymidylate synthase and 
consequently DNA synthesis by reducing the nucleotide pool 
available. The cytosine deaminase enzyme is absent in 
mammalian cells. As a result, 5-FC is not transformed to 5-
FU, and these cells are not immediately exposed to 5-FC's 
harmful effects (Lestrade et al. 2019). 

 

 
 

Fig. 10: Schematic modeling of Flucytosine (5-FC) activity. The enzyme 1: cytosine permease transports (5-FC) into the cell. 
The enzyme 2: cytosine deaminase deaminates 5-FC to 5 fluorouracil (5-FU). The enzyme 3: uridine monophosphate 
pyrophosphorylase converts 5FU to 5-fluorouridine monophosphate (FUMP), then to 5-fluorouridine diphosphate (FUDP), and 
finally to 5-fluorouridine triphosphate (FUTP). FUTP is integrated into RNA, causing tRNA amino acylation to change and 
protein synthesis to be inhibited. Furthermore, the enzyme 3: uridine monophosphate pyrophosphorylase converts 5FU to 5-
fluorodeoxyuridine monophosphate (FdUMP). FdUMP prevents DNA production by preventing thymidylate from being 
incorporated into DNA. 
 
Table 5: Different antibiotic Modification systems have been mentioned in different bacterial strains. 
Modification system Bacterial strain  Antibiotic System 
EreA2 Vibrio cholerae, Pseudomonas spp, Salmonella Indiana, Klebsiella pneumoniae, E. coli, 

Klebsiella oxytoca 

 

EreC Klebsiella pneumoniae Active against       
Erythromycin 

EreD duck pathogen Riemerella anatipestifer 
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Resistance Mechanism to Flucytosine 
 
Flucytosine is analogous to pyrimidine that prevents the 
synthesis of DNA and RNA in cells. Candida spp., Candida 
neoformans, and certain molds are all susceptible to this 
chemical. Primary flucytosine resistance is still uncommon in 
Candida and Cryptococcus isolates (less than 2%). However, 
secondary resistance to flucytosine can develop in these 
yeasts, necessitating its use only in conjunction with other 
antifungal drugs, primarily amphotericin B or fluconazole 
(Hospenthal et al.1998). 
Flucytosine resistance is stimulated by mutations in the 
purine-cytosine permease enzyme (encoded by the FCy2 
gene), which is accountable for the drug's absorption into the 
cell. Alterations in the cytosine deaminase enzyme (encoded 
by the FCy1 gene) leads to the conversion of 5-fluorouracil to 
5-fluorouridine monophosphate. Resistance to this antibiotic 
is triggered by changes in the uracil phosphoribosyl-
transferase enzyme (encoded by the FUR1 gene), which 
converts 5-fluorouracil to 5-fluorouridine monophosphate. 
The majority of these pathways have been connected to 

resistance in Candida albicans resistance (Espinel-
Ingroff2008).On the other hand inactivation of the 
Candidalusitaniate FCy2 gene, led to flucytosine cross-
resistance. 
Laboratory mutants of Candida glabrata were produced by 
exposing a wild-type isolate to 5-FC in separate research. 
Two of these mutants were selected for further study of the 
molecular underpinnings of 5-fluorouracil (5-FU) resistance 
based on their susceptibility to the drug. A missense mutation 
in the gene coding for cytosine deaminase enzyme 
accompanied with the reduction in the expression of the gene 
coding for uridine monophosphate pyrophosphorylase was 
found in one mutant that was resistant to both drugs. The 
other mutant with lower susceptibility to 5-FC and 5-FU had 
overexpression of the thymidylate synthase and cytosine 
permease, which was linked to a missense mutation in the last 
gene. This investigation revealed that, in addition to mutations 
in the FUR1 gene, which are the generally observed cause of 
resistance to 5-FC, alternative pathways exist in C. glabrata 
(Vandeputte et al. 2011).  

 

 
 
Fig. 11: Inhibition model of 5-flucytosine/5-fluorouracil toxicity by uxs1 mutation: uxs1 mutations can initiate resistance to both 
5FC and 5FU through a variety of pathways. A mutation in uxs1 results in a buildup of UDP-glucuronic acid, a product of Ugd1, 
which either prevents the synthesis of hazardous fluoride compounds or restores inhibition of their targets, such as thymidylate 
synthase. For those proteins where mutations were discovered in this study, the names are highlighted in red. 
 

 
 
Fig. 12: The mechanism of action of antifungal drugs from the azole group. Inhibition of the production of ergosterol. 
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Azoles 
 
Azole antifungals prevent the conversion of lanosterol to 
ergosterol, a key component of the fungal cell membrane. To 
treat chronic mycoses, they can be taken orally. The first 
azole based oral drug, ketoconazole has succeeded more 
effective and less toxic derivatives voriconazole, posacona-
zole, isavucazole and itraconazole (Campoy et al.2017). 
 
Mode of Action 
 
The azoles work by inhibiting 14α-lanosterol demethylase, 
which converts lanosterol to ergosterol in the cell membrane 
and is encoded by the ERG11 gene (Figure 3). The active site 
of this enzyme comprises an iron protoporphyrin unit. The 
ergosterol biosynthetic route is blocked when azoles bind to 
iron (Sanglard et al. 2015; Shukla et al. 2016). The 
accumulation of 14α-methyl sterols occurs when ergosterol 
synthesis is interrupted, altering the action of the enzymes, 
membrane stability, and permeability linked to it (Cowen et 
al. 2015). 
 
Resistance Mechanism to Azole 
 
Resistance to azole antifungal drugs has been explored in 
Candida spp. species and can be divided into categories: 
I. Imports of drugs are being reduced. 
II. Changes in drug processing within the cell. 
III. Changes in the target enzyme. 
IV. Changes in the ergosterol biosynthesis pathway's other 

enzymes. 

V. Modifications in Efflux pumps. 
 
I. Reduction of Drug Import 
 
The first line of defense against drug resistance is a defect in 
drug import. To prevent medications from entering the cells, 
cells might change the composition of their membrane. C. 
albicans resistance is influenced by changes in the sterol and 
phospholipid components of the cytoplasmic membrane. 
 
II. Changes in Drug Processing within the Cell 
 
For the veteran-medically important fungi, little research on 
drug alteration or degradation within a resistant cell has been 
done. Azoles are not metabolized by Candida albicans. 
In Streptococcus cerevisiae, plasmid complementation of the 
ERG3 mutation implies that the ERG3 mutation can generate 
azole resistance on its own. 
 
Modifications in Efflux Pumps 
 
Drug resistance is known to be caused by two types of efflux 
pumps found in eukaryotic cells: 
(I) Adenosine triphosphate (ATP)-ABCT (binding cassette 

transporters) family. 
(II) Major facilitator family (MF). 
 
III. Changes in the Target Enzyme 
 
Drug resistance has a common mechanism. It is the 
ergosterol biosynthesis pathway for azole-based antifungal 
medicines. ERG1, ERG2, ERG3, ERG4, ERG5, ERG6, ERG7, 
ERG11/ERG16, ERG24, ERG25, ERGX, and ERGY are the 
genes involved in the ergosterol biosynthesis pathway 
(Demuyser et al.2019). In C. albicans, ERG1 to ERG12, 
ERG20, ERG24, and ERG25 have been discovered. The 
ERG11 gene produces lanosterol demethylase, because of a 
point mutation in ERG11 caused by the substitution of a 
lysine for arginine at amino acid. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 13: Mechanism of azole resistance in Candida species. (1) Production of alternative sterols due to Erg3 
inactivation. (2) Uptake of exogenous sterols. (3) Increased production of efflux pumps of type ATP-binding cassette 
and (4) major facilitator family reduces intracellular levels of azoles. (5) Increased expression of Erg11 can overcome 
the activity of azole drugs. (6) Low affinity of azole binding to Erg11 may reduce the azole's potential to inhibit the 
proton. (7) Genetic adaptability to azole exposure may be aided by aneuploidy. (8) Erg11 mutations can cause proteins 
to have a lower affinity for fluconazole binding. 
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IV. Changes in the Ergosterol Biosynthesis 
Pathway's other Enzymes 
 
Another resistive mechanistic pathway includes the alteration 
in the targeted enzymes and other supporting enzymes 
present in the biochemical pathway. Modifications in the 
ergosterol pathway are potent to cause resistance not only to 
the drug (to which the cells are exposed) but also moreover 
the related drugs. 
 
Prevention and Control of Antifungal Resistance 
 
Antifungal resistance prevention and suppression strategies 
have yet to be developed; however, the following antibacterial 
resistance prevention and suppression strategies should be 
implemented. 
 Cautious usage of antifungal drugs. 
 Right dose, with a focus on avoiding a low antifungal 

dosage. 
 Treatment with existing drug combinations. 
 Use surveillance studies to figure out how common 

antifungal medication resistance is. 
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