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 Abstract: Antimicrobial resistance (AMR) has become a growing global health concern due to the 

overuse and misuse of antibiotics in human medicine, agriculture, and animal care. This review 

aims to examine the major resistance genes, underlying mechanisms, and the potential of new-

generation antibiotics in treating infections caused by multidrug-resistant (MDR) pathogens.  A 

structured literature search was conducted using six databases—Scopus, Web of Science, PubMed, 

Google Scholar, ResearchGate, and Mendeley—focusing on studies published between 2015 and 

2025. After applying inclusion criteria, 162 peer-reviewed articles were selected for analysis. These 

studies reported a wide range of resistance genes, with blaZ being the most common, found in 

approximately 64% of the reviewed literature. Other frequently mentioned genes included mecA 

(52%), erm (48%), tet (41%), and vanA/B (37%). Common MDR pathogens identified were 

Staphylococcus aureus (MRSA), Enterococcus (VRE), Enterobacteriaceae (CRE), and Pseudomonas 

aeruginosa. Resistance was found to occur through various mechanisms such as enzymatic 

degradation of antibiotics, altered binding targets, efflux pumps that remove antibiotics from 

bacterial cells, and the development of biofilms that reduce drug effectiveness. Several new 

treatment options—including cefiderocol, eravacycline, and silver/zinc-based nanoparticles—have 

shown encouraging results in overcoming resistance. Natural plant compounds and genomic-based 

drug discovery also offer promising directions. Overall, the findings highlight the urgent need for 

responsible antibiotic use, better diagnostic tools, and continued investment in alternative therapies. 

Without immediate action, AMR could make previously treatable infections far more dangerous 

and difficult to manage in the near future. 

Keywords: Antimicrobial Resistance, Multidrug-Resistant Pathogens, Resistance Genes, Next-

Generation Antibiotics, Biofilm, Efflux Pumps. 

1. Introduction 

Antibiotics have been proven to be beneficial for human life since their discovery 

until now [1]. However, their continued and irrational use can cause several problems. The 

main problem in the use of antibiotics is the occurrence of antibiotic resistance. This 

incident causes antibiotic therapy to no longer be efficient and increases the cost of therapy 

[2]. Antibiotic resistance is defined as the ability of microorganisms to inhibit the action of 

antimicrobial agents and this phenomenon occurs when antibiotics lose their efficiency to 

inhibit bacterial growth. The increasing use of antibiotics in various health and agricultural 

sectors has led to the emergence of antibiotic resistance worldwide [3].  
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Antibiotics are natural or synthetic compounds used to combat infections caused by 

bacteria. Overuse of these medications favors the development of bacteria resistant to 

different groups of antibiotics (multidrug-resistant bacteria) [4]. Bacterial resistance is the 

ability of bacteria to survive in the presence of an antibiotic and represents an advantage 

for expanding their ecological niche and enabling their proliferation, 1 whether in hospitals 

or the environment.  This reduces therapeutic options, which directly impacts the success 

of antimicrobial therapy in combating secondary infections caused by these pathogens, in 

addition to causing high rates of morbidity, mortality, and hospital costs [5].  Antibiotics 

intervene in molecules of essential biological processes in bacteria, for example: a) DNA 

gyrase in DNA replication, b) RNA polymerase in RNA synthesis, c) ribosomes in protein 

synthesis and d) transpeptidases (PBPs) in the synthesis of peptidoglycan that makes up 

the cell wall. Antibiotics act at different levels, quinolones inhibit DNA replication, 

rifampicin suppresses RNA synthesis and aminoglycosides, macrolides, tetracyclines and 

chloramphenicol cancel protein synthesis. The group of beta-lactam antibiotics (penicillins, 

cephalosporins, monobactams and carbapenems) inhibits cell wall synthesis [6], [7]. 

Antimicrobial resistance (AMR) has emerged as a global health issue due to the 

development of resistant microorganisms caused by the inappropriate and excessive use 

of antibiotics. The rise in infections caused by multi-drug-resistant organisms poses 

significant challenges for healthcare systems worldwide [8], [9], [10]. The overuse and 

misuse of antibiotics in human and animal health, as well as in agriculture, contribute to 

the spread of resistance genes—pushing deaths caused by microbial resistance ahead of 

many other causes of death. Microorganisms neutralize antibiotics through various 

mechanisms, including enzymatic modification and biofilm formation. Today, the limited 

effectiveness of existing antibiotics has made even routine medical procedures risky, 

sometimes leading to fatalities [8]. The growing global spread of bacterial diseases that are 

resistant to current antibiotics highlights the urgent need for investment in, and access to, 

new drugs, vaccines, and diagnostic tools. Historically, investments in drug development 

have been driven by expectations of high returns [9]. However, this is often not 

economically viable and likely to fail without sufficient incentives. Protecting the 

effectiveness of antibiotics depends on rapid and accurate diagnosis of infections. Yet, 

widespread adoption of diagnostic technologies faces barriers related to cost, technology, 

and human behavior [10].  

According to recent global estimates, more than 1.14 million people died directly due 

to bacterial antimicrobial resistance (AMR) in 2021, with a further 4.71 million deaths 

associated with AMR-related infections in the same year [11]. Forecasts suggest that by 

2050, the annual number of direct AMR-related deaths could reach 1.91 million, while 

associated deaths may increase to approximately 8.22 million [12]. These alarming figures 

highlight the urgent need for coordinated global action to reduce the rising health and 

economic burden caused by antimicrobial resistance. 

This resistance occurs in several types of microorganisms with high prevalence that 

threaten human health. This problem has become one of the main public health threats, 

currently and WHO has estimated that there will be 10 million deaths by 2050 [10] due to 

increasing antimicrobial resistance. Antibiotic resistance involves the transfer of bacteria 

and genes between humans, animals and the environment. Antibiotic resistance can arise 

from mutations in pre-existing bacterial genomes. Mutations due to the external 

environment contribute less to the occurrence of resistance. Environmental resistance 

factors are caused by water, soil and other environmental factors with highly variable 

ecological niches providing genetic variation in bacteria [13].  

Antimicrobial resistance mechanisms typically involve the enzymatic modification 

or breakdown of antibiotics, preventing them from entering bacterial cells or accumulating 

within them. Other strategies include altering metabolic pathways, modifying binding 
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sites—such as ribosomes—to reduce drug effectiveness, and increasing the activity of 

efflux pumps that expel antibiotics from the cell [14], [15]. 

Antimicrobial resistance genes are associated with mobile genetic elements such as 

plasmids, transposons, and integrons [16]. The latter are gene expression elements that 

incorporate promoterless genes, converting them into functional genes [17]. Consequently, 

the integron acts as an expression cassette for inserted genes, and more than one gene is 

frequently integrated. Class 1 integrons are the most studied and are primarily identified 

in clinical isolates. Cassette mobilization is mediated by the action of integrase, which has 

generated numerous cassette reconfigurations and combinations and selected for different 

antibiotics, making multidrug resistance possible through transposons or plasmids. 

Genomics emerged with the development of molecular biology techniques that allow the 

sequencing of entire genomes, which involves the analysis of the gene content of a 

microorganism such as bacteria. To date, 770 microbial genomes have been sequenced, and 

1,287 are in progress. Analysis of bacterial genomes indicates that a large number of genes 

have been acquired through horizontal transfer [18]. The genes in a bacterial genome are 

very similar in terms of their base composition and codon usage pattern. Some of the 

sequences that are new to a bacterial genome, and that were introduced through horizontal 

transfer, vary in their total G+C content and can, in certain cases, be differentiated from 

native sequences because they maintain the characteristics of the donor genome. 

Consequently, the opportunity to identify conserved sequences linked to undescribed 

mobile genetic elements has increased, as is the case with integrons and their relationship 

with transposons. These studies have generated new knowledge about horizontal gene 

transfer and suggest a widespread distribution in the natural environment. From the 

analysis of bacterial genome sequences, genes and proteins essential for bacterial survival 

can be identified (see an example below) and, based on this information, new antibiotics 

can be "designed" to inhibit bacterial growth [19]. 

This review addresses a critical gap by bringing together data from 2015 to 2025 

across multiple global databases to provide a comparative overview of resistance genes, 

mechanisms, and emerging treatments. While previous reviews often focus on specific 

pathogens or regions, this work offers a broader synthesis—highlighting gene prevalence 

trends (e.g., blaZ, mecA), newer therapeutics like cefiderocol, and region-specific 

resistance patterns. It integrates findings from both developed and developing countries, 

offering a more inclusive perspective on AMR progression and response strategies [20], 

[21]. 

 

2. Materials and Methods 

The literature for this review was collected through a controlled search process 

guided by the PRISMA framework [22] to ensure clarity and consistency. Searches were 

carried out across six major databases—Scopus, Web of Science, PubMed, Google Scholar, 

ResearchGate, and Mendeley. The search terms included combinations such as “resistance 

genes,” “antibiotic resistance,” “incidence,” “next-generation antibiotics,” “multidrug-

resistant,” and “antibiotics,” using Boolean operators (AND/OR) to refine the results. The 

review focused on studies published between January 2015 and May 2025 and considered 

only English-language articles. 

To ensure quality and relevance, only peer-reviewed research and review articles 

that were fully accessible were included. Studies were excluded if they lacked full-text 

access, were not published in English, or did not specifically address antimicrobial 

resistance in clinically relevant bacteria. After applying these criteria and removing 

duplicates, a total of 162 articles were selected for detailed analysis. 

The selected studies offered a wide range of insights into antibiotic resistance across 

different pathogens and settings. Most reported on resistance gene prevalence, patterns of 
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antibiotic use, and associated bacterial defense mechanisms. Many also highlighted the 

clinical consequences of resistance, such as treatment failure, prolonged illness, and 

increased healthcare costs. This structured approach allowed for a comprehensive 

understanding of current trends in antimicrobial resistance and emerging therapeutic 

strategies. 

 

 

Figure 1. PRISMA Flow Diagram for the Selection of Studies in the AMR Review (2015–

2025). 

 

Figure 1 illustrates the selection process of studies included in the review. Out of 389 

records initially identified through database searches, 288 remained after removing 

duplicates. After screening full texts, 49 were excluded based on relevance or accessibility. 

Finally, 162 peer-reviewed articles were included for analysis.  

 

3. Results  

Bacterial resistance continues to pose a serious threat to global health, especially with 

pathogens like Vancomycin-Resistant Enterococcus (VRE), Methicillin-Resistant Staphylococcus 

aureus (MRSA), Carbapenem-Resistant Enterobacteriaceae (CRE), Multidrug-Resistant 

Pseudomonas aeruginosa (MRPA), and Multidrug-Resistant Escherichia coli (MREC). VRE 

evades vancomycin by replacing the D-Ala-D-Ala cell wall terminus with D-Ala-D-Lac, 

reducing drug affinity. In contrast, MRSA acquires resistance through the mecA gene, 

producing an altered penicillin-binding protein (PBP2a) that reduces β-lactam 

effectiveness [23]. CRE uses carbapenemases to break down even last-resort β-lactams, 

while MRPA and MREC rely on efflux pumps, porin mutations, and biofilm formation to 

resist multiple drugs. 

To combat these superbugs, treatment strategies include both existing and innovative 

solutions. Clinically approved drugs like daptomycin, ceftazidime-avibactam, and 

polymyxins remain central, but resistance is rising. Therefore, alternative approaches like 

natural products—such as curcumin, flavonoids, and berberine—offer promising 

antibacterial and anti-biofilm effects. Nanoparticles (NPs), particularly silver and zinc 

oxide-based, are being developed for their ability to disrupt bacterial membranes and 

deliver drugs effectively. Additionally, novel drugs like cefiderocol and eravacycline are 

entering clinical pipelines with targeted actions against resistant strains. These strategies 

highlight the urgent need for integrated efforts in drug development and antibiotic 

stewardship [23]. 
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A recent comparative study of Staphylococcus aureus strains isolated from clinical 

mastitis in six countries reveals significant variations in antimicrobial resistance genes and 

virulence profiles. In all regions, the blaZ gene, which confers β-lactam resistance, was 

widespread—most notably in Italy (82.4%) and Germany (47.1%). The mecA gene, 

indicative of methicillin resistance, appeared at low levels across the countries, suggesting 

limited MRSA presence. Erythromycin and lincomycin resistance were notable in 

Argentina and Germany, likely linked to the presence of erm genes such as ermC and ermB. 

Interestingly, South African isolates showed 100% resistance to spiramycin and high 

virulence gene carriage, including sak and sea, hinting at a potentially more aggressive 

strain profile. 

 

Table 1. Antimicrobial Resistance Genes and Virulence Profiles of S. aureus Isolated from 

Clinical Mastitis in Six Countries. 

Country Resistance Genes 
% Resistance 

(Phenotypic) 

Virulence Genes (Most 

Prevalent) 

Argentina 

[25]. 

blaZ (18.8%), ermC 

(dominant), mecA 

(low) 

Erythromycin 43.8%, 

Lincomycin 31.3%, 

Penicillin 6.3% 

hla (100%), hlb (93.8%), 

sea (56.3%) 

Brazil 

[26]. 

blaZ (46.7%), mecA 

(present), erm genes 

(absent) 

Lincomycin 46.7%, 

TMP-SMX 20%, 

Penicillin 20% 

hla (100%), hlb (100%), 

sea (53.3%) 

Germany 

[24]. 

blaZ (47.1%), mecA 

(5.9%), ermB (35.3%) 

Erythromycin 35.3%, 

Lincomycin 29.4%, 

Penicillin 5.9% 

hla (100%), hlb (64.7%), 

sea (88.2%) 

Italy [24]. blaZ (82.4%), mecA 

(5.9%), ermC (29.4%) 

Penicillin & Ampicillin 

58.8%, Spiramycin 

58.8% 

hla (100%), hlb (94.1%), 

sea (58.8%) 

USA (NY 

State) 

[24]. 

blaZ (41.2%), mecA 

(low), erm genes 

(absent) 

Spiramycin (high), 

Erythromycin (low) 

hla (100%), hlb (88.2%), 

sea (52.9%) 

South 

Africa 

[24] 

blaZ (36.4%), ermB 

(36.4%), mecA 

(present) 

Spiramycin 100%, 

Erythromycin 36.4%, 

Penicillin 27.3% 

hla (100%), hlb (63.6%), 

sea (90.9%), sak (100%) 

 

Across all countries (Table 1), hla was universally present, emphasizing the strain's 

cytotoxic potential. Genes such as hlb and sea were also common but varied in frequency. 

The USA and Brazil showed moderate resistance profiles and virulence gene presence, 

whereas Italy and South Africa had the highest overall burden. These findings highlight 

the importance of localized surveillance in guiding mastitis treatment and understanding 

pathogen evolution across regions [24].  

The data presented in the table 2 highlight the widespread nature and complexity of 

antibiotic resistance among major bacterial pathogens. Escherichia coli, Klebsiella spp., and 
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Enterobacter spp. exhibit high resistance to third-generation cephalosporins and 

carbapenems, primarily due to extended-spectrum β-lactamases (e.g., TEM, SHV, CTX-M) 

and carbapenemases such as KPC, NDM, and OXA-48 [27]. Similarly, Acinetobacter 

baumannii shows multidrug resistance through a combination of β-lactamases, efflux 

pumps (AdeABC), and membrane protein mutations [28]. Pseudomonas aeruginosa utilizes 

a broad array of resistance strategies, including porin loss, efflux systems, and 

aminoglycoside-modifying enzymes [29]. 

 

Table 2. Bacteria, Antibiotic Resistance, and Associated Genes [28], [29], [30]. 

Bacterium Antibiotic(s) Resistant To Key Resistance Genes / Mechanisms 

Escherichia coli, 

Klebsiella spp., 

Enterobacter 

spp. 

3rd-gen cephalosporins, 

carbapenems 

TEM-1, TEM-2, SHV-1, CTX-M, 

OXA, AmpC, KPC, NDM, VIM, OXA-

48, IMP 

Acinetobacter 

baumannii  

β-lactams, carbapenems, 

aminoglycosides, 

tetracycline 

TEM-1, SCO-1, CARB-4, GES-11, 

CTX-M, AmpC, OXA types, AdeABC, 

CarO, Omp22-33, DNA gyrase, PBPs, 

integrons 

Pseudomonas 

aeruginosa  

Penicillins, cephalosporins, 

carbapenems, 

aminoglycosides, 

fluoroquinolones 

AmpC, ampR, ampG, ampD, ampE, 

APHs, AADs, AACs, DNA gyrase, 

topoisomerase IV, NorM, porins 

Helicobacter 

pylori  

Clarithromycin 23S rRNA (A2142G/C, A2143G), 

ribosomal protein L22, IF-2, efflux 

pumps 

Campylobacter 

spp. 

Fluoroquinolones gyrA (C257T), cmeABC, mfd, cmeR-

cmeABC IR 

Salmonella spp. Fluoroquinolones, 

cephalosporins, TMP-SMX, 

ampicillin 

gyrA, parC (QRDR mutations), Qnr, 

aac(6′)-Ib-cr, oqxAB, qepA 

Neisseria 

gonorrhoeae 

3rd-gen cephalosporins, 

fluoroquinolones 

penA (including mosaic), mtrR, penB, 

gyrA (91, 95, 102), parC, NorM 

Haemophilus 

influenzae 

Ampicillin, amoxicillin-

clavulanate, cephalosporins 

TEM-1, ROB-1, ftsI (PBP3 mutations), 

BLNAR, BLPAR, BLPACR 

Shigella spp. Fluoroquinolones gyrA, gyrB, parC, parE (QRDR), Qnr, 

mdfA, tolC, ydhE, marA 

 

In pathogens like Helicobacter pylori and Campylobacter spp., target site mutations in 

23S rRNA and gyrA, respectively, underlie macrolide and fluoroquinolone resistance [31]. 
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Additionally, resistance in Salmonella and Shigella is driven by plasmid-mediated genes 

(e.g., qepA, Qnr) and chromosomal mutations [32]. These findings confirm that resistance 

is not confined to one mechanism or region—it is a global, multifactorial challenge 

requiring urgent and tailored antimicrobial stewardship strategies.  

The table 3 outlines the antibiotic resistance patterns and mechanisms among 

clinically important Gram-positive bacteria. Staphylococcus spp., including S. aureus, show 

resistance to a broad range of antibiotics—such as β-lactams, fluoroquinolones, and 

glycopeptides—mainly due to the presence of mecA, vanA, and efflux-related genes like 

norA and tetK [33]. Biofilm formation and aminoglycoside-modifying enzymes (AMEs) 

further complicate treatment. Enterococcus faecium also exhibits high-level resistance to 

penicillins, vancomycin, and aminoglycosides, driven by genes such as vanA/B and pbp5 

[34]. Streptococcus spp. develop resistance through altered penicillin-binding proteins 

(PBPs) and ribosomal methylation via erm(B) and mef(A) genes. Meanwhile, Clostridium 

difficile strains, particularly hypervirulent types like RT027/078, show multidrug resistance, 

although specific genes remain underexplored [35]. Bacillus cereus produces β-lactamases, 

whereas B. anthracis remains largely susceptible. Less commonly discussed pathogens, 

such as Corynebacterium diphtheriae and Listeria monocytogenes, also harbor resistance genes 

like tet(W) and use efflux pumps or conjugative transposons. These findings reflect a 

diverse and evolving resistance landscape, emphasizing the need for targeted surveillance, 

updated treatment protocols, and global antimicrobial stewardship. 

 

Table 3. Overview of Antibiotic Resistance Mechanisms in Clinically Relevant Gram-

Positive Bacteria [36]. 

Bacterium Resistant Antibiotics 
Genes / 

Mechanisms 
Ref. 

Staphylococcus 

spp. (S. aureus, S. 

epidermidis, S. 

saprophyticus) 

Methicillin, Vancomycin, Teicoplanin, 

Fluoroquinolones, Linezolid, 

Daptomycin, TMP-SMX, 

Tetracyclines, Clindamycin, Fusidic 

acid, Aminoglycosides, β-lactams, 

Quinolones 

mecA, vanA, 23S 

rRNA, gyrB, 

grlA, norA, dfrA, 

tet(K/L/O/M), 

erm, fusA, fusB, 

AMEs, biofilm 

matrix 

[37] 

Enterococcus 

faecium 

Ampicillin, Penicillin, 

Cephalosporins, Vancomycin, 

Aminoglycosides, Fluoroquinolones, 

Quinupristin–Dalfopristin 

pbp5, CroR, IreK, 

IreP, 

vanA/B/D/M, aac, 

ant, aph, gyrA, 

parC, NorA, erm, 

vat, vgb 

[38] 

Streptococcus spp. 

(S. pneumoniae, S. 

viridans, S. 

Penicillin, Macrolides, TMP-SMX, 

Clindamycin, Tetracyclines, MLS 

Altered PBPs, 

erm(B), mef(A/E), 

mel, 23S rRNA, 

[39] 
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pyogenes, S. 

agalactiae) 

linB, ribosomal 

protection 

Clostridium spp. 

(C. difficile, C. 

perfringens) 

Fluoroquinolones, Clindamycin, 

Cephalosporins, Streptomycin, TMP-

SMX, Ciprofloxacin, Cefotaxime 

Hypervirulent 

strains 

(RT027/078); 

genes not 

specified 

[40] 

Bacillus spp. (B. 

cereus, B. anthracis) 

β-lactams, TMP (B. cereus); none 

major (B. anthracis) 

β-lactamase 

production (B. 

cereus); 

Penicillin-

susceptible (B. 

anthracis) 

[41] 

Corynebacterium 

diphtheriae 

Chloramphenicol, Sulfonamides, 

Tetracyclines 

cmx, sul1, tet(W) [42] 

Listeria 

monocytogenes 

Tetracyclines, Fluoroquinolones, 

Streptomycin, Chloramphenicol 

Conjugative 

transposons, 

efflux pumps 

[43 

 

Figure 2 illustrates the diverse mechanisms of antibiotic resistance in Gram-positive 

and Gram-negative bacteria, including efflux pump overexpression, drug target 

modification, enzymatic degradation, and plasmid-mediated gene transfer—mechanisms 

that collectively reduce drug efficacy and complicate treatment [21]. 

 

 

Figure 2. Antimicrobial-resistant Organism-Gram-positive and negative bacteria [44]. 

 

Table 4 summarizes major mechanisms of antibiotic resistance in clinically important 

bacteria, detailing the antibiotics affected and the genes or targets involved. Staphylococcus 
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aureus and S. epidermidis resist methicillin via the mecA gene, which encodes a modified 

penicillin-binding protein (PBP2a) that reduces β-lactam binding [45]. Similarly, 

vancomycin resistance in Staphylococcus and Enterococcus species is mediated by vanA and 

vanB, which alter peptidoglycan precursors to reduce drug binding. Gram-positive and 

Gram-negative bacteria often inactivate aminoglycosides enzymatically via AMEs, while 

macrolide resistance commonly involves rRNA methylation encoded by erm genes. 

Linezolid and chloramphenicol resistance in Staphylococcus arises from mutations in the 

23S rRNA or the cfr gene. Gram-negative pathogens like E. coli exhibit resistance to 

nitrofurantoin and trimethoprim through gene overexpression or mutation, while 

Pseudomonas aeruginosa resists fluoroquinolones by downregulating porins such as oprD. 

Rifampicin resistance in M. tuberculosis results from mutations in rpoB. Additionally, 

biofilm formation and metabolic dormancy contribute to multi-class resistance across 

various chronic infections. These findings underscore the genetic adaptability of bacteria 

and the urgent need for targeted diagnostic tools and therapies [45]. 

 

Table 4. Mechanisms of Antibiotic Resistance and Associated Genetic Determinants in 

Clinically Relevant Bacteria [48]. 

Bacteria 
Resistant 

Antibiotic(s) 

Mechanism of 

Resistance 

Affected Genes 

/ Targets 
References 

Staphylococcus 

aureus, 

Staphylococcus 

epidermidis 

Methicillin Acquisition of 

a resistance 

gene 

mecA (PBP2a) [46] 

Staphylococcus 

spp., 

Enterococcus 

spp. 

Glycopeptides 

(Vancomycin) 

Peptidoglycan 

precursor 

alteration 

vanA, vanB 

clusters (D-Ala-

D-Lac) 

[47] 

General Gram-

positive & 

Gram-negative 

bacteria 

Aminoglycosides Enzymatic 

inactivation / 

ribosomal 

modification 

AMEs (AAC, 

ANT, APH); 30S 

ribosomal 

subunit 

[48], [49] 

General Bacteria Macrolides (e.g., 

Erythromycin) 

rRNA 

methylation 

erm gene [50] 

Staphylococcus 

spp. 

Linezolid, 

Clindamycin, 

Chloramphenicol 

Domain V 

mutation / 

rRNA 

methylation 

cfr gene, 23S 

rRNA 

[48] 

Enterobacteriace

ae (e.g., E. coli) 

Trimethoprim, 

Nitrofurantoin 

Enzyme 

overexpressio

nfsA, nfsB, ribE, 

DHFR 

overexpression 

[48] 
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n/target 

mutation 

Enterococcus 

spp. 

Trimethoprim-

Sulfamethoxazole 

Metabolic 

bypass 

Folinic acid 

salvage 

pathway 

[48] 

Pseudomonas 

aeruginosa, 

other Gram-

negative rods 

Fluoroquinolones, 

Aminoglycosides 

Porin loss / 

decreased 

permeability 

Downregulation 

of oprD 

[48] 

Mycobacterium 

tuberculosis 

Rifampicin Target site 

mutation 

rpoB (β-subunit 

of RNA 

polymerase) 

[48] 

Various Gram-

negatives (e.g., 

Haemophilus 

spp.) 

Chloramphenicol Drug 

acetylation 

cat gene [48] 

Various clinical 

pathogens 

β-lactams Enzymatic 

degradation 

β-lactamases 

(e.g., TEM, SHV, 

CTX-M) 

[48] 

Various 

bacterial species 

Tetracyclines Efflux pump 

activation 

tet genes [48] 

All species (esp. 

chronic 

infections) 

Multiple classes Biofilm 

formation, 

reduced 

penetration 

EPS genes, 

metabolic 

dormancy 

pathways 

[48] 

 

Antimicrobial resistance (AMR) is a growing global concern, with resistance 

mechanisms varying across countries due to differing practices and environmental factors. 

In China, resistance among Escherichia coli and other swine farm bacteria has been linked 

to the abundance of antibiotic resistance genes, efflux pumps, and reduced membrane 

permeability [1]. In India, studies on Pseudomonas aeruginosa have highlighted the role of 

aminoglycoside-modifying enzymes and efflux mechanisms in driving resistance [51]. 

Similarly, research in Iran confirms the presence of acetylation, phosphorylation, and 

adenylation mechanisms contributing to aminoglycoside resistance in P. aeruginosa. In 

Mexico, multidrug-resistant enteropathogenic bacteria commonly harbor integrons, 

plasmids, β-lactamases, and efflux systems [52]. South African isolates such as MRSA, E. 

coli, and K. pneumoniae exhibit resistance via cell wall thickening, target mutations, and 

biofilm formation [53]. Meanwhile, Australia reports [54] concerns about resistance arising 

from inappropriate antibiotic prescribing in both human and animal health sectors. Across 

all regions, mechanisms such as drug target modification, horizontal gene transfer, and 
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enzymatic degradation are widely observed [45], underscoring the urgent need for a 

coordinated international response. 

 

 

Figure 3. Co-occurrence analysis image of Country-wise Distribution of Antibacterial 

Resistance Mechanisms. 

 

The scoping review (Figure 3) on antimicrobial prescribing practices in Iraq (Table 5) 

highlights significant gaps in quality indicators compared to other Middle Eastern 

countries. Iraqi hospitals demonstrate alarmingly low adherence to prescribing guidelines, 

with availability ranging from 0–7%. Additionally, the documentation of stop/review 

dates is nearly absent (as low as 0.4%), and the use of targeted antibiotics based on culture 

results is minimal at 1.2%. In contrast, countries like the UAE and Jordan show higher 

adherence, reflecting more structured antimicrobial stewardship practices. Furthermore, 

over 80% of antibiotics in Iraq are administered via injection, which aligns with regional 

trends but suggests limited transition to oral therapy. The findings point to an urgent need 

for Iraq to enhance its stewardship programs, update national guidelines, and implement 

consistent training for healthcare providers. Without such interventions, the country 

remains at high risk of fuelling antimicrobial resistance [55]. 

Antibiotic resistance in Staphylococcus aureus involves a variety of mechanisms, genes, 

and prevalence patterns that differ across antibiotic classes. β-lactam resistance arises 

primarily through the production of β-lactamases (e.g., BlaZ), alterations in penicillin-

binding proteins like PBP2a, and regulation by genes such as BlaI and BlaR1. Studies in 

Iraq report 100% prevalence of the BlaZ gene in clinical isolates, aligning with high global 

rates, although Japan reports much lower rates (1–3%) [56], [57]. Methicillin resistance, 

driven by mecA and mecC genes on the SCCmec element, is widespread. In Iraq, MRSA 

prevalence reaches 24–27%, with higher rates among healthcare workers [58]. Vancomycin 

resistance, although less common, is concerning, with vanA and vanB genes found in 8% 

of isolates in Baghdad and up to 11.4% among Syrian refugees [59]. MLS-B resistance 

results from efflux pumps (msrA), methylation (erm genes), and drug inactivation genes 

(lnu, vat). Resistance rates in Iraq range from 7.5% to over 50% [60]. Tetracycline resistance 

is mediated by efflux (tetK, tetL) and ribosomal protection (tetM), with Baquba studies 

showing 100% tetK gene presence [61]. Finally, quinolone resistance often involves NorA 

efflux and gyrA mutations, found in 66.7% of resistant Iraqi isolates [62]. 
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The increasing antibiotic resistance in Staphylococcus aureus in Iraq presents a critical 

public health concern. Resistance to β-lactam antibiotics is widespread, with studies 

reporting 100% prevalence of the BlaZ gene in some regions like Baquba and Diyala (Figure 

4), highlighting the production of β-lactamase enzymes as a common resistance 

mechanism [62]. Methicillin resistance, driven by mecA and mecC genes, is also alarmingly 

high, especially in rural areas and among healthcare workers, with MRSA rates ranging 

from 24% to 27% in regions like Duhok and Muthanna. Vancomycin resistance, though 

less common, remains significant with vanA and vanB genes detected in 4–8% of isolates, 

particularly in Baghdad and Kurdistan [62]. Resistance to macrolides, lincosamides, and 

streptogramin B (MLS-B) antibiotics is notable, with up to 54.1% resistance in Basrah and 

varying rates in Baghdad and Kurdistan due to erm and msrA genes. Tetracycline 

resistance is also prevalent, with genes like tetK and tetM found in high percentages. 

Quinolone resistance, often associated with NorA efflux pumps and gyrA mutations, 

showed resistance rates up to 50% for nalidixic acid. These trends underscore the urgent 

need for nationwide surveillance and antimicrobial stewardship efforts in Iraq. 

 

 

Figure 4. Heatmap of Antibiotic Resistance Mechanisms, Genes, and Regional 

Distribution in Staphylococcus aureus Isolates from Iraq. 

 

Table 5. Overview of Antibiotic Resistance Mechanisms, Genes, and Regional Prevalence 

in Staphylococcus aureus Isolates from Iraq [63]. 

Resistance 

Type 
Genes Involved Mechanism 

Prevalence / 

Findings 
Region(s) 

β-Lactam 

Resistance 

BlaZ, BlaI, BlaR1 β-lactamase 

hydrolysis of 

β-lactam ring 

100% BlaZ gene 

in isolates 

(Baquba, 

Diyala); 

widespread in 

humans and 

animals 

Baquba, 

Diyala, 

Duhok 
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Methicillin 

Resistance 

mecA, mecC PBP2a reduces 

β-lactam 

binding 

24–27% MRSA 

prevalence; 

higher in rural 

areas and 

healthcare 

workers 

Duhok, 

Muthanna, 

Kirkuk 

Vancomycin 

Resistance 

vanA, vanB Alters 

peptidoglycan 

(D-Ala-D-Lac) 

to block 

vancomycin 

VRSA 

prevalence: 8% 

(Baghdad), 4% 

(Muthanna), 

7.56% 

(Kurdistan 

Region) 

Baghdad, 

Muthanna, 

KRI 

MLS-B 

Resistance 

erm, msrA, lnu, 

vga, vat 

Target 

modification, 

efflux pump, 

enzymatic 

inactivation 

Resistance: 

54.1% (Basrah), 

7.5–45% 

(Baghdad), 2–

3% (KRI) 

Basrah, 

Baghdad, 

KRI 

Tetracycline 

Resistance 

tetK, tetL, tetM, 

tetO 

Efflux pump, 

ribosomal 

protection, 

enzymatic 

inactivation 

100% tetK, 

53.3% tetM, 

33.3% tetL 

(Baquba study) 

Baquba 

Quinolone 

Resistance 

NorA, gyrA 

mutations 

Efflux and 

topoisomerase

/DNA gyrase 

mutations 

50% (nalidixic 

acid), 20% 

(levofloxacin), 

16–18% 

(norfloxacin, 

ofloxacin) 

Baghdad, 

Muthanna 
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Figure 5. Co-Occurrence Map of Antimicrobial Resistance Genes and Affected 

Antibiotics in Major Gram-Negative Pathogens. 

 

The co-occurrence analysis map (Figure 5) shows how three major bacteria—

Acinetobacter baumannii, Pseudomonas aeruginosa, and E. coli—are connected to specific 

genes and the antibiotics they resist. Each bacterium is represented in a different color, 

making it easy to trace their resistance patterns. For example, A. baumannii is heavily linked 

to genes like blaOXA and NDM-1, while P. aeruginosa is tied to efflux pumps like MexAB-

OprM. E. coli displays resistance through genes like mcr-1 and TEM. These resistance genes 

affect common antibiotics like aminoglycosides, β-lactams, fluoroquinolones, and 

carbapenems, highlighting the complex and growing challenge of antimicrobial resistance. 

 

 

Figure 6. Network Diagram of Antimicrobial Resistance Genes and Associated 

Antibiotics in Major Bacterial Pathogens (Data source from WHO, 2020) [64]. 
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Figure 6 displays a network diagram that effectively maps the intricate relationships 

between antimicrobial resistance genes, major bacterial pathogens, and the classes of 

antibiotics impacted by resistance. Bacterial organisms such as Staphylococcus aureus and 

Helicobacter pylori are shown in magenta, while orange nodes represent critical AMR genes 

like ermB, mecA, parC, and gyrA. These genes confer resistance to a broad spectrum of 

antibiotics, which are illustrated in teal. Examples include β-lactams, fluoroquinolones, 

macrolides, aminoglycosides, and linezolid, highlighting how resistance spans multiple 

drug classes. The interconnecting lines reveal how a single gene can be linked to several 

antibiotics and organisms, underlining the multifactorial and cross-resistance nature of 

AMR. This visualization illustrates the genomic convergence of resistance mechanisms in 

pathogenic bacteria and supports a growing need for integrated surveillance systems. The 

removal of the generic “Organism” node from previous visualizations further sharpens 

the focus on biologically relevant pathways. Such diagrams not only aid researchers in 

tracking resistance trends but also inform policy and treatment strategies aimed at curbing 

the AMR crisis. 

 

4. Discussion  

The aim of this review was to explore the prevalence of antimicrobial resistance 

(AMR) genes, understand their mechanisms, and assess emerging therapeutic options for 

multidrug-resistant (MDR) pathogens using data from 162 studies published between 2015 

and 2025. The objective was to highlight global resistance patterns and inform future 

clinical and public health strategies. Results revealed that the most frequently reported 

resistance gene was blaZ (64%), followed by mecA (52%), erm (48%), tet (41%), and vanA/B 

(37%), with Staphylococcus aureus, Enterococcus faecium, and Pseudomonas aeruginosa among 

the most implicated pathogens. Resistance mechanisms included β-lactamase production, 

altered penicillin-binding proteins, efflux pumps, and biofilm formation. These findings 

reflect a worrying trend of rising resistance, especially in regions lacking robust antibiotic 

stewardship, such as parts of Africa, Asia, and the Middle East [21], [45]. Furthermore, 

novel treatments like cefiderocol and metal-based nanoparticles show promise but are not 

yet broadly accessible. This review emphasizes the need for global coordination in 

surveillance, diagnostics, and stewardship policies to mitigate the escalating threat of 

AMR and safeguard current and future antibiotic efficacy [20], [64]. 

To understand antimicrobial resistance (AMR) trends, data from 162 peer-reviewed 

articles (2015–2025) were analysed using descriptive statistics in SPSS version 26. 

Frequencies and percentages were calculated to determine the prevalence of key resistance 

genes and mechanisms. The analysis revealed that blaZ was the most reported gene (64%), 

followed by mecA (52%), erm (48%), tet (41%), and vanA/B (37%). Resistance was 

frequently observed in Staphylococcus aureus, Enterococcus faecium, and Pseudomonas 

aeruginosa. Temporal trends showed a gradual increase in multidrug-resistant strains, 

especially in regions with weak antibiotic regulation. Mechanisms such as porin 

mutations, which reduce drug entry into Gram-negative bacteria, and ribosomal 

methylation, which alters antibiotic target sites in ribosomes, were detected using 

molecular methods. These include polymerase chain reaction (PCR) for identifying specific 

gene variants, Sanger and whole-genome sequencing for mutation mapping, and 

quantitative real-time PCR to assess gene expression levels [21], [65]. The increasing 

detection of these adaptive mechanisms points to a concerning trend: bacteria are evolving 

faster than our drug development efforts. These insights reinforce the urgent need for 

surveillance programs using molecular diagnostics and precision treatment strategies. 

The gene-pathogen-antibiotic associations reported in the review were cross-verified 

using established clinical microbiology sources and recent peer-reviewed studies. For 

example, the mecA gene is accurately linked to methicillin resistance in Staphylococcus 
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aureus, while blaZ encodes β-lactamase, conferring resistance to penicillin [66]. Similarly, 

vanA/B genes are correctly associated with vancomycin resistance in Enterococcus spp., and 

erm genes with macrolide resistance via ribosomal methylation. These associations are 

consistently supported by molecular surveillance data and guidelines from the Clinical 

and Laboratory Standards Institute [67] confirming the validity of the resistance profiles 

presented. 

Trends across Continents: Antimicrobial resistance (AMR) is a global phenomenon, 

but the mechanisms, genes, and contributing factors vary widely across continents. For 

instance, Europe and North America report high levels of resistance due to historical 

overuse in both healthcare and agriculture, while developing regions such as Sub-Saharan 

Africa and Southeast Asia face compounded challenges of limited diagnostic resources, 

poor regulatory oversight, and widespread over-the-counter antibiotic use [21]. The 

review reveals alarming resistance patterns in Iraq and parts of Africa, including 

widespread detection of blaZ and mecA genes in Staphylococcus aureus, often linked to 

methicillin and β-lactam resistance [56], [57]. Similarly, multidrug-resistant Gram-negative 

bacteria like Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter baumannii show high 

gene prevalence (e.g., TEM, SHV, OXA-48), with varying resistance strategies such as 

efflux pumps, porin mutations, and enzymatic degradation [45]. These trends underscore 

the necessity of localized surveillance systems that consider socio-economic and 

environmental contexts. 

Impact on Clinical Practice: The emergence of multidrug-resistant pathogens directly 

impacts medical practice. Empirical therapy becomes increasingly unreliable, leading to 

delays in effective treatment and prolonged hospital stays. Resistance to broad-spectrum 

agents like carbapenems and vancomycin forces clinicians to rely on last-resort antibiotics, 

some of which carry high toxicity or limited availability [20]. Infections caused by MRSA, 

VRE, and CRE are no longer confined to tertiary hospitals—they are now present in 

community settings, complicating initial diagnosis and management. Inadequate lab 

diagnostics in low-resource settings further limit clinicians' ability to guide therapy based 

on susceptibility profiles, often resulting in poor outcomes or treatment failure. For 

example, in Iraq, MRSA prevalence among healthcare workers has reached over 27%, 

highlighting the clinical implications of inadequate infection control and stewardship 

programs [62]. 

Diagnostic/Therapeutic Challenges: One of the most persistent barriers to managing 

AMR is the lack of timely and precise diagnostic tools, particularly in low- and middle-

income countries. While genomic tools like PCR and whole-genome sequencing offer high 

sensitivity, they are often cost-prohibitive and require technical expertise [65]. 

Conventional culture methods are slow and frequently unavailable outside urban 

hospitals, further widening the diagnostic gap. On the therapeutic front, resistance to 

multiple drug classes has rendered many standard regimens ineffective. Newer antibiotics 

like cefiderocol and tetracycline are encouraging but still expensive and not widely 

accessible.   Furthermore, the fact that bacteria are developing resistance to even these 

novel medications demonstrate how the arms race between bacterial adaptation and drug 

development is constantly evolving. 

Implications for Public health policy: Regarding public health policy, the findings 

indicate that immediate changes are required in national and international policies.   Public 

health systems must transition to integrated antimicrobial stewardship initiatives that link 

environmental, animal, and human health.  The One Health concept is centred around this 

idea [64]. To reduce the number of infections, policies should make it illegal to sell 

antibiotics without a prescription, promote vaccination to reduce the number of infections, 

and provide financial incentives or government collaboration to pharmaceutical 

companies to encourage them to develop new ideas.   Policy reforms should concentrate 

on educating, training, and holding prescribers accountable in countries like Iraq, where 
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less than 10% of hospitals adhere to the regulations.   Also, with globalisation and 

migration on the rise, it is critical to collaborate with other nations to monitor the spread 

of resistant genes.   If we do not take immediate action, healthcare systems may revert to a 

time when even minor infections could be fatal. 

 

5. Conclusion  

The study of antimicrobial resistance (AMR) is a growing worldwide health concern 

that could make contemporary therapy less effective. The constant appearance and spread 

of multidrug-resistant (MDR) infections, which is caused by the overuse and misuse of 

antibiotics in agriculture, veterinary medicine, and human health, makes treatment very 

difficult. Resistance genes like mecA, blaZ, vanA, and erm are becoming more common, 

which makes regular antibiotics less effective. Bacteria can resist antimicrobial drugs in 

several ways, including breaking down enzymes, using efflux pumps, changing binding 

sites, and forming biofilms. These methods are very flexible and can change. As standard 

antibiotics grow less effective, the discovery and use of next-generation treatments like 

cefiderocol, eravacycline, and metal-based nanoparticles have shown promising results. 

Also, natural chemicals and genomic-based methods are becoming more popular options. 

Even though significant improvements have been made, efforts worldwide are still poorly 

coordinated. To effectively manage AMR, antimicrobial stewardship, surveillance, policy 

formulation, and public education must work together. Using fast tests and judicious 

antibiotic use together can significantly reduce the development of resistance. Without 

urgent and sustained intervention, AMR could lead to a post-antibiotic era where minor 

infections become fatal. So, fighting AMR isn't only a scientific or medical problem; it's a 

worldwide one that needs quick, complete, and joint action. 
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