


[bookmark: _Hlk190164824]Review Article

MICROBIAL GENETICS AND METAGENOMICS OF BACTERIAL PNEUMONIA RELATED TO THEIR ANTIBIOTICS RESISTANCE: AN INSIGHTFUL REVIEW




ABSTRACT 
	Bacterial pneumonia (BP) is an infection caused by the presence of one or more bacteria that mostly affect the lower respiratory tract and cause lung complications. The global prevalence of BP’s  AR is approximately 400 million, with a higher incidence in children at or below the age of 5 years and adults aged 65. This prevalence is further compounded in low and middle-income countries, where access to antibiotics is limited. Understanding the role of genetics in studying persistent antibiotic resistance (AR) by BP causative agents and their predictions is of the essence. There has been limited data on antibiotic resistance of bacterial pneumonia related to their genetic makeup, highlighting how antibiotic resistance in bacterial pneumonia can be related to their genetics and metagenomics can help to improve diagnosis and treatment regimens. The evaluated antibiotic resistance sensitivity and genetic characteristics findings have prompted the need for metagenomics. Metagenomics Next Generation Sequencing (mNGS) is a potential diagnostic strategy to achieve clearer and more predictable insights into the antibiotic resistance of common pneumonia-causing bacteria. Additionally, metagenomics has been shown to produce high detection and diagnostic insights for multiple genetic testing done simultaneously. Hence, it is a recommended approach for evaluating the relationship between the AR of pneumonia-causing bacteria and the genetic characteristics of BP. Therefore, this review aims to highlight the relationship between the genetic and metagenomic profiles of bacterial pneumonia and the development of antibiotic resistance, to identify key genetic factors and microbial interactions that contribute to resistance mechanisms. Additionally, it highlights the necessity of utilizing mNGS techniques for AR surveillance and prediction as they relate to BP.
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1. INTRODUCTION 
Streptococcus pneumoniae, commonly called pneumococcus, and other bacterial pneumonia (BP) causative agents are lancet-shaped diplococci gram-positive bacteria whose main virulence factor is a polysaccharide capsule [1]. This capsule shields the bacteria from phagocytosis by immune cells, enabling it to evade the host's immune defense mechanisms. S. pneumoniae is often found as part of the microbiome in the upper respiratory tract of healthy individuals, where it resides in the nasopharynx. It is usually transmitted through aerosol droplets from coughing or sneezing and through close contact with respiratory secretions from infected individuals. While it can be a commensal organism, it becomes pathogenic when it invades sterile areas such as the lungs, bloodstream, or central nervous system. It is a leading cause of bacterial pneumonia (where it infects the lungs and leads to symptoms of chest pain, and difficulty breathing), meningitis (where it infects the spine area and leads to symptoms such as fever and stiff neck), and sepsis, which has led to approximately 300,000 deaths annually [2]. Bacterial pneumonia disproportionately affects certain demographic groups. These include children <5 years and people >65 years (particularly in low-income countries with poor access to antibiotics), individuals with chronic illnesses, and patients undergoing treatments like chemotherapy [3].
The earliest treatment for bacterial pneumonia infections involves using Beta-lactam (β-lactam) antibiotics [4], with penicillin and macrolides being commonly prescribed. These antibiotics work by inhibiting bacterial cell wall synthesis, causing bacteria to lyse and die, and by inhibiting bacterial protein synthesis, preventing the bacteria from growing and multiplying. Macrolides are often used as an alternative to penicillin, particularly in patients with penicillin allergies. However, in recent years, penicillin and macrolides-resistant strains have been observed, making treatment with these antibiotics less reliable in some cases [4,5].
Antibiotic resistance (AR) in bacterial pneumonia (pneumococci) has become a significant global health challenge. The resistance mechanisms include genetic alterations and the acquisition of resistance genes that enable bacteria to survive antibiotic treatment. This survival is due to alterations in the transpeptidase domains (TPDs) found in the penicillin-binding protein (PBPs) genes [6,7]. Penicillin and other penicillin-binding proteins (PBPs) target beta-lactam antibiotics, enzymes in bacterial cell wall synthesis. In resistant strains of bacterial pneumonia, mutations in the genes encoding PBPs lower the binding affinity of these proteins for beta-lactam antibiotics, leading to reduced effectiveness. This allows the bacteria to continue synthesizing their cell walls despite the presence of the drug.
Some antibiotic-resistant bacteria protect the target of antibiotics using Efflux pumps. Efflux pumps are proteins that actively force antibiotics out of bacterial cells, reducing the intracellular concentration of the drug. In Bacterial pneumonia, efflux pumps can contribute to macrolide resistance. The mef(A) gene encodes an efflux pump that expels macrolide antibiotics, such as erythromycin, from the bacterial cell, preventing the drug from reaching its target [8].
Another mechanism of resistance is the modification of the target site. Macrolides, such as erythromycin and azithromycin, work by binding to the bacterial ribosome and inhibiting protein synthesis. In resistant strains of pneumococci, mutations or modifications in the ribosomal RNA target site prevent macrolides from binding effectively [9]. Hence, the antibiotic enters the cell and reaches the target site but is unable to prevent the target’s activity due to structural changes in the molecule. This type of resistance is often because of the presence of the erm(B) gene, which encodes an enzyme that methylates the ribosomal binding site, hindering macrolide activity.
2. Bacterial pneumonia (BP) and Antibiotics resistance: Genetics and metagenomics 
2.1 Bacterial pneumonia
Bacterial pneumonia majorly affects the lower respiratory tract, causing a serious, complicated lung infection. According to Torres [10], bacterial pneumonia can cause inflammation of either one or both lungs' parenchyma, which then leads to an infection. Pneumonia infections are also caused by viruses, parasites, and fungi. Bacterial pneumonia can be categorized as community-acquired pneumonia (CAP), hospital-acquired, ventricular, and atypical pneumonia [11]. CAP occurs less than 48 hours before hospital admission, while HAP occurs acutely within two days of admission. The atypical pneumonia caused by no-gram bacteria and ventilator-induced pneumonia (VAP) manifests in intubated patients in less than 48 hours [11]. The most isolated organism in CAP bacterial pneumonia is Streptococcus pneumoniae, then Haemophilus influenzae [12,13]. However, the distribution of other bacteria depends on the region and environment. These may include Klebsiella pneumoniae, Chlamydia species, Legionella species, M pneumoniae, Pseudomonas aeruginosa, and in certain regions, Mycobacterium tuberculosis and Burkholderia pseudomallei [14]. HAP and VAP primarily isolate Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, including methicillin-resistant Staphylococcus aureus (MRSA), Enterobacter species, and the Acinetobacter baumannii complex [15], as shown in Table 1 below.
Table 1. Types of Bacterial Pneumonia and the organism responsible  [12,13,14,]  
	BP
	Organism responsible 
	

	CAP
	Streptococcus pneumoniae, Mycoplasma pneumoniae, Haemophilus influenzae,
Chlamydophila pneumoniae. 
	

	HAP
	Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, Acinetobacter spp, Enterobacter spp.
	

	VAP
	Staphylococcus aureus.
	

	
	
	



2.1.1 Epidemiology and Burden
There are approximately 400 million cases of bacterial pneumonia in the world annually [16].  The low- to middle-income countries are most affected, with roughly 4 million deaths yearly. Individual levels of susceptibility to the bacteria pneumonia vary across age groups. The most affected are neonates and children at or less than 5 years of age. As well as, adults aged 65 years and above. This group has an annual 12 per 1000, unlike the 5.2 -- 7.1 in adults [17]. Developed nations have an annual incidence of 0.2 to 1% with a 2-14% death rate[18]. The increased susceptibility in both aged and young ones can be a result of underdeveloped, and dysfunctional lungs, with an impaired immune response.
In a systematic review, Beletew [19] found a 34% pooled prevalence in children under five years old. This was like the Nigerian pooled prevalence of 31.6%. Ethiopia falls into the same category, with a prevalence rate of 37.17%. However, there is a discrepancy in the prevalence rates reported by different studies. Herrera et al revealed that this could be due to methodology and diagnostic differences [20]
Europe, like China, reports an annual low incidence of 2.06–4.07/1000, with 298 to 2210 patients per 100 years [21, 22]. The US has a varied prevalence across the different groups, with the minority and low-income most affected. However, bacteria pneumonia is the most common cause of infection-related deaths, accounting for approximately 694 to 847 deaths per 100,000 people [23].
2.1.2  Pathogenesis
Environmental microorganisms regularly invade the lower airways. However, their successful penetration into the lung parenchyma stimulates the immune system, which results in inflammation. This inflammatory phase correlates with the symptomatic phase of pneumonia [24]. The human innate immune system protects against microbial invasion. Here the chemical and mechanical components of the immune system come into play. The mucus and hair trap the pathogen, while lung surfactants A and D, secreted by the alveolar epithelial cell, initiate the host immune response [24]. Concurrently, the Polymorphonuclear neutrophils infiltrate the infection site, phagocytosing the invaders. However, the inability of the innate immune response of the host to act adequately against these environmental pathogens causes their proliferation. Their evasive action is influenced by the virulence factors and pilli, which aid in biofilm formation. Also, the polysaccharide capsule in Streptococcus sp. has antiphagocytic capacity and suppresses the host's immune response [25].
The symptomatic phase of bacterial pneumonia results from the reactionary inflammatory process. The pro-inflammatory cytokines increase vascular permeability, causing a leak in the alveolar-capillary membrane. This enables leukocytes to infiltrate the infection site, ventilation-perfusion is mismatched, and respiratory capacity decreases, causing dyspnea [26,65].
2.1.3 Diagnosis  of bacterial pneumonia
Accurately diagnosing bacterial pneumonia will reduce its incidence and limit its spread. The patient clinical history, physical examination, and laboratory examination will yield an accurate and precise diagnosis of bacterial pneumonia. Its clinical symptoms are coughing, fever, dyspnea, and purulent sputum. Also, chest radiological examinations and computed tomography scans are utilized for the diagnosis of bacterial pneumonia [27]. But a precise diagnosis can't be made solely on clinical examination alone without bacterial culture. Nonetheless, for accurate diagnosis, a quality sample must be collected. The quality of specimens poses a challenge, as an inadequate sample impacts the accurate isolation of pathogens. This consequently leads to false negative results [27].
This has led to the adoption of molecular methods in routine bacterial pneumonia diagnosis. Although, this has its challenges, especially due to a lack of uniformity in methodology, varied genotypes, and phenotypes. Furthermore, the constant genetic mutation in this organism has made it unstable and influenced its resistance to antibiotics [28]. Although, this has its challenges, especially due to a lack of uniformity in methodology, varied genotypes, and phenotypes. Furthermore, the constant genetic mutation in this organism has made it unstable and influenced its resistance to antibiotics [28]. Nonetheless, in CAP, HAP, and VAP the use of rapid molecular assays has been encouraged for empirical antibiotic use. But its subjection to local guidelines interpretation has limited its implementation. According to Kitsios et al. [29], identifying the microbial DNA sequence after culture isolation enhances the sensitivity of tests. Therefore, we can adopt precision medicine to reduce AMR and contribute to antibiotic stewardship [29,66].
2.2 Antimicrobial resistance to pneumonia 
There is an increase in the AMR caused by the bacteria pneumonia. However, the HAP is particularly affected due to the favorable environmental factors that influence antibiotic resistance. The pan-drug resistance (PDR), which is virtually impossible to treat because they're not susceptible to any class of antibiotics; the extensive drug resistance (XDR), which is resistant to most antibiotics but sensitive to at least one; and the MDR, which is resistant to at least one in three classes of antibiotics, all result in therapeutic failure. Consequently, this leads to increased mortality and the cost of medical care [30,63,64].
Antimicrobial resistance can be a result of innate resistance coded by genes inherently present in the organism. Sometimes, this resistance can be due to judicious antibiotic pressure or environmental-induced genetic change. The mode of action for antimicrobial resistance includes altering therapeutic targets, efflux mechanisms, poor penetration, biofilm development, genetic recombination, and plasmid-borne resistance [31]. Enhanced efflux activity, lipopolysaccharide modifications, porin channel mutation, and secretion of enzymes like carbapenem aminoglycoside altering enzymes (phosphotransferases, adenylyltransferase, acetyltransferases) and beta-lactamase enzymes contribute to AMR [32].
The beta-lactam enzymes are zinc-dependent metallo beta-lactamases (class B) and serine beta-lactamases (classes A, C, and D), which open their rings via their ions [33]. The synthesized beta-lactamase inhibits the activity of antimicrobial agents as it enters the periplasmic region. Then cleaves the four beta-lactamase ring amide bonds. A. baumannii, K. pneumoniae and Pseudomonas aeruginosa’s chromosomes in most HAP and VAP have the most pronounced antimicrobial resistance. The pathogens contain plasmid-derived AmpC beta-lactamase genes, which hydrolyze monobactams, cephamycins, and cephalosporins. Similarly, they confer carbapenem resistance, which occurs due to the expression of class A KPC b-lactamases [34].  Furthermore, the unexpressed porin protein OprD influences the carbapenemase resistance like meropenem in P. aeruginosa and the increased efflux pumps lead to the transfer of the substrate from the periplasmic before the drug effect [35].
Biofilms formed when microorganisms aggregate, also contribute to AMR [36,60,61]. They are mostly associated with VAP pneumonia, due to the accumulated pathogens on the endotracheal tubes [36]. They adhere firmly to a surface and get enclosed in an extracellular polymeric matrix. This makes them acquire new characteristics, altering their gene expressions, protein biosynthesis, growth, and respiratory rate. The formed matrix impedes antibiotic uptake, expression of resistant genes, emergence of quiescent cells, and altered growth rate permanently. Then, aggregated waste products neutralize the effects of the antibiotics and suppress immune responses [36]. Table 2 below shows the detailed properties and susceptibility overview of the commonly used antibiotics drugs in the treatment of most BP cases [ 37,38,39,62].
Table 2: Common Antibiotic Resistance Drugs (ARD) in most BP and evaluated overall susceptibility  

	 Antibiotic
Drug
	BP Pathogen(s)
	Mechanism of Resistance
	Resistance   rate (%)
	Susceptibility rate (%)
	 Reference

	 Erythromycin
	Streptococcus pneumoniae
	Efflux pump or methylation of 23S rRNA
	Increased over time
	71.43%(2018), 16.22% (2020) 
	 [37]

	 Levofloxacin
	Streptococcus pneumoniae
	DNA gyrase/topoisomerase mutations
	Increased over time
	 90% (2021)
	 [37]

	Meropenem
	Streptococcus pneumoniae 
	Altered penicillin-binding proteins
	Increased over time
	85.71% (2018), 35.14% (2020)
	 [37]

	Penicillin 
	Streptococcus pneumoniae 
	Altered penicillin-binding proteins
	 22.1%
Increased over time
	 77.9%
37.5% (2019), 27.03% (2020)
	 [37, 38]

	Clindamycin
	Streptococcus pneumoniae
	Methylation of ribosomal RNA
	Increased over time
	100% (2018), 71.88% (2019), 56.76% (2020)
	 [37]

	Linezolid
	Streptococcus pneumoniae
	Inhibits protein synthesis (no resistance
	No resistance found
	100% (2018-2021)
	[37] 

	Vancomycin
	Streptococcus pneumoniae
	Inhibits cell wall synthesis (no resistance)
	No resistance found
	100% (2018-2021)
	[37] 

	Macrolides
	Streptococcus pneumoniae
	Methylation of 23S rRNA, efflux pumps
	 37.7%
	62.3% 
	 [38]

	Tetracyclines
	Streptococcus pneumoniae, Klebsiella pneumoniae, E. coli
	Efflux pump or ribosomal protection, 
	16.1%, High resistance
	83.9%, 12.9% susceptible 
	[38, 39] 

	Extended-spectrum extended-spectrum cephalosporins (ESCs)
	Streptococcus pneumoniae
	Beta-lactamase resistance
	Decreasing trend of resistance
	Increased susceptibility 
	[38] 

	Multidrug Resistance (≥3 drugs) 
	Streptococcus pneumoniae
	Various mechanisms
	Decreasing trend of resistance
	Increased susceptibility, Low susceptibility overall
	 [38, 39]

	Chloramphenicol
	Streptococcus pneumoniae, Klebsiella pneumoniae, Staphylococcus aureus
	Inhibits protein synthesis
	No resistance (gram-positive bacteria)
	 100%
	[39] 

	 Gentamicin
	Klebsiella pneumoniae, E. coli
	Inhibits protein synthesis
	Highly susceptible
	 87.5%
	[39] 

	 Azithromycin
	Klebsiella pneumoniae, E. coli
	Inhibits protein synthesis
	Highly susceptible
	87.1% 
	[39] 

	 Ciprofloxacin
	Klebsiella pneumoniae, E. coli
	DNA gyrase/topoisomerase mutations 
	Highly susceptible
	86.6% 
	[39] 

	 Ceftriaxone
	Klebsiella pneumoniae, E. coli
	Inhibits cell wall synthesis 
	Susceptibility remains high
	 79.0%
	[39] 

	 Ampicillin
	Klebsiella pneumoniae, E. coli 
	Beta-lactamase production 
	High resistance 
	100% resistance
	 [39]

	 Doxycycline
	Klebsiella pneumoniae, E. coli
	Efflux pump or ribosomal protection 
	High resistance
	13.6% susceptible
	 [39]

	Co-trimoxazole
	Klebsiella pneumoniae, E. coli 
	 Inhibits folate synthesis
	High resistance
	19.4% susceptible
	 [39] 

	Amoxicillin-Clavulanic Acid
	Klebsiella pneumoniae, E. coli
	Beta-lactamase inhibition
	High resistance
	21% susceptible
	[39] 

	
	
	
	
	
	


The AMR rate varies among pathogens. We observed an increased resistance by Streptococcus pneumoniae to macrolides (37.7%), penicillin (22.1%), and clindamycin (56.76%). Conversely, linezolid and vancomycin maintain their susceptibility against it. Klebsiella pneumoniae and Escherichia coli also have similarly high resistance, while Staphylococcus aureus seems susceptible to antibiotics. 
This shows there is a paradigm shift in AMR to gram-negative bacteria. The habit of injudicious use of antibiotics in low- and middle-income countries may be responsible. Most infected persons in this country don't adopt the empirical use of antibiotics but rather prefer self-medication when they show signs of pneumonia. The unsystematic antibiotic use has contributed to the mutations and resistance of antibiotics in these regions.
2.3 Genetics and metagenomics of bacterial pneumonia
Culture, as a gold standard, has its limits of consuming time and minimum sensitivity, for the most BP causative agents. mNGS may serve as a new potential procedure to control and effectively handle the limits of conventional diagnostics systems. It can also detect novel BP is not affected and not biased sampling for all infection detection [40]. It has been identified that multilocus sequence typing (MLST), a nucleotide sequence-based genotyping protocol, is utilized to characterize the genetic linkages in bacterial isolates and to study, estimate, and track the spread of global drug-resistant strains [41]. To presume and evaluate pathogenicity in bacteria, one must know the genetic background of the severe infection-causing bacteria. With the MLST in use in some studies, the relationships between the exact multilocal sequence (STs) and pathogenicity of Streptococcus pneumoniae and Escherichia coli were checked [42].
2.3.1 Genotypic characteristics of BP
Virulence of many bacterial pneumonia e.g. K. pneumonia has been identified, including a regulator of mucoid phenotype A (rmpA) gene and capsular serotype, microviscosity-associated gene A (magA) [43]. Several studies have specified infections of the respiratory tract and studied the clinical findings and microbiological factors relationships, consisting of the genetic characteristics [44, 61]. Resistance and virulence genes in most microorganisms like BP are found to be continuously mutating, the genotypic characteristics include the possession of genes like the ermB gene, mefE gene, beta-lactamase gene, TEM, and SHV [44].
2.3.1.1 Detection of AMR genes and mNGS Biomarkers for Diagnosis
There’s a limited understanding of microbiome studies in pneumonia patients. Metagenomics next-generation sequencing (mNGS) application closes the gap by extensively analyzing the microbiota pneumonia of the lungs and achieving an accurate diagnosis [45]. 
However, due to the minimum AMR genes of pathogens in respiratory fluids, which challenges their detection, mNGS can also be chosen as the way to predict AMR in pathogens by detecting bacterial resistance genes [46].
Patients with pulmonary infections like bacterial pneumonia must use the correct drugs and identify the infection’s presence, especially for lung-damaged patients like pneumoconiosis. Different studies have indicated that microbial prevalence and community composition vary in different body habitats, with strong links to health status and human disease [47]. 
mNGS is an advantageous broad coverage detection, unpredictable and unbiased, and can identify bacteria, viruses, and fungi simultaneously in a single sample [48]. 
It has been widely used in clinical settings in recent years, playing a necessary role in aiding clinical diagnosis, reducing the burden of patients, and improving rational drug use and clinical outcomes of the patient [49]. 
According to Miao et al in 2018, mNGS is culture-independent, and the results of detected pathogens are ready within 1-2 days, and culture methods are more susceptible to antibiotics than mNGS [50].
2.3.1.2 Antibiotics Resistance in BP and Prediction Biomarkers
A biomarker is any process indicator, structure, or molecule that can be estimated in the body, or its excretions that can predict a disease incidence. Biomarkers in BP may include release or inflammation specifically an infection because of a lung injury [51]. mNGS demonstrate promise in the direct detection of resistance genes in samples. Recently, a work presented CRISPR/Cas9 targeted enrichment potentials using FLASH (Finding Low Abundance Sequences by Hybridization) to predict by improving the detection of AMR genes and minimum abundance in clinical samples. However, the FLASH’s Independent validation in a clinical cohort is required [46,61].
Patients with severe CAP have demonstrated antibiotic stewardship through the important roles played by PCT and C-reactive protein (CRP) which are biomarkers, mostly used and play a role in an active ability to help minimize the therapy time frame of the antibiotic. However, they cannot be used to evaluate whether to start therapy. Both the CRP and PCT have been investigated in patients with CAP [52]. Biomarkers like PCT may also have a role in care decisions, but another large advantage of IL-6 over PCT and CRP is an immediate response to pneumococcal infection. Other prediction biomarkers in pneumonia and other infections include Presepsin, and TREM-1, respectively [52].
2.3.2 Bioinformatics strategies to study BP/AR
For bioinformatics pathogen detection to study BP, it can be leveraged on the ID-Seq pipeline [53] that includes the STAR [54] aligner to remove the human genome (NCBI GRC h38), filter quality with PRICESeqfilter [53] and more filtering to subtract sequences of non-microbial genes. The identities of the rest of the microbial reads can be obtained by checking the NCBI nucleotide (NT) and the use of RAPSEARCH2 and GSNAP-L for the non-redundant protein (NR) databases, respectively [46].
The required searching step of the genetic resistance is an alignment between the subject (database) and query nucleotide/protein sequence, where both sequence databases are used. CARD, Resfinder, and Bacterial Antimicrobial Resistance Gene Database are the most commonly used databases. The searching outcomes of the resistance determinants in genome assemblies are more accurate than searching in contigs [55]. 

3. INSIGHTS
3.1 Prevalence of BP 
There has been a high prevalence, especially in children in developing countries like Nigeria, Ethiopia, and most of Eastern Africa. With under-five children cases of 105 million were estimated in 2015 [56,60]. Streptococcus pneumoniae is common continually, found in 20% to 70% of cases. Haemophilus influenzae, Escherichia coli, Staphylococcus aureus, and other gram-negative organisms are mainly responsible for the rest of the bacterial pneumonia episodes in Central Africa, the United States, England, and Australia [57,60,64].
3.2 Prediction Biomarkers in AR of BP
Some of the biomarkers that are used in prognostics and diagnostics analysis of BP and types are related to the genetic characteristics and predictions of AR in many cases. Table 3 below shows the most observed functions, which indicates the biomarkers of BPs and types [52,58, 59,61].
Table 3: Biomarkers of Bacterial Pneumonia and Types 
Biomarker	Function/Indication 	BP
PCT	The CALC-1 gene is upregulated	CAP
Presepsin	Phagocytosis, diagnostic and prognostics insights	CAP/HAP
TREM-1	Upregulated expression and inflammatory responses	CAP/HAP/VAP
C-reactive protein	Leukocytosis and fever	VAP
Interleukin 6	Hematopoietic, immune, and inflammatory responses	
Neutrophil CD64 Receptor	Opsonization and phagocytosis	CAP


Challenges and Research Gap 
Results analysis of mNGS, especially from the mixed respiratory specimens with oral flora and colonizers, is challenging, and the correlation of genetics to the antimicrobial resistance for comparative demands further research with a larger cohort.
4. CONCLUSION AND RECOMMENDATION
Bacterial pneumonia and the increase in their resistance to multiple antibiotics is a global public health concern. This growing antibiotic resistance necessitates the need for a deeper understanding of the genetic basis of AMR and its clinical impact.
Therefore, further studies should be conducted to investigate the metagenomics of bacterial pneumonia. To improve the sensitivity of rapid molecular diagnosis to increase diagnosis turn-around time to enable the seamless adoption of precision medicine and empirical use of antibiotics in bacteria pneumonia. In addition, enhanced bacteria genomics surveillance should be conducted to provide information about the prevailing AMR genes in a region.
These reviews reported the burden of bacterial pneumonia prevalence and genetic insights. The genetic characteristics of most BPs can be used to predict the possibility of antibiotic resistance. Hence, the biological role of the prediction biomarkers needs to be highlighted for further clinical and molecular studies.
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