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Abstract

Diagnosis Techniques and molecular research revolutionize clinical microbiology by providing more sensitive, rapid, and
specific approaches to pathogens. Traditional methods rely on phenotypic expression and biochemical products that are
gradually being replaced by molecular techniques, including Polymerase Chain Reaction (PCR), which are emerging as the
tool of early detection. PCR's development from single-round PCR to real-time PCR has greatly enhanced the efficiency,
sensitivity, and cost-effectiveness of molecular diagnostics. Molecular methods are now integral in viral, bacterial, parasitic,
and fungal infection diagnosis, as well as in viral load monitoring and resistance testing in virology and bacteriology. PCR
allows for viruses rapid detection such as HIV, HCV, and CMV to improve patient outcomes by guiding timely interventions
and monitoring treatment effectiveness. Moreover, molecular diagnostics provide reliable identification of fastidious bacteria
and antibiotic resistance detection to address challenges that traditional culture methods face in bacteriology. Furthermore,
broad-range PCR use has broadened applications in identifying previously undetected pathogens, although PCR-based
genotyping is transforming the detection of infections like HPV and bacterial resistance. Molecular diagnostics in public health
offer precise pathogen identification and enable efficient disease response. For instance, limitations including the inability to
distinguish viable pathogens from non-viable nucleic acids and the need for standardization in molecular tests remain with its
advancements. The future of molecular diagnostics lies in the new technologies integration including microarrays and
automation, which will further streamline the diagnostic process while reducing costs.
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1. Introduction

The identification of various infectious agents enables us to focus on the traditional methods that are dependent on antigens'
phenotypic expression or products of biochemical to molecular methodologies (Gerace et al., 2022). However, these molecular
approaches are gradually being adopted in clinical microbiology laboratories, mostly to identify and characterize viral
infections and diagnose diseases caused by pathogens. Furthermore, their effectiveness must be supported by stringent
validation and robust quality control measures, while their rapid turnaround time, high sensitivity, and specificity make them
attractive (Ain et al., 2024). Polymerase Chain Reaction (PCR) technology has emerged as the primary molecular detection
method in clinical microbiology. Initially, this involved single-round or nested PCR with gel electrophoresis for detection
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(Kashnikov et al., 2024). Moreover, advancements such as the automation of DNA or RNA automation, detection, extraction,
and amplification processes have significantly enhanced the efficiency and cost-effectiveness of molecular laboratories due to
the introduction of real-time PCR. Technologies like DNA microarrays or chips are expected to further expand the utility of
molecular diagnostics in this field (Xu et al., 2024).

Key applications like virology, in which molecular techniques are employed for genotyping, resistance testing, routine viral
detection, and viral load quantification. In bacteriology, these methods facilitate resistance testing, rapid detection of fastidious
bacteria, and the diagnosis of bacterial infections post-antibiotic administration (Ryu et al., 2023). Molecular approaches have
also advanced the diagnosis of parasitic and fungal infections, such as early infection and early detection in neutropenic patients.
Additional uses are the biosecurity agent's identification, epidemiological studies, and control of infection is expressed in Tble
1(Robertson, 2020).

Table 1. Examples of Molecular Applications Beyond Microorganism Identification
Test Examples References

A UL o giite Cytomegalovirus, Epstein-Barr virus, hepatitis B and  (Guterres, 2023)
C, HIV

Bacterial Resistance Vancomycin-resistant enterococci, MRSA, extended- (Nagshetty et. al., 2021)
spectrum beta-lactamase (ESBL) producers like K.

pneumoniae, M. tuberculosis

Infective endocarditis, bacterial meningitis (Burban et. al., 2024)
Human papillomavirus, hepatitis B and C, HIV (Galati et. al., 2024)

2. Virology Applications

Historically, diagnosing viral infections has been challenging due to the costs, time requirements, and specialized skills
necessary for cell culture systems that are compounded by their low sensitivity and decline in growth rates in the media of
artificial (Fernandez et al., 2020). PCR technology has significantly enhanced the detection of various viruses. For instance,
PCR now enables non-invasive Herpes simplex virus (HSV) DNA detection within cerebrospinal fluid with 95% sensitivity by
avoiding invasive brain biopsies (Olie et al., 2024). Similarly, PCR has improved the diagnosis of viral meningitis caused by
enteroviruses or HSV to offer faster results as compared to traditional culture methods. Moreover, molecular methods such as
PCR and non-PCR technologies aid in the detection of bloodborne infections like hepatitis C virus (HCV) and HIV to provide
critical diagnostic insights that serological tests cannot. Applications extend to detecting intrauterine infections like
cytomegalovirus (CMV) and rubella using PCR analysis of amniotic fluid (Leber et al., 2024). Respiratory viruses, including
SARS-CoV and avian influenza, are also efficiently identified using PCR-based multiplex assays, which streamline diagnostics
and reduce hospitalization and unnecessary antibiotic use. Molecular diagnostics for viral diarrheal diseases, such as rotavirus
and norovirus, have also advanced by offering higher sensitivity and quicker results than traditional methods (Zaczek-
Moczydlowska et al., 2021).

2.1. Treatment Monitoring

Monitoring viral load is integral to managing chronic viral infections by utilizing advanced PCR techniques like real-time
PCR and competitive PCR. These methods allow precise measurement of viral DNA or RNA loads through aiding in
treatment efficacy assessment and resistance early detection (Lu et al., 2021). For instance, HIV viral load testing is essential
to assess antiretroviral therapy and predict disease progression with newer ultrasensitive tests achieving detection limits as
low as 50 copies/mL (Meng et. al., 2021).

2.2. Viral Load Testing

Testing for viral load is integral in monitoring therapeutic responses in chronic hepatitis C virus and hepatitis B virus infections.
Additionally, there is a 75% probability of achieving SVR for patients with undetectable HCV RNA after 12 weeks of therapy.
However, if viral RNA persists but shows a 100-fold reduction in viral load, then there is still a 33% likelihood of achieving
SVR. Similarly, HBV DNA levels are monitored in carriers with active liver disease to evaluate the need for antiviral therapies
like interferon-alpha or lamivudine to track their effectiveness (Fung et al., 2022). Furthermore, HBV viral load increase serves
as a lamivudine-resistant viral mutation. Cytomegalovirus (CMV) infections pose significant risks to bone marrow and organ
transplant recipients, as well as individuals with HIV (Azimi et al., 2020). Quantitative PCR-based viral load testing has become
the gold standard for early detection of CMV to surpass traditional culture methods in sensitivity. This enables preemptive
therapy before clinical symptoms emerge and improves patient outcomes. The viral loading is explained in Fig. 1 (Meganck et
al., 2021).
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Fig. 1 Representation of Viral Loading

2.3. Viral Genotyping and Resistance Testing

Genotyping and resistance testing play crucial roles in managing chronic viral infections. For HIV, genotypic resistance testing
complements viral load assessments to guide antiretroviral therapy by detecting mutations of drug resistance. Resources like
the Stanford HIV Drug Resistance Database assist in analyzing resistance profiles (Blassel et al., 2021). In HCV infections,
genotyping is pivotal because the six genotypes influence treatment success rates. HBV treatment with lamivudine necessitates
monitoring for mutations in the polymerase gene, including YMDD variants, which develop frequently during prolonged
therapy (Ramesh et al., 2021). These mutations are identified through rising viral loads and confirmed with sequencing of the
active site of the polymerase genes. Additionally, mutants of HBV pre-core causing active liver disease can only be identified
through genotypic analysis. Human papillomavirus (HPV) genotyping has transformed cervical cancer screening. Molecular
methods detect high-risk HPV genotypes by supplementing traditional Pap smears. FDA-approved tests like the Digene Hybrid
Capture 2 assay target high-risk HPV genotypes using RNA probes and antibody detection of DNA-RNA hybrids (Abdulhamit
et al., 2023). Molecular testing aids in risk assessment for cervical cancer and optimizes follow-up intervals for women with
normal Pap smears but negative high-risk HPV results. Consequently, genotyping's role in prevention will expand further with
the introduction of HPV genotype 16 vaccines (Shah et al., 2020).

3. Molecular Advancements in Bacteriology

3.1. Fastidious Bacteria

Infection diagnosis caused by fastidious bacteria has advanced significantly with molecular detection techniques. Non-culture-
based methods such as PCR, transcription-based amplification, and ligase chain reaction circumvent delays associated with
traditional culture by facilitating early treatment and public health interventions (Hammou et al., 2020). Molecular diagnostics



for sexually transmitted infections, particularly C. trachomatis and N. gonorrhoeae, have increased laboratory-confirmed cases
due to their superior sensitivity. These methods enable the use of noninvasive specimens like first-catch urine and self-collected
vaginal swabs to enhance compliance and accessibility (Jaya et al., 2022). For example, PCR-based testing for C. trachomatis
from urine samples matches the sensitivity and specificity of invasive specimens. Although, testing for N. gonorrhoeae in
women shows lower sensitivity with urine and vaginal swabs which provide a reliable alternative (Meyer and Buder, 2020).
Different methods of Infection diagnosis are sketched in Figure 2.
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Fig. 2 Expression of Infection diagnosis

Molecular methods offer additional advantages in remote areas in which dry swabs preserve DNA better during transport
compared to traditional culture samples. Furthermore, these techniques can screen for multiple pathogens like C. trachomatis,
N. gonorrhoeae, and Mycoplasma species, using a single sample by streamlining diagnostic workflows (Moradi et al., 2024).
The field of mycobacteriology has significantly benefited from molecular methods, though it is worth noting that conventional
culture remains more sensitive than molecular detection for Mycobacterium tuberculosis in many cases. This sensitivity
difference is attributed to challenges in effectively extracting DNA from bacterial cells (Paul et al., 2020). Certain bacteria
remain uncultivable or extremely difficult to culture in routine laboratories, or pose significant risks to laboratory personnel.
Examples include Tropheryma whipplei is responsible for Whipple's disease, which was traditionally diagnosed through
histopathology and electron microscopy, often post-mortem (Lathe et al., 2023). PCR now allows detection from noninvasive
specimens, enabling diagnosis of conditions like neuro-Whipple's disease and endocarditis. Similarly, molecular methods
facilitate the diagnosis of diseases caused by difficult-to-culture bacteria. The rapid diagnosis of bacterial infections has also
seen significant advancements, particularly for life-threatening conditions like meningococcal disease (Bhowmik, 2023). PCR
methods offer same-day detection from sterile specimens that outperform traditional culture in both speed and sensitivity.
Additionally, PCR enables the genoserogrouping of Neisseria meningitidis serogroups B and C, informing vaccination
decisions (Hoang et al., 2022).

The application of molecular methods to antibiotic resistance detection is transformative, circumventing challenges
associated with phenotypic variability. For bacteria like methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant enterococci (VRE), molecular techniques provide rapid and reliable resistance detection (Zakaria et al., 2023).
Extended-spectrum B-lactamases detection requires specialized tests since routine susceptibility testing often fails to identify
resistance. In addition, molecular detection of mutations within the p-lactamase gene confirms ESBL presence and facilitates
resistance monitoring across healthcare facilities globally, while phenotypic methods remain prevalent (Geleta et al., 2024).
Traditional resistance detection methods rely on additional culture incubation by delaying diagnosis and increasing community
transmission risks. Molecular approaches like multiplex PCR targeting the rpoB and hsp65 genes enable the same-day detection
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of most MDR strains. However, comprehensive resistance testing may require multi-gene or full-gene sequencing, which is
better suited for advanced technologies like microarrays (Nomi et al., 2024).

3.2. Mycology and Parasitology

Molecular testing, though less commonly employed for eukaryotic infections, proves valuable in specific clinical scenarios.
Pneumocystis jiroveci, formerly known as Pneumocystis carinii, causes severe pneumonia in immunosuppressed individuals.
Detection traditionally relies on microscopy of respiratory specimens, with methods (Calderaro et al., 2022).
Immunofluorescence offers greater sensitivity because it is costlier and requires specialized infrastructure. PCR demonstrates
higher sensitivity, particularly in non-HIV patients and its specificity is limited due to the organism's ubiquity as a commensal.
Similarly, 18S rRNA gene PCR is utilized for detecting Aspergillus spp. in neutropenic hematology patients by addressing
challenges that can be posed through poor culture sensitivity and difficulty obtaining biopsy specimens (Azar et al., 2020).
Frequent application of Aspergillus PCR can expedite diagnosis, though its precise impact on improving management outcomes
remains uncertain. For parasitological diagnoses, molecular techniques offer advantages given that most parasites are not
routinely cultured, making microscopy and serology less sensitive. For instance, Toxoplasma gondii is detectable via PCR from
amniotic fluid for fetal infection and cerebrospinal fluid for toxoplasma encephalitis (Robert et al., 2021).

3.3. Broad-Range PCR

Broad-range PCR diverges from targeted PCR by employing primers for conserved genetic regions to enable the detection of
diverse organisms. Amplified products are sequenced and matched against extensive online databases such as GenBank,
EMBL, or RIDOM. This technique is metaphorically a "molecular petri dish" that has identified organisms like Bartonella
henselae in bacillary angiomatosis and Tropheryma whipplei in Whipple’s disease (Agarwal et al., 2022). It is particularly
useful in diagnosing complex conditions such as infective endocarditis or bacterial meningitis, especially when conventional
cultures fail due to prior antibiotic use. Broad-range PCR also played a pivotal role in identifying the SARS-CoV virus during
its outbreak (Jalandra et al., 2020). Broad-based primers detected novel viral sequences by leading to the development of
specific SARS-CoV PCR assays within weeks. Broad-range PCR has limitations such as the risk of amplifying contaminant
DNA and reliance on potentially inaccurate database sequences. Misinterpretation due to shared or erroneous sequences is a
concern, particularly for rare pathogens (Vashisht et al., 2023). The demonstrative form of broad-range PCR is explained in
Fig. 3.
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Fig.03.Demonstration of Broad-Range PCR

3.4. Public Health Aspects
Molecular diagnostics significantly enhance the management of contagious diseases by facilitating rapid and precise etiological
identification. The SARS-CoV outbreak demonstrated the utility of molecular tools, in which PCR helped distinguish SARS



from other respiratory infections by enabling timely quarantine measures (Datta et al., 2021). Today, PCR-based diagnostic
kits ensure preparedness for any resurgence of SARS-CoV. Similarly, molecular methods accelerate the detection of diarrheal
viruses like noroviruses and bloodborne pathogens such as hepatitis B and C, enabling swift containment measures. Bacterial
pathogens of public health concern, including Bordetella pertussis, Mycobacterium tuberculosis, and Neisseria meningitidis,
benefit from molecular diagnostics by combining conventional and advanced testing to curb transmission effectively (Laxton
etal., 2023).

3.5. Molecular Epidemiology

Molecular epidemiology has transformed outbreak investigations through precise pathogen tracking using genotypic analysis.
Phenotypic methods often falter due to variable marker expression while traditional genotyping techniques like multilocus
enzyme electrophoresis are labor-intensive (Ramadan, 2022). In contrast, multilocus sequence typing (MLST) enables
unambiguous strain typing by comparing nucleotide sequences of housekeeping genes. These sequences are matched against
global databases, such as those for N. meningitidis, aiding in the identification and global tracking of virulent clones. For
tuberculosis, genotyping methods like MIRU typing are suggested for outbreak evaluation in communities and healthcare
facilities (Byrne et al., 2020).

3.6. Biosecurity

Biological warfare agents are often invisible and can remain asymptomatic for several days, and are highly infectious, with
minute quantities capable of impacting large populations. Among the available technologies, real-time PCR is particularly well-
suited for this purpose because traditional methods may lack precision and are slow or require specialized expertise. However,
the release of DNA from spores is a prerequisite for PCR, which is challenging without interfering with the process (Sidstedt
et al., 2020). Recent advancements now allow for the disruption of spores and the completion of PCR within 15 minutes using
innovative hardware. Additionally, portable, battery-operated machines utilizing TagMan® real-time PCR can perform the
entire process in just 30 minutes. Microarray technologies also hold significant promise in this field, though they currently face
limitations due to the sample preparation required for microfluidic devices (Chandnani et al., 2023).

4. Molecular Techniques limitations:

Molecular techniques cannot entirely replace conventional approaches for certain infectious outbreaks, although they have
many benefits. Numerous routine tests in the field of clinical microbiology are fast and cost-effective (Vasala et al., 2020).
Innovations in traditional techniques, such as rapid antigen tests providing results within minutes and current automated culture
methods for faster identification and susceptibility testing, can ensure their continued relevance. PCR tests are restricted to
detecting organisms whose DNA matches the primers used. Consequently, achieving broad coverage would require affordable
and user-friendly microarray tools, which are not widely presented (Cathryn et al., 2022).

4.1. Incorrect Positive and Incorrect Negative Outcomes

The application of molecular techniques in routine analysis is also limited by the possibility of false negatives or positives.
However, laboratory contamination and extensive lab facilities are necessary to physically separate areas for reagent
preparation, specimen handling, and product detection to decrease false positives (Adedokun et al., 2024). This requires well-
trained personnel and strict adherence to protocols. Additionally, replacing dTTP with dUTP during amplification and treating
preassembled reactions with uracil N-glycosylase (UNG) to destroy dUTP-containing amplicons can prevent contamination.
Disposable equipment and personal protective gear further reduce intersample contamination risks (Wei et al., 2024). Despite
stringent practices, challenges may still arise with reagents. Poorly designed primers can result in incorrect positive outcomes
by amplifying unintended microorganisms. The discovery of new organisms or sequences may reduce the specificity of these
tests over time because primers are typically designed from sequences in international databases (Church et al., 2020).

Some clinical specimens, including sputum or feces, may contain substances that degrade nucleic acids or inhibit PCR
enzymes. Hence, inhibitor checks should be performed on every sample to ensure that a negative result is not due to inhibition
(Nisafani et al., 2020). Internal amplification controls, such as spiked non-human pathogen DNA (e.g., equine herpesvirus) or
human B-globin gene detection which can verify successful extraction and absence of inhibitors. However, the latter method’s
variable human DNA levels in samples may affect sensitivity. When inhibitors are detected by dilution of the DNA extract to
treatment with reagents like GeneReleaser, or adding PCR facilitators such as bovine serum albumin can help (Liu et al., 2023).

4.2. Absence of Standardization in Molecular Testing

Molecular diagnostics face challenges due to the widespread use of in-house PCR tests, which vary significantly between
laboratories. Although commercial tests exist for diseases like HIV, hepatitis B and C, Chlamydia trachomatis, and Neisseria
gonorrhoeae, rare diseases are unlikely to have commercially available PCR kits (Hsieh et al., 2022). Variations in primer
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selection, amplification methods (e.g., single-round, nested, or real-time PCR), and detection techniques complicate
comparisons of sensitivity and specificity, as explained in the Table.2 (Joseph et al., 2023).

Table. 2 Differentiating Infection from Disease

Variants of infections Description

PCR Limitation PCR cannot distinguish between viable pathogens and
non-viable nucleic acids.

|G IR NS (0 0 i1 B EEETE For diseases like invasive meningococcal infections,
DNA detection from sterile sites has high predictive
value.

Colonization Infection In conditions like Pneumocystis jiroveci pneumonia
(PCP), detection may indicate colonization, not active
infection.

Viruses can shed intermittently without causing
disease.

Enhances predictive value by correlating higher viral
loads with disease severity.

Culture Methods It offers higher specificity than PCR.

(0\%0% Viral load thresholds and progression rates can predict
clinical disease.

5. Future Trends in Molecular Methods

PCR and sequencing have revolutionized pathogen identification and the study of developing infectious illnesses. Furthermore,
molecular techniques reveal that over 30 bacterial species are forming uncultivable states within unfavorable surroundings,
which is challenging the application of Koch's postulates (Manoil et al., 2024). These technologies now enable the study of
pathogen evolution, host susceptibility, and the development of DNA/RNA banks for genes linked to pathogenicity. Microarray
and gene chip technologies offer benefits such as miniaturization, automation, and rapid analysis of genetic information (Xu et
al., 2024). Platforms like Affymetrix® GeneChip® microarrays can simultaneously identify pathogens, virulence factors, and
drug resistance markers. Additionally, their application in clinical diagnostics is expanding, though primarily research-oriented
due to high costs (Fichtner et al., 2022). Economic pressures are driving the automation and cost reduction of molecular
diagnostics. Systems like Roche's MagNA Pure LC automate nucleic acid extraction are process up to 32 samples in an hour
with contamination-prevention features (Jallow et al., 2021). Additional automated platforms like QIAGEN's BioRobot
systems and Corbett Robotics’ CAS-1200™ DNA Sample Setup streamline PCR setup and improve throughput. Questions
regarding DNA persistence, colonization versus active infection, and the normal presence of microbial DNA in sterile sites
require further investigation. Until molecular diagnostics can quickly and affordably analyze multiple genetic markers,
conventional methods will continue to play a vital role in clinical microbiology (Lewinski et al., 2023).

6. Conclusion

In conclusion, molecular techniques are significantly advancing the microbiology field by providing faster, more accurate, and
more sensitive methods to diagnose a wide range of infectious diseases. However, technological evolution including PCR, real-
time PCR, and microarrays, revolutionized viral, bacterial, fungal, and parasitic infection detection to improve diagnostic
accuracy and the results speed which is crucial for timely treatment and infection control. Moreover, these molecular methods
have proven to be indispensable in fields such as virology, bacteriology, and epidemiology in enhancing our pathogen behavior,
resistance patterns, and transmission dynamics. Nonetheless, molecular diagnostics will remain complementary to traditional
approaches to integrate with them to form a robust framework for global health management.
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