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A B S T R A C T 

Molecular identification methods have transformed bacterial identification by providing quick and precise detection of specific species. PCR-based identification 

methods such as HRMA and qPCR have many clinical and environmental microbiology applications, but limitations like the requirement for specific primers and 

false negatives due to inhibitors in the sample. DNA sequencing techniques such as Sanger sequencing, NGS, and third-generation sequencing has many 

applications, for instance identifying bacterial species and monitoring the spread of genes encoding antibiotic resistance. However, limitations include the need for 

specialized equipment, reagents, and potential errors in data interpretation. MALDI-TOF MS offers rapid and accurate identification of microorganisms in clinical, 

food, and environmental samples. The FISH offers specific and sensitive detection of low abundance microorganisms or genes, while the WGS provides 

comprehensive genomic information, detecting genes encoding antibiotic resistance, virulence factors and genetic diversity, despite being more expensive and 

requiring specialized bioinformatic analysis. 
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1. Introduction 

Bacterial identification is a crucial aspect of microbiology and clinical diagnosis. Correct treatment of bacterial illnesses and a reduction in the 

transmission of infectious diseases can result from accurate bacterial identification. Traditional identification methods of bacteria such as culture-based 

techniques have limitations in accuracy and speed, which can result in delayed or ineffective treatments. In contrast, the molecular techniques provide 

faster and accurate results in bacterial identification. Molecular techniques involve the use of genetic material to identify bacteria. PCR or polymerase 

chain reaction is one of these techniques. By using DNA sequencing or hybridization methods to identify bacteria, PCR amplifies specific regions of their 

DNA (Järvinen et al., 2009). Another method, DNA sequencing can directly identify bacterial species by comparing the DNA sequence to a reference 

database (Janda and Abbott, 2007; Lasken and McLean, 2014). Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-

TOF MS) is another technique that can identify bacteria rapidly by analyzing the mass and charge of bacterial proteins (Hrabák et al., 2013). FISH or 

Fluorescence in situ hybridization uses DNA probes that fluorescently labeled to hybridize with specific regions of bacterial DNA for identification 

(Wagner and Loy, 2002). Also, Whole Genome Sequencing (WGS), involves the sequencing of the entire bacterial genome which enables a deeper 

investigation of bacterial species and genetic features (Maguvu and Bezuidenhout, 2021). Here, we give an overview of these various methods including 

their applications, advantages and limitations. 

2. Polymerase Chain Reaction (PCR) 

In order to amplify DNA segments the Polymerase Chain Reaction (PCR), a potent molecular biology method, is used. PCR's three sequential stages: 

denaturation, annealing and extension are crucial to its efficacy. Denaturation requires heating the DNA template to a specific temperature, commonly 

around 95°C, and thus separating the two strands of DNA. Annealing step includes cooling the template to a lower temperature, generally around 55-

60°C, and facilitates the primers' hybridization to their corresponding sequences on the DNA template. Ultimately, extension entails an increase in 

temperature to around 72°C, allowing the Taq polymerase enzyme to fabricate new DNA strands by elongating the primers. This sequence of operations 

produces an amplification of a specific DNA region that has multiple applications, such as the identification of bacteria (Lorenz, 2012).  

A. Applications in bacterial identification 

The PCR technique, a revolutionary tool in bacterial identification, has expedited and improved the identification of specific bacterial species. It achieves 

this feat by amplifying exceptionally conserved regions of bacterial DNA, such as the 16S ribosomal RNA gene, which provides a firm foundation for 

bacterial species identification. As the 16S ribosomal RNA gene is present in all bacteria and demonstrates high conservation, it makes an ideal target for 

PCR-based bacterial identification (Patel et al., 2017). 

Identification of bacteria by PCR can be done by using multiple techniques such as Sanger sequencing, HRMA or high-resolution melting analysis and 

quantitative PCR (qPCR). Sanger sequencing entails sequencing the amplified DNA region to determine the bacterial species, according to Furutani et 
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al. (2022). HRMA, as per Dehbashi et al. (2020), is an analytical technique that scrutinizes the melting curve of the amplified DNA region to differentiate 

between various bacterial species. qPCR, as elaborated by Kralik and Ricchi (2017), entails measuring the amount of DNA amplified during PCR using 

fluorescent probes, providing an opportunity to determine bacterial load and identify bacterial species. 

PCR-based bacterial identification is pertinent to clinical and environmental microbiology. In clinical microbiology, PCR can be employed to detect 

bacterial pathogens in clinical samples such as blood, urine, and respiratory secretions, permitting the swift diagnosis of bacterial infections (Calderaro 

et al., 2022). In environmental microbiology, PCR can detect bacterial contaminants in food and water, allowing for a rapid and sensitive detection of 

potential health risks (Aw and Rose, 2012). 

B. Advantages and limitations 

The employment of PCR-based bacterial identification technique provides numerous advantages over conventional culture-based methods. These 

advantages include rapid turnaround time, heightened sensitivity and specificity, and the capability to detect viable but non-culturable bacteria 

(Schoonbroodt et al., 2023). PCR technique's ability to detect bacterial DNA in even minuscule quantities makes it a potent instrument for detecting 

bacterial infections during the early stages. The PCR-based bacterial identification process also demonstrates a remarkable degree of specificity, allowing 

for precise and accurate identification of bacterial species (Toze, 1999). 

Apart from its manifold benefits, PCR-based bacterial identification technique is not without limitations. For example, the PCR process can be adversely 

affected by inhibitors present in the sample, resulting in misleading negative results. Moreover, PCR requires the utilization of specific primers that target 

the desired DNA region, which limits the range of bacterial species that can be detected (Yang and Rothman, 2004). Finally, PCR-based bacterial 

identification is a relatively expensive technique, requiring specialized equipment and reagents. 

3. DNA Sequencing 

DNA sequencing is an intricate molecular technique that determines the precise arrangement of nucleotides in a DNA molecule. Frederick Sanger created 

the first DNA sequencing method in the 1970s. Since then, the field of DNA sequencing has experienced noteworthy advancements. Sanger sequencing, 

NGS or next-generation sequencing, and third-generation sequencing are techniques used for DNA sequencing (Dewey et al., 2012). Sanger sequencing 

also called chain termination sequencing, employs a primer, DNA polymerase, and dideoxynucleotides to sequence DNA. By terminating the elongation 

of the DNA strand with dideoxynucleotides, fragments of distinct lengths are formed which can be separated by size and analyzed to determine the DNA 

sequence (Sanger et al., 1977). 

NGS is a more recent sequencing technique that allows for the parallel sequencing of millions of DNA fragments, creating a massive amount of data. 

NGS techniques include Illumina sequencing, Ion Torrent sequencing and PacBio sequencing, which differ in their sequencing chemistry and the length 

of DNA fragments that can be sequenced (Goodwin et al., 2016). Third-generation sequencing is another newfangled technology, that enables long-read 

sequencing of DNA molecules. This method involves techniques, such as Oxford Nanopore sequencing and PacBio sequencing, which employ nanopores 

or single-molecule real-time sequencing to read the DNA sequence directly (Athanasopoulou et al., 2022). 

A. Applications in bacterial identification 

The enthralling realm of DNA sequencing finds various applications in the sphere of bacterial identification. A pivotal role of DNA sequencing is in the 

realm of identifying bacterial species. This is executed through the comparison of the sequence of a specific gene or cluster of genes to a colossal database 

of already known bacterial sequences, giving rise to sequence-based identification. In the clinical and environmental domains, this methodology is 

extensively used to identify bacteria (Reller et al., 2007). 

Aside from identification of bacterial species, the DNA sequencing is critical for understanding the genetic diversity and evolution of bacterial 

communities. Such vital information can help researchers better understand the epidemiology of bacterial infections and consequently, monitor the spread 

of antibiotic resistance genes (Didelot et al., 2012). Further, DNA sequencing is a potent tool in detecting and identifying bacterial pathogens in clinical 

samples. This is highly imperative for diagnosing infectious diseases since it allows for swift and accurate identification of the causative agent (Janda 

and Abbott, 2007). In certain situations, DNA sequencing has even been employed to identify the strain of bacteria accountable for an outbreak or 

epidemic (Gilchrist et al., 2015), adding another dimension to the already intriguing field of DNA sequencing. 

B. Advantages and limitations  

The ability of the DNA sequencing to identify bacterial species with high degree of precision and accuracy at the species level is remarkable advantage. 

This has a paramount significance in the domain of the clinical and the public health settings in that accuracy of the bacterial species identification can 

furnish essential information regarding the treatment decisions and infection control measures. Furthermore, the DNA sequencing has an added advantage 

of identifying genetic markers linked with the virulence or resistance to antibiotics which can pave the way for the developing of new therapies and 

monitoring the diffusion of the genes coding antibiotic resistance (Didelot et al., 2012). 

Despite the enormous benefits of the DNA sequencing, it also has limitations. As an example of these limitations is cost and intricacy of the technology. 

The cost of DNA sequencing has decreased significantly over the last few decades but it remains somewhat expensive when compared to the other 

molecular methods like as Polymerase Chain Reaction (Goodwin et al., 2016). Another significant limitation is the time required for analysis. While 

novel sequencing technologies such as Next Generation Sequencing and Third Generation Sequencing have made sequencing faster, the procedures of 
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sample preparation and data analysis can still be time consuming (Goodwin et al., 2016). Furthermore the interpretation of sequencing data demands 

specialized training and expertise, which may not be universally available (Didelot et al., 2012). Also, there is a concern of contamination as DNA 

sequencing highly sensitive to even the slightest contamination. Even minute contamination can lead to errors in sequencing data, which can hamper the 

accuracy of the results. This represents particular importance in the clinical and environmental samples in which multiple bacterial species may coexist 

(Salter et al., 2014).  

4. Matrix-Assisted Laser Desorption/Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF MS) 

MALDI-TOF MS has revolutionized the field of microbial identification with its powerful analytical method. This technique employs the ionization of 

microbial cells by a matrix solution, which is then subjected to mass spectrometric analysis, resulting in the generation of a mass spectrum. The distinctive 

mass-to-charge (m/z) ratios obtained from the mass spectrum of the microbial cells are subsequently cross-referenced against a reference database of 

known microbial species to determine the presence of the microorganism in the sample (Singhal et al., 2015). 

A. Applications in bacterial identification 

MALDI-TOF MS in the identification of bacterial pathogens, have been at the forefront of contemporary research. This method has come to be critical 

tool for rapid and precise identification of clinical pathogenic bacteria in different specimens such as blood cultures, urine and the respiratory samples 

(Huang et al., 2013). Also, MALDI-TOF MS is increasingly becoming a prevalent method for identifying bacterial pathogens in food samples like genera: 

Campylobacter, Cronobacter, Listeria, Salmonella and Vibrio (Pavlovic et al., 2013). 

Furthermore, the contribution of MALDI-TOF MS to the field of environmental microbiology cannot be overstated. Bacterial species in environmental 

samples such as water and soil, can be identified by this technique. This can be critical for environmental monitoring and assessment, highlighting its 

critical role in the sphere of environmental research (Ashfaq et al., 2022). 

B. Advantages and limitations 

MALDI-TOF MS technique is a highly advantageous tool for the identification of microorganisms in clinical settings. The technique is significantly 

faster than traditional culture-based methods and providing accurate results in minutes. This rapid turnaround time is crucial in clinical settings, in that 

prompt identification and treatment are crucial to patient outcomes (Rychert, 2019). In addition, another significant advantage of the MALDI-TOF MS 

technique is its high degree of accuracy with studies showing high sensitivity and specificity in the identification of microbial species. This level of 

precision is critical in therapeutic settings since inaccurate identification can result in improper therapy and poor patient outcomes (Haider et al., 2023). 

Moreover, MALDI-TOF MS technique is an easy method that is with simple equipment and reagents that do not require specialized training, making it 

accessible to a wide range of users and laboratories. The technique is also versatile and capable of identifying a broad range of microorganisms including 

bacteria, fungi and viruses (Rychert, 2019). 

However, there are some restrictions to MALDI-TOF MS technique when it comes to the identification of bacterial pathogens. The demand for up-to-

date database for correct identification is one of the most critical restrictions. If the bacterial species that present in the sample do not included in the 

database, it can lead to inaccurate or no identification of the bacteria. This misidentification will affect the accuracy of the results. Thus, having an up-to-

date database is essential to for correct detection of bacteria and to fully understand the potential limitations of this technique (Singhal et al., 2015). 

5. Fluorescence In Situ Hybridization (FISH) 

FISH is a molecular biology technique that uses fluorescently labeled nucleic acid probes to target specific sequences of DNA or RNA in situ, meaning 

in their original location within a sample. The probes hybridize to their complementary sequences in the target DNA or RNA, in that allowing the detection 

of specific microorganisms or genes of interest. FISH has been widely used in bacterial identification as it allows for the direct visualization of microbial 

cells and their location within the sample (Huber et al., 2018). 

A. Applications in bacterial identification 

The FISH has numerous applications in bacterial identification, including the identification of specific bacterial species or groups, the detection of bacteria 

that resist antibiotics and the analysis of microbial community structures (Gu et al., 2022). One of the common applications of FISH in bacterial 

identification is the detection of pathogens in clinical samples such as samples obtained from blood and urine source. Bacterial species like S. pneumoniae 

and H. influenzae can be identified by FISH (Peters et al., 2006; Wu et al., 2010). FISH has also been used in identification of the bacteria that are 

resistant to antibiotics in clinical and environmental samples. FISH, for instance, can be used to detect E. coli that has ability to resist ampicillin (Lee et 

al., 2019). In case of the environmental samples, FISH can be used to detect Bacteria that degrade simazine in soil (Martin et al., 2008). 

B. Advantages and limitations 

One of the main advantages of FISH is its specificity and sensitivity. FISH probes can be designed to target specific bacterial species or genes of interest, 

this leads to detection of low abundance microorganisms or genes. FISH is also a rapid technique, in which results typically available within hours (Gu 

et al., 2022). 
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However, FISH has some limitations. For instance, FISH may not be able to identify minor genetic abnormalities, balanced rearrangements, or the 

particular genes involved in chromosomal abnormalities. Additionally, the availability of probes used in FISH may be restricted (Gozzetti and Le Beau, 

2000). 

6. Whole Genome Sequencing (WGS) 

The WGS is a technique that been used to determines the complete DNA sequence of an organism. The technique produces large amounts of data in a 

relatively short time by high-throughput sequencing. WGS, recently, is widely used in microbiology in order to identify and characterize bacteria. The 

process of WGS consists of DNA extraction, library preparation, sequencing and bioinformatics analysis (Kwong et al., 2015). 

A. Applications in bacterial identification 

WGS has revolutionized the field of bacterial identification and characterization. One of important applications of this method is that It facilitates the 

detection of genes encode foe antimicrobial resistance, virulence factors, and other traits that are essential for understanding the pathogenicity of bacteria 

(Surleac et al., 2020). WGS has the potential to facilitate tracking and monitoring of the dissemination of infectious diseases, including instances of 

foodborne illness or hospital-acquired infections, through genome-wide comparison of diverse bacterial isolates (Ashton et al., 2016). Furthermore, WGS 

can be used for surveillance of bacterial pathogens, allowing for rapid detection and response to new or emerging strains (Grad and Lipsitch, 2014). 

B. Advantages and limitations 

The utilization of WGS provides numerous benefits compared to traditional techniques that used for the identification of bacteria. One of the main 

advantages is its capability to achieve higher resolution and sensitivity. Additionally, WGS is capable of detecting multiple pathogens simultaneously 

(Kwong et al., 2015). WGS can also provide information on the evolutionary history of bacterial populations. This leads to identification of potential 

sources of infection and the tracking of transmission pathways (Grad and Lipsitch, 2014). However, some restrictions to the technique are present. WGS 

generates vast amounts of data which can be challenging to analyze and interpret, and the cost of the equipment and analysis can be high (Surleac et al., 

2020). Moreover, it should be emphasized that the utilization of this method necessitates DNA samples of exceptional quality, a task that may pose 

difficulties when working with certain clinical specimens (Ashton et al., 2016). 

7. Conclusion 

In conclusion, molecular identification techniques have revolutionized the field of bacterial identification that lead to rapid and accurate detection of 

specific bacterial species. PCR is a widely used technique in identification of bacterial species through the ability to amplify specific regions of DNA like 

16S rRNA gene. This method inclusive of several variants like Sanger sequencing, HRMA and qPCR, provides an array of utilities in clinical and 

environmental microbiology. It is capable of offering quick turnaround times, heightened specificity and sensitivity, and the ability to detect viable but 

non-culturable bacteria. However, PCR method is limited by the necessity for specific primers which may not be available for some organisms. False 

negative outcomes are also possible due to inhibitors present in the sample. DNA sequencing, including Sanger sequencing, NGS, and third-generation 

sequencing, is another molecular identification technique that has applications in bacterial identification, genetic diversity and evolution. Sequence-based 

identification using DNA sequencing is commonly used to identify bacterial species and track the spread of antibiotic resistance genes. The process of 

DNA sequencing, while presenting notable advantages over traditional identification methods, also exhibits certain limitations. Notably, it demands 

specialized equipment and reagents, as well as stringent protocols for accurate analysis and interpretation of the generated data.  

MALDI-TOF MS offers rapid, accurate and easy identification of microorganisms from different sources like clinical, food, and environmental samples. 

Although it requires an updated database for accurate identification, it remains a versatile and easy technique with a high degree of sensitivity and 

specificity. FISH, on the other hand, offers specific and sensitive detection of low abundance microorganisms or genes, which enables quick detection of 

antibiotic-resistant microorganism or the analysis of microbial community structures. However, it may not identify minor genetic abnormalities or 

chromosomal abnormalities and probe availability may be restricted. WGS is a powerful and comprehensive tool that can provide information on the 

entire genome of the microorganism, therefore, allowing the detection of genes coding antibiotic resistance, virulence factors and genetic diversity. 

Despite the fact that it is more expensive and requires specialized bioinformatics analysis, WGS is becoming increasingly accessible and is revolutionizing 

the field of bacterial identification and outbreak investigation. 
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