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Unlocking the Power of Molecular 
Cloning: Revolutionizing Medical 
Microbiology Procedures
NEELABH  DATTA

The revolutionary realm of molecular cloning, encompassing the creation of 
recombinant DNA molecules, has ignited a wave of progress within the life sciences. 
The advent of potent tools has facilitated the manipulation of DNA, resulting in an 
extraordinary surge in the versatility and breadth of applications in recombinant 
DNA technology. The once-complex task of cloning genes has now been simplified, 
triggering a veritable explosion of insights into gene functionality. This has been 
achieved through the seamless fusion of multiple DNA fragments or the utilization 
of interchangeable gene cassettes, culminating in a state of unparalleled agility and 
expediency. In the 1970s, when restriction endonucleases, enzymes that cut DNA 
molecules selectively, were discovered, molecular cloning technology has grown 
exponentially in application and intricacy, resulting in influential DNA manipulation 
tools. Recent decades have seen an explosion in our understanding of gene function 
due to the simplicity and efficiency of molecular cloning. It is expected that emerging 
technologies will offer superior potentials, such as stitching together multiple 
DNA fragments in under a few hours and transforming the resulting plasmids 
into bacteria, or the use of swappable genes, which can be easily moved between 
different paradigms, maximizing promptness and flexibility. It has been proved that 
cloning techniques provide a gold standard technique for polymicrobial infection, 
recombinant cytokines, antimicrobial peptides, epidemiology, and gene therapy due 
to the limitations of culture-based methods. Due to the molecular cloning technique, 
recombinant antigens are now being used to monitor patients against clinical 
infections. As a result of laboratory techniques that permit in vitro chemical synthesis 
of any DNA construct specified in silico, molecular cloning will likely undergo a 
paradigm shift in the coming future. As a result of these advances, DNA clones can 
be constructed faster and iteratively, which will speed up the growth of new vaccines, 
gene therapy vectors, and recombinant proteins. Here I present a detailed overview 
of the latest applications of molecular cloning techniques in medical microbiology.
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Introduction

Have you ever wondered how tiny organisms like bacteria and viruses can wreak 
havoc on the human body? Medical microbiology holds the key to unlocking 
the mysteries of these microscopic villains. Since the dawn of germ theory of 
disease, medical microbiology has progressed considerably at the end of the 
last century. It was at this time that premature culture techniques were fruitful 
in quarantining many pathogens and labeling them with their corresponding 
causative diseases. Medical microbiology has become an essential component 
of healthcare and society, thanks to its rapid advancement in response to clinical 
demands. This field of science investigates the relationship between large and 
small organisms in both normal and disease conditions, as well as the develop-
ment of disease and the appropriate treatments that result in complete clinical 
recovery. A wide range of testing methods are employed to accomplish this task 
(Savitskaia, 1993). The field of medical microbiology continues to rely heavily 
on culture-based methods for identifying culture organisms despite substantial 
developments in analysis methodologies. By identifying the useful microorgan-
isms from those that are pathogenic, medical microbiology contributes to the 
health of the public and helps to control infectious disease epidemics. Medical 
microbiology has undergone significant changes in the past few decades, with 
new methods being developed to make the isolation and detection of various 
microorganisms more efficient. In medical microbiology laboratories, a range of 
different microscopy and culture techniques are typically used. One example 
of a technique that can be used to detect bacteria, fungi, parasites, or viruses in 
infected cells is indirect fluorescent technique. This technique uses polyclonal 
antibodies raised in animals like mice or horses, as well as monoclonal anti-
bodies produced using hybridization technology (Sharma et  al., 2014). Latex 
agglutination tests are used to detect particulate antigens, while enzyme immu-
noassay tests are employed for soluble antigens (House et al., 2005). When it 
comes to life-threatening infections, it is essential to have quick and accurate 
diagnostic tests to facilitate prompt antimicrobial therapy (Sharma et al., 2014). 
In recent times, molecular biology techniques have emerged as a more efficient 
and rapid way to perform microbiological diagnosis. These methods use nucleic 
acid probes in conjunction with Polymerase Chain Reaction (PCR) amplifica-
tion techniques (Ieven et al., 1996). There is a possibility that cloning techniques 
could be useful in clinical settings, as they are already utilized in different areas 
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of our everyday lives. For instance, during the outbreak of severe acute respira-
tory syndrome coronavirus-2 (SARS CoV-2), laboratories recognized the need 
for the swift development of diagnostic tests for emerging diseases that have 
a significant impact on society. It is vital to quickly transfer such technology 
to laboratories that perform routine diagnostics. A contemporary issue is that 
scientific reactions to evolving threats are far more prompt than governmental 
reactions, and new diagnostic tests for use outside research laboratories often 
take a long time to be sanctioned (Raoult et al., 2004).

From Past to Present: The Evolution of Molecular Diagnostics

Molecular biology has been a vital tool for the medical laboratory, with its roots 
dating back to Linus Pauling’s discovery of sickle cell anemia as a “molecular dis-
ease” in 1949 (Pauling et al., 1949). However, it was not until recombinant DNA 
technology in the early days of molecular biology that it became usable in medical 
diagnostics (Chehab, 1993). Molecular diagnostics grew from basic knowledge on 
the primary sequence of various genes, with DNA probes incorporating radioac-
tive nucleotides allowing analysis via Southern blotting of genomic regions. This 
led to the concept and application of restriction fragment length polymorphism 
(RFLP), which helped track variant alleles in the human genome (Williams, 
1989). In 1978, molecular diagnostics techniques were used to make the first pre-
natal diagnosis of α-thalassemia, and the use of RFLP to characterize sickle cell 
alleles set the foundation for the characterization of other genetic diseases and 
infectious diseases using molecular diagnostics platforms (Kan et al., 1978). The 
mid-1980s brought the development of PCR, which quickly became a staple of 
laboratory medicine with its ability to exponentially amplify a target sequence 
and identify known mutations or sequences within hours (Mullis et al., 1986). 
PCR also established the foundation for many variant detection schemes based 
on the amplification of DNA. Following the publication of the human genome 
draft sequence, the challenge to improve existing variant detection technologies 
to achieve robust, cost-effective, rapid, and high-throughput analysis of genomic 
variation moved to the forefront of molecular diagnostics. Real-time PCR and its 
numerous variations, DNA microarray-based genotyping and transcription pro-
filing, microbiome sequencing, proteomics, pharmacogenomics, nutrigenomics, 
forensic medicine, and CRISPR/Cas9 genome editing all represent important 
and critical advances in the field (Hendrix and Rohde, 2021). Despite the explo-
sion of diverse variant detection assays, DNA sequencing remains the gold stan-
dard for pathogen identification and surveillance, especially with breakthroughs 
in next-generation sequencing (NGS) technology (Hendrix and Rohde, 2021). 
However, the costs of initial investment and difficulties in standardization and 
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interpretation of ambiguous results continue to limit the use of NGS in clini-
cal laboratories. Physicians and other healthcare professionals are now working 
with molecular diagnostics professionals to understand the basis of infectious 
disease pathology and when to use molecular diagnostics like NGS. One exam-
ple is the use of 16S in-house assay sequencing to identify bacterial pathogens 
directly from tissue specimens when culture results are negative, but there is 
evidence of histopathologic pathogen damage (Hendrix and Rohde, 2021). In 
addition to PCR and sequencing, molecular cloning also played a crucial role in 
the development of molecular diagnostics techniques. By enabling the replica-
tion of specific DNA sequences, molecular cloning made it possible to generate 
large amounts of identical DNA fragments for further analysis. This technique 
is based on the use of restriction enzymes to cut DNA at specific recognition 
sites and then ligating these fragments into a plasmid vector for amplification 
and manipulation. The ability to produce recombinant proteins using molecular 
cloning revolutionized the field of medical research and led to the production 
of many important biological therapeutics, including insulin, growth hormone, 
and clotting factors. Molecular cloning also allowed for the creation of genetic 
probes that could be used to detect specific DNA sequences, such as those asso-
ciated with infectious agents. This enabled the development of highly sensitive 
and specific diagnostic tests, such as the PCR-based tests that are widely used 
today for the detection of viruses like HIV and hepatitis C. Molecular cloning 
techniques have also facilitated the identification of new disease-causing genes 
and the development of gene therapy approaches for genetic diseases.

An Overview of Molecular Cloning

In the annals of scientific progress, the field of molecular cloning stands as a tes-
tament to human ingenuity and perseverance. Throughout history, researchers 
have endeavored to unlock the secrets of DNA, seeking ways to manipulate and 
understand its intricate structure. It is within this context that the technique of 
molecular cloning emerged, revolutionizing the study of genetics and paving 
the way for a multitude of biological and technological applications. Molecular 
cloning (a molecular diagnostics technique) refers to a technique that involves 
isolating a specific DNA sequence and then amplifying short regions of it in 
vitro. The roots of molecular cloning can be traced back to the mid-20th cen-
tury, when scientists began unraveling the mysteries of DNA. It was during 
this time that the concept of isolating specific DNA sequences and amplifying 
them in vitro took shape. One commonly employed approach involved the use 
of restriction enzymes, which acted as molecular scissors, cutting DNA at spe-
cific sites. By digesting existing DNA fragments or targeting them through PCR, 
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researchers were able to generate short inserts of DNA, typically around 100 
base pairs in length (Juliane and Lessard, 2013). These resulting short inserts 
can also be created as complementary single-stranded fragments that are then 
annealed to form a double-stranded fragment (Juliane and Lessard, 2013). Once 
the DNA of interest has been obtained, it can be inserted into a vector plasmid, 
which is a circular double-stranded DNA. These vectors are smaller versions of 
naturally occurring plasmids and contain features such as replication origins, 
drug resistance genes, and unique restriction sites that enable the insertion of 
DNA fragments (Juliane and Lessard, 2013). The multiple cloning sites of these 
vectors usually contain different restriction sites, making it easier to select the 
appropriate enzymes for a variety of inserts. Molecular cloning was typically 
used to amplify DNA fragments containing genes, but it can also be used to 
amplify any DNA sequence, including promoters, non-coding sequences, chem-
ically synthesized oligonucleotides, or fragments of randomly generated DNA 
(Sharma et al., 2014).

There was a wide range of biological applications and technological appli-
cations that make use of this method, including the production of recombinant 
antigens, cytokines, and proteins (Nguyen et al., 2004). If DNA sequences were 
to be amplified and cloned in vitro and in vivo, they must be linked to primary 
sequence elements that are capable of directing their own replication and prop-
agation in the desired target host in conjunction with the linked sequence (Lu 
et al., 2008). Thus, the inclusion of a host-specific origin of replication and a select-
able marker became essential sequence elements. In addition, when selecting a 
cloning vector, researchers had to consider a number of other characteristics, 
including the ability to express proteins, tag them, and generate single-stranded 
RNA and DNA (Sharma et al., 2014). As the field progressed, researchers sought 
to refine and expedite the cloning process. Recombinase-based cloning emerged 
as a one-step reaction, allowing for high-throughput cloning by inserting a spe-
cific DNA fragment into a specific region of target DNA through the interchange 
of relevant DNA fragments (Copeland et al., 2001). This streamlined approach 
facilitated the cloning of any DNA fragment, representing a significant leap for-
ward compared to the classical restriction- and ligation-based approach, which 
involved fragmenting DNA with restriction endonucleases, ligating it to a vec-
tor, transfecting it into host cells, and subsequently screening and selecting the 
desired clones (Sharma et  al., 2014). Cloning procedures generally followed 
these classical steps; however, a number of unconventional routes can be chosen 
depending on the specific solicitation.

Cloning procedures had traditionally adhered to the classical steps outlined 
previously, but the field of molecular cloning continued to evolve, offering 
researchers a growing repertoire of unconventional routes to choose from, based 
on the specific goals and requirements of their studies. Some advancements 



	 Unlocking the Power of Molecular Cloning: Revolutionizing Medical • 91

UMURJ • vol. 17, no. 1 • 2024

had further expanded the possibilities and enhanced the efficiency of molecu-
lar cloning techniques. One notable development in molecular cloning was the 
emergence of advanced DNA assembly methods that enable the construction 
of large DNA constructs with precise control over their sequence composition. 
For instance, techniques such as Gibson assembly, Golden Gate assembly, and 
ligase cycling reaction (LCR) had revolutionized the process by allowing seam-
less assembly of multiple DNA fragments in a single reaction (Engler et al., 2008; 
Gibson et al., 2009; Li and Elledge, 2007). These methods bypassed the labor-in-
tensive steps of traditional restriction digestion and ligation, streamlining the 
process and reducing the occurrence of unwanted mutations. Gibson assembly 
was a method that allowed the seamless assembly of multiple DNA fragments 
without the need for restriction enzymes or DNA ligases. It operated on the prin-
ciple of in vitro homologous recombination and utilized three key enzymatic 
activities: exonuclease, polymerase, and DNA annealing. In this technique, the 
DNA fragments to be assembled were designed with overlapping regions called 
“homology arms.” These homology arms enabled the fragments to anneal to 
one another in the presence of the exonuclease and polymerase enzymes, which 
trimmed back the ends of the fragments and filled in the gaps, respectively. The 
resulting annealed fragments were then extended and ligated, producing a seam-
less composite DNA construct (Gibson et al., 2009). Gibson assembly offered sev-
eral advantages, including its simplicity, efficiency, and the ability to seamlessly 
assemble multiple fragments with high fidelity, minimizing the introduction of 
errors. Golden Gate assembly was another powerful technique used for the mod-
ular assembly of DNA fragments. It relied on the activity of type IIS restriction 
enzymes, such as BsaI, which cut DNA sequences outside their recognition sites. 
The DNA fragments to be assembled were designed with specific recognition 
sequences for the type IIS enzyme at their ends, along with overlapping regions. 
During the assembly process, the type IIS restriction enzyme cuts the DNA frag-
ments at the specific recognition sites, generating cohesive ends. The cohesive 
ends from different fragments were then ligated together, creating a composite 
DNA construct (Engler et al., 2008). Golden Gate assembly offered advantages 
such as modularity, versatility, and compatibility with high-throughput appli-
cations. It allowed the construction of complex DNA constructs by assembling 
multiple fragments in a single reaction, enabling researchers to efficiently gen-
erate diverse genetic constructs with precise control. LCR was a technique that 
combined the principles of PCR and DNA ligation to facilitate the assembly 
of DNA fragments. In LCR, short DNA oligonucleotides, called splints, were 
designed to anneal to specific regions on the DNA fragments to be ligated. These 
splints hybridized to their complementary sequences, bringing the DNA frag-
ments in close proximity for ligation. The ligation step was mediated by a DNA 
ligase enzyme, which catalyzed the formation of phosphodiester bonds between 
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the adjacent DNA fragments. The ligated DNA fragments were then amplified 
by PCR using primers that hybridized to the ends of the assembled construct 
(Li and Elledge, 2007). These advanced molecular cloning techniques had trans-
formed the field by offering streamlined processes for the assembly of multiple 
DNA fragments. They eliminated the need for laborious traditional methods, 
such as restriction digestion and ligation, and provided advantages such as 
increased efficiency, reduced errors, and the ability to construct complex DNA 
constructs with precision.

Another significant advancement was the utilization of site-specific recom-
binases, such as the Cre-Lox system and the Flp-FRT system, to enable precise 
DNA rearrangements. These recombinases catalyzed the exchange, inversion, 
or deletion of DNA segments at specific target sites, facilitating the generation 
of complex DNA constructs and genetic modifications (Sauer and Henderson, 
1988; Buchholz et al., 1996). The Cre-Lox system, derived from the bacteriophage 
P1, consisted of two key components: the Cre recombinase enzyme and the LoxP 
sites. In the Cre-Lox system, the Cre recombinase recognized and bind to LoxP 
(locus of crossover [X] P1) sites present in the DNA. The LoxP site consisted of 
two 13-base-pair inverted repeats flanking a central 8-base-pair spacer region. 
The Cre recombinase binds to the LoxP site and catalyzes a strand cleavage and 
exchange reaction. This reaction involves the cleavage of the DNA strands at the 
specific LoxP sites, followed by the exchange or rearrangement of the cleaved 
DNA segments. The result was the excision, inversion, or rearrangement of DNA 
segments depending on the orientation and arrangement of the LoxP sites (Sauer 
and Henderson, 1988). The Cre-Lox system had been widely used for conditional 
gene knockout, gene expression control, and the generation of tissue-specific or 
inducible genetic modifications. This system offered precise control over DNA 
modifications, as the recombination events occurred exclusively at the LoxP sites 
and did not affect surrounding genomic regions. Similarly, the Flp-FRT system, 
derived from the yeast Saccharomyces cerevisiae, operated through the interaction 
between the Flp recombinase enzyme and the FRT (Flippase Recognition Target) 
sites. FRT sites are DNA sequences that serve as recognition sites for the Flp 
recombinase. The FRT site consisted of two 13-base-pair inverted repeats sep-
arated by a central 8-base-pair spacer region. The Flp recombinase recognized 
the FRT site and catalyzed a similar strand cleavage and exchange reaction as 
the Cre-Lox system. By cleaving the DNA strands at the FRT sites and facilitat-
ing the exchange or rearrangement of the cleaved segments, the Flp-FRT system 
enabled the excision, inversion, or rearrangement of DNA segments, depending 
on the arrangement and orientation of the FRT sites (Buchholz et al., 1996).The 
Flp-FRT system offered high precision and versatility in genetic manipulations, 
which allowed researchers to precisely control the outcome of the recombina-
tion events. The benefits of these site-specific recombinase systems are manifold. 
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First, they offered precise control over DNA modifications, allowing researchers 
to manipulate specific regions within a genome without affecting surrounding 
genetic elements. This targeted approach minimized unwanted off-target effects 
and preserved the integrity of the genome. Second, these systems provided flex-
ibility and versatility in creating complex genetic modifications, such as gene 
knockouts, gene insertions, and conditional gene expression systems. The abil-
ity to precisely control DNA rearrangements at specific target sites opened up 
new avenues for functional studies and understanding gene regulation. More-
over, the reversible nature of these recombinase systems allowed for the creation 
of conditional genetic modifications, where DNA segments can be switched 
between different configurations, providing temporal and spatial control over 
gene expression.

In recent years, CRISPR-Cas9 technology has revolutionized molecular clon-
ing and genetic engineering. Originally developed as a precise genome editing 
tool, CRISPR-Cas9 has been adapted for DNA cloning applications, allowing 
for efficient and targeted insertion of DNA fragments into specific genomic loci 
(Kleinstiver et al., 2014; Nishimasu et al., 2014). The CRISPR-Cas9 system has 
simplified and accelerated the process of creating transgenic organisms, gener-
ating knock-in or knock-out models, and facilitating the study of gene function 
(Doudna and Charpentier, 2014). The working principle of the CRISPR-Cas9 sys-
tem involves two main components: the Cas9 enzyme and a guide RNA (gRNA). 
The Cas9 enzyme acts as a molecular scissor and can be programmed to target 
specific DNA sequences with the help of the gRNA. The gRNA is designed to rec-
ognize a complementary DNA sequence adjacent to the target site, guiding the 
Cas9 enzyme to that specific location. Once the Cas9 enzyme binds to the target 
DNA sequence, it generates a double-strand break (DSB) at that site. This DSB 
triggers the cellular DNA repair machinery, which can be harnessed to intro-
duce desired DNA fragments into the genome (Doudna and Charpentier, 2014). 
CRISPR-Cas9 technology offers several significant benefits in molecular cloning 
and genetic engineering. First and foremost, it provides unparalleled precision 
in DNA targeting. The gRNA can be easily customized to recognize any desired 
DNA sequence, allowing researchers to selectively edit or insert DNA fragments 
at specific genomic loci. This level of precision enables the creation of highly 
specific genetic modifications, facilitating the study of gene function and the 
elucidation of molecular mechanisms. Another advantage of CRISPR-Cas9 tech-
nology is its efficiency and versatility. The Cas9 enzyme, guided by the gRNA, 
efficiently generates DSBs at the target site, triggering the cellular repair mecha-
nisms. Researchers can exploit these mechanisms to introduce exogenous DNA 
fragments into the genome. This enables the precise insertion of DNA fragments, 
such as genes, regulatory elements, or reporter constructs, at desired genomic 
locations. In addition, the system can be used for gene knockouts by introducing 
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DSBs that lead to gene disruptions or deletions. CRISPR-Cas9 technology has 
significantly streamlined the process of creating transgenic organisms and gen-
erating genetically modified cell lines, providing researchers with a powerful 
tool for studying gene functions and disease mechanisms. The advancements in 
synthetic biology have opened new avenues for molecular cloning. DNA syn-
thesis technologies have improved significantly, enabling the de novo assembly 
of entire genes, pathways, or even genomes (Kosuri and Church, 2014). This has 
paved the way for the creation of synthetic DNA constructs with tailored func-
tions, such as metabolic pathways for bioproduction, novel enzymes, or even 
synthetic organisms with redesigned genomes (Gibson et al., 2010; Hutchison 
et al., 2016). These recent developments in molecular cloning techniques have 
not only increased efficiency but also expanded the possibilities for genetic 
manipulation, DNA engineering, and biotechnological applications. By embrac-
ing these cutting-edge approaches, researchers can push the boundaries of what 
is achievable in the field of molecular cloning.

The Role of Molecular Cloning in Polymicrobial Infections

Polymicrobial infections, where multiple microorganisms are involved in an 
infection, are a common occurrence in clinical settings. Molecular cloning had 
become an important tool in identifying diseases caused by multiple microor-
ganisms and understanding the exchanges that occur within microbial com-
munities. These diseases, as described by Kim et  al. (2005), can be acute or 
chronic and are caused by combinations of viruses, bacteria, fungi, and para-
sites (Sharma et al., 2014). When a single pathogenic microorganism creates a 
niche, other pathogenic microorganisms can inhabit it, leading to colonization or 
the emergence of disease by two or more non-pathogenic microorganisms (Kim 
et al., 2005). Culture-based routine diagnostic testing is one treatment strategy, 
but it has limitations since it may not isolate all significant microbe species pres-
ent in a sample. New bacterial community profiling techniques have revealed 
a greater diversity of microbes in infections caused by these bacteria than pre-
viously thought (Sharma et al., 2014). It is the result of these findings that poly-
microbial infections are increasingly being perceived as complex communities 
of interacting organisms, whose pathogenicity is determined by dynamic pro-
cesses (Rogers et al., 2010). One of the primary applications of molecular cloning 
in polymicrobial infections is the identification and characterization of individ-
ual pathogens. Traditional microbiological methods involve culturing the micro-
organisms from clinical samples, which can be time-consuming and may not 
always yield accurate results. In contrast, molecular cloning techniques such 
as PCR and NGS can identify and differentiate multiple pathogens in a single 
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sample rapidly and accurately. These techniques can identify pathogens that are 
difficult or impossible to culture, making them a valuable tool in the diagnosis 
of polymicrobial infections. However, even these techniques have certain draw-
backs (Datta, 2023).

In the past few decades, advances in cloning and NGS technology had pro-
vided us with opportunities for gaining such insights about viable microbial cells 
(Wheat, 2010). An approach based on sequence homology allowed identification 
of bacteria in polymicrobial infections by cloning and sequencing the 16S ribo-
somal gene (Amann et al., 1995). With this method, it was possible to identify 
bacteria that died in the course of transportation or due to antibiotic treatment 
and to discover bacteria with specific growth requirements (Kommedal et  al., 
2009). However, it may not be possible to detect rare members of a community 
with divergent target sequences with rRNA gene-based cloning and character-
ization (Petrosino et al., 2009). Some of the limitations for it are due to primer 
bias and low sampling depth, which could be solved by 454 sequencing, pyrose-
quencing, or whole genome shotgun sequencing (Petrosino et al., 2009). Hence, 
molecular cloning techniques, such as Loop-mediated isothermal amplification 
(LAMP), Multi-Plex PCR-Based Reverse Line Blot Hybridization (mPCR-RLB), 
Target Enriched-Multiplex PCR (Tem-PCR), Gene chip technology, and Multi-
plex Ligation-Dependent Probe Amplification (MLPA), are utilized, which play 
a crucial role in identifying the genes and pathways involved in polymicrobial 
infections (Datta, 2023). These techniques enable researchers to gain a compre-
hensive understanding of the mechanisms underlying the interactions between 
pathogens, which is essential for developing novel treatments that target these 
interactions. LAMP is a powerful nucleic acid amplification technique that allows 

Different Types of Polymicrobial Infections Characterized in Human Body. Credits to 
Tay et al., (2016)
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for the detection and quantification of specific DNA sequences at a constant tem-
perature. LAMP amplifies DNA by exploiting the properties of Bst polymerase 
and the unique structure of the target DNA. It involves the design of specific 
primers for different regions of the target gene, resulting in the formation of a loop 
structure. The amplification reaction produces a characteristic ladder-like struc-
ture (amplicon), which can be visualized using fluorescence or turbidity changes 
(Datta, 2023). LAMP is particularly useful for the prompt recognition of patho-
genic microorganisms in laboratories with limited resources and experimental 
conditions. mPCR-RLB combines the sensitivity and the specificity of PCR with 
the high-throughput capabilities of reverse line blot hybridization. It involves 
the use of multiple primer sets that specifically bind to conserved regions of the 
microbial genome (Datta, 2023). These primers are used in a multiplex PCR reac-
tion to amplify multiple target DNA sequences simultaneously. The amplified 
DNA is then hybridized to a reverse line blot membrane containing probes for 
different microbes. The presence or absence of hybridization signals allows for 
the identification of specific microbial types in the sample. Tem-PCR combines 
the specificity of PCR with target enrichment to detect and identify microbes 
involved in polymicrobial infections (Datta, 2023). The target enrichment step 
involves the selective amplification of specific regions of interest from the sam-
ple DNA using specific probes. This is followed by a multiplex PCR reaction, 
where multiple sets of primers amplify different targets in the same reaction. 
Tem-PCR allows for the simultaneous detection of multiple targets with high 
sensitivity and specificity. This technique is particularly useful for the detection 
of low-abundance targets in clinical samples. Gene chip technology, also known 
as DNA microarray, is a powerful tool for the detection and characterization of 
microbes. It allows for the simultaneous detection and analysis of multiple micro-
bial genes, providing a comprehensive view of viral load and genetic diversity 
(Datta, 2023). Gene chips consist of a glass slide or silicon wafer coated with thou-
sands of DNA probes complementary to specific regions of the microbial genome 
to be tested. When a sample of genomic DNA or cDNA is labeled and hybridized 
to the chip, the binding of target sequences to the complementary probes gen-
erates fluorescent complexes. The resulting signals provide information on the 
relative expression levels of the genes in the sample, enabling the identification 
of differentially expressed genes and grouping of samples based on their gene 
expression profiles. MLPA is a technique used to detect and quantify specific 
sequences in a sample. It combines the specificity of PCR with ligation and probe 
amplification. MLPA involves the ligation of two probes, one specific for the tar-
get sequence and the other for a control sequence, followed by PCR amplification 
using universal primers (Datta, 2023). The resulting pool of amplified fragments, 
proportional to the amount of DNA in the sample, can be quantified and ana-
lyzed to determine relative copy numbers of target sequences.
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Molecular cloning also plays a crucial role in understanding the interactions 
between multiple pathogens in polymicrobial infections. For example, stud-
ies have shown that certain bacterial species can facilitate the growth of other 
pathogens, which can lead to more severe infections (Doron and Gorbach, 2008). 
Molecular cloning techniques can help identify the genes and pathways involved 
in these interactions, allowing researchers to better understand the mechanisms 
behind polymicrobial infections. This understanding can lead to the develop-
ment of new treatments that target the interactions between pathogens rather 
than just targeting individual pathogens. Once the key genes and pathways 
responsible for pathogen interactions have been elucidated through molecular 
cloning techniques, researchers can delve deeper into understanding the under-
lying mechanisms. Armed with this knowledge, they can develop innovative 
treatments specifically designed to disrupt the cooperative or synergistic rela-
tionships between the pathogens involved. Several novel treatment strategies 
have emerged from this approach, each targeting different aspects of patho-
gen interactions. One such strategy involves interfering with quorum sensing, 
a cell-to-cell communication system employed by many bacteria to coordinate 
their activities (Rutherford and Bassler, 2012). Quorum sensing is a cell-to-cell 
communication system utilized by many bacteria, enabling them to synchro-
nize their gene expression and coordinate their activities as a group (Rutherford 
and Bassler, 2012). This coordinated behavior often leads to the production of 
virulence factors, biofilm formation, or the regulation of key processes required 
for the survival and colonization within the host. Researchers have been able to 
identify the genes and molecules involved in quorum sensing through molec-
ular cloning techniques, and by understanding the specific components of the 
quorum sensing system, they can develop therapeutic agents that interfere with 
this communication process and disrupt the signaling and coordination among 
pathogens (Vadakkan et  al., 2018). There are different strategies employed to 
interfere with quorum sensing. One approach involves blocking or inhibiting 
the production or activity of quorum sensing signaling molecules, such as auto-
inducers (Vadakkan, 2020). These signaling molecules are produced by bacteria 
and accumulate in the environment as the population density increases and they 
act as chemical signals, and when their concentration reaches a threshold, they 
trigger specific gene expression programs, coordinating behaviors among the 
bacterial community (Vadakkan, 2020). Therapeutic agents targeting quorum 
sensing can be designed to mimic or block the action of these signaling molecules 
(Milly and Tal‐Gan, 2023). For example, small molecules can be developed that 
either competitively bind to the receptor sites of bacteria, preventing the binding 
of natural signaling molecules, or mimic the signaling molecules themselves, 
leading to false or ineffective coordination among the pathogens (Milly and Tal‐
Gan, 2023). Another strategy involves inhibiting the production or activity of 
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the enzymes responsible for synthesizing the signaling molecules, which results 
in the disruption in communication and coordination among pathogens (Pal-
uch et al., 2020). This interference can be achieved through the development of 
enzymatic inhibitors or by targeting the genes encoding the enzymes involved 
in the synthesis process (Paluch et al., 2020). Such an approach holds promising 
potential in combating pathogenic infections by impeding their ability to com-
municate and coordinate their detrimental actions.

The Role of Molecular Cloning in Antimicrobial Peptides

In order to combat the rapidly increasing antimicrobial resistance, more effec-
tive antimicrobial peptides are being developed. These antimicrobial peptides 
will kill target cells promptly and be effective against antibiotic-resistant and 
clinically pertinent pathogens. Advances in molecular genetics of antibiotic bio-
synthesis offer new opportunities to improve antibiotic production. The DNA 
of antibiotic makers is enriched with genes coding for antibiotic biosynthesis 
enzymes. There have been two types of vectors developed to clone antibiotic 
genes: low-copy and high-copy plasmids (Fakruddin et al., 2013). Many manu-
facturers are actively registering molecular clones of antibiotic synthesis genes. 
By manipulating the cloned genes encoding the enzymes involved in the bio-
synthetic pathway, new antibiotics can be produced as structural deviations of 
existing ones (Muller et al., 2007). These structural variants have diverse spectra 
and potency of activity against innumerable bacteria (Sharma et al., 2014). More-
over, the production of highly purified antimicrobial peptides at competitive 
costs is one of the biggest challenges facing the development of antimicrobial 
peptides.

Chemical peptide synthesis can be used to yield either native or modi-
fied cationic peptides, but it is more expensive than isolating peptides from 
natural sources. In vivo synthesis in host cells using recombinant technol-
ogy is a more effectual and cost-effective method of synthesis (Muller et al., 
2007). Recombinant expression of antimicrobial peptides is a promising area 
of research despite the challenges posed by their toxicity to bacteria and sus-
ceptibility to degradation by proteases (Sharma et al., 2014). This technology 
is widely recognized as an effective method for enhancing protein, peptide, 
and enzyme production. It offers advantages such as reduced time, well-�
established protocols, cost-effectiveness, and scalability (Sinha and Shukla, 
2019). Bacteria and yeast are the most commonly used host systems for 
expressing recombinant products, including antimicrobial peptides (AMPs) 
(Gupta and Shukla, 2017). Escherichia coli, particularly the strain E. coli BL21 
(DE3), is a popular choice due to its fast growth rate, high yields, established 
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expression protocols, and commercial availability of expression vectors. Other 
bacterial systems like Bacillus subtilis have also been used although to a lesser 
extent. Among yeast, Pichia pastoris has been employed as a potential host. Sci-
entists have developed strategies to address these issues, such as fusing pep-
tide genes with larger proteins and then using enzymes or chemicals to cleave 
them and release active peptides (Kuhnel et al., 2003). Promoter probe vectors 
are also being employed to clone DNA sequences with transcriptional control 
signals. One interesting approach involves neutralizing the positive charge 
of the peptide to enhance its activity (Ali and Murrell, 2009). Another prom-
ising application of molecular cloning is the amplification of genes involved 
in biosynthesis pathways. By increasing the production of limiting enzymes, 
researchers have shown that it is possible to boost antibiotic production. This 
represents a significant step forward in the fight against antibiotic-resistant 
bacteria, which pose a major threat to public health. With the help of molec-
ular cloning techniques, scientists are now better equipped to identify and 
develop novel antimicrobial agents that can be used to combat infectious dis-
eases. Recombinant expression of AMPs is a popular method to produce large 
quantities of these peptides for further study or therapeutic use. However, the 
toxicity of some AMPs against bacteria and their susceptibility to proteolytic 
degradation can present challenges in the expression process (Nizet, 2006). To 
overcome these issues, researchers have used molecular cloning techniques 
to fuse the AMP genes with larger proteins. The fusion proteins can then be 
cleaved by enzymes or chemicals to release active AMPs (Ingham and Moore, 
2007). To mitigate the toxicity of AMPs to the host strain, fusion proteins con-
sisting of the target AMP and a carrier protein are often used. Carrier proteins 
possess anionic properties that neutralize the cationic charge of AMPs, reduc-
ing their toxicity and increasing solubility (Li, 2009). Common fusion part-
ners include thioredoxin, Small Ubiquitin-like Modifier (SUMO), Glutathione 
S-transferase (GST), Biotin Carboxyl Carrier Protein (BCCP), and Green Fluo-
rescent Protein (GFP). Cleaving the carrier protein from the target AMP typ-
ically requires the use of chemicals or enzymes. Chemical cleavage, although 
less specific, is considered more efficient than enzymatic cleavage, but it can 
introduce modifications in the side chain (Sinha and Shukla, 2019). Cleavage 
processes often leave one or two non-native residues at the N-terminus of the 
cleaved AMP (Sinha and Shukla, 2019). Affinity tags are sometimes conjugated 
to fusion partners to facilitate easy purification using affinity chromatogra-
phy methods (Meiyalaghan et al., 2014). Examples include His6-thioredoxin 
tagged GSL1 fusion protein, which can be purified by affinity chromatogra-
phy, and fusion partners like glutathione S-transferase, which have inherent 
affinity properties and eliminate the need for additional tags (Schäfer et al., 
2015). Self-cleaving tags with inducible proteolytic activity have also been 
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used to simplify the separation of fusion tags. Thioredoxin and SUMO are the 
preferred fusion partners for the expression of recombinant AMPs (Xia et al., 
2013). For instance, cecropin XJ, an insect AMP, was highly expressed in E. coli 
as a fusion peptide along with thioredoxin (Sinha and Shukla, 2019). Similarly, 
LsGRP1C protein production was assisted by a yeast SUMO tag in the E. coli 
host system, resulting in a high yield of the soluble SUMO-LsGRP1C fusion 
protein (Lin et  al., 2017). BCCP has been used as a fusion protein for AMP 
expression, and B. subtilis has been employed for the recombinant expression 
of cathelicidin-BF from snake venom (Luan et al., 2014, Orrapin and Intorasoot, 
2014). Another method for cloning AMPs is through the use of promoter probe 
vectors. These vectors contain transcriptional control signals that can be used 
to clone DNA sequences with transcriptional control signals by neutralizing 
the positive charge of the peptide (Muriana and Klaenhammer, 1991). This 
allows for more efficient expression of AMPs in various hosts. Furthermore, 
molecular cloning has also been used to amplify genes coding for limiting 
enzymes in biosynthesis pathways, which has been shown to increase the pro-
duction of antimicrobial compounds (Adrio and Demain, 2010). This approach 
has led to the discovery and production of new antimicrobial compounds with 
potent activity against a number of microorganisms. Yeasts, particularly the 
methylotrophic yeast Pichia pastoris, have become increasingly important in 
genetic engineering and recombinant protein production due to their ease of 
genetic manipulation, ability to perform complex post-translational modifica-
tions, and rapid growth in cost-effective media (Kim et al., 2015). P. pastoris is a 
popular host for heterologous expression of recombinant AMPs (Ahmad et al., 
2014). It offers advantages over E. coli, including the presence of a methanol-in-
duced alcohol oxidase promoter, absence of endotoxins, correct protein fold-
ing capability, and suitability for large-scale production (Ahmad et al., 2014). 
In one study, the NZ17074 gene was synthesized and fused with SUMO3 in P. 
pastoris X-33, and the carrier protein was subsequently cleaved using formic 
acid (Wang et al., 2014). AMPs from plants, fruits, and chicken have also been 
expressed in P. pastoris but without the use of fusion proteins (Meng et  al., 
2017). The emergence of advanced gene editing tools, including Zinc-Finger 
Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases (TALENs), 
and Clustered Regularly Interspaced Short Palindromic Repeat-CRISPR-asso-
ciated protein (CRISPR-Cas), has opened up new possibilities in the field of 
gene editing (Dangi et al., 2018). These tools make it easier to manipulate the 
genomes of expression hosts, enabling targeted modifications of specific genes 
to achieve desired outcomes. By harnessing gene editing technology, it is now 
possible to revolutionize the production of AMPs, particularly in response to 
the increasing demand for industrially and therapeutically valuable AMPs 
(Sinha and Shukla, 2019).
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The Role of Molecular Cloning in Recombinant Cytokines

There are several fundamental homeostatic mechanisms that are modulated 
by cytokines (Huang et  al., 2005). They include fever, acute phase infections, 
wound healing, inflammation, immune responses at the cellular levels, and 
tumor deterioration. Recombinant DNA technology has allowed us to clone the 
genes that encode these proteins, making it possible to use unrestrained mea-
sures of these cytokines to treat disease. There can be changes in amino acid 
sequence, absence of glycosylation (E. coli), and changes in glycosylation pattern 
(yeast, mammals, and insects) (Bandaranayake et al., 2011). Proteins expressed 
in the mature form in different host cells can also differ in their specific activities 
for several reasons (Sharma et al., 2014). Studies show that cytokines expressed 
in different host cells can have different pharmacokinetics, biologic properties, 
and immunogenicity due to physiochemical differences (Descotes, 2009). To 
explore the structure-function relationship of cytokines, expression vectors can 
be used to hypothesize recombinant forms. In addition to cytokines engineered 
for improved clinical efficiency or novel specificities, heterologous expres-
sion systems have also been used to create streamlined cytokines (Bermúdez-�
Humarán et al., 2011). Nowadays, recombinant cytokines are available as ther-
apeutic agents. There has been evidence that GM-GSF or G-CSF can reduce the 
period and risk of infectious complications associated with chemotherapy-in-
duced neutropenia (Sharma et al., 2014). Molecular cloning techniques are uti-
lized to produce recombinant cytokines and enable their mass production. One of 
the most commonly produced cytokines through molecular cloning is interferon-�
alpha (IFN-α), which has potent antiviral and antiproliferative properties 
(Kumar et al., 2018). Recombinant IFN-α has been used in the treatment of hep-
atitis B and C infections, as well as certain types of cancer, including melanoma 

The Combination of Molecular Cloning, CRISPR-Cas9 Gene Editing, and Established 
Genetic Engineering Methods for the Development of AMPs. (Credits to Sinha and 
Shukla, 2019)
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and leukemia. Molecular cloning is also used to produce other cytokines, such as 
interleukins and tumor necrosis factor (TNF). Recombinant TNF has been used 
in the treatment of bladder cancer, while interleukins have been used to enhance 
the immune response against cancer cells (Muller et al., 2003). In addition, the 
use of cytokines produced through molecular cloning has been explored in the 
treatment of autoimmune diseases, such as rheumatoid arthritis and multiple 
sclerosis. Moreover, the investigation into the therapeutic potential of molec-
ularly cloned cytokines has extended to encompass the management of auto-
immune disorders, including rheumatoid arthritis and multiple sclerosis. These 
chronic conditions, such as rheumatoid arthritis, are characterized by persistent 
joint damage caused by an overactive immune response targeting the synovial 
membrane, cartilage, and bone (Zhang, 2021). While the precise cause of rheu-
matoid arthritis remains elusive, significant progress has been made in under-
standing its complex pathogenesis involving various cell types and signaling 
pathways (Verhoef et al., 2019).

Autoimmune processes and cytokines have emerged as key players in the ini-
tiation and perpetuation of rheumatoid arthritis. Notably, the extensively studied 
tumor necrosis factor (TNF), interleukin-6 (IL-6), and interleukin-1 (IL-1) have been 
implicated in the disease progression (Upchurch and Kay, 2012). Consequently, 
therapeutic strategies have focused on combating inflammation, with non-steroi-
dal anti-inflammatory drugs and glucocorticoids serving as primary symptomatic 
management options (Zhang, 2021). In recent years, disease-modifying antirheu-
matic drugs (DMARDs) have revolutionized rheumatoid arthritis treatment by 
specifically targeting pro-inflammatory cytokines and their respective receptors 
(O’Dell, 2004). These biological DMARDs include TNF-α inhibitors (such as 
infliximab, etanercept, adalimumab, golimumab, and certolizumab pegol), IL-1 
inhibitors, monoclonal antibodies against the IL-6 receptor (tocilizumab), T cell 
signaling inhibitors (abatacept), and monoclonal antibodies targeting CD20 (rit-
uximab) (Klarenbeek et al., 2011). When combined with conventional synthetic 
DMARDs, early initiation of these treatments has shown promising results, lead-
ing to improved clinical outcomes and reduced joint damage (Zhang, 2021).

Along with using recombinant immunomodulators to enhance the host’s 
defense mechanism, attempts have been made to repackage defective immune 
genes (Miyake et  al., 2001). The gene therapy of adenosine deaminase defi-
ciency (ADA) deficiency has successfully treated patients with a defective T cell 
immune response (Aiuti and Roncarolo, 2009). It is possible to transfer a cloned 
ADA gene into lymphocytes of a patient using a retroviral vector; enzymatic and 
immune functions are thus reinstated (Aiuti and Roncarolo, 2009). Many ongo-
ing research projects focus on gene therapy’s use in HIV infection and oncogenic 
virus-associated cancer, even though there is no clear evidence of its impact 
on infectious disease. Through HBV- or HHV-8-encoded surface receptors, the 
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thymidine kinase gene has been inserted into the cancer cell in HBV-associated 
hepatocellular carcinomas and HHV68-associated Kaposi’s sarcomas (Sharma 
et al., 2014). The patient is given ganciclovir when the thymidine kinase gene 
is integrated into their cancer cells, where the drug amasses and becomes toxic 
(Kieback et al., 2008). Future developments in the creation of cytokine receptor 
agonists show promise in a number of ways. One avenue of exploration involves 
using de novo protein design in addition to the existing combinatorial ligand 
engineering strategies. De novo design involves a computational approach to 
design analogues of interleukin-2 (IL-2) and interleukin-15 (IL-15) that can sig-
nal independently of IL-2Rα/IL-15Rα (Saxton et al., 2023). These synthetic ana-
logues, known as “neoleukins,” have unique structural features compared to 
natural cytokines. They exhibit enhanced stability and improved effectiveness in 
mouse tumor models. Currently, neoleukins are undergoing phase I clinical tri-
als for multiple cancer types, either alone or in combination with immune check-
point blockade therapies. Advancements in artificial intelligence and machine 
learning-based protein structure prediction are expected to facilitate the devel-
opment of even more sophisticated de novo designed cytokines (Saxton et al., 
2023). These cytokines may have entirely distinct structural topologies that can 
modulate receptor geometry and composition in novel ways, potentially revolu-
tionizing our understanding of cytokine signaling. While de novo cytokines offer 
advantages such as enhanced stability and potential ease of manufacturing, they 
may carry a risk of increased immunogenicity due to their non-human amino 
acid sequences (Saxton et al., 2023). However, ongoing efforts focus on minimiz-
ing immunogenicity by reducing the number of mutations and utilizing data-
bases to assess potential neo-epitopes. Improvements in the pharmacokinetic 
and pharmacodynamic properties of cytokines are also crucial for their clinical 
success and strategies like half-life extension through Fc fusions or PEGylation, 
as well as local cytokine production via engineered T cells, aim to enhance cyto-
kine safety and efficacy (Saxton et al., 2023). However, these modifications can 
influence cytokine signaling activity, necessitating a thorough understanding 
of their effects. Experimental models for screening and testing novel cytokine 
activities include in vitro cell culture and mouse models, but these have limita-
tions in predicting human efficacy. Human patient-derived organoid cultures 
with diverse immune cell populations may provide valuable insights into the 
effectiveness of cytokine-based drugs in humans (Saxton et al., 2023). Immuno-
genicity is another significant consideration for protein therapeutics, including 
engineered cytokines. Non-human proteins, like de novo designed cytokines, 
may carry a higher risk of eliciting immune responses due to their divergent 
amino acid sequences, so efforts to minimize immunogenicity, especially for 
mutant cytokines, include reducing the number of mutations and monitoring 
for cross-neutralizing antibodies (Saxton et al., 2023).
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The Role of Molecular Cloning in Gene Therapy

An individual can be treated with gene therapy by introducing a regular gene 
into their genome in order to mend the mutation that is the origin of genetic dis-
ease. In addition to possibly repairing the mutation, insertion of a regular gene 
into another functional gene may result in a new mutation if the normal gene 
integrates into another functional gene’s chromosomal site (Khan et al., 2016). 
Transformed cells may proliferate if normal genes replace mutant genes, lead-
ing to the restoration of the non-disease phenotype of the entire body. To date, 
human gene therapy has only been tested on somatic cells to treat cancer and 
severe immunodeficiency syndromes (Khan et al., 2016). It is possible for gene 
therapy to inverse the signs of disease in somatic cells, but the adjustment does 
not pass on to future generations. By placing corrected cells inside the germ line 
(e.g., cells of the ovary or testis), gene therapy will ensure that the next genera-
tion of cells undergoes meiosis and contributes to standard gametic development 
(Khan et al., 2016). In the field of health services, gene therapy is a progressive 
technique that has therapeutic prospect. The first successful report in gene ther-
apy for the cure of genetic diseases gave physicians a promising approach to 
treating the lethal genetic disorders (Cavazzana-Calvo et al., 2000). Treatment for 
the primary immunodeficiency adenosine deaminase-deficiency (ADA-SCID) 
shows good results with this approach. An improved gene transfer protocol and 
myeloablative conditioning regime, however, were later used to achieve fruitful 
results by aiming the hematopoietic stem cells (HSCs) (Aiuti et al., 2002).

The expression of specific genes by lentiviral vectors can correct X-linked 
disorders and adrenoleukodystrophy (X-ALD) (Cartier et al., 2009). Based on 
HIV-1 genes, X-ALD protein expression indicates gene-correction of true HSCs. 
As part of the treatment of metastatic melanoma through immunotherapy, len-
tiviral vectors were used for the first time in the cure of genetic human diseases 

(a) Cytokine Receptor Activation: Here the common two-step activation seen in cytokine 
receptors is depicted. Initially, a soluble cytokine ligand (in yellow) binds to a high-affinity 
receptor subunit (in cyan) at “site 1.” This interaction recruits a low-affinity receptor 
subunit (in green) from elsewhere on the cell surface, forming a ternary cytokine receptor 
complex. This complex activates intracellular Janus kinases (JAKs) (in green and purple), 
leading to signal transducer and activator of transcription (STAT) transcription factor 
phosphorylation. (b) Diverse Cytokine Functions: Many cytokines exhibit functional 
and cellular diversity. This can result from multiple downstream transcription factors’ 
activation and their ability to signal in various cell types, such as macrophages (in cyan), 
T cells (in lilac), B cells (in red), and natural killer cells (in white). (c) Fine-Tuning Receptor 
Affinity: Modulating cytokine receptor affinity at “site 1” influences STAT activation’s dose 
sensitivity (EC50). Changes at “site 2” affect the maximal strength (Emax) of this activation. 
Graphs depict how STAT phosphorylation (pSTAT) varies with cytokine concentration.
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(Montini et al., 2012). By expanding the field of health sciences through immu-
notherapy, new opportunities were unlocked for treating serious diseases 
that cause death (Morgan et al., 2006). In two patients, continuous levels of T 
cells engineered to recognize tumors in the blood after infusion resulted in the 
recession of metastatic melanoma lesions up to a year after infusion. The bio-
engineered T cells were later studied for the treatment of chronic lymphocytic 
leukemia and metastatic synovial cell carcinoma where autologous T cells were 
innately altered to express Chimeric Antigen Receptors (CARs) that specifi-
cally bind to B cell antigen CD19 (Robbins et al., 2011). It has shown remark-
able results for incorrigible autosomal recessive dystrophies, such as congenital 
blindness and Leber congenital amaurosis (LCA), in which gene transfer to a 
small number of cells at anatomically discrete sites has the potential to con-
fer therapeutic benefit. Through gene therapy, a variety of cancers have been 
treated, including lung, gastrointestinal, hematological, gynecological, skin, 
urological, and neurological tumors (Khan et al., 2016). In order to treat diverse 
types of cancer, tumor suppressor genes have been inserted into immunother-
apy, oncoturlytic virotherapy, and gene-directed enzyme prodrugs. In some 
cancer treatment strategies, p53 gene transfer is combined with chemotherapy 
or radiotherapy to increase the effectiveness of the tumor suppressor gene. 
An effective new anticancer agent (Ad5/35-EGFP) is being developed from 
fiber chimeric adenovirus vectors for the improved cure of hepatocellular car-
cinoma (Khan et  al., 2016). In hepatocellular carcinoma (HCC), these vectors 

The Overview of the Procedure of Gene Cloning. Credits to Sourav Bio, 2023. 
Microbiologynote.com
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were established to improve transduction and produce more virus progeny as a 
consequence of proper assaying. As a result of complex transgenic expression, 
in vitro HCC cells were found to possess enhanced antitumor activity while 
normal cells remained cytotoxic-free. As a result of the use of this technology, 
tumor growth was also repressed (Zhang et  al., 2011). Recently, cancer gene 
therapy has gained more advanced technology and expanded its effectiveness 
(Lam et al., 2013). A mutation of the ABCA1 gene in high-density lipoproteins 
can cause the cells to discriminate into macrophages. Knockouts of this gene in 
embryonic stem cells augment the capability of these cells to differentiate into 
macrophages and precisely aim abnormal cells. A study of these allele replace-
ments will provide insights into the regulatory variants that alter macrophage 
transcription and stability of mRNA (Smith, 2016).

Yan et al. (2020) have spearheaded a groundbreaking advancement in molec-
ular biology by introducing a cutting-edge technique called “Nimble Cloning.” 
This pioneering method revolutionizes standardized molecular cloning, a funda-
mental technology in the field. By harnessing the combined power of the restric-
tion enzyme SfiI and the T5 exonuclease, Nimble Cloning enables simultaneous 
vector linearization and generation of 3’-overhangs. Notably, this novel cloning 
system accommodates both PCR products and plasmids as inputs for the cloning 
reaction, rendering it highly efficient and adaptable to gene expression in both pro-
karyotic and eukaryotic systems. What sets Nimble Cloning apart is its remarkable 
versatility and simplicity. It empowers researchers to reuse DNA fragments or 
plasmid entry clones, facilitating efficient and streamlined workflows. This inno-
vative method proves to be equally adept at cloning single or multiple fragments, 
as well as facilitating multi-site cloning. Consequently, the possibilities for mod-
ular assembly of DNA constructs are greatly expanded. In their groundbreaking 
research, Yan et al. (2020) introduced Nimble Cloning, a novel technique inspired 
by Gibson assembly, for the seamless assembly of DNA fragments. By leveraging 
the power of enzyme-catalyzed reactions, they demonstrated that Nimble Cloning 
surpasses traditional Gibson assembly in terms of cloning efficiency. Excitingly, 
this method eliminates the need for Taq DNA ligase, streamlining the process 
without compromising effectiveness. Through meticulous experimentation with 
single and multiple DNA fragments, Yan et al. successfully validated the superior 
performance of Nimble Cloning, consistently achieving over 99% positive clones. 
To further emphasize its versatility, they employed unique adapters in standard-
ized cloning reactions, confirming that gene expression remained unaffected in 
both prokaryotic and plant systems. These findings not only establish Nimble 
Cloning as an efficient and reliable method for genetic engineering but also pave 
the way for future advancements in DNA fragment assembly.

In recent years, the CRISPR-Cas9 system has revolutionized the field of 
gene therapy. This revolutionary gene editing tool enables precise and efficient 
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modification of specific DNA sequences within the genome. Molecular cloning 
plays a critical role in the construction of CRISPR-Cas9 vectors, which are used 
to deliver the Cas9 nuclease and guide RNA sequences into target cells. The abil-
ity to edit genes with unprecedented precision has opened up new possibilities 
for treating genetic diseases by correcting or modifying disease-causing muta-
tions. Advancements in DNA synthesis technologies have facilitated the design 
and construction of synthetic genes and gene circuits for gene therapy applica-
tions. Molecular cloning techniques allow the assembly of these synthetic genes 
into expression vectors, enabling the production of therapeutic proteins or the 
regulation of gene expression in a controlled manner. In terms of gene delivery, 
tissue-specific targeting has become an area of active research, and by engineer-
ing viral and non-viral vectors to possess tissue-specific promoters or ligands, 
researchers aim to enhance the specificity and efficiency of gene delivery to 
target tissues or cells. This targeted approach minimizes off-target effects and 
improves the overall safety and efficacy of gene therapy. Innovations in genome 
engineering techniques, such as base editing and prime editing, have expanded 
the possibilities of gene therapy. These advanced tools enable precise modifi-
cation of individual bases within the genome, offering the potential to correct 
disease-causing mutations without the need for introducing foreign DNA.

The Role of Molecular Cloning in Epidemiology

The rise of multidrug-resilient pathogens necessitates early molecular epidemi-
ology outlining, both for comprehensive public-health reconnaissance and for 
timely treatment of infested patients. Due to the inoculum size and culturing 
conditions’ inconsistency, conservative tests of this type require extended cul-
turing times (48–72 h) (Yang and Rothman, 2004). As genetic mechanisms of 
drug resistance are explained, nucleic-acid-based assays are being developed 
to report these inadequacies (Yang and Rothman, 2004). Three examples of how 
molecular epidemiology can be applied clinically are provided next. Although 
the absence of a resistance gene does establish a lack of resistance through that 
particular genetic mechanism, the presence of a resistance gene does not inelu-
dibly infer its expression and conferment of phenotypic resistance: for exam-
ple, the mecA gene is responsible for methicillin resistance (Yang and Rothman, 
2004). With its high sensitivity and specificity, the mecA-PCR has become the 
most consistent method for detecting methicillin-resistant staphylococcus 
aureus (MRSA) due to its high detection sensitivity (Tenover et al., 1999) The 
detection of rifampicin resistance in M tuberculosis can also be performed using 
PCR-based resistance testing. RNA polymerase resistance in M tuberculosis is 
well characterized and is conferred by mutations within the DNA-directed RNA 
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polymerase subunit beta (rpoB) gene, which result in amino acid substitutions 
in the rpoB subunit (Telenti et at.,1997). The Line Probe assay (LiPA; Inno-Genet-
ics) targets the mutation-prone rpoB gene segment (De Beenhouwer et al., 1995). 
A dramatic waning in detection time is provided to clinicians with this method, 
which is acute for treatment decisions, with an association of over 90% with typ-
ical resistance-detection methods (Marttila et al., 1999). There are many muta-
tions and genetic loci involved in other M tuberculosis drug resistances, which 
makes genotyping more challenging (Yang and Rothman, 2004). Technical inno-
vations like multiplex PCR or DNA microarray allow concurrent extension and 
analysis of multiple target sequences and will likely be able to overcome this 
future challenge (Elnifro et al., 2000) A PCR followed by nucleotide sequencing 
method is currently the most habitually used process to identify drug-resistant 
mutations in HIV-infected patients with ever-increasing indication supporting 
their prediction value (Demeter and Haubrich, 2001). Even though genotypic 
tests are more multifaceted than typical antimicrobial susceptibility tests, they 
provide perception into resistance development by perceiving mutations at con-
centrations too low to affect phenotypic assay susceptibility (Yang and Rothman, 
2004). Also, they have the benefit of detecting mutations that do not cause drug 
resistance but do designate selective drug pressure, which could influence treat-
ment decisions for individual patients.

A recent study by Zhang et al. (2021) showed that the pathogen Carbapen-
em-Resistant Acinetobacter baumannii (CRAB) poses a significant threat to both 
health and economy. It haunts hospitals, using them as breeding grounds for its 
insidious transmission. The vulnerable victims of CRAB’s infections are often 
those who find themselves confined within hospital walls, with open wounds 
and lengthy stays. The elderly, whose natural defenses have weakened, are 
especially susceptible. Strikingly, most patients in the study suffered from multi-
ple diseases simultaneously, with pulmonary infections, such as pneumonia and 
respiratory failure, being the most common. This aligns with the well-known 
association between CRAB and pneumonia and bloodstream infections. The key 
to CRAB’s resistance lies in its ability to produce carbapenemases, such as bla-
OXA-23 and blaOXA66, which render it impervious to carbapenem antibiotics 
(Zhang et al., 2021). This study by Zhang et al. (2021) confirmed that all strains 
harbored these carbapenem resistance genes. The mechanisms behind CRAB’s 
increased antibiotic resistance are multifaceted, involving mobile genetic ele-
ments, chromosomal β-lactamases like blaADC, and the presence of efflux pumps 
(Zhang et al., 2021). The study also highlighted the presence of various genetic 
structures, including ISs and AbaR-type genomic resistance islands, which facil-
itate the spread of antibiotic resistance determinants among pathogens, com-
promising treatment efficacy. But CRAB is not merely resistant; it is also armed 
with virulence factors that allow it to thrive in the inhospitable environment of a 
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hospital. The study also revealed that all CRAB strains possessed a repertoire of 
virulence genes, such as bap, csuABCD, pgaABCD, bfmRS, entE, ompA, and plcD. 
These genes contribute to the formation and maintenance of biofilms, which are 
strongly associated with MDR strains and clinical infections. In addition, CRAB 
isolates carried genes involved in the production and uptake of the acinetobac-
tin siderophore, further enhancing their infectious prowess (Zhang et al., 2021). 
When it comes to the origins of CRAB outbreaks, molecular cloning holds the 
key to unraveling the mystery. Previous reports have linked clonal outbreaks to 
international clone lineages, with European clones I, II, and III being the most 
prominent. In the study conducted by Zhang et  al. (2021), all CRAB isolates 
belonged to ST2, which is associated with outbreaks and harbors the blaOXA-23 
gene. Interestingly, certain clone types, such as ST2, ST25, and ST78, exhibited 
enhanced biofilm formation, likely contributing to their success in colonizing the 
clinical environment (Zhang et al., 2021). Through the lens of core genome phylo-
genetic analysis, it became clear that specific CRAB strains dominated the scene. 
Cluster 1 and cluster 2 emerged as the primary players, with clone 1 and clone 
2 persisting throughout the study period (Zhang et al., 2021). However, changes 
in clone groups were observed over the years, indicating the dynamic nature 
of CRAB populations. These clones, particularly clone 1, underwent population 
expansion and exhibited distinct resistance, virulence, and insertion sequence 
patterns compared to clone 2 (Zhang et al., 2021). These findings emphasize the 
genetic diversity within CRAB outbreaks and the importance of monitoring and 
controlling the spread of specific clones.

The Role of Molecular Cloning in Bioterrorism

Biological warfare, in its essence, is the strategic utilization of living organisms 
or their by-products to cause harm or destruction. It involves the deliberate 
release or deployment of pathogens, toxins, or biological agents with the intent 
to incapacitate, debilitate, or even kill living organisms, including humans. This 
form of warfare relies on exploiting the natural abilities of organisms to produce 
toxins or propagate diseases, harnessing their destructive potential as a means 
of achieving military or political objectives. Biological warfare encompasses a 
range of tactics, from the use of infectious diseases as weapons to the manipu-
lation of toxic substances derived from a number of organisms. Its history inter-
twines with humanity’s understanding of the natural world and our capacity 
to wield its forces for destructive purposes. An anthrax outbreak that occurred 
has drawn much attention to the growing threat of bioterrorism. Responsibility 
of the clinicians will be crucial in instigating applicable response actions if they 
can recognize and diagnose real or suspected bioterrorism events quickly and 
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accurately (Pavlin et  al., 2002). It is difficult to discriminate between a bioter-
rorism victim’s symptoms and symptoms of an ordinarily encountered disease 
process, as was the case at the time of the 2001 anthrax episode (Pavlin et al., 
2002). In suspected clinical outbreaks, conventional culture-based assays can-
not detect bioterrorism agents due to the formerly designated restrictions. As 
a result of the prolonged incubation required by conventional microbiological 
methods, the laboratory is exposed to increased biohazard risks because of the 
redundant proliferation of bioterrorism pathogens (Yang and Rothman, 2004). 
Many bioterrorism agents have, of late, been studied using PCR-based assays, 
including Variola major, Bacillus anthracis, Yersinia pestis, and Francisella tularensis 
(Espy et al., 2002). Bioterrorism agent PCR diagnostics was used for both screen-
ing preclinical victims for early prophylactic treatment and diagnosing symp-
tomatic individuals (Yang and Rothman, 2004). Despite the similarity between 
most bioterrorism-induced illnesses and natural outbreaks, it was possible that 
the contributory agents of bioterrorism may have been genetically engineered to 
be more virulent, impervious to antibiotics or vaccines, or to produce phenotypic 
characteristics resembling multiple infections via the insertion of recombinant 
genes (Alibek, 1999). Since DNA-based methodologies are more easily adjust-
able and proficient in uncovering more comprehensive information embedded 
within genetic sequences, they are likely to be more valuable than conventional 
detection methods in such cases (Yang and Rothman, 2004).

The potential role of genetic engineering in enhancing the lethality of infec-
tious agents is a topic often discussed in relation to biological warfare. While there 
is some validity to this claim, it is crucial to consider the following perspective: 
Imagine a scenario where a bioterrorist endeavors to genetically modify a harm-
less laboratory bacterium, such as E. coli. The aim would be to render the bacte-
rium “invisible” to the human immune system upon entry into the body (Clark 
and Pazdernik, 2016). In addition, the bacteria could be engineered to release 
toxins, thwarting immune cells and introducing genes to impede the vital iron 
supply from blood cells. Lastly, the bacterium could be modified to possess high 
levels of infectivity. Such a biological agent would undoubtedly pose a formida-
ble threat. Astonishingly, this bacterium already exists in nature—it is known 
as Yersinia pestis, the notorious causative agent of bubonic plague (Clark and 
Pazdernik, 2016). Endemic in different parts of the world, including China, India, 
Madagascar, and the United States, this pathogen demonstrates how nature has 
provided an exceptionally dangerous biological weapon. Consequently, the 
notion of enhancing infectious diseases through genetic engineering appears to 
be a minor concern. Although information regarding the Soviet germ warfare 
facility’s modification of the smallpox virus and the creation of artificial mutants 
and hybrids remains largely undisclosed, recent experiments involving mouse-
pox (Ectromelia virus) have yielded alarming outcomes. Mousepox, a virus 
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primarily infecting mice, exhibits varying degrees of virulence depending on the 
mouse strain. Genetically resistant mice rely on cell-mediated immunity rather 
than antibodies to combat the virus, with natural killer (NK) cells and cytotoxic 
T cells effectively eliminating infected cells and clearing the virus from the body. 
In an attempt to improve and balance the immune response, researchers intro-
duced the human gene for the cytokine interleukin-4 (IL-4) into the mousepox 
virus. IL-4 stimulates B cell division and antibody synthesis, which theoretically 
should have led to an enhanced immune response (Clark and Pazdernik, 2016). 
Surprisingly, the results were contrary to expectations, as the engineered virus 
displayed significantly heightened virulence. It not only caused mortality in all 
genetically resistant mice but also claimed the lives of 50% of vaccinated mice. 
Excessive IL-4 expression suppressed NK cells and cytotoxic T cells while failing 
to enhance the antibody response (Clark and Pazdernik, 2016). Similar results 
have been observed with different strains of Vaccinia virus, which is utilized for 
smallpox vaccination. The repercussions of inserting IL-4 or other immune regu-
lators into smallpox itself and the potential to undermine the immune response 
and increase virulence remain uncertain (Clark and Pazdernik, 2016). Poxvi-
ruses possess genes called cytokine response modifier (crm) genes, designed 
to hinder the action of NK cells and cytotoxic T cells, further complicating the 
assessment of smallpox’s virulence (Clark and Pazdernik, 2016). Nevertheless, 
genetic engineering allows for the concealment of a potentially hazardous virus 
within a harmless bacterium, a phenomenon already witnessed in nature when 
bacteriophages incorporate their genomes into bacterial chromosomes or plas-
mids, subsequently re-emerging to infect other hosts. Theoretically, cloning the 
complete genome of a small animal or plant virus into a bacterial plasmid could 
serve as the basis for a biological weapon, while larger viruses could be accom-
modated using bacterial or yeast artificial chromosomes. In the case of RNA 
viruses, the viral genome must first be reverse transcribed into complementary 
DNA (cDNA) before cloning into a bacterial vector. Viruses harboring toxic 
sequences, which are not stably maintained on bacterial plasmids, could poten-
tially be cloned as separate fragments. This approach has proven successful with 
yellow fever virus albeit requiring in vitro ligation of the fragments to generate 
a complete, functional cDNA (Clark and Pazdernik, 2016). Different cell types, 
including bacteria and eukaryotes, are capable of taking up DNA or RNA under 
specific conditions through transformation. Consequently, the naked nucleic 
acid genomes of numerous DNA and RNA viruses retain their infectivity even 
without their protein capsids or envelopes. Once a viral genome is cloned, the 
DNA molecule containing it becomes infectious itself. Alternatively, cDNA ver-
sions of RNA viruses can infect host cells, giving rise to new virus particles con-
taining RNA. Poliovirus, influenza, and coronavirus are among the RNA viruses 
that have demonstrated this capability. An ingenious strategy for generating an 
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RNA virus involves cloning the cDNA version of its genome downstream of a 
strong promoter in a bacterial plasmid. Transcription within the induced bac-
terial cell results in the production of a large number of infectious viral par-
ticles. Combining a dangerous human RNA virus with a harmless intestinal 
bacterium, controlled by a promoter responsive to intestinal conditions, could 
pose a significant threat (Clark and Pazdernik, 2016). While certain pathogenic 
bacteria exhibit slow growth or are challenging to the culture outside their host 
organisms, advancements in biotechnology have facilitated the identification of 
infectious microbes through molecular diagnostics. Instead of relying on clas-
sical microbiological techniques to grow and identify disease-causing agents, 
molecular diagnostics employ the analysis of molecules, primarily DNA but also 
RNA, proteins, and volatile organic compounds. These molecular techniques 
offer advantages in terms of speed, accuracy, and sensitivity.

Fluorescent in situ hybridization (FISH) is one such diagnostic method, 
involving the direct probing of biopsies or patient samples with fluorescent DNA 
oligonucleotides specific to a target pathogen (Clark and Pazdernik, 2016). If 
the pathogen is present, the probe binds to complementary DNA in its chromo-
some, enabling visualization of fluorescence under a microscope. An innovative 
approach utilizing peptide nucleic acid (PNA), which replaces the negatively 
charged sugar-phosphate backbone of DNA with a neutral peptide backbone, 
enhances the binding affinity of PNA probes to complementary DNA and facili-
tates their entry into bacterial cells. PCR amplification of target DNA sequences, 
unique to a particular pathogen, is another commonly used method in molecular 
diagnostics (Clark and Pazdernik, 2016). The ability to design primers specific to 
a pathogen allows for the amplification of target DNA, enabling PCR to serve 
as a diagnostic tool. PCR’s versatility stems from its potential to detect a single 
molecule of target DNA and its applicability to microbes that are challenging 
to culture in the laboratory. However, PCR is susceptible to contamination and 
false positives. Randomly amplified polymorphic DNA (RAPD), a PCR variant, 
distinguishes different strains of the same bacterial species, aiding in epidemi-
ological studies to track the spread of infectious diseases. Each microorganism 
species possesses a unique small-subunit ribosomal RNA (SSU rRNA) sequence, 
such as 16S rRNA in bacteria and 18S rRNA in eukaryotes (Clark and Pazdernik, 
2016). Therefore, clinicians can employ PCR to amplify the gene encoding the 
microbe’s SSU rRNA when faced with an unknown infection. By sequencing 
and comparing the PCR fragment to a database of known DNA sequences, the 
pathogen can be identified. Checkerboard hybridization is a technique that uti-
lizes SSU rRNA as a basis, allowing for the simultaneous detection and identifi-
cation of multiple bacteria in a single sample. Horizontal lines on a hybridization 
membrane contain probes specific to different bacteria, while PCR amplification 
of the SSU rRNA gene from clinical samples, potentially harboring a mixture of 
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Resounding Expression of Cloned RNA Viruses. Credits to Clark and Pazdernik, 2016
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pathogens, generates fluorescently labeled fragments that are applied vertically 
to the membrane. Fluorescent spots indicate samples that have hybridized with 
the probes. Abbott Laboratories has developed a potentially revolutionary tech-
nology called PLEX-ID, which combines traditional PCR with mass spectrom-
etry to identify unknown microbes in patient samples (Clark and Pazdernik, 
2016). By analyzing the mass of amplified DNA fragments using a mass spec-
trometer, the DNA sequence can be deduced, enabling the identification of the 
pathogen. PLEX-ID has the capability to provide a diagnosis within eight hours. 
In the future, disease diagnosis may be achievable using an “electronic nose,” a 
device that detects volatile organic compounds released by pathogens or by the 
body in certain diseased conditions (Clark and Pazdernik, 2016).

The Role of Molecular Cloning in SARS-COV 2 Treatment

B cell receptor (BCR) repertoires display remarkable sequence diversity result-
ing from somatic recombination and hypermutation processes occurring during 
B cell development. BCRs are transmembrane receptors situated on the surface 
of B cells, and their variable regions interact with specific antigen epitopes to 
initiate an immune response through antibody production (Zhou et al., 2021). 
This variable region shares identical gene sequences with the corresponding 
antibody produced by the B cell. The variability in the variable region is gen-
erated by somatic recombination of three gene segments in the heavy (H) chain 
locus (V, D, J) and two gene segments in the light (L) chain locus (V, J) (Zhou 
et al., 2021). The variable region of an antibody, also known as immunoglobulin 
(Ig), determines its specificity for binding to a specific viral antigenic epitope. 
Somatic hypermutation occurs during B cell proliferation in the germinal cen-
ter, introducing random mutations in the genes encoding the variable region 
of individual monoclonal antibodies (mAbs) (Zhou et al., 2021). This process is 
crucial for the development of high-affinity antibodies, a phenomenon referred 
to as antibody affinity maturation. Importantly, no two B cells possess identical 
BCRs. Therefore, the cloning of a functional mAb requires the analysis and clon-
ing of one B cell at a time to ensure the native pairing of antibody heavy and light 
chains (Bassing et al., 2002).

Advancements in antibody gene cloning techniques, such as hybridoma 
technology, human B cell immortalization, antibody phage display, human 
immunoglobulin transgenic mice, and single B cell antibody technology, have 
revolutionized the process of cloning functional human neutralizing antibodies 
(HuNAbs) (Tiller, 2011). Among these techniques, single B cell-based antibody 
cloning has been extensively employed to isolate SARS-CoV-2-specific antibod-
ies during the ongoing COVID-19 pandemic. This method involves amplifying 
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auto-paired Ig heavy- and light-chain RNA sequences from a heterogeneous 
population of memory B cells, followed by their in vitro construction into func-
tional mAbs (Niu et al., 2019). The successful application of this technique has 
been demonstrated in the isolation of neutralizing mAbs against various viral 
infections, such as human immunodeficiency virus (HIV) and SARS-CoV-2 
(Corti et al., 2015). In recent years, the combination of single-cell reverse tran-
scription polymerase chain reaction (RT-PCR) and single B cell sorting has sig-
nificantly improved the success rate of antibody gene cloning. The acquisition 
of single antigen-binding memory B cells through fluorescence-activated cell 
sorting (FACS) or optofluidic platforms has been a major technical advancement 
(Zhou et al., 2021). These techniques enable subsequent nested RT-PCR using 
primers designed to amplify naturally paired antibody heavy- and light-chain 
gene sequences from individual memory B cells (Liao et al., 2009). Furthermore, 
high-throughput single-cell RNA and VDJ deep sequencing of BCR repertoires, 
coupled with bioinformatics analysis, have surpassed single-cell RT-PCR in 
terms of efficiently screening large pools of diverse memory B cells (Cao et al., 
2020). Notably, immunization using RBD/S proteins or direct infection of mice 
with genetically humanized immune systems has been demonstrated to generate 
complete HuNAbs against SARS-CoV-2 (Hansen et al., 2020). This platform has 
successfully facilitated the cloning and screening of certain SARS-CoV-2-specific 
HuNAbs. Deep sequencing of variable regions and BCR repertoires has pro-
vided insights into the characteristics of human antibody heavy and light chain 
pairing (Zhou et al., 2021). In addition, the combination of microfluidic-based 
techniques and bioinformatics analysis has the potential to further enhance the 
efficiency of identifying highly potent HuNAbs against specific viral antigens 
(Hansen et  al., 2020). These advancements hold implications for combating 
COVID-19 and other emerging infectious diseases.

Phage display has emerged as a widely utilized approach for cloning human 
antibodies. This technique involves two main stages: constructing an antibody 
gene library and screening for antibodies specific to a particular antigen (Zhou 
et al., 2021). To generate a human Fab library, researchers can extract peripheral 
blood mononuclear cells (PBMCs) from individuals who have recovered from 
COVID-19. By amplifying the antibody gene pool using specific primers target-
ing the variable regions of the heavy and light chains, a phage library can be con-
structed (Zhou et al., 2021). The library can also be synthesized using selected 
human germline immunoglobulin variable segments, with diversity introduced 
in the complementarity-determining regions (CDRs) through mutagenesis. The 
library can be screened using SARS-CoV-2 receptor-binding domain (RBD) as 
a bait to isolate RBD-specific human Fabs (Zhou et  al., 2021). These Fabs can 
then be further developed into full-length IgG1 antibodies for subsequent test-
ing of their biochemical and functional properties. Although the phage display 
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technique has some limitations, such as the unnatural pairing of heavy and light 
chains and a time-consuming panning procedure, it remains a valuable tool for 
obtaining antigen-specific antibodies, including potent SARS-CoV-2-specific 
human neutralizing antibodies (HuNAbs) (Zhou et al., 2021). The SARS-CoV-2 
spike protein (S protein) plays a crucial role in viral entry by binding to the 
ACE2 receptor on host cells (Lv et al., 2020). The receptor-binding domain (RBD) 
within the S1 subunit of the S protein undergoes conformational changes, transi-
tioning between “up” and “down” states. The “up” conformation is particularly 
targeted by HuNAbs since it represents the active state for ACE2 binding (Zhou 
et al., 2021). Multiple neutralizing domains within the S1 region have been iden-
tified, including RBD and the N-terminal domain (NTD). HuNAbs can be classi-
fied into three main groups based on their binding sites (Yuan et al., 2021). The 
first group, known as receptor-binding site (RBS) antibodies, targets epitopes 
within the RBD that overlap with the ACE2 binding site (Brouwer et al., 2020). 
RBS antibodies can further be divided into subclasses based on their interaction 
angles with the viral RBD (Yuan et al., 2021). The second group includes cross-re-
active antibodies, such as CR3022, which recognize cryptic sites in the RBD and 
exhibit varying neutralizing activities against both SARS-CoV and SARS-CoV-2 
(Yuan et al., 2021). The third group is represented by antibodies like S309, which 
engage the RBD through an epitope containing the N343 glycan and can neutral-
ize both SARS-CoV-2 and SARS-CoV (Yuan et al., 2021).

Several anti-SARS-CoV-2 HuNAbs have been developed and undergone 
clinical trials. Paired HuNAbs have been formulated to enhance the breadth of 
neutralization against emerging SARS-CoV-2 variants and minimize the occur-
rence of HuNAb escape variants. HuNAb combinations under Emergency Use 
Authorization (EUA) exhibit live virus neutralization IC50 values below 0.1 µg/
ml (Jones et al., 2021). Typically, these paired antibodies consist of one RBS-A 
HuNAb along with either one RBS-B or one RBS-C HuNAb. For example, the 
combination of LY-CoV555 (bamlanivimab, BAM) and LY-CoV016 (etesevimab, 
ETE) from Eli Lilly has been administered to COVID-19 patients (Zhou et al., 
2021). The randomized phase 2/3 trial demonstrated a statistically significant 
reduction in viral load at day 11 among non-hospitalized patients with mild to 
moderate illness who received the combination therapy (Gottlieb et al., 2021). 
Similarly, the REGN-CoV2 antibody cocktail (casirivimab, CAS, and imdevimab, 
IMD) showed a substantial reduction in viral loads in patients with baseline viral 
load higher than 107 copies/mL compared to the placebo group (Hansen et al., 
2020). Due to concerns regarding reduced neutralizing abilities against SARS-
CoV-2 variants of concern (VOCs), ongoing clinical trials are investigating the 
efficacy of more broadly reactive HuNAbs, as well as next-generation antibodies 
such as bispecific antibodies and engineered antibodies. In addition, the devel-
opment of BRII-196 and BRII-198, an antibody combination approved for clinical 
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use in China, has shown promising results with 78% efficacy (Zhou et al., 2021). 
SARS-CoV-2 virus has the ability to undergo mutations during its replication in 
humans. Unlike the SARS virus in 2003, which was eliminated, COVID-19 has 
persisted, leading to concerns about viral mutations that could evade immunity 
from natural infection or vaccination (Romano et al., 2020). Several VOCs have 
emerged during the pandemic, including the Alpha, Beta, Gamma, Delta, and 
Omicron variants (Chakraborty et al., 2022). These VOCs have mutations in the 
spike (S) glycoprotein of the virus, which can confer resistance to human neu-
tralizing antibodies (HuNAbs) and increase viral transmissibility. The D614G 
mutation, found in all VOCs, enhances viral transmissibility (Plante et al., 2021). 
Mutations such as E484K/A and amino acid deletions in the S protein reduce the 
potency of HuNAbs targeting specific regions (Jangra et al., 2021). The emer-
gence of these VOCs poses challenges to public health and vaccine responses.

Efforts have been focused on developing vaccines to combat COVID-19, and 
several vaccines have been approved for emergency use. These include mRNA-
based vaccines, adenovirus-vectored vaccines, and inactivated vaccines (Zhou 
et al., 2021). The efficacy rates reported for these vaccines mainly reflect their 
ability to prevent severe diseases, while their effectiveness against SARS-CoV-2 
nasal infection and VOCs requires further investigation (Zhou et al., 2021). Stud-
ies have shown reduced neutralization of VOCs by antibodies from vaccinated 
individuals, indicating the potential for decreased effectiveness against certain 
variants (Wang et al., 2021). However, widespread vaccination campaigns have 
contributed to reduced hospitalizations, deaths, and infections in various coun-
tries. Future strategies for vaccination and immunotherapy should aim to pro-
vide broadly reactive immune protection against multiple variants (Zhou et al., 
2021). The role of mucosal immunity and tissue-resident memory T cells in the 
upper respiratory tract needs to be explored for long-term protection (Baum 
et al., 2020). In addition, careful monitoring of antibody-mediated enhancement 
of SARS-CoV-2 infection and immunopathogenesis is crucial in the context of 
human infections and clinical management.

Synergy of Molecular Cloning and the CRISPR-Cas System  
in SARS-CoV-2 Treatment

COVID-19, caused by the SARS-CoV-2 virus, has triggered a global pandemic, 
with the emergence of highly transmissible and more fatal mutant strains. Effective 
management of this infectious disease requires a number of measures, including 
social distancing and isolation of confirmed cases. However, there is a press-
ing need for a highly sensitive diagnostic kit that enables rapid early detection 
(Lou et al., 2022). Diagnostic approaches for COVID-19 involve immunological 
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and molecular techniques. Immunological methods detect viral antigens or anti-
bodies in the lungs or blood, aiding in disease understanding and transmission 
dynamics (Mahase, 2020). Molecular methods primarily focus on nucleic acid 
detection, with RT-PCR being the gold standard due to its high sensitivity and 
accuracy (Broughton et al., 2020). However, the limited availability of RT-PCR 
equipment and materials can lead to delays and false negative results, making it 
unsuitable for mass screening (Broughton et al., 2020, Li and Ren, 2020). Hence, 
there is a need for simplified and time-efficient diagnostic methods with high 
accuracy (Xiang et al., 2020). The CRISPR-Cas system, with nucleic acid detec-
tion technologies like SHERLOCK (Cas13a), DETECTR (Cas12a), CDetection 
(Cas12b), and CAS14-DETECTR, offers a new avenue for pathogen screening 
(Ding et al., 2021). In recent times, diverse detection methods combined with iso-
thermal amplification and the CRISPR-Cas system have emerged as rapid diag-
nostic tools for detecting SARS-CoV-2 viral RNA. For instance, a visual analysis 
method called CLAP combining AUNP and Cas12a-assisted RT-LAMP demon-
strated the ability to detect low levels of SARS-CoV-2 RNA rapidly (Lou et al., 
2022). In addition, engineered Cas12a enzyme-based LAMP showed promis-
ing results in detecting wild-type and mutant SARS-CoV-2 within a short time 
frame (Lou et al., 2022). Cas13a crRNAs can specifically target SARS-CoV-2 and 
related coronaviruses, and when combined with a generic autonomous enzyme-
free hybridization chain reaction (HCR), they offer a detection method for mon-
itoring virus transmission via objects (Yang et  al., 2021). The CRISPR-Cas13 
amplification strategy holds potential for efficient surveillance of SARS-CoV-2 
transmission (Lou et al., 2022). Viral control over host cells has long intrigued 
virologists due to the limited number of viral genes. The explanation lies, in 
part, in the utilization of host factors by viruses during their life cycle. Identify-
ing these host factors that either facilitate or impede novel virus replication can 
uncover potential targets for antiviral therapies (Deol et al., 2022). A number of 
techniques, including forward genetic screens, are employed to study virus-host 
interactions. Although the CRISPR/Cas9 system is not the first tool for genetic 
screens, it has emerged as a highly robust method. Genome-wide CRISPR 
screens are being conducted to identify host genes involved in SARS-CoV-2 rep-
lication. For instance, Wang et  al. identified ACE-2 as the entry receptor and 
highlighted TMEM106B, VAC14, cholesterol regulators, and exocyst subunits as 
additional host factors supporting SARS-CoV-2 infection, thus offering poten-
tial targets for antiviral strategies (Wang et  al., 2021). Other researchers have 
also employed CRISPR-based screens to identify candidate host genes for SARS-
CoV-2, paving the way for the development of CRISPR/Cas9-mediated antivi-
ral therapeutics (Daniloski et al., 2021, Zhu et al., 2021). Huang et al. devised 
a CRISPR-based diagnostic approach that utilizes customized CRISPR Cas12a/
gRNA complex and fluorescent probes to detect target amplifiers generated by 
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standard RT-PCR or isothermal recombinase polymerase amplification (RPA). 
This method enables sensitive detection at locations where the RT-PCR system 
necessary for qPCR diagnosis is unavailable (Huang et al., 2021). The technique 
exhibited high sensitivity, with a reaction time of approximately 50 minutes and 
a detection limit of two samples per sample.

The diagnostic results obtained using the CRISPR analysis from nasal swab 
samples of suspected COVID-19 patients were comparable to quantitative 
RT-PCR tests and outperformed standard clinical laboratory tests. With no spe-
cific treatment available for emerging infectious diseases like COVID-19, it is 
crucial to explore effective diagnostic and therapeutic approaches (Lou et  al., 
2022). A number of antiviral approaches focus on inhibiting different stages of 
the viral life cycle by targeting structural or non-structural components. CRISPR/
Cas systems have gained significant attention as a means to limit viral replica-
tion by specifically targeting the viral genome. CRISPR/Cas9, in particular, has 
demonstrated its potential as an antiviral strategy against DNA viruses, both in 
vitro and in vivo (Lee, 2019). Similarly, the CRISPR/Cas12a system has shown 
promise in inactivating integrated HIV DNA genomes, surpassing Cas9 in HIV 
inhibition. On the contrary, the CRISPR/Cas13 system has emerged as a novel 
RNA-guided RNA targeting system, capable of recognizing and degrading 
the genomic RNA of SARS-CoV-2, thereby impeding virus replication. Recent 
research has demonstrated the efficacy of CRISPR-Cas13 in safeguarding host 
bacterial cells against phage infection through specific cRNA (Yan et al., 2019). 
This strategy can potentially be leveraged to design therapeutic drugs targeting 
the single-stranded RNA genomes of emerging infectious diseases. The Cas13 
enzymes utilize a short hairpin crRNA to recognize specific sequences on the 
target RNA, and unlike Cas9, they do not require a protospacer adjacent motif 
(PAM) sequence (Burmistrz et al., 2020). Some subtypes of Cas13 also exhibit col-
lateral cleavage activity, resulting in non-specific cleavage of target and non-tar-
get RNAs. This property has been utilized in diagnostic applications such as 
SHERLOCK. Different subtypes of Cas13 have been explored for their antivi-
ral potential. Abbott et al. introduced a CRISPR-Cas13-based strategy known as 
PAC-MAN (Prophylactic Antiviral CRISPR in Human Cells), which effectively 
degrades SARS-CoV-2 RNA in cells by identifying functional crRNA specifically 
targeting SARS-CoV-2 (Lou et al., 2022). This method reduces viral load within 
cells, and a small set of six crRNAs can target over 90% of coronaviruses, mak-
ing PAC-MAN a promising pan-coronavirus suppression strategy (Abbott et al., 
2020). The development of CRISPR-based tools for the treatment of emerging 
infectious diseases holds great research prospects.

The primary drawback hindering the extensive use of the CRISPR-Cas sys-
tem lies in its inability to accurately identify specific nucleic acids for diagnostic 
and therapeutic purposes (Doudna, 2020). To address this issue, one approach 
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is to enhance the specificity of target nucleic acids by modifying the CRISPR 
protein, thus minimizing off-target effects (Naeem et al., 2020). Bioinformatics 
methods are commonly employed to detect off-target effects, and advancements 
in Cas9 have shown promise in reducing such effects (Lou et al., 2022, Coelho 
et al., 2020). Future research should focus on investigating off-target effects and 
refining detection techniques. In utilizing the CRISPR-Cas system for the pre-
vention and control of infectious diseases, delivery tools play a crucial role in 
targeting cells within the body (Lou et al., 2022). However, the carrier function of 
CRISPR is limited by the size of viral genes, and most Cas proteins are relatively 
large in molecular weight (Liu et al., 2020). Overcoming this challenge neces-
sitates the search for low molecular weight Cas proteins (Luther et  al., 2018). 
Moreover, when Cas proteins derived from prokaryotes are administered to the 
human body, they can elicit an immune response and trigger the production 
of specific antibodies, which interfere with CRISPR’s immune response (Lou 
et al., 2022). Enhancing the efficiency of the CRISPR-Cas system is vital to miti-
gate the immune response in future CRISPR tool development. Cas9 and Cas12 
proteins exhibit PAM-dependent recognition and cleavage of dsDNA, allowing 
them to target specific gene sequences within target genes (Karvelis et al., 2020). 

The image illustrates the procedure of identifying SARS-CoV-2 using the CRISPR/
Cas system. Initially, RNA is isolated from the individual using a conventional RNA 
extraction technique. In Cas12-dependent detection, the RNA is amplified into a duplex 
DNA, whereas in Cas13-dependent detection, the amplified DNA is transcribed into a 
solitary RNA strand. The collateral function of both Cas12 and Cas13 is employed for the 
detection of SARS-CoV-2. Image credits to Deol et al., 2022.
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However, some highly specific sequences may not be accessible, emphasizing 
the need for further enhancement of the CRISPR tool for target selection (Lou 
et al., 2022). In addition, the presence of RNA enzymes widely in existence leads 
to RNA instability, thereby affecting the diagnostic efficacy of CRISPR.

Conclusion

There has been considerable progress in molecular cloning techniques in research 
laboratories as well as widespread operation in medical microbiology. While 
DNA-based procedures have improved the diagnosis of diseases, conventional 
cell factories have drained their competence (Khan et al., 2016). It is obligatory 
to discover and integrate new production systems into the production process. 
In addition, a deeper understanding of the physiology of host cells and their 
responses to stress would enable enhanced tools by gene manipulation either 
at the genetic or at the metabolic levels for growing yield and eminence (Khan 
et al., 2016). The progressions in recombinant DNA technology, microbiology, 
genomics, bioinformatics, and related fields have, however, contributed sig-
nificantly to the understanding of the pathogenic mechanisms underlying the 
microbial infectious diseases and how pathogens interrelate with hosts. Several 
new vaccine strategies have been established, as outcomes of these advances 
have produced promising results. Masses of children, globally, still die from 
infectious diseases notwithstanding the existence of currently available vac-
cines. Therefore, it is essential to understand the trials involved in developing 
recombinant vaccines and estimate the stability between charge, remunerations, 
and hazard before bringing a vaccine applicant to the hospital. As a result of 
this approach, patients with unrecognized or hard-to-diagnose infections will 
be identified and treated punctually, resulting in reduced stays and a reduction 
in iatrogenic events. Considering the relative costs of novel diagnostics com-
pared to existing standards, public reimbursements will need to be carefully 
explored. Hence, molecular cloning can be delineated as a scientific effort to 
treat a lengthy list of diseases that have claimed a lot of human lives in the 
course of long period.
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