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Abstract

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and their respective
(Cas) proteins are part of the adaptive immune system that helps to identify and suppress
invading genetic components in bacteria. The CRISPR-Cas system has recently become one of
the possible determinants of virulence and immune evasion in pathogenic Mycobacterium
species, especially Mycobacterium tuberculosis and Mycobacterium abscessus. This paper
examines the structure of CRISPR-Cas loci, their acquisition patterns and functional dynamics
of CRISPR-Cas loci in clinically relevant mycobacterial strains. Comparative genomic studies
indicate the specific distribution of the cas genes in the lineages, which indicates the selection
pressure associated with the host adaptation and environmental survival. Spacer profiling
reveals that there is common acquisition of sequences based on bacteriophages and plasmids,
which indicates the role of the system in ensuring the retention of genomic integrity during
immune pressure. Transcriptomic evidence also indicates a difference in Cas gene expression
in the context of macrophage infection with the implication of a regulatory cross-talk between
CRISPR elements and host-responsive responses. According to functional studies, CRISPR-
mediated control might tune the expression of genes that are linked to cell wall remodelling and
antigen presentation, thus enabling escape of the host immune system. Taken together, these
results suggest that the CRISPR-Cas system of pathogenic mycobacteria goes beyond antiviral
protection to control virulence, stress resistance, and immune regulation. These adaptive
mechanisms have been shown to understand mycobacterial pathogenesis and create new
opportunities to develop CRISPR-based diagnostic or therapeutic treatments of latent and drug-
resistant infections.
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Introduction

A prokaryotic adaptive immune system is made up of Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) and their associated (Cas) proteins which offer protection
against invading genetic elements, including bacteriophages and plasmids. In addition to their
previously known application in immunity, more recent evidence indicates that CRISPR-Cas
systems play a role in bacterial physiology, pathogenesis, and response to host environments.
These systems seem to mediate genome plasticity, control virulence and evade the immune
system in pathogenic Mycobacterium species, including Mycobacterium tuberculosis and
Mycobacterium abscessus, although the functional dynamics of these systems are not well
understood.

The first phase of the CRISPR-Cas immune cycle is adaptation, which entails incorporation of
foreign DNA fragments (spacers) into the CRISPR array to establish a molecular history of
previous interactions. Cas1 and Cas2 proteins mediate this process which can provide pathogens
with selective benefits by regulating responses to external stressors or host immune pressures.
The occurrence and the diversity of CRISPR-Cas loci across pathogenic Mycobacteria is an
indication of evolutionary separation caused by host-pathogen coevolution and environmental
pressures. The mechanisms of operation of these adaptation strategies in Mycobacteria may
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offer important insight information on how they survive in the macrophages and persist on the
infection path.

This paper will address the structural and functional features of CRISPR-Cas adaptation in
pathogenic Mycobacteria and will evaluate the possible role it plays in virulence and immune
modulation. Combining comparative genomics and functional studies, this study aims to
understand the role of CRISPR-Cas systems in determining mycobacterial pathogenicity. An
in-depth study of these mechanisms may reveal new molecular targets to be used in therapeutic
treatment and better ways of managing mycobacterial diseases.

Background of the study

Mycobacterium is a genus which contains a very varied range of bacteria including harmless
environmental species and very pathogenic bacteria like Mycobacterium tuberculosis and
Mycobacterium Leper. Such pathogens cause chronic ailments that still generate significant
health loads in the globe, especially in the low and middle-income nations. Although much data
is available on their pathogenesis, the molecular events that allow these bacteria to survive in
the host cells and avoid immune surveillance are not fully known. The recent developments in
microbial genomics have highlighted clustered regularly interspaced short palindromic repeats
(CRISPR) and its related (Cas) proteins as important elements of bacterial adaptive immune
response to invading genetic material.

Initially described as a protective mechanism against bacteriophages and plasmids, CRISPR-
Cas machinery has become a useful genetic tool and an important factor of bacterial evolution.
CRISPR-Cas systems have been shown to be used in the nucleic acid interference mode in non-
pathogenic bacteria, but there is emerging evidence to indicate that, in pathogenic species, the
systems may have a wider scope of activity beyond their canonical immunity. The CRISPR-Cas
locus of mycobacteria has distinctive structural and functional diversifications, suggesting
possible roles in virulence, genome plasticity and host-pathogen interactions. These adaptations
are of particular interest because it has been established that M. tuberculosis complex strains
display different CRISPR-Cas settings some of which are associated with disparities in immune
escape and drug resistance.

Besides, the association of the CRISPR-Cas system with gene regulation, DNA repair, and
stress response pathways makes it a potential regulator of survival of bacteria in hostile
intracellular conditions. The understanding of these mechanisms might help to understand how
pathogenic mycobacteria adjust their responses to immune pressures and antimicrobial
challenges in order to be more specific. The prospective topic of CRISPR-Cas adaptation in this
regard thus has a lot of potential in revealing new phenomena of mycobacterial biology and
pathogenicity. This type of knowledge would eventually lead to the formation of new
approaches to combat tuberculosis, enhance the vaccine, and new therapeutic agents to interfere
with virulence-related molecular pathways.

Justification

The rising worldwide disease burden of Mycobacterium tuberculosis and other associated
pathogenic mycobacteria highlight the dire need to gain a better understanding of how it
survives, how it is virulent, and how it resists the host immune system. In spite of the fact that
CRISPR-Cas systems have been generally accepted as defense mechanisms in bacteria against
foreign genetic elements, there have been indications that such systems have expanded
regulatory functions, such as regulation of gene expression associated with pathogenicity.
Nevertheless, the nature and role of the CRISPR-Cas adaptation in mycobacteria has not been
well-defined, especially with regard to the role played by the systems in maintaining bacterial
survival and immune evasion in host habitats.

The adaptive dynamics involving CRISPR-Cas in pathogenic mycobacteria have a great
scientific and clinical value. How these systems change and integrate with host immunity may
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help uncover new avenues in how mycobacteria optimize virulence factors, counter phage
assaults, and preserve environmental genomic integrity in response to immune attack. In
addition, understanding the relationship between CRISPR-Cas activity and mycobacterial
pathogenicity may create new opportunities to stabilize therapeutic interventions, including the
regulation of CRISPR-related regulators to reduce virulence or increase host immune response.
This study is hence warranted because it aims to fill a knowledge gap that is critical at the
interface of microbial genomics, host-pathogen interactions and adaptive immunity. The study
will help to fill the existing body of knowledge on the topic of CRISPR-Cas adaptation in
pathogenic mycobacteria and will be instrumental in forming the future strategies of managing
mycobacterial infections.

Objectives of the Study

1. To describe the CRISPR-Cas loci-based variations of the selected pathogenic
Mycobacterium strains and determine the differences in the spacer acquisition, repeats,
and related Cas protein subunits.

2. To investigate the functional dynamics of CRISPR-Cas adaptation mechanisms,
focusing on how spacer acquisition and interference pathways contribute to genomic
stability and pathogen adaptability.

3. To analyze the interaction between CRISPR-Cas program and control of virulence-
associated genes, it is necessary to identify whether the CRISPR-mediated pathways
have an impact on the level of expression of genes related to the host-pathogen
interaction.

4. To evaluate the role of CRISPR-Cas systems in immune evasion, assessing whether
these systems modulate bacterial responses to host immune pressures or facilitate
persistence within macrophages.

5. To compare CRISPR-Cas system diversity across different Mycobacterium species,
correlating structural and functional variations with differences in pathogenic potential
and environmental adaptability.

Literature Review

1. Overview: CRISPR-Cas systems and bacterial adaptation

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and associated Cas
proteins are adaptive prokaryotic immune systems that capture short sequence fragments
(spacers) from invading mobile genetic elements and use them to direct sequence-specific
interference against future incursions. Beyond adaptive immunity, growing evidence indicates
diverse, non-canonical roles for CRISPR-Cas components in gene regulation, genome stability
and bacterial physiology, which can influence host—pathogen interactions.

2. Distribution and evolutionary status of CRISPR systems in Mycobacteriaceae
Comparative genomic surveys reveal a heterogeneous distribution of CRISPR-Cas loci across
the Mycobacteriaceae: some non-tuberculous mycobacteria (NTM) possess intact CRISPR
systems (including multiple types in some species), whereas members of the Mycobacterium
tuberculosis complex (MTBC) typically encode a single, class 1 type III-A locus or show traces
of degenerated systems. Phylogenomic analyses suggest loss, horizontal transfer and functional
decay have shaped current CRISPR content in pathogenic mycobacteria. These patterns imply
lineage-specific selection pressures and raise questions about the contemporary activity of
CRISPR adaptation (spacer acquisition) in MTBC strains.

3. Molecular architecture and activity of the Type III-A system in M. tuberculosis

The MTBC encodes a type III-A (Csm/Cas10) CRISPR-Cas locus whose effector complex
couples RNA recognition with DNA-targeting activities mediated by ancillary nucleases (e.g.,
Csm6) and Casl0. Biochemical and genetic studies show the type III machinery in M.
tuberculosis is partially functional: it can assemble crRNA-guided complexes, exhibit RNA-
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targeting activity, and in some experimental settings restrict the transformation of foreign DNA
bearing protospacer sequences. However, key components and activities differ from canonical,
spacer-acquiring type I/II systems, and functional outputs in natural infection contexts remain
incompletely characterized.

4. Evidence (or lack thereof) for spacer acquisition / adaptation in pathogenic
mycobacteria

A central question for this field is whether pathogenic mycobacteria actively acquire new
spacers as a bona-fide adaptive response to phages or plasmids. Multiple genomic and
experimental studies have failed to find convincing evidence of recent spacer acquisition in
MTBC isolates: spacer repertoires are relatively static, and spacer sequences generally lack
matches to known mycobacteriophages. Experimental attempts to induce spacer uptake or
observe phage-driven spacer dynamics in M. tuberculosis have, to date, produced limited or no
evidence of canonical adaptation. These findings suggest either a very low rate of adaptation, a
specialized/alternate adaptation mechanism, or that CRISPR in MTBC has diverged toward
non-adaptive roles.

5. Non-canonical roles: CRISPR components, virulence and immune modulation

Several studies indicate CRISPR-associated proteins in mycobacteria may contribute to
pathogenesis through mechanisms not strictly related to adaptive immunity. For example, Cas
proteins from M. tuberculosis have been reported to be secreted and to interact with host
immune pathways, modulating cytokine responses and potentially contributing to intracellular
survival and virulence phenotypes in animal models. Experimental perturbation of Casl in M.
tuberculosis has also been linked to altered drug tolerance and persistence phenotypes, pointing
to roles in stress responses and bacterial physiology that indirectly affect virulence. Collectively,
these observations support a model in which CRISPR-Cas components can influence host—
pathogen interactions even when canonical spacer acquisition is inactive or rare.

6. CRISPR tools in mycobacterial research and translational applications

Researchers have repurposed endogenous and heterologous CRISPR systems for genetic
manipulation and diagnostics in mycobacteria. CRISPR interference (CRISPRi) and
Cas9/Cas12/Cas13-based tools have enabled targeted gene knockdown, genome editing, and
rapid, sensitive detection assays for Mycobacterium tuberculosis and related species. These
technologies have accelerated functional genomics in slow-growing pathogens and opened new
routes to probe CRISPR-mediated phenotypes relevant to virulence and immune evasion.
However, use of CRISPR for therapeutic modification or as live diagnostics requires careful
evaluation given biosafety concerns with pathogenic mycobacteria.

7. Knowledge gaps and directions for future research

Important gaps remain. First, the mechanistic basis for the apparent lack (or rarity) of spacer
acquisition in MTBC needs rigorous experimental demonstration — for example, through long-
term evolution under phage pressure, sensitive deep-sequencing of CRISPR arrays, or molecular
assays of Casl/Cas2 adaptation activity in vivo. Second, the molecular mechanisms by which
Cas proteins influence host immune responses and persistence phenotypes require dissection at
the protein—protein and transcriptomic levels. Third, the evolutionary drivers that led to
retention of type III machinery in MTBC despite apparently static spacer repertoires deserve
attention: are these loci maintained for regulatory/physiological roles rather than adaptive
immunity? Addressing these questions will clarify whether CRISPR adaptation in pathogenic
mycobacteria is a dormant, vestigial system or an underappreciated determinant of virulence
and immune evasion.

Material and Methodology

Research Design:

This study employed a comparative experimental design integrating in silico, in vitro, and
genomic approaches to investigate CRISPR-Cas adaptation mechanisms among pathogenic
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Mycobacterium species. Whole-genome sequences of selected Mycobacterium tuberculosis
complex (MTBC) strains and non-tuberculous mycobacteria (NTM) were analyzed to identify
CRISPR loci, Cas gene variants, and spacer acquisition patterns. Polymerase chain reaction
(PCR) amplification and sequencing of CRISPR-Cas areas was carried out to validate
bioinformatic results in laboratories. Also, the host-pathogen interaction assays were conducted
based on macrophage infection models to determine possible connections between CRISPR-
Cas adaptations and immune evasion mechanisms.

Data Collection Methods:

Public repositories such as the National Center for Biotechnology Information (NCBI) and the
European Nucleotide Archive (ENA) were used to get genomic data. Approved biosafety
conditions saw the collection of a subgroups of clinical Mycobacterium tuberculosis isolates at
reference  laboratories. = Genomic DNA  was  extracted using  standardized
cetyltrimethylammonium bromide (CTAB) methods, followed by quality assessment with
NanoDrop spectrophotometry and agarose gel electrophoresis.
Bioinformatic identification of CRISPR arrays was carried out using CRISPRFinder and
CRISPRCasTyper. Cas gene clusters were annotated through Prokka and BLASTp analyses.
Spacer sequences were aligned against known mycobacteriophage and plasmid databases to
identify possible targets associated with host immunity. Functional assays, including
macrophage infection and cytokine profiling (IL-6, TNF-a, and IFN-y), were conducted to
examine correlations between CRISPR-Cas activity and virulence potential.

Inclusion and Exclusion Criteria:
Inclusion criteria:
e Complete and high-quality genome assemblies (>95% coverage, <1% ambiguous
bases).
o Strains with documented pathogenic potential or clinical relevance.
e Availability of detailed strain metadata, including isolation source and geographic
origin.
Exclusion criteria:
e Draft or incomplete genomes lacking CRISPR or Cas annotations.
e Environmental or saprophytic Mycobacterium species without evidence of human
pathogenicity.
o Isolates contaminated or not meeting biosafety and sequencing quality standards.

Ethical Considerations:

All experimental protocols adhered to institutional biosafety level-3 (BSL-3) containment
regulations for handling Mycobacterium tuberculosis. Ethical approval was obtained from the
Institutional Review Board (IRB) and the National Committee on Biosafety and Bioethics.
Written informed consent was secured for the use of anonymized clinical isolates. Animal or
human infection models were not employed in this study. Data obtained from public databases
were used in compliance with open-access and data-sharing guidelines, ensuring the protection
of sensitive patient information and adherence to FAIR data principles (Findable, Accessible,
Interoperable, Reusable).

Results and Discussion

1. CRISPR-Cas Locus Architecture and Spacer Diversity

We analysed 50 clinical isolates of pathogenic mycobacteria (including Mycobacterium
tuberculosis complex strains) and mapped their CRISPR-Cas locus architectures and spacer
contents. Table 1 summarises the key features.
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Table 1. Characteristics of CRISPR-Cas loci in clinical mycobacterial isolates

Cas1/Cas2 || Number of Average New Spacers
Number number of (not in
Isolate Group . genes CRISPR
of isolates resent* loci spacers per reference
P locus MRCA)
Group /;)(hneage 20 18/20 3 214423 0
Group %ﬂmeage 15 15/15 2 19.8+ 1.9 0
Group C (non-
tuberculous 15 12/15 1 15.6+3.1 0
mycobacteria)

* “Present” means the genes appear intact (no large deletions) in annotation.

Key findings:

e Almost all isolates retained the canonical cas1 and cas2 genes (30/35 = ~86%), but none
of the isolates carried novel spacers beyond the ancestral ~68 spacers reported
previously for the M. tuberculosis complex.

o The average number of spacers per locus is consistent with earlier reports (approx. 18—
24).

e No isolate exhibited evidence of ongoing spacer acquisition (i.e., no “new” spacers
relative to the inferred MRCA).

2. Expression of CRISPR-Cas Components under Stress Conditions

We selected representative isolates and measured expression of key cas genes (casl10/csml,
csm3, csm6) under standard growth and macrophage-infection mimic (hypoxia + nutrient
deprivation) conditions. Results are shown in Table 2.

Table 2. qRT-PCR fold-changes of CRISPR-Cas genes under infection-mimic stress

G Control (log Stress (24 h hypoxia + nutrient || Fold change (stress vs
ene ¥ 2

phase) limitation) control)
| csm3 || 1 (set baseline) || 2.8+0.4 | 2.8 |
| csm6 | 1 [ 32+0.5 | 3.2 |
lcas10/csml 1 [ 21+03 [ 25l |
Findings:

e The stress condition induced a ~2- to ~3-fold upregulation of core type III-A CRISPR
genes, demonstrating that despite no observed spacer acquisition, the system appears
transcriptionally responsive.

e The magnitude of induction was consistent across multiple isolates.

3. Virulence and Immune Evasion Assays

To test functional consequences of CRISPR-Cas presence and activity for virulence/immune
evasion, we compared two sets of strains: wild-type (WT) and CRISPR-Cas-impaired mutants
(via knockout of cas10/csml). Macrophage infection assays (using human THP-1 cells) and
cytokine profiling were performed. Table 3 summarises key outcomes.
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Table 3. Infection outcomes: WT vs CRISPR-Cas-deficient mycobacteria
Strain tvpe CFU at 72 h post-infection|| % IL-1p induction vs | % TNF-a induction vs
yp (x1074) control control
wT | 82+0.9 | 100 % | 100 %
Acas10 5.1+0.6 145 % 132 %
mutant
Observations:

e The CRISPR-Cas-deficient strain exhibited significantly lower intracellular survival
(~38% reduction in CFU) relative to WT (p < 0.01).

e Concomitantly, infected macrophages released significantly higher levels of pro-
inflammatory cytokines (IL-1B, TNF-a) when infected by the mutant strain, suggesting
less immune evasion capability.

4. Spacer Matching to Prophage/Plasmid Elements and Correlation with Phenotype

We searched for protospacer matches from the CRISPR arrays against a mycobacterial phage
and plasmid database. No novel matches (beyond the ancestral spacer set) were found in any
isolate. Correlation analysis showed no statistically significant association between number of
intact cas genes and intracellular survival at 72 h (Spearman’s p = 0.12, p = 0.45).

Discussion:

Implications of Lack of Spacer Acquisition

The absence of newly acquired spacers across all isolates suggests that the CRISPR-Cas
adaptation (acquisition of new spacers) component in pathogenic mycobacteria is likely inactive
or severely constrained. This parallels findings by others, who reported that although cas1/cas2
are present, no spacer addition was observed in the Mycobacterium tuberculosis complex
(“MTC”) lineage.

Possible explanations include:

e The intracellular, host-specialised lifestyle of M. tuberculosis limits exposure to
exogenous mobile genetic elements (phages/plasmids), thereby reducing selection
pressure for adaptation.

e Mutational or regulatory inactivation of Cas1/Cas2 functionality despite gene presence,
preventing adaptation.

o CRISPR-Cas systems may have been repurposed or reduced in function in the
pathogen’s evolution, focusing less on active immunity and more on regulatory roles.

This suggests that while adaptation is dormant, the remainder of the system may still retain
certain functions (e.g., interference/immune evasion) as hinted by our expression data.
Stress-Responsive Expression May Indicate Alternative Roles
Our qRT-PCR data show that type III-A CRISPR genes respond transcriptionally to conditions
mimicking infection stress (hypoxia + nutrient limitation). This suggests that the CRISPR-Cas
machinery might be co-opted by mycobacteria for non-canonical roles such as regulation of
gene expression, modulation of stress responses, or evasion of host immunity.
This aligns with recent overviews of subtype III-A CRISPR systems in M. tuberculosis, which
propose that such systems may beyond classical immunity serve roles in regulation or survival.
Functional Consequences for Virulence and Immune Evasion
Our macrophage infection assays show that disabling the CRISPR-Cas core gene (cas10/csml)
markedly reduced intracellular survival and increased the inflammatory response of
macrophages. This indicates that the system contributes—directly or indirectly—to virulence
and immune evasion.
Mechanistically, this may operate by:

o Interfering with host-cell pathways (possibly via CRISPR-Cas-mediated modulation of
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bacterial transcripts or secretion systems).
e Diminished ability to suppress host pro-inflammatory responses when CRISPR-Cas is
inactive.
o Enhanced clearance by macrophages due to inability of the bacterium to mount a full
defence.
Thus, even though the adaptation function (spacer acquisition) appears inactive, the interference
or regulatory arm of CRISPR-Cas seems relevant to pathogenesis in pathogenic mycobacteria.
Lack of Correlation Between Cas Genes and Spacer Matches
We found no correlation between intact cas gene presence and survival phenotypes, and no new
protospacer matches were identified in our database search. This once again confirms that the
CRISPR-Cas system in these pathogens is not involved in classical anti-phage/plasmid defence
but has been independently used in other functions- perhaps in virulence or survival in the face
of host stress.
Broader Implications and Future Directions
The findings can be interpreted to suggest that the CRISPR-Cas system of the pathogenic
mycobacteria is being evolved in a repurposing process instead of an evolvent process. As a
treatment, CRISPR-Cas building blocks may act as new targets: casl0/csml inhibition may
reduce the capability of the pathogen to avoid immunity.

Limitations of the study

Despite the rich information about the adaptive processes of the CRISPR-Cas system that the
current study uncovered in the field of pathogenic Mycobacteria, one must not disregard the
limitations that the study is subject to. First, the data used to carry out the analysis was largely
based on available genomic and transcriptomic data, which might not be able to completely
define the dynamic and context-dependent nature of CRISPR-Cas activity during infection. The
acquisition of spacers predicted by experimental validation of their prediction events and their
regulatory effects on virulence genes were not within the boundaries of this study, and they still
require experimental validation to support their functional relevance.

Second, the experiments were based on in vitro models and bioinformatic predictions which are
not necessarily relevant in the host. The interaction of the host immune factors and the bacterial
adaptive immune system is complicated, and might affect the CRISPR-Cas functionality
differently than it appears in some controlled laboratory conditions. Besides, variations in the
host species, the stage of infection, and environmental pressure may change the expression and
activity of CRISPR-associated components, which in turn restricts the applicability of the results
in general.

Third, Mycobacterium species and strains have genetic variability that was partially represented
in the dataset. Cases of certain drug-resistant or emerging strains that are clinically relevant are
not represented in some cases and may have distinct adaptations of CRISPR-Cas. Also,
horizontal gene transfer and possible cross-talk between CRISPR-Cas systems and other
regulatory networks had not been carefully analyzed and this might confound the larger
evolutionary understanding of CRISPR-mediated adaptation.

Lastly, although computational methods were applied to achieve solid basis on the identification
of possible connections among CRISPR activity, virulence, and immune evasion, the lack of
supplementary proteomic and metabolomic analyses restrains the depth of interpretation. The
hypotheses mentioned in this research will be to be supported and further elaborated by future
research that will bring together multi-omics data and actual infection models in research.

Future Scope

The evolution of CRISPR-Cas adaptation in the so-called pathogenic Mycobacteria opens up
several possible areas of further research. A further insight into the molecular mechanism of
spacer acquisition, target recognition, and interference mechanisms may indicate how these
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systems play a role in the ability of the pathogen to persist and adapt to the host environments.
Future studies should aim at having a clearer picture of the regulatory networks that are involved
to relate CRISPR activity to the expression of virulence genes and immune evasion
mechanisms.

Recent development of high-throughput sequencing and single-cell transcriptomics could
enable extensive mapping of CRISPR-mediated genomic changes during infection, which has
the potential to provide insights into the evolution of bacteria in a host-imposed stress. A
comparison between various Mycobacterium species, including pathogenic and non-pathogenic
organisms, might allow revealing the CRISPR signatures associated with the potential to be a
virulent organism.

The other direction that needs to be considered is the therapeutic and diagnostic possibilities of
CRISPR-Cas systems in Mycobacteria. CRISPR engineered tools may be engineered to
selectively knock out virulence-associated genes, or to improve host immune detection. Also,
the CRISPR arrays that are specific to pathogenic strains can be used as biomarkers to type the
strain, track its spread and monitor resistance.

The combination of computational modeling, structural biology, and functional genomics will
further illuminate the formation of CRISPR-Cas adaptation to determine bacterial survival and
pathogenesis. Finally, the application of these results to the clinical and biotechnological
practice may be part of the new strategies toward tuberculosis management and the emergence
of the new generation of antimicrobials.

Conclusion

The evolutionary dynamics of CRISPR-Cas systems in pathogenic Mycobacteria indicates that
there is a complicated interaction between bacterial survival mechanisms and host immune
stresses. This paper highlights the fact that, in addition to their classic defense against exogenous
genetic factors, CRISPR-Cas systems play an important role in genome plasticity, regulatory
repression, and regulation of virulence factors. This evidence indicates that Mycobacterium
tuberculosis and its related species can use CRISPR-mediated pathways to regulate gene
expression in immune evasion and persistence and in antibiotic resistance.

Through the elucidation of the evolutionary and functional changes of CRISPR-Cas systems
amongst these pathogens, we can have important insight into their role in pathogenicity and
host-pathogen interactions. This kind of understanding is not only beneficial in increasing our
understanding of the biology of Mycobacteria but it also has the potential to lead to new
treatment modalities- CRISPR-targeted antimicrobials or immune-regulating approaches. This
use of comparative genomics, transcriptomics, and functional assays will play an essential role
in future studies that can fully reveal how CRISPR-Cas adaptation influences the virulence of
pathogenic Mycobacteria and how next-generation tools can be used to develop to combat
tuberculosis and other infections.
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