Distribution and Implications of Mycobacterium tuberculosis
Genotypes in Animals: A Comprehensive Review

Abstract

This narrative review discusses the spread of Mycobacterium tuberculosis among
animal populations, focusing on M. tuberculosis genotype distribution and frequency
across different species. To develop comprehensive tuberculosis control strategies
under the One Health approach, it is important to have an understanding of the
genotypes of M. tuberculosis in animals. Animal infections are discussed, as well as
the pathogenesis and epidemiology of M. tuberculosis. Various genotyping methods,
including spoligotyping, MIRU-VNTR, and whole genome sequencing, are
discussed in the review, emphasizing their role in understanding strain diversity and
transmission dynamics. There are many factors influencing the distribution of M.
tuberculosis genotypes in animals, including environmental conditions, host factors,
human-animal interactions, and animal trade practices. It is clear from the review
that the Euro-American lineage is widely distributed across animal species, with the
Beijing genotype becoming increasingly prevalent in regions where it is prevalent
in humans. The study highlights the need for more comprehensive genotyping
studies as well as the development of better diagnostic tools. This will enhance our
understanding of M. tuberculosis in animal populations. As a conclusion to the
review, it emphasizes that standardizing genotyping protocols, utilizing whole
genome sequencing, and fostering international collaboration are essential for
improving our understanding of M. tuberculosis diversity in animals and developing
targeted tuberculosis control strategies.
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Introduction

In animal populations, Mycobacterium tuberculosis has emerged as a significant
threat, challenging our understanding of its host range and transmission dynamics
(1). Mycobacterium bovis has historically been associated with animal tuberculosis,
but growing evidence suggests that M. tuberculosis can also infect and persist in
other animals. The impact of this phenomenon is profound, both in terms of animal
health as well as the potential for zoonotic transmission. (2).

Genetic diversity, manifested in the numerous genotypes of M. tuberculosis
identified globally, is intricately linked to its ability to infect animals. In addition to
virulence, host specificity, and drug resistance, these genotypes can influence critical
factors. To understand the complicated epidemiology of tuberculosis across species
barriers, it is crucial to understand how these genotypes are distributed and how often
they occur in animal populations (3).

There are several reasons why studying M. tuberculosis genotypes in animals is
important. The concept of One Health recognizes the interconnectedness of human,
animal, and environmental health. Developing comprehensive strategies to control
tuberculosis requires this approach. Furthermore, M. tuberculosis-infected animals
may serve as reservoirs for human infection, complicating eradication efforts. As
well as contributing to our understanding of the bacterium's evolution, studying M.
tuberculosis in animals provides insights into its adaptability and host range (4).

Traditional methods for detecting M. bovis may be confounded by the presence of
M. tuberculosis in animals, necessitating refined testing strategies. In addition,
understanding the dynamics of M. tuberculosis in animals is crucial for assessing
and mitigating potential public health risks, particularly in areas with close human-
animal interactions (5).

An overview of the frequency and distribution of M. tuberculosis genotypes in
different animal species is presented in this narrative review. In addition to analyzing
genotype prevalence across geographical regions and animal populations, this paper
will discuss the implications of these findings for zoonotic potential, animal health,
and tuberculosis control. The review will also identify knowledge gaps and areas for
future research in animal-associated M. tuberculosis genotypes. Finally, it will
examine the potential impact of animal-associated tuberculosis on diagnostics,
treatment, and prevention strategies in both veterinary and human medicine.
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By addressing these objectives, this review provides a comprehensive overview of
the current state of knowledge regarding M. tuberculosis genotypes in animals,
highlighting its importance in the broader context of tuberculosis research. To
develop effective strategies for managing tuberculosis at the human-animal interface
and to advance our understanding of this complex pathogen, we need these data.

Overview of M. tuberculosis
Characteristics of M. tuberculosis

In the Mycobacteriaceae family, M. tuberculosis is a rod-shaped, non-motile
bacterium. A rich source of mycolic acids in its cell wall provides it with exceptional
resilience. This contributes to the pathogenicity of the bacterium. Due to its cell wall
composition, M. tuberculosis is resistant to many antibiotics and can survive for long
periods in a dormant state (6).

M. tuberculosis i1s an obligate aerobic and facultative intracellular pathogen,
primarily infecting macrophages. Its slow growth rate, with a generation time of 15-
20 hours, poses significant challenges to diagnosis and treatment. When stained with
acidic solutions, the bacterium is usually identified using acid-fast staining
techniques, such as Ziehl-Neelsen staining (7).

Genetically, M. tuberculosis shows less diversity than many other bacterial
pathogens, suggesting a relatively recent evolutionary bottleneck. Despite this,
genetic variations do exist, and they play an important role in the bacterium's
virulence, adaptability, and drug resistance. As a result of these genetic differences,
different genotypes are observed in both human and animal populations (8).

Pathogenesis in Humans and Animals

There is a delicate interplay between the bacterium and the immune system in the
pathogenesis of M. tuberculosis infection. In humans and animals, aerosolized
bacteria are the primary route of infection. Inhaled bacteria are phagocytosed by
alveolar macrophages, triggering an immunological cascade (9).

A sophisticated mechanism has evolved in M. tuberculosis for surviving and
replicating inside macrophages, including inhibiting phagosome-lysosome fusion
and modulating host cell death pathways. Infection typically results in the formation
of granulomas, which are organized structures of immune cells that try to contain
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bacteria. In many cases, granulomas can effectively control infection, but they can
also provide a home for bacterial persistence, leading to latent tuberculosis (9).

Pathogenesis of animal tuberculosis is similar to that of human tuberculosis, but
there are notable differences depending on the species. A degree of host adaptation
may be evident in cattle infected with M. tuberculosis as compared to M. bovis
infections. There is a strong similarity between the pathogenesis of tuberculosis in
non-human primates and humans, which makes them a useful model for the study
of tuberculosis (10).

The virulence and tissue tropism of M. tuberculosis were shown to change according
to the hosts, according to recent studies. As a result of this adaptability, animal
populations display diverse genotypes, which has implications for cross-species
transmission and pathogen evolution (11).

Both humans and animals respond to M. tuberculosis by activating CD4+ T cells,
CD8&+ T cells, and macrophages. Controlling the infection relies on the production
of cytokines such as interferon-gamma (IFN-) and tumor necrosis factor-alpha
(TNF-). M. tuberculosis, however, has evolved mechanisms to modulate and evade
the host's immune response, increasing its effectiveness as a pathogen (12).

There are several reasons why understanding the pathogenesis of M. tuberculosis in
different animal species is crucial. Animal models for tuberculosis research can be
developed using this information, and animal-adapted strains can be assessed for
their zoonotic potential based on their host range and adaptability. The study of
pathogenesis across species may also reveal novel aspects of host-pathogen
interactions, leading to the development of new strategies for tuberculosis control
and treatment (13).

Epidemiology of M. tuberculosis in Animals
Global Distribution of M. tuberculosis in Animals

There is a complex and evolving landscape in which M. tuberculosis is distributed
in animals. There is increasing evidence that M. tuberculosis is more prevalent in
animal populations than previously believed, although M. bovis remains the primary
source of tuberculosis in animals. Animal species and geographical regions have
different distributions (14).



Animals, such as cattle, elephants, and various zoo animals, are frequently infected
with M. tuberculosis in Asia, particularly in countries with high human TB burdens
such as India and China (15). According to a comprehensive study in India, up to
15% of tuberculous cattle were infected with M. tuberculosis rather than M. bovis
(15). In Southeast Asia, there have been several reported cases of M. tuberculosis
infection in elephants (16).

There is a high prevalence of both human and animal tuberculosis in Africa,
complicating the situation. Ethiopia and Tanzania have reported cases of M.
tuberculosis in cattle, although at a lower rate than M. bovis. It 1s interesting to note
that a study in South Africa found M. tuberculosis in wild animals, such as lions and
baboons, highlighting the potential for the pathogen to establish itself in wild
populations (17, 18).

There is a different picture in the Americas. Most cases of M. tuberculosis in animals
in North America are associated with close contact with human TB patients.
Nevertheless, M. tuberculosis has been 1solated from cattle and domestic animals in
South America, particularly in areas with high human TB prevalence (19, 20).

A low rate of M. tuberculosis in animals 1s generally reported in Europe, with most
cases occurring in zoo animals and pets with close human contact. It is important to
note that there is a possibility for underreporting because routine animal TB testing
is often limited to M. bovis (5).

Transmission Dynamics Between Animals and Humans

Although human-to-animal transmission i1s more common, M. tuberculosis is
transmitted bidirectionally between animals and humans. TB control efforts are
further complicated by M. tuberculosis' zoonotic and reverse zoonotic potential (21).
Usually, animals acquire M. tuberculosis from close, prolonged contact with infected
humans. It is especially evident in cases involving pets, zoo animals, and livestock
close to human settlements. In elephants, M. tuberculosis has been associated with
their handlers in several cases (15, 22).

There is a risk of transmission from animals to humans, even though it is less
common. It has been reported that veterinarians, animal handlers, and farmers have
contracted M. tuberculosis from infected animals. Further research is needed to
determine the extent of this risk and its contribution to the overall TB burden in
humans (23).



Numerous factors influence transmission dynamics, including (24, 25):

- Human-animal proximity and duration of contact

- Host immunity, both human and animal

- Number of bacteria and stage of infection in the source (human or animal)
- Environments that favor the survival of the bacilli outside of the host

It is crucial to understand these dynamics to develop effective strategies for
preventing cross-species transmission and for implementing appropriate biosecurity
measures.

Host Species Affected by M. tuberculosis

Despite being the primary host for M. tuberculosis, the bacterium is capable of
infecting a wide variety of animals. There are considerable differences in the
susceptibility and manifestation of disease among different animal hosts (26).

- Cattle: Although less susceptible to M. tuberculosis than M. bovis, cattle can
become infected, particularly in regions where TB is prevalent in humans
27).

- Elephants: Asian elephants are particularly susceptible to M. tuberculosis,
with numerous cases reported in captive and wild populations (15).

- Non-human Primates: Different species of monkeys and apes are susceptible
to M. tuberculosis, often showing similar disease progression as humans (28).

- Domestic pets: In dogs and cats, M. tuberculosis can be transmitted, though
the clinical disease 1s rare (29).

- Zoo animals: Many zoo animals have developed M. tuberculosis, often from
human sources, including big cats, bears, and ungulates (30).

- Wild animals: M. tuberculosis infections have been reported in meerkats,
meerkats, and wild boars (5).

- Birds: In addition to humans, birds are susceptible to M. tuberculosis,
particularly psittacines (31).

Both veterinary medicine and public health are affected by the varying susceptibility
of different animal species to M. tuberculosis. The interplay between human, animal,
and environmental health highlights the need for a One Health approach in TB
control (32).



Genotyping of M. tuberculosis in Animals

Genotyping of M. tuberculosis isolates from animals is crucial for understanding the
epidemiology, transmission dynamics, and evolution of the pathogen across different
host species. Several methods have been developed and applied for this purpose,
each with its own advantages and limitations (33). Table 1 provides the information
about different genotyping methods in M. tuberculosis.

Methods for Genotyping M. tuberculosis
Spoligotyping (Spacer Oligonucleotide Typing)

In the M. tuberculosis genome, spoligotyping is based on the Direct Repeat (DR)
locus polymorphism. It involves PCR amplification of the DR region followed by
hybridization of 43 immobilized spacer oligonucleotides to a membrane. In the
absence or presence of these spacers, a binary pattern is created that can be easily
compared between isolates. As a first-line method for strain typing, spoligotyping
can differentiate M. tuberculosis complex species (34).

Mycobacterial Interspersed Repetitive Units-Variable Number Tandem Repeat
(MIRU-VNTR) Typing

Using MIRU-VNTR analysis, we can determine how many repetitive sequences
occur in the genome at different locations. MIRU-VNTR typically uses 24 loci,
although 15 or 12 loci sets are also common. This method involves PCR
amplification of these loci, followed by size determination of the amplicons by
capillary electrophoresis. Repeats at each locus create a numerical code that can be
used to identify strains (35).

Whole Genome Sequencing (WGS)

As the most comprehensive genetic analysis of M. tuberculosis isolates available,
WGS provides the most information. To determine the complete genome sequence,
DNA is extracted from cultured bacteria, sequencing libraries are prepared, and next-
generation sequencing platforms are used. Single nucleotide polymorphisms
(SNPs), insertions, deletions, and other genomic variations can be detected in the
resulting data. By using WGS, phylogenetic analyses can be performed at high
resolution, transmission chains can be identified, and drug resistance mutations can
be detected (36).



IS6110-Restriction Fragment Length Polymorphism (RFLP)

In the past, this method was the gold standard for M. tuberculosis genotyping, though
it is less commonly used today. A Southern blot hybridization with a probe for the
[S6110 insertion sequence is performed after genomic DNA is digested with
restriction enzymes, separated by gel electrophoresis, and then hybridized with a
probe for the IS6110 insertion sequence. Strain identification is based on the
resulting banding pattern. In particular, strains with a high copy number of [S6110
can benefit from this method (37).

Pulsed-Field Gel Electrophoresis (PFGE)

PFGE involves embedding bacteria in agarose plugs, lysing the cells, and digesting
the chromosomal DNA with restriction enzymes. A system of electrophoresis is used
to separate the large DNA fragments by periodically changing the direction of the
electric field. In certain situations, PFGE can provide valuable information about M.
tuberculosis, particularly for strains with low copy numbers of [IS6110 (37).

Table 1. Comparison of genotyping methods for M. tuberculosis.

Method Duration | Efficiency Advantages Disadvantages
Spoligotyping | 1-2 days Medium | e Rapid and simple Limited
e Standardized discriminatory
nomenclature power
e Can  differentiate =~ M. Cannot detect
tuberculosis complex | mixed infections
species
MIRU-VNTR | 2-3 days High e High discriminatory power More time-
o Easily digitized results consuming  than
e Can detect mixed |  spoligotyping
infections Requires
specialized
equipment
Whole 2-7 days | Very High | eHighest resolution Expensive
Genome e Provides comprehensive Requires
Sequencing genetic information sophisticated




¢ Can detect drug resistance equipment and

mutations expertise

e Data analysis can

be complex
IS6110-RFLP | 3-4 weeks | Medium | eHigh discriminatory power | ¢ Time-consuming

for strains with many | ¢ Requires large
IS6110 copies amounts of DNA

e Labor-intensive

e Difficult to

compare  results
between labs

PFGE 3-5 days Medium | e Useful for strains with low | ¢ Time-consuming
IS6110 copy numbers e Labor-intensive
eCan analyze large DNA | ¢ Limited
fragments discriminatory
power for M.
tuberculosis

The methods included are Spoligotyping (Spacer Oligonucleotide Typing), MIRU-VNTR
(Mycobacterial Interspersed Repetitive Units-Variable Number Tandem Repeat), WGS (Whole
Genome Sequencing), IS6110-RFLP (Insertion Sequence 6110-Restriction Fragment Length
Polymorphism), and PFGE (Pulsed-Field Gel Electrophoresis).

Frequency of M. tuberculosis Genotypes in Different Animal Species

Veterinary epidemiology has been interested in the distribution and prevalence of M.
tuberculosis genotypes across various animal species. It provides an overview of the
current understanding of M. tuberculosis genotype frequencies in domestic animals,
wildlife, and exotic animals in captivity, emphasizing the interaction between
pathogen genetics and host genetics (38).

Domestic Animals

Cattle

Although M. bovis is the primary cause of bovine tuberculosis, M. tuberculosis
infection in cattle has been documented, although less frequently. The Beijing
genotype is predominant in cattle, especially in regions with a high prevalence of
human TB. The Euro-American lineage has also been isolated from bovine hosts,
suggesting human-to-cattle transmission. However, M. tuberculosis genotypes
remain relatively rare in cattle compared to M. bovis strains (39).

Dogs



The incidence of canine tuberculosis caused by M. tuberculosis is uncommon, but
not unprecedented. In most cases, the genotypes observed match those of the local
human population. The most frequently reported genotypes in dogs are those of the
Euro-American lineage, particularly the Haarlem and LAM (Latin American-
Mediterranean) families. Dogs with the Beijing genotype have been detected
sporadically in regions where the strain is endemic in humans (29).

Cats

There are very few cases of feline tuberculosis caused by M. tuberculosis, with most
cases associated with close contact with infected humans. Cat genotypes in the
geographical area are largely a reflection of human genotypes. Reports of Euro-
American isolates have been reported, with the T1 sublineage being more prevalent.
Occasionally, the Beijing genotype has been detected in feline hosts, particularly in
Asian countries where this strain is common (29).

Wildlife

Deer

Deer populations are less likely to contract M. tuberculosis since these animals are
more susceptible to M. bovis. However, when M. tuberculosis is detected in cervids,
the genotypes are often similar to those circulating in human settlements. Some deer
populations have been reported to have the Euro-American lineage, particularly the
Uganda and X-type families. Geographic location and human-wildlife interface
dynamics greatly influence the frequency of specific genotypes (40).

Elephants

There is evidence that elephants, particularly those in captivity, are susceptible to
tuberculosis infection. Genetic studies have revealed a wide variety of strains, with
certain genotypes predominating in various regions. The East African-Indian lincage
and the Beijing genotype have been reported more frequently in Asian elephants.
Euro-American lineages, including the Haarlem family, have been detected in Asian
and African elephants in captivity, perhaps as a result of human handling (41).

Other Wildlife Species

In addition to non-human primates, meerkats, and badgers, M. tuberculosis has been
detected sporadically in other wildlife species. The genotype frequencies in these
species are often similar to those in local human populations, suggesting
anthroponotic transmission. It has been reported that the Euro-American lineage is
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more prevalent in non-human primates, particularly the LAM and Haarlem families.
It has been discovered that some primate populations, particularly in Asian countries,
carry the Beijing genotype (5, 42).

Exotic Animals in Captivity

Zoo Animals

Due to the proximity of diverse species and human interaction, zoological
collections present a unique environment for M. tuberculosis transmission. The
genotyping of M. tuberculosis strains in zoo animals has revealed a heterogeneous
distribution. Many species have been identified with the Euro-American lineage,
including the T, Haarlem, and LAM families. In some cases, the Beijing genotype
has been reported, particularly in zoos located in regions where this strain has
become endemic (5).

Circus Animals

As circus animals travel frequently and are in close contact with humans, they
present a unique epidemiological scenario for M. tuberculosis transmission. Despite
the lack of data on genotype frequencies in circus animals, available studies indicate
a predominance of strains of the Euro-American lineage. It has been reported that
the Haarlem and S-type families exist in some cases. In circus animals, the Beijing
genotype appears to be less common than in zoo animals, possibly due to differences
in geographic exposure (43).

Therefore, the frequency of strains of M. fuberculosis in animals in particular
geographical regions is closely related to that of the strains circulating among
humans in those areas. It appears that the Euro-American lineage is the most widely
distributed across a variety of animal species, with the Beijing genotype becoming
increasingly prevalent, particularly in regions where it is endemic in humans. In
contrast with species-adapted mycobacterial pathogens, the overall prevalence of M.
tuberculosis in animals 1s relatively low. To clarify the complex dynamics of M.
tuberculosis genotype distribution in different animal populations and the

implications for cross-species transmission and control, further research is required
(44, 45).
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Factors Influencing the Distribution of M. tuberculosis Genotypes in
Animals

A multitude of interconnected factors influence the distribution of M. tuberculosis
genotypes in animal populations. For elucidating the epidemiology of tuberculosis
in animals and developing effective control strategies, it is crucial to understand
these factors. Various animal species are examined to understand the factors shaping
M. tuberculosis' genotypic landscape (46).

Environmental Factors

As a result of environmental factors, M. tuberculosis is susceptible to survival and
transmission, thereby affecting the distribution of specific genotypes within animal
populations. Environmental factors such as temperature, humidity, and UV radiation
influence bacterial persistence. Certain ecological niches may benefit from
genotypes that exhibit enhanced environmental stability, such as those belonging to
the Beijing lincage (47).

There is also an impact of soil composition and pH levels on M. tuberculosis in the
environment. Several genotypes, particularly in the Euro-American lineage, have
adapted to specific soil conditions, potentially influencing their prevalence in
geographically distinct populations. Additionally, environmental mycobacteria may
exert selective pressure on M. tuberculosis genotypes, favoring strains with unique
survival mechanisms or competitive advantages. As a result of climate change and
habitat changes, animal species may be exposed to novel genotypes of M.
tuberculosis. Environmental change and host distribution may interact dynamically,
resulting in the emergence of previously uncommon genotypes in certain animal
populations (48).

Host Factors

There is a significant influence of the genetic makeup, immune status, and
physiological characteristics of animal hosts on the success of specific genotypes of
M. tuberculosis. Certain bacterial strains may be selectively favored because of
differences in innate and adaptive immune responses between host species. Among
some animal species, the Beijing genotype has been found to modulate immune
responses effectively (48).

Additionally, intra-species genetic variation is crucial in determining susceptibility
to specific genotypes of M. tuberculosis. Toll-like receptor or cytokine
polymorphisms, for example, can influence infection outcomes and, by extension,
bacterial genotype distribution in a population (49).
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The nutritional status and overall health of animal hosts can affect their susceptibility
to M. tuberculosis infection. Animals with malnutrition or immunosuppression may
be more susceptible to a broader range of genotypes, potentially altering the
genotypic landscape. The genotype distribution can also be affected by age-related
differences in immune function. Some genotypes are more prevalent in young and
elderly animals, resulting in age-structured patterns of genotype prevalence (49).

Human-Animal Interactions

In animal populations, M. tuberculosis genotype distribution is heavily influenced
by human-animal interactions. Human-animal contact, particularly in settings with
high human TB prevalence, can cause anthroponotic transmission of M.
tuberculosis. As a result of this phenomenon, animal infections are often caused by
genotypes that are prevalent in the local human population (50).

Human encroachment into natural habitats increases the risk of transmission of M.
tuberculosis to wildlife populations. These cases frequently have genotypes that are
similar to those circulating in nearby human settlements. Animal populations
previously untouched by human-associated M. fuberculosis can inadvertently
become infected by human-associated M. tuberculosis genotypes due to
conservation efforts and wildlife tourism. New routes for transmission of M.
tuberculosis have emerged due to the increasing popularity of exotic pets. TB can be
transmitted to animals by owners or handlers infected with the disease, introducing
human-associated genotypes into novel hosts. M. tuberculosis transmission events
may be affected by the intensity of human-livestock interactions in agricultural
settings. The introduction of human-adapted M. tuberculosis genotypes into
livestock populations may be made easier by modern farming practices involving
close human-animal contact (51).

Impact of Animal Trade and Movement

The distribution of M. tuberculosis genotypes across geographical boundaries is
profoundly affected by global and local animal trade practices. It is possible to
introduce novel genotypes into naive animal populations through the international
trade of livestock, exotic pets, and wildlife. As a result of this movement, genotypes
can be established in regions where they were previously not found, changing the
local tuberculosis landscape (52).

M. tuberculosis genotypes are dispersed across ecological zones through
transhumance and nomadic pastoral practices. Using traditional animal husbandry
methods can facilitate the mixing of genotypes from diverse geographical origins,
resulting in the emergence of novel strain combinations (53).

Natural and human-induced wildlife migrations (e.g., for conservation purposes)
may affect the spatial distribution of M. tuberculosis genotypes. Specific genotypes
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may be transported across vast distances and introduced into new ecosystems by
migratory species (54).

The illegal wildlife trade is a significant risk factor for the spread of M. tuberculosis
genotypes. Atypical genotypes may be found in animals transported through this
clandestine network, complicating epidemiological investigations and control efforts
(55).

M. tuberculosis genotypes are controlled through quarantine practices and health
screening protocols in the animal trade. The effectiveness of these measures varies
globally, potentially allowing the movement of infected animals and subsequent
transmission of specific genotypes (56).

As a result of a complex interplay between environmental factors, host-related
factors, and anthropogenic factors, M. tuberculosis genotype distribution in animal
populations may be influenced by several factors. It is essential to understand these
influences to develop comprehensive strategies for monitoring and controlling
tuberculosis in animals. Research should focus on elucidating the relative
contributions of these factors in different ecological contexts to enable more targeted
and effective interventions to manage M. tuberculosis across animal species (57).

Need for More Comprehensive Genotyping Studies

There is limited understanding of M. tuberculosis genotypes in animals, requiring
more comprehensive research. A crucial aspect of these investigations is the use of
genotyping methods, which provide valuable information about strain diversity,
transmission patterns, and host-pathogen interactions (1).

Current genotyping methods for M. tuberculosis include:

Spoligotyping: This PCR-based method identifies the Direct Repeat locus (DR) in
the M. tuberculosis genome. Simple terminology and standardized nomenclature
allow for global comparisons, making it widely used. Its discriminatory power,
however, is limited compared to newer methods (34).

Mycobacterial Interspersed Repetitive Units-Variable Number Tandem Repeats
(MIRU-VNTR): This method analyzes the number of repeats in multiple loci across
the genome. The 24-locus MIRU-VNTR typing provides high discriminatory power
and 1s often used in conjunction with spoligotyping for enhanced resolution (58).
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Whole Genome Sequencing (WGS): For M. tuberculosis genotyping, this approach
provides the highest level of strain differentiation. Using WGS, single nucleotide
polymorphisms (SNPs), insertions, deletions, and other genomic variations can be
detected, providing a unique insight into strain evolution and transmission dynamics
(58).

Future research should focus on:

WGS application expansion: Increasing the use of WGS in animal studies to provide
genotypes of M. tuberculosis at high resolution. As a result, novel animal-adapted
strains could be identified and zoonotic and reverse zoonotic transmissions could be
tracked more accurately (59).

Phylogenomic analyses: Conducting comprehensive phylogenomic studies
comparing M. tuberculosis isolates from various animal species with human isolates.
It could reveal evolutionary adaptations and host-specific mutations that influence
host tropism and virulence (60).

Metagenomics approaches: Developing metagenomic methods to detect and
genotype M. tuberculosis directly from complex environmental or clinical samples
without the need for culture. For the study of wildlife populations or environmental
reservoirs, this could be especially valuable (61).

Single-cell genomics: Exploring single-cell sequencing technologies to understand
the diversity of M. tuberculosis populations within an animal host, potentially
providing insights into micro-evolution and adaptation (62).

Development of Better Diagnostic Tools

To enhance diagnostic capabilities and epidemiological investigations of M.
tuberculosis in animals, genotyping methods need to be improved (63). Prioritize the
following research in the future:

Methods for rapid genotyping: Development of point-of-care genotyping tools based
on loop-mediated isothermal amplification (LAMP) and CRISPR technology. As a
result, real-time epidemiological investigations and targeted interventions could be
undertaken on M. tuberculosis strains identified in animal samples (64).

Multiplexed genotyping assays: Creating diagnostic platforms capable of
simultaneously detecting and genotyping M. tuberculosis and other mycobacterial
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species that commonly infect animals. Genetic markers that are specific to each
species and genotype can be targeted by multiplex PCR systems or microarray
technologies (65).

Technologies for portable sequencing: Adapting portable sequencing devices, like
Oxford Nanopore's MinlON, for field-based sequencing of M. tuberculosis isolates.
It would be possible to carry out real-time genomic epidemiology in remote or
resource-limited settings (66).

Machine learning integration: Developing machine learning algorithms to analyze
complex genotyping data, including WGS data, to predict phenotypic characteristics
such as drug resistance or virulence based on genetic markers (67).

Genomics using non-invasive samples: Feces, environmental DNA (eDNA) and
other non-invasive samples are being used to genotype M. tuberculosis. It is possible
to enrich M. tuberculosis DNA in complex samples using highly sensitive PCR
methods or capture-based sequencing approaches (67, 68).

Biomarker discovery: Combining transcriptomics and proteomics with genotyping
to uncover strain-specific biomarkers. Using these techniques, rapid tests could be
developed that detect M. tuberculosis and genotype simultaneously (69).

Applications of digital PCR: Utilizing digital PCR to detect and genotype M.
tuberculosis in animal samples with high sensitivity and quantitative accuracy,
especially for strains with low abundances or mixed infections (70).

By developing these genotyping methods and integrating them into comprehensive
research studies and diagnostic protocols, we can significantly enhance our
understanding of M. tuberculosis diversity in animal populations. A true One Health
approach to TB management will require such knowledge to develop more effective
strategies to control tuberculosis at the human-animal interface (65, 69).

Conclusion
Summary of Key Findings
To understand the epidemiology and transmission dynamics of M. tuberculosis

across species, molecular typing and genotyping have been conducted in animals.
This review found the following key findings:
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Genotyping Methods: To study M. tuberculosis in animals, various molecular typing
methods have been used, including spoligotyping, mycobacterial interspersed
repetitive units-variable number tandem repeats (MIRU-VNTR), and whole genome
sequencing (WGS). Our understanding of strain diversity has been enhanced by
different methods with varying levels of discriminatory power.

Strain Diversity: M. tuberculosis strain diversity has been revealed through
Molecular Typing of animals, often reflecting strains found in local human
populations. High-resolution techniques like WGS have provided insights into host
adaptations and transmission patterns through the discovery of subtle genetic
variations.

Lineage Distribution: The Euro-American lineage is widely distributed across a
variety of animal species based on genotyping studies. Animals with the Beijing
genotype, identified through specific molecular markers, are increasingly detected
in regions where it is prevalent in humans.

Host-Pathogen Interactions: In the field of host-pathogen interactions, several
genetic analyses have been performed to identify the genetic basis of host specificity,
revealing lineage-specific genome regions and single nucleotide polymorphisms
(SNPs) that may influence host tropism and virulence in a variety of animal species.

Transmission Dynamics: As a result of genome sequencing, transmission chains
between humans and animals can now be tracked, providing evidence for both
anthroponotic and zoonotic transmission events. It has been particularly helpful in
investigating outbreaks among captive animals.

Impact on Animal and Human Health
The application of molecular typing and genotyping of M. tuberculosis in animals
has significant implications for both animal and human health:

Improved Epidemiological Understanding: Genotyping has improved our
understanding of the epidemiology of M. tuberculosis in animals, which has helped
us develop more targeted control measures.

Revelation of Zoonotic Potential: The discovery of the zoonotic potential of M.
tuberculosis has been made possible by several Molecular Studies, including
genetically similar or identical strains found in humans and animals near one
another.
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Insight into Evolutionary Adaptations: We have gained a deeper understanding of
evolutionary adaptations due to comparative genomic analyses that have revealed
genetic adaptations that may facilitate the survival of M. tuberculosis in different
animal hosts, contributing to our understanding of the co-evolution of hosts and
pathogens.

Enhanced Outbreak Investigations: Outbreak investigations have been greatly
enhanced by molecular typing, allowing rapid detection of the source of an outbreak
in both domestic and wild animal populations.

Basis for Targeted Interventions: The development of genotype-specific information
has laid the foundation for the development of more targeted interventions, including
genotype-specific diagnostics and vaccines that could be developed based on this
information.

Final Recommendations
In order to advance our understanding and control of this pathogen, molecular typing

and genotyping studies of M. tuberculosis in animals have provided several crucial
recommendations. Standardizing protocols for M. tuberculosis genotyping in
animals is essential to facilitate global comparisons and data sharing, encompassing
guidelines for sample collection, processing, and analysis. As part of this
standardization, whole genome sequencing should be promoted for M. tuberculosis
typing in animals, since this high-resolution approach can provide unprecedented
insights into transmission dynamics and evolutionary adaptations. It may also be
possible to develop rapid, species-specific diagnostic tests by investing in research
to identify genetic markers specific to M. tuberculosis strains adapted to particular
animal hosts. The development of sophisticated bioinformatics tools that can analyze
complex genotyping data from multiple sources, including environmental samples,
i1s essential to supporting these efforts, including the establishment of a global
database of M. tuberculosis genotypes isolated from various animal species.
Molecular epidemiology capacity must be built in high-burden regions to implement
these recommendations. Veterinary and wildlife health sectors should invest in
training programs for M. tuberculosis genotyping and molecular epidemiology.
Furthermore, by monitoring animal populations genetically for M. tuberculosis,
existing tuberculosis control programs can detect emerging strains and patterns of
transmission early. To accelerate progress in this field, international research
networks focused on the molecular epidemiology of M. tuberculosis in animals are
needed to foster collaboration and knowledge sharing across disciplines and
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geographical boundaries. In managing this complex zoonotic pathogen, we can
leverage the power of genomics and molecular epidemiology by implementing these
recommendations. To develop more effective, targeted strategies to control
tuberculosis at the human-animal interface, it will be critical to apply and advance
these molecular tools. By providing critical insights into strain diversity,
transmission dynamics, and host-pathogen interactions, M. tuberculosis in animal
populations is revolutionizing our understanding of M. tuberculosis in animal
populations.
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