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Abstract
Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB), remains a
significant global health challenge. Recent advancements in gut microbiota
(GM) research have shed light on the intricate relationship between GM and
TB, suggesting that GM alterations may influence host susceptibility, disease
progression, and response to antituberculosis drugs. This review systematically
synthesizes and analyzes the current research progress on the relationship
between GM and TB, focusing on six key aspects: (1) bidirectional effects
between GM dynamics and TB progression; (2) the interaction between GM and
anti�TB drugs; (3) GM and TB immune response; (4) GM as a potential target for
diagnosis and treatment of TB; (5) multi�omics and artificial intelligence (AI)
technologies in GM�TB research; (6) current challenges and future directions in
GM�TB research. We highlight the bidirectional nature of the GM�TB interac-
tion, where MTB infection can lead to GM dysbiosis, and changes can affect the
host’s immune response, contributing to TB onset and progression. Advanced
molecular techniques, such as next�generation sequencing and metagenomics,
along with AI, play pivotal roles in elucidating these complex interactions.
Future research directions include investigating the relationship between GM
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and TB vaccine efficacy, exploring GM’s potential in TB prevention, developing
microbiome�based diagnostic and prognostic tools, and examining the role of
GM in TB recurrence. By addressing these areas, we aim to provide a com-
prehensive perspective on the latest advancements in GM and TB research and
offer insights for future studies and clinical applications. Ultimately, the
development of novel microbiome�based strategies may offer new tools and
insights for the effective control and management of TB, a disease that con-
tinues to pose a significant threat to public health.

K E Y W O R D S

artificial intelligence, gut microbiota, microbiome�based diagnostics, Mycobacterium
tuberculosis, omics technologies, tuberculosis

Highlights
� Bidirectional gut microbiota (GM)�tuberculosis (TB) interaction reveals a

dynamic interplay where Mycobacterium tuberculosis infection disrupts GM,
while GM dysbiosis exacerbates TB progression by modulating host immunity.

� Technological innovation integrates next�generation sequencing, metage-
nomics, and artificial intelligence (AI) to unravel complex GM�TB relation-
ships, enabling predictive modeling and precision medicine approaches.

� Regarding GM as a diagnostic/therapeutic target, researchers propose GM
modulation as a novel strategy to enhance anti�TB drug efficacy, mitigate
side effects, and develop microbiome�based diagnostics for TB susceptibility
and prognosis.

� A comprehensive research framework systematically synthesizes six key
areas�from GM�immune crosstalk to recurrence mechanisms�providing a
roadmap for future TB management strategies and vaccine optimization.

INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis
(MTB), remains a formidable global health challenge
despite decades of control efforts [1, 2]. As the leading
infectious killer second only to Corona Virus Disease
2019, TB claimed 1.25 million lives in 2023, with 10.8
million new cases reported worldwide [3]. This persistent
burden stems from complex host�pathogen interactions
and socioeconomic determinants, necessitating novel
therapeutic approaches [4, 5].

The gut microbiota (GM) has emerged as a pivotal
regulator of systemic immunity, comprising >100 trillion
microorganisms that interact with host physiology through
metabolic cross�talk and immune modulation [6, 7].
Beyond its established roles in metabolic disorders and
gastrointestinal diseases [8�10], GM dysbiosis is increas-
ingly implicated in respiratory infections through the gut�
lung axis�a bidirectional communication network linking
intestinal microbiota with pulmonary immunity [11�13].

Emerging evidence reveals intricate GM�TB interplay:
(1) Preclinical models demonstrate that GM�derived
metabolites like butyrate enhance macrophage anti-
microbial responses via histone deacetylase inhibition
[14]; (2) Clinical studies document characteristic GM
alterations in TB patients, including reduced Faecali-
bacterium and elevated Enterobacteriaceae [14�17];
(3) Anti�TB chemotherapy induces prolonged GM per-
turbations, potentially compromising treatment efficacy
through immunometabolic disruption [18�22]. Notably,
Mendelian randomization analysis suggests GM compo-
sition may causally influence TB susceptibility,
with specific taxa exhibiting protective or risk�enhancing
effects [23].

This evolving paradigm raises critical questions:
Could GM modulation enhance the efficacy of the Bacille
Calmette�GuØrin (BCG) vaccine, a widely used vaccine
for TB? How do geographically distinct GM profiles
influence TB epidemiology? What biomarkers predict
treatment�induced dysbiosis? Addressing these questions
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requires integrating multi�omics approaches with clinical
validation�a gap this review seeks to highlight.

We systematically evaluate six key aspects of GM�TB
interactions: (1) bidirectional effects between GM
dynamics and TB progression; (2) the interaction between
GM and anti�TB drugs (ATD); (3) GM and TB immune
response; (4) GM as a potential target for diagnosis and
treatment of TB; (5) multi�omics and artificial intelligence
(AI) technologies in GM�TB research; (6) current chal-
lenges and future directions in GM�TB research. Through
an in�depth exploration of these aspects, we hope to pro-
vide readers with a comprehensive perspective on the
latest advancements in this emerging research field of GM
and TB, as well as offer ideas and insights for future
research and clinical applications. As our understanding
of the relationship between GM and TB deepens, we an-
ticipate the development of novel microbiome�based
diagnostic, therapeutic, and preventive strategies, provid-
ing new weapons for the control of TB.

BIDIRECTIONAL EFFECTS
BETWEEN GM DYNAMICS AND TB
PROGRESSION

The systemic impact of TB extends beyond pulmonary
manifestations, with growing evidence revealing pro-
found GM alterations in TB patients compared to healthy
individuals. These compositional changes encompass
microbial diversity loss, phylum�level restructuring, and
functional metabolic shifts, which not only emerge as
potential biomarkers for disease monitoring and thera-
peutic targets, but also drive disease progression through
immuno�metabolic interactions (Table 1) [16, 24�31].
The observed GM perturbations in TB patients are
characterized by three interconnected phenomena:
reduced microbial diversity, specific taxonomic altera-
tions, and bidirectional interactions with host immunity
(Figure 1). This section systematically explores the
impact of GM on the immune response and barrier
function, and illustrates how alterations in GM compo-
sition influence the progression of TB. As shown in
Figure 2, the mechanisms underlying the bidirectional
interactions between GM and TB are also highlighted,
showcasing the role of both health�promoting and path-
ogenic bacteria in disease progression [15, 32, 33].

Reduced microbial diversity and TB
progression

The GM of TB patients exhibits marked biodiversity loss
compared to healthy individuals. Metagenomic sequencing

of 46 TB patients and 31 controls revealed significant
reductions in ��diversity indices (species richness and
abundance), with Haemophilus parainfluenzae, Roseburia
inulinivorans, and Roseburia hominis depletion forming a
diagnostic signature (AUC = 0.846) [27]. This finding is
corroborated by longitudinal studies showing persistent
GM structural changes posttreatment [34]. The signifi-
cantly reduced GM diversity is not only directly related to
the severity and progression of the disease, but also closely
associated with the treatment effect. Clinical studies have
further confirmed that patients with low GM diversity have
an increased risk of treatment failure and a faster disease
progression rate [35, 36]. Mechanistically, diminished
diversity compromises gut barrier integrity, increasing
permeability for MTB metabolites to trigger systemic
inflammation [22]. The clinical relevance of diversity loss
is further evidenced by reduced short�chain fatty acids
(SCFAs)�producing genera (such as Faecalibacterium, Ro-
seburia, Eubacterium, and Phascolarctobacterium). These
genera are critical for maintaining immune homeostasis
through butyrate�mediated macrophage regulation [28],
and their reduction impair macrophage bactericidal activ-
ity and antimicrobial peptide synthesis [37].

The GM of healthy individuals produces SCFAs and
other metabolites that maintain the integrity of the gut
epithelial barrier and promote immune tolerance [38]. In
contrast, GM imbalance in TB patients, such as reducing
Lactobacilli and Bifidobacteria, can impair gut barrier func-
tion [39]. This impairment increases gut permeability,
allowing pathogens and inflammatory mediators to enter
the bloodstream more easily and triggering systemic
inflammation [22]. This �leaky gut� phenomenon can acti-
vate the innate immune system, increasing the production
of inflammatory cytokines such as tumor necrosis factor��
(TNF��) and interleukin�6 (IL�6), which inhibit macrophage
antibacterial activity and enhance susceptibility to MTB [40,
41]. For example, Madeleine R. Wood et al. found that the
increase in specific microbial communities in the gut of TB
patients, such as Prevotella and Veillonella, are associated
with disease progression and poor prognosis [42].

The systemic inflammatory response and metabolic
changes triggered by MTB infection can also further ex-
acerbate the loss of GM diversity through immune and
neuroendocrine pathways, forming a vicious cycle. A
large number of pro�inflammatory cytokines released by
the chronic inflammation caused by MTB infection, such
as interferon�� (IFN��) and IL�17, can directly or
indirectly affect the composition of GM, further reducing
the types and quantities of microorganisms that have
already decreased due to TB [32, 43]. These findings
indicate that the GM ecosystem balance in TB patients is
disrupted, potentially exerting profound effects on the
host’s immune function.
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Changes in GM composition and TB
progression

MTB infection induces characteristic restructuring of GM
at various taxonomic levels. Proteobacteria (particularly
Enterobacteriaceae) and Bacillota show marked expan-
sion, while Bacteroidota (especially Prevotella) and Acti-
nobacteria (including Bifidobacterium) populations
decline [16, 25, 28]. Parallel alterations are observed in
fungal communities, with Ascomycota dominance repla-
cing Basidiomycota [24]. At the genus level, the abun-
dance of Bacteroides and Prevotella increases, whereas
Blautia and Bifidobacterium decrease in TB patients [24].
In terms of specific species, Phocaeicola dorei, Escherichia
coli, Prevotella copri clade C, and Akkermansia mucini-
phila are enriched in TB patients, while Phocaeicola
vulgatus, Alistipes putredinis, Prevotella copri clade B, and
Prevotella SGB1589 are more abundant in healthy con-
trols [16, 25, 28]. Additionally, in TB patients, the
abundance of Saccharomyces increases while Aspergillus
decreases [24]. Notably, Escherichia and Streptococcus
enrichment correlates with impaired immune status,
whereas Lachnospiraceae depletion is associated with
disrupted gut barrier function [25, 30]. These composi-
tional shifts may establish a pro�inflammatory milieu
through multiple pathways: (1) Reduced mucin�
degrading Prevotella compromises intestinal epithelial
integrity; (2) Enterobacteriaceae overgrowth promotes
lipopolysaccharide (LPS)�mediated Toll�like receptor
(TLR) 4 activation; (3) Bifidobacterium deficiency
attenuates regulatory T cell (Tregs) responses.

These changes in GM also have a reverse effect on the
infection process of MTB. For example, the alterations in
the intestinal microenvironment caused by the decrease
of Prevotella and the excessive proliferation of En-
terobacteriaceae make it easier for MTB to breach the
intestinal barrier and enter the bloodstream, thereby
exacerbating the systemic infection. Moreover, the sys-
temic inflammation caused by the infection of MTB will
continuously disrupt the composition of the GM. For
instance, it will further inhibit the growth of beneficial
bacteria such as Bifidobacterium, reinforcing this vicious
cycle [2, 30, 44].

Decrease in SCFA�producing bacteria and
mutualistic populations and TB
progression

SCFA�producing bacteria, including Faecalibacterium,
Roseburia, and Eubacterium, are markedly reduced in TB
patients, paralleled by Bacteroidota depletion and Ba-
cillota expansion [28]. These metabolic shifts criticallyT
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impact host immunity, as SCFAs (acetate, propionate,
butyrate) typically enhance anti�inflammatory responses
in monocytes and macrophages through G protein�
coupled receptor activation [45]. Namasivayam et al.
identified butyrate reduction as a key severity marker,
with levels inversely correlating with cavitary lesion
development [29]. Li et al. further elucidated that SCFA
deficiency disrupts MTB clearance mechanisms by
attenuating immune regulation pathways [45]. The col-
lective depletion of SCFA producers creates a dysbiotic
environment favoring MTB persistence and systemic
inflammation. Collectively, these findings suggest that

the decrease in SCFA�producing bacteria may significantly
affect TB progression.

The GM influences TB progression through im-
munometabolic crosstalk and systemic immune modulation.
Segal and Lachmandas et al. identified SCFA�mediated
suppression of IFN�� and IL�17A as a critical susceptibility
mechanism, impairing T helper cell (Th)1/Th17 responses
essential for MTB containment [46, 47]. Yu et al. highlighted
gut�lung axis interactions, where Bacillota reduction and
Pseudomonadota expansion alter pulmonary microbiota and
immune dynamics [48]. Khan et al. further demonstrated
that GM dysbiosis skews Th17 differentiation, compromising

F IG U R E 1 Relationship between gut microbiota (GM) dysbiosis and tuberculosis (TB) progression. The figure illustrates the association
between GM dysbiosis and TB pathogenesis. Dysbiosis is characterized by a loss of biodiversity, particularly a depletion of key short�chain
fatty acid (SCFA)�producing taxa such as Blautia spp., Roseburia spp., Ruminococcus spp., Bifidobacterium spp., and Eubacterium spp. This is
accompanied by an overrepresentation of potentially pathogenic genera, including Bacteroides spp., Prevotella spp., Enterococcus spp., and
Fusobacterium spp. These compositional shifts contribute to increased intestinal permeability, disruption of mucosal immune homeostasis,
and impaired host immune responses against Mycobacterium tuberculosis, ultimately facilitating disease progression. ATD, antituberculosis
drugs.
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alveolar macrophage function and perpetuating MTB sur-
vival [49]. Mayer�Barber’s review synthesizes these mecha-
nisms, emphasizing GM’s role in regulating inflammatory
cytokine cascades and granuloma formation [50]. Collect-
ively, these insights underscore GM modulation as a stra-
tegic target for adjunctive TB therapies.

Commensal species such as Lactobacillus and Bifi-
dobacterium are significantly diminished in TB patients,
weakening gut defense mechanisms against MTB inva-
sion [30]. Yang et al. revealed that Bacteroides fragilis
enhances anti�TB immunity via long noncoding RNA
regulation, while broader mutualistic depletion compro-
mises pathogen exclusion through reduced lactic acid
and hydrogen peroxide production [51, 52]. This loss

impairs dendritic cell antigen presentation and effector T
cell activation, critical for adaptive immunity [53, 54].
Additionally, mutualistic bacteria reduction elevates
luminal pH, facilitating pathogen colonization and sys-
temic dissemination of MTB through compromised
mucosal barriers [55].

In addition, during MTB infection, changes in the
host’s nutritional status and metabolic state, such as
malabsorption and metabolic disorders, will significantly
reduce the quantity and function of SCFA�producing
bacteria and symbiotic flora. The decrease in the quantity
of these flora, in turn, weakens the intestine’s ability to
resist MTB, promoting the growth and spread of MTB,
thus forming a relationship of mutual influence [56].

F IG U R E 2 Comparative characterization of healthy versus pathogenic gut microbiota states. This figure highlights the contrasting
features of a healthy versus dysbiotic gut microbiota. In healthy state, commensal bacteria such as Lactobacilli and Bifidobacteria reinforce
intestinal barrier function through the production of bacteriocins and short�chain fatty acids (SCFAs), particularly butyrate. These microbes
preferentially colonize the mucosal layer, prevent pathogenic colonization, and modulate host immunity by promoting dendritic cell
migration and the release of gut�derived hormones. In pathogenic state, microbial diversity is reduced (1), with a concomitant
overrepresentation of mucin�degrading bacteria (2) and a loss of beneficial SCFA�producing species (3). This altered microbial composition
compromises intestinal epithelial integrity and enables translocation of pathogens such as Mycobacterium tuberculosis (MTB), which
contribute to tissue damage via toxin�mediated mechanisms (4). The reduction in SCFA�producing bacteria and rise in pathogenic
Enterobacteriaceae promote immune dysregulation through lipopolysaccharides (LPS)�mediated activation of Toll�like receptor 4 (TLR4)
and G�protein signaling. This cascade triggers a chronic inflammatory response characterized by elevated cytokine production, neutrophil
degranulation, and impaired regulatory T cell function, ultimately disrupting immune homeostasis.
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Thus, this reduction in probiotic populations may lead to
impaired adaptive immune responses, exacerbating the
progression of TB.

Increase in pathogenic bacteria and TB
progression

TB progression is associated with pathogenic bacterial ex-
pansion, including Pseudomonadota and Actinomycetota in
sputum and fecal samples [30, 57]. Cheung et al. observed
phylum�level shifts favoring Pseudomonadota/Bacteroidota
in TB patients versus Bacillota dominance in controls [57].
Pathobiont overgrowth exacerbates disease through toxin�
mediated gut epithelial damage, niche competition sup-
pressing beneficial flora, and gut�lung axis interactions
amplifying pulmonary inflammation [58, 59]. For instance,
Luo et al. linked Streptococcus enrichment to recurrent TB,
while Dumas et al. demonstrated GM modulation of pul-
monary immunity via bone marrow�derived immune cell
reprogramming [30, 60]. These pathogens further disrupt
immune homeostasis through LPS�driven TLR4 activation
and bile acid metabolism alteration [32, 44].

Moreover, the changes in the immune response trig-
gered by MTB infection will also create a more favorable
environment for the proliferation of pathogenic bacteria.
For example, the disruption of immune homeostasis
caused by the infection allows the pathogenic bacteria that
were originally suppressed in the intestine to multiply in
large numbers. The increase in the number of pathogenic
bacteria, through various pathways such as toxin�mediated
damage to the intestinal epithelium and alteration of the
function of immune cells, further promotes the infection of
MTB and the progression of the disease [58, 59]. These
findings reveal the close relationship between GM and TB
progression, providing new insights for disease prognosis
assessment and personalized treatment.

THE INTERACTION BETWEEN GM
AND ATD

The interplay between GM and TB treatment has
emerged as a critical research focus, driven by its dual
role in modulating host immunity and interacting with
ATD. Emerging evidence indicates that GM not only
responds to ATD exposure but also actively influences
drug metabolism and treatment outcomes. Additionally,
ATD�induced GM alterations may contribute to adverse
drug reactions. These insights highlight GM as a poten-
tial target for optimizing TB therapeutics through im-
proved efficacy and reduced toxicity. This section
systematically examines three key aspects of GM�TB

interactions: (1) ATD�induced GM dysbiosis, (2) GM�
mediated modulation of ATD pharmacokinetics/phar-
macodynamics, and (3) the mechanism of interaction
between GM and ATD (Table 2) [18, 29, 49, 61�67].
Elucidating these mechanisms could enable personalized
treatment strategies to enhance clinical outcomes.

Impact of ATD on GM

As the therapeutic mainstay for TB, ATD exerts broad�
spectrum effects extending beyond MTB to disrupt host
GM homeostasis. Key mechanisms include: (1) reduced
microbial diversity, (2) depletion of beneficial taxa (e.g.,
SCFA�producing bacteria), (3) promotion of antibiotic
resistance, (4) gut�immune axis dysregulation, and (5)
secondary complications [68, 69]. Wipperman et al.
demonstrated that standard ATD regimens significantly
diminish GM diversity, particularly affecting Roseburia
and Faecalibacterium populations, which correlated with
immune variability and potential treatment efficacy
reduction [66]. Subsequent work by the same group
linked ATD�driven GM changes to heightened inflam-
matory responses in TB patients, underscoring the clin-
ical relevance of microbial balance [70]. Longitudinal
analyses by Namasivayam et al. revealed persistent dys-
biosis patterns during TB treatment, characterized by
decreased Bacteroidota and increased Pseudomonadota
abundance, potentially compromising host immunity
and disease resistance [29]. Importantly, Khan et al.
identified functional consequences of this dysbiosis,
showing that impaired butyrate production weakens
anti�MTB immune responses [49]. These collective find-
ings position GM integrity as a critical determinant of TB
treatment success.

Influence of GM on ATD metabolism

The GM�ATD relationship exhibits bidirectionality, with
GM actively participating in drug absorption, distribu-
tion, metabolism, and excretion processes [71�73]. Clin-
ical studies demonstrate that GM metabolic activity can
modify drug bioavailability and toxicity profiles. Maji
et al. identified specific bacterial taxa involved in rifam-
picin (RIF) metabolism, directly influencing drug
absorption dynamics [28]. Negi et al. further established
that GM disruption impairs isoniazid (INH)�mediated
MTB clearance while exacerbating tissue pathology,
suggesting microbiome�dependent treatment responses
[64], Certain supportive therapeutic applications can
reduce the toxic and side effects of ATD. For example,
Li et al. demonstrated that Lactobacillus casei
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supplementation alleviates ATD�induced gastrointestinal
toxicity in murine models via SCFA regulation [45].
These findings emphasize the need for microbiome�
informed dosing strategies in TB management.

The mechanism of interaction between
GM and ATD

The interaction mechanism between GM and ATD is
complex and diverse, involving physiological and bio-
chemical processes at multiple levels. Next�Generation
Sequencing (NGS)�driven pharmacomicrobiomics reveals
GM’s role in anti�TB drug efficacy and toxicity. For ex-
ample, microbial ��glucuronidase activity reduces INH
bioavailability through enzymatic inactivation, whereas
RIF�induced dysbiosis alters bile acid metabolism,
increasing the risks of hepatotoxicity. Functional metage-
nomic analyses identify microbial pathways capable of
detoxifying drug metabolites, suggesting potential targets
for adjunctive therapies [40, 74, 75]. These findings align
with Doestzada et al.’s proposal that GM can alter drug
pharmacodynamics through both direct enzymatic modi-
fication and indirect immune or metabolic modulation,
potentially explaining interindividual variability in ATD
efficacy and tolerability [76]. This section highlights the
multifaceted nature of GM�ATD interactions and sets the
stage for a detailed examination of the specific mechanisms
involved (Figure 3).

Mechanisms of ATD�induced GM dysbiosis

Recent studies have elucidated the mechanisms by which
ATD induces GM dysbiosis. For instance, Wu et al. [77]
demonstrated that second�line anti�TB drugs used in the
treatment of rifampicin�resistant TB (RR�TB) signifi-
cantly alter the structural composition of the intestinal
microbiota. Specifically, the relative abundance of bene-
ficial species such as Prevotella copri decreases, while
potentially pathogenic species like Escherichia coli and
Salmonella enterica increase. This shift disrupts the gut’s
immune homeostasis and impairs the host’s ability to
mount an effective immune response against MTB.
Functional analysis revealed that the biosyntheses of
phenylalanine, tyrosine, and tryptophan are significantly
inhibited during treatment, affecting the production of
essential metabolites and neurotransmitters crucial for
maintaining gut health and immune function.

Pei et al. [78] further explored the GM characteristics
in TB patients experiencing liver injury following anti�TB
treatment. The study found that anti�TB treatment leads
to decreased microbial diversity and significant structuralT
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changes in the GM. At different time points, distinct
differences in microbial composition were observed
between patients with and without liver injury. These
findings suggest that specific alterations in the GM may
contribute to drug�induced liver injury (DILI) in TB pa-
tients, potentially through modulating the host’s immune
and inflammatory responses.

Mechanisms of GM modulation of ATD
pharmacokinetics/pharmacodynamics

New research has shed light on how GM influences ATD
metabolism. Gong et al. [79] investigated the protective
effect of magnesium isoglycyrrhizinate (MgIG) against
anti�TB DILI in mice. The study showed that MgIG

F IG U R E 3 Bidirectional interactions between anti�TB drugs (ATD) and gut microbiota (GM), and their impact on GM homeostasis.
This figure illustrates: (1) The detrimental effects of ATD on GM compositions and functions, mediated through multiple mechanisms
including the induction of intestinal inflammation, disruption of epithelial barrier integrity, metabolic perturbations, and direct bactericidal
activity. (2) How GM dysbiosis reciprocally modulates the pharmacodynamics and toxicity of ATD, through mechanisms including altered
drug metabolism, impaired immune modulation, reduced drug bioavailability, enhanced hepatotoxicity, and the facilitation of antimicrobial
resistance. (3) Emerging therapeutic strategies aimed at restoring GM homeostasis, such as probiotics supplementation and administration
of magnesium isoglycyrrhizinate, which may attenuate inflammation, promote barrier repair, and re�establish microbial balance. Overall,
this figure highlights the complex, bidirectional crosstalk between the GM and ATD, and suggests the potential of microbiota�targeted
interventions to optimize antituberculosis therapy. FMT, fecal microbiota transplantation. MgIG, magnesium isoglycyrrhizinate.
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significantly ameliorated HRZE�induced liver injury by
modifying the GM composition. Specifically, MgIG
increased the abundance of beneficial bacteria such as
Lactobacillus and enhanced the expression of tight
junction proteins, improving intestinal barrier function
and reducing intestinal permeability. This, in turn,
decreased the levels of LPS and inhibited the activation of
the LPS/TLRs/NF��B signaling pathway, which is asso-
ciated with inflammation and liver injury. These findings
highlight the role of GM in modulating the gut�liver axis
and immune responses, thereby influencing the phar-
macodynamics of ATD. Pei et al. [78] also showed that
different anti�TB drugs or drug combinations induce
distinct GM profiles in mice models of liver injury. Each
drug or combination causes dysbiosis characterized by
unique changes in bacterial genera, which may affect the
metabolism and toxicity of the drugs. These findings
underscore the importance of considering specific mi-
crobiota signatures when evaluating the effects of dif-
ferent ATD on the host.

In summary, the mechanisms underlying the inter-
action between GM and ATD are multifaceted. ATD can
induce dysbiosis through altering microbial composition
and function, while GM can modulate ATD pharmaco-
kinetics/pharmacodynamics by affecting drug metabo-
lism and host immune responses. Understanding these
mechanisms is essential for developing microbiome�
targeted interventions to optimize TB treatment efficacy
and safety.

GM AND TB IMMUNE RESPONSE

The host immune system serves as a critical defense
mechanism against pathogenic invasion, functioning as
the body’s primary protective framework [80�83]. Ad-
vances in metabolomics have highlighted the
bidirectional interactions between GM and immune
regulation, revealing GM’s capacity to modulate host
immune responses both locally and systemically�
though precise mechanistic pathways remain incom-
pletely characterized [84, 85]. These intricate GM�
immune interactions undeniably influence TB patho-
genesis and progression through multiple pathways. In
addition, recent mechanistic studies have demonstrated
that alterations in specific gut microbial taxa can directly
affect the magnitude and quality of the immune response
to MTB, thereby modifying disease progression [86].

Emerging evidence demonstrates three principal
mechanisms through which GM modulates anti�MTB
immune responses: (1) direct immunocyte regulation, (2)
metabolite�mediated immune modulation, and (3) lung
microenvironment alteration via the gut�lung axis.

Elucidating these interactions provides critical insights
into TB pathogenesis while informing novel preventive
and therapeutic strategies. This section systematically
examines GM�immune interplay through four dimen-
sions: innate immunity, adaptive immunity, gut�lung
axis dynamics, and immunocyte functional regulation
(Figure 4). Collectively, these advances offer transform-
ative perspectives for TB management.

GM and innate immune response

GM modulates innate immunity through multiple mech-
anisms, establishing a sophisticated regulatory network.
Microbial components such as LPS and peptidoglycan,
engage host pattern recognition receptors�including TLRs
and NOD�like receptors�expressed on macrophages,
dendritic cells, and intestinal epithelia [87, 88]. Activation
of pattern recognition receptors by microbe�associated
molecular patterns initiates downstream signaling cascades
that regulate cytokine/chemokine production and inflam-
matory responses [89, 90]. Brown et al. [91] identified a
TLR1/TLR2�Dectin�1�mediated phosphoinositide 3�kinase
pathway activation, resulting in glycogen synthase kinase
3� inactivation and cyclic adenosine monophosphate
(cAMP) response element�binding protein�dependent anti�
inflammatory gene expression�a critical frontline defense
mechanism.

Beyond pathogen recognition, the GM regulates the
innate immune response to TB through its metabolites such
as SCFAs, including acetate, propionate, and butyrate.
Depleted SCFA levels disrupt IL�10 production and macro-
phage polarization, while increased LPS from pathobionts
activate TLR4 signaling, amplifying pro�inflammatory cas-
cades. Secondary bile acid metabolism perturbations further
contribute to macrophage dysfunction, illustrating the
complex interplay between microbial metabolites and host
immunity [92, 93].

GM further supports immune regulation through
intestinal barrier maintenance [94]. By enhancing
mucus production, tightening epithelial junctions, and
inducing antimicrobial peptide secretion, GM creates
physicochemical barrier against pathogen translocation
[37, 95]. Barrier integrity prevents excessive inflam-
mation and systemic immune activation, while GM
dysbiosis disrupts this equilibrium�predisposing to
inflammatory bowel disease, metabolic disorders, and
autoimmunity [96]. These findings position GM as both
a central innate immune regulator and potential ther-
apeutic target.

Recent studies have also shown that GM can influence
the function of alveolar macrophages, which are crucial for
the initial defense against MTB in the lungs. For instance,
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Khan et al. [49] demonstrated that treatment with certain
antituberculosis drugs, such as INH and pyrazinamide
(PYZ), can alter the GM and subsequently impair the
bactericidal activity of alveolar macrophages. This impair-
ment is characterized by reduced expression of MHC II and
decreased production of key anti�mycobacterial cytokines
like TNF�� and IL�1�, leading to increased susceptibility to
MTB infection.

Furthermore, additional mechanistic insights reveal
that GM�derived metabolites can activate the NLRP3
inflammasome in alveolar macrophages, enhancing IL�1�
secretion, which is pivotal for early MTB control [21].
Moreover, studies have shown that GM�derived butyrate
not only modulates macrophage activity but also regulates
gut mucus barrier repair via the macrophage/WNT/ERK
signaling pathway, thereby indirectly influencing pulmo-
nary immune defense against MTB [97].

GM and adaptive immune response

Emerging evidence demonstrates that GM critically influ-
ences not only innate immunity but also orchestrates
adaptive immune responses. The adaptive immune system,
mediated by B and T lymphocytes, establishes antigen�
specific immunological memory for long�term protection
[98, 99]. GM profoundly modulates T�cell differentiation
patterns: Bacteroides and Clostridia species induce Treg
development, Bordetella pertussis enhances Th1 cell matu-
ration, while segmented filamentous bacteria, Citrobacter
rodentium, and Escherichia coli drive Th17 differentiation in
murine models [100�102]. Notably, Loftfield et al. [103]
demonstrated in pulmonary studies that Prevotella species
activate TLR2 signaling, stimulating antigen�presenting
cells to secrete IL�1�, IL�6, and IL�23, thereby promoting
Th17 differentiation from CD4+ T cells.

F IG U R E 4 Multimodal regulation of host immunity by the gut microbiota (GM). The GM modulates the host immune system through
multiple pathways. First, microbial components are recognized by pattern recognition receptors (e.g., TLRs) expressed on innate immune cells,
activating downstream signaling cascades such as the phosphoinositide 3�kinase (PI3K) pathway. This leads to the inactivation of glycogen
synthase kinase 3� (GSK�3�) and subsequent activation of cyclic adenosine monophosphate (cAMP) response element�binding protein
(CREB)�dependent transcription of anti�inflammatory genes, promoting the release of cytokines and other immunomodulatory factors. Second,
microbial metabolites, such as SCFAs, bind to G protein�coupled receptors (GPCRs) to drive the expansion of mucosal regulatory T cells
(Tregs), thereby suppressing pro�inflammatory responses. SCFAs also promote macrophage polarization through the gut�lung axis and
enhance the memory function of CD8 + T cells, while stimulating B cell�mediated secretion of immunoglobulin A (IgA), thereby strengthening
mucosal and systemic immunity. In addition, specific bacteria taxa (e.g., Bacteroides, Clostridium, and Prevotella) promote the differentiation of
CD4+ T cells into T helper 17 (Th17) and Tregs, contributing to the regulation of adaptive immunity. Moreover, bacterial polysaccharides can
regulate T helper cell fate through activating signal transducer and activator of transcription 4 (STAT4) signaling in the presence of IL�12 to
promote Th1 differentiation, or STAT6 signaling under IL�4 to promote Th2 responses, thus maintaining Th1/Th2 homeostasis.
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GM�derived metabolites significantly regulate adaptive
immunity. Butyrate, crucial for combating intracellular
pathogens and malignancies, enhances CD8+ T cell
metabolic fitness and memory potential [104]. SCFAs
promote Tregs differentiation while suppressing pro�
inflammatory cytokine production, thereby maintaining
immune homeostasis [105�108]. Smith et al. [109] dem-
onstrated free fatty acid receptor 2 dependent GM�SCFA
regulation of colonic Treg populations and colitis pre-
vention in murine models. Concurrently, SCFAs modulate
B cell metabolism and antibody production, with DA
Peterson et al. [110] showing that SCFA�mediated secre-
tory IgA responses reinforce mucosal immunity against
enteric pathogens. Furthermore, GM components like
polysaccharide A from Bacteroides fragilis correct systemic
T cell deficiencies and Th1/Th2 imbalances, as evidenced
by comparative studies in germfree versus colonized ani-
mals [111]. These intricate interactions underscore the
bidirectional GM�immune crosstalk. However, GM dys-
biosis disrupts this equilibrium, characterized by Treg
depletion and pathogenic Th1/Th17 expansion, potentially
driving chronic inflammation and autoimmunity [112].
These findings highlight GM’s pivotal role in adaptive
immune homeostasis and its therapeutic implications.

In the context of TB, GM dysbiosis has been shown to
affect the balance of T�cell subsets. For example, Segal
et al. [46, 47] found that increased levels of SCFAs, such
as butyrate, in human immunodeficiency virus (HIV) �
infected individuals on antiretroviral therapy (ART) were
associated with higher TB susceptibility. Butyrate in-
hibited the production of IFN�� and IL�17A, which are
crucial for controlling MTB infection, while promoting
the induction of FoxP3+ Tregs that can suppress pro-
tective immune responses. Similarly, Lachmandas et al.
[46, 47] demonstrated that butyrate could reduce
pro�inflammatory cytokine responses to MTB in human
peripheral blood mononuclear cells (PBMCs) while
increasing IL�10 production, an effect that was inde-
pendent of its HDAC inhibitory activity.

Moreover, emerging data indicate that shifts in the
GM composition can influence antigen�presenting cell
function, thereby modulating Th1 and Th17 responses
critical for MTB clearance. Specifically, experimental
models have shown that GM dysbiosis leads to attenu-
ated IFN�� production by T cells�a mechanism that may
underpin increased TB susceptibility [53].

GM and the gut�lung axis

The gut�lung axis, first conceptualized by Turner�Warwick
(1968) [113], represents a bidirectional immunoregulatory
network connecting intestinal and pulmonary mucosal

systems. Emerging evidence implicates this axis in respi-
ratory infections, with Dumas et al. [60] proposing GM�
mediated modulation of MTB colonization through
metabolite production, immune cell regulation, and pul-
monary microenvironment remodeling.

GM influences pulmonary immunity through three
principal mechanisms: (1) Circulating microbial metabo-
lites (e.g., SCFAs) regulate alveolar macrophage function
[60, 114]; (2) Bacterial components prime systemic
immune responses; (3) Immune cell trafficking between
mucosal sites. Conversely, pulmonary perturbations
reciprocally affect gut homeostasis. Anti�TB therapy ex-
emplifies this interdependence�Wipperman et al. [70]
observed that antimicrobial�induced microbiome altera-
tions during early TB treatment (�14 days) may impair
inflammatory resolution through systemic immune mod-
ulation. These findings elucidate the gut�lung axis’s com-
plex role in TB pathogenesis and therapeutic response.

Notably, GM perturbations by specific anti�TB drugs
may trigger cascading effects. Khan et al. [49] demon-
strated that INH� and PYZ�induced GM dysbiosis impairs
alveolar macrophage functionality�a frontline defense
against pulmonary MTB. Crucially, fecal microbiota
transplantation (FMT) reverses this impairment, directly
validating GM’s role in maintaining alveolar macrophage
homeostasis via the gut�lung axis. Emerging evidence
further expands this paradigm: Gut�derived microbial
signals regulate lung dendritic cell migration and function,
enhancing granuloma formation and anti�MTB immunity
[51, 52]. Conversely, high�fat diet�induced GM alterations
remodel the pulmonary transcriptome via NOS2 upregu-
lation, compromising intracellular antimicrobial defenses
and promoting MTB colonization [17]. Collectively, these
findings delineate a multidimensional regulatory network
through which GM influences TB pathogenesis and
therapeutic outcomes via the gut�lung axis.

GM and immune cell dynamics

GM critically regulates immune cell dynamics central to TB
pathogenesis, particularly Th1�polarized responses essential
for macrophage activation via IFN�� signaling [83]. Mech-
anistic studies reveal GM’s modulation of unconventional T
cell subsets: Vorkas et al. [115] demonstrated GM�mediated
regulation of mucosal�associated invariant T cells, while
Constantinides et al. [116] identified �� T cell functional
modulation. Dysbiosis�induced Th1/Th2 imbalance may
compromise anti�mycobacterial immunity [117].

GM further impacts systemic inflammation through
intestinal barrier regulation. Dysbiosis increases intesti-
nal permeability, permitting translocation of microbial
products (e.g., LPS) that drives chronic inflammation�a
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potential accelerator of TB progression [58]. These col-
lective mechanisms position GM as a critical modulator
of TB immunopathology and a promising target for
immunological interventions.

Recent mechanistic studies have also uncovered that
GM can modulate the cytotoxic function of NK cells,
enhancing the clearance of MTB�infected cells. Further-
more, GM�induced alterations in systemic cytokine pro-
files may shift the balance between pro�inflammatory
and regulatory immune responses, further influencing
TB outcomes [118]. In addition, gut dysbiosis has been
associated with increased intestinal permeability and
upregulation of NOS2 in lung tissues, which leads to
reduced reactive oxygen species production and
decreased expression of DEFB1, thereby creating a
microenvironment favorable for MTB colonization [119].

GM AS A POTENTIAL TARGET
FOR DIAGNOSIS AND
TREATMENT OF TB

The growing recognition of GM in human patho-
physiology has positioned it as an emerging focus for TB
management strategies. Mounting evidence demonstrates
profound GM dysbiosis in TB patients, with these micro-
bial alterations not only serving as disease biomarkers but
potentially influencing clinical progression and therapeu-
tic responses. This dual diagnostic�therapeutic potential
stems from GM’s noninvasive accessibility and capacity to
modulate both host immunity and xenobiotic metabolism.
Current research explores two principal applications:
(1) development of microbial signature�based diagnostic
tools, and (2) microbiome�targeted interventions to en-
hance treatment efficacy. This section examines recent
advances in GM�based TB management approaches and
their clinical implications (Figure 5).

GM as a biomarker for the diagnosis and
treatment monitoring of TB

GM as a diagnostic biomarker for TB

Emerging evidence highlights the capacity of GM altera-
tions to serve as sensitive indicators of host health status,
with particular relevance to TB diagnostics. Taxonomic
profiling reveals characteristic patterns of reduced microbial
diversity and specific genus�level abundance changes in TB
patients. Han et al. identified distinct bacterial�fungal co�
occurrence networks that improved diagnostic accuracy
when incorporated into combinatorial models [24]. Com-
plementary work by Hu et al. demonstrated robust

classification performance using bacterial abundance pro-
files alone, achieving effective discrimination between
healthy controls (HCs) and TB patients [27]. Mechanisti-
cally, Namasivayam et al. established correlations between
GM alterations and functional reprogramming of PBMCs,
suggesting microbiome�immune crosstalk could inform
diagnostic development [34].

The diagnostic potential extends beyond taxonomic
composition to microbial metabolic output. Metabolomic
analyses reveal disease�associated perturbations in SCFAs,
bile acid derivatives, and amino acid profiles. Maji et al.
specifically implicated depletion of SCFA�producing taxa as
a potential diagnostic marker, linking microbial metabolism
to TB pathophysiology [28]. Compared to conventional di-
agnostics relying on sputum analysis (smear microscopy,
culture) or tuberculin skin testing, GM�based approaches
offer distinct advantages in sample accessibility and ana-
lytical throughput. Lu et al. demonstrated this potential
through machine learning (ML) integration of microbiome
data, achieving diagnostic accuracy comparable to estab-
lished methods while eliminating sputum collection
requirements [120]. Luo et al. [121] developed fecal bio-
marker panels (e.g., deoxycholate, LysoPC 12:1) and a
nomogram integrating age/sex to stratify latent TB infection
(LTBI) progression risk. These developments position GM
analysis as a promising platform for noninvasive TB
detection and treatment monitoring.

Treatment monitoring based on GM metabolic
characteristics

The research progress of GM metabolomics provides
crucial evidence for treatment monitoring and individu-
alized interventions. Sahu et al. [122] tracked partial
GM restoration and metabolic normalization in TB
patients during treatment. Luies et al. [123] identified
GM�derived metabolites (3,5�dihydroxybenzoate, 3�(4�
hydroxy�3�methoxyphenyl)propionate) predictive of
treatment failure (AUC = 0.94). These findings lay the
foundation for a TB efficacy evaluation system based on
GM metabolic characteristics.

GM as a therapeutic target for TB

TB therapies are known to disrupt GM equilibrium,
impairing immunity�associated metabolites like bile acids
and SCFAs [34, 66, 124]. Emerging evidence supports GM
modulation as a promising adjuvant approach for TB
treatment [125, 126]. Accumulating evidence establishes
GM’s critical involvement in three therapeutic�relevant
processes: immunomodulation, drug biotransformation,
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and pathogen containment. This functional triad under-
pins growing interest in microbiome engineering as an
adjunct to conventional anti�TB regimens. Therapeutic
strategies broadly fall into two categories: (1) pharmaco-
logical modulation of microbial communities, and (2)
ecological restoration through microbiota transplantation.

Pharmacological modulation of microbial
communities

In the research of TB treatment, pharmacological inter-
ventions primarily utilize probiotics, prebiotics, and syn-
biotics to reshape microbial communities. Diallo et al.
conceptualized a �Host�Microbiota�Directed Therapy,�
demonstrating improved treatment outcomes through mi-
crobiome optimization [127]. Experimental validation is
provided by Gavrilova et al., who identified anti�
mycobacterial activity in Lactobacillus strains through
direct microbial antagonism [128]. Negi et al. further

elucidated an immunological mechanism, showing
probiotic�mediated restoration of histocompatibility com-
plex class II expression on lung dendritic cells coupled with
Treg cell reduction enhances mycobacterial clearance [53].
Although different studies consistently emphasize the
importance of immunomodulation, suggesting a domi-
nant therapeutic pathway, differences in implementa-
tion, effect evaluation, and dosing strategies have been
observed. These variability issues underscore the need for
further standardization of experimental protocols and a
deeper exploration of optimal clinical strategies.

Ecological restoration through microbiota
transplantation

Microbiota transplantation has emerged as a promising
strategy for ecological restoration in TB therapeutics, aiming
to rectify treatment�associated dysbiosis by reconstituting
balanced microbial communities. FMT, a therapeutic

F IG U R E 5 Gut microbiota (GM) as a diagnostic and therapeutic target in tuberculosis (TB). Emerging evidence highlights the GM as a
key modulator of TB pathogenesis and a promising target for diagnosis and treatment. At the molecular level, the GM influences TB
development through systemic circulation, with alterations in microbial composition, fungal�bacterial interactions, gut�immune crosstalk,
and metabolite profiles offering diagnostic potential. Elucidating these mechanisms is critical for advancing TB therapeutics. Microbiota�
targeted interventions, including probiotics, prebiotics, synbiotics, and FMT can restore GM homeostasis, reduce treatment�associated
complications, and improve gut and immune health.
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modality with well�documented efficacy in Clostridioides
difficile infection management, is now being explored for its
potential in TB treatment optimization. Pioneering work by
Trivedi et al. [129] demonstrated that FMT could effectively
mitigate antibiotic�induced GM dysbiosis during TB therapy,
potentially enhancing treatment outcomes through micro-
biome stabilization. This finding is further supported by
Eribo et al. [130], who reported that post�antibiotic FMT
administration not only accelerates microbial community
recovery but also reduces treatment complications and may
decrease transmission risks in drug�resistant TB (DR�TB)
through microbiome�mediated immune modulation.

Critical evaluation of existing evidence reveals that
the therapeutic efficacy of FMT is modulated by three
principal factors: donor�recipient compatibility, temporal
precision of intervention, and host�specific biological
variables. Rigorous donor screening protocols�
particularly those incorporating microbial diversity met-
rics and pathogen exclusion criteria�have shown direct
correlation with clinical success rates. The timing of FMT
administration relative to antibiotic exposure emerges as
a crucial determinant of microbial engraftment effi-
ciency, with early�phase interventions demonstrating
superior ecological restoration capacity. Furthermore,
interindividual variations in immune status, baseline GM
architecture, and genetic predisposition significantly
influence therapeutic responsiveness.

Integrated perspectives and future directions

Current research substantiates a paradigm shift toward
integrated TB management frameworks that synergize
conventional antimicrobial therapy with microbiome�
stabilizing interventions. Accumulating evidence from
preclinical models and clinical observations suggests that
GM modulation could address three persistent challenges
in TB care: (1) treatment duration reduction through en-
hanced chemotherapeutic efficacy mediated by microbial ��
glucuronidase activity [53], (2) side effect mitigation via
microbiome�dependent optimization of drug metabolism
pathways [62, 131], and (3) relapse prevention through
sustained immunomodulation of tissue�resident memory T
cells [26, 132]. Notably, emerging combinatorial approaches
demonstrate amplified therapeutic potential�controlled
trials reveal that high�fiber diets potentiate probiotic effi-
cacy by elevating SCFA production, while polyphenol�rich
nutritional regimens suppress pro�inflammatory taxa pro-
liferation during anti�TB treatment [133]. This metabolic�
immune crosstalk is further exemplified by Martineau
et al.’s landmark discovery that vitamin D supplementation
augments TB treatment responses through GM�dependent
induction of antimicrobial peptides [134].

The next frontier in TB therapeutics lies in rationally
integrating pharmacological and ecological restoration
strategies. To achieve this, future investigations must
systematically decipher the tripartite interaction dynamics
between gut ecosystems, pharmacological agents, and host
immunity using longitudinal multi�omics profiling
(metagenomic, metabolomic, proteomic) coupled with
gnotobiotic animal models. Concurrently, phase III clini-
cal trials employing precision microbiota interventions
should establish three critical parameters: (a) patient
stratification biomarkers predictive of intervention
responsiveness, (b) optimal therapeutic windows relative
to antibiotic exposure phases, and (c) standardized efficacy
metrics encompassing microbial diversity indices,
inflammatory biomarkers, and treatment completion
rates. The convergence of these research trajectories
promises to advance personalized TB regimens tailored to
individual microbial and immunological profiles. Such
integrative approaches not only reinforce global TB con-
trol through improved treatment adherence and reduced
transmission risks but also provide a mechanistic frame-
work for developing next�generation therapeutics target-
ing host�microbe�drug interactions.

MULTI �OMICS AND AI
TECHNOLOGIES IN GM �TB
RESEARCH

NGS: Revolutionizing genomic
investigations

NGS, as a group of high�throughput technologies, can
rapidly and cost�effectively analyze complete genomes,
transcriptomes, and epigenomes. Unlike traditional San-
ger sequencing, which processes individual DNA
sequences sequentially, NGS achieves parallel processing
of millions of DNA fragments through automated work-
flows. This breakthrough has transformed genomic
research such as medicine and has been critical for
pathogen characterization, drug resistance detection, and
epidemiological surveillance [135]. Building on the tech-
nological developments, NGS has significantly advanced
microbial community profiling.

Technologies, developments, and multifaceted
applications

The core principle of NGS involves parallel sequencing of
DNA or RNA fragments immobilized on solid surfaces
such as beads or flow cells (Figure 6A). After a series of
operations including adapter ligation and clonal
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amplification, sequencing clusters are generated. With
diverse major detection methods, Illumina technology is
widely applied, while Pacific Biosciences (PacBio) and
Oxford Nanopore are proficient in long�read sequenc-
ing [136].

The commercial development of NGS platforms began
with the 454 pyrosequencer [137]. Early platforms differed in
several aspects [138]. Subsequently, third�generation
sequencing platforms (such as PacBio and Oxford Nano-
pore), which can directly sequence single DNA molecules
emerged (Table 3) [139�150]. Emerging methods combine
short�read efficiency with long�range genomic information.

Different NGS methods are suitable for different ex-
perimental purposes. Illumina is the gold standard for

large�scale genomic analyses and PacBio and Oxford Na-
nopore are applicable to long�read resolution, Ion Torrent
and others have unique advantages in clinical applications.
The emerging technologies such as single�cell RNA�
sequencing (RNA�Seq), have promoted NGS applications
and facilitated the study of genetic diversity and cellular
heterogeneity at unprecedented depth [151, 152].

The versatility of NGS covers multiple disciplines, and
its core applications involve seven key areas (Figure 6B).
In genomic research, whole�genome sequencing (WGS)
serves as the foundation, showing remarkable advantages
in clinical applications [153]; targeted sequencing is a cost�
effective alternatives, and exome sequencing can identify
pathogenic mutations [154]. NGS�based RNA�Seq has

F IG U R E 6 Overview of the next�generation sequencing (NGS) workflow and its applications. (A) Schematic representation of the core
stages in the NGS workflow: DNA fragmentation and library preparation, high�throughput sequencing, and bioinformatics analysis and data
interpretation. (B) Illustration of the diverse applications of NGS across genomics and biomedical research.
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TABLE 3 Comparison of the most important sequencing platforms of NGS.

Method Properties Refs

Illumina sequencing Short�read sequencing [139�141]

The most commonly used NGS platform

Relies on sequencing�by�synthesis technology (fluorescently labeled nucleotides
are incorporated into a growing DNA strand during sequencing)

Identifying the detected resulting signal to determine the incorporated base

Simultaneously sequencing millions of short reads (typically 100�300 bp in
length)

High accuracy,

Extensive bioinformatics support

Scalability

Wide range of applications, including whole�genome sequencin, whole�exome
sequencing, targeted sequencing, and RNA� sequencin

Ion torrent sequencing Semiconductor Sequencing (detects the release of protons when a nucleotide is
incorporated into the DNA strand)

[142�144]

Eliminates the need for optical detection

Uses changes in pH to identify the base being added to the growing strand

Fast turnaround time

Lower cost

Shorter reads (ranging from 50 to 400 bp)

Commonly employed in targeted sequencing applications, such as gene panels
and microbial sequencing, and for research requiring high�speed results.

PacBio sequencing Long�read sequencing [145�147]

Known as Single Molecule Real�Time sequencing

Reading of much longer DNA fragments compared to Illumina and Ion Torrent
platforms (average read lengths range from 10 kb to >100 kb)

Utilizes zero�mode waveguide technology to capture real�time sequencing
events

Generating each read by combining DNA polymerase with nucleotides and
detecting the light emitted by the combined bases

Advantageous for resolving complex genomic regions, structural variants, and
repetitive sequences that are difficult to sequence with short�read technologies

Used widely for de novo genome assembly, transcriptome analysis, and the
study of large, complex genomes

Oxford nanopore sequencing
(Nanopore technology)

Based on the detection of changes in electrical current as DNA strands pass
through nanopores embedded in a membrane

[140, 148�150]

Real�time sequencing method

Generating ultra�long reads (with some individual reads extending over several
megabases)

Offering a portable and flexible sequencing solution

It can be deployed in various environments using devices such as the MinION

Providing significant advantages in read length and real�time sequencing,
enabling applications such as rapid pathogen detection, environmental
monitoring, and metagenomics

(Continues)
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revolutionized transcriptome analysis [155, 156]. Epige-
netics can analyze DNA methylation with the help of NGS
[157, 158]. In microbial ecology, NGS has revolutionized
metagenomics research [159, 160]. In oncology, NGS is
used to identify genetic alterations, and liquid biopsy en-
hances its clinical impact [161]. Furthermore, it has been
reported that pharmacogenomics optimizes therapeutic
strategies through NGS to improve patient outcomes [162].

NGS�driven microbial community profiling

NGS has fundamentally transformed microbial commu-
nity analysis by overcoming the limitations of traditional
culture�dependent methods. Conventional approaches
fail to detect approximately 80% of environmental
microbes due to unculturability, whereas NGS enables
comprehensive detection of microbial constituents
through direct nucleic acid sequencing, providing in-
sights into community composition, functional potential,
and metabolic activity across diverse ecosystems [163].

For microbial profiling, distinct NGS strategies are
used based on research goals. 16S rRNA gene sequencing
is the gold standard for taxonomic classification at genus
or species level. Whole�genome shotgun sequencing
analyzes functional genes and metabolic pathways, and
metatranscriptomics captures community gene expres-
sion. Platform selection among Illumina, PacBio, and
Nanopore technologies depends on read length,
throughput, and error tolerance [135].

Deep sequencing enables high�resolution diversity
analysis, revealing dominant and low�abundance micro-
bial members. This helps identify keystone species,
detect pathogens, and monitor population shifts. The
depth of sequencing directly correlates with the accuracy
of microbial interaction network reconstruction for pre-
cise modeling of community dynamics [164].

In clinical microbiology, NGS�based profiling has
elucidated the human microbiome’s role in health and
disease, such as dysbiosis in gut microbial communities
linked to disorders. In environmental applications,
NGS clarifies microbial contributions to biogeochemical
cycles, and in extreme environment studies, it
helps catalog extremophile communities and their
adaptations [165].

Applications in GM�TB research

The GM interplay with MTB infection has emerged as a
critical research frontier, particularly through the gut�
lung axis concept. NGS, as the preeminent technology,
plays a crucial role in GM�TB research. This bidirectional
communication pathway suggests GM modulation of
pulmonary immunity, and NGS serves as the primary
tool for characterizing microbial shifts during TB pro-
gression (Figure 7). High�resolution sequencing reveals
specific dysbiosis patterns in TB patients, including en-
richment of pro�inflammatory taxa and depletion of
beneficial SCFA�producing bacteria [11, 20].

For example, through 16S rRNA sequencing and
shotgun metagenomics (both NGS�based techniques),
Pseudomonadota and Bacillota are consistently identified
as dominant phyla in TB�associated dysbiosis. NGS�
derived data also indicate that these microbial shifts
correlate with heightened systemic inflammation and
impaired granuloma stability, exacerbating lung pathol-
ogy. Concurrent reductions in Faecalibacterium and
Bifidobacterium populations, detected by NGS, diminish
SCFA production, weakening gut barrier integrity and
regulatory T�cell differentiation�key factors in TB
immune regulation [166�168].

Molecular mechanisms connecting GM alterations to
TB pathology, which are deciphered with the help of
NGS, involve metabolite�mediated immune modulation.
Host�microbiota immune crosstalk studies demonstrate
GM’s systemic impact on TB pathogenesis. Increased
intestinal permeability (�leaky gut�) allows microbial
product translocation into circulation, triggering
inflammatory pathways that compromise MTB contain-
ment. Dendritic cell�mediated T�cell priming in mesen-
teric lymph nodes and subsequent lung homing highlight
the gut�lung immunological axis, with dysbiosis
impairing this protective mechanism [39, 169].

Bioinformatics advancements, in dealing with the
complexity of NGS data in GM�TB studies, are essential.
Tools like QIIME2 and MetaPhlAn2 enable robust taxo-
nomic profiling, while PICRUSt and HUMANN2 predict
functional potentials. ML integration identifies microbial
biomarkers predictive of treatment response, facilitating
personalized therapeutic strategies through multi�omics
data fusion [170, 171].

TABLE 3 (Continued)

Method Properties Refs

Higher error rate compared to Illumina and PacBio (but advances in software
and base�calling algorithms have steadily improved accuracy and reliability)

Abbreviations: NGS, next�generation sequencing; PacBio, Pacific Biosciences.
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F IG U R E 7 (See caption on next page).
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