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ABSTRACT

Tuberculosis (TB) remains a leading cause of infectious disease mortality worldwide, driven by the emergence of
drug-resistant Mycobacterium tuberculosis (Mtb) strains and the limited efficacy of current therapeutic strategies.
Over the past two decades, Mycobacterium marinum (M. marinum), a close genetic relative of Mtb, has emerged as
a powerful surrogate model for investigating conserved mechanisms of TB pathogenesis and accelerating early-
stage therapeutic discovery. As a naturally pathogenic mycobacterium, M. marinum shares key virulence de-
terminants with Mtb, including ESX-1-dependent secretion, intracellular survival strategies, lipid-mediated
immune modulation, and the ability to induce granulomatous disease. Its compatibility with diverse experi-
mental systems—ranging from macrophage cultures to genetically tractable vertebrate hosts such as
zebrafish—enables real-time visualization of host-pathogen interactions, granuloma dynamics, immune regu-
lation, and bacterial dissemination in vivo. In addition to mechanistic pathogenesis studies, M. marinum provides
a scalable platform for phenotypic drug screening, host-directed therapeutic discovery, and early in vivo eval-
uation of antimicrobial candidates, thereby bridging the gap between in vitro assays and mammalian infection
models. This review synthesizes recent advances in the use of M. marinum across pathogenesis research, func-
tional genomics, and drug discovery, critically examining its strengths, limitations, and optimal positioning

within multi-tiered tuberculosis research pipelines.

1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), re-
mains one of the most devastating infectious diseases worldwide,
responsible for millions of new infections and over a million deaths
annually [1]. Despite the availability of combination chemotherapy, TB
control is increasingly challenged by prolonged treatment regimens,
drug toxicity, poor compliance, and the global spread of
multidrug-resistant strains [2,3]. These challenges underscore the ur-
gent need for improved mechanistic understanding of TB pathogenesis
and for accelerated development of new therapeutic strategies [4].

A central obstacle in TB research is the complex and dynamic nature
of host-pathogen interactions [5]. Successful infection depends on the
ability of mycobacteria to survive intracellularly, manipulate immune
responses, and persist within granulomatous lesions while adapting to
metabolic and environmental stresses [6,7]. While mammalian
models—particularly mice and non-human primates—have been indis-
pensable for studying TB, they are constrained by high cost, limited
scalability, biosafety requirements, and restricted access to real-time
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visualization of infection processes [8].

To complement these systems, surrogate mycobacterial models have
been developed that enable experimental access to conserved aspects of
TB biology under more tractable conditions. Among these, Mycobacte-
rium marinum (M. marinum) has emerged as one of the most biologically
relevant and experimentally versatile models for TB research.
M. marinum is a close genetic relative of Mtb and shares key virulence
determinants, including the ESX-1 secretion system, PE/PPE protein
families, and a lipid-rich cell wall that mediates host interaction and
immune modulation [9-11].

Importantly, M. marinum infection recapitulates hallmark features of
tuberculosis pathogenesis, including macrophage infection, granuloma
formation, necrosis, and bacterial dissemination. These processes can be
studied in real time using genetically tractable hosts such as zebrafish,
where optical transparency enables direct visualization of host-path-
ogen interactions at  cellular resolution [12,13]. The
zebrafish-M. marinum system has been particularly influential in rede-
fining granulomas as dynamic structures shaped by both host-protective
and pathogen-exploited mechanisms.
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It is important to distinguish between larval and adult zebrafish
when considering applications of the M. marinum infection model.
Zebrafish larvae possess a functional innate immune system but lack
mature adaptive immunity during the early stages of development,
making them particularly well suited for investigating early host-path-
ogen interactions, macrophage biology, granuloma initiation, and high-
resolution live imaging of infection. In contrast, adult zebrafish develop
fully functional adaptive immune responses and chronic caseating
granulomas that more closely resemble human tuberculosis, enabling
investigation of long-term infection, host-directed therapies, immune
regulation, and disease progression. Throughout this review, distinc-
tions between larval and adult zebrafish are highlighted where appro-
priate to emphasize the complementary roles of these experimental
systems.

Beyond pathogenesis, M. marinum has proven valuable as a surrogate
for early-stage anti-tuberculosis drug discovery. Its faster growth rate,
biosafety level 2 classification, and conserved drug targets allow rapid
screening and mechanistic interrogation of candidate compounds before
validation in Mtb [14]. When used strategically alongside mammalian
models, M. marinum provides a powerful experimental bridge between
reductionist in vitro assays and complex in vivo TB systems.

In this review, we synthesize current insights derived from
M. marinum-based studies, with emphasis on genetic and pathogenic
conservation with Mtb, contributions to TB pathogenesis research, ap-
plications in drug discovery and host-directed therapy, and emerging
experimental innovations. We also critically discuss the limitations of
this model and outline how it can be responsibly integrated into the
modern TB research pipeline.

2. Genetic and pathogenic similarities between M. marinum and
M. tuberculosis

M. marinum is one of the closest known genetic relatives of Mtb,
making it a biologically relevant surrogate for investigating tuberculosis
(TB) pathogenesis and host-pathogen interactions [9,15]. Although
these species diverged millions of years ago, they retain substantial
conservation in genes and pathways governing virulence, intracellular
survival, and immune modulation [9].

Comparative genomic analyses indicate that M. marinum shares
approximately 3000 orthologous genes with Mtb, encompassing core
metabolic enzymes, transcriptional regulators, and major virulence de-
terminants [9]. Among the conserved systems is the ESX-1 (Type VII)
secretion system, which mediates export of key virulence proteins such
as ESAT-6 and CFP-10 and is essential for phagosomal damage, cyto-
toxicity, macrophage recruitment, and granuloma formation [16,17].
While ESX-1 function is conserved, structural differences exist: compo-
nents of the ESX-1 locus are expanded or duplicated in M. marinum,
reflecting evolutionary diversification while maintaining conserved
virulence functions [9].

Both pathogens encode extensive PE/PPE protein families charac-
teristic of pathogenic mycobacteria and implicated in immune evasion,
antigenic variation, and host interaction [18]. Although the composition
and copy number of individual PE/PPE members differ between species,
the overall structural organization and immunomodulatory roles of
these proteins remain broadly conserved [18].

A further point of convergence lies in lipid metabolism and cell en-
velope architecture. M. marinum and Mtb possess complex lipid-rich cell
envelopes containing mycolic acids, phenolic glycolipids (PGL), and
phthiocerol dimycocerosates (PDIM), all contributing to virulence, im-
mune modulation, and intrinsic drug tolerance [19]. Notable
species-specific differences also exist; for example, certain lipid classes
such as lipo-oligosaccharides are prominent in M. marinum but absent in
Mtb, reflecting adaptation to distinct host niches while preserving core
pathogenic lipid functions [9]. Regulatory systems associated with
persistence and stress adaptation, including components of the DosR
dormancy regulon, are also functionally conserved, supporting the
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relevance of M. marinum for studying hypoxia-associated survival stra-
tegies [20].

At the pathogenic level, M. marinum infection in zebrafish induces
organized granuloma-like structures that recapitulate many defining
features of human TB lesions [12,17]. These include macrophage and
neutrophil recruitment, bacterial clustering, necrotic core formation,
and lesion-to-lesion dissemination [12]. Real-time imaging in optically
transparent zebrafish larvae has revealed that M. marinum exploits
infected macrophages as vehicles for migration and secondary lesion
formation, a process analogous to early dissemination events observed
in mammalian TB [21].

3. M. marinum in TB pathogenesis research

Understanding tuberculosis (TB) pathogenesis requires elucidating
the dynamic interplay between Mtb and host immune defenses,
including intracellular survival strategies, immune modulation, granu-
loma development, and early dissemination events. While mammalian
models have been indispensable for studying these processes, their
limited accessibility for high-resolution live imaging constrains real-
time investigation of early host-pathogen interactions. The
zebrafish-M. marinum infection system uniquely addresses this gap by
providing a genetically tractable vertebrate platform that enables direct
visualization and experimental manipulation of TB-relevant processes in
vivo, permitting mechanistic dissection of early infection events that are
difficult to resolve in traditional mammalian models [12,22].

Importantly, the zebrafish-M. marinum system is particularly suited
to address pathogenesis questions that are difficult to resolve in
mammalian models, including the cellular mechanisms governing early
granuloma nucleation, macrophage-driven bacterial dissemination, and
the spatial dynamics of host-pathogen signaling within intact tissues.
The ability to combine live imaging, genetic perturbation, and whole-
organism infection in a single vertebrate model uniquely positions this
system to dissect early events that determine infection outcome and
lesion evolution.

Zebrafish are natural hosts for M. marinum, allowing infection studies
without artificial pathogen adaptation. Larval zebrafish provide an
excellent platform for investigating early innate immune responses and
granuloma initiation, whereas adult zebrafish permit analysis of adap-
tive immunity and chronic granulomatous disease [22]. Their ex utero
development and optical transparency during embryonic and larval
stages permit high-resolution visualization of host-pathogen in-
teractions in real time. Within 48 h post-fertilization, zebrafish develop a
functional innate immune system sufficient to model early TB-like pro-
cesses, including phagocyte recruitment, bacterial uptake, and initiation
of granuloma formation [12]. Controlled microinjection of fluorescently
labeled bacteria into defined anatomical sites enables reproducible
infection kinetics and real-time tracking of bacterial dissemination and
nascent lesion development [12]. Although optical transparency is most
commonly associated with zebrafish embryos and larvae, adult trans-
parent zebrafish strains such as the casper line have further expanded
imaging applications by enabling visualization of infection processes
beyond early development. These fish combine the advantages of adult
adaptive immunity with improved optical accessibility, facilitating
longitudinal studies of chronic granuloma development, host immune
responses, and therapeutic interventions that are difficult to perform in
conventional pigmented adult zebrafish [23].

These imaging capabilities have revealed fundamental mechanisms
of granuloma biology that were previously inaccessible. Granuloma
formation—a defining hallmark of TB pathology—is robustly recapitu-
lated in the zebrafish-M. marinum system, where macrophages aggre-
gate at sites of bacterial deposition to form dynamic lesions that initially
restrict bacterial growth but can later become niches for necrosis and
bacterial escape [12,13]. Live imaging further demonstrated
granuloma-mediated dissemination, in which newly recruited macro-
phages acquire bacteria and transport them to secondary infection sites,
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closely paralleling early dissemination processes observed in mamma-
lian tuberculosis [12].

Mechanistically, M. marinum employs immune evasion strategies
that mirror those of Mtb, including phagosomal escape, modulation of
cytokine signaling, and manipulation of host cell death pathways.
Central to these processes is the ESX-1 secretion system, which promotes
membrane damage and cytosolic access and is essential for virulence in
both organisms [11]. Zebrafish infection studies show that
ESX-1-deficient strains form poorly organized, non-necrotic granulomas
with reduced immune recruitment and attenuated pathogenicity [24],
demonstrating the direct role of ESX-1 in shaping granuloma architec-
ture (see Table 1).

The genetic tractability of M. marinum further strengthens its utility
for pathogenesis research. The organism is amenable to transposon
mutagenesis, allelic exchange, and CRISPR interference (CRISPRi),
enabling systematic functional interrogation of orthologs of Mtb viru-
lence genes [25]. Using these approaches, ESX-1 components such as
espB, eccD1, and esxA have been shown to regulate macrophage
recruitment, granuloma formation, and dissemination in zebrafish,
closely mirroring phenotypes observed in mammalian TB models
(Table 2) [24]. CRISPRi-based repression of essential genes, including
the oxidative stress regulator rv367Ic, has further demonstrated
conserved survival mechanisms required for persistence within macro-
phages [35] (see Fig. 1).

Beyond bacterial genetics, the zebrafish-M. marinum model has
provided systems-level insights into host responses. Transcriptomic and
imaging studies have linked infection to activation of cytosolic sensing
pathways, inflammasome signaling, and type I interferon responses that
resemble early macrophage responses to Mtb [38,39]. Zebrafish gran-
ulomas (Fig. 2) also exhibit lipid accumulation and necrotic remodeling
accompanied by transcriptional signatures indicative of metabolic
reprogramming and lipid utilization, paralleling foam-cell formation
and caseation observed in human TB lesions [30,40].

Despite these strengths, limitations must be acknowledged. Larval
zebrafish lack fully developed adaptive immunity, restricting detailed
analysis of T-cell-dependent responses central to long-term TB control;
adult zebrafish partially overcome this limitation by supporting chronic
infection and adaptive immune responses [13]. Differences in host
physiology, body temperature, and granuloma microenvironment may
also influence gene expression and drug susceptibility, underscoring the
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importance of complementary validation in mammalian systems [10,
41].

Collectively, the zebrafish-M. marinum system occupies a distinctive
niche within the TB research pipeline: it enables mechanistic dissection
of early host-pathogen interactions, visualization of granuloma dy-
namics at cellular resolution, and in vivo functional validation of
conserved virulence determinants. When integrated with mammalian
models, it provides a powerful framework for identifying conserved
pathogenic mechanisms that drive tuberculosis progression [12,22].

4. M. marinum as a drug screening platform

The search for new tuberculosis (TB) therapeutics is constrained by
the slow growth rate, high biosafety requirements, and experimental
complexity of Mtb [8]. These limitations create major bottlenecks dur-
ing early-stage drug discovery, particularly when large compound li-
braries must be evaluated rapidly and cost-effectively. In this context,
M. marinum has emerged as a practical surrogate organism that pre-
serves many pharmacological and genetic features of Mtb while offering
substantially greater experimental accessibility [9,11].

In vitro, M. marinum supports biosafety level 2 (BSL-2) drug
screening using standard growth inhibition assays, including optical
density measurements, resazurin-based viability assays, and lumines-
cent reporter systems [14]. Its comparatively rapid growth—yielding
visible colonies within five to seven days—provides a major opera-
tional advantage over Mtb [27]. Conserved structural and physiological
features, including a lipid-rich cell wall, homologous stress response
pathways, and related efflux transporters, confer meaningful predictive
value to susceptibility profiles generated in M. marinum [9,19]. Conse-
quently, the system functions effectively as an upstream prioritization
filter for compounds targeting conserved bacterial pathways.

Several studies demonstrate that compounds active against
M. marinum frequently retain activity against Mtb during early screening
stages [14,42]. Accordingly, the model is particularly suited for identi-
fying inhibitors of conserved metabolic processes or host-dependent
mechanisms, rather than for screening prodrugs requiring Mtb-specific
activation pathways. For example, respiratory chain inhibitors such as
Q203 (telacebec), although originally identified using Mtb-based
screening platforms, show activity in M. marinum infection models,
supporting the translational relevance of conserved metabolic targets

Table 1
Comparison of key biological and experimental features of M. marinum and Mtb.
Feature M. marinum M. tuberculosis Relevance for TB modeling Reference
Genome size ~6.6 Mb ~4.4 Mb Larger genome in M. marinum reflects [15,26]
broader environmental niche
GC content ~65.8% ~65.6% High GC content conserved across both 9]
species
Time to visible colony  5-7 days at 28-32°C 2-4 weeks at 37°C M. marinum grows faster, enabling quicker ~ [27]
formation experiments

Optimal growth 28-32°C 37°C Restricts M. marinum modeling at human [10]
temperature (°C) body temperature

Biosafety level BSL-2 BSL-3 M. marinum more accessible in standard [14]

labs

ESX-1 secretion Present and functional Present and functional Critical virulence determinant in both [11]
system species

PE/PPE protein Present (extensively expanded; Expanded and diverse PE/PPE roles in immune modulation and [18,28]
families composition differs between species) antigenic variation

Lipid-rich cell wall Mycolic acids, PDIM, PGLs Mycolic acids, PDIM, PGLs Similar barriers affecting drug [19]

Granuloma formation Yes (zebrafish larvae/adult fish)
models)
Natural host Fish (primary), amphibians
Zebrafish larvae and adults;
macrophage infection models

Typical experimental
host/model

Drug screening
suitability

High (BSL-2 in vitro and zebrafish in
vivo)

Yes (mammalian hosts and experimental animal
Humans (primary host)

Mammalian models (mouse, guinea pig, rabbit, non-
human primates); macrophage infection models

Low (slow growth, BSL-3)

permeability, immune response

Zebrafish models early granuloma biology ~ [29,30]
well

M. marinum not adapted to human [10]
immune system

Illustrates the complementary [13]
experimental platforms used for TB

research

M. marinum used for early-stage, high- [14]

throughput screens
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Table 2
Functional studies using gene knockouts in M. marinum.
M. marinum M. tuberculosis Functional Phenotype in Reference
genes ortholog pathway zebrafish
infection model
esxA (ESAT- esxA ESX-1 secretion Impaired [31]
6) system, granuloma
phagosome formation,
escape reduced
macrophage
recruitment
espB espB ESX-1 Defective [32]
structural secretion,
component attenuated
virulence
eccD1 eccD1 ESX-1 Reduced [11]
membrane intracellular
component survival,
impaired
dissemination
whiB6 whiB6 Redox sensing, Altered ESX-1 [24]
ESX-1 activity,
regulation immune
modulation
pks2 pks2 Lipid synthesis Reduced [33]
(PGLs) granuloma
necrosis,
altered lipid
signaling
tgs1 tgsl1 Lipid Enhanced lipid [34]
metabolism/ storage and
persistence- persistence-
associated associated
triacylglycerol phenotype in
synthesis zebrafish
rv3671c rv3671c Oxidative Reduced [35]
ortholog stress response bacterial
(serine survival in
protease) macrophages
secA2 secA2 Protein export, Reduced [36]
immune dissemination,
modulation impaired
macrophage
escape
mmpL7 mmpL7 PDIM transport  Altered cell [37]
wall, reduced
virulence

across species [43].

Beyond cell culture assays, the natural ability of M. marinum to infect
zebrafish larvae enables whole-organism drug screening in a vertebrate
host [44]. Larval zebrafish are primarily used for medium-throughput
drug screening because of their optical transparency, rapid develop-
ment, and ease of compound administration, whereas adult zebrafish
provide complementary models for evaluating longer-term therapeutic
efficacy, chronic infection, and disease progression. The optical trans-
parency of zebrafish larvae permits real-time visualization of fluo-
rescently labeled bacteria, allowing direct quantification of bacterial
burden, granuloma dynamics, and immune cell recruitment during
treatment [12]. Compounds can be administered directly via the aquatic
environment, simplifying dosing while enabling simultaneous assess-
ment of antimicrobial efficacy and host toxicity [45]. Such in vivo assays
have identified compounds that reduce bacterial burden, disrupt gran-
uloma formation, or modulate host immune responses [43].

The platform has also proven valuable for evaluating nontraditional
therapeutic targets. Carbonic anhydrase inhibitors, for example, inhibit
M. marinum growth both in vitro and in vivo, demonstrating the suit-
ability of the model for screening mechanistically diverse enzyme-
targeting strategies [46-48]. Similarly, deletion of the glycosyl trans-
ferase gene epsH alters biofilm composition and increases antibiotic
tolerance in adult zebrafish infection models, highlighting how micro-
environmental factors shape drug response in vivo [49].
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Despite these advantages, several limitations must be considered.
M. marinum grows optimally at 28-32°C, which may influence host
physiology and compound pharmacokinetics in zebrafish-based assays
[41]. Differences in drug activation pathways can also generate false
negatives, particularly for prodrugs such as isoniazid and ethionamide
that require activation by Mtb-specific enzymes (KatG and EthA), which
are poorly expressed or absent in wild-type M. marinum [42]. Variations
in efflux activity and membrane permeability may further influence
compound accumulation and susceptibility [14,37].

Taken together, M. marinum is best positioned as an early-stage
discovery and prioritization system within a multi-tiered TB drug
development pipeline. When strategically integrated with Mtb-based
assays and mammalian infection models, it enables rapid identifica-
tion of promising leads, mechanistic interrogation of drug action, and
efficient filtering of candidates prior to resource-intensive validation
studies [10].

5. Expanding the therapeutic scope: host-directed therapies in
the Zebrafish—-M. marinum model

Beyond screening direct-acting antimycobacterial agents, the
M. marinum-zebrafish platform has emerged as a powerful system for
evaluating host-directed therapies (HDTs). Rather than targeting the
pathogen directly, HDTs aim to enhance the host's capacity to control
infection by modulating immune responses, cellular metabolism, or host
cell survival pathways. This strategy is particularly attractive for
tuberculosis, where immune dysregulation and tissue pathology
contribute substantially to disease progression [6]. The ability to visu-
alize and experimentally manipulate host responses in vivo makes the
zebrafish-M. marinum system especially well suited for testing such
host-targeted interventions in a whole-organism context [22].

A key advantage of this model is the capacity for real-time visuali-
zation of host immune dynamics during infection. Processes such as
macrophage activation, granuloma organization, immune cell recruit-
ment, and cytokine signaling can be monitored directly in intact verte-
brate hosts, enabling mechanistic assessment of how host modulation
influences infection outcome. This level of spatiotemporal resolution is
difficult to achieve in conventional mammalian systems, particularly
during early infection stages [12]. Although larval zebrafish are highly
valuable for visualizing early innate immune responses and screening
host-modulating compounds, many host-directed therapeutic studies
increasingly employ adult zebrafish because they possess fully devel-
oped adaptive immunity and develop chronic granulomatous lesions
that more closely resemble human tuberculosis. Consequently, adult
zebrafish provide a more physiologically relevant platform for evalu-
ating immunomodulatory therapies aimed at regulating both innate and
adaptive immune responses during chronic infection.

Proof-of-concept studies demonstrate the utility of this approach.
Pharmacological activation of autophagy pathways, including treatment
with the mTOR inhibitor rapamycin, has been shown to enhance
intracellular bacterial clearance and reduce M. marinum burden in
zebrafish infection models, illustrating how manipulation of conserved
host defense pathways can alter disease progression [22]. Similarly,
host-modulating compounds such as statins and nonsteroidal
anti-inflammatory drugs (NSAIDs), which influence lipid metabolism
and inflammatory signaling, have been reported to reduce granuloma
size and bacterial dissemination without exerting direct antibacterial
effects [22,38]. These findings support the concept that therapeutic
modulation of host pathways can complement conventional antimicro-
bial strategies.

Collectively, these studies highlight the versatility of the
zebrafish-M. marinum system as a discovery platform not only for
pathogen-directed drugs but also for host-targeted therapeutic strate-
gies. When integrated with conventional antimycobacterial regimens,
HDT approaches identified in this model have the potential to enhance
treatment efficacy, limit immunopathology, and reduce selective
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Fig. 1. Comparative overview of M. marinum and Mtb. Schematic comparison of the key biological, genetic, and experimental features of M. marinum and Mtb.
Both species share conserved virulence mechanisms, including the ESX-1 secretion system, PE/PPE protein families, and a lipid-rich cell envelope. However, they
differ in genome size, optimal growth temperature, host range, biosafety requirements, and experimental accessibility. M. marinum grows optimally at 28-32°C,
exhibits faster growth, and can be handled under BSL-2 conditions, enabling zebrafish infection models, live imaging, and medium- to high-throughput screening. In
contrast, M. tuberculosis is a strict human pathogen requiring BSL-3 containment, slower cultivation, and reliance on mammalian models with limited real-time
imaging capacity. Together, this comparison illustrates the complementary role of M. marinum as a surrogate model for studying conserved tuberculosis patho-
genesis mechanisms and for early-stage drug discovery, while recognizing the continued necessity of M. tuberculosis for clinical validation.
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Fig. 2. Granuloma formation in zebrafish infected with M. marinum.
Schematic representation of a granuloma forming in a zebrafish larva following
infection with M. marinum. Macrophages infected with M. marinum (pink/red
bacilli) accumulate within the granuloma core, where bacterial replication and
host cell death can lead to necrosis. These cells are surrounded by additional
macrophages and other innate immune cells, forming a dynamic multicellular
structure. The optical transparency of zebrafish larvae enables real-time, in vivo
visualization of immune cell recruitment, granuloma expansion, macrophage
turnover, and bacterial dissemination. This model has been instrumental in
revealing that granulomas are dynamic structures shaped by both host-
protective and pathogen-exploited processes during early mycobacterial infec-
tion. Although this schematic illustrates granuloma formation in zebrafish
larvae, complementary studies in adult zebrafish have extended these obser-
vations to chronic granulomatous disease involving both innate and adaptive
immune responses.

pressure for antibiotic resistance. Fig. 3 illustrates the integration of
antimicrobial and host-directed screening strategies within the
M. marinum drug discovery pipeline.

6. Emerging tools and innovations

As M. marinum continues to gain prominence as a surrogate model

for Mtb, a rapidly expanding range of technological advances is further
enhancing its value for tuberculosis (TB) research [10,11,22]. Recent
developments in genome engineering, systems biology, advanced im-
aging, adult zebrafish infection models, and ex vivo granuloma culture
have transformed the zebrafish-M. marinum platform from a convenient
experimental surrogate into a sophisticated system for investigating
host—pathogen interactions and accelerating therapeutic discovery [25,
38-40,50,51]. These innovations not only improve mechanistic under-
standing of TB pathogenesis but also expand opportunities for trans-
lational drug development under biosafety level 2 (BSL-2) conditions.
Fig. 4 summarizes the major technological advances that have
strengthened the M. marinum model.

One of the most significant developments has been the application of
CRISPR-based genome engineering technologies to M. marinum [25].
Efficient CRISPR-Cas9-mediated genome editing and CRISPR interfer-
ence (CRISPRi) now permit precise gene disruption or conditional
repression of essential genes, substantially accelerating functional ge-
netic studies compared with traditional allelic exchange approaches [25,
33,37]. Although comparable CRISPR methodologies have also been
established for Mtb [52], the M. marinum platform provides distinct
experimental advantages by combining efficient genetic manipulation
with rapid bacterial growth and compatibility with zebrafish infection
models. This combination enables functional interrogation of conserved
virulence determinants under experimentally accessible BSL-2 condi-
tions while facilitating direct validation of gene function in vivo.

The integration of transcriptomic, proteomic, and metabolomic ap-
proaches has further expanded the experimental capabilities of the
zebrafish-M. marinum model. RNA-sequencing studies have demon-
strated dynamic activation of inflammatory pathways, macrophage
polarization, cytokine signaling, and metabolic reprogramming during
infection, closely paralleling host responses observed in human TB [38,
39].  Complementary proteomic analyses have identified
ESX-1-dependent secreted proteins and outer membrane vesicle com-
ponents involved in immune modulation, whereas emerging metab-
olomic studies continue to reveal conserved metabolic adaptations
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Fig. 3. Integrated drug discovery and mechanistic workflow using
M. marinum. Schematic overview of how M. marinum is incorporated into anti-
tuberculosis drug discovery and mechanistic research pipelines. Initial in vitro
assays—including high-throughput screening, minimum inhibitory concentra-
tion (MIC) determination, and minimum duration for killing (MDK)
assays—exploit the rapid growth and BSL-2 safety profile of M. marinum to
enable scalable compound evaluation. In parallel, genetic and mechanistic
studies such as mutant analysis, target identification, and host response
profiling are performed using M. marinum and zebrafish-compatible tools.
Promising compounds and genetic hits are subsequently evaluated in vivo using
zebrafish infection models. Larval zebrafish enable high-resolution live imag-
ing, rapid drug screening, and assessment of host toxicity, whereas adult
zebrafish provide complementary models for investigating chronic infection,
adaptive immune responses, and long-term therapeutic efficacy. Lead candi-
dates emerging from these platforms are finally validated against Mtb in
established mammalian or macrophage models to confirm biological relevance
and translational potential. This integrated workflow combines speed, scal-
ability, and mechanistic insight to accelerate early-stage anti-tuberculosis drug
development.

associated with lipid metabolism, oxidative stress resistance, and
nutrient acquisition during infection. Collectively, these multi-omics
approaches provide systems-level insight into the molecular mecha-
nisms governing both bacterial persistence and host defense.

An important recent advance has been the development of adult
zebrafish infection models and ex vivo granuloma culture systems,
which extend the experimental capabilities of the model beyond early
larval infection. Unlike larvae, adult zebrafish possess fully developed
adaptive immunity and develop chronic caseating granulomas that more
closely resemble human tuberculosis lesions. Recent studies have
demonstrated that granulomas isolated from infected adult zebrafish can
be maintained ex vivo while preserving their cellular architecture, im-
mune composition, and bacterial viability. These ex vivo granuloma
platforms permit controlled investigation of granuloma maturation,
immune cell interactions, bacterial persistence, and therapeutic re-
sponses while preserving the structural and functional characteristics of
native granulomas, thereby providing an important experimental bridge
between in vivo infection models and reductionist cell culture systems
[53-55]. Together, these systems provide a powerful intermediate
platform for investigating granuloma biology, host-directed therapies,
and drug penetration under controlled experimental conditions while
reducing reliance on mammalian models. Furthermore, ex vivo granu-
loma cultures facilitate longitudinal imaging and mechanistic analysis of
granuloma remodeling that are difficult to achieve during intact animal
infection.

Advances in imaging technologies have similarly transformed
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investigation of host—pathogen interactions. The optical transparency of
zebrafish larvae enables automated high-content imaging platforms
capable of quantifying bacterial burden, granuloma architecture, im-
mune cell recruitment, and dissemination in real time [54]. The avail-
ability of transgenic zebrafish lines expressing fluorescent reporters in
macrophages, neutrophils, lymphocytes, and other immune cell pop-
ulations permits direct visualization of cellular behavior throughout
infection. Recent implementation of automated image-analysis plat-
forms, including CellProfiler- and artificial intelligence-assisted work-
flows, has substantially increased the throughput and reproducibility of
phenotypic analyses, thereby improving the efficiency of large-scale
genetic and drug screening studies [54].

Parallel advances in bacterial and host biosensor technologies have
further expanded the mechanistic utility of the model. Fluorescent
M. marinum reporter strains capable of monitoring intracellular pH,
oxidative stress, hypoxia, or metabolic activity provide spatially
resolved information regarding the diverse microenvironments
encountered during infection [55]. Likewise, transgenic zebrafish re-
porter lines for oxidative stress, autophagy, nitric oxide production,
inflammatory signaling, and immune activation enable simultaneous
visualization of host responses alongside bacterial behavior [22]. These
complementary biosensor systems are proving particularly valuable for
dissecting mechanisms of host-directed therapies and understanding
how therapeutic interventions reshape host—pathogen interactions
within granulomas.

Collectively, these technological advances have transformed the
zebrafish-M. marinum platform into an integrated experimental
ecosystem that combines precise genome engineering, multi-omics an-
alyses, advanced imaging, biosensor technologies, and increasingly so-
phisticated infection models. Future integration of spatial
transcriptomics, single-cell sequencing, machine learning-assisted
image analysis, organoid-based infection systems, and ex vivo granu-
loma platforms is expected to further enhance the translational value of
this model. Rather than replacing mammalian TB models, these in-
novations strengthen the role of M. marinum as a complementary dis-
covery platform that bridges fundamental biology with translational
tuberculosis research [51-53].

7. Advantages and caveats of M. marinum as a surrogate model
for tuberculosis research

No experimental model can fully recapitulate the complexity of
human tuberculosis (TB), and each occupies a distinct position within
the research pipeline. Rather than serving as a replacement for Mtb,
M. marinum provides an intermediate experimental platform that com-
bines biological relevance with practical accessibility. Its greatest
contribution lies in bridging simplified in vitro systems and high-
containment mammalian infection models, thereby enabling mecha-
nistic discovery and early translational research under biosafety level 2
(BSL-2) conditions.

Within the spectrum of mycobacterial models, M. marinum occupies
a unique niche between rapidly growing non-pathogenic species such as
Mycobacterium smegmatis (M. smegmatis) and the clinically relevant but
experimentally demanding Mtb [8,10]. M. smegmatis is highly suitable
for molecular biology and high-throughput biochemical screening
because of its rapid growth and genetic tractability; however, it lacks
many virulence determinants and host-pathogen interactions charac-
teristic of pathogenic mycobacteria. At the opposite end of the spectrum,
Mtb remains the definitive organism for investigating human tubercu-
losis but requires biosafety level 3 containment, grows slowly, and limits
real-time investigation of infection dynamics. By combining conserved
pathogenic mechanisms with vertebrate infection models and compar-
atively rapid growth, M. marinum effectively bridges these experimental
extremes and facilitates integrated in vitro and in vivo studies that are
difficult to achieve using either system alone [9,11,12].

The principal strengths of the M. marinum model therefore arise from
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Fig. 4. Emerging tools and innovations enhancing the M. marinum model. This schematic highlights recent advances that expand the experimental versatility of
M. marinum in tuberculosis research. Major technological advances include: (i) CRISPRi and inducible gene regulation systems for targeted manipulation and
functional studies; (ii) omics platforms — transcriptomics, proteomics, and metabolomics — for comprehensive pathway mapping and cross-species comparisons
with M. tuberculosis; (iii) high-throughput zebrafish imaging platforms, often using biosensor strains, that enable real-time visualization of infection dynamics and
large-scale drug screening; and (iv) 3D organoid models and ex vivo granuloma cultures for studying host-pathogen interactions in spatially organized microen-
vironments. Collectively, these tools reinforce M. marinum as a powerful and scalable model for TB biology and drug discovery.

this unique experimental position rather than from any single charac-
teristic. The combination of BSL-2 accessibility [8,10], compatibility
with genetically tractable zebrafish hosts, real-time visualization of
infection, and efficient genetic manipulation enables rapid functional
analysis of conserved virulence pathways and host responses [8,25,33].
These features have made M. marinum particularly valuable for inves-
tigating granuloma biology, identifying host factors that influence
infection outcome, and prioritizing therapeutic candidates before vali-
dation in mammalian tuberculosis models [12,22,43,44].

At the same time, the limitations of the model should be carefully
considered when interpreting experimental findings. M. marinum is
naturally adapted to lower environmental temperatures, and although
many virulence mechanisms are conserved with Mtb, temperature-
dependent gene regulation and host physiology differ from those
encountered during human infection [10,41]. Furthermore, larval
zebrafish primarily model innate immunity, whereas adaptive immune
responses mature only in adult fish [13,22]. Although adult zebrafish
overcome many of these limitations and develop chronic granulomatous
disease resembling human tuberculosis, species-specific differences
remain with respect to latency, host adaptation, and certain aspects of
immune regulation [10,13]. Similarly, differences in drug activation
pathways and bacterial physiology mean that findings obtained using
M. marinum should ultimately be validated in Mtb and mammalian
infection models before clinical translation [14,42].

Taken together, these considerations emphasize that the strength of
the M. marinum model lies not in reproducing every aspect of tubercu-
losis but in enabling experimental questions that are otherwise difficult
to address. Real-time visualization of host-pathogen interactions,
functional analysis of conserved virulence determinants, medium-
throughput in vivo drug screening, and mechanistic investigation of
host-directed therapies are areas in which the model provides excep-
tional value [10,11,22,43,44]. When integrated strategically with
complementary experimental systems, M. marinum serves as a powerful
bridge between fundamental biological discovery and translational
tuberculosis research. Fig. 5 summarizes the principal advantages, lim-
itations, and experimental positioning of the M. marinum model within
the contemporary tuberculosis research pipeline.

Model Selection Flowchart
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Fig. 5. Decision tree for selecting M. marinum or Mtb in TB research. A
flowchart guiding researchers in selecting an appropriate mycobacterial model
system based on specific experimental objectives. For studies focused on
tuberculosis pathogenesis, the choice depends on the need for specific host
models (e.g., zebrafish or mammals) and whether human-adapted immune re-
sponses are critical. For drug screening applications, the tree differentiates
between high-throughput needs and human-specific drug targets. M. marinum is
best suited for early-phase screening, imaging-based host-pathogen studies, and
conserved bacterial processes. Mtb remains the gold standard for validating
human-specific targets and modeling complex disease features including la-
tency and adaptive immunity. This decision framework helps balance experi-
mental feasibility with translational fidelity while emphasizing the
complementary roles of M. marinum and Mtb within the tuberculosis
research pipeline.
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8. Conclusion and future perspectives

Over the past two decades, M. marinum has evolved from a conve-
nient experimental organism into a central surrogate model for inves-
tigating tuberculosis (TB) biology. Through its genetic, structural, and
pathogenic similarities to Mtb, this system has provided key insights into
conserved virulence mechanisms, granuloma dynamics, host-pathogen
interactions, and early determinants of disease progression. Its natural
compatibility with zebrafish infection models has uniquely enabled real-
time visualization of infection processes at organismal and cellular
resolution, offering experimental access to biological events that are
difficult to capture in mammalian systems.

Beyond mechanistic studies, the experimental flexibility of
M. marinum—including BSL-2 accessibility, faster growth kinetics, and
genetic tractability—has positioned it as a valuable upstream platform
for functional genomics, phenotypic drug discovery, and host-directed
therapeutic exploration. Importantly, findings generated in this system
increasingly serve as hypothesis-generating and prioritization steps that
guide downstream validation in Mtb and mammalian models, reinforc-
ing its role within a multi-tiered translational pipeline.

Nevertheless, differences in host adaptation, temperature prefer-
ence, and certain species-specific genetic determinants necessitate
careful interpretation, particularly for questions involving human-
specific immunity, latency, or long-term pathogenesis. The greatest
value of M. marinum therefore lies not in replicating all aspects of human
tuberculosis, but in enabling discovery of conserved mechanisms and
experimentally tractable pathways that inform studies in more complex
systems.

Future advances integrating CRISPR-based genetic modulation,
high-resolution omics, automated imaging, and systems-level compu-
tational analysis are expected to further enhance the power of the
M. marinum platform. Coupled with adult zebrafish infection models and
emerging granuloma or organoid systems, these developments will
allow deeper exploration of chronic infection, immune regulation, and
therapeutic vulnerabilities.

In summary, M. marinum represents a complementary experimental
bridge between reductionist in vitro systems and high-containment Mtb
studies. When strategically integrated into the tuberculosis research
pipeline, it provides speed, scalability, and mechanistic clarity that
continue to accelerate discovery and translational progress in TB
research.
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