New models for the study of Mycobacterium–host interactions
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The outcome of Mycobacterium infection is determined by a
series of complex interactions between the bacteria and host
immunity. Traditionally, mammalian models and cultured cells
have been used to study these interactions. Recently, ameba
(Dictyostelium), fruit flies (Drosophila) and zebrafish, amenable
to forward genetic screens, have been developed as models
for mycobacterial pathogenesis. Infection of these hosts with
mycobacteria has allowed the dissection of intracellular
trafficking pathways (Dictyostelium) and the roles of phagocytic
versus antimicrobial peptide responses (Drosophila). Real-time
visualization of the optically transparent zebrafish embryo/
larva has elucidated mechanisms by which Mycobacteriuminfected leukocytes migrate and subsequently aggregate
into granulomas, the hallmark pathological structures of
tuberculosis.
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necrosis, creating an acellular ‘caseous’ center containing
mycobacteria [2].

The mouse model of tuberculosis
The mouse is the most commonly used experimental
animal to model human tuberculosis (TB); the extensive
repertoire of immunologic reagents and assays, as well as
the facility of generating germline mutations, make it
ideal for reverse genetic approaches and ex vivo studies
[3,4]. Transgenic and knockout mouse lines have
advanced our understanding of adaptive immune
responses to mycobacteria. However, the mouse model
is limited by the difficulty of forward genetic or phenotypic screens; moreover, Mycobacterium tuberculosis (M. tb)
is not a natural pathogen of mice and the course of TB in
mice does not possess certain crucial hallmarks of human
disease. For example, mice develop progressively coalescing, multibacillary, noncaseating lesions rather than
the organized, discrete, paucibacillary, caseous granulomas of human TB (Figure 1).
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Abbreviations
AMP antimicrobial peptide
M. tb Mycobacterium tuberculosis
TB
tuberculosis
TLR
Toll-like receptor

Introduction
Infection with a given pathogen often leads to distinct
outcomes in individual hosts; the basis of this variability
depends on a complex interplay between pathogen and
host. In the case of tuberculous infections, an unusually
wide spectrum of outcomes can result: complete clearance of infection, progressive disseminated disease or an
initially asymptomatic infection that can progress to overt
clinical disease later [1]. This so-called ‘latent’ infection is
presumed to be contained in granulomas, complex structures composed of differentiated macrophages, lymphocytes and other immune cells [2]. In humans and certain
other species, the centers of granulomas may undergo
www.sciencedirect.com

A complete understanding of bacterial pathogenesis
requires attention to the still-elusive host factors that
determine outcomes of infection (Table 1). Although
mice remain commonly used animal models for most
infectious diseases, there is a surge of interest in developing alternative hosts to better model selected aspects of
bacterial–host interactions. Dictyostelium discoideum serves
as a surrogate macrophage, Caenorhabditus elegans [5] and
Drosophila melanogaster [6] are useful in the study of
conserved innate immune mechanisms, and zebrafish
are suited to the study of both innate and adaptive
immunity.
To study aspects of TB that are inaccessible in the mouse,
researchers have developed Dictyostelium, Drosophila and
zebrafish as model hosts (C. elegans, a well-established
model host for other bacterial pathogens, is resistant to
mycobacterial infection; [5] and C Darby and LR, unpublished results). All of these models take advantage of
the low optimal growth temperature of Mycobacterium
marinum, a pathogen of ectotherms that is closely related
to Mycobacterium tuberculosis [7] (http://www.sanger.ac.uk/
Projects/M_marinum/).

M. marinum as a model pathogen
Owing to its optimal growth range of 25–358C [8],
M. marinum is a natural pathogen of ectotherms such as
frogs, goldfish and zebrafish. In these hosts, a granulomatous infection develops with key features of human TB
[9–11]. Specifically, goldfish and zebrafish granulomas
Current Opinion in Immunology 2004, 16:499–505
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Figure 1

Examples of mycobacterial granulomas in various hosts. Arrows indicate granulomas, arrowheads indicate caseous, acellular centers. (a)
Hematoxylin and eosin stain of M. tuberculosis granuloma in mouse lung, six weeks post-infection. (b) Hematoxylin and eosin stain of caseating
M. tuberculosis granuloma in human lung. (c) Hematoxylin and eosin stain of caseating M. marinum granulomas in adult zebrafish muscle tissue,
six weeks post-infection.

have the characteristic caseous centers of human TB
[11,12]. Consistent with its temperature requirements,
M. marinum causes a granulomatous infection on the cooler
surfaces of warm-blooded hosts, including humans; people
who work with fish are susceptible to ‘fish tank granulo-

mas’ [13] that bear all the same features of M. tb granulomas. In addition, reactivation of systemic disease has
been reported in fish similar to reactivation TB in humans
[14]. M. marinum grows more rapidly than M. tb and has
fewer biosafety restrictions. Given these advantages and

Table 1
Comparison of different model hosts for tuberculosis.
Host–pathogen
pair

Pathologic features

Disease course

Relevant immune
components present

Potential for genetic study
of host-determinants

Human–M. tb

Granulomas often caseous.
Infection can be
asymptomatic (latent) or
symptomatic. Disseminated
disease can result involving
multiple organs.
Caseating superficial
granulomas

Wide range: clearance,
‘latent’ infection
(paucibacillary) with
potential for later
reactivation, disseminated
disease can be lethal
Skin and soft tissue
infection in
immunocompetent hosts.
Rarely disseminates.
Progressive multibacillary
disease, eventually lethal

Macrophages, dendritic
cells, TLR pathway, TNF-a,
IFN-g, chemokines, T cells

Identification of
polymorphisms in
susceptible populations,
identification of spontaneous
mutants

As above

As above

Macrophages, dendritic
cells, TLR pathway, TNF-a,
IFN-g, chemokines, T cells

Human–M. marinum

Mouse–M. tb

Non-caseous granulomas
in majority of strains

Zebrafish adults–
M. marinum

Caseating granulomas

Adult fish infected as
embryos can survive for
months with granulomas

Macrophages, TLR
pathway, TNF- a, IFNg, chemokines, T cells

Zebrafish embryos–
M. marinum

Macrophage aggregates
with pathological features
and molecular features
of adult granulomas.

As above but lacking
adaptive immunity.
Lymphocytes circulate at
21 days post-fertilization

Drosophila–
M. marinum

Infected plasmatocytes.
Severe tissue damage
and bacterial abscesses
N/A

Embryos can survive to
adulthood if infected at
low levels, or succumb in
two weeks if infected
with high doses
Lethal infection
with few bacteria

Reverse genetics and
transgenic lines established,
unparalleled immunologic
reagents. Limited forward
genetics
Forward genetic screens and
transgenic lines established.
Reverse genetics in adults
being developed
As above; in addition,
reverse genetics in embryos/
larvae established using
morpholino technology

Plasmatocytes
(phagocytic cells)

Forward genetic screens and
reverse genetics feasible

N/A

Macrophage-like

Haploid genome facilitates
genetic approaches

Dictyostelium–
M. marinum

Abbreviations: IFN, interferon; TLR, Toll-like receptor; TNF, tumor necrosis factor.
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pathogenic similarities, M. marinum is used increasingly to
model M. tb pathogenesis [15,16,17].

Immune responses to mycobacteria
Whether mycobacteria are inhaled into a lung or breach
an epidermal barrier, they first encounter innate immune
cells that immediately sense the pathogen and set off a
cascade of immune responses [18]. Mammalian Toll-like
receptors (TLRs), present on macrophages and dendritic
cells, play an important role in the recognition of mycobacteria and subsequent cytokine production and costimulatory molecule expression. Nevertheless, in some
cases mycobacteria survive and replicate within macrophages, partly through inhibition of phagosome acidification and maturation [19,20]. In mammals, mycobacterialaden immune cells subsequently migrate into the tissues,
including regional lymph nodes [21–23]. Within weeks,
an adaptive immune response develops that is critical for
granuloma maintenance and disease outcome, as evidenced by the fulminant TB disease in mice lacking T
lymphocytes [24,25] and in people with AIDS [26]. The
mobilization and aggregation of innate and adaptive
immune cells into granulomas is poorly understood,
and the use of the newly developed models in conjunction with the traditional mammalian models should
facilitate a genetic dissection of the relevant host determinants.

Dictyostelium discoideum
On an evolutionary time-scale, amebae may have served
as the training ground for intramacrophage pathogens
[27]. Dictyostelium discoideum, a free-living ameba, can
be considered a genetically tractable macrophage model.
This organism has been exploited to investigate the
phagocytosis and intracellular survival mechanisms of
the pathogens Legionella pneumophila and Cryptococcus
neoformans [28–31]. The haploid genome of Dictyostelium
facilitates gene mutation making this organism well
suited for genetic studies of conserved aspects of
macrophage biology.
M. avium and M. marinum infect Dictyostelium, replicate
within intracellular vacuoles and show similar growth as
in cultured mammalian macrophages [28,32]. Recent
studies with Dictyostelium have questioned the role of a
vacuolar protein, coronin, in intracellular mycobacterial
trafficking. The retention of the phagosomal protein
coronin/TACO (Tryptophan aspartate-containing coat
protein) in murine macrophages was reported to be
required for inhibition of phagolysosome fusion and consequently to promote mycobacterial growth [33]. Human
macrophages that are incubated with clumps of BCG also
demonstrate retention of coronin on phagolysomes; however, incubation of macrophages with dilute cultures of
BCG did not lead to the persistence of coronin on
phagolysomes [34], thus differing from these observations
by Ferrari and co-workers [33] in murine macrophages.
www.sciencedirect.com

Dictyostelium lacking coronin have impaired phagocytosis
for inert particles in suspension culture [35]. However,
mycobacterial replication was actually enhanced in the
coronin mutant [32], similar to the enhanced growth of
Legionella in coronin-mutant Dictyostelium [30]. Extrapolation from these results to mammalian systems is complicated by the existence of multiple mammalian coronin
isoforms; Dictyostelium coronin may not be the orthologue
of the mammalian coronin relevant to this process. Nevertheless, this report illustrates the feasibility of using easily
generated mutant strains of ameba to determine the
genetic basis of mycobacterial trafficking in mammalian
macrophages.

Drosophila melanogaster
Drosophila is an established model for innate immune
function. Indeed, the discovery of mammalian TLRs
followed the identification of the Drosophila gene Toll,
required for certain antimicrobial peptide (AMP)
responses [36]. Drosophila secrete a wide variety of AMPs
in response to infectious threat and possess phagocytic
cells called plasmatocytes that engulf and destroy bacterial pathogens. Interestingly, Drosophila have a separate
hematopoetic cell lineage that differentiates into lamellocytes, which undergo epithelioid cell transformation to
surround foreign bodies, such as wasp eggs, too large to be
engulfed by a plasmatocyte. This phenomenon is reminiscent of the epithelioid transformation of macrophages
in tuberculous and foreign body granulomas of vertebrates. Drosophila are susceptible to infection with
Gram-positive [37] and Gram-negative bacterial pathogens of humans [38]. In addition to its eminent genetic
tractability at the whole organism level, Drosophila offers
a unique advantage for genetic studies of pathogenesis:
the S2 Drosophila macrophage cell line has been used in
screens for genes important in phagocytosis, and the role
of these genes has been subsequently tested in vivo
[39,40].
As Drosophila do not possess adaptive immune responses,
the contribution of innate immune responses to mycobacteria can be examined in isolation [6]. Infecting
M. marinum are phagocytosed by hemocytes with the
induction of Mycobacterium genes known to be specifically
activated in vertebrates following phagocytosis [41,42].
In Drosophila, phagocytosis may be a more relevant host
response to Mycobacterium than the AMP pathways [41].
Strikingly, the expression of the five AMP genes examined was induced following Listeria monocytogenes
(a Gram-positive intracellular pathogen) but not M. marinum infection. Moreover, mutants in the imd(key) and
Toll(spz) pathways, important in AMP responses to
Gram-negative and Gram-positive/fungal pathogens
respectively [6,43] did not have increased susceptibility
to M. marinum. The role of TLRs in mycobacterial
infection is complex [44]; the Drosophila results raise
the possibility that vertebrate TLR signaling impacts
Current Opinion in Immunology 2004, 16:499–505
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Figure 2

Entire zebrafish embryo with multiple discrete aggregates, six days after infection, fluorescent image.

infection by crosstalk with adaptive immunity rather than
by affecting the microbicidal potential of phagocytic/
innate immune responses per se. This can be tested in
the zebrafish where innate responses can be temporally
isolated from adaptive ones (see below).

Zebrafish
Zebrafish are particularly relevant model hosts because in
addition to innate responses, they have a complex adaptive immune system akin to that of mammals [45,46].
Adult zebrafish have been used to model Streptococcus
and Mycobacterium infections [11,47] while zebrafish
embryos and larvae have been exploited to examine
Mycobacterium and Salmonella pathogenesis [48,49].
Several types of genetic manipulations are possible in
the zebrafish: forward genetic screens have identified
genes involved in development and hematopoesis
[46,50,51] and anti-sense oligonucleotides can be used
to functionally inactivate genes in early embryos [52].
The zebrafish system excels for forward genetics but is
limited in reverse genetics given the lack of embryonic
stem cell lines and homologous recombination. However,
rag1 mutant zebrafish were recently isolated by screening
a bank of mutants [53] opening the way for alternative
approaches to reverse genetic techniques developed for
the mouse.

Zebrafish embryos provide a particularly enticing system
to study pathogenesis because they are transparent for the
first three weeks of development, allowing real-time
monitoring in live animals of host-pathogen interactions
and of fluorescent transgenic immune cells [48,54]
(Figure 2). Germane to the study of mycobacterial pathogenesis, zebrafish embryos have macrophages that are
functionally competent for infection [45] (Figure 3).
M. marinum are phagocytosed by these macrophages
which subsequently migrate into deeper tissues and aggregate into granuloma-like structures [48] (Figure 4). Imaging of the initial Mycobacterium–macrophage interactions
reveal novel mechanisms of bacterial spread such as the
attraction of uninfected macrophages into the aggregates
and inter-macrophage transfer of bacteria [48].
A unique feature of the zebrafish–M. marinum system is
the possibility of infecting embryos and following macrophage aggregation and granuloma maturation into adulthood. This is done in real time for the first three weeks
and by more traditional methods such as tissue histology and immunocytochemistry thereafter. Initially the
embryo has only macrophages and neutrophils; thymic
development begins at 3 days and circulating lymphocytes do not appear until approximately 21 days postfertilization [55]. Therefore, it is possible to study the

Figure 3

(a) Individual infected macrophages in tissues, two days post-fertilization, one day post-infection, DIC (differential interference contrast)
image. (b) Same macrophages, revealing fluorescence of bacteria in DIC/fluorescent overlay image.
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Figure 4

(a) Aggregate of infected macrophages in six days post-fertilization zebrafish embryo, DIC image. (b) Identical aggregate, revealing
fluorescence of bacteria in DIC/fluorescent overlay image.

effects of innate immune interactions in an isolated
fashion during embryonic infection and to monitor the
impact of adaptive immunity as the infected embryo
matures. Conversely, it should also be possible to study
the impact of infection on immune development. The
zebrafish embryo model has already provided new insight
into the contribution of innate immunity to tuberculous
granuloma formation. Macrophage aggregates, possessing
pathological hallmarks of granulomas and supporting
activation of Mycobacterium granuloma-specific genes,
develop well before the onset of adaptive immunity
[48]. This observation reveals that many specific structural features of granulomas result purely from mycobacteria interacting with innate immunity. As these
granulomas mature, they become more paucibacillary
confirming that adaptive immunity plays a role in containing the infection, as in mammals [18,25], (D Beery and
LR, unpublished observations). Relevant to human granulomas, mature zebrafish granulomas caseate (Figure 1),
allowing the exploitation of this novel host to investigate
the role of caseation in mycobacterial disease.

Conclusions
Model systems provide insights into specific aspects of
complex host-pathogen relationships that are impossible
to study in humans. Fundamental aspects of mycobacterial infection, such as bacterial recognition, phagocytosis,
and macrophage migration/aggregation are highly conserved throughout evolution. Further understanding of
these conserved mechanisms will complement knowledge gained from mammalian studies and yield new
insights that will help solve the formidable global challenge of tuberculosis.

Acknowledgements
We thank K Urdahl, C Cosma, D Schneider, D Tobin and
P Pottinger for critical reading of the manuscript, and O Humbert
and K Urdahl for photographs. Supported by NIH RO1AI054503 to LR
and training grant ‘Academic Pediatric Infectious Diseases’
www.sciencedirect.com

T32 HD07233-23 and a Pediatric Infectious Disease Society-St Jude
Research Basic Research Fellowship to TCP.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:
 of special interest
 of outstanding interest
1.

Frieden TR, Sterling TR, Munsiff SS, Watt CJ, Dye C: Tuberculosis.
Lancet 2003, 362:887-899.

2.

Cosma CL, Sherman DR, Ramakrishnan L: The secret lives of the
pathogenic mycobacteria. Annu Rev Microbiol 2003, 57:641-676.

3.

Kaufmann SH: Immune response to tuberculosis: experimental
animal models. Tuberculosis (Edinb) 2003, 83:107-111.

4.

Orme IM: The mouse as a useful model of tuberculosis.
Tuberculosis (Edinb) 2003, 83:112-115.

5.

Couillault C, Ewbank JJ: Diverse bacteria are pathogens of
Caenorhabditis elegans. Infect Immun 2002, 70:4705-4707.

6.

Hoffmann JA: The immune response of Drosophila.
Nature 2003, 426:33-38.

7.

Tonjum T, Welty DB, Jantzen E, Small PL: Differentiation of
Mycobacterium ulcerans, M. marinum, and M. haemophilum:
mapping of their relationships to M. tuberculosis by fatty acid
profile analysis, DNA–DNA hybridization, and 16S rRNA gene
sequence analysis. J Clin Microbiol 1998, 36:918-925.

8.

Clark HF, Shepard CC: Effect of Environmental Temperatures
on Infection with Mycobacterium Marinum (Balnei) of Mice
and a Number of Poikilothermic Species. J Bacteriol 1963,
86:1057-1069.

9.

Talaat AM, Reimschuessel R, Wasserman SS, Trucksis M:
Goldfish, Carassius auratus, a novel animal model for the study
of Mycobacterium marinum pathogenesis. Infect Immun 1998,
66:2938-2942.

10. Bouley DM, Ghori N, Mercer KL, Falkow S, Ramakrishnan L:
Dynamic nature of host-pathogen interactions in
Mycobacterium marinum granulomas. Infect Immun 2001,
69:7820-7831.
11. Prouty MG, Correa NE, Barker LP, Jagadeeswaran P, Klose KE:
Zebrafish–Mycobacterium marinum model for mycobacterial
pathogenesis. FEMS Microbiol Lett 2003, 225:177-182.
12. Talaat AM, Trucksis M, Kane AS, Reimschuessel R: Pathogenicity
of Mycobacterium fortuitum and Mycobacterium smegmatis
to goldfish, Carassius auratus. Vet Microbiol 1999,
66:151-164.
Current Opinion in Immunology 2004, 16:499–505

504 Host–pathogen interactions

13. Lewis FM, Marsh BJ, von Reyn CF: Fish tank exposure and
cutaneous infections due to Mycobacterium marinum:
tuberculin skin testing, treatment, and prevention.
Clin Infect Dis 2003, 37:390-397.
14. Gauthier DT, Rhodes MW, Vogelbein WK, Kator H, Ottinger CA:
Experimental mycobacteriosis in striped bass Morone
saxatilis. Dis Aquat Organ 2003, 54:105-117.
15. Chan K, Knaak T, Satkamp L, Humbert O, Falkow S, Ramakrishnan

L: Complex pattern of Mycobacterium marinum gene
expression during long- term granulomatous infection.
Proc Natl Acad Sci USA 2002, 99:3920-3925.
This paper describes the isolation of mycobacterial fluorescent reporter
gene fusions that are induced at distinct stages of granuloma formation.
These reporters thus serve as versatile probes for granuloma formation
and maturation.
16. Gao LY, Groger R, Cox JS, Beverley SM, Lawson EH, Brown EJ:
Transposon mutagenesis of Mycobacterium marinum
identifies a locus linking pigmentation and intracellular
survival. Infect Immun 2003, 71:922-929.
17. Stamm LM, Morisaki JH, Gao LY, Jeng RL, McDonald KL, Roth R,
Takeshita S, Heuser J, Welch MD, Brown EJ: Mycobacterium
marinum escapes from phagosomes and is propelled by actinbased motility. J Exp Med 2003, 198:1361-1368.
18. Flynn JL: Immunology of tuberculosis and implications in
vaccine development. Tuberculosis (Edinb) 2004, 84:93-101.
19. Sturgill-Koszycki S, Schlesinger PH, Chakraborty P, Haddix PL,
Collins HL, Fok AK, Allen RD, Gluck SL, Heuser J, Russell DG: Lack
of acidification in Mycobacterium phagosomes produced by
exclusion of the vesicular proton-ATPase. Science 1994,
263:678-681.
20. Frehel C, de Chastellier C, Lang T, Rastogi N: Evidence for
inhibition of fusion of lysosomal and prelysosomal
compartments with phagosomes in macrophages infected
with pathogenic Mycobacterium avium. Infect Immun 1986,
52:252-262.
21. Geijtenbeek TB, Van Vliet SJ, Koppel EA, Sanchez-Hernandez M,
Vandenbroucke-Grauls CM, Appelmelk B, Van Kooyk Y:
Mycobacteria target DC-SIGN to suppress dendritic cell
function. J Exp Med 2003, 197:7-17.
22. Tailleux L, Schwartz O, Herrmann JL, Pivert E, Jackson M, Amara A,
Legres L, Dreher D, Nicod LP, Gluckman JC et al.: DC-SIGN is the
major Mycobacterium tuberculosis receptor on human
dendritic cells. J Exp Med 2003, 197:121-127.
23. Teitelbaum R, Schubert W, Gunther L, Kress Y, Macaluso F, Pollard
JW, McMurray DN, Bloom BR: The M cell as a portal of entry to
the lung for the bacterial pathogen Mycobacterium
tuberculosis. Immunity 1999, 10:641-650.
24. Caruso AM, Serbina N, Klein E, Triebold K, Bloom BR, Flynn JL:
Mice deficient in CD4 T cells have only transiently diminished
levels of IFN-gamma, yet succumb to tuberculosis. J Immunol
1999, 162:5407-5416.
25. Mogues T, Goodrich ME, Ryan L, LaCourse R, North RJ:
The relative importance of T cell subsets in immunity and
immunopathology of airborne Mycobacterium tuberculosis
infection in mice. J Exp Med 2001, 193:271-280.
26. Cahn P, Perez H, Ben G, Ochoa C: Tuberculosis and HIV:
a partnership against the most vulnerable. J Int Assoc Physicians
AIDS Care (Chic Ill) 2003, 2:106-123.
27. Primm TP, Lucero CA, Falkinham JO III: Health impacts
of environmental mycobacteria. Clin Microbiol Rev 2004,
17:98-106.
28. Skriwan C, Fajardo M, Hagele S, Horn M, Wagner M, Michel R,
Krohne G, Schleicher M, Hacker J, Steinert M: Various bacterial
pathogens and symbionts infect the amoeba Dictyostelium
discoideum. Int J Med Microbiol 2002, 291:615-624.

analysis of host-pathogen interactions. Trends Microbiol 2000,
8:478-480.
31. Hagele S, Kohler R, Merkert H, Schleicher M, Hacker J, Steinert M:
Dictyostelium discoideum: a new host model system for
intracellular pathogens of the genus Legionella. Cell Microbiol
2000, 2:165-171.
32. Solomon JM, Leung GS, Isberg RR: Intracellular replication of
 Mycobacterium marinum within Dictyostelium discoideum:
efficient replication in the absence of host coronin.
Infect Immun 2003, 71:3578-3586.
Creation of a Dictyostelium strain lacking coronin revealed a surprising
result: intracellular replication of both M. marinum and Legionella was
enhanced in the absence of coronin. This result is in opposition to the
effect of coronin on mycobacterial replication that was predicted from
mammalian studies.
33. Ferrari G, Langen H, Naito M, Pieters J: A coat protein on
phagosomes involved in the intracellular survival of
mycobacteria. Cell 1999, 97:435-447.
34. Schuller S, Neefjes J, Ottenhoff T, Thole J, Young D: Coronin is
involved in uptake of M. bovis BCG in human macrophages but
not in phagosome maintenance. Cell Microbiol 2001, 3:785-793.
35. Maniak M, Rauchenberger R, Albrecht R, Murphy J, Gerisch G:
Coronin involved in phagocytosis: dynamics of particleinduced relocalization visualized by a green fluorescent
protein Tag. Cell 1995, 83:915-924.
36. Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA:
The dorsoventral regulatory gene cassette spatzle/Toll/
cactus controls the potent antifungal response in
Drosophila adults. Cell 1996, 86:973-983.
37. Mansfield BE, Dionne MS, Schneider DS, Freitag NE: Exploration
of host-pathogen interactions using Listeria monocytogenes
and Drosophila melanogaster. Cell Microbiol 2003, 5:901-911.
38. D’Argenio DA, Gallagher LA, Berg CA, Manoil C: Drosophila as a
model host for Pseudomonas aeruginosa infection.
J Bacteriol 2001, 183:1466-1471.
39. Cheng LW, Portnoy DA: Drosophila S2 cells: an alternative
infection model for Listeria monocytogenes.
Cell Microbiol 2003, 5:875-885.
40. Ramet M, Manfruelli P, Pearson A, Mathey-Prevot B, Ezekowitz RA:
Functional genomic analysis of phagocytosis and identification
of a Drosophila receptor for E. coli. Nature 2002, 416:644-648.
41. Dionne MS, Ghori N, Schneider DS: Drosophila melanogaster is a
 genetically tractable model host for Mycobacterium marinum.
Infect Immun 2003, 71:3540-3550.
Capitalizing on the genetic tractability of Drosophila, as well as extensive
tools to examine innate immunity, this paper characterizes infection with
M. marinum, confirming that phagocytosis and aggregation occurs as it
does in vertebrates. The most striking finding was the lack of involvement
of the AMP pathway, which has been shown to play a role in the response
of Drosophila to other bacterial pathogens.
42. Ramakrishnan L, Federspiel NA, Falkow S: Granuloma-specific
expression of Mycobacterium virulence proteins from the
glycine-rich PE-PGRS family. Science 2000, 288:1436-1439.
43. De Gregorio E, Spellman PT, Tzou P, Rubin GM, Lemaitre B: The
Toll and Imd pathways are the major regulators of the immune
response in Drosophila. EMBO J 2002, 21:2568-2579.
44. Krutzik SR, Modlin RL: The role of Toll-like receptors in
combating mycobacteria. Semin Immunol 2004, 16:35-41.
45. Herbomel P, Thisse B, Thisse C: Ontogeny and behaviour of early
macrophages in the zebrafish embryo. Development 1999,
126:3735-3745.
46. Traver D, Herbomel P, Patton EE, Murphey RD, Yoder JA, Litman
GW, Catic A, Amemiya CT, Zon LI, Trede NS: The zebrafish as a
model organism to study development of the immune system.
Adv Immunol 2003, 81:253-330.

29. Steinert M, Leippe M, Roeder T: Surrogate hosts: protozoa and
invertebrates as models for studying pathogen–host
interactions. Int J Med Microbiol 2003, 293:321-332.

47. Neely MN, Pfeifer JD, Caparon M: Streptococcus–zebrafish model
of bacterial pathogenesis. Infect Immun 2002, 70:3904-3914.

30. Solomon JM, Isberg RR: Growth of Legionella pneumophila
in Dictyostelium discoideum: a novel system for genetic

48. Davis JM, Clay H, Lewis JL, Ghori N, Herbomel P, Ramakrishnan L:
 Real-time visualization of mycobacterium–macrophage

Current Opinion in Immunology 2004, 16:499–505

www.sciencedirect.com

Mycobacterium–host interactions Pozos and Ramakrishan 505

interactions leading to initiation of granuloma formation in
zebrafish embryos. Immunity 2002, 17:693-702.
Exploiting the transparent zebrafish embryos, phagocytosis and aggregation of macrophages was studied in real-time, and novel mechanisms
of bacterial dissemination were directly observed. A crucial new insight
was the temporal observation that aggregation of infected macrophages
precedes the development of lymphocytes; therefore the initial steps of
granuloma formation require only innate and not adaptive immune functions.
49. van der Sar AM, Musters RJ, van Eeden FJ, Appelmelk BJ,
Vandenbroucke-Grauls CM, Bitter W: Zebrafish embryos as a
model host for the real time analysis of Salmonella
typhimurium infections. Cell Microbiol 2003, 5:601-611.
50. Weinstein BM, Schier AF, Abdelilah S, Malicki J, Solnica-Krezel L,
Stemple DL, Stainier DY, Zwartkruis F, Driever W, Fishman MC:
Hematopoietic mutations in the zebrafish. Development 1996,
123:303-309.
51. Ransom DG, Haffter P, Odenthal J, Brownlie A, Vogelsang E, Kelsh
RN, Brand M, van Eeden FJ, Furutani-Seiki M, Granato M et al.:

www.sciencedirect.com

Characterization of zebrafish mutants with defects in
embryonic hematopoiesis. Development 1996, 123:311-319.
52. Nasevicius A, Ekker SC: Effective targeted gene ‘knockdown’ in
zebrafish. Nat Genet 2000, 26:216-220.
53. Wienholds E, Schulte-Merker S, Walderich B, Plasterk RH: Target
selected inactivation of the zebrafish rag1 gene. Science 2002,
297:99-102.
Demonstrating the possibility of reverse genetics in the zebrafish, the F1
offspring of mutagenized parental fish were screened using nested-PCR
and high-throughput sequencing of the rag1 gene. Mutants were identified and confirmed to be deficient in VDJ (variable diversity joining)
recombination.
54. Langenau DM, Traver D, Ferrando AA, Kutok JL, Aster JC, Kanki JP,
Lin S, Prochownik E, Trede NS, Zon LI et al.: Myc-induced T cell
leukemia in transgenic zebrafish. Science 2003, 299:887-890.
55. Willett CE, Zapata AG, Hopkins N, Steiner LA: Expression of
zebrafish rag genes during early development identifies the
thymus. Dev Biol 1997, 182:331-341.

Current Opinion in Immunology 2004, 16:499–505

