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Mpycobacterium marinum, a close relative of Myco-
bacterium tuberculosis is being used to study myco-
bacterial pathogenesis. M. marinum causes a systemic
tuberculosis-like infection and disease in ectotherms
such as frogs and fish. This review describes the deve-
lopment of M. marinum as a model pathogen and the
more recent development of genetically tractable
model hosts, namely the zebrafish, Drosophila and
Dictyostellium to dissect the complex host-pathogen
interactions that lead to tuberculosis.

THE practice of using surrogate bacterial models to study
host—pathogen interactions has a long history and has
significantly advanced the field of bacterial pathogenesis.
Perhaps the most widely used model is Salmonella enterica
subsp. Typhimurium, a genetic relative of Salmonella typhi
which causes human typhoid fever'. S. enterica causes
gastroenteritis in humans, but causes a systemic typhoid-
like disease in mice. In contrast, S. typhi is human-specific,
and does not cause disease in small laboratory animals.
Therefore, most researchers who are ultimately interested
in understanding the molecular pathogenesis of typhoid
fever study the interactions of S. enterica with laboratory
mice, often using genetically engineered strains with alte-
red expression of specific genes.

The most commonly used animal model for pathogene-
sis is the mouse, and studies on host aspects of pathogene-
sis have been aided by advances in mouse genetics and
immunology, particularly the ability to create mice with a
mutation in a specific gene’. More recently, there has
been a surge of interest in developing simple and geneti-
cally tractable host models to identify specific host deter-
minants that influence outcomes in infection and disease.
Bakers yeast Saccharomyces cerevisiae, the slime mold
Dictyostelium discoideum, the nematode Caenorhabditis
elegans, the fruit fly Drosophila melanogaster and the
zebrafish Danio rerio are being used as surrogate host
models for various aspects of host—pathogen interactions” .

The study of M. tuberculosis, the agent of human tuber-
culosis, is inherently difficult due to its slow growth and
the need for BL3 containment. Tremendous strides have
been made in developing genetic tools that have facili-
tated the identification and characterization of virulence
determinants in recent years””'’. However, a key problem
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that remains is that M. tuberculosis is a human-specific
pathogen, and while some laboratory animals can be
experimentally infected, these models do not mimic cer-
tain important aspects of human infection and disease’.
M. tuberculosis infection of humans is complex and re-
sults in a range of outcomes in disease and pathology.
Aerosolized bacteria are initially phagocytosed by macro-
phages and dendritic cells that patrol the lung, and are
then carried to deeper tissues. The hallmark of all tuber-
culous infections is the formation of granulomas, orga-
nized structures composed of differentiated macrophages
and other immune cells. In humans, granulomas evolve
morphologically during infection and disease with the
formation of areas of caseous necrosis, and the deposition
of fibrin and calcium. At least some of the infecting
bacteria can survive for extended time periods within
macrophages and in granulomas. The mechanism of their
survival in the face of a highly orchestrated innate and
adaptive host immune response is a central issue in under-
standing the fundamental aspects of tuberculosis.

Various animal models are used to study M. tuberculo-
sis pathogenesis of humans. Mice are the most commonly
used species because they are inexpensive and convenient,
and because of the existence of genetically altered ani-
mals and inbred strains'. However, tuberculosis in the
mouse model differs from human infection and disease in
several important aspects. Mouse granulomas do not
caseate or calcify. In susceptible strains, bacterial burdens
can be very high, reaching 10° per lung, and are never
cleared, while human infections are often paucibacillary.
In contrast, many humans appear to clear even an esta-
blished granulomatous infection within the first several
months to years following exposure. Guinea pigs exhibit
many pathological features similar to those seen in humans,
but unlike humans they are exquisitely sensitive to a pro-
gressive pulmonary infection. Most rabbits are resistant
to tuberculosis and like guinea pigs demonstrate patho-
logy similar to humans'’. Rabbits that had been bred for
their susceptibility to tuberculosis have been lost, although
efforts are in progress to redevelop such strains. Un-
fortunately, both the rabbit and guinea pig models are
beleaguered by the relative paucity of immunological
reagents and genetically-defined mutations. Finally, non-
human primates are also used to model M. tuberculosis
infection13’14, and intratracheal inoculation of cynomolo-
gous macaques leads to a spectrum of outcomes similar
to that seen in humans'’, However, the primate models
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are associated with ethical and cost considerations. In
summary, despite significant advances in the experimen-
tal tractability of M. tuberculosis, certain inherent pro-
blems remain in the study of its pathogenesis.

M. marinum, one of the closest relatives of the M. tuber-
culosis complex organisms'’, offers the advantage that a
number of its natural hosts, such as fish and frogs, are
also convenient laboratory animals'®, Like M. bovis,
M. marinum appears to have a broad host range, causing
a systemic tuberculosis-like granulomatous infection in a
variety of poikilothermic animals, including fish, amphi-
bians and reptiles'®. The predilection of M. marinum for
poikilothermic hosts likely stems from its growth opti-
mum of 33-35°C (generation time ~ 4 h), as it grows about
threefold more slowly at 37°C (ref. 16). M. marinum also
causes superficial lesions called fish tank, acquarium
tank or swimmer’s granulomas in humans, which are
clinically and pathologically indistinguishable from der-
mal M. tuberculosis lesions'"'®. Consistent with its lower
growth temperature optimum, M. marinum infection of
humans is usually restricted to the cooler body surface
areas like the extremities. The disease can penetrate into
deeper tissues such as tendons, bones and joints, parti-
cularly in the presence of local or systemic immune
suppression. However, it rarely disseminates to organs
even in severely immunocompromised patients, making it
a less formidable pathogen than M. tuberculosis. In addi-
tion, there are no reports of person-to-person M. marinum
transmission by aerosol infection or otherwise. The dif-
ferences in disease tropism between M. marinum and
M. tuberculosis may be dictated by factors other than
growth temperature. As alluded to earlier, M. tuberculo-
sis infection and disease in humans can also have a der-
mal localization without systemic spread if transmitted
directly via abraded skin'’, suggesting that disease locali-
zation may be partly related to the initial point of contact
with the organism.

It is noteworthy that M. marinum is most closely rela-
ted to M. ulcerans, the causative agent of Buruli ulcers
and indeed the two may have arisen fairly recently from a
common ancestor. In turn, the two organisms are the
closest evolutionary relatives of the M. tuberculosis com-
plex organisms'”. Despite its genetic relationship with
M. ulcerans, M. marinum infection and disease are more
similar to those caused by M. tuberculosis than M. ulce-
rans. This is likely because M. ulcerans secretes a cyto-
toxic polyketide toxin which produces extensive ulcers in
which bacteria grow extracellularly’. The complex genetic
and pathogenetic relationships among M. tuberculosis,
M. marinum and M. ulcerans have been summarized
recently’.

M. marinum: A historical perspective

A brief historical review serves to explain our initial in-
terest in exploring M. marinum as a model for M. tuber-
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culosis. M. marinum was first discovered in 1926 as the
agent of a tuberculosis-like disease in fish®® and redis-
covered almost 30 years later as the agent of superficial
granulomas in a swimming-pool outbreak®'. The human
isolate was initially considered a new species and named
M. balnei (balnei being a Roman word for baths) and
only later was its identity to the previously discovered
M. marinum determined. It appears that M. marinum was
investigated as a possible model for M. leprae which is
far less tractable than M. tuberculosis, since it cannot be
grown in culture® ! M. marinum and M. leprae have
superficial similarities in that they both have lower
growth temperature optima and cause skin disease in
humans. However, this line of research appears to have
been abandoned, perhaps as a consequence of finding few
pathogenetic similarities. The seminal M. marinum
pathogenesis study was published by Clark and Shepard
in 1963 (ref. 16) who showed that 50 different wild-
caught poikilothermic species, including fish, amphibians
and reptiles are susceptible to systemic M. marinum in-
fection and disease. They also showed that mice injected
intravenously with M. marinum develop only peripheral
disease. However, if the mice were kept at 4°C so that
their body temperature was lowered, they developed a
systemic disease involving the lungs and spleen that
resembled M. tuberculosis infection. Subsequently, it was
shown that a 37°C-adapted M. marinum strain caused
systemic disease in mice maintained at ambient tempera-
ture and that this infection afforded some protection
against a subsequent challenge with M. tuberculosis™.
Similarly, Fenner’ showed that chick embryos infected
with M. marinum succumbed to infection at 33°C but not
at 37°C. Thus, all of these experiments suggested that
M. marinum host specificity and disease localization is
strongly linked to its growth temperature optimum. The
fact that it causes a granulomatous disease in humans
made it all the more attractive as a model. There are now
several laboratories working in various areas of M. mari-
num pathogenesis and a number of genetic tools as well
as host and tissue-culture models have been developed.

M. marinum: Genetics and genomics

An array of genetic tools has been developed for the
study of M. marinum pathogenesis. Plasmid and cosmid
shuttle vectors as well as integrating vectors that use the
L5 phage attachment site that were developed for M. tuber-
culosis also work successfully in M. marinum® . Homo-
logous recombination is relatively facile’’ and multiple
transposon mutagenesis transposon mutagenesis systems
have been developed. A Drosophila mariner transposon
family member has been used to generate a library of
transposon mutants®, and a Tn 5367-based transposon
system has been developed in the context of a condi-
tionally replicating mycobacteriophage to enhance the
transposition frequency®.
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The near completion (theoretical coverage of 99.99%
at the time of this writing) of the M. marinum genome
sequence (http://www.sanger.ac.uk/Projects/M_marinum/)
is facilitating molecular manipulations and allowing com-
parative genomic analyses of M. tuberculosis and M. mari-
num as well as whole genome microarray analyses of
M. marinum gene expression. These analyses should be
interesting both with regard to their similarities and their
differences. While the organisms have pathogenetic simi-
larities, M. marinum appears to have an environmental
niche, whereas the M. tuberculosis complex organisms do
not. Consistent with this difference, the M. marinum
genome size is currently estimated at 6.6 Mb in contrast
to the 4.4 Mb for M. tuberculosis. With the caveat that
the current M. marinum genome size is an overestimate,
it is tempting to speculate that the ~ 2 Mb ‘excess’ genome
of M. marinum encodes determinants for environmental
survival. For instance, at least some genes encoding cer-
tain enzymes of the carotenoid biosynthetic pathway pre-
sent in M. marinum (one of the few mycobacteria that
turn from white to bright yellow upon exposure to light)
are absent in M. ruberculosis®’. It was thought initially
that light-induced pigmentation protected M. marinum
against singlet oxygen arising from light-induced photo
oxidative damage®, suggesting that the genes encoding
this pathway might represent genes important for envi-
ronmental survival. However, a recent study showed that
sensitivity to singlet oxygen is encoded by one or more
genes (in an operon) that are common to both organisms
and thus appears to be at least partially independent of
pigment production®. Mutation in one of these genes also
resulted in decreased macrophage survival of M. marinum.
This defect was complemented by the introduction of the
M. tuberculosis homologues on the corresponding ope-
ron, suggesting that they play a similar role in M. tuber-
culosis.

The remainder of this review will focus on the biology
of experimental M. marinum infection and disease in
various models, how it compares to experimental M. tuber-
culosis disease, and the new insights that contemporary
M. marinum studies have provided.

M. marinum and macrophages

A central role for the macrophage in tuberculosis has
been long established based on studies of infections of
experimental animals and humans®. Not surprisingly,
macrophages play a key role in M. marinum infection as
well’>°. Macrophages play contradictory roles in
infection and disease as they are likely the first host cells
to respond to invading mycobacteria, and yet aid in their
subsequent dissemination. For instance, in the rabbit and
mouse models of pulmonary tuberculosis, alveolar macro-
phages are thought to transport aerosolized bacteria from
the lung to deeper tissues’'”*’’. Recent real-time imaging
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studies of live M. marinum-infected zebrafish embryos
have allowed the direct observation of initial Mycobac-
terium—macrophage interactions in vivo in unprecedented
detail and have detected several modes of bacterial dis-
semination by macrophages®. Newly infected macro-
phages were observed migrating from the blood stream or
hindbrain ventricle into deeper tissues so as to establish a
systemic infection. Other potential modes of dissemina-
tion observed were the transfer of bacteria from one
macrophage to another via membrane tethers, and unin-
fected macrophages migrating from distant sites to engulf
dead infected macrophages in the tissue, thus creating
new infected macrophages. Thus the zebrafish studies
have provided direct evidence of the role of macrophages
in the dissemination of tuberculosis and have revealed
new mechanisms for this process.

While both pathogenic and nonpathogenic mycobac-
teria can enter cultured eukaryotic cells, only the patho-
genic species, including M. marinum can survive and
replicate therein”®. This requirement of replication in
cultured cells for pathogenicity in vivo has been corrobo-
rated by the finding that mutants of both M. tuberculosis
and M. marinum deficient for growth in tissue-culture
macrophages are also attenuated in vivo " *°. Further-
more, the pathogens M. marinum, M. fortuitum and
M. avium but not the nonpathogen M. smegmatis can
grow in environmental amoebae, which probably served
as host cells for intracellular pathogens before complex
eukaryotes evolved®*',

The Mycobacterium phagosome: Insights and
questions arising from M. marinum studies

Studies of infected, cultured macrophages have provided
a detailed understanding of the biology and biogenesis of
the Mycobacterium phagosome and experiments using
M. tuberculosis, M. avium, and M. marinum have yielded
similar results*>*’. Briefly, the phagosome communicates
with early endosomes of the host endocytic machinery
and acquires specific components from both cell-surface
plasma membrane and early endosomes, but fails to fuse
to lysosomes and become acidified®. Studies with M. mari-
num have further contributed to our understanding of this
process as described below.

Shedding light on host proteins associated with the
Mycobacterium phagosome: The M. marinum
Dictyostelium model

Central to Mycobacterium pathogenesis is the generation
and maintenance of the Mycobacterium phagosome and
the molecules that regulate its trafficking®”. Biochemical
analysis of isolated, live Mycobacterium phagosomes
yielded a candidate host protein that specifically associ-
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ates with Mycobacterium phagosomes, TACO or coronin,
an actin-binding protein whose Dictylostelium homolo-
gue is required for phagocytosis™. These authors specu-
lated that the active retention of TACO on phagosomes
that is modulated by live but not dead mycobacteria, pre-
vents phagolysosomal fusion and facilitates bacterial
survival. However, this requirement for coronin has been
called into question by a recent study using the slime
mold Dictyostelium discoideum to model M. marinum—
macrophage interactions®. The Dictyostelium model appears
to be highly relevant for the study of macrophage—Myco-
bacterium interactions in that the intracellular growth
properties of M. marinum were the same as in cultured
macrophages and a mutant attenuated for growth in
macrophages also failed to grow in Dictyostelium. These
researchers used a defined Dictyostelium coronin mutant
to define the role of coronin in bacterial replication.
Surprisingly, although coronin was found to associate
with M. marinum-infected phagosomes in wild-type Dic-
tyostelium, bacterial replication was actually higher in the
coronin mutant. The caveat of this study is that there are
several mammalian coronin isoforms (with potentially
different functions) and it is not clear if the Dictyostelium
coronin studied corresponds to coronin 1/TACO. How-
ever, the coronin studies highlight the importance of
genetic approaches to determine the role of various host
components in the context of in vivo infection. This study
also reveals the power of using a genetically tractable
host to understand the host’s contribution to pathogene-
sis. Future studies with this model should elucidate host
determinants involved in Mycobacterium—macrophage
interactions.

The complexities of Mycobacterium phagolysosome
Jfusion

As discussed earlier, the avoidance of phagolysosome
fusion by Mycobacterium is thought to be an important
bacterial survival mechanism. These studies have been
done studying Mycobacterium interactions in cultured
macrophages*”. This nonfusion pattern has been observed
in all pathogenic species studied (M. tuberculosis, M. avium
and M. marinum), except the mouse pathogen M. leprae-
murium, which resides predominantly in phagolysosomes
during replicative infection*’. Further, evidence for the
importance of nonfusion in bacterial survival comes from
experiments in macrophages activated by gamma inter-
feron, where mycobacteria were found predominantly in
phagolysosomes and were killed***. However, other
experiments suggest that Mycobacterium can survive in
acidified compartments. In experiments co-infecting myco-
bacteria and Coxiella burnetii into cultured macrophages,
the majority of the mycobacteria co-localized with Coxiella
organisms in acidified compartments, without significant
loss of viability48. Also, M. tuberculosis infection of
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freshly isolated human alveolar macrophages revealed
that the majority of phagosomes containing intact bac-
teria were in intimate contact with lysosomes®. Further-
more, when opsonized M. tuberculosis enters macrophages
via Fc-receptors, most bacteria are localized in phago-
lysosomes and appear to replicate over several days’.
Fc-receptor-mediated entry may operate in later phases of
infection after specific antibodies have been generated?,
and it is possible that the bacteria become adapted to
survive in the presence of phagolysosomal fusion in the
later stages of in vivo infection. In summary, it appears
that mycobacteria may have devised mechanisms to resist
phagolysosomal fusion under certain circumstances.

M. marinum also appears to survive in macrophage
phagolysosomes in vivo as revealed by transmission elec-
tron microscopy analysis of phagosomes in granulomas
of infected frogs over an extended time course®. Approxi-
mately 60% of the intact bacteria resided in phagolyso-
somes and the level of phagolysosomal fusion correlated
with the level of macrophage activation. It is possible that
bacteria within phagolysosomes are dying or destined to
die; but this seems unlikely, as the overwhelming majo-
rity of bacteria appears intact. It seems more likely that
the bacteria have adapted to be able to live within a phago-
lysosome in the setting of a granuloma. Consistent with
this hypothesis, there are M. marinum genes specifically
activated, not by residence in single macrophages, but
only upon aggregation of the infected macrophages™*””".
These data, indicative of bacterial survival in phago-
lysosomes in granulomas, provide an in vivo correlation
for the studies of Fc-mediated entry, where antibody-medi-
ated entry into macrophages may lead to phagolysosomal
fusion once adaptive immunity has developed™. There-
fore, it is possible that mycobacteria have at least two
sets of adaptive mechanisms: restriction of phagolyso-
somal fusion early in infection and subsequent adaptation
to phagolysosomal fusion within the activated macro-
phages of granulomas.

M. marinum and granulomas

Similarities and differences between M. marinum and
M. tuberculosis granulomas: Virtually all pathogenic myco-
bacteria produce granulomas, the hallmark structures of
tuberculous infection in immunocompetent hosts. Like
the macrophage, granulomas may play a dual role in the
infection, both containing it and providing an environ-
ment where the bacteria can persist. Granulomas likely
begin as aggregates of mononuclear phagocytes that sur-
round individual infected macrophages®. These macro-
phages become activated, a transformation reflected by
an increase in their size and subcellular organelles, ruffled
cell membranes, and enhanced phagocytic and microbi-
cidal capabilities’*. A common feature of all Mycobac-
terium granulomas is the further differentiation of the
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