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Mycobacterium marinum causes a systemic tuberculosis-like disease in a large number of poikilothermic
animals and is used as a model for mycobacterial pathogenesis. In the present study, we infected zebra fish
(Danio rerio) with different strains of M. marinum to determine the variation in pathogenicity. Depending on
the M. marinum isolate, the fish developed an acute or chronic disease. Acute disease was characterized by
uncontrolled growth of the pathogen and death of all animals within 16 days, whereas chronic disease was
characterized by granuloma formation in different organs and survival of the animals for at least 4 to 8 weeks.
Genetic analysis of the isolates by amplified fragment length polymorphism showed that M. marinum strains
could be divided in two clusters. Cluster I contained predominantly strains isolated from humans with fish
tank granuloma, whereas the majority of the cluster II strains were isolated from poikilothermic species. Acute
disease progression was noted only with strains belonging to cluster I, whereas all chronic-disease-causing
isolates belonged to cluster II. This difference in virulence was also observed in vitro: cluster I isolate Mma20
was able to infect and survive more efficiently in the human macrophage THP-1 and the carp leukocyte CLC
cell lines than was the cluster II isolate Mma11. We conclude that strain characteristics play an important role
in the pathogenicity of M. marinum. In addition, the correlation between genetic variation and host origin
suggests that cluster I isolates are more pathogenic for humans.

Bacterial strains belonging to the Mycobacterium tuberculosis
complex show an unusually high degree of conservation, not
only in housekeeping genes (19) but also in genes encoding
(putative) targets of the immune system (13). In fact, most
genes in strains isolated worldwide show a negligible variation.
These data are best explained by assuming that contemporary
strains have all originated from a recent common ancestor,
which would have lived 10,000 to 20,000 years ago. However,
genetic analysis by DNA fingerprinting has revealed that there
is genetic variation in M. tuberculosis, and recently it was shown
that this diversity correlates markedly with pathogenicity (11).
The M. tuberculosis Beijing strain, which is highly prevalent in
Asia and the former USSR, causes a significantly higher and
earlier mortality in mice compared to the prototype H37Rv
strain. This effect was correlated with a nonprotective immune
response. These results show that also for highly homogeneous
strains, genetic variation plays a role in disease development.

In the past years, Mycobacterium marinum, the causative
agent of fish tuberculosis, was adopted as a model to study
mycobacterial infections. There are good reasons for this ap-
proach: M. marinum is the mycobacterial species most closely
related to members of the M. tuberculosis complex (17), it has
a relatively short generation time of 4 to 6 h (compared to 20 h
for M. tuberculosis), and it grows optimally at 30°C and hardly
at all at 37°C (4, 2). Because of this optimal growth tempera-
ture, M. marinum infections of humans are found almost ex-

clusively as superficial lesions on the extremities (3, 5, 6). The
histopathology of these M. marinum infections, generally
called fish tank granuloma or swimming pool granuloma,
shows the formation of granulomas that resemble those asso-
ciated with tuberculosis (6, 9, 23). Another advantage of M.
marinum is that this bacterium is a natural pathogen of poiki-
lothermic species, which provides the opportunity to study
infection in a natural host (4). Different infection models that
use the leopard frog (Rana pipiens) (16), the goldfish (Caras-
sius auratus) (21), and recently also the genetically tractable
zebra fish (Danio rerio) (7, 14, 22) as a host have been de-
scribed. Those studies used either the M. marinum M strain,
originally isolated from an infected patient, or M. marinum
ATCC 927, isolated from fish. In the present study, we ana-
lyzed the genetic variation between different isolates of M.
marinum and their pathogenicities for zebra fish. We observed
that strains of M. marinum can be grouped into two clusters
based on genetic analysis (amplified fragment length polymor-
phism [AFLP]). Interestingly, representative strains of the first
cluster, which consists almost exclusively of M. marinum strains
isolated from humans, induced an acutely lethal disease in the
zebra fish, whereas strains of the second cluster induced a
chronic progressive disease characterized by granuloma forma-
tion.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The wild-type M. marinum isolates
included in this study (Table 1) were obtained from the collections of the
National Institute of Public Health and the Environment (RIVM) (Bilthoven,
The Netherlands), the Institute of Aquaculture (Stirling, United Kingdom), and
the Institute for Animal Science and Health (CIDC) (Lelystad, The Nether-
lands) and were assigned to the species M. marinum by 16S sequencing and
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growth characteristics, such as photochromogenic behavior. We also included
reference strain M, a human isolate (21). Bacteria were grown at 30°C in Middle-
brook 7H9 medium supplemented with Middlebrook oleic acid-albumin-dex-
trose-catalase (BD Biosciences), 0.2% Tween and 1 mg of D-arabinose per ml (1)
to decrease clumping of cells. Prior to inoculation in zebra fish, bacteria were
washed three times with phosphate-buffered saline (PBS); bacterial numbers
were determined by measuring the optical density at 600 nm and by plating and
CFU determination.

Animals. Male zebra fish (D. rerio) (approximately 1 g and 1 year old) were
chosen from our breeding facilities, acclimated for 1 week to their new environ-
ment in the infection room, and kept at 28°C on a 14-h/10-h light/dark cycle. The
infected zebra fish were housed in 10-liter separate tanks with separate pumps
and filter systems (Ecco; Eheim).

Infection of zebra fish. The zebra fish were anesthetized in a 0.02% aqueous
solution of ethyl-3-aminobenzoate methanesulfonate salt (MS-222) (Sigma) and
inoculated intraperitoneally with 10 �l of M. marinum suspension in PBS. Ten
zebra fish per group were inoculated with 104 CFU of M. marinum strains
Mma98 and Mma7, 8 zebra fish per group were inoculated with Mma21 and
Mma42, and 15 zebra fish per group were inoculated with Mma20 and Mma11.
In addition, 10 control fish were injected with 10 �l of PBS. Viable bacterial
counts present in the livers and kidneys of three fish inoculated with Mma11 and
Mma20 were determined by plating serial 10-fold dilutions of organ homoge-
nates, decontaminated with BBL MycoPrep (BD), on Middlebrook 7H10 agar.
The colonies were identified as mycobacterial species by morphology and pho-
tochromogenic behavior. Counts were performed at 1 day postinfection (dpi), 1
week postinfection (wpi), 4 wpi, and 8 wpi. Two fish inoculated with Mma20,
Mma11, or Mma7 were used for histological examination and Ziehl-Neelsen
(ZN) staining at 10 dpi (Mma20), 4 wpi, and 8 wpi. All animal experiments were
approved by the local Animal Welfare Committee, under protocol number MM
01-02 and MM 03-02.

Zebra fish pathology and tissue processing. The zebra fish were observed for
gross signs of infection and were sacrificed when they exhibited moribund be-
havior. For histological examination, zebra fish were sacrificed by incubation in
an overdose of MS-222 (A-5040; Sigma), fixed in Bouin (5 ml of 40% formal-
dehyde, 15 ml of water-saturated picric acid, 1 ml of acetic acid), and processed
for paraffin embedding. Frontal sections (4 to 7 �m) were stained with hema-
toxylin and eosin or according to the ZN method and observed under a Zeiss
Axioskop light microscope. Photographs were taken with a Nikon Coolpix 900
camera and processed by using Adobe Photoshop software, version 6.0.

AFLP analysis. Bacterial strains were incubated with protein K for 60 min at
room temperature prior to DNA isolation with the DNeasy tissue kit (Qiagen).
AFLP was performed essentially as described previously, with EcoRI and MseI
as restriction enzymes and the primers EcoA and MseC (10, 18, 24). AFLP
fragments were separated on an ABI Prism Genetic Analyzer 3100 (Applied
Biosystems). Data were analyzed by Pearson correlation and clustered by un-

weighted pair group matrix analysis with Bionumerics software, version 3.0 (Ap-
plied Maths).

crtB sequence analysis. In order to determine the nucleotide sequence of the
crtB gene, the gene was first amplified by PCR on the various chromosomal DNA
preparations with crtB-specific primers (wbcrtBF, TCGACCTGAAAGCACAG
TTG; wbcrtBR, AGTCTTCAATCGGGATGTCG). Subsequently, the PCR
product was purified with a PCR purification column (Qiagen) and used in a
sequence reaction with one of these primers. The different elongation products
were separated on an ABI Prism Genetic Analyzer 3100 (Applied Biosystems).

Cell lines and culture conditions. The human acute monocytic leukemia cell
line THP-1 was cultured in RPMI 1640 medium (GIBCO BRL) with 10% fetal
calf serum (FCS) at 37°C with 5% CO2. The adherent carp monocyte/macro-
phage cell line (CLC) was obtained through the European Collection of Cell
Culture, Salisbury, United Kingdom (ECACC no. 95070628;) and was main-
tained at 28°C with 5% CO2 in RPMI 1640 medium supplemented with 10%
FCS.

Intracellular survival assays. Cellular infection assays were carried out in
24-well tissue culture plates (Costar) as previously described (8, 12). To
differentiate the THP-1 cells into macrophage-like cells, the cells were
treated with phorbol myristate acetate (Sigma). THP-1 cells were harvested
by centrifugation for 9 min at 200 � g and the pellet was suspended in 1 ng
of phorbol myristate acetate per ml–RPMI 1640–10% FCS to a density of
approximately 106 THP-1 cells/ml. One milliliter of cell suspension was added
to each well of a 24-well plate. The plate was incubated for 24 h at 37°C with
5% CO2. The medium was removed from each well, and adherent cells were
washed once with RPMI 1640–10% FCS, refreshed with new RPMI 1640–
10% FCS, and incubated for an additional 24 h. CLC cells were seeded at a
density of 106 cells per well 24 h prior to use. Immediately before infection,
cells were washed once with fresh RPMI 1640–10% FCS. Bacteria were
harvested by centrifugation for 5 min at 3,000 � g and washed twice with
RPMI 1640–10% FCS medium. The bacteria were suspended in RPMI 1640–
10% FCS at a concentration to achieve a multiplicity of infection of 10 for
Mma11 and 1 for Mma20. Bacteria and cells were incubated for 1 h at 33°C
for THP-1 and at 28°C for CLC. Cells were then washed twice with RPMI
1640–10% FCS to remove free bacteria and incubated in fresh medium with
amikacin (200 �g/ml; Sigma Chemical) at the appropriate temperature. After
2 h, the medium was replaced by medium with 30 �g of amikacin per ml. The
cells were incubated at the appropriate temperature and then lysed at dif-
ferent time points with 1 ml of 0.1% (vol/vol) Triton X-100 in PBS. One well
was processed immediately (time zero) for determination of initial bacterial
counts. Each lysate was diluted as necessary, and portions were plated on
7H10 agar plates. Survival was expressed as the percentage of CFU at each
time point, with the number of CFU at time zero as the reference.

TABLE 1. Sources and origins of the M. marinum strains used in this study

Strain
Source Reference or source

Original name Name in present study

E6 Sciaenops ocellatus (red drum) 15
E7 Mma7 Chaetodon fasciatus (butterfly fish) 15
E11 Mma11 Dicentrarchus labrax (sea bass) 15
E12 Dicentrarchus labrax (sea bass) 15
E15 Siganus rivulatus (marbled spinefoot) 15
E16 Dicentrarchus labrax (sea bass) 15
420472-4 Mma42 Snake (unknown sp.) CIDCa

551962 Shinisaurus crocodiluris (crocodile lizard) CIDC
M strain Human 21
Mis 14 Human RIVMb

14641 Human RIVM
18347 Human RIVM
9800607 Mma98 Human RIVM
9801756 Human RIVM
9900036 Human RIVM
2000-01053 Mma20 Human RIVM
2001-00796 Mma21 Human RIVM

a Collection of the Institute for Animal Science and Health, Lelystad, The Netherlands.
b Collection of the National Institute of Public Health and the Environment, Bilthoven, The Netherlands.
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RESULTS

Different M. marinum strains cause different forms of dis-
ease. To study possible differences in pathogenicity between
different M. marinum strains in zebra fish, groups of 10 or 15
zebra fish were inoculated intraperitoneally with 104 CFU of
M. marinum. Four different strains were used: Mma7, Mma11,
Mma20, and Mma98. The last two strains were originally iso-
lated from skin lesions of patients with fish tank granuloma,
whereas Mma11 and Mma7 were isolated from infected fish.
Most zebra fish inoculated with Mma7 or Mma11 survived up
to the end of the experiment, at 56 days postinfection (Fig. 1).
However, differences in external signs of disease were ob-
served. The zebra fish inoculated with Mma7 showed no signs
of infection for 8 weeks, while three of the zebra fish infected
with Mma11 showed skin lesions (ulcerations) after approxi-
mately 45 days (Fig. 2). Notably, these skin lesions were not at
the site of the injection, which shows that the infection was
disseminated. Furthermore, these overtly ill animals also
showed buoyancy problems for a short period of time (1 to 2
days) before they were sacrificed.

All of the zebra fish inoculated with 104 Mma20 and Mma98
bacteria developed acute symptoms, including hemorrhages
and inflammation at the site of infection, and all infected fish
died or were sacrificed in a moribund state at between 5 to 16
days postinfection (Fig. 1). To examine whether this effect was
dose dependent, six zebra fish were infected with 102 CFU of
Mma20. Half of these zebra fish also displayed acute disease
symptoms and had to be sacrificed within 16 days (results not
shown), which might indicate that the acute disease symptoms
are not highly dose dependent. Together, these results show
that M. marinum causes an acute or chronic infection in a
strain-dependent manner.

M. marinum recovery from zebra fish organs. To assess the
ability of the different M. marinum strains to persist and rep-
licate in host tissue, fish were inoculated with 104 CFU of
Mma11 or Mma20. Three fish were sacrificed at 1 and 7 dpi
and at 4 and 8 wpi, and the livers and the posterior kidneys
were collected for bacteriological examination. From 7 dpi
onwards, all tested organs of both groups were colonized,
which showed that the bacteria were disseminated. However, a
significant difference in the bacterial load between organs de-
rived from zebra fish infected with Mma20 and Mma11 was
observed. Whereas livers from zebra fish inoculated with
Mma11 contained only a small number of bacteria at 7 dpi,
livers from zebra fish inoculated with Mma20 contained as
much as 105 CFU (Fig. 3). Since the growth rates of the two
strains in vitro are similar, these data suggest that Mma20 is
able to survive and/or replicate better in zebra fish than
Mma11. Probably the high bacterial load caused the early
death of the zebra fish. Upon prolonged infection, the number
of Mma11 bacteria increased steadily and reached numbers of
the same order of magnitude as the numbers of Mma20 bac-
teria at 7 dpi (Fig. 3). As can be seen in Fig. 3 the bacterial
numbers recovered from fish infected with Mma11 varied
markedly, but the numbers of CFU recovered from the liver
and posterior kidney of the same fish were always comparable.
This probably means that the onset and progression of disease
in Mma11 were highly variable. We observed the same phe-
nomenon upon prolonged incubation (6 months) of zebra fish
infected with Mma11. The onset of overt signs of disease var-
ied between 7 weeks and 6 months.

Histology of M. marinum infection. To determine the nature
of the pathological response to M. marinum, zebra fish infected
with Mma20, Mma11, and Mma7 were sacrificed and fixed in

FIG. 1. Survival curves for zebra fish infected intraperitoneally with 104 CFU of Mma7 (�), Mma11 (‚), Mma98 (Œ), Mma20 (■ ), Mma21 (E),
and Mma42 (F) or treated with PBS (�).
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Bouin. Paraffin sections were made, and slides were alternately
stained with ZN stain or hematoxylin and eosin. Microscopic
examination of the sections revealed that moribund fish in-
fected with Mma20 contained high numbers of mycobacteria at
5 dpi (Fig. 4A and D). The peritoneum and the surrounding
tissues showed severe necrosis, loss of structural organization,
and the influx of large numbers of inflammatory cells. This
finding also suggests that the early death of the zebra fish was
caused by the outgrowth of bacteria to very high numbers,
which caused severe peritonitis. Also, high numbers of bacteria
other than mycobacteria could be seen in infected fish tissue.
In contrast to Mma20-infected fish, zebra fish infected with
Mma11 contained well-organized granulomas in the liver, pan-
creas, kidney, and intestines at 4 wpi. Sometimes granulomas
were located in the connective tissues. Histological examina-
tion showed that most granulomas consisted of an outer layer
of tightly packed epithelial cells and a central region containing
mainly macrophages and possibly some granulocytes and lym-
phocytes. In addition, the central regions of most granulomas
showed necrosis and the presence of mycobacteria. The num-
ber of granulomas and their size seemed to increase over time,
as observed at 8 wpi (Fig. 4B and E). In contrast to the case for
Mma11-infected fish, only one of the two zebra fish infected
with Mma7 displayed granulomas at 4 and 8 wpi (Fig. 4C and
E). The morphology of the granulomas was slightly different
from that of the granulomas in Mma11-infected zebra fish.
Mma7 induced fewer and less organized granulomas; some-
times they contained an outer layer of epithelial cells and a
necrotic center. In addition, single M. marinum cells of Mma7

were observed outside granulomas, free in the tissues (Fig.
4C). Neither bacteria nor granulomas were observed in sec-
tions of the second zebra fish infected with Mma7 at 4 wpi, but
sections of the zebra fish at 8 wpi contained individual myco-
bacteria (i.e., not grouped in clusters).

AFLP analysis of M. marinum: two large clusters correlated
with pathogenic properties. Large differences in disease pro-
gression were observed for the four M. marinum strains ana-
lyzed. To determine the genetic relationships between the
strains causing acute and chronic disease, DNA fingerprinting
by AFLP was performed. For this analysis we used chromo-
somal DNA of 17 different M. marinum isolates, including the
strains used in the infection experiments (Table 1; Fig. 5).
Following analysis by use of the Pearson correlation coefficient
and unweighted pair group matrix analyses, the 17 strains were
grouped in two AFLP clusters at a delineation level of 60%
(Fig. 5). Interestingly, the compositions of these two clusters
roughly corresponded to the origins of isolation of the M.
marinum strains; i.e., cluster I contained seven of the nine
human isolates, whereas cluster II contained six of the eight
isolates from poikilothermic animals. This could indicate that
cluster I isolates are more pathogenic for humans. To substan-
tiate this result, the AFLP analysis was extended with an extra
eight human isolates, which all clustered in cluster I (results
not shown). Both of the M. marinum strains responsible for
acute disease in zebra fish, i.e., Mma20 and Mma98, also fell in
cluster I, whereas both chronic disease-causing strains fell in
cluster II. This could mean that M. marinum strains belonging
to cluster I provoke an acute disease in zebra fish or that M.
marinum strains that cause disease in humans are responsible
for this. To test these assumptions, zebra fish were inoculated
with Mma21, a strain that was isolated from a human infection
case but fell in cluster II upon AFLP fingerprinting, and with
Mma42, a strain that clustered in group I but was isolated from
a reptile. Infection with Mma21 resulted in a more chronic

FIG. 2. Macroscopic characteristics of M. marinum chronic (A) and
acute (B) infections. (A) Intraperitoneal infection with strain Mma11
induces skin ulcerations at 7 wpi (arrows). These ulcerations were
usually not located at the site of infection. (B) Intraperitoneal infection
with strain Mma20 causes a swelling of the abdomen and severe hem-
orrhages within 2 wpi (arrow and white dashed line). No ulcerations
were observed in control animals.

FIG. 3. Total CFU counts per homogenized liver and posterior
kidney from zebra fish inoculated with 104 bacilli of M. marinum strain
Mma11 or strain Mma20. The mean for three samples per time point
per group is shown. The error bars represent the standard errors of the
means. Bacterial numbers isolated from Mma20 liver (Œ), Mma20
posterior kidney (‚), Mma11 liver (■ ), and Mma11 posterior kidney
(�) are shown.
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infection, while Mma42 caused an acute infection (Fig. 1),
which suggests that M. marinum strains belonging to cluster I,
irrespective of their origin, give rise to acute lethal infections in
zebra fish.

By multilocus sequence typing it has been shown previously
(20) that M. marinum strains can be divided into two clusters.

The same study also showed that one of these clusters is in fact
closely linked to the human pathogen Mycobacterium ulcerans,
the causative agent of Buruli ulcer. To determine whether the
observed subdivision of our set of M. marinum strains, based
on AFLP analysis, is consistent with that of Stinear et al. (20),
we sequenced the crtB gene. This gene is the most differenti-

FIG. 4. ZN-stained sections of zebra fish infected with Mma20 (A and D), Mma11 (B and E), or Mma7 (C and F). (A and D) Section of
Mma20-infected zebra fish at 5 dpi. (A) Considerable tissue damage and many mycobacteria can be observed. The mycobacteria are not organized
in granulomas. (D) A 1,000� magnification showing the individual mycobacteria. (B and E) Section of Mma11-infected zebra fish at 8 wpi. (B) A
well-organized granuloma with a necrotic center can be observed in the pancreas. (E) At high magnification, some mycobacteria in the center of
the granuloma can be seen. (C and F) Section of Mma7-infected zebra fish at 8 wpi. (C) Less-well-organized granulomas and mycobacteria not
organized in granulomas can be seen. (F) At high magnification, mycobacteria are found in the centers of the granulomas. (A, B, and C) Bars
represent 100 �m; (D, E, and F) bars represent 10 �m.

FIG. 5. AFLP-DNA fingerprint. Numerical analysis of normalized AFLP band patterns generated from chromosomal DNAs of M. marinum
isolates and M. tuberculosis H37Rv as outgroup was performed. M. marinum strains isolated from humans are indicated in boldface italic. The
dendrogram was constructed by using unweighted pair group matrix analyses. The clusters representing the human isolates (cluster I) and the
poikilothermic animal isolates (cluster II) were defined at a delineation level of 60%. The grey error flags at each branch show the standard
deviation of the average similarity at this position.
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ating gene in the multilocus sequence typing. We analyzed 10
strains and found consistent clustering of the strains by AFLP
analysis and by crtB sequence analysis. Furthermore, AFLP
cluster I, which contained most human isolates, was identical
to the cluster closely linked with M. ulcerans in the study by
Stinear et al. (20).

Cell culture. From the in vivo infection studies it is clear that
at 7 dpi there is a major difference between the bacterial loads
of fish infected with Mma20 or Mma11 (Fig. 3). To test
whether this might be attributed to differences in intracellular
survival and/or persistence of the M. marinum strains, the hu-
man THP-1 cell line was infected with Mma20 or Mma11 and
the intracellular survival of the bacteria was monitored over
time (Fig. 6). Already at 4 h of incubation with THP-1 cells, a
decrease in Mma11 CFU was observed. This number showed a
steady decline, and at 120 h postinfection hardly any Mma11
could be cultured from these cells. In contrast, bacteria of
strain Mma20 were able to survive intracellularly for a long
time in THP-1 cells, since the number of cells did not change
substantially over 120 h. M. marinum strain M, which is used to
determine the genome sequence, belongs to cluster I (Fig. 5)
and is also able to maintain itself in the human macrophage
cell line THP-1, similar to the case for Mma20 (results not
shown). In a second experiment, the in vitro growth of these

two M. marinum strains in carp leukocytes (CLC line) was
determined. This cell line can be maintained at 28°C, the
optimal growth temperature of M. marinum, and has been
shown previously to be a useful model for M. marinum intra-
cellular growth and survival (10). In contrast to the results
obtained with the THP-1 cells, Mma11 was able to maintain
itself in these CLC cells (Fig. 6). However, in this experiment
also there was a clear difference in outgrowth of Mma20 com-
pared to Mma11 (Fig. 6). This showed that strain Mma20 is
able to survive and/or replicate more efficiently in macro-
phages, which might explain the increased virulence of this
strain.

DISCUSSION

Since the 1920s, M. marinum has been known as the caus-
ative agent of fish tuberculosis in poikilothermic species and of
fish tank granuloma or swimming pool granuloma in humans.
Strain variation with respect to virulence, however, was never
investigated. In the present study we demonstrate that differ-
ent M. marinum strains show marked differences in pathoge-
nicity. These differences correlated with the origin of the iso-
lates (from infected humans or infected fish) and with genetic
clustering. Indeed, by AFLP fingerprinting, two clusters, des-
ignated clusters I and II, could be recognized, with human
isolates falling predominantly in cluster I and isolates from
poikilothermic species falling predominantly in cluster II. In
addition, we confirmed that the zebra fish is a useful animal
model to study mycobacterial infection (14).

Depending on the M. marinum strain used, the zebra fish
developed an acute or a chronic infection. The acute symptoms
were not expected, since the relative inoculum was known to
result in a chronic disease in goldfish (21). Zebra fish with an
acute disease suffered from loss of equilibrium, swelling, and
hemorrhage at the site of infection, hung at the bottom of the
tank, and did not eat. Histological examination showed a mas-
sive amount of acid-fast rods at the site of infection and a
severe peritonitis. The fish with chronic infections showed
signs typical of fish tuberculosis, i.e., a systemic spread of the
infection, granuloma formation in different organs, shedding of
scales, and skin lesions. The differences in disease progression
that we observed in fish inoculated with strain Mma20 (a hu-
man isolate) compared to those inoculated with strain Mma11
(a fish isolate) were not merely an effect of inoculum size, since
strain Mma20 also caused acute infection in 50% of the fish
when a 100-times-lower inoculum was used (102 CFU versus
104 CFU) (data not shown). Since the zebra fish infected with
the human isolates had to be sacrificed earlier than originally
planned, due to the unexpectedly fast progression of the infec-
tion, we could isolate organs of these zebra fish only at 1 and
7 dpi. At day 7 only the fish infected with the human isolate
Mma20 showed a large increase in bacterial numbers in the
liver and the posterior kidney. These results were substantiated
in experiments with both human THP-1 and carp CLC cells:
cluster I isolate Mma20 infected and survived better in mac-
rophages than cluster II strain Mma11. The striking difference
in disease characteristics between the different M. marinum
isolates correlated with genetic differences, as was determined
by AFLP analysis. This analysis showed that all isolates
grouped in two clusters, I and II. All strains causing acute

FIG. 6. Survival of Mma11 (�) and Mma20 (u) in the human
macrophage cell line THP-1 (A) and the carp leukocyte cell line CLC
(B). Bacteria and cells were incubated at 33°C for THP-1 and at 28°C
for CLC. After a 1-h coincubation of cells and bacteria, the cells were
washed, treated with 200 �g of amikacin per ml, and incubated in
medium with 30 �g of amikacin per ml at the appropriate temperature.
At different time points, samples were taken for CFU determination.
Survival was expressed as the percentage of CFU at each time point,
with the number of CFU at time zero as a reference. The means from
three experiments are shown.
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disease belonged to cluster I. Surprisingly, most strains of this
cluster were human isolates, which raised the hypothesis of
whether passage through a human host would result in an
increase in poikilothermic virulence. However, the cluster I
snake isolate Mma42 also induced an acute lethal disease,
which indicates that the genetic background is important and
not the human passage.

Of course, human infection is caused by isolates that are
transmitted to humans from fish or other poikilothermic spe-
cies, but our results suggests that strains that have the potential
to induce infection also in humans differ genetically from
strains that cause infection only in fish. The human isolates
were collected during the last decade from patients admitted to
Dutch hospitals; therefore, these strains were isolated from
patients with severe infections in need of medical attention.
The finding that these human isolates are strongly overrepre-
sented in cluster I indicates that strains of cluster I more
frequently give rise to more severe and persistent human in-
fections. This observation, combined with the evidence that
these strains show enhanced survival in both human and fish
cell lines, suggests that cluster I forms a subspecies of M.
marinum with increased pathogenicity for humans and zebra
fish. Cluster I is genetically more closely related to the human
pathogen M. ulcerans than cluster II (20). However, the impli-
cation of this relationship is at present unclear. The observed
differences in M. marinum virulence are in contrast with pre-
vious studies, which mention briefly that there were no differ-
ences in disease outcome when different strains of M. marinum
were used to infect the leopard frog or the goldfish (16, 21).
The difference between those studies and our report is prob-
ably not due to the use of different M. marinum strains, since
those studies also report the use of several strains, derived both
from humans and from fish and frogs. The observed difference
might be due to the choice of host organism; the leopard frog
has been shown to be relatively resistant to M. marinum, with
stable bacterial loads and noncaseous granulomas (16). On the
other hand, the link with the human isolates indicates that the
difference in virulence can be seen in widely different species.

The finding that M. marinum strains cluster in two major
groups, with one cluster containing strains pathogenic for hu-
mans and zebra fish, allows us to use the zebra fish model to
identify mycobacterial virulence factors that are important for
survival and persistence in fish and in humans.
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