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Pasteurella multocida is a highly infectious, facultative intracellular bacterium which causes fowl cholera in
birds. This study reports, for the first time, the observed interaction between P. multocida and free-living
amoebae. Amoebal trophozoites were coinfected with fowl-cholera-causing P. multocida strain X-73 that ex-
pressed the green fluorescent protein (GFP). Using confocal fluorescence microscopy, GFP expressing X-73
was located within the trophozoite. Transmission electron microscopy of coinfection preparations revealed
clusters of intact X-73 cells in membrane-bound vacuoles within the trophozoite cytoplasm. A coinfection assay
employing gentamicin to kill extracellular bacteria was used to assess the survival and replication of P.
multocida within amoebae. In the presence of amoebae, the number of recoverable intracellular X-73 cells
increased over a 24-h period; in contrast, X-73 cultured alone in assay medium showed a consistent decline in
growth. Cytotoxicity assays and microscopy showed that X-73 was able to lyse and exit the amoebal cells
approximately 18 h after coinfection. The observed interaction between P. multocida and amoebae can be
considered as an infective process as the bacterium was able to invade, survive, replicate, and lyse the amoebal
host. This raises the possibility that similar interactions occur in vivo between P. multocida and host cells.
Free-living amoebae are ubiquitous within water and soil environments, and P. multocida has been observed to
survive within these same ecosystems. Thus, our findings suggest that the interaction between P. multocida and
amoebae may occur within the natural environment.

In recent years, there has been intense interest in the com-
plex relationship between bacteria and free-living amoebae.
Subsequently, an increasing number of bacterial pathogens
have been found to interact with amoebal species such as
Acanthamoeba polyphaga. Amoebae are known to be environ-
mental hosts of several pathogens, such as Legionella spp. (41),
Mycobacterium avium (14, 30), Chlamydia pneumoniae (17),
Burkholderia pseudomallei (26), and Listeria monocytogenes
(34). This relationship has important advantages for the bac-
teria, such as protection against bactericidal agents and in-
creased survival in adverse environmental conditions (5). In
addition, this bacterial-amoebal interaction has significance
beyond the dynamics of the ecosystem, as it is thought to lead
to endosymbiotic relationships which closely resemble the
pathogenesis of chronic bacterial infections in mammalian
cells (21, 24).

Pasteurella multocida is a facultative gram-negative pathogen
that is the causative agent of several economically significant
diseases. These include atrophic rhinitis in swine, hemorrhagic
septicemia and pneumonic pasteurellosis in cattle and buffalo,
and fowl cholera in all avian species (15, 12, 22). Fowl cholera
affects both wild and domesticated birds and levies a heavy
environmental toll as well as an economic burden on the poul-
try industry (22, 39). Among wild birds, the disease has greatest
impact on North American wildfowl, killing thousands of birds
annually (6). Identification of certain virulence factors (7, 13)
and genome-wide analyses (8, 9, 25) have led to the further
understanding of pathogenic mechanisms that P. multocida
utilizes to cause disease. However, control measures to mini-

mize the impact of fowl cholera have been greatly impeded due
to the lack of safe and effective vaccines and because the
natural reservoir and transmission route of P. multocida are
largely unknown. Possible environmental reservoirs may in-
clude water, contaminated soils, and birds that harbor P. mul-
tocida (4, 37, 44), and one potential route of transmission may
be the aerosolization and subsequent inhalation of P. multo-
cida-laden water droplets (6, 48).

Free-living amoebae, such as Acanthamoeba polyphaga and
Hartmanella vermiformis, can be isolated in abundance from
both aquatic and soil environments. It has been established
that P. multocida can survive and persist within these same
environmental niches (4, 6, 10, 37, 43, 48). The presence of P.
multocida within these aquatic environments and the need to
identify the reservoir and route of transmission of this impor-
tant avian pathogen warrant an investigation into the bacteri-
um’s ability to utilize amoebae as hosts. The current report is
the first to demonstrate that fowl-cholera-causing P. multocida
strains have the ability to enter and survive within the free-
living amoebal species A. polyphaga and H. vermiformis.

MATERIALS AND METHODS

Bacterial strains, plasmid, and growth conditions. Bacterial strains and the
plasmid used in this study are listed in Table 1. All P. multocida strains were
grown on heart infusion (HI; Difco, Franklin Lakes, New Jersey) medium at
37°C, and all Escherichia coli strains were cultured on Luria-Bertani medium
(Difco) at 37°C. Media were supplemented with the appropriate antibiotics when
necessary.

Amoebal strains and growth conditions. Acanthamoeba polyphaga strain
JAC/S2 (ATCC 50372) and Hartmanella vermiformis (ATCC 50802) were ob-
tained from the American Type Culture Collection (Manassas, VA). Amoebal
strains were maintained axenically as confluent monolayers of trophozites in
75-cm2 tissue culture flasks with the appropriate medium. A. polyphaga cells were
maintained in modified ATCC 712 PYG (36) culture medium, with lactose
substituted for glucose at 35°C, and H. vermiformis cells in ATCC 1034 culture
medium supplemented with 10% heat-inactivated fetal bovine serum at 25°C
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(18). Trophozites were suspended before use by tapping the flask sharply by
hand, and cell counts were determined as described previously (36). Amoebae
were subcultured into fresh medium every 6 days and plated on HI medium to
check for possible bacterial contamination.

Coinfection assay conditions. The coinfection assay was modified based on the
method described by Moffat and Tompkins (36). Briefly, axenically maintained
amoebal cells were pelleted and resuspended in modified 1� Acanthamoeba
castellanii assay medium (36). In a 24-well plate, 1 ml of the resuspended amoeba
was seeded and allowed to form a monolayer for 1 h. The wells were then
inoculated with P. multocida (105 CFU/ml) at a multiplicity of infection of 100:1.
Immediately after the addition of the bacteria, an aliquot of culture was removed
to confirm the CFU in the initial inoculate. P. multocida-infected monolayers
were incubated at either 35°C with A. polyphaga or 25°C with H. vermiformis for
24 to 30 h. P. multocida interaction with the amoebae was allowed to continue for
2 h, after which time the A. castellanii medium was aspirated. The wells were
washed once with the same medium and replaced with A. castellanii medium
containing 100 �g/ml of gentamicin to kill the extracellular bacteria. This treat-
ment had been previously determined to reduce the number of extracellular
bacteria by greater than 95% (data not shown). After 2 h, the wells were fully
aspirated and the cells were pelleted and resuspended in fresh 1� A. castellanii
buffer to remove any remaining gentamicin. The amoebal cells were harvested at
this time point, plated onto HI medium, and placed in an incubator at 35°C for
24 h, after which P. multocida cells were enumerated. For most assays, viable
count time points were taken at 2-h intervals. All experiments were carried out
in triplicate on at least four separate occasions.

Cytochalasin D assays. Coinfection assays were performed as described above
except for the addition of 1 �g of cytochalasin D (Sigma, St. Louis, MO) per ml
of 1� A. castellanii buffer to the A. polyphaga 1 h prior to the infection with P.
multocida. Cytochalasin D was present for the subsequent duration of the coin-
fection assays.

Construction of green fluorescent protein (GFP)-expressing P. multocida. E.
coli strain VT1300 was cultured on Luria-Bertani medium and supplemented
with 50 �g/ml of spectinomycin. The pVT1303 plasmid was isolated using a
method described by previously (32). Employing the ability of P. multocida to
uptake DNA naturally, pVT1303 was transformed into wild-type strain X-73.
Approximately 1 �g of pVT1303 plasmid was resuspended in 140 �l of A.
castellanii buffer and plated onto a HI plate supplemented with 50 �g/ml spec-
tinomycin. The plate was placed in a 37°C incubator for 15 min to allow the DNA
to absorb into the agar. A bacterial suspension was prepared by harvesting X-73
cells from an 8-h plate incubated at 37°C, and cells were resuspended in a final
concentration of 105 CFU/ml of 1� A. castellanii buffer. Onto the dry agar, 500
�l of the 105-CFU/ml X-73 bacterial suspension was spread plated over the
pVT1303 DNA. The plate was incubated again at 37°C for 48 h, enabling the
growth of transformants. One P. multocida transformant, strain ACP19, was
selected and further cultured onto HI plates with spectinomycin.

Cytotoxicity assay. The CytoTox 96 nonradioactive cytotoxicity assay (Pro-
mega Corp., Madison, WI) was used to measure the level of P. multocida
cytotoxicity on amoebal cells. In brief, the standard infection assay was pre-
formed with wild-type P. multocida strain X-73 and A. polyphaga. After 18 h of
coinfection, cytotoxicity was measured in cellular lysates and culture superna-
tants via the CytoTox 96 assay. The cytotoxicity assay and the percentage of
cytotoxicity were conducted and calculated, respectively, according to the man-
ufacturer’s instructions.

Laser scanning confocal microscopy. To confirm that ACP19 expressed the
GFP protein and exhibited fluorescence, X-73 and ACP19 cells were wet
mounted onto microscope slides and examined using a three-dimensional (3D)
laser scanning confocal microscope TCS SP2 (Leica Microsystems, Bannock-
burn, IL) at magnifications of up to 4,000�. The filters used to visualize GFP

were dichroic filters, the photomultiplier settings ranged from 2.0 to 2.9, and the
excitation energy setting was RSP 500. Once fluorescence was confirmed, a
standard coinfection assay was then performed using ACP19 and monolayers of
A. polyphaga. After 18 h postinfection, amoebal cells were removed, washed in
phosphate-buffered saline, treated with 25% formaldehyde solution for 30 min,
and washed twice more in phosphate-buffered saline to allow the samples to be
visualized. The samples were wet mounted and viewed with a 3D laser scanning
confocal microscope TCS SP2 at magnifications of up to 4,000� as described
above.

Transmission electron microscopy. A standard coinfection assay was set up
with A. polyphaga and X-73 and allowed to incubate for 18 h. Uninfected
monolayers of A. polyphaga were incubated for 18 h and used as a control group.
In both cases, the amoebae were harvested and fixed for electron microscopy.
Samples were individually fixed in a primary fixation solution of 1 M HEPES and
2.5% glutaraldehyde for 2 h. The samples were then washed twice for 15 min in
fresh 1 M HEPES to remove the excess glutaraldehyde. The samples were moved
into the secondary fixation solution containing 1% OsO4 (Sigma) and allowed to
incubate overnight. A series of dehydration washes was then preformed utilizing
an increasing concentration of ethanol. Once sufficiently dehydrated, three
washes with propylene oxide were conducted. Finally, samples were embedded in
resin using an Eponate 12 embedding medium kit (Pella, Inc. Redding, CA).
Sectioning was preformed with an RMC MT 7000 Ultramicrotome (Boeckeler
Instruments, Inc., Tucson, AZ), and ultrathin sections were placed on copper
grids (400 square mesh) and poststained with uranyl acetate and Reynold’s lead
citrate. Sections were examined with a Hitachi (Pleasanton, CA) H-600 trans-
mission electron microscope operating at 75 kV.

RESULTS

Expression of GFP in P. multocida. To date, the potential for
P. multocida to express green fluorescent protein had not been
investigated. P. multocida strain X-73 was transformed with the
Actinobacillus actinomycetemcomitans shuttle vector pVT1303,
which contained a modified gfp gene (33). The resultant con-
struct ACP19 was examined for green fluorescence using a 3D
laser scanning confocal microscope. ACP19 clearly exhibited
green fluorescence, thus confirming the expression of the gfp
gene within P. multocida (Fig. 1A). This result was the first to
demonstrate the expression of GFP in a Pasteurella species. It
was also a crucial step in the initial study of the amoebal-P.
multocida interaction and it demonstrated the use of A. acti-
nomycetemcomitans shuttle vectors in P. multocida. The A.
actinomycetemcomitans ltx promoter was used to drive the ex-
pression of the gfp gene in pVT1303, and closer examination of
the ltx promoter region revealed a conserved �70 promoter that
most likely enabled the expression of gfp within the P. multo-
cida background. The GFP-expressing strain ACP19 can be
utilized as a reporter for future P. multocida intracellular stud-
ies.

To determine if P. multocida entered into and survived
within amoebae, ACP19 was employed in a standard coinfec-
tion assay with A. polyphaga. By using the 3D laser scanning

TABLE 1. Bacterial strains and plasmid used in the study

Bacterial species and
strain or plasmid no. Relevant strain characteristics Reference

P. multocida X-73 Serogroup A: serotype 1, chicken isolate, reference strain 40
P. multocida PBA815 Serogroup A: serotype 3/4, chicken isolate 50
P. multocida P-1059 Serogroup A: serotype 3, turkey isolate 40
P. multocida ACP19 Contains pVT1303 plasmid This study
Escherichia coli

VT1300 Contains pVT1303 plasmid 33
pVT1303 Contains gfp gene under control of the A. actinomycetemcomitans ltx promoter 33
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confocal microscope, the intracellular location of ACP19 was
visualized within the amoebal cytoplasm (Fig. 1B). When com-
pared to the uninfected A. polyphaga (Fig. 1C), the infected
amoebal cells showed a concentration of fluorescence within
the cytoplasm which was likely due to a number of ACP19
cells. The GFP has been shown not to be affected by the fixing
of the specimens that was required for this type of microscopy
(27).

Localization of P. multocida within A. polyphaga. From the
results gained using ACP19 in coinfection assays, it appeared
that the bacteria were located in the amoebal cytoplasm. In
order to verify whether the P. multocida X-73 cells coinfected
with A. polyphaga or H. vermiformis trophozoites were indeed
intracellular, a standard coinfection assay was terminated at
18 h postinfection and amoebal cells were examined via trans-
mission electron microscopy (Fig. 2). P. multocida X-73 cells
were visualized in membrane-bound vacuoles within the cyto-
plasm of the amoebal cell (Fig. 2A through C). Within the
vacuoles, bacteria appeared to be dividing (Fig. 2B), lysing, and
exiting their amoebal host (Fig. 2D). In addition, vacuoles that
contained X-73 were consistently associated with mitochondria
(Fig. 2B and 2C).

Survival of P. multocida within A. polyphaga. A quantitative
coinfection assay was carried out with P. multocida X-73 to
determine the effect amoebae have on the survival and growth
of the bacteria (Fig. 3, top panel). In the presence of A.
polyphaga, there was a steady and significant increase in the
number of recovered viable P. multocida X-73 cells from 1.8 �
102 to 1.7 � 104 (Fig. 3, top panel, solid line). X-73 coinfected
with A. polyphaga showed a limited lag phase, as our initial
time point represents 2 h postinfection. In contrast, viable
counts of P. multocida X-73 cells cultured alone progressively
decreased to nondetectable levels after 20 h (Fig. 3, top panel,
dashed line). The A. castellanii buffer used in the assays was a
nutrient-limiting medium (36) that does not support the
growth of P. multocida.

The cell number increase in the first 10 h of the coinfection
was assumed to be the initial internalization and subsequent
growth of P. multocida within the amoebal cells (Fig. 3, top
panel). After this initial period, there was approximately 1 log
less recoverable P. multocida X-73 until 22 h postinfection.
This decline may be attributed to the lysing of the amoebal
cells by P. multocida, as cytotoxicity studies (see below) and
electron micrographs provided evidence of P. multocida lysing
and escaping the amoebae (Fig. 2D). Once P. multocida have
lysed their amoebal host cells and exit into the surrounding
medium, they become susceptible to the gentamicin treatment
and the viable cell count decreases. This constant decrease was
observed until 20 h postinfection, after which an increase in
recoverable P. multocida was observed. Even though P. mul-
tocida was shown not to survive within A. castellanii buffer, the
coinfection assays were conducted in the presence of gentami-
cin to ensure that the viable bacteria enumerated were derived
from within the amoebal cells. This is further supported by
both fluorescence and transmission electron microscopy that

FIG. 1. Expression of GFP within P. multocida ACP19 cells.
(A) ACP19 cells exhibiting green fluorescence; (B) A. polyphaga cells
coinfected with ACP19, arrow indicating internalized GFP-fluorescing

ACP19 cells within A. polyphaga 18 h postinfection; (C) uninfected A.
polyphaga cells. Cells were examined using a 3D laser scanning confo-
cal microscope TCS SP2 at a magnification of up to 4,000�.
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show the presence of P. multocida localized within the amoebal
cells (Fig. 1 and 2).

In order to show that interactions and infections of free-
living amoeba are not limited to A. polyphaga, we also con-
ducted the same coinfection assays with the environmental
amoeba H. vermiformis and found the interaction kinetics to be
very similar to those observed with A. polyphaga (data not
shown).

Cytotoxic effect of P. multocida. Transmission electron mi-
croscope observations (Fig. 2D) and the kinetics of the P.
multocida-amoebal interaction (Fig. 3, top panel) strongly sug-
gested that the decrease seen in viable cell count (starting after
10 h postinfection) was a direct result of P. multocida lysing the
amoebal host cells. To further confirm and quantify the degree
of cytotoxicity, a nonradioactive cytotoxicity assay was con-
ducted. Assay results indicated that, compared to amoebae in
the absence of P. multocida, amoebae coinfected with the bac-
terium showed 33% (� 1.6%) lysis 18 h postinfection.

Effects of a cytoskeletal inhibitor on P. multocida infection.
To initiate studies of the specific interaction between P. mul-
tocida and the amoebal cells, the ability of P. multocida to

infect the amoebae in the presence of the cytoskeletal inhibitor
cytochalasin D was assessed. Cytochalasin D inhibits actin po-
lymerization and therefore inhibits endocytosis. A. polyphaga
cells were preincubated with cytochalasin D prior to their ad-
dition to a 24-h coinfection assay. Although it appears at first
that cytochalasin D did have some inhibitory effect (Fig. 3,
middle panel) on the intracellular growth of P. multocida, it is
probable that this was not directly due to the inhibition of
endocytosis but rather the effect cytochalasin D has on the
morphology of the amoebal cells themselves. Moffat and
Tompkins (36) reported that the inhibitor itself caused the
amoebae to round up and lift up from the bottom of the assay
wells, which resulted in the loss of amoeba during the assay
procedure, resulting in fewer amoebae and thus fewer P. mul-
tocida X-73 cells able to be recovered. Microscopic observation
of amoebal cells preincubated with cytochalasin D showed a
rounded morphology (data not shown), indicating that the
slight decrease in X-73 recovery (Fig. 3, middle panel) may not
be due directly to the inhibition of endocytosis but rather the
loss of amoebal cells during the assay.

FIG. 2. Transmission electron microscopy of A. polyphaga trophozites infected with P. multocida X-73. (A through C) Micrographs show
intravacuolar P. multocida at 18 h postinfection. MI indicates mitochondria, and arrow indicates a P. multocida cell that appears to be in the process
of cell division. (D) Intracellular X-73 cells that have lysed and exited A. polyphaga cells.
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Other P. multocida strains infect A. polyphaga. In order to
determine if other fowl-cholera-causing isolates of P. multo-
cida could also enter into and survive within an amoeba host,
we employed two other serogroup A P. multocida strains in
standard coinfection assays. The interaction of strains P-1059,

serotype 3, and PBA815, serotypes 3 and 4, were very similar to
those seen with X-73 (Fig. 3, bottom panel).

DISCUSSION

Since the initial studies with Legionella pneumophila, bacte-
rial-amoebal interactions have been observed with a number of
pathogens including Chlamydia spp. (17), Mycobacterium spp.
(14, 30, 46), Francisella tularensis (1), Burkholderia spp. (26,
35), and Salmonella spp. (47). These observations have enabled
further understanding of bacterial environmental reservoirs,
routes of transmission, and virulence mechanisms employed
during host cell infection. Interactions between members of
the Pasteurellaceae family and free-living amoebae have not
been previously reported. This study has observed the interac-
tion between fowl-cholera-causing P. multocida strains and
free-living amoebae.

The interaction between P. multocida and amoebae shares
many important characteristics observed when other patho-
gens infect and grow within amoebal cells. Under assay condi-
tions, P. multocida X-73 cultured alone eventually resulted in
no recoverable viable cells whereas a steady increase in X-73
viable counts was observed during coinfection with amoebae
(Fig. 3, top panel). These recovered cells were presumed to be
internalized within the amoebae, as the assay used gentamicin
to eliminate noninternalized bacteria at any given time point.
Furthermore, the bacterium was unable to survive within the
assay medium alone and thus sustained survival of P. multocida
could occur only in the presence of amoebae. These data were
further supported by electron microscopy studies (Fig. 2). In-
ternalized P. multocida cells were found residing in spacious
membrane-bound vacuoles within the amoebal cytoplasm,
which is a hallmark characteristic of bacteria that are able to
infect and survive within amoebae (for a review, see reference
23). Such vacuoles differ from the tight-fitting vacuoles associ-
ated with bacteria ingested as a food source (35). Although the
nature of the P. multocida-containing vacuoles has not yet been
identified, two other observations support the possible repli-
cation of P. multocida within these vacuoles. Intracellular P.
multocida examined via microscopy appeared to show the ini-
tiation of replication (Fig. 2B), and more importantly, mito-
chondria were found to be associated with the P. multocida-
containing vacuoles (Fig. 2B and 2C). In both amoebae and
macrophages, vacuoles that contain replicating L. pneumophila
are associated with mitochondria and then endoplasmic retic-
ulum (2, 21). In addition, F. tularensis (1), Simkania negevensis
(28), and rickettsial species (19) were also observed in in-
traamoebal vacuoles associated with mitochondria. In light of
the above observations, we propose that P. multocida, like
other pathogens, be classified as an amoeba-resistant bacte-
rium (23). According to Greub and Raoult (23), an amoeba-
resistant bacterium, by definition, is able to enter, multiply
within and exit its amoebal host.

The cytoskeletal inhibitor cytochalasin D had no dramatic
effect on the entry or replication of P. multocida within the
amoebal cell. In contrast, two reports demonstrated that the
invasion of P. multocida into bovine endothelial cells and
MDCK cells could be reduced up to 60% by pretreatment with
cytochalasin D (20, 38). Interestingly, these conflicting results
were also observed with L. pneumophila, in that cytochalasin D

FIG. 3. The top panel shows the viable counts of P. multocida X-73
alone (dashed line) or coinfecting A. polyphaga (solid line) recovered
from coinfection assays. The middle panel shows the effects of cytocha-
lasin D added to the A. polyphaga cells 1 h before the addition of X-73.
The solid line depicts the A. polyphaga not treated with cytochalasin D,
and the dashed line indicates the pretreated amoeba. Viable counts
were taken at 4, 8, 12, 16, and 20 h postinfection. The bottom panel
shows P. multocida strains P-1059 (dashed line) and PBA815 (solid
line) recovered from coinfection assays with A. polyphaga. Viable
counts were taken at 12, 18, and 24 h postinfection. As observed with
X-73, there was a decline in the number of recoverable P. multocida
cells when cultured without A. polyphaga (data not shown). All assays
were conducted in triplicate on at least four separate occasions. The
graphs were generated using the Systat10 program. Error bars repre-
sent the 75% confidence intervals in the averages of log CFUs recov-
ered per ml.
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had little effect on invasion into amoebal cells (29, 36) but it
inhibited the invasion of host cells (16, 29). Consequently, this
suggests that, like L. pneumophila, P. multocida does not enter
the amoebae via normal endocytosis and may instead use an
alternative pathway.

Most bacterial pathogens able to infect amoebae have also
been shown to invade and infect host cells (1, 14, 17, 23, 26).
The invasive ability of P. multocida has long been debated, and
only a few studies have investigated the intracellular potential
of this pathogen. Virulent atrophic rhinitis and fowl-cholera-
causing strains were reported to invade and survive within
various host cell lines such as turkey kidney epithelial cells and
avian mononuclear phagocytic cells (20, 31, 38, 49). P. multo-
cida rabbit strains were shown to enter nasal epithelial and
endothelial cells and reside within membrane-bound vacuoles
in the cytoplasms of these cells (3). The observed relationship
between amoebae and P. multocida further supports the above
reports and strongly indicates that this pathogen is capable of
intracellular invasion and survival within host cells. Further-
more, like L. pneumophila (21, 45), genes utilized for invasion
by P. multocida may be similar for both the host cell and
amoebae.

The importance of free-living amoebae in soil and water
ecosystems has been well established. However, increasing at-
tention has now been focused on the potential role of amoeba
as reservoirs and vehicles for the transmission of bacterial
pathogens. P. multocida has been found in a number of aquatic
and soil environments (4, 10, 37, 43, 48). Although the bacte-
rium has been recovered from the soil and water around en-
zootic fowl cholera sites (6, 37, 43), it has been proposed that
these ecosystems do not play a major role in harboring the
organism (42). However, since P. multocida can be found in the
same environments as the amoebae, interactions between the
two are likely. Further work is needed to establish if amoebae
within the environment harbor virulent P. multocida and if this
allows bacterial transmission to the host in a manner similar to
that in which L. pneumophila is transmitted to humans via
infected amoebae (11). Nevertheless, these data provide evi-
dence that P. multocida cells enter, survive, replicate within,
and escape from free-living amoebae. These data enhance our
understanding of the environmental reservoirs and modes of
transmission of this important animal pathogen.
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