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Survival of Mycobacterium bovis after ingestion by protozoa would provide an environmental reservoir for
infection of cattle. We have shown that M. bovis survived ingestion by Acanthamoeba castellanii. In contrast, two
strains of M. bovis BCG did not survive well within Acanthamoeba.

Bovine tuberculosis continues to pose an economic problem
in Ireland and the United Kingdom. There is strong circum-
stantial evidence that badgers are a reservoir of the disease
(14) and that ingestion of grass contaminated by badger waste
is a likely route of infection. The length of survival of Myco-
bacterium bovis in the environment appears to vary consider-
ably according to environmental conditions, ranging from only
a few weeks (6, 24) to a year or more (18, 26). However, there
is scant understanding of how M. bovis survives in an environ-
ment to which it is ill adapted. Ingestion of M. bovis by proto-
zoa might provide a protected environmental niche, enabling
extended survival in the soil (4).

Since the discovery that Legionella pneumophila can infect
and replicate in amoebae (21), there has been increasing in-
terest in the role of protozoa (especially Acanthamoeba spp.)
in the environmental survival of pathogenic bacteria (4, 7, 8,
16, 17, 23, 25). Mycobacterium leprae and Mycobacterium avium
have been shown to survive within protozoa (4, 5, 15, 22),
providing protection against adverse conditions (19). However,
there is no published evidence that M. bovis can survive inges-
tion by amoebae.

The purpose of this study was to test the survival of M. bovis
in a model amoebal species, Acanthamoeba castellanii (Neff
CCAP 1501/1A), which was maintained as axenic monolayers
at 15°C in proteose-peptone-glucose medium (PPG). PPG is
composed of 15 g of proteose-peptone, 18 g of D-glucose, and
1 liter of Page amoeba saline (PAS) (20). For bacterial infec-
tion, amoebal monolayers at approximately 90% confluency
were resuspended, and viable counts of amoebae were deter-
mined by trypan blue exclusion in an improved Neubauer he-
mocytometer (11). Amoebae were added in 0.5 ml of PPG to
each well of flat-bottom 24-well tissue culture plates (Nunc).
For electron microscopy, monolayers were adhered to a piece
of Melinex film in the tissue culture plate wells.

After 2 h of incubation at 15°C, the PPG broth was removed
and replaced with 0.5 ml of a bacterial suspension of M. bovis
NCTC 10772 and two strains of M. bovis BCG (Pasteur, ATCC

35734; and Japan, laboratory collection), grown at 37°C to the
log phase in Middlebrook 7H9 broth supplemented with 5%
(vol/vol) OADC (oleic acid, albumin, dextrose, catalase enrich-
ment; Becton Dickinson), 0.05% (vol/vol) Tween 80, and 4.1 g
of sodium pyruvate per liter (for M. bovis) or 0.2% (vol/vol)
glycerol (for BCG). The identity of the BCG strains was
checked with IS6110 (9). Numbers of bacteria were estimated
by optical density at 600 nm, and the cultures were resus-
pended in PAS for infection of Acanthamoeba at a multiplicity
of infection of approximately 10, which was shown in prelim-
inary experiments to achieve effective infection of the amoebal
monolayer. The plates were then reincubated for 24 h to allow
ingestion of the mycobacteria, which was confirmed by trans-
mission electron microscopy.

For electron microscopy, the monolayer was fixed by adding
25% glutaraldehyde to a concentration of 2.5% for 30 min and
then washed in 0.1 M cacodylate buffer (pH 7.4). Postfixing was
carried out in 2% osmium tetroxide in 0.1 M cacodylate buffer
for 1 h. The samples were then dehydrated through increasing
concentrations of ethanol (30, 50, 70, 90, and 100%), followed
by ethanol-propylene oxide (1:1), propylene oxide, propylene
oxide-Epon 812 (1:1), and finally Epon 812, with the Melinex
film applied to the resin so that the cell monolayer was facing
down. After polymerization of the resin, thin sections were cut,
stained with lead citrate and uranyl acetate, mounted on cop-
per grids, and viewed with a transmission electron microscope
(Philips 400T). The results (Fig. 1) confirmed that mycobacte-
ria had been ingested by the protozoa. Further results (not
shown) obtained with a strain expressing green fluorescent
protein, visualized by fluorescence microscopy, showed the
presence of bacteria within vacuoles after as little as 30 min of
coincubation

To determine the survival of mycobacteria after ingestion by
the amoebae, the monolayers were washed in PAS and treated
with 100 �g of amikacin per ml for 2 h to remove any extra-
cellular or adherent bacteria (2); the short period of amikacin
treatment makes it unlikely to have any persistent effect on the
amoebae. Amikacin was removed by washing with PAS, and
the monolayers were then incubated in 0.5 ml of PAS at 15°C,
a temperature that is characteristic of soils in temperate re-
gions during the summer months, but does not permit growth
of M. bovis. Preliminary experiments established that this com-
bination of washing and treatment with amikacin reduced the
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levels of extracellular bacteria at least 105-fold. At intervals, a
set of three wells was treated by removing the PAS and wash-
ing the monolayers twice with 0.5 ml of PAS. Intracellular
mycobacteria were released by lysing the monolayers with 0.5
ml of 0.5% sodium dodecyl sulfate, followed by passage
through 27-gauge needles twice to ensure breakage of the
amoebae. Preliminary experiments, counting viable numbers
of amoebae in a hemocytometer as described above, estab-
lished that this procedure resulted in 100% lysis of trophozo-
ites and 85.7% � 7.1% lysis of encysted amoebae.

Viable counts of mycobacteria in the lysate were determined
on Middlebrook 7H11 agar containing 5% (vol/vol) OADC
and either 4.1 g of sodium pyruvate per liter (for M. bovis) or
1% (vol/vol) glycerol (for BCG).

Figure 2A shows that M. bovis survived ingestion by the
amoebae and persisted for the duration of the experiment,
with more than 90% being recovered at day 14 compared to
the number recovered at day 0 (immediately after amikacin
treatment). In contrast, viable numbers of both M. bovis BCG
strains had already fallen by day 1; the proportion surviving
was significantly less than that of M. bovis (P � 0.005). The
numbers of viable BCG continued to decrease over the course
of the experiment. By day 14, the recovery of viable M. bovis
BCG Pasteur was �1 in 104, while the numbers of M. bovis
BCG Japan were below the limit of detection. There was no
statistically significant difference between the levels of survival
of the two BCG strains. In a control experiment in PAS, in the

absence of amoebae (Fig. 2B), there was no statistically signif-
icant difference between the levels of survival of M. bovis and
BCG (P � 0.05) until day 8.

These results were confirmed by a further experiment (re-
sults not shown) using a second strain of M. bovis (field isolate
2122/97, obtained from G. Hewinson, Veterinary Laboratories
Agency, Weybridge, United Kingdom), which was indistin-
guishable from M. bovis NCTC 10772 in its survival within
amoebae, while the recovery of BCG from amoebae again
declined rapidly.

Observation of the monolayers with an inverted light micro-
scope revealed that the amoebae started to form cysts after
48 h, and by 14 days, approximately 50% of the amoebae had
encysted. Since the lysis method was only 85% effective for
cysts, the numbers of viable intracellular bacteria after 48 h of
incubation may be somewhat higher than indicated. Neverthe-
less, the recovery of viable M. bovis from amoebae in the late
stages of the experiment, when most of the amoebae had
encysted, indicates that M. bovis is able to survive encystment
of the amoebae. Since amoebal cysts have been found to pro-
tect bacteria from a variety of physical and chemical stresses (1,
12, 13, 19), it seems likely that survival of M. bovis in cysts will
confer similar protection.

The demonstration that M. bovis can survive ingestion by
amoebae suggests that protozoa could significantly enhance
the survival of M. bovis in the soil and hence may be instru-
mental in the transmission of bovine tuberculosis. A full un-

FIG. 1. Electron microscopy of M. bovis BCG within A. castellanii. Samples were prepared for transmission electron microscopy after 3 h of
coincubation. The arrows show examples of mycobacteria within vacuoles.
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derstanding of the potential role of amoebae in this respect will
require investigation of the uptake and survival of M. bovis in
soil microcosms in the presence of mixed populations of bac-
teria.

An unexpected aspect of the data is the apparent disparity in
the abilities of M. bovis itself and the BCG vaccine strains to
survive within A. castellanii. Although a number of differences
in genome structure between M. bovis and M. bovis BCG have
been identified (3, 10), the reasons for the attenuation of BCG
are still not understood. Further studies are needed to confirm
the association between the attenuation of BCG and its inabil-
ity to survive within amoebae and to understand the reasons
for this effect, which would be invaluable information for at-
tempts to develop an improved vaccine against tuberculosis.
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