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Abstract

Background: The reservoir and mode of transmission of Mycobacterium ulcerans, the causative agent of Buruli ulcer, remain
unknown. Ecological, genetic and epidemiological information nonetheless suggests that M. ulcerans may reside in aquatic
protozoa.

Methodology/Principal Findings: We experimentally infected Acanthamoeba polyphaga with M. ulcerans and found that the
bacilli were phagocytised, not digested and remained viable for the duration of the experiment. Furthermore, we collected 13
water, 90 biofilm and 45 detritus samples in both Buruli ulcer endemic and non-endemic communities in Ghana, from which
we cultivated amoeboid protozoa and mycobacteria. M. ulcerans was not isolated, but other mycobacteria were as frequently
isolated from intracellular as from extracellular sources, suggesting that they commonly infect amoebae in nature. We
screened the samples as well as the amoeba cultures for the M. ulcerans markers 152404, 152606 and KR-B. 152404 was detected
in 2% of the environmental samples and in 4% of the amoeba cultures. The 1S2404 positive amoeba cultures included up to 5
different protozoan species, and originated both from Buruli ulcer endemic and non-endemic communities.

Conclusions/Significance: This is the first report of experimental infection of amoebae with M. ulcerans and of the detection
of the marker 1S2404 in amoeba cultures isolated from the environment. We conclude that amoeba are potential natural
hosts for M. ulcerans, yet remain sceptical about their implication in the transmission of M. ulcerans to humans and their
importance in the epidemiology of Buruli ulcer.
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Introduction

Most mycobacteria are environmental opportunistic species that
only occasionally infect humans [1]. Only few mycobacterial
species are known to be obligate parasites, such as AMycobacterium
tuberculosis and M. leprae, the causative agents of tuberculosis and
leprosy respectively. The third most common mycobacterial
disease, Buruli ulcer (BU), is caused by M. wulcerans, an environ-
mental opportunistic mycobacterium. BU occurs mainly in rural
areas of West and Central Africa with over 40,000 cases reported
between 2002 and 2010 [2]. To the present day, the main
reservoir of M. ulcerans and its transmission from the environment
to humans remain unknown.

Epidemiological data from Africa suggest that proximity to
slow-flowing or stagnant water best explains the distribution
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pattern of BU [3]. Nevertheless, it is unlikely that M. ulcerans occurs
free-living in these waters, because (i) M. ulcerans evolved recently
from the generalist, more rapid-growing environmental A.
marinum via lateral gene transfer and reductive evolution to
become adapted to a more protected niche [4], and (i) since M.
ulcerans is sensitive to several antibiotics, such as streptomycin and
rifampicin, it is unlikely that the bacteria occur free living in an
environment where Streptomyces griseus and Amycolatopsis rifamycinica,
producers of respectively streptomycin and rifampicin, thrive
[5,6]. In order to survive without protection of a host a or biofilm,
M. ulcerans would have developed natural resistance against these
antibiotics as is the case for most opportunistic non tuberculous
mycobacteria [6].

Recently in Australia, M. wulcerans has been found at high
prevalence in two species of possum, thus suggesting a role for
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Author Summary

Buruli ulcer (BU) is a devastating skin disease caused by
Mycobacterium ulcerans, an environmental bacterium that
is probably linked to slow-running water. It is unlikely to
occur free-living, but even though M. ulcerans DNA has
been detected in quite a few different organisms (with
most studies focusing on insects), it is still not clear what
its real reservoir is. Amoeboid protozoa, inhabitants of
biofilms in slow flowing water, are good candidates since
all previously tested mycobacteria are resistant to the
digestion by these macrophage-like organisms. In this
paper we demonstrate that M. ulcerans can indeed infect
Acanthamoeba polyphaga in the lab, and remain viable
intracellularly. We also collected water, biofilm and detritus
samples in BU endemic and non-endemic regions in
Ghana. We found that several mycobacteria species
commonly occur intracellularly in protozoa in these
environments. Amoebae were isolated from almost all
samples, and an M. ulcerans marker (1S2404) was detected
in 4% of the amoeba cultures. We conclude that amoebae
are potential hosts for M. ulcerans. However, because these
IS2404 positive amoebae originated from both BU
endemic and non-endemic areas, we remain sceptical
about their implication in the transmission of M. ulcerans
to humans.

these mammals as reservoirs of M. ulcerans [7]. Although in Africa
M. ulcerans has never been found in such high numbers in any
particular element of the environment, low levels of M. ulcerans
DNA were detected in many biotic components of aquatic
ecosystems, such as plants, snail, fish and insects [3], indicating
that M. ulcerans is ubiquitous in these ecosystems. The most
explored hypothesis of M. wulcerans transmission in Africa argues
that microphagous arthropods, e.g the heteropteran waterbugs,
feed on M. ulcerans in water or biofilms, which are in turn
consumed by predatory insects that may occasionally bite humans
[8]. M. ulcerans bacilli are thought to be concentrated along this
food chain, resulting in a sufficient infectious dose for humans [8—
12]. Although the exact role of insects in the transmission of M.
ulcerans remains to be proven [13], a series of experiments do
support this hypothesis [9-12] and recent extensive fieldwork
found a relatively high prevalence of M. ulcerans DNA in several
waterbug species in a BU endemic area [14]. In addition, the only
successful cultivation of M. ulcerans from an environmental source
was from an aquatic hemipteran [15].

Nonetheless, these transmission hypotheses do not exclude an
important role for other host species as M. wulcerans reservoirs.
Recently, it has been postulated that amoebae might represent
hosts for M. wlcerans and that they could be involved in the
transmission from the environment to humans [3,16,17]. A study
in Benin found that the detection frequency of free-living amoebae
in water bodies in BU endemic villages was higher than in non-BU
endemic villages [16]. M. ulcerans has been shown to form a biofilm
on aquatic plants [18], and amoebace are often the main predators
in biofilm communities. As a response to amoebal predation,
many bacteria have acquired resistance to digestion in amoebal
food vacuoles [19]. Also many mycobacterium species have been
shown to survive and even thrive intracellularly in protozoa
[19,20]. Because of their hydrophobic cell wall, mycobacteria tend
to attach to surfaces and are easily phagocytised by protozoa [21]
and macrophages [22] and can even actively promote their entry
into phagocytes [23]. Mycobacteria can use nutrients of protozoa
as a food source and the intracellular life offers protection against
harmful and fluctuating environmental influences, as protozoan
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cysts are remarkably resistant to extremes of temperature, drought
and all kinds of biocides [24,25]. However, few studies have
mvestigated whether mycobacteria infect amoebae in their natural
environment. Natural resistance to amoebae can have important
consequences, as bacteria that infect and evade digestion in
amoebae might use the same tools to enter and resist destruction
within macrophages [19,26], which have similar properties, as has
been shown for Legonella pneumophila [27], an environmental
opportunistic bacterium with amoebae as main reservoir. An
intracellular stay in amoebae even enhances the virulence of L.
pneumophila against mammalian cells [28]. This feature is not
restricted to Legionella; M. avium passaged through Acanthamoeba
castellanii 1s also more virulent towards a mouse model [29]. Even
though M. ulcerans was long considered an extracellular pathogen,
there is increasing evidence that the bacterium exhibits an
important intracellular phase in neutrophils and macrophages
during human infection (reviewed in [30]). So far only one study,
published in 1978, has shown that M. ulcerans can be phagocytized
and retained in an Acanthamoeba, yet this study provided only
limited results [31].

In the present study we experimentally determined the capacity
of M. ulcerans to infect A. polyphaga. We then further investigated the
role of free-living amoebae as hosts for mycobacteria in their
natural environment, including the potential of these protozoa as
reservoirs for M. ulcerans.

Materials and Methods

Experimental infection of A. polyphaga with M. ulcerans

The M. ulcerans strains used were I'TM 030216 (Benin), ITM
980912 (China), ITM 5114 (Mexico) and I'TM 842 (Surinam)
from the collection of the Institute of Tropical Medicine ITM),
Antwerp, Belgium.

A one week old, and therefore starving, axenic culture of 4.
polyphaga CCAP 1501/15 in PYG712 broth was adjusted to 10°
cells/mL and 1 mL transferred into each of the wells of a 24-well
tissue culture plate. The amoebae monolayers were seeded with
suspensions of M. wulcerans In triplicate at an approximate
multiplicity of infection of 1 (M. ulcerans to A. polyphaga) and plates
were incubated at 30°C. Three hours after infection, 20 ug/ml
kanamycin was added to prevent extracellular growth of A
ulcerans. At times 3 h, 3d, 7d and 14 d after infection, the
supernatant was aspirated and discarded. At each time point the
medium of the unused wells was replaced by fresh PYG712 broth
containing 20 pg/mL kanamycin.

To estimate the number of intracellular colony forming units
(CFU) present inside amoebae at each time point the monolayer
was suspended in 0.1% SDS in order to lyse the amoebae. The
lysed amoebae suspension was transferred into a tube containing
glass beads and vortexed. This suspension, as well as two 10-fold
dilutions were inoculated on Léwenstein-Jensen (I,]) medium. The
tubes were then incubated at 30°C and read after 6 weeks.

To localize intracellular bacteria, the amoeba monolayer was
suspended in PBS and then processed for electron microscopy and
for acid-fast staining using the Ziehl-Neelsen (ZN) method.

For transmission electron microscopy the processing of samples
was carried out taking into account that bacteria, including
mycobacteria, have specific requirements for adequate preserva-
tion as discussed elsewhere [32]. Briefly, a volume of 0.3 mL of the
suspended monolayer was pelleted and the pellet was pre-fixed
with 4% formaldehyde-1.25% glutaraldehyde-10 mM CaCl, for
24 h, then fixed in 1% OsO4-10 mM CaCl, for 16 to 24 h, and
then post-fixed in aqueous 1% uranyl acetate for 1 h. Further
processing for electron microscopy was carried out with ethanol
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dehydration and Epon embedding. Ultrathin sections were
double-stained with uranyl acetate (saturated aqueous solution)
for 5 min followed by lead citrate for 3 min.

Detection and cultivation of mycobacteria and amoebae
from the environment

Sample collection. Water (n=13), biofilm (n=90) and
aquatic detritus samples (n=45) were collected in and around
water bodies of seven communities around Agogo (Asante Akim
North District, Ashanti Region, Ghana) (Figure 1). Five of these
(Ananekrom, Nshyieso, Bebuso, Dukusen en Serebuoso) are BU
endemic, with a village-based prevalence ranging from 0.47 to
2.14% in 2006 and 2007, while two communities (Mageda and
Pataban) are considered non-endemic as no cases of BU were
reported in these villages in the two years preceding this study. All
water bodies sampled contained shallow, slow-flowing water that
was largely shadowed by surrounding vegetation. People resident
in these villages frequently come into contact with the water
during walks, fishing and recreational activities and sometimes by
using the water for cooking and drinking.

At every site, 3 L of water was sieved (pore size 100 pm) and
filtered (pore size 0.45 um) by use of a vacuum pump. Biofilm
samples were taken with scalpels and cotton swabs from
herbaceous plants (over a length of 20 cm along the stem) and
wood pieces (10 ecm?). Detritus was stored in 50 mL Falcon tubes.

Sample processing. Water filters were cut into small pieces
in a Falcon tube, 15 mL PBS was added and the filtrand was
suspended by shaking. Biofilms were suspended in 15 mL PBS in
Falcon tubes by shaking. Detritus was transferred to stomacher
bags, 50 mL 0.2% Tween80 in PBS was added and the bags were
kneaded for 1 minute. The mixture was allowed to settle for
30 minutes after which 15 mL of the top layer was transferred to a
50 mL Falcon tube. These suspensions were used for cultivation of
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Figure 1. Map of the study area [63].
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amoebae and mycobacteria (see below). DNA was extracted from
these sample suspensions using a modified method of Boom [33],
as described in [34].

Cultivation of intracellular and extracellular mycobac-
From every suspended sample two 5 mL subsamples were
prepared: one subsample was used for the isolation of extracellular
mycobacteria and the second for the isolation of mycobacteria
present intracellularly in microorganisms. T'o obtain extracellular
mycobacterial cultures, the samples remained unprocessed until the
decontamination procedure. To extract intracellular mycobacteria,
we incubated the sample overnight in 40 ug/mlL kanamycin, a
mycobacteria-killing antibiotic that does not penetrate the cell
membrane of eukaryotic organisms [16,35]. The suspension was
centrifuged for 5 minutes at 500 g and the pellet resuspended in
5 mL PBS with 0.5% SDS to lyse non-mycobacterial microorgan-
isms. Decontamination by the oxalic acid method was performed as
previously described on both sample parts [36]. After decontam-
ination, the pellet was resuspended in 1 mL PBS of which 0.1 mL
were inoculated on L] medium. The inoculated media were
incubated at 30°C for a maximum of twelve months and were read
weekly. Smears of bacterial cultures were stained with the ZN
method for the detection of acid-fast bacilli (AFB). The decontam-
ination process was repeated when the culture consisted of a mixture
of mycobacteria and other organisms. When the smear was
composed of more than 80% mycobacteria, a loopful of the culture
was suspended in 400 pL. 1x TE buffer and heat-inactivated at
100°C for 5 minutes to release bacterial DNA. For the identification
of the mycobacteria, these DNA extracts were subjected to a nested
PCR targeting the 16S rRNA gene common to all mycobacteria
[37]. The PCR products were sequenced using the second primer
set by the VIB Genetic Service Facility (Antwerp, Belgium) and
identified to the species level by performing a blast-search in NCBI
GenBank.
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Cultivation of amoebae. Non-nutrient agar plates coated
with Escherichia coli served as medium for amoebal growth, as
described by Page [38]. Briefly, about 1 cm? piece of filter
containing the water filtrand, about 0.5 cm® of the detritus sample
or a drop of the dissolved biofilm sample was placed on the centre
of the agar plates. Plates were incubated at 30°C and read daily
under a light microscope until amoebal growth was visible.

Morphologically different amoebae from the same sample were
separated on different plates. To purify the amoeba cultures,
contaminant-free portions of the agar plate were cut out and
placed on a fresh plate. Such agar portions were also transported
in 2 mL eppendorf tubes from Ghana to Belgium. When cultures
were free of contaminants or pure amoeba cultures were
mmpossible to obtain, the amoebae were scraped off the plate
using 1.5 mL PBS. A few drops were fixed on a slide and stained
by the ZN method to visualize AFB.

DNA from 250 pL. of the amoeba suspension was extracted
using the modified method of Boom [33,34]. To detect
mycobacterial DNA present in the amoeba cultures, the PCR
assay targeting the 16S rRNA gene was performed as described
above. To detect M. ulcerans DNA, a real-time PCR assay was
performed as described below.

In order to identify amoeba species, three PCR assays were
performed targeting members of the Vahlkampfiidae (using primer
pairs JITSfw and JITSrv [39]), Naegleria sp. (using primer pairs
ITStw and ITSrv [40]) and Acanthamoeba sp. (using primer pairs
JDP1 and JDP2 [41]). The PCR products were sequenced by the
VIB (Flanders Institute for Biotechnology) Genetic Service Facility
(Antwerp, Belgium) using the respective PCR primers. For
Acanthamoeba sp., the internal sequencing primer 892c was also
used [41]. Sequences of Vahlkampfiidae (including Naegleria sp.)
were blasted at the NCBI GenBank to search for similar known
sequences. Sequences from Acanthamoeba were aligned with the
DF3 fragment of the 15 known Acanthamoeba genotypes using
Prankster [42].

Identification of M. wulcerans. FYor the detection of M.
ulcerans in the samples and amoebae cultures, we performed two
duplex real-time PCR assays on DNA extracted directly from the
samples and on DNA extracted from the amoeba cultures isolated
from these same samples. The PCR assays targeted the insertion
sequence 1S2404 (a marker abundant in M. ulcerans but also
present in some other mycobacteria [43]) and an Exogenous
Internal Positive Control (Applied Biosystems) in the first assay,
and IS2606 and KR-B (the ketoreductase-B domain of the
mycolactone polyketide synthase) in the second assay [44]. The
reactions were executed in a 7300 Real-Time PCR System
(Applied Biosystems) (at NMIMR, Legon, Ghana), Rotogene-3000
Real-Time Thermo cycler (Corbett Research) and iCycler (Bio-
Rad) (at I'TM, Antwerp, Belgium). Negative and positive controls
for DNA extraction and PCR were included in every run and
always had valid results.

Statistical analysis. With a test of equal proportions in the
program R [45] we tested whether extracellular mycobacteria
were isolated more frequently than intracellular mycobacteria.

Generalised mixed models for binomial distributions were
constructed in R [45] to relate the relative occurrence of
intracellular mycobacteria (number of intracellular cultures
divided by number of both itracellular and/or extracellular
cultures) or the isolation frequency of amoebae to BU endemicity
and to the type of habitat (water, biofilm on herbs and on wood,
and detritus). When necessary, we corrected for the possible effects
of intrinsic differences between the different water bodies that were
sampled, where the effect “water body” was nested in “BU
endemicity”” and was considered a random effect. The significance
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of the fixed effect of BU endemicity and the type of habitat was
tested by constructing new linear models where these parameters
were excluded, after which the new and the complete model were
compared to each other using an Analysis of Variance (ANOVA).
P-values lower than 0.05 were considered significant.

The significance of the effect of sampling different water bodies
(a random effect nested in “BU endemicity”’) was estimated using
Bayesian statistics in the program WINBUGS [46], using 50000
iterations for the Markov Chain simulations. The generalised
linear model and Bernouilli response distribution were constructed
with the same parameters as described above and non-informative
priors were used. Results were considered significant when the
95% confidence interval of the posterior distribution did not
include zero.

Results

Co-incubation of A. polyphaga and M. ulcerans results in
intracellular bacilli

Using light microscopy, AFB were observed co-localizing with
amoebae after co-incubation of each M. ulcerans strain with A.
polyphaga for 3 hours (Figure 2). Electron microscopy was used to
confirm the intracellular localization (Figure 3). The bacilli were
seen in phagocytic vacuoles with the phagosomal membrane
tightly opposed to the bacillary surface (tight phagosomes)
(Figure 3D) or, less frequently, inside ‘“spacious vacuoles”
(Figure 3C). The phagosomes contained single (Figure 3C and
D) or groups of bacilli (not shown). About 45% of the bacilli in the
electron micrographs looked normal according to the parameters
previously defined [47], including the presence of an asymmetric
profile of the cytoplasmic membrane with the outer layer thicker
and denser than the inner layer (Figure 3B). As is typical of the
ultrastructure of normal mycobacterial cell envelopes [48], an
electron-transparent layer of the cell wall of M. wulcerans was
observed (Figure 3B). No electron-transparent zone [49] was seen
around the intracellular bacilli (Figure 3). Figure 4 shows that
viable M. ulcerans persisted within A. polyphaga for the duration of
the experiment (two weeks) although their numbers decreased with
1 to 2 log.

Distribution of amoebae in natural water bodies in
Ghana

181 amoeba cultures were obtained from 134 out of 148
collected samples (90.5%). The isolation frequency of amoebae did
not differ significantly between BU endemic and non-endemic sites
(p=0.954, %% =0.004). Different habitats yielded different
frequencies of amocba isolation (p = 0.044, %5 = 8.084), with the
highest detection frequency in detritus (97.8% vs. 76.9% in water,
and 88.9% in biofilms). There was no significant difference
between the sampled water bodies (estimated eftect: 0.03; 95% CI:
—0.19 to 0.24). Because 15 of the 181 amoeba cultures did not
survive transportation and/or storage, mycobacteria were only
searched for in the remaining 166 amoeba cultures (isolated from
124 different samples).

Detection of M. ulcerans in samples and amoeba cultures

152404 was detected by real-time PCR in 3 out of 148 samples,
after extracting the DNA directly from these samples. In only one
of them IS2606 and KR-B were also detected, strongly suggesting
the presence of M. ulcerans in that sample (Table 1). The A Cr
(IS2606 - 1S2404) value of 1.96 approaches the known fold
difference in copy numbers between IS2404 and IS2606 for M.
ulcerans, 1.e. 2.3 [44]. However, the high C7 values in all 3 of the
positive assays (Table 1) imply the presence of less than a genome
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Figure 2. Light microscopic picture of A. polyphaga 3 hours after infection with M. ulcerans1TM 030216 (A), ITM 980912 (B), ITM 5114

(C), and ITM 842 (D).
doi:10.1371/journal.pntd.0001764.9002

in the 1 L. DNA extract added to the PCR-mixture so that the A
C7’s cannot be considered as true representations of the relative
copy numbers of the repeated sequences. Therefore in the two
1S2404 positive yet IS2606 and KR-B negative samples the
presence of M. ulcerans cannot be denied nor confirmed.

Out of the 166 amoeba cultures tested (originating from 124
different samples), seven were positive for IS2404 (Table 1). Again,
given the high C7 values (Table 1), also here less than a genome
was present in the 1 pL. of DNA extract added to the PCR
mixture. The IS2404 positive amoeba cultures were isolated from
BU endemic as well as BU non-endemic communities and from
different microbial habitats. None of the IS2404-containing
amoeba cultures tested positive for IS2606 or KR-B. However,
because of the low mycobacterial DNA content neither the
absence or presence of M. ulcerans can be confirmed. None of
152404 positive amoeba cultures were isolated from samples that
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had already been found positive for IS2404 in DNA extracted
directly from the samples.

The following amoebae were identified among the 152404
positive cultures: Vahlkampfia avara (99% identical with the V. avara
sequence in Genbank), a close relative of V. inornata (92% identical
with the V. inomata sequence in Genbank), A. lenticulata (T
genotype), Acanthamoeba sp. T11 genotype and Acanthamoeba spp.
T4 genotype. One of the IS2404 positive agar plates that
supposedly supported an amoeba culture did not contain amoebae
at the time of IS2404 detection.

Identification of the IS2404 negative amoebae will be detailed
in a subsequent study by Amissah et al. (in preparation).

The geographical origins of the IS2404 positive samples and
amoeba cultures did not show any distribution pattern. We
detected IS2404 in at least 1 sample and/or amoeba culture from
all sampled localities, except Bebuso.
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Figure 3. Transmission electron micrographs of A. polyphaga 3 hours after infection with M. ulcerans ITM 842. A: Intracellular
localization of M. ulcerans within A. polyphaga; B: The cell envelope of M. ulcerans; C: M. ulcerans in a spacious vacuole; D: M. ulcerans in a tight
vacuole. Nucleus (N), nucleolus (Nu), phagosomal membrane (PM), spacious vacuole (SV), and mitochondria (M) of A. polyphaga. Cell membrane (CM),
electron transparent layer (ETL), and peptidoglycan layer (PGL) of M. ulcerans.

doi:10.1371/journal.pntd.0001764.g003

Mycobacteria are commonly found intracellularly in the
environment and are often detected in amoeba cultures

As described in the methods section, subsamples were made to
cultivate extracellular and intracellular mycobacteria. Twenty-six
of the 148 samples were excluded from further analysis due to
contamination of one or both of the subsamples. From 15 samples

(12.2%) only intracellular mycobacteria were isolated, from 17
samples (13.9%) only extracellular mycobacteria, and from 32
samples (26.2%) both intra- and extracellular mycobacteria were
isolated. Details are given in Table 2. In general the difference
between the isolation frequency of extracellular and intracellular
mycobacteria was not significant (% =0.17, p=0.89). To assess
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Table 1. C; values of samples and amoeba cultures positive for 152404 real-time PCR.
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whether the intracellular life style was more frequent in certain
sites or certain habitats, we determined the relative isolation
frequency of intracellular mycobacteria (i.e. the number of samples
from which intracellular mycobacteria were cultivated divided by
the total number of samples from which we cultivated mycobac-
teria —intracellular and/or extracellular), and related this to BU
endemicity, sampling sites and habitat type. The relative isolation
frequency of intracellular mycobacteria did not differ between BU
endemic and non-BU endemic areas (0.77 vs. 0.68; p=0.86,
%% =0.03). The type of habitat, however, did have a significant
effect on the relative occurrence of intracellular mycobacteria
(p=0.002; %x%5=15.1): intracellular mycobacteria were more
frequently isolated from detritus samples (relative isolation
frequency of 0.95) than from biofilm samples (relative isolation
frequency of 0.63; p=10.01).

Based on a 821 to 837 bp portion of their 16S-rRNA gene
sequence, 76 isolated mycobacteria (of intra- and extracellular
origin) could be identified to the species level, with their sequence
>99% identical to reference strains of which the sequence is
present in GenBank. For 27 isolates, 16S rRNA-DNA sequence
based identification was not possible due to the presence of a
mixture of different species in the culture. An overview of the
identified mycobacterial isolates is shown in Table 3 and Table S1.
Species diversity did not show a marked difference between any
type of isolation source (Table 3, S1).

Mycobacterial 16S-rRNA-DNA was detected in 29 amoeba
cultures (17.5%), isolated from 25 out of 124 samples (20.2%).
Mycobacterial presence was confirmed by microscopy in 13 of
these positive cultures; 1 to 100 AFB were detected per 100 fields,
which approximates to orders of 10° to 10° bacilli per culture of
amoebae. No AFB were observed co-localising with the amoebae,
however.

Discussion

Amocbae are good candidates to be a reservoir of the elusive M.
ulcerans, but this relationship has not yet been thoroughly
investigated. Here, we study the potential for amoebae to host
M. ulcerans both experimentally as by sampling an aquatic
environment. Our results show that M. ulcerans can indeed be
phagocytosed in vitro by A. polyphaga and that viable bacilli persist
for at least 2 weeks. We observed both tight and spacious
phagosomal vacuoles containing M. ulcerans in infected A. polyphaga
with transmission electron microscopy, as has been described for
M. avium-infected A. castellani [29,47] and for macrophages
infected with mycobacteria [50], including M. ulcerans [51]. The
observed reduction in the number of viable bacilli is probably due
to bacilli that are expelled by the amoebae after a phase of
intracellular multiplication, as has been reported for in vitro
mycobacteria-infected macrophages [52,53]. The kanamycin in
the medium therefore probably killed released bacteria and
resulted in an underestimation of the capacity of M. ulcerans to
grow inside the protozoan cells. Compared to a noninfected A.
polyphaga monolayer, infection with the M. ulcerans strains did not
result in a higher loss of cells (data not shown) indicating that the
infection did not affect A. polyphaga viability.

By analysing samples from an aquatic environment in BU
endemic and nearby non-endemic communities in southern
Ghana, we found several mycobacterium species intracellularly
in eukaryotic micro-organisms. Most of the mycobacterium species
we identified are potentially pathogenic to humans [54-57]. We
did not isolate M. ulcerans, even not by successively passaging
152404 positive specimens and amoeba cultures in mouse
footpads, the method that has led to the only successtul isolation
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of M. ulcerans from the environment [15] (data not shown). We
1solated mycobacteria as frequently from an intracellular source as
free-living, suggesting that it is quite common for several species of
mycobacteria to infect micro-organisms in natural circumstances.
The intracellular lifestyle was found significantly more frequent in
detritus samples compared to water and biofilm samples. This
could be due to the low oxygen levels in this organic debris. FFor
several environmental bacteria (including M. avium) it has been
shown that oxygen depletion (and other conditions that typically
dominate in animal intestines) triggers the invasion of and
enhances the survival within host cells [58,59].

We detected the marker IS2404 in 1 water and 2 biofilm
samples collected in a BU endemic and a nearby non-endemic
community in southern Ghana. In addition, we detected the same
marker in 6 amoeba cultures obtained from other samples. This is
the first report of the detection of the marker IS2404, suggestive of
M. wulcerans presence, in amoeba cultures isolated from the
environment. It is noticeable that we tripled our detection
frequency of 1S2404 by searching in the amoeba cultures in
addition to the original samples. We could not observe AI'B in the
smears of these amoeba cultures, but one must take into account
that M. wulcerans and other IS2404 containing mycobacteria grow
very slowly and thus were probably present in very low quantities
on the amoeba cultures. On LJ-medium, M. ulcerans colonies only
appear after an average of 10 weeks in primary culture from
clinical specimens [60]. From environmental sources, M. ulcerans
was only isolated once despite numerous attempts [15].

Table 2. Overview of intracellular and extracellular mycobacteria isolated from different habitats in BU endemic and non-endemic
areas.
BU endemic area Non BU endemic area
Intracellular/Sample  Extracellular/Sample Intracellular/All  Intracellular/Sample Extracellular/Sample Intracellular/All
size size cultures size size cultures
Water 1/10 (0.10) 2/10 (0.20) 1/2 (0.5) 0/2 (0.0) 0/2 (0.0) 0/0
Biofilm 17/65 (0.26) 22/65 (0.34) 17/27 (0.63) 8/18 (0.44) 9/18 (0.50) 8/13 (0.62)
Detritus 16/19 (0.84) 11/19 (0.58) 16/16 (1) 5/8 (0.63) 5/8 (0.63) 5/6 (0.83)
Total 34/94 (0.36) 35/94 (0.37) 34/44 (0.77) 13/28 (0.46) 14/28 (0.50) 13/19 (0.68)
Samples from which either the intracellular and/or extracellular cultures were contaminated, were discarded from this table and analyses. In the first and fourth column
the number of samples from which we cultivated intracellular mycobacteria is given divided by the sample size. The same is presented in the second and fifth column,
but with extracellular mycobacteria. In the third and sixth column, the relative isolation frequency of intracellular mycobacteria is given, calculated as the number of
samples from which we cultivated intracellular mycobacteria divided by the total number of samples with mycobacteria cultures.
doi:10.1371/journal.pntd.0001764.t002

Other mycobacteria were also quite frequently detected in
amoeba cultures (in 17.5%), by a PCR assay targeting their 16S-
rRNA gene. For these, mycobacterial presence could be confirmed
by microscopy in almost half of the positive cultures. However, the
AFB were not observed inside or attached to the amoebae. The
fact that in our study mycobacteria could still be detected after
multiple subcultures of the amoeba cultures, suggests that the
mycobacteria were multiplying extracellularly on the agar plates.
1S2404 was in fact also detected on one agar plate on which the
amoebae did not survive subculturing. Similarly, in a co-culture
study of M. avium and A. polyphaga, M. avium was shown to persist
and multiply both intracellularly and extracellularly as a sapro-
phyte on the excrement of A. polyphaga, and mycobacterial growth
was most extensive extracellularly [47].

The successful uptake and persistence of M. ulcerans inside A.
polyphaga in vitro and the higher detection frequency of IS2404 in
amoeba cultures as opposed to the crude samples from the
environment suggest that amoebae may act as a host for M. ulcerans
in natural circumstances. However, our data do not reveal a
significant role for protozoa in the distribution patterns of BU
disease in humans, so we remain sceptical about their involvement
in the direct transmission of M. ulcerans to humans. If a protozoan
were to be principally responsible for the observed distribution
pattern of BU in humans, one would expect either a particular
species with a limited distribution to harbour AL wulcerans, or
otherwise several species that only do so in areas where BU
actually occurs in humans. In this study, however, we detected

Table 3. Identified mycobacteria species isolated from intracellular and extracellular sources.

Species (sequence similarity with reference strain in GenBank*)

Isolated from intracellular source

Isolated from extracellular source

M. arupense (99.5-100%) 27
M. fortuitum (99.5-100%) 6
M. gordonae (99.0%) 2
M. peregrinum/septicum (99.9-100%) 7
M. chelonae/massiliense/abscessus (99.9%) 0
M. scrofulaceum (99.5%) 1
Mixed, unidentified cultures 18 9
Contaminated cultures 12 22
Negative cultures 85 74
*Based on 821 to 837 bp of the 16S rRNA-gene.
doi:10.1371/journal.pntd.0001764.t003
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1S2404 as frequently in amoeba cultures isolated from BU
endemic as from non-BU endemic communities. Moreover, 5
different protozoan species from two divergent families were
identified in the IS2404 positive amoeba cultures, some of which
are known to be cosmopolitan. On the other hand, we cannot
completely rule out that some or all of the IS2404 we detected
originated from different mycobacterial species than M. ulcerans.

More environmental research is needed in Africa if we want to
understand the distribution of BU, and to prevent its transmission
from the environment to humans. Environmental research of M.
ulcerans has been severely hampered by the difficulties of detecting
the pathogen in the environment. Our results indicate that
perhaps amoeba cultures can serve for improved detection of M.
ulcerans in environmental samples. Co-cultivation with an existing
amoeba culture is a technique to selectively isolate amoebae-
resistant bacteria that are difficult to grow from the environment
[61] and has already been proven successful in the identification of
new pathogens and their distribution patterns [62].

References

1. Falkinham JO (2002) Nontuberculous mycobacteria in the environment. Clin
Chest Med 23: 529-551.

2. WHO World Health Organization “Buruli ulcer: Number of new cases of Buruli
ulcer reported (per year). Available: http://apps.who.int/neglected_discases/
ntddata/buruli/buruli.html. Accessed 2012 Jul 15.

3. Merritt RW, Walker ED, Small PLC, Wallace JR, Johnson PDR, et al. (2010)
Ecology and transmission of Buruli ulcer disease: a systematic review. PloS Negl
Trop Dis 4: e911.

4. Stinear TP, Seemann T, Pidot S, Frigui W, Reysset G, et al. (2007) Reductive
evolution and niche adaptation inferred from the genome of Mycobacterium
ulcerans, the causative agent of Buruli ulcer. Genome Res 17: 192-200.

5. Miltner EC, Bermudez LE (2000) Mycobacterium avium grown in Acanthamoeba
castellanii is protected from the effects of antimicrobials. Antimicrob Agents
Chemother 44: 1990-1994.

6. van Ingen J, Boeree MJ, van Soolingen D, Iseman MD, Heifets LB, et al. (2012)
Are phylogenetic position, virulence, drug susceptibility and in vivo response to
treatment in mycobacteria interrelated? Infect Genet Evol 12: 832-837.

7. Fyfe JAM, Lavender CJ, Handasyde KA, Legione AR, O’Brien CR, et al. (2010)
A major role for mammals in the ecology of Mycobacterium ulcerans. PloS Negl
Trop Dis 4: €791.

8. Portacls F, Chemlal K, Elsen P, Johnson PD, Hayman JA, et al. (2001)
Mycobacterium ulcerans in wild animals. Rev Sci Tech OIE 20: 252-264.

9. Marsollier L, Aubry J, Coutanceau E, André J-PS, Small PL, et al. (2005)
Colonization of the salivary glands of Naucoris cimicoides by Mpycobacterium ulcerans
requires host plasmatocytes and a macrolide toxin, mycolactone. Cell Microbiol
7:935-943.

10. Marsollier L, Robert R, Aubry J, Andre J-pS, Kouakou H, et al. (2002) Aquatic
insects as a vector for Mycobacterium ulcerans. Appl Environ Microbiol 68: 4623~
4628.

11. Marsollier L, André J-PS, Frigui W, Reysset G, Milon G, et al. (2007) Early
trafficking events of Mycobacterium ulcerans within Naucoris cimicoides. Cell Microbiol
9: 347-355.

12. Mosi L, Williamson H, Wallace JR, Merritt RW, Small PLC (2008) Persistent
association of Mycobacterium ulcerans with West African predaceous insects of the
family Belostomatidae. Appl Environ Microbiol 74: 7036-7042.

13. Benbow ME, Williamson H, Kimbirauskas R, Mcintosh MD, Kolar R, et al.
(2008) Aquatic invertebrates as unlikely vectors of Buruli Ulcer disease.
Emerging Infect Dis 14: 1247-1254.

14. Marion E, Eyangoh S, Yeramian E, Doannio J, Landier J, et al. (2010) Seasonal
and regional dynamics of M. ulcerans transmission in environmental context:
deciphering the role of water bugs as hosts and vectors. PloS Negl Trop Dis 4:
e731.

15. Portacls F, Meyers WM, Ablordey A, Castro AG, Chemlal K, et al. (2008) First
cultivation and characterization of Mycobacterium ulcerans from the environment.
PloS Negl Trop Dis 2: e178.

16. Eddyani M, De Jonckheere JF, Durnez L, Suykerbuyk P, Leirs H, et al. (2008)
Occurrence of free-living amoebae in communities of low and high endemicity
for Buruli ulcer in southern Benin. Appl Environ Microbiol 74: 6547-6553.

17. Wilson MD, Boakye DA, Mosi L, Asiedu K (2011) In the case of transmission of
Mycobacterium ulcerans in Buruli ulcer disease Acanthamoeba species stand accused.
Ghana Medical Journal 45: 1-4.

18. Marsollier L, Stinear T, Aubry J, Paul J, Andre S, et al. (2004) Aquatic plants
stimulate the growth of and biofilm formation by Mycobacterium ulcerans in axenic
culture and harbor these bacteria in the environment. Appl Environ Microbiol
70: 1097-1103.

@ www.plosntds.org

Amoebae and Mycobacterium ulcerans

Supporting Information

Table S1 16S-rRNA gene sequence information of
identified mycobacterial isolates.

(DOCX)

Acknowledgments

We thank the laboratory personnel of the Mycobacteriology Unit of the
ITM and the Bacteriology and Virology Departments of the NMIMR for
their excellent technical assistance, Conor Cabhill for thorough editing and
Bouke de Jong for critical reading of the manuscript. This article is
dedicated to the memory of Prof. Manuel T. Silva, deceased on 10 April
2012.

Author Contributions

Conceived and designed the experiments: ME SG FP MTS LD AA.
Performed the experiments: SG ME DA KV MTS. Analyzed the data: SG
ME. Contributed reagents/materials/analysis tools: AA JDJ] M'TS HL FP.
Wrote the paper: SG ME.

19. Greub G, Raoult D (2004) Microorganisms resistant to free-living amoebac. Clin
Microbiol Rev 17: 413-433.

20. Adékambi T, Ben Salah S, Khlif M, Raoult D, Drancourt M (2006) Survival of
environmental mycobacteria in Acanthamoeba polyphaga. Appl Environ Microbiol
72: 5974-5981.

21. Strahl ED, Gillaspy GE, Falkinham JO (2001) Fluorescent acid-fast microscopy
for measuring phagocytosis of Mycobacterium avium, Mycobacterium intracellulare, and
Mycobacterium scrofulaceum by Tetrahymena pyriformi and their intracellular growth.
Appl Environ Microbiol 67: 4432-4439.

22. Stuart AE (1977) Phagocytic engulfment and cell adhesiveness as cellular surface
phenomena. J Clin Pathol 30: 592.

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

24. Thomas V, Bouchez T, Nicolas V, Robert S, Loret JI', et al. (2004) Amoebae in
domestic water systems: resistance to disinfection treatments and implication in
Legionella persistence. J Appl Microbiol 97: 950-963.

25. Thomas V, McDonnell G (2007) Relationship between mycobacteria and
amoebae: ecological and epidemiological concerns. Lett Appl Microbiol 45:
349-357.

26. Salah IB, Ghigo E, Drancourt M (2009) Free-living amoebae, a training field for
macrophage resistance of mycobacteria. European Society of Clinical Micro-
biology and Infectious Diseases 15: 894-905.

27. Cianciotto NP, Fields BS (1992) Legionella pneumophila mip gene potentiates
intracellular infection of protozoa and human macrophages. Proc Natl Acad Sci
USA 89: 5188-5191.

28. Cirillo JD, Cirillo SL, Yan L, Bermudez LE, Falkow S, et al. (1999) Intracellular
growth in Acanthamoeba castellanii affects monocyte entry mechanisms and
enhances virulence of Legionella pneumophila. Infect Immun 67: 4427-4434.

29. Cirillo JD, Falkow S, Tompkins LS, Bermudez LE (1997) Interaction of
Mycobacterium avium with environmental amoebae enhances virulence. Infect
Immun 65: 3759-3767.

30. Silva MT, Portacls F, Pedrosa J (2009) Pathogenetic mechanisms of the
intracellular parasite Mycobacterium ulcerans leading to Buruli ulcer. Lancet Infect
Dis 9: 699-710.

31. Krishna-Prasad BN, Gupta SK (1978) Preliminary report on the engulfment and
retention of mycobacteria by trophozoites of exenically grown Acanthamoeba
castellanii Douglas, 1930. Curr Sci 47: 245-247.

32. Silva MT (1990) Pitfalls in the ultrastructural analysis of mycobacteria, including
Mycobacterium leprae. Trop Med Parasitol 41: 339-340.

33. Boom R, Sol CJ, Salimans MM, Jansen CL, Wertheim-van Dillen PM, et al.
(1990) Rapid and simple method for purification of nucleic acids. J Clin
Microbiol 28: 495-503.

34. Durnez L, Stragier P, Roebben K, Ablordey A, Leirs H, et al. (2009) A
comparison of DNA extraction procedures for the detection of Mycobacterium
ulcerans, the causative agent of Buruli ulcer, in clinical and environmental
specimens. J Microbiol Methods 76: 152-158.

35. Menashe O, Kaganskaya E, Baasov T, Yaron S (2008) Aminoglycosides affect
intracellular Salmonella enterica serovars typhimurium and virchow. Antimicrob
Agents Chemother 52: 920-926.

36. Portacls I, De Muynck A, Sylla MP (1988) Selective isolation of mycobacteria
from soil: a statistical analysis approach. J Gen Microbiol 134: 849-855.

37. Portaels F, Fonteyene PA, de Beenhouwer H, de Rijk P, Guédénon A, et al.
(1996) Variability in 3" end of 16S rRNA sequence of Mycobacterium ulcerans is
related to geographic origin of isolates. J Clin Microbiol 34: 962-965.

38. Page FC (1976) An illustrated key to freshwater and soil amoebae. Ambleside,
UK: Freshwater Biological Association.

August 2012 | Volume 6 | Issue 8 | 1764



39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

De Jonckheere JF, Brown S (2005) The identification of vahlkampfiid amoebae
by ITS sequencing. Protist 156: 89-96.

De Jonckheere JF (1998) Sequence variation in the ribosomal internal
transcribed spacers, including the 5.8S rDNA, of Naggleria spp. Protist 149:
221-228.

Schroeder JM, Booton GC, Hay J, Niszl IA, Seal DV, et al. (2001) Use of
subgenic 18S ribosomal DNA PCR and sequencing for genus and genotype
identification of Acanthamoebae from humans with keratitis and from sewage
sludge. J Clin Microbiol 39: 1903-1911.

Loéytynoja A, Goldman N (2005) An algorithm for progressive multiple
alignment of sequences with insertions. Proc Natl Acad Sci USA 102: 10557~
10562.

Yip MJ, Porter JL, Fyfe JaM, Lavender CJ, Portaels I, et al. (2007) Evolution of
Mycobacterium ulcerans and other mycolactone-producing mycobacteria from a
common Mycobactertum marinum progenitor. J Bacteriol 189: 2021-2029.

Fyfe JAM, Lavender CJ, Johnson PDR, Globan M, Sievers A, et al. (2007)
Development and application of two multiplex real-time PCR assays for the
detection of Mycobacterium ulcerans in clinical and environmental samples. Appl
Environ Microbiol 73: 4733-4740.

. R Development Core Team (2009) R: A language and environment for

statistical computing. Vienna, Austria: R Foundation for Statistical Computing,
Vienna, Austria.

Lunn DJ, Thomas A, Best N, Spiegelhalter D (2000) WinBUGS — A Bayesian
modelling framework: Concepts, structure, and extensibility. St Com 10: 325~
337.

Steinert M, Birkness K, White E, Fields B, Quinn I (1998) Mycobacterium avium
bacilli grow saprozoically in coculture with Acanthamoeba polyphaga and survive
within cyst walls. Appl Environ Microbiol 64: 2256-2261.

Silva MT, Macedo PM (1984) Ultrastructural characterization of normal and
damaged membranes of Mycobacterium leprae and of cultivable mycobacteria.
J Gen Microbiol 130: 369-380.

Draper P, Rees RJW (1970) Electron-transparent zone of mycobacteria may be
a defence mechanism. Nature 228: 860-&.

Astarie-Dequeker C, N’Diaye EN, Le Cabec V, Rittig MG, Prandi J, et al.
(1999) The mannose receptor mediates uptake of pathogenic and nonpathogenic
mycobacteria and bypasses bactericidal responses in human macrophages. Infect

Immun 67: 469-477.

@ www.plosntds.org

10

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

Amoebae and Mycobacterium ulcerans

Torrado E, Fraga AG, Castro AG, Stragier P, Meyers WM, et al. (2007)
Evidence for an intramacrophage growth phase of Mycobacterium ulcerans. Infect
Immun 75: 977-987.

Gao LY, Guo S, McLaughlin B, Morisaki H, Engel JN, et al. (2004) A
mycobacterial virulence gene cluster extending RD1 is required for cytolysis,
bacterial spreading and ESAT-6 secretion. Mol Microbiol 53: 1677-1693.
Grosset J (2003) Mycobacterium tuberculosis in the extracellular compartment:
an underestimated adversary. Antimicrob Agents Chemother 47: 833-836.
Cloud JL, Meyer JJ, Pounder JI, Jost KC, Sweeney A, et al. (2006) Mycobacterium
arupense sp. nov., a non-chromogenic bacterium isolated from clinical specimens.
Int J Syst Evol Microbiol 56: 1413-1418.

Schinsky MF, McNeil MM, Whitney AM, Steigerwalt AG, Lasker BA, et al.
(2000) Mycobacterium septicum sp. nov., a new rapidly growing species associated
with catheter-related bacteraemia. Int J Syst Evol Microbiol 50 Pt 2: 575-581.
Wallace R]J, Brown-Elliott BA, Wilson RW, Mann L, Hall L, et al. (2004)
Clinical and Laboratory Features of Mycobacterium porcinum. J Clin Microbiol 42:
5689-5697.

Portaels F (1995) Epidemiology of mycobacterial diseases. In: Schuster M,
editor. Mycobacterial diseases of the skin Clinics in Dermatology New York:
Elsevier Sciences. pp. 207-222.

Bermudez L, Petrofsky M, Goodman J (1997) Exposure to low oxygen tension
and increased osmolarity enhance the ability of Mycobacterium avium to enter
intestinal epithelial (HT-29) cells. Infect Immun 65: 3768-3773.

Singh RD, Khullar M, Ganguly NK (2000) Role of anaerobiosis in virulence of
Salmonella typhimuirium. Mol Cell Biochem 215: 39-46-46.

Eddyani M, Debacker M, Martin A, Aguiar J, Johnson CR, et al. (2008) Primary
culture of Mycobacterium ulcerans from human tissue specimens after storage in
semisolid transport medium. J Clin Microbiol 46: 69-72.

La Scola B, Mezi L, Weiller PJ, Raoult D (2001) Isolation of Legionella anisa using
an amocbic coculture procedure. J Clin Microbiol 39: 365-366.

Pagnier I, Raoult D, La Scola B (2008) Isolation and identification of amoeba-
resisting bacteria from water in human environment by using an Acanthamoeba
polyphaga co-culture procedure. Environ Microbiol 10: 1135-1144.
Vandelannoote K, Durnez L, Amissah D, Gryseels S, Dodoo A, et al. (2010)
Application of real-time PCR in Ghana, a Buruli ulcer-endemic country,
confirms the presence of Mycobacterium ulcerans in the environment. FEMS
Microbiol Lett 304: 191-194.

August 2012 | Volume 6 | Issue 8 | 1764



