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Unité de Génétique Moléculaire Bactérienne, Institut Pasteur, 75015 Paris,1 INSERM U.463, Institut de Biologie et Faculté de
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Mycobacterium ulcerans is the causative agent of Buruli ulcer, one of the most common mycobacterial dis-
eases of humans. Recent studies have implicated aquatic insects in the transmission of this pathogen, but the
contributions of other elements of the environment remain largely unknown. We report here that crude extracts
from two green algae added to the BACTEC 7H12B culture medium halved the doubling time of M. ulcerans
and promoted biofilm formation. Using the 7H12B medium, modified by the addition of the algal extract, and
immunomagnetic separation, we also demonstrate that M. ulcerans is associated with aquatic plants in an area
of the Ivory Coast where Buruli ulcer is endemic. Genotype analysis showed that plant-associated M. ulcerans
had the same profile as isolates recovered in the same region from both aquatic insects and clinical specimens.
These observations implicate aquatic plants as a reservoir of M. ulcerans and add a new potential link in the
chain of transmission of M. ulcerans to humans.

Mycobacterium ulcerans is an emerging environmental
pathogen (2). It is the etiologic agent of Buruli ulcer, a necrotic
skin disease highly prevalent in many countries throughout
west Africa and one of the most common mycobacterial dis-
eases in humans after tuberculosis and leprosy (2). M. ulcerans
is the only mycobacterium known to produce a toxin, a poly-
ketide-derived macrolide called mycolactone (10, 11). The in-
fection begins with a painless nodule or papule that spreads
over the surrounding tissue. Ischemic and necrotized tissue
disappears and is replaced by centralized ulceration of the
limb. At present, the only effective treatment consists of exci-
sion of the lesions, and this is often followed by extensive skin
grafting (6).

Until very recently M. ulcerans had never been isolated in
culture from the environment. Indirect evidence from epide-
miological studies suggests that M. ulcerans is an environmen-
tal mycobacterium present in swampy areas. Humans are
thought to be infected through minor wounds or skin abrasions
via contact with mycobacterium-containing water (33). In a
previous study we demonstrated that aquatic insects are a
possible mode of transmission of M. ulcerans to humans. We
showed that, in an experimental mouse model, aquatic insects
(Naucoridae) were able to transmit an infection by biting,
thereby inoculating bacilli that had accumulated in the salivary
glands of the insects (16). We were then able to isolate in pure
culture M. ulcerans from the salivary glands of Naucoridae

captured in a region of endemicity in the Ivory Coast. However
it seems unlikely that these insects are the only environmental
source of M. ulcerans. In another recent study, data gathered
using an M. ulcerans-specific PCR to survey environments of
endemicity in southeastern Australia identified aquatic plants
as a possible reservoir of this pathogen (30).

In this report, we test the hypothesis that M. ulcerans is
associated with aquatic plants by studying the effects of crude
aquatic plant extracts on the growth of M. ulcerans in vitro and
then by attempting to culture the organism from material ob-
tained from an area of endemicity.

MATERIALS AND METHODS

Bacterial strains. M. ulcerans 1G897 was originally isolated from a skin biopsy
sample from a human patient from French Guiana (7). Strains 7ICEF99 and
75ICO99 were isolated from patients in the Ivory Coast, and strain Nau. CI. 002
was isolated from an aquatic insect (16) also collected in the Ivory Coast. M.
ulcerans strains O1EIHGA99 and 1615 (Trudeau Collection Strain, Lake Sara-
nac, N.Y.) were originally isolated from human skin biopsy samples from Ghana
and Malaysia, respectively. The reference strain of M. ulcerans, NCTC 10417, was
obtained from the American Type Culture Collection bacteriology collection
(ATCC 19423). Mycobacterium kansasii (11B0014), Mycobacterium fortuitum
(10B0345), and Mycobacterium chelonae (6B0139) were isolated from tap water,
while Mycobacterium tuberculosis (7B0143) and Mycobacterium marinum (8B0432)
were isolated from French patients. A1l strains were passaged in BACTEC 7H12B
medium (Becton Dickinson) at 30°C to a concentration of approximately 105

bacilli/ml. Aliquots of 0.2 ml were immediately inoculated with a syringe fitted
with a 25-gauge needle into BACTEC 12B vials containing 4 ml of 7H12B
medium.

Bacterial counting. The total number of bacteria was determined by DAPI
(4�,6�-diamidino-2-phenylindole) staining (28). The bacterial suspension was first
dispersed by using a syringe fitted with a 25-gauge needle and then shaken with
glass beads (300 rpm for 10 min). One milliliter of suspension was deposited in
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glass tubes containing 8 ml of water, 1 ml of DAPI (Sigma-Aldrich, St. Louis,
Mo.), and 0.1% Triton X-100 (Prolabo, Nogent-sur-Marne, France). The tubes
were mixed for 1 min and left to stand for 10 min at 30°C. The samples were
filtered through a black polycarbonate membrane (0.22-�m pore size; Millipore
Corporation, Bedford, Mass.). The filters were rinsed with 100 ml of distilled
water, dried, and hydrated with a drop of buffered glycerin (Sanofi Diagnostics
Pasteur, Marnes la Coquette, France). The bacteria were counted under UV
light with an epifluorescence microscope (Olympus; BX 60) and an oil immersion
objective. The bacteria were counted in 40 fields, and the results were expressed
as cells per milliliter. This method was used to determine the doubling time
during the exponential phase of bacterial growth in vials.

Measurement of M. ulcerans growth. Different amounts of algal preparation
were added to the BACTEC vials by a syringe fitted with a 23-gauge needle; the
final total volume was adjusted to 6 ml with double-distilled water. The BACTEC
vials contained Middlebrook 7H12B medium with 14C-labeled palmitic acid as a
carbon source. Substrate consumption generates 14CO2 in the airspace of the
sealed vial. The BACTEC TB-460 instrument detects the amount of radioactivity
and records it as a growth index (GI) on a scale from 0 to 999. The vials were
incubated at 30°C, and every 5 days the GI was registered. Each experiment was
performed five times.

Collection of two freshwater green algae. A Rhizoclonium sp., a member of the
tropical Chlorophyceae, was cultured at 28°C and exposed to a photoperiod of
12 h of light and 12 h of dark in an aquarium with standard medium (1) with
some modifications as follows: 34 �M KNO3, 87 �M NaCl, 38 �M K2HPO, 50
�M KH2PO4, 1.7 �M CaCl2, 0.1 �M HBO3, 0.2 �M MnSO4, 28 �M CuSO4, 20
�M ZnSO4, and 18 �M CoCl2.

Hydrodictyon reticulatum was collected in swamps of western France, trans-
ported to the laboratory in sterile water containers at 4°C, and treated within 4 h
of reception. This species was chosen because the genus is ubiquitous throughout
temperate and tropical freshwater systems.

Preparation of crude and filtered alga extracts. Five hundred grams of freshly
collected wet algae was washed twice in distilled water for 5 min and then placed
in 500 ml of distilled water and autoclaved at 121°C for 20 min. These prepara-
tions were filtered through sterile gauzes of 1-mm porosity before being trans-
ferred to BACTEC vials. Two hundred milliliters of algal extract was filtered
through a washed 0.22-�m-pore-size membrane (Millipore) to separate partic-
ulate matter. The particulate matter was then recovered from the membrane and
resuspended in sterile distilled water.

Organic carbon. The total organic carbon (TOC) and dissolved organic carbon
(DOC) of each preparation were measured as previously described (15) with a
carbon analyzer (O.I. Corporation; model 700 TOC analyzer) calibrated with
5 mg of potassium phthalate (Prolabo)/ml. The biodegradable fraction of DOC
(BDOC) was determined as previously described (15).

Protein assay. The quantity of proteins in the dissolved fraction was estab-
lished with the BC assay kit (Interchim, Montluçon, France) by a bicinchoninic
acid method. Results were expressed in milligrams per liter with a bovine serum
albumin standard curve.

Carbohydrate assay (algal filtrate). The carbohydrate was measured by a
colorimetric method (9). One milliliter of sample (triplicate) was added to 1 ml
of 5% phenol (Sigma-Aldrich)–5 ml of concentrated sulfuric acid. The mixture
was heated at 95°C for 10 min. After 30 min of cooling in darkness, the optical
density at 492 nm was obtained with a spectrophotometer. Results were deter-
mined with a standard curve and expressed in milligrams of glucose per liter.

Preparation for scanning electron microscopy. The samples were prepared as
previously described (13) with minor modifications. The samples were fixed for
2 h at 20°C in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4;
Sigma-Aldrich). After centrifugation (3,500 � g) for 30 min, the pellet was
resuspended in the same buffer and left for 12 h at 20°C. The samples were
postfixed for 2 h at 20°C with 2% osmium tetroxide (Sigma-Aldrich) and rinsed
in double-distilled water. The specimens were dehydrated in a graded ethanol
series (50, 70, and 95%) for 10 min each, followed by three changes in 100%
ethanol (10 min each). The specimens were metallized with a fine layer of carbon

(5 nm thick) by ion sputter-coating (MED 020; Baltec, Balzers, Lichtenstein) and
examined by scanning electron microscopy with a JEOL 6301F field emission
microscope. Examinations were done with a tension at 5 kV.

Collection of aquatic plants from areas of endemicity and areas of nonende-
micity and detection of M. ulcerans. One hundred grams of a species of Scro-
phulariaceae, which is the predominant family of aquatic plants, was collected at
five points on the right bank of the Lobo River downstream from the bridge of
the Daloa–Zoukougbeu road, Ivory Coast, in March 2001 just before the rainy
season. Other specimens were collected in areas of nonendemicity in the Adzopé
region. The specimens were transported in sterile double-distilled water. They
were minced with disposable scalpels in a petri dish and ground with a Potter-
Elvehjem homogenizer (size 22; Kimble/Kontes, Vineland, N.J.) in distilled
water with 1% Triton X-100. The suspension was shaken with 5-mm glass beads
for 30 min at 300 rpm and then processed by immunomagnetic separation (IMS)
for the detection of M. ulcerans by culture or by PCR of the insertion sequence
IS2404 (16, 25).

For all attempts to isolate M. ulcerans in culture, a replicate BACTEC vial
containing 20% (vol/vol) Rhizoclonium sp. crude extract, was prepared as de-
scribed above. M. ulcerans PCR genotype analysis was performed as previously
described (31).

Mycobacterial virulence. Ten BALB/c mice (Iffa Credo) were subcutaneously
inoculated in the tail with 0.1 ml of culture that was PCR positive. Culture and
PCR were performed on the tissues when an inflammatory lesion appeared (16).

Identification of other mycobacteria. The mycobacteria were identified in
BACTEC 7H12B medium by PCR and restriction enzyme analysis of the hsp65
gene as previously described (8).

Statistical analysis. The nonparametric Mann-Whitney U test was used to
compare the kinetics of growth and the doubling time values. A P value of �0.05
was considered significant.

RESULTS

Growth of M. ulcerans in the presence of algae. The charac-
teristics of the two freshwater algae used are summarized in
Table 1. The fraction of DOC relative to the total amount was
72.3% for the Rhizoclonium sp. and 80% for H. reticulatum.
The material was almost entirely biodegradable (�96%). The
content of carbohydrate relative to that of proteins was slightly
higher for H. reticulatum.

The growth kinetics of M. ulcerans (strain 1G897) were mon-
itored with the BACTEC system and by direct-count micros-
copy after the addition of increasing amounts of a crude extract
from the Rhizoclonium sp. to the culture medium. The dou-
bling time during the exponential phase of growth was estab-
lished at 3.3 � 0.56 days with 25% (vol/vol) extract and at 4.8 �
0.3 days for the no-extract control. Extract concentrations
greater than 20% decreased the time required to obtain the
value 999 for the GI (GI 999) by 39.5% (P � 0.007) (Fig. 1).

A comparison of the midpoints of the growth curves shows that
the growth rate of M. ulcerans increased as the amount of algae
added to the medium increased. Between the addition of 8.5 and
25% algal extract, the midpoint shifted from 44 days to 38 days,
and under these conditions the time required to obtain the same
amount of bacilli as determined by microscopy shortened from 67
days to 38 to 44 days (Fig. 1). At GI 500, the number of bacilli was
evaluated at 1 � 104 to 5 � 104 bacilli per ml.

TABLE 1. Characterization of organic matter of two green algaea

Alga
Concn of:

TOC (mg of C/liter) DOC (mg of C/liter) BDOC (mg of C/liter) Protein (mg/liter) Carbohydrate (mg/liter)

Rhizoclonium sp. 360.5 � 15 260.6 � 12 250 � 11 20.4 � 2 121 � 6
H. reticulatum 470.7 � 16 380.3 � 14 372.5 � 10 30.6 � 1.2 203 � 8

a TOC was determined after filtration through 1-mm gauze. The other analytes (DOC, BDOC, proteins, and carbohydrates) were tested after filtration through
membranes of 0.22-�m porosity. The values are means � standard deviations of three measurements of the same sample.
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The addition of more than 25% algal extract did not further
alter the kinetics of growth. When M. ulcerans was cultured in
media supplemented by a crude extract obtained from another
plant (H. reticulatum), the growth-stimulating effect was not
significantly different (P � 0.126) from that produced by the
addition of the same quantity of crude extract from the Rhi-
zoclonium sp. (data not shown).

Similar patterns of M. ulcerans growth were observed under
the same conditions with the M. ulcerans strains from Australia
(105.425) and the Ivory Coast (7ICEF99) (P � 0.125) (data not
shown).

Fractionation of the algal extract. The use of 7H12B me-
dium supplemented with filtered Rhizoclonium sp. extracts
produced slower growth rates than the unfiltered extracts (time

FIG. 1. Kinetics of growth of M. ulcerans (strain 1G897) in 7H12B medium in the presence of various quantities of algal extract from the
Rhizoclonium sp. (3.5 to 25%, vol/vol). Each point is the mean � standard error for five vials per time point.

FIG. 2. Kinetics of M. ulcerans (strain 1G897) growth, comparing filtered with nonfiltered preparations of the Rhizoclonium sp. Twenty-five
percent (vol/vol) extract obtained from the Rhizoclonium sp. was added to 7H12B medium after filtration through membranes of 0.22-�m porosity.
Each point is the mean � standard error of five vials per time point.
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to reach GI 500: 45 versus 34 days; P � 0.006), but the growth
rates remained faster than those for the negative controls with-
out any algal extract (time to reach GI 500: 60 days; P � 0.124).
Supplementing the medium with the particulate fraction pro-
duced an effect equivalent to that seen with the dissolved fraction
(time to reach GI 500: 40 versus 45 days; P � 0.128) (Fig. 2).

Growth of other mycobacteria in the presence of algae. A
study was then undertaken to compare the effects of the addi-
tion of 25% (vol/vol) Rhizoclonium sp. extract to the BACTEC
12B medium on the growth rates of three other mycobacterial
species. The time required to obtain the maximum GI did not
change between experiments conducted in the presence and
absence of algal extract for M. tuberculosis (time to reach GI
999: 10 � 0 days), M. kansasii (time to reach GI 999: 28 � 2
days), and M. marinum (time to reach GI 999: 5 � 0 days). The
results represent the means and standard errors of five repli-
cates. Growth curves were also plotted for these experiments,

but no significant differences were observed for any time point
(data not shown).

Biofilm formation. Scanning electron microscopy was used
to observe the formation of biofilms of M. ulcerans on partic-
ulates within the culture medium containing the crude extract
from the Rhizoclonium sp. By 12 h cells were fixed in filament
formations. After 10 days, the cells had multiplied and formed
small cell clusters. After 40 days, a biofilm composed of large
cell clusters that measured more than 100 �m in diameter had
formed. Higher-magnification micrographs indicated that ma-
terial resembling an extracellular matrix was present (Fig. 3).
The same experiment was then performed for four other en-
vironmental mycobacteria, and, for each species, biofilm for-
mation was observed (Fig. 4).

PCR, culture, and virulence of mycobacteria isolated from
algae in the Daloa region. It is known that the Daloa region of
the Ivory Coast is an area where Buruli ulcer is highly endemic

FIG. 3. Formation of M. ulcerans biofilm on the Rhizoclonium sp. M. ulcerans was cultured in 7H12B vials supplemented by 25% (vol/vol)
Rhizoclonium sp. extract. (A) Filaments of algae alone. (B) After 12 h, some individual bacilli (arrows) were attached on alga filaments. (C) After
15 days, the bacteria had multiplied and formed small clusters (arrow). (D) By day 40, large clusters of bacilli were forming (arrow) and evolving
into microcolonies. Arrows in the insets, extracellular matrix. Scale bars: 30 (A), 2.5 (B, C, and insets), and 10 (D) �m.
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(17). Many rural villages in this area are situated among
swamps, close to the principal waterway, the river Lobo. This
prompted us to focus on collecting aquatic plants in the area of
endemicity between Daloa and Zoukougbeu. In the Lobo
River the predominant family of aquatics plant was Scrophu-
lariaceae. Other aquatic plants collected from areas where Bu-
ruli ulcer was not endemic were not identified. IS2404 PCR
and culture were performed on all specimens. Two samples
from the river Lobo were PCR positive, whereas all samples
collected in the areas of nonendemicity were negative. One
positive BACTEC culture was detected 2 months after inocu-
lation. The IS2404 PCR performed on this culture was positive,
suggesting the presence of M. ulcerans, but this culture was
contaminated with M. szulgai. This M. szulgai- and possibly M.
ulcerans-positive culture was inoculated subcutaneously into
the tails of five mice, and 4 months later the same signs of
infection (inflammatory lesions with edema) were observed for
three mice. PCRs performed on infected tissues were positive

for M. ulcerans. Unfortunately all attempts to separate M. ul-
cerans from M. szulgai in pure culture were unsuccessful. This
was despite several rounds of IMS and passaging through mice.
The M. szulgai isolate was, however, readily isolated in pure
culture. The IS2404 PCR was performed on this pure culture,
and no amplified product was detected; when 105 M. szulgai
bacilli were inoculated subcutaneously into the tails of five
mice, no sign of infection was observed 6 months later.

Genotype analysis. M. ulcerans-specific PCR genotype anal-
ysis was then performed on DNA extracted from the M. szul-
gai-contaminated M. ulcerans culture and from DNA extracted
from the M. szulgai pure culture. This system uses outward-
facing primers to amplify between two different, high-copy-
number M. ulcerans insertion sequences. Only DNA from the
contaminated M. ulcerans culture produced a profile, and this
profile matched exactly the profile obtained from another re-
cent M. ulcerans environmental isolate (Fig. 5). This profile
was also identical to that obtained from two local M. ulcerans

FIG. 4. Formation of biofilms by four environmental mycobacteria on the Rhizoclonium sp. The mycobacteria were cultured in 7H12B vials
supplemented by 25% (vol/vol) Rhizoclonium sp. extract for 25 days. (A) M. fortuitum biofilm; (B) M. chelonei biofilm; (C) M. marinum biofilm;
(D) M. kansasii biofilm. Scale bars: 4 (A to C) and 10 (D) �m.
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clinical isolates and a clinical isolate from Ghana. Thus the
environmental strains have the same “epidemic” genotype as
other west African clinical isolates. As has been shown previ-
ously with this method, M. ulcerans isolates from different
geographic origins such as Malaysia, Australia, and French
Guiana produced different profiles, demonstrating the ability
of this technique to discriminate between strains. No bands
were detected with DNA from M. szulgai (Fig. 5).

DISCUSSION

In 1998 the World Health Organization (WHO) launched in
Yamoussokro, Ivory Coast, the Buruli Ulcer Initiative, with the
specific aim of trying to combat the alarming increase of Buruli
ulcer throughout central and west Africa. Two of the key re-
search priorities identified by the WHO were to understand
the environmental ecology and mode(s) of transmission of M.
ulcerans. However, the environmental ecology of M. ulcerans
has remained obscure for more than 50 years because of the
failure to isolate the bacteria in culture from the environment.
This situation changed dramatically with the development of a
highly specific and sensitive PCR assay (12, 27, 31, 32) which
has enabled the accumulation of significant evidence to impli-
cate water, plants, and insects in the ecology of M. ulcerans (25,
26, 30; F. Portaels, P.-A. Fonteyne, and W. M. Meyers, Letter,
Lancet 353:986, 1999).

Guided by the PCR evidence of M. ulcerans in aquatic in-
sects, we experimentally infected species of Naucoridae and
observed that M. ulcerans localized exclusively within the sali-
vary glands of these insects (16). In this niche M. ulcerans could
both survive and multiply. Other mycobacterial species such as
M. marinum, M. fortuitum, and M. kansasii could not occupy
this niche (16). This then led us to examine the salivary glands
of aquatic insects collected from a Buruli ulcer in the Daloa
region, an zone of endemicity in the Ivory Coast. By dissecting
out the salivary glands and using IMS to enrich for M. ulcerans

in the glands, we were able to isolate the bacteria in culture
from the environment for the first time. The difficulties asso-
ciated with primary culture of M. ulcerans from environmental
samples are multifactorial. Most signficantly, M. ulcerans is a
slow-growing mycobacterium and samples are readily over-
grown by other faster-growing bacteria. In addition, the pro-
cedures for sample decontamination are too aggressive (22).
Mycobacterial isolation methods have been developed for the
detection of mycobacteria from clinical samples, where bacte-
rial populations are noncomplex and their concentrations are
high. The reverse situation is found in environmental speci-
mens; thus it is not surprising that these methods fail to detect
M. ulcerans. We set out to ameliorate this situation by using
IMS as previously developed to selectively enrich for M. ulcer-
ans and by attempting to enhance the growth of M. ulcerans in
culture by the addition of aquatic plant extracts to the media.

Aquatic plants, such as algae, are able to secrete many or-
ganic compounds, such as amino acids and polysaccharides, which
are in turn used by bacteria as substrates for growth (14, 19, 20,
23). For example, low-molecular-mass products (�700 Da) are
an important source of carbon for heterotrophic bacteria (19).
We used two cosmopolitan freshwater green algae, Rhizoclo-
nium and Hydrodictyon, which are found unattached, lying on
mud or rocks, in both temperate and tropical environments.
They are able to synthesize and secrete many BDOCs (18), and
these may provide nutrients for mycobacteria. We reasoned that,
when added to culture media, extracts from these algae may
accelerate and facilitate the primary culture of M. ulcerans.

In this study we have shown that crude organic extracts from
both a Rhizoclonium sp. and H. reticulatum were able to stim-
ulate the growth of M. ulcerans. The addition of 20% crude
extract caused the doubling time to decrease by half (Fig. 1), a
significant result for a bacterium with a doubling time of 80
days. This effect was not observed with other slow-growing
mycobacteria, suggesting that M. ulcerans uses specific compo-
nents of the extract to augment its growth.

Simple fractionation of the algal extract by filtration showed
that it was the combination of particulate and dissolved mate-
rial that produced the shortest doubling times (Fig. 2). The
addition of the individual fractions also reduced doubling
times, but the effect was only one-half as great as that of the
complete extract. One explanation may be that M. ulcerans has
a deficiency in a particular metabolic pathway that is compen-
sated for by a component of the dissolved fraction. The pres-
ence of particulate matter probably enhances growth nonspe-
cifically by acting as a solid support for the formation of
biofilms. It has been shown previously that the doubling time
for biofilm-attached bacteria is less than the doubling time for
planktonic bacteria (3, 4, 13). Electron micrography showed
that M. ulcerans produces prolific biofilms (Fig. 3). However, it
is important that biofilm formation is not a feature unique to
M. ulcerans. We tested four other environmental mycobacteria
under the same conditions, and they all produced biofilms on
the algal particulate matter (Fig. 4). In addition, it has been
previously shown that the growth rate of biofilm-attached M.
fortuitum is approximately twice that of nonattached cells (13).
Thus the algal extract probably has both specific and nonspe-
cific growth-enhancing influences on M. ulcerans.

The extreme hydrophobicity of their cell wall makes the
mycobacteria adhesion specialists within a biofilm (29), but

FIG. 5. Silver-stained polyacrylamide gel showing the results of
IS2426 PCR genotype analysis for M. ulcerans strains isolated from
environmental and clinical sources. Lane identification is as follows.
Lane 1, M. szulgai plant isolate; lane 2; M. ulcerans or M. szulgai plant
isolate; lane 3, M. ulcerans insect isolate (Nau. CI. 002); lane 4, M.
ulcerans clinical isolate (7ICEF99; Ivory Coast); lane 5, M. ulcerans
clinical isolate (75ICO99; Ivory Coast); lane 6, M. ulcerans clinical
isolate (01EIHGA99; Ghana); lane 7, M. ulcerans clinical isolate (1615;
Malaysia); lane 8, M. ulcerans clinical isolate (NCTC 10417; Austra-
lian); lane 9, M. ulcerans clinical isolate (1G897; French Guiana); lane
M, molecular size marker (Eurogentec).
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bacteria growing in biofilms often produce an extracellular
matrix that is also involved in adhesion or protection against
predation (5, 21, 24, 34). Production of an extracellular matrix
was also observed in M. ulcerans, but only when it was growing
in a biofilm, in association with aquatic plant material. Perhaps
this matrix also plays a role in adhesion and protection of
M. ulcerans in an aquatic environment.

The combination of IMS and the improved media allowed us
to detect and cultivate M. ulcerans in plant samples collected
from a region in the Ivory Coast where Buruli ulcer is endemic.
However, we were unable to isolate M. ulcerans in pure cul-
ture. All samples were contaminated by M. szulgai, a more
rapidly growing mycobacterium. Nevertheless PCR genotype
analysis provided unequivocal evidence that M. ulcerans was
indeed present and that the strain present in the aquatic plant
samples had the same profile as strains isolated from aquatic
insects and from Buruli ulcer patients in the region. This is the
first report that directly implicates both aquatic plants and
insects in the chain of transmission of M. ulcerans to humans.
It is not clear by what means both plants and carnivorous
aquatic insects harbor M. ulcerans. It is unlikely that the insects
are contaminated by direct contact with aquatic plants. It is
possible, however, that they are contaminated after preying on
other organisms such as snails, fishes, and insect larvae, as
these organisms have a strictly vegetarian diet and may be
colonized by M. ulcerans via contact with aquatic plants.

More research is now needed to test these hypotheses, to try
and identify other environmental reservoirs of M. ulcerans, and
to determine how this pathogen is transmitted to humans.
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