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SUMMARY Buruli ulcer is a noncontagious disabling cutaneous and subcutaneous
mycobacteriosis reported by 33 countries in Africa, Asia, Oceania, and South Amer-

Published 13 December 2017

Citation Zingue D, Bouam A, Tian RBD,
Drancourt M. 2018. Buruli ulcer, a prototype for
ecosystem-related infection, caused by
Mycobacterium ulcerans. Clin Microbiol Rev
31:e00045-17. https://doi.org/10.1128/CMR
.00045-17.

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Michel Drancourt,
Michel.Drancourt@univ-amu.fr.

D.Z. and A.B. contributed equally to this review.

REVIEW

crossm

January 2018 Volume 31 Issue 1 e00045-17 cmr.asm.org 1Clinical Microbiology Reviews

https://doi.org/10.1128/CMR.00045-17
https://doi.org/10.1128/CMR.00045-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:Michel.Drancourt@univ-amu.fr
http://crossmark.crossref.org/dialog/?doi=10.1128/CMR.00045-17&domain=pdf&date_stamp=2017-12-13
http://cmr.asm.org


ica. The causative agent, Mycobacterium ulcerans, derives from Mycobacterium mari-
num by genomic reduction and acquisition of a plasmid-borne, nonribosomal cyto-
toxin mycolactone, the major virulence factor. M. ulcerans-specific sequences have
been readily detected in aquatic environments in food chains involving small mam-
mals. Skin contamination combined with any type of puncture, including insect
bites, is the most plausible route of transmission, and skin temperature of �30°C
significantly correlates with the topography of lesions. After 30 years of emergence
and increasing prevalence between 1970 and 2010, mainly in Africa, factors related
to ongoing decreasing prevalence in the same countries remain unexplained. Rapid
diagnosis, including laboratory confirmation at the point of care, is mandatory in order
to reduce delays in effective treatment. Parenteral and potentially toxic streptomycin-
rifampin is to be replaced by oral clarithromycin or fluoroquinolone combined with ri-
fampin. In the absence of proven effective primary prevention, avoiding skin contamina-
tion by means of clothing can be implemented in areas of endemicity. Buruli ulcer is a
prototype of ecosystem pathology, illustrating the impact of human activities on the en-
vironment as a source for emerging tropical infectious diseases.

KEYWORDS Mycobacterium ulcerans, Mycobacterium marinum, environmental
mycobacteria, Buruli ulcer

INTRODUCTION

Large ulcers compatible with the diagnosis of Buruli ulcer were described by Sir
Albert Cook in 1897 and by Kleinschmidt in northeastern Congo during the 1920s

(1–4), but the causative agent, Mycobacterium ulcerans, was not isolated until 1948 in
the Bairnsdale region of Victoria, Australia, by MacCallum et al. (5). The disease was
finally named after Buruli (now called Nakasongola) County in Uganda, where the
disease was described (6). The same infection has also been described under local
names, according to the place where it occurred or was observed: Bairnsdale ulcer,
Daintree ulcer, Mossman ulcer, and Searl ulcer in Australia, Tora and Mexican ulcer in
Mexico (7), and mbasu, Kasongo ulcer, Kakerifu ulcer, La maladie mystérieuse de Daloa,
and Mputa ya Luaka in African settings, where this infection has become more
prevalent over the last few decades (8). Over the last decade, osteomyelitis has been an
increasingly described form of the infection (9, 10). Still a query infection, Buruli ulcer
is now known as a mycobacteriosis of the cutaneous and subcutaneous tissues caused
by the nontuberculous bacterium Mycobacterium ulcerans (5, 11–18).

Buruli ulcer is a World Health Organization (WHO) reportable disease, reported in 33
countries in Southeast Asia, Australia, Africa, South America, and the Western Pacific,
with impoverished rural communities of West and Central Africa being the most
affected (Fig. 1) (14, 19, 20). Between 5,000 and 6,000 cases have been reported
annually by 15 of the 33 reporting countries (21). Since only half of these countries
regularly report data to the WHO, the full extent of the problem is unknown. Never-
theless, Buruli ulcer is regarded as the third-most-common mycobacterial infection in
immunocompetent patients (15, 22) and is the second-most-common mycobacterial
disease after tuberculosis in some countries with low endemicity for leprosy (23, 24).
Buruli ulcer is one of the 17 tropical diseases classified as neglected diseases by the
WHO, which recognized Buruli ulcer as an emerging public health problem in 1998 at
the Yamoussoukro Conference (25). Starting in 2010, the number of registered cases
regularly decreased in Africa, without a definitive explanation for that favorable trend
(Fig. 2; Table 1). Causes for the decline in the overall incidence of Buruli ulcer remain
purely speculative. Decline may reflect the positive effects of control programs or
collateral effects of other health programs (26). In contrast, the incidence rose in
Australia, from 32 cases in 2010 to 106 cases recorded in Victoria in 2015 (27).
Understanding the epidemiological trends of Buruli ulcer has been obscured by the lack
of definite knowledge regarding the reservoirs and modes of transmission of the
causative agent, M. ulcerans, in every region of endemicity (19, 28, 29). Human-to-
human transmission of Buruli ulcer has rarely been reported, suggesting environmental
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sources, as corroborated by several studies (30). Epidemiological studies have linked
Buruli ulcer mainly to low-lying wetland areas and slow-moving rivers, especially in
man-made environments (31–33). In West Africa and Central Africa, outbreaks of Buruli
ulcer in the 1980s were linked to man-made changes in the natural environment (34,
35). More-recent studies have shown that in aquatic and swampy environments, M.
ulcerans is detected in biofilms, soil, and aquatic insects (36–40).

The severe morbidity of Buruli ulcer and the high frequency of disabling sequelae
contrast with the low mortality associated with the disease. As an example in Ghana, 2
patients of 102 died of sepsis and tetanus within 2 years (41). However, the disabling
sequelae of Buruli ulcer have enormous physical and socioeconomic impacts on
affected individuals (38).

Therefore, there is still a need for research concerning environmental reservoirs and
sources, risk factors, and the contamination cycle in order to invent new protocols to
fight Buruli ulcer. With this in mind, we herein review the current state of knowledge

FIG 1 Global map representing countries that have reported cases of Buruli ulcer disease as of 2014 (344).

FIG 2 Cases of Buruli ulcer (BU) reported in major areas of the world during the last decade. The
correlation between Buruli ulcer cases in the world and in West Africa is 0.97.
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on Buruli ulcer in regions of endemicity and the management and environmental
reservoirs of M. ulcerans around the world. We review the methods used for investi-
gating M. ulcerans and suggest an intellectual framework for the potential sources or
reservoirs of M. ulcerans.

METHODS

We performed a review of the literature through NCBI/PubMed, Google Scholar,
published data from the WHO website, and the Web of Knowledge, using the following
keywords: “Buruli ulcer,” “Mycobacterium ulcerans” AND “environment” AND “reservoir”
AND “laboratory diagnosis” AND “clinic” and the related names of Buruli ulcer in
countries of endemicity. We identified data up to March 2017. The titles and abstracts
of the available articles were selected for their relevance to Buruli ulcer epidemiology,
Buruli ulcer diagnosis, environmental factors (reservoirs, vehicle, source, M. ulcerans
host), and the detection and isolation of M. ulcerans from environmental samples. The
reference lists of the included papers were reviewed for additional references, including
Web pages concerning the subject. We compared the geographical, ecological, and
demographic characteristics of six West African countries with high rates of prevalence
of Buruli ulcer (numbers of cases superior to 1/100,000 inhabitants) with those of six
neighboring countries with low rates of prevalence of Buruli ulcer. Then, we down-
loaded from the Internet photos of farmers working in paddy fields in West Africa to
analyze their degree of protective clothing when farming to correlate clothing with the
main locations of Buruli ulcer lesions on the body. A comparison of the body temper-
atures at different points and the main locations of Buruli ulcer lesions was done.

M. ulcerans, the Agent of Buruli Ulcer

M. ulcerans has been shown to meet the four criteria (Koch’s postulates) required to
establish that an organism causes a disease: (i) it has been regularly isolated from Buruli
ulcer-diseased tissues at various stages of the disease, (ii) it has been isolated in pure
culture, (iii) its inoculation in appropriate laboratory animals reproduces the clinical and
histopathological features of the disease, and (iv) the pathogen has been reisolated
from the new host and shown to be the same as the originally inoculated pathogen.
However, it must be noted that the absence of isolation from nondiseased skin has
never been clearly reported (42–44).

M. ulcerans may date from the Jurassic Period, as its current repartition fits with the
breakup of supercontinents 150 million years ago (45). Genome-based and gene-based
phylogenetic reconstructions suggest that an ancestor common to M. ulcerans and its

TABLE 1 New cases of Buruli ulcer reported from 2002 to 2015 by countries where Buruli ulcer is endemica

Country

No. of new cases of Buruli ulcer in:

2015 2014 2013 2012 2011 2010 2009 2008 2007 2006 2005 2004 2003 2002

Australia 110 89 74 105 143 42 35 40 61 72 47 34 14 32
Benin 311 330 378 365 492 572 674 897 1,203 1,195 1,045 925 722 565
Cote d’Ivoire 549 827 1,039 1,386 1,659 2,533 2,679 2,242 2,191 1,872 1,564 1,153 768 750
Cameroon 133 126 133 160 256 287 323 312 230 271 265 914 223 132
Congo ND ND 6 38 56 107 147 126 99 370 53 235 180 102
Democratic Republic of the Congo 234 192 214 284 209 136 172 260 340 74 51 487 119 17
Equatorial Guinea ND ND ND ND 0 ND ND ND ND ND 3 ND ND ND
Gabon 40 47 59 45 59 65 41 53 32 54 91 43 ND ND
Ghana 275 443 550 632 971 1,048 853 986 668 1,096 1,005 1,157 737 853
Guinea 72 46 96 82 59 24 61 80 ND 279 208 146 157 ND
Japan 3 7 10 4 10 9 5 2 3 1 1 1 ND ND
Liberia 105 ND 8 21 ND ND ND ND ND ND ND ND ND ND
Nigeria 113 65 23 40 4 7 24 ND ND 9 ND ND ND ND
Papua New Guinea 11 3 ND ND 8 5 8 24 26 ND ND 31 18 13
Sierra Leone ND ND ND ND 28 ND ND 1 ND ND ND ND ND ND
South Sudan ND ND ND ND ND 4 5 3 8 38 24 4 360 568
Togo 81 67 37 51 52 67 52 95 141 40 317 800 38 96
Uganda ND ND ND ND ND ND 3 24 31 5 72 7 10 117
aData are from reference 344. ND, not determined.
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closest neighbor Mycobacterium marinum diverged by 470,000 to 1,200,000 years ago
(46). M. ulcerans should therefore be regarded as a member of an M. marinum complex,
also comprising Mycobacterium ulcerans subsp. shinshuense, Mycobacterium pseudo-
shottsii isolated from fish, and “Mycobacterium liflandii,” which has been isolated from
Xenopus tropicalis and Xenopus laevis frogs (47). These species all produce the toxin
mycolactone and form the so-called mycolactone-producing mycobacteria (MPM) but
are not necessarily associated with Buruli ulcer (47). All MPM are thought to have
evolved directly from M. marinum (48). In particular, M. ulcerans subsp. shinshuense has
been described in China and Japan (49). It possesses a 174-kbp virulence plasmid
coding for polyketide synthase, producing mycolactone (49). Within the M. marinum
complex, the evolution of M. ulcerans has been marked by a reduction in the chromo-
some size, from 6.6 Mb in M. marinum to 5.8 Mb in M. ulcerans (50, 51). It is noteworthy
that this region of difference between M. marinum and M. ulcerans comprises 28 to 22
PE-PPE genes, whose poorly characterized products have been shown to support the
survival of M. marinum inside phagocytes (52). Proliferation of more than 200 copies of
insertion sequence 2404 (IS2404) is another mark of genome decay. The genome of M.
ulcerans Agy 99 (a strain isolated from a single individual in Ghana) contains two
prophages, 18-kb phiMU01, encoding 18 coding DNA sequences (CDS) and 24-kb
phiMU02, encoding 17 CDS. The two prophages look like other mycobacteriophages
described for other Mycobacterium species with the same overall structure and contain
CDS associated with replication functions. However, phiMU02 is probably nonfunc-
tional due to the proliferation of the IS2606 insertion sequence, which has inacti-
vated several genes (14). Accordingly, no phage has been reported to be associated
with M. ulcerans in naturally or experimentally infected cells and tissues or in culture.
Moreover, 14 mycobacteriophages have been tested for their ability to infect 18
different M. ulcerans strains, including the ATCC 35840 strain (which lacks mycolactone
production), a rifampin-resistant strain, and 15 clinical isolates from various geographic
origins, along with 2 M. marinum strains (53). A later study indicated that four myco-
bacteriophages, named Bxz2, D29, L5, and TM4, induced plaque formation of M.
ulcerans but not M. marinum. However, plaque formation was not specific to M.
ulcerans, as plaque formation was also observed in Mycobacterium tuberculosis and
Mycobacterium bovis bacillus Calmette-Guérin (BCG). Furthermore, this study showed
that M. ulcerans cell wall mycolactone was not involved in mycobacteriophage pene-
tration into M. ulcerans (53). A second major genomic evolution event was the acqui-
sition of a 174-kb plasmid called pMUM001, which is required for the synthesis of the
major virulence factor mycolactone toxin (51). The replication site of this plasmid is
more closely related to the one reported in the cryptic plasmid of Mycobacterium
fortuitum (51).

M. ulcerans exhibits strong geographic diversity, as first suspected by partial 16S
rRNA gene sequencing, which distinguished two subtypes of M. ulcerans linked to the
Australian and African continents (11, 54). Further analysis of large sequence polymor-
phism in 12 regions of difference in 30 M. ulcerans isolates from diverse geographic
origins indicated that M. ulcerans was involved in five insertion-deletion haplotypes
that separated a so-called “classical lineage,” comprising most pathogenic genotypes
from Africa, Australia, and Southeast Asia, and a so-called “ancestral lineage,” geneti-
cally closer to M. marinum, comprising isolates from Asia (China/Japan), South America,
and Mexico (55).

It is estimated that these two M. ulcerans lineages diverged at the time of the
emergence of Homo sapiens (250,000 to 400,000 years ago) (56), while the African
isolates may have arisen in the past 18,000 years (46). Restriction fragment length
polymorphism (RFLP) followed by IS2404 probe hybridization did not produce any band
with M. marinum and yielded six M. ulcerans groups related to six geographic regions,
including Africa, Australia, Mexico, Southeast Asia, Asia, and South America (57). All
African isolates are genomically extremely closely related in the same cluster, and the
classical-lineage M. ulcerans isolates from Australia also are all genomically extremely
closely related and located in another cluster (58). A further genomic epidemiological

Buruli Ulcer Review Clinical Microbiology Reviews

January 2018 Volume 31 Issue 1 e00045-17 cmr.asm.org 5

http://cmr.asm.org


study showed that isolates from West Africa (Côte d’Ivoire, Ghana, Togo, Benin) and
Central Africa (Cameroon, Gabon, Congo-Brazzaville, Democratic Republic of the Congo
in Bas-Congo, Angola) had identical mycobacterial interspersed repetitive unit-variable
number of tandem repeat (MIRU-VNTR) profiles, their genomes differing in a limited
number of single nucleotide polymorphisms (SNPs) (59, 60). This strong association
between M. ulcerans genotype and the geographic origins of strains was interpreted as
indicating that the reservoir of M. ulcerans was relatively fixed in space (50, 58, 60, 61).
A further comparative whole-genome sequencing study of isolates from Africa showed
that several distinct clonal complexes of M. ulcerans could be found in the same areas
where Buruli ulcer is endemic (58, 60, 61). Likewise, two Cameroonian clonal complexes,
differing by 828 SNPs, were shared by all members of the respective lineages (60).

These results suggested that some moving reservoir might be responsible for the
introduction of M. ulcerans into a new area, where it further spread within human
populations (58, 61). Recently, Vandelannoote et al. reconstructed the evolutionary
history of M. ulcerans by comparing 165 M. ulcerans clinical isolates recovered between
1964 and 2012 in 11 African regions of endemicity (62). The authors identified two
specific M. ulcerans lineages within the African continent: lineage Mu_A1, putatively
dating from 68 BC, and lineage Mu_A2, which is more closely related to Papua New
Guinea isolates (62). Bayesian analysis indicated that the Mu_A2 lineage was probably
introduced in Africa as recently as 1800 AD, supporting the hypothesis of a human-
mediated introduction in Africa (62). Genome-based analyses further indicated close
relationships between the environment and patients’ strains; this is true of M. ulcerans
Agy 99 (51, 63). The DNA of this strain was recovered from a small mammal (Mastomys)
in Côte d’Ivoire (64). In Ghana, genome types W, X, Y, and Z were found in both human
and environmental samples (13, 63). Whole-genome sequencing of an M. ulcerans
isolate from a ringtail possum isolated in Point Lonsdale, Australia, revealed extremely
close genetic relationships with the genome sequence of a human isolate in the same
township, suggesting a major role for mammals in the ecology of this mycobacterium
(61, 65).

The genomic diversity of M. ulcerans is further reflected by the structural diversity of
mycolactones, first identified in 1999 (66). Indeed, mycolactones are polyketides com-
prising a core lactone and a fatty acid side chain and belonging to the family of
macrolides (67, 68), and six naturally occurring structural variants named A/B, C, D, E, F,
and G have been characterized in the different MPM species (48, 69). M. liflandii
produces mycolactone E (70, 71), while M. pseudoshottsii and M. marinum produce
mycolactone F (72). Mycolactone F-producing mycobacteria do not culture at a tem-
perature above 30°C, which likely limits their virulence for humans (72). Each M. ulcerans
isolate produces one type of mycolactone, either A/B, C, or D, and different congeners
of mycolactones are produced by the different geographical isolates; mycolactone A/B
is produced by the African and Malaysian isolates, the Australian isolates produce toxic
mycolactone C, while the Chinese isolates produce mycolactone D (67, 70–72). Indeed,
clinical data indicate that M. ulcerans isolates collected in Australia, Asia, Central
America, and Mexico are less pathogenic than African isolates (48, 71). Mycolactone
synthesis is a complex process related to polyketide synthesis (PKS) (51). In brief,
mycolactones are synthetized by polyketide synthases encoded by three large genes
located in the 174-kb pMUM001 plasmid, mlsA1 and mlsA2, encoding the mycolactone
core-producing PKS, and mlsB, encoding the side chain enzyme (51). After its synthesis,
the toxin is secreted in bacterial-membrane-derived vesicles and concentrated in the
extracellular matrix, which acts as a reservoir (68, 73). This synthesis is drastically
downregulated by the presence of specific carbohydrates, such as glucose, maltose,
and maltopentaose (74). Exposure to sunlight also causes its degradation and a loss of
its biological activity. On the other hand, mycolactone preserves its structure and
cytotoxic effects even after being heated at 100°C for 6 h. Outside the mycobacteria,
mycolactones alter the Wiskott-Aldrich syndrome protein target and related scaffolding
proteins (75), altering actin dynamics and cell adhesion with cell death (76). Mycolac-
tone inhibits the function of the Sec61 translocation, which is responsible for protein
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translocation to the endoplasmic reticulum. This affects 30 to 50% of mammalian
proteins, including circulating inflammatory mediators and proteins involved in lipid
metabolism, coagulation, and tissue remodeling. Buruli ulcer patients have systemic
and chronic defects in protein metabolism (77). Research has shown that the hypoal-
gesic effect observed in Buruli ulcer results from the activation of the angiotensin II
type 2 receptor (AT2R), leading to neurite degeneration, cell death, and extensive
coagulative necrosis (78). It was also shown that mycolactone decreased thrombo-
modulin expression on the surfaces of human dermal microvascular endothelial cells
and that tissue necrosis might be caused by fibrin-driven ischemia (79). The identifi-
cation of the Wiskott-Aldrich family proteins as molecular targets of the mycolactones
would allow focusing the search for functional inhibitors of the toxins and probably
provide the therapeutic tools of tomorrow (75, 76). All the A/B, C, and D mycolactones
are toxins responsible for the damage observed in the skin and subcutaneous fat tissue,
inducing apoptosis with minimal or no inflammation; unlike in other mycobacterioses,
mycolactone does not induce lesions on healthy skin (66, 80).

However, a sole injection of mycolactone through the skin produces ulcers in guinea
pigs (81), while a mutant deficient in mycolactone did not cause ulcers (66). Indeed,
mycolactones have been shown to elicit a combination of ulcerative, analgesic, and
anti-inflammatory effects in human skin by completely blocking the production of
lipopolysaccharide (LPS)-dependent proinflammatory mediators posttranscriptionally
(82–84). Mycolactone blunts the capacity of immune cells to produce inflammatory
mediators by an independent mechanism of protein synthesis blockade (82). It has
been demonstrated that mycolactone is sufficient to cause neurological damage (84,
85). Mycolactone can be detected in diseased skin samples from patients with Buruli
ulcer by conventional thin-layer chromatography (86). The fact that the immunosup-
pression stops after removal of infected tissues supports the view that the systemic
diffusion of mycolactone is responsible for its immunosuppressive effects (87). Indeed,
mice injected by a radiolabeled form of the toxin (88) and clinical studies indicated that
mycolactones diffuse from ulcerated lesions in clinically accessible samples. They also
diffuse into the peripheral blood of Buruli ulcer patients (89), targeting mononuclear
cells in peripheral blood and lymphoid organs, with a particular tropism for the spleen.
The capacity of circulating lymphocytes to produce interleukin-2 upon stimulation is
then hampered (88). The role of mycolactones during the environmental stages of M.
ulcerans is unknown.

The study of M. ulcerans has been sharply limited by a lack of available isolates; none
of the five environmental isolates advocated (39, 90, 91) have been deposited in public
collections, and only 18 of 320 reported clinical isolates are available in public collec-
tions (see Table S1 in the supplemental material). Also, from 342 strains in the
repertoire, only four complete M. ulcerans genomes have been reported: in Ghana (M.
ulcerans Agy 99), the United States (M. ulcerans strain Harvey), Benin (M. ulcerans
S4018), and Japan (M. ulcerans ATCC 33728) (Table S1). The lack of isolates may be due
to intrinsic fastidiousness, rendering the isolation of M. ulcerans particularly susceptible
to contaminant overgrowth (91, 92). Indeed, the M. ulcerans doubling time of 4.8 � 0.3
days (93) correlates with the presence of only one chromosomic ribosomal operon,
classifying M. ulcerans as a slow-growing mycobacterium (46). Optimal growth is
obtained at 28 to 33°C under a 2.5 to 5% oxygen atmosphere and a final pH of 6.6 �

0.2 at 25°C (94–98). The exposition of M. ulcerans to 41°C for 24 h kills more than 90%
of the inoculum (22). This observation may have unanticipated practical implications for
the culture of specimens that should not be exposed to high temperatures, such as the
ones frequently encountered in tropical regions of endemicity. Moreover, M. ulcerans
exhibits sunlight susceptibility, probably due to the lack of light-inducible carotenoids
that protect M. marinum (46), linked to a stop codon in crtL, involved in pigment
synthesis (14). This characteristic has been suggested to support the in vitro and in vivo
susceptibility of M. ulcerans to purified methylene blue; all other tested mycobacteria,
including M. marinum, are resistant to this dye (99). M. ulcerans was reported to grow
in Middlebrook 7H9 broth, Middlebrook 7H10, and Middlebrook 7H11 agar media with
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oleic acid-albumin-dextrose-catalase (OADC) enrichment and Löwenstein-Jensen (LJ)
medium. The addition of chitin to 7H9 Middlebrook broth was indirectly shown to
increase the growth of one strain of M. ulcerans (100). Interestingly, the five available M.
ulcerans genomes encoded a GH18 family member, compatible with a putative chiti-
nase activity. Decontamination of environmental specimens is the key step for the
isolation of M. ulcerans from environmental sources. F. Portaels and collaborators have
tested several decontamination methods, including the Petroff method (101), incorpo-
rating sodium hydroxide (NaOH), the reversed Petroff method, and a mild decontam-
ination method using HCl and oxalic acid treatment (102–104). All these methods
proved to adversely affect the growth rate of M. ulcerans, but incorporation of egg yolk
into the culture media limited the cytotoxic effects of these agents, especially the effect
of oxalic acid. A recent study compared the effect of clinical sample decontamination
with that of NaOH or oxalic acid, followed by inoculation in LJ medium slants with
glycerol or inoculation in the same LJ medium slants supplemented with 2% PANTA
(polymyxin B, amphotericin B, nalidixic acid, trimethoprim, and azlocillin). The decon-
tamination methods did not differ in their effects on the recovery of M. ulcerans, but the
use of inoculated media had a significant impact on the recovery of M. ulcerans. Indeed,
the use of LJ medium slants with glycerol reduced the probability of M. ulcerans
recovery by 65% (39). In the same study, the authors also compared the effects of the
transport media on the growth of M. ulcerans and contamination cultures and found no
significant difference between 7H9 medium containing PANTA and the antibiotic-free
Amies medium Middlebrook (39). Using environmental specimens, the combination
oxalic acid-NaOH gave more-effective results than the SDS-NaOH, NaOH-malachite
green-cycloheximide, and N-acetyl– cysteine–NaOH combinations. Also, LJ medium
supplemented with PANTA and mycobactin J best supported the growth of myco-
bacteria, including M. ulcerans, compared to isoniazid- or ethambutol-
supplemented LJ medium (39, 40).

In contrast with the hundreds of clinical strains that have been isolated, only five
isolates from the environment have been isolated (39, 91, 105) (Table S1). Many
attempts to isolate M. ulcerans from flora and fauna failed (22, 105). The culture of
diverse environmentally collected samples from areas where Buruli ulcer is endemic
failed to yield M. ulcerans in the past (22), despite the parallel detection of M. ulcerans
DNA sequences (19, 64, 106–113). Failure to culture M. ulcerans from environmental
samples may possibly be attributable to inadequate sampling, conditions of transport,
inadequate decontamination procedures, and the culture conditions of this fastidious
heat-sensitive organism (22, 98). The initial isolation of an M. ulcerans strain was
obtained from an aquatic Hemiptera from a Beninese sample collected by Portaels et
al., who suggested that the disease resulted from exposure to a contaminated envi-
ronment (91). This isolate was obtained after a 15-day incubation period in Bactec 12b
broth and three successive passages in mouse footpads P1, P2, and P3 for 9 months, 6
months, and 12 months, followed by culture on LJ medium for 2 months (91). In
contrast, recently, Aboagye et al. set up an efficient protocol and succeeded in
obtaining a pure culture of two poorly characterized M. ulcerans strains in less than 6
months from soil and moss (39).

Cellular and Animal Models for M. ulcerans Infection

The fact that the pathogenesis of M. ulcerans is dependent on the temperature of
the area where the bacteria were inoculated is the first notable characteristic of M.
ulcerans (114). The second notable characteristic of M. ulcerans is its inability to
penetrate intact skin and its inability to infect abraded skin, as demonstrated in an
experimental infection of guinea pigs and mice (115). These results suggest that Buruli
ulcer is dependent on the passive inoculation of M. ulcerans through intact skin as an
alternative to ineffective passive passage through abraded skin, with the precise role of
“biological needles,” such as mosquitoes and other insects, remaining to be studied in
comparison with the effectiveness of mechanical needles. The third notable character-
istic of M. ulcerans pathology is the presence of cell damage in the absence of an acute
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inflammatory response. Injection of mycolactone in guinea pig skin resulted in exten-
sive tissue destruction and extensive apoptosis as the size of the lesion expanded (81).
Knowing that apoptosis is associated with a lack of inflammatory response, these
observations reproduced the observations made on Buruli ulcer lesions (81). In fact,
these data indicate that Buruli ulcer is not an infectious disease depending on the
multiplication of the pathogen but rather a toxemic disease caused mainly by myco-
lactone. It has been shown that the use of rifampin and streptomycin in the treatment
of Buruli ulcer resulted in a rapid onset of local cellular immune responses associ-
ated with the phagocytosis of extracellular M. ulcerans. This may be related to declining
levels of mycolactone in the tissue, thus leading to an enhanced chemotherapy-
induced clearance of the infection (116). Mycolactone A/B causes apoptosis in kerati-
nocyte stem cells (KSC) and transit-amplifying cells (TAC) extracted from human skin
biopsy specimens even in small doses of 1 to 10 ng/ml. This apoptosis is dose
dependent, as measured by morphological criteria, chromatin condensation, and nu-
clear fragmentation or as measured by the mitochondrial membrane potential. How-
ever, mycolactone A/B was less toxic in human keratinocyte cell lines (HaCaT). Only 25
to 30% of HaCaT cells were affected after treatment with 100 and 1,000 ng/ml of
mycolactones A and B, respectively, compared to more than 60% TAC apoptosis at 1
ng/ml and 50% KSC apoptosis at 10 ng/ml. The apoptotic activity of mycolactone A/B
was also tested on the human hepatoma cell line HuH7 and on the human epithelial
embryonic kidney cell line HEK 293T, since mycolactone has renal and hepatic tropism
when it diffuses into the blood (88). No apoptotic cells were detected after treatment
with 1 to 1,000 ng/ml of mycolactone (117).

M. ulcerans probably escapes phagocytes during its first steps after intradermal
inoculation, behaving as an extracellular pathogen, as observed mainly in cutaneous
and subcutaneous lesions (118, 119); this is in opposition to what occurs in XTC2 cells
and mice macrophage models, in which an intracellular growth phase for the pathogen
has been reported (120, 121). It was shown that M. ulcerans bacilli were captured by
phagocytes and were predominately intracellular organisms at 24 h postinfection,
whereas examination of tissues of infected BALB/c mice harvested at the ulcerative
stage (8 weeks postinfection) showed that M. ulcerans bacilli were exclusively in the
extracellular compartment. This was also characterized by an extensive inflammatory
infiltrate and the presence of neutrophils and major histocompatibility complex class II
(MHC II) cells surrounding the bacterial foci (122). Accordingly, bone marrow-derived
RAW264.7 macrophages, the dendritic cell line FSDC, and neutrophils, but not
nonphagocytic L929 fibroblasts, were isolated from BALB/c mice phagocytizing M.
ulcerans bacilli (123). In the same study, the authors showed that incubating bone
marrow-derived macrophages with mycolactone significantly reduced their ability to
phagocytize M. ulcerans bacilli. Furthermore, macrophages and dendritic cells infected
with M. ulcerans exhibited alterations in their morphology similar to that after cyto-
toxicity from exogenously added mycolactone at 6 h postinfection (123). Apoptosis was
observed as an important tissue destruction mechanism in human lesions associated
with viable M. ulcerans cells (124). Nuclear fragmentation indicative of apoptosis was
also observed before the death of cells at 24 h postinfection (123). Cells infected with
M. ulcerans expressed less tumor necrosis factor alpha (TNF-�) and the transforming
growth factor � (TGF-�) cytokine than cells infected with the M. ulcerans mutant, which
does not produce mycolactone (123). In contrast, the macrophage inflammatory pro-
tein MIP-2, which is chemotactic and activating for neutrophils, was expressed more in
cells infected with wild-type M. ulcerans than in cells infected with the M. ulcerans
mutant. These data demonstrate an upregulation of inflammatory chemokines and a
downregulation of inflammatory cytokines during infection with M. ulcerans (123). In a
subsequent study, Torrado et al. reported that M. ulcerans induces the expression of
gamma interferon (IFN-�) at the infection sites of experimentally infected mice (125).
Also, IFN-�-deficient mice are more susceptible to M. ulcerans infection than wild-type
mice when they are infected with intermediate or avirulent strains (118). In contrast, no
difference in the susceptibilities to infection between IFN-�-deficient and wild-type
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mice was noted when they were infected by the highly virulent strain, suggesting that
the highly virulent strain of M. ulcerans has an adverse effect on the protective activity
of IFN-� on infected macrophages. Accordingly, by using bone marrow-derived mac-
rophages, activated or not with IFN-�, the authors showed that IFN-� can activate
macrophages to control the intracellular growth of avirulent and intermediate-
virulence strains but not that of the highly virulent strain of M. ulcerans. The clinical
observations of a recent study showed pronounced swelling of the infected footpads
of IFN-�-deficient mice; in contrast, nothing unusual was observed in wild-type mice
after 5 weeks of infection (118). Histopathological analysis showed that IFN-�-deficient
mice exhibited more tissue necrosis, more edema, and a significantly greater bacterial
load as measured by quantitative PCR (qPCR) than wild-type mice. These results
suggest that IFN-� activated the macrophages to eliminate intracellular bacteria at an
early stage of infection (5 weeks) (118). Histological observations of adipose tissues
from infected patients showed extensive necrosis of subcutaneous fatty tissues, which
was directly correlated with mycobacterial invasion and toxin production (81, 126–128).
This feature was also reproduced in infected pig skin with M. ulcerans (119). The
histopathological analysis showed clusters of extracellular mycobacteria and fat cell
ghosts after M. ulcerans infection and mycolactone injection (129). Furthermore, the
interaction between M. ulcerans and adipose tissue was investigated using a human
adipose cell model (128). After 24 h of incubation, electron microscopic observations
showed an extracellular location of M. ulcerans and a cytotoxic effect on cells. Within 3
days, both apoptosis and necrosis were observed. Under the same conditions, cells
were incubated with M. ulcerans culture filtrate and purified mycolactone. While M.
ulcerans culture filtrate induced both necrosis and apoptosis, mycolactone induced
only necrosis.

Studying the interactions with another phagocytic model, amoebae, brought addi-
tional data. It has been reported that M. ulcerans persisted inside Acanthamoeba
polyphaga cells for 2 weeks, with an inoculum declining by 1 to 2 logs, as measured by
culture (130). In a subsequent study of Acanthamoeba castellanii coculture, the authors
showed that the number of M. ulcerans cells decreased by 90% over 28 days (29). These
data suggest an improbable role of amoebae as sources or reservoirs of M. ulcerans.
Temperature can partly explain divergent results obtained in animals, macrophages,
and amoeba models. Indeed the optimal growth temperature for macrophages used in
the experiments cited above is 37°C, while these experiments have been conducted at
32°C to mimic the optimal growth temperature of M. ulcerans (131). Using a suboptimal
temperature can affect the antimicrobial activities of macrophages, such as cytokine
production, antimicrobial peptide secretion, and activities and membrane dynamics
required for phagolysosome biogenesis (132–134). Under these conditions, the survival
and the multiplication of M. ulcerans cells in macrophages are facilitated.

The unique microbiological features of M. ulcerans among the species of the genus
Mycobacterium indicate that Buruli ulcer should be understood as a toxic effect of
infection, with major features linked to the activities of the plasmid-encoded mycolac-
tone, rather than to the replication of M. ulcerans. Indeed, M. ulcerans replication is
strongly controlled by the local temperature, which is not the case with mycolactone
(114). In the laboratory, the optimal temperature for replication is 30 to 33°C (20). This
situation is indeed encountered in the same skin territories where Buruli ulcer lesions
are more prevalent (Fig. 3). Accordingly, M. ulcerans does not disseminate in the
bloodstream, and tissue lesions remain localized, despite the remote immunosuppres-
sive neurotropic activities of mycolactone (88, 135). This is in agreement with animal
studies, suggesting that the bacilli remain essentially localized within ulcerative lesions
in subcutaneous tissues but not in the blood (123).

M. ulcerans in the Environment

The fact that M. ulcerans exhibits a reduction in chromosome size compared to that
of M. marinum suggests a reduction in the ecological niches, i.e., specialization (14,
136–138). Accordingly, genomic analysis has suggested that M. ulcerans may reside
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inside one or several hosts (14), in agreement with previous observations (22). However,
it was demonstrated in an experimental study that it can live as a free-living organism
in its environmental niches, where it can survive for a long time despite its fragility
under certain climatic conditions, such as solar light, temperature elevation, and UV
light (14, 29, 37). As discussed above, these aspects have been poorly investigated, as
the vast majority of field studies have relied upon molecular biology methods, which
gave no clues regarding the viability of the detected mycobacteria. M. ulcerans DNA has
been detected in inanimate soil and aquatic environments, but most of the attempts to
isolate it from these inanimate environments have failed (105, 139).

Molecular methods used to detect M. ulcerans DNA sequences in environmental
specimens are summarized in Table 2. As for molecular targets, the insertion sequence
IS2404 used in previous studies (98, 140, 141) was detected in other MPM (142, 143).
The conventional IS2404 PCR assay alone cannot be relied upon for the specific
detection of M. ulcerans. To increase the specificity of PCR assays, three independent
repeated sequences in the M. ulcerans genome, i.e., two multicopy insertion sequences

FIG 3 Pattern of distribution of Buruli ulcer lesions on the bodies of human patients in Africa. This figure is a composite
of data from 10 independent studies (17, 23, 26, 155, 226, 235, 241, 242, 244, 253). The histograms show that there is an
inverse correlation between the gradient of body temperature and the location of lesions.

TABLE 2 DNA targets for M. ulcerans and detection of related mycolactone-producing
mycobacteria from environmental samples

Mycobacterium

Presence of:

Plasmid typeIS2404 sequence IS2606 sequence KR-B gene

Mycobacterium ulcerans Yes Yes Yes pMUM001
Mycobacterium liflandii Yes Yes Yes pMUM002
Mycobacterium pseudoshottsii Yes Yes Yes pMUM003
Mycobacterium marinum No/yes Yes Yes pMM23
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(IS2404, IS2606) and a multicopy sequence encoding the ketoreductase B domain
(KR-B), need to be used (39, 113, 144, 145). Moreover, this multiplex PCR can control
PCR inhibitors commonly present in environmental samples. Despite these limitations,
molecular techniques have provided important clues in revealing the uncertain sources
of M. ulcerans.

Detection of M. ulcerans DNA in Bodies of Water and Moss

In Ghana, M. ulcerans DNA was detected in biofilms and water filtrate by amplifying
the KR-B gene, which was then confirmed by VNTR-PCR (13), and in a body of water in
an area of the Ashanti region where Buruli ulcer is endemic (145). Another study in
Ghana detected M. ulcerans in biofilm, soil, filters, and detritus (63). Recently, using
real-time PCR in samples to amplify the M. ulcerans IS2404 and KR-B genes, M. ulcerans
was detected in stagnant water specimens, soil, water filtrate residues, and plants in
Côte d’Ivoire, thereby confirming that water is a reservoir of M. ulcerans in areas of
endemicity of Côte d’Ivoire (106, 146). Bodies of water act as vehicles for disseminating
M. ulcerans strains (Fig. 4). Recently, Aboagye and collaborators detected M. ulcerans
DNA in moss from Ghana, and then obtained a positive culture of M. ulcerans from this

FIG 4 Buruli ulcer risk factors and M. ulcerans reservoirs with chitin sources around paddy fields and swampy areas. The image of the Mali
rice farmer is from https://commons.wikimedia.org/wiki/File:Mali_ricefarmers.jpg (from a United States Agency for International Devel-
opment employee), and the central image is from the African Rice Center [https://commons.wikimedia.org/wiki/File:Sawah_rice
_cultivation_in_inland_valleys_in_Ashanti_region,_Ghana_-_panoramio_(3).jpg].
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sample (39). In French Guiana (South America), M. ulcerans DNA was detected for the
first time in water (112). In Louisiana (United States), an area where Buruli ulcer is not
endemic, M. ulcerans DNA was detected in water and biofilms (147).

Detection of M. ulcerans in Insects and Aquatic Animals

Aquatic insects have been implicated in the transmission of M. ulcerans and are
considered potential vectors (16, 139, 148). Marsollier et al. subsequently carried out an
experimental study demonstrating not only that Naucoridae concentrate M. ulcerans in
their salivary glands but also that their bite transmits the infection to mice (16). Then
M. ulcerans was detected in the salivary glands of water bugs belonging to the
Naucoridae and Belostomatidae families and in snails. They are considered potential
transient hosts of M. ulcerans, without offering favorable conditions for its growth and
replication (16, 40, 141). In Côte d’Ivoire, M. ulcerans was detected by PCR in the
Planorbidae family (planorbid and bulinini) (40). In Benin, it was demonstrated by the
detection of the mycobacterium in the tissue of aquatic bugs captured during their
migration toward water points that aquatic insects outside the aquatic context may be
vectors of M. ulcerans (149). M. ulcerans DNA was detected in the tissues of water bugs
(genera Micronecta and Diplonychus) (148), in aquatic insects (Belostomatidae, Hydro-
philidae, and Naucoridae), and mollusks, supporting the hypothesis that the fauna in
major foci where Buruli ulcer is endemic, especially in swampy areas of tropical and
subtropical regions, may be a source of M. ulcerans infection (16, 22, 139, 141). M.
ulcerans was isolated from an aquatic Hemiptera insect collected in Benin, and it was
the first isolation of M. ulcerans after cultivation (91). It was detected in aquatic insects
(Belostomatidae, Naucoridae, Corixidae, Ranatridae, and Nepidae) and in the saliva of
Diplonychus sp. in Côte d’Ivoire (109) and in Benin (141). In Ghana, M. ulcerans was
detected in Belostomatidae, Naucoridae, and Nepidae (150), and IS2404 PCR and VNTR
analysis were used to detect M. ulcerans or M. liflandii in wild amphibians (frogs) and
fish (Hemichromis bimaculatus) in Ghana (151). In Benin, collected samples of plants
(cyperus, panicum, eichhornia) were used for the detection of M. ulcerans. The result was
unsuccessful, but M. ulcerans strains were detected in insects (Naucoridae) dwelling in
the plant roots (139). A study conducted in Ghana detected M. ulcerans in an inverte-
brate and vertebrate collection of specimens (13). Aquatic Heteroptera can bite humans
and contaminate them with M. ulcerans, as well as contaminate water, which would
ensure the dissemination of the germ from one pond to another. They can also infect
humans outside aquatic environments because of their ability to fly many kilometers
away from their source (61, 152). In Cameroon, M. ulcerans DNA was detected in
communities of aquatic macroinvertebrates and vertebrates (153, 154).

In Benin, M. ulcerans was detected in about 8.7% of aquatic insects, but not in
mosquitoes (Mansonia africana, Culex nebulosus, Culex quinquefasciatus, Anopheles
pharoensis, Aedes vittatus, Culex decens, and Culex fatigans) or in other flying insects
(107). Mosquitoes may not play a pivotal role in the ecology and transmission of M.
ulcerans in the areas of endemicity studied (107), although a previous study in Ghana
indicated the role of mosquitoes as vectors in the transmission of Buruli ulcer (155). In
Australia, M. ulcerans DNA was detected in mosquitoes (Aedes camptorhynchus, Coquil-
lettidia linealis, Anopheles annulipes, Culex australicus, Aedes notoscriptus) in several
studies (19, 156). In Benin, several pathogenic free-living amoeba were isolated from
water and biofilm specimens taken from protected and unprotected sources of water
in villages known to have either high or low endemicity for Buruli ulcer, and no
specimen was positive (157).

M. ulcerans strains were detected in aquatic plants in emergent zones from both
lotic and lentic bodies of water in regions of endemicity of Ghana (158). These
observations support the idea that aquatic plants are a reservoir of M. ulcerans and add
a new potential link in the chain of transmission of M. ulcerans to humans (105). In
Benin, M. ulcerans DNA was detected in stems and leaves of plants (107). Several plants
were implicated as a growth factor for M. ulcerans in Côte d’Ivoire. This led to the use
of Crinum calamistratum, Eriocephalus africanus, Vicia nana, and Vicia torta for the
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development of a new culture medium to cultivate M. ulcerans (159). We can conclude
from this study that these aquatic plants contribute to the survival of M. ulcerans strains
and might even play a central role in biofilm formation (Fig. 4; Table 3).

M. ulcerans in Environmental Biofilms

Biofilms are sessile microbial communities growing on surfaces, frequently embed-
ded in a matrix of extracellular polymeric substances (160–162). The nature of the M.
ulcerans biofilm is not fully elucidated. Chitin may be one component and an important
nutrient source for M. ulcerans. Chitin is the (1¡4)-�-linked homopolymer of N-acetyl-
D-glucosamine (163). It is one of the most important carbohydrates of the fungal cell
wall in the carapace of mud crabs (Scylla olivacea), the structural backbone of the
exoskeletons of crustaceans (shrimp, crayfish, crabs), shells of Chelonibia patula, yeasts
and lichens, marine algae (barnacle, Crustacea), rotifer eggshells (Brachionus plicatilis),
adult females and egg shells of microfilariae (Onchocerca gibsoni, Onchocerca volvulus),
Ascaris lumbricoides eggshells, the cuticle of microfilariae of Wuchereria bancrofti, the
radulae of certain mollusks, insects, fish (zebrafish), lissamphibians, internal shells of
cephalopods, some bird guano (penguin guano), and cysts of various protozoans (Fig.
5) (164–176). Although more-complex plants have no chitin, they do secrete chitin-
degrading enzymes (chitinase), which is a common plant hydrolase that defends
against pathogenic-fungus attacks (177). Chitin synthases (CHS) are widespread
among eukaryotes and known to have a complex evolutionary history in some of the
groups (178). The functional importance of each CHS in the growth and development
of M. ulcerans should be investigated, because each CHS probably plays particular roles
during the different developmental stages of bacteria in the environment (Fig. 4
and 5).

Roles of Salts and Other Nutrients in the Maintenance of Environmental M.
ulcerans

Salinity is one of the key environmental factors that limit crop growth and agricul-
tural productivity. Hypersalinity is caused by an excessive concentration of soluble salts
in the soil. The main ionic salt species are composed of sodium, calcium, and magne-
sium, appearing as chlorides and sulfates. Sodium chloride (NaCl) is the predominant
salt. Salinity conditions occur in coastal, arid, and semiarid areas. In assuming that the
salinity of the water and soil is a factor of M. ulcerans viability in the environment, we
summarized soil and water salinity in Côte d’Ivoire as an example for West African
countries, especially since M. ulcerans DNA was detected from a soil sample collected
near rice paddy fields in Côte d’Ivoire (106, 146). The average salinity of lagoons in Côte
d’Ivoire ranges between 4 and 19 mg/liter, whereas the salinity of rivers at their outlet
in the south varied between 0 g/liter and 30 g/liter (179–185). The viability of M.
ulcerans in salty areas has not been established, but in our laboratory, an experimental
study proved that M. ulcerans strains could grow at a salinity above 20 g/liter (186). Soil
salinity can be caused by the type of agriculture practiced in a given region. Therefore,
it has been observed that intensive cultivation of rice for a short or long period is the
basis of soil salinization and that the pH is below 8.5 in rice fields (187). It was shown
that M. ulcerans followed seasonal dynamics and was present mainly in waters with a
higher pH (188). In the United States, there were positive associations between pH
levels and the concentrations of ammonia, dissolved oxygen, nitrate, nitrite, and sulfide
in freshwater rivers where M. ulcerans DNA was detected in water and biofilms (147).
Salinity is a major problem in tropical coastal regions having predominantly rice-based
farming systems because of the intrusion of brackish water during the dry season
through tidal movements and capillary rise from shallow saline groundwater. Saliniza-
tion of rice paddies can cause a decrease in productivity if adequate irrigation methods
are not used (187). Salinity continues to be high at the onset of the wet season, during
and after rice transplantation, until sufficient rain washes it from the soil (189). Soil
salinity also increases in proportion to sea proximity (Table 4). Recently, we proved that
M. ulcerans strains could survive in soil for 4 months, suggesting that Buruli ulcer might
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TABLE 3 Detection and isolation of M. ulcerans strains from environmental samples around the worlda

Reference Country(ies) Type(s) of samples collected Reservoir(s) Method(s) used

207 Ghana Fecal specimens of domestic animals None qPCR (IS2404, KR-B)
39 Ghana Soil, water, fungi, snails, moss, vegetation Soil, moss Ziehl-Neelsen, culture,

heat shock protein
65, IS2404, IS2606,
rpoB, ketoreductase
gene

150 Ghana Biting water bugs (Hemiptera: Naucoridae,
Belostomatidae, Nepidae)

Belostomatidae, Naucoridae, Nepidae Amplification of the
ER domain in mlsA

13 Ghana Macroinvertebrate/vertebrate, water
filtrate, soil, biofilm

Anura order, Araneae, Coleoptera,
Diptera, Ephemeroptera,
Gastropoda, Hemiptera, Hirudinea,
Lepidoptera, Odonata,
Oligochaeta, Osteichthyes,
Ostracoda, Basommatophora,
Bivalva, Diptera, soil, water filtrate,
biofilm, fish

ER PCR and IS2404
PCR, VNTR-PCR,
DNA sequencing

145 Ghana Environmental samples (water, detritus,
trunk biofilm, plant biofilm)

Water RT-PCR (IS2404,
IS2606, KR-B)

63 Ghana Soil, water filtrands, detritus, biofilm, small
mammals

Biofilm, soil, filter, detritus, small
mammal (Mastomys), mouse

IS2404, ER analysis,
16S rRNA and VNTR
analysis,
sequencing

29 Ghana FLA from collected aerosols, biofilm plant,
biofilm trunk, detritus, water

IS2404 detected in FLA from biofilm
plant, biofilm trunk, water,
detritus, aerosols

RT-PCR (IS2404,
IS2606, KR-B)

151 Ghana Water, fish, amphibians Amphibian, fish ER analysis, VNTR
145 Ghana Environmental samples, organs of small

mammals
Water Real-time PCR

428 Ghana Fish Fish Nested IS2404 PCR
139 Ghana, Benin Plants from swamps areas, insects of

plants roots
Insects (cyperus, panicum,

eichhornia, Naucoridae)
Culture, nested IS2404

PCR
141 Benin Belostomatidae (Appasus sp.), Dytiscidae,

Hydrophilidae, Naucoridae (Naucoris sp.,
Macrocoris sp.), molluscs (Bulinus
senegalensis), fish

Belostomatidae, Hydrophilidae,
Naucoridae, molluscs, fish

Nested IS2404 PCR

91 Benin Aquatic specimens Hemiptera (Gerris sp.) Culture positivity on
LJ medium, nested
IS2404 PCR

149 Benin Aquatic insects Diplonychus sp. PCR (IS2404, KR-B)
144 Benin Water filtrand, macrophytes, soil,

excrement, biofilm, aquatic invertebrate
taxa, fish, tadpoles

Water filtrand, well filtrand, pond/
river filtrand, cistern filtrand,
biofilm

PCR (IS2404, ER)

107 Benin Mosquitoes (adults and larvae),
vertebrates, aquatic insects and plants

Aquatic insects (Odonatan,
Hemiptera, Coleoptera, Diptera),
vertebrates (Anura, fish), plants

qPCR (IS2404, KR-B)

16 Côte d’Ivoire Water bugs Naucoridae Nested IS2404 PCR
105 Côte d’Ivoire Aquatic plants (Scrophulariaceae) Scrophulariaceae IS2404 qPCR, culture
40 Côte d’Ivoire Snails (Planorbis sp., Bulinus sp.) Planorbid, bulin PCR
148 Côte d’Ivoire
109 Côte d’Ivoire Aquatic Heteroptera Diplonychus sp. (Belostomatidae),

Naucoris sp. (Naucoridae),
Micronecta sp. (Corixidae), Ranatra
fusca (Ranatridae), Laccotrephes
ater (Nepidae), Anisops sp.
(Notonectidae)

qPCR (IS2404, KR-B)

64 Côte d’Ivoire Small mammals Mastomys natalensis ER analysis, 16S rRNA,
IS2404 PCR,
sequencing

106 Côte d’Ivoire Soil, stagnant water, plants, animal feces Stagnant water, feces of Thryonomys
swinderianus (agouti), soil

qPCR (IS2404, KR-B)

146 Côte d’Ivoire Plant biofilms, water filtrate residues,
plant detritus, soils

Plant biofilms, water filtrate residues,
plant detritus, soils

ER analysis, 16S rRNA,
IS2404-PCR,
MIRU-VNTR

(Continued on next page)
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be acquired through inoculation with watery soil as a transient source of infection (37).
The increase in the incidence of Buruli ulcer in West Africa, especially in coastal
areas, might be related to the construction of canals to irrigate rice fields. M.
ulcerans is common in humid rural tropical areas where agriculture is the main
activity of the population (190). In Ghana, a spatial relationship was demonstrated
between the prevalence of Buruli ulcer and its proximity to drainage channels,
farmlands, and the immunosuppressant arsenic found in soil (191). In Ghana, M.
ulcerans was detected in soil by searching for the KR-B gene only (13) and recently by
the use of several PCR systems detecting heat shock protein 65, IS2404, IS2606, rpoB,
and the ketoreductase gene (39). Plants, aquatic invertebrates, amphibians, and specific
water conditions might allow M. ulcerans to grow and persist in the environment (16,
37, 40, 40, 121, 146, 158, 192, 193). Rice fields include all the risk factors for transmission
of Buruli ulcer. The environment of rice fields is always wet and muddy. Farmers with
their families, including children less than 15 years old, work for several hours with
limbs in permanent contact with muddy water and without adequate protection.
Consequently, rice fields are the ideal breeding ground and source of M. ulcerans, with
more potential reservoirs in the tropics (Fig. 4 and 6). Arsenic occurs naturally in the
earth’s crust, is widely distributed in the environment, and exists at an average
concentration of approximately 5 mg/kg of soil (194, 195). There are many possible

TABLE 3 (Continued)

Reference Country(ies) Type(s) of samples collected Reservoir(s) Method(s) used

108 Japan Environmental samples from a water
channel in the patient’s residence

Crayfish Whole-genome
amplification,
touchdown PCR,
DNA sequencing

208 Japan Turtles Turtles PCR, nucleotide
sequence analysis

19 Australia Mosquitoes Aedes camptorhynchus, Coquillettidia
linealis, Anopheles annulipes, Culex
australicus, Aedes notoscriptus

Real-time PCR (IS2404,
IS2606, KR)

156 Australia Mosquitoes Anopheles sp. Real-time PCR (IS2404,
IS2606, KR)

199 Australia Cats Cats Histological
examination, Ziehl-
Neelsen staining,
PCR

113 Australia Soil, sediment, mosquitos Soil, sediment, mosquitos PCR (IS2404, IS2606,
KR)

200 Australia Horses Horses Ziehl-Neelsen, IS2404
PCR

201 Australia Dogs Dogs Real-time IS2404 PCR
202 Australia Alpacas Alpacas (Vicugna pacos) IS2404 PCR
204 Australia Koala Koalas (Phascolarctos cinereus)
111 Australia Possums Ringtail possums (Pseudocheirus

peregrinus), brushtail possum
(Trichosurus vulpecula), mountain
brushtail possum (Trichosurus
cunninghami)

IS2404 PCR

112 French Guiana
(South America)

Water, filtered water Water qPCR (IS2404, KR-B)

147 United States (Louisiana) Water, biofilms Water, biofilms IS2404 PCR
153 Cameroon Aquatic communities (vertebrates and

small invertebrates)
Vertebrates (Fish, Anura), Insecta

(Odonata, Ephemeroptera,
Hemiptera, Coleoptera, Diptera,
Plecoptera, Lepidoptera), Mollusca,
Crustacea (Decapoda, Cladocera),
Annelida, Arachnida (Acari,
Araneae)

qPCR (IS2404, KR-B)

154 Cameroon Diptera, Hemiptera, Coleoptera, Odonata,
Ephemeroptera

Diptera, Hemiptera, Coleoptera,
Odonata, Ephemeroptera

qPCR (IS2404, KR-B)

aER, enoyl reductase; FLA, free-living amoeba.
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routes of human exposure to arsenic from both natural and anthropogenic sources
(195). Natural mineralization and activities of microorganisms enhance arsenic mobili-
zation in the environment, and human intervention has exacerbated arsenic contam-
ination (194). A study conducted in Ghana to statistically quantify landscape charac-
teristics and their relationship with the disease showed that arsenic levels in soil and
gold mining areas were significant covariates and related to an increased risk of
prevalence in the Amansie West District of Ghana (191). In the Amansie West District,
which was one of the worst Buruli ulcer-affected districts, there are arsenic-enriched
surface environments resulting from the oxidation of arsenic-bearing minerals occur-

FIG 5 Sources of chitin in the environment, West Africa. The middle circle includes primary sources, and the outer circle includes
secondary sources.

TABLE 4 River and lagoon salinity in Côte d’Ivoire, West Africa

Site Geographical position(s) Avg salinity pH Reference

Lagune de Fresco 2°50’, 5°25W 15.69 mg/liter 7.52 179
Lagune Aby 2°51’–3°21E, 5°05’–5°22’N 0.283–1.28 ppt 6.96–7.8 180
Baie des Milliardaires/Lagune Ebrié 4°00’–4°10’W, 5°10’–5°20’N;

3°40’–4°50’W, 5°2’–5°10’N
0.4–6.9‰ 7.1–7.7 181

Estuary zone/Grand-Lahou 4°26’–5°20’N, 4°20’–5°20’W 182
Bac Sicor 12.87‰ 7.75
Groguida 18.95‰ 7.74
Kpanda 18.95‰ 7.74
Braffedon 18.95‰ 7.74

Fleuve Sassandra Basse Côte d’Ivoire 0–4% 6.8–7.4 183
Fleuve Bandama Grand-Lahou (coast of Côte d’Ivoire) 0–32‰ 184
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ring naturally in mineral deposits (191, 195). Proximity analyses, carried out to deter-
mine spatial relationships between Buruli ulcer in affected areas and arsenic-enriched
farmlands and arsenic-enriched drainage channels in the Amansie West District,
showed that the mean Buruli ulcer prevalence in settlements along arsenic-enriched
drainage areas and within arsenic-enriched farmlands is greater than elsewhere (191,
195). Furthermore, the role of arsenic in the prevalence of Buruli ulcer has been
questioned, and the results of a Ghanaian study suggest that arsenic in the environ-
ment may play a contributory role in M. ulcerans infection (191). The Amansie West
District, which is drained by the Ofin River, had high caseloads of Buruli ulcer in 1998
(24), but in recent years, hardly any cases have been observed in the area (196).

FIG 6 Cladogram of postulated relationships of extant hexapods, based on combined morphological and nucleotide sequence
data showing M. ulcerans findings in insects (adapted from the work of Gullan and Cranston [427] with permission of the
publisher [copyright Wiley-Blackwell]).
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Buruli Ulcer in Animals

Buruli ulcer is by no means specific for humans, and studying M. ulcerans infection
in animals may provide clues to the sources and transmission of the pathogen. In
Ghana, small mammals within communities of endemicity may be susceptible to M.
ulcerans infection and act as reservoirs; M. ulcerans Agy 99 was detected in lesions on
Mastomys mouse tails caught in houses (63). In Côte d’Ivoire since the 1990s, the fish
called tilapia (cichlid fish) has been suspected of being a reservoir of M. ulcerans (197),
and M. ulcerans DNA was detected in fish collected in Benin (141) and in Ghana (13,
151). In Ghana, M. ulcerans DNA was also detected in amphibians (151). Recently, M.
ulcerans DNA has been detected in the carcasses of small mammals, in Mastomys
natalensis, in the mouse genus Mastomys, and in the stools of the small mammal
Thryonomys swinderianus in Côte d’Ivoire and Ghana (63, 64, 106), suggesting that these
animals may shelter and transport M. ulcerans. Later results corroborated an experi-
mental study showing that T. swinderianus was susceptible to M. ulcerans infection
(198) (Fig. 4). Small mammals living in close proximity to humans and commonly
hunted animals, such as rabbits and rats, may therefore be potential sources of M.
ulcerans (63). In Australia, M. ulcerans was detected in a cat (first known case in a cat)
(199), horses (200), dogs (201), alpacas (Vicugna pacos) (202), possum species (111),
koalas (Phascolarctos cinereus) (203–205), and frogs (206). These observations contrast
with investigations conducted in Ghana, where M. ulcerans DNA was not detected in
the feces of domestic animals in rural areas, showing that domestic animals are unlikely
to be major reservoirs of M. ulcerans (207). In Japan, M. ulcerans DNA sequences were
detected in turtles (Lissemys punctata punctata) and crayfish (108, 208, 209).

Buruli ulcer has also been encountered in aquatic invertebrates, mosquitoes (13, 16,
19, 91, 107, 113, 139, 141, 149, 150, 152–154, 156, 193), crayfish (108), amoeba,
mollusks, crustaceans, annelida (29, 40, 141, 153), aerosols, water, biofilm, moss, detri-
tus, feces, plants, and soil (13, 29, 39, 63, 93, 106, 107, 112, 113, 144–147, 210). The
hypothesis most advanced to aggregate data issuing from the investigations on the
environment is that M. ulcerans may be part of a food chain (211, 212).

Buruli Ulcer in Patients: Clinical Aspects

The usual clinical appearance of Buruli ulcer is a deep, rapidly developing chronic
ulcer associated with necrosis of subcutaneous fat (34), often causing functional
limitations which occur in as many as 25 to 50% of cases (22, 213). Prevention of
disabilities and physiotherapy is now accepted as an integral part of therapy (214). The
impact of the shift to pharmacological therapy on the occurrence of functional
limitations has been studied by Barogui et al. (215). Most often, the diagnosis is made
in the presence of a deep, rapidly developing chronic ulcer associated with necrosis of
subcutaneous fat (34). Buruli ulcer evolves in three clinical stages, with a mean
incubation period of 2 to 3 months but ranging between 3 weeks to almost a year. It
includes (i) preulcerative lesions presenting as a nodule, papule, plaque, or edema; (ii)
ulcerative lesions enlarging and contaminating underlying tissues, characterized by
granulomatous healing and further fibrosis (216); and (iii) scars. A study conducted in
the Democratic Republic of the Congo (former Zaire) showed that lesions appeared in
body areas having undergone trauma, such as an accidental needlestick-like injury
(scorpion stings). Nevertheless, 80% of cases detected early can be cured by an 8-week
course of rifampin plus streptomycin, sometimes followed by a skin graft (15, 217, 218).
Intact skin completely prevents Buruli ulcer, as M. ulcerans is unable to penetrate
through intact skin by itself from an external route (115, 219). As for the mechanism of
inoculation, two main hypotheses have been suggested. The first is that bacteria are
injected into the skin through the bite of an insect or ectoparasite vector, and the
second is that bacteria enter previous and open wounds from direct contact with the
contaminated environment, aerosols from water surfaces, and water-dwelling fauna
(22, 115, 220). An alternative hypothesis is that M. ulcerans is inhaled or ingested (220,
221) and reactivated in low-temperature areas of the body at the sites of trauma, but
this hypothesis has not been challenged by any model or direct clinical observation
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(222, 223). An intriguing feature of Buruli ulcer is that 10.34% of patients have several
localizations, the most parsimonious explanation being that M. ulcerans is inoculated
several times (98, 224) (Fig. 7), perhaps by auto-inoculation from an index lesion.
However, human-to-human transmission of M. ulcerans is extremely rare (22), with only
one reported case after a human bite (225).

After the transcutaneous inoculation of M. ulcerans, the clinical presentation in-
cludes a papule, nodule, plaque, or edematous form, which eventually leads to exten-
sive skin ulceration within 4 weeks with the classical, undermined borders (98, 226–
231). The severe forms include osteomyelitis, reactive osteitis, and bone deformities
(232, 233). One rare case of disseminated osteomyelitis has been reported following
snake bite in an apparently nonimmunocompromised patient (234). Buruli ulcer is
responsible for physical suffering, often leading to considerable disability if treatment
has not been initiated quickly (18). The lesions are categorized according to the World
Health Organization (WHO) classification as category I, which consist of lesions �5 cm
at their widest diameter; category II, which consist of lesions between 5 and 15 cm at
their widest diameter; and category III, which consist of lesions �15 cm at their widest
diameter, lesions at critical sites, and multiple lesions (216). A comparison of Buruli ulcer
clinical forms between African and Australian Buruli ulcer patients according to the
WHO classification for lesion size is summarized in Fig. 8. In Africa, Buruli ulcer presents
mainly as a disease of the skin and subcutaneous tissues, with rare extension to deeper
tissues, including bone (97, 235, 236), and few extensions to muscle and bone, which
are much more local (97, 235–237). In human immunodeficiency virus (HIV)-coinfected
patients, even though systemic perturbations in the serum metabolome were reported
(238) and severe Buruli ulcers were observed in some studies (239, 240), there was no
disseminated infection.

Lesion Topography

Lesion topography is not uniform on the body, and the pattern may not be random,
as similar patterns have been reported in several countries, including Côte d’Ivoire,
Ghana, Benin, Togo, and Nigeria. Neither the sex nor the age of the patient significantly
alters the pattern of lesions. Approximately 80% of the lesions are located on the limbs,
most commonly on the lower extremities, regardless of the age and sex of patients (Fig.
3) (20, 98). In Ghana, lesions were on the legs in 49% of patients and on the arms in 36%
of patients, regardless of gender. Lesions on the distal extremities were observed in

FIG 7 Percentages of Buruli ulcer occurring in multiple locations on 1,702 patients.
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61% of the patients, compared with lesions on the proximal extremities in 28% of
patients (155). Males were significantly more likely than females to develop trunk
lesions, but there was no gender difference for the extremities (155). A further study in
Ghana found lesions distributed on the lower limbs (67.9%), upper limbs (21.4%),
trunk/breast (0.9%), head/neck (6.2%), and both lower and upper limbs (3.6%) (235).
Another study in Ghana found lesions distributed on the head/neck (6.8%), upper limbs
(20.3%), trunk (1.7%), and lower limbs (71.2%) (241). In Benin, Capela et al. found that
the different locations of Buruli ulcer lesions were the head/neck (1.3%), thorax/
abdomen (9.0%), upper limbs (35.9%), and lower limbs (53.8%) (242). In Côte d’Ivoire,
lesions were most frequently located on the lower limbs (76.5%) and upper limbs
(17.5%) (23). In Togo, the main locations of lesions were upper limbs (39.5%), lower
limbs (39.8%), and trunk/head (21.7%) (243). The first description of a large cohort in
Nigeria found lesions on the lower limbs (56.7%), upper limbs (28.3%), other locations
(5.5%), and disseminated locations (9.45%) (26). In Togo, a hospital study involving 180
patients found lesions on the upper limbs, trunk, head, and neck (244). Consequently,
in the different countries where Buruli ulcer is endemic, the observations that lesions
are predominantly distributed on the lower limbs (60%), upper limbs (30%), and other
body parts (10%) (245, 246) are highly concordant (Fig. 3). These observations, which
first indicated that clothed body parts are almost free of lesions, suggest that Buruli
ulcer occurs on unclothed body parts and that clothes are sufficient to protect the skin
against contamination by M. ulcerans or an injury inoculating M. ulcerans. By including
factors which may moderate the pattern of lesions, we analyzed clothes and shoes
worn in West Africa. The analysis of the clothing style used as protection by farmers and
children in rice paddies from collected Web photos indicated that, while the majority
of farmers wear pants for their farming activities, there remains the fact that the
protection is inadequate, because they have to roll up their pants in the mud (Fig. 9).
Thus, the extension of lesions is significantly correlated with an unclothed, unprotected
skin surface. This observation suggests that Buruli ulcer may not result from the
contamination of previous gross wounds by M. ulcerans but rather from passive or
active transcutaneous inoculation by a plant, soil, water, insect, or small animal unable

FIG 8 Comparison of the percentages of Buruli ulcer clinical forms and WHO-classified sizes of lesions between African and
Australian Buruli ulcer patients.
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to penetrate clothing. In Australia, both using insect repellent and wearing long
trousers were found to reduce the odds of contracting Buruli ulcer (18). Wearing
clothing such as pants in areas with M. ulcerans in the environment seems to prevent
the disease, and this explains the fact that, despite the presence of M. ulcerans in
Louisiana wetlands, no cases of Buruli ulcer have been reported in health facilities (147).
The most plausible mode of transmission is skin trauma at sites contaminated by M.
ulcerans strains (31). Then, on unclothed body parts, we observed that the pattern of
Buruli ulcer lesions was inversely correlated with the pattern of skin temperature. By
comparing the gradient temperature of the body and the location of Buruli ulcer
lesions, we found that there was an inverse correlation between the gradient of body
temperature and the location of lesions (Fig. 3). Body temperature is maintained by
thermoregulation, which depends on heat balance (247). Even if the core temperature
of a healthy adult human is 36.8 � 0.4°C in the normal physiological situation, it should
be noted that the body temperature is not uniform and depends on the topography of
the body portion (247, 248). The temperature of the skin over the entire body is not
37°C, as in the core, but varies between 28°C and 34.5°C, depending on the location
(Fig. 3) (247). Skin temperature is compatible with the growth of M. ulcerans in the
population living in tropical regions of West Africa, Central Africa, and East Africa (95,
249, 250). M. ulcerans can survive but does not grow at 37°C (97). The temperature
sensitivity of M. ulcerans has long been recognized. It is sensitive to temperatures above
37°C (25, 251). These clinical observations correlate with observations of mice experi-
mentally infected with M. ulcerans (114). In that study, Buruli ulcer lesions were
observed regardless of the route of inoculation of M. ulcerans, demonstrating that the
tail temperature was between 24.8 and 25.6°C and 11 to 12°C lower than the general
body temperature (114).

As for the limited deep extension, we observed a significant inverse correlation
between the prevalence of Buruli ulcer by skin region and the skin regional tempera-
ture (Fig. 3). This may be due to the facts that M. ulcerans itself lacks the protective
pigments encoded by its close relative M. marinum and that the key virulence factor,
mycolactone, is highly sensitive to solar radiation (68, 252). Reviewing the data indi-
cates that both bare skin and skin temperature under 35°C significantly correlate with
the pattern of distribution of Buruli ulcer skin lesions. Among 1,742 cases of Buruli ulcer
from eight studies conducted in areas of endemicity of West Africa, multisite lesions
were found. There were 49 (2.9%) disseminated lesions in the head and neck, 7 (0.41%)
lesions located on the lower and upper limbs, 74 (4.34%) lesions disseminated to the
distal extremities, 34 (1.99%) lesions disseminated to the proximal extremities, and 12
(0.7%) other disseminated lesions (23, 26, 155, 235, 241, 242, 244, 253). Because Buruli
ulcer is not a systemic disease, the likely explanations for disseminated lesions may be

FIG 9 Clothing protection among farmers working in rice fields in West Africa. Analysis of 90 screenshots
from the Internet of a total of 403 farmers.
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multiple bites from contaminated insects, multiple contacts of wounds with sources or
reservoirs of M. ulcerans, or body parts being scratched with hands that had been in
contact with environmental M. ulcerans strains (99).

HIV Coinfection

Currently, the association between HIV infection and Buruli ulcer is not fully under-
stood (254). In Africa, Buruli ulcer and HIV coinfection management is still a challenge
for Buruli ulcer treatment. HIV positivity among Buruli ulcer patients was 8% in Ghana
(254) and 2.6% in Benin (240), and in Cameroon the prevalence was approximately 4%
in children, 17.0% in males, and 36.0% in females (255), which was higher than in the
control population attending health facilities. HIV infection may affect the clinical
presentation and severity of Buruli ulcer (254–256). A low CD4 cell count was signifi-
cantly associated with a larger size of the main lesion (255). Studies have addressed the
role of HIV as a risk factor for Buruli ulcer (155, 240, 255). Severe paradoxical reactions,
including immune reconstitution inflammatory syndrome, can occur during the treat-
ment of M. ulcerans-HIV-coinfected patients (86, 256, 257). As a consequence, the
appropriate time to start antiretroviral therapy to minimize paradoxical reactions in
relation to Buruli ulcer treatment with streptomycin and rifampin needs to be investi-
gated (254). Mansonella perstans coinfection also needs to be considered in the
diagnosis and treatment of Buruli ulcer. Nearly 23% of patients with Buruli ulcer in
Ghana were coinfected with M. perstans, and this rate was higher than in the control
population, in which 13% of patients were infected with M. perstans (258). Rarely, M.
ulcerans and Leishmania braziliensis coinfection can be observed, and its corollary can
be diagnostic confusion if the staff is not well trained and knowledgeable in the
management of such diseases (259). At present, no specific underlying condition has
been reported to support the development of Buruli ulcer. While hemoglobinopathies
(hemoglobin sickle cell disease [HbSS]/sickle cell-hemoglobin C [SC]) were seven times
more frequent in patients with Buruli ulcer osteomyelitis than in controls, these
hemoglobinopathies were not associated with an increased prevalence of Buruli ulcer
(260).

Differential Diagnosis of Buruli Ulcer

Buruli ulcer lesions can be confused with other cutaneous lesions, which is prob-
lematic, especially in tropical settings with limited access to laboratory facilities (261).
Demographic and clinical criteria, including the age of the patient, the geographical
area of residence, the location of lesions, and the presence of pain, help in the
differential diagnosis. In Australia and other countries, the initial papular lesions are
sometimes confused with insect bites (261). The differential diagnosis includes filariasis,
leprosy, yaws, deep fungal infections (such as blastomycosis or coccidioidomycosis),
mycetoma, ulcerative squamous cell carcinoma, abscesses, onchocerciasis, elephantia-
sis, scrofuloderma, mycosis, actinomycosis, herpes, cutaneous leishmaniasis, tropical
phagedenic ulcer, venous ulcer, and noma (258, 261, 262).

Laboratory Diagnosis of Buruli Ulcer

In the past, Buruli ulcer was suspected on clinical evidence, but now the diagnosis
can be confirmed by direct smear examination for acid-fast bacilli after Ziehl-Neelsen
staining, and the test relies upon PCR targeting the genomic region IS2404, a test now
widely available in regions of endemicity (26, 34, 95, 98, 233, 242, 261, 263). Microbi-
ological diagnosis helps to reduce inappropriate administration of antibiotics also
active against M. tuberculosis. Additional techniques, including culture of viable bacilli
and histological staining, are used rarely. The current management of patients follows
WHO recommendations and has been implemented for many years in countries of
West and Central Africa (e.g., Côte d’Ivoire, Ghana, Togo, Benin, Cameroon, and the
Democratic Republic of the Congo, as well as Nigeria recently and others) (95, 264–266).
The quality of sample collection and the quality of the laboratory diagnosis of Buruli
ulcer disease with microscopy, PCR, and histopathology have to be ensured by partic-
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ipation in external quality assurance systems (95). As for microscopy, it is possible to
implement quality assurance for Ziehl-Neelsen staining, but it is difficult for auramine
staining. The development of point-of-care (POC) tests is considered a research priority
in order to make diagnosis more accessible to patients (267).

Useful Clinical Samples

Fine-needle aspiration and swab samples are usually used for the laboratory diag-
nosis of Buruli ulcer (265). The WHO recommends that a maximum of two swabs or two
fine-needle aspirations be taken for each lesion, depending on the experience of the
person performing the technique (265). There is no specific recommendation for the
transport of specimens for PCR-based diagnosis. However, with regard to isolation and
culture, which are no longer routinely practiced, temperatures should never exceed
32°C during specimen transportation (22). Tissue samples that had been placed for up
to 21 days in a transport medium, namely, Middlebrook 7H9 broth supplemented with
polymyxin B, amphotericin B, nalidixic acid, trimethoprim, and azlocillin (Becton Dick-
inson, Sparks, MD), oleic acid, albumin, dextrose, catalase (Difco Laboratories, Detroit,
MI), and 0.5% agar (also named semisolid transport medium) were still culture positive
(97, 98). The application of harsh decontamination methods on specimens that contain
few or rare organisms can be detrimental to the successful culture of M. ulcerans (22).

Microscopy

Optical microscopy is the diagnostic method most used in resource-limited settings.
Several methods of staining are used; two are Ziehl-Neelsen staining and auramine
staining (268). The Ziehl-Neelsen method is time-consuming and less sensitive than
auramine staining, which improves sensitivity and turnaround time for the detection of
acid-fast bacilli (269). The microscopic examination of skin exudate from an ulcer
clinically suspected of being a Buruli ulcer is not the best tool for laboratory diagnosis,
due to poor technical sensitivity (40 to 60%) (270). Nevertheless, it remains a good first
means of investigation in an area of endemoepidemicity (271). Confirmation of clini-
cally suspected cases of Buruli ulcer by microscopic examination occurs in 29% to 78%
of cases (97, 102, 264, 272). Direct smear examination is easy to perform at a local level
but has low sensitivity, below 60% (265). Nevertheless, it is the only test usually
available in areas of endemicity (273). In general, the overall sensitivity of PCR is
significantly higher than that of microscopic examination and culture (264).

Molecular Detection

PCR is considered the most sensitive method for the laboratory confirmation of
Buruli ulcer. However, PCR remains expensive and involves reagents unsuitable for use
in tropical countries with poor storage conditions, hindering the development of
reliable qPCR diagnostic assays (274). It is highly sensitive and specific and is also
reasonably rapid, but it requires trained personnel with specific equipment (274).
Nevertheless, PCR is routinely performed in hospitals in countries such as Côte d’Ivoire,
Ghana, Benin, Nigeria, Cameroon, and Togo, with the strengthening of laboratory
capacity supported by national and international programs and nongovernmental
organizations. IS2404 PCR has been used as reference method to confirm the presence
of M. ulcerans in tissues (102, 272), and a dry-reagent-based PCR formulation has been
proposed (261, 273). This procedure is based on the standard diagnostic IS2404 PCR
developed by Stinear et al. (142) and has shown an excellent diagnostic sensitivity,
�95% (261, 265, 274). The WHO recommends IS2404 qPCR amplification for the
confirmation of Buruli ulcer diagnosis, because this technique is both the most rapid
and the most sensitive (95). The dry-mix qPCR approach can be adapted for other sets
of primers and probes, such as the ketoreductase-B (KR) domain of the M. ulcerans
mycolactone polyketide synthase genes (95). Dry-reagent-based PCR was shown to be
a reliable tool for the diagnosis of Buruli ulcer disease, and it is well adapted to tropical
conditions (261, 273). The agreement rate between dry-reagent-based PCR and stan-
dard PCR was 91.7% for swab specimens and 95% for tissue specimens (273).
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The loop-mediated isothermal amplification (LAMP) technique has also proven to be
useful for the early diagnosis of Buruli ulcer (275, 276). Recently, LAMP was developed
as a simple, robust, cost-effective technology and has been selected as a promising POC
test candidate (267). The IS2404 detection-based LAMP assay employs lyophilized
reagents (dry-reagent based, which provides significant advantages for application
under tropical climate conditions) (267). The requirement of cold chains for transport
and storage of reagents is avoided with the development of a dry-reagent-based LAMP
assay employing lyophilized reagents (267). The sensitivities of IS2404 PCR, the con-
ventional LAMP assay (83.22%), and IS2404 dry-reagent-based PCR (86.79%) were found
to be comparable (267). LAMP was inferior in a study by Ablordey et al., but it can be
used as a POC diagnostic test for Buruli ulcer (277).

Culture

Routine diagnosis of Buruli ulcer does not rely on culture, which offers the possibility
of strain characterization and antibiotic susceptibility testing. M. ulcerans grows better
at �35°C, which may explain the finding that bacilli do not disseminate in the blood of
experimentally inoculated animals (123). Culture on LJ medium at 32°C is the most
discriminatory method but is not very sensitive and takes more than 8 weeks, rendering
it of little use to clinicians (274). The primary cultures of clinical specimens from swabs
are usually positive within 9 to 12 weeks of incubation at 29 to 33°C, but a much longer
incubation period of up to 9 months may be necessary for some isolates (98). Culture
detects between 34% and 79% of positive cases but is not useful for immediate patient
management (102, 265, 272), though culture is appropriate for the monitoring of
antimycobacterial treatment (98, 264) as well as for performance of molecular epide-
miology analyses, which are almost impossible to carry out directly from clinical
specimens (94).

Histopathological Analysis

Histopathological examination is sensitive but expensive and requires a sophisti-
cated laboratory, well-trained personnel, and invasive procedures (biopsy) (274). His-
topathological analysis confirms �90% of clinically diagnosed cases and �70% of
clinically suspected cases (102, 272). Its sensitivity is about 90% but requires a sophis-
ticated laboratory and the use of invasive procedures (265), and histopathology is not
available in most countries of endemicity for treatment decisions (270).

Matrix-Assisted Laser Desorption Ionization–Time of Flight Mass Spectrometry

Initially, matrix-assisted laser desorption ionization–time of flight mass spectrometry
(MALDI-TOF MS) was used as a rapid and highly sensitive technique for the analysis of
mycolic acids and hydrolysis products of mycolactone A/B by M. ulcerans (91, 278). It
has recently been demonstrated that M. ulcerans and M. marinum can be separately
identified directly from colonies by MALDI-TOF MS (279). Colonies of M. marinum are
always identified as M. marinum by MALDI-TOF MS. However, colonies of M. ulcerans are
identified as M. ulcerans but often as M. pseudoshottsii or M. shottsii (279).

Other Methods

Mycolactones A and B, which are specific to M. ulcerans and are present around
infection sites, are therefore promising targets for the development of such a test (88).
Because these toxins are specific to M. ulcerans, they represent a promising marker for
developing a new diagnostic test (68). New methods based on detecting mycolactone
have been proposed to replace the current WHO gold standard PCR method, which is
expensive and not available in most areas of endemicity. Samples taken from the
necrotic portion of ulcerative lesions provide mycolactone for analysis (265). One of
these methods consists in the detection of mycolactone after its extraction from
clinical samples by fluorescent thin-layer chromatography. The sensitivity of this
technique is higher than that of microscopy or culture but lower than that of
histology and PCR (270). More recently, a new molecular method based on detect-
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ing mycolactone by using RNA aptamers, which are an emerging novel class of
detection molecules, has been proposed. However, this was a preliminary proof-
of-concept report, and more tests must be done to approve this new method in the
diagnosis of Buruli ulcer (280).

BURULI ULCER TREATMENT
Medical Treatment

Ciprofloxacin, sparfloxacin, ofloxacin, and amikacin are effective in vitro against M.
ulcerans at a MIC between 0.5 mg/liter and 2 mg/liter (281). The MICs of rifampin,
streptomycin, amikacin, moxifloxacin, R207910 (bedaquiline), linezolid, and PA-824
(pretomanid) were 2, 0.25, 1, 0.06, 0.06, 2, and 16 mg/liter, respectively, against the
reference strain of M. ulcerans ATCC 19423. They were, respectively, 2, 0.5, 1, 0.25, 0.12,
1, and �16 mg/liter against isolate CU001 (282, 283). Rifamycins such as rifampin, with
a MIC of 2 mg/liter, have exhibited the broadest range of activity against clinical and
reference strains of M. ulcerans (281).

The MICs of clarithromycin ranged from 0.125 to 2 mg/liter at pH 6.6 and from
�0.125 to 0.5 mg/liter at pH 7.4 (284). M. ulcerans was inhibited by dapsone (4-4=-
diaminodiphenyl sulfone), with MICs varying between 0.3 and 0.1 mg/liter (285, 286).
The bactericidal activity of rifampin combined with those of moxifloxacin or clarithro-
mycin and of moxifloxacin with clarithromycin equaled that of rifampin combined with
streptomycin, and such combinations are validated as orally administered treatments of
Buruli ulcer (287). Accordingly, an animal study showed that oral daily administration of
rifapentine plus clarithromycin was at least as effective as injected streptomycin plus
oral rifampin (288). In vitro activity testing against clinical isolates of M. ulcerans showed
MIC values ranging from 2 to 8 g/liter for milbemycin oxime and from 2 to 4 g/liter for
selamectin (289) In the same experiment, ivermectin and moxidectin showed no
significant activity, with a MIC of �32 g/liter (289). On the other hand, moxidectin was
shown to inhibit the growth of M. ulcerans JKD8049 at 4 g/liter, and M. ulcerans strains
were susceptible to ivermectin at 8 g/liter for M. ulcerans JKD8049 and at 4 g/liter for
M. ulcerans 1117-13 (290). Further in vivo susceptibility tests with mice showed the
superiority of the benzoxazinorifamycin KRM-1648 over rifampin (291). Likewise, the
effectiveness of purified methylene blue against the initial stage of Buruli ulcer in mice
was recently proven (99). Ciprofloxacin, sparfloxacin, ofloxacin, amikacin, and rifampin
were shown to be effective in vitro against primary clinical and reference isolates of M.
ulcerans in Ghana (281).

Using mouse models, rifampin, streptomycin, amikacin, moxifloxacin, R207910, and
linezolid showed various bactericidal activities, while PA-824 failed to reduce the
number of CFU in the footpads of infected mice (282). In this model, a few rifampin-
resistant M. ulcerans mutants were isolated after the results of rifampin monotherapy,
leading to the recommendation that rifampin should never be used as monotherapy in
humans (90). In addition, Beissner et al. reported a rifampin-resistant clinical isolate
from Ghana after monotherapy (292). These data indicate that rifampin should not be
used as monotherapy. Accordingly, an 8-week treatment with rifampin-streptomycin
sterilized an M. ulcerans infection in mice (287). Combined rifampin-amikacin, rifampin-
clarithromycin-sparfloxacin, or rifampin-amikacin cured M. ulcerans-infected mice and
prevented relapse up to 26 weeks after completion of treatment (293). The association
of rifampin with moxifloxacin, R207910, or linezolid showed bactericidal effects equal
to those of rifampin-streptomycin and rifampin-amikacin (282). Recently, a mouse
model indicated that an oral intermittent 8-week regimen of rifapentine combined with
clarithromycin was highly bactericidal and had better sterilizing activity than the
conventional rifampin-streptomycin regimen (294). These in vitro and animal model
data supported the proposal to shift from the once-standard streptomycin-based
therapy to oral combinations. In Australia, fully oral combinations of rifampin with
either clarithromycin or fluoroquinolones were shown to be effective and well tolerated
(295). Moreover, a shorter 29-day therapy was shown to achieve an overall 95% success
rate (296). All together, these data recently led the WHO to modify its recommenda-
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tions for the treatment of Buruli ulcer in favor of oral combinations. Accordingly, the
provisional guidelines of the WHO were changed and now state that streptomycin-
based therapy is no longer the standard of care. Clofazimine has similar MICs against
M. tuberculosis and M. ulcerans of 0.25 to 0.5 g/liter (297). Clofazimine alone blocks the
multiplication of M. ulcerans in mouse footpads. In combination with rifampin, it
eliminates the presence of M. ulcerans after 6 weeks of treatment, but its effectiveness
is lower than that of the combination of rifampin-streptomycin and rifampin-
clarithromycin in mouse footpads after 4 weeks of treatment (297). In this experiment,
no relapses were observed in mice treated with rifampin-streptomycin and one relapse
(5%) was observed in a mouse treated with rifampin-clofazimine, while relapses were
observed in 50% of cases with the rifampin-clarithromycin combination (297) (Table 5).

Early detection and management is very important in reducing morbidity and the
disease’s disfiguring nature. A key factor contributing to the steady increase of Buruli
ulcer in resource-limited settings is improper practice of personal hygiene. Until the
introduction of antibiotic therapy, the use of surgery to remove all infected tissue, with
a wide safety margin to ensure the complete removal of infected tissues, was regarded
as the most effective treatment (218, 298). Recurrence rates after surgical treatment
without antibiotics vary from 16% to 28% (299). In addition, the cost of surgical
treatment is far beyond the means of those most severely affected (299). Prevention of
functional limitations and physiotherapy are now accepted as an integral part of
therapy (214). The impact of the shift to pharmacological therapy on the occurrence
of functional limitations has been studied by Barogui et al. (215). In this study, no
differences in resulting functional limitations were observed between patients treated
with surgery, antibiotics, or both. Since 2004, Buruli ulcer has been treated with 8 weeks
of intramuscular injections of streptomycin (15 mg/kg) and oral rifampin (10 mg/kg)
according to the previous WHO protocol of treatment with antibiotics, plus surgical
excision and skin grafting (218, 299, 300). Without antibiotics, recurrence has been
reported to be higher: as high as 48% (301). Since the introduction of antibiotic treatment,
recurrence rates have receded remarkably (0 to 2%), and the requirement for surgical
intervention has diminished (299). The combination of rifampin and streptomycin was
effective for most patients with Buruli ulcer and proved to be a highly successful and
practical treatment for all forms of M. ulcerans disease (217, 218). Streptomycin admin-
istration can cause both ototoxicity and nephrotoxicity (302). It was observed that
cured patients were more likely to become reinfected rather than relapse (303).
Compliance with the recommended 8-week treatment (218) is difficult to maintain,

TABLE 5 Antibiotic and biocide susceptibility of M. ulceransa

Drug (generic name) Range MIC50 MIC90

Rifampin 0.12 to 4.0 0.5 2.0
Streptomycin 0.12 to 1.0 0.25 0.5
Amikacin 0.25 to 2.0 0.5 2.0
Moxifloxacin 0.015 to 0.5 0.12 0.5
R207910 (bedaquiline) 0.015 to 0.12 0.03 0.06
Linezolid 0.25 to 4.0 0.5 2.0
PA-824 (pretomanid) 4.0 to 16 16 �16
Saprofloxacin 0.1 to 2 ND 0.5
Ofloxacin 0.1 to 2 ND 2
Ciprofloxacin 0.1 to 2 ND 1
Clarithromycin 0.125 to 4 ND 0.125 to 2
Clofazimine 0.06 to 2 ND 0.25 to 0.5
Ivermectin 0.125 to 64 ND �64
Milbemycin oxime 0.125 to 64 ND 1 to 8
Moxidectin 0.125 to 64 ND 16 to �64
Selamectin 0.125 to 64 ND 1 to 4
Abamectin 0.125 to 64 ND �64
Doramectin 0.125 to 64 ND �64
Emamectin 0.125 to 64 ND 16 to 32
Eprinomectin 0.125 to 64 ND �64
aMICs are given in grams per liter. ND, not determined.
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particularly in rural settings where health facilities are rare. The daily injection with
streptomycin is problematic, as most patients live in remote areas with limited access
to health care facilities. Proper hygiene with these injections is also a concern. More-
over, the antibiotic treatment may be accompanied by a clinical deterioration, known
as a paradoxical reaction, which may be the result of restoration of local and systemic
immune responses (304). For these reasons, an oral regimen avoiding intramuscular
injections has been developed (294). In Japan, a combination of oral medication composed
of rifampin, levofloxacin, and clarithromycin was successful in treating Buruli ulcer and
showed better results than other chemotherapies. This treatment increases the prob-
ability of patient adherence and needs to be evaluated in a multisite study. It may also
be the best way to decentralize patient care in rural areas with fewer resources (305).
Combination oral therapy alone has been tested in Australia, and the results demon-
strated that Buruli ulcer can be treated effectively using oral antibiotics alone, with an
acceptable toxicity profile (295, 296). In Benin, an 8-week oral combination of clarithro-
mycin and rifampin in Buruli ulcer patients was well tolerated, resulting in no treatment
failures (306). Recent developments toward a fully oral therapy not including a quin-
olone but rather a combination of rifampin and clarithromycin were presented at the
WHO Buruli ulcer meeting in March 2017. The provisional guideline was changed
accordingly, and as of now, fully oral treatment has become standard therapy; strep-
tomycin has been abandoned (306–308). The oral regimen with rifampin and clarithro-
mycin is already recommended by the WHO and regularly administered in West African
countries (e.g., Benin, Togo, and Ghana), though its effectiveness has not yet been
proven by the ongoing randomized trial in West Africa.

Warming the affected skin at 38 to 39°C may improve the outcome of extensive or
relapsing lesions, but observations are anecdotal (309). The theoretical frame for such
practice includes the optimal growth of M. ulcerans at 32°C and better cellular micro-
bicidy at 39°C (309). Accordingly, in the search for innovative treatments, the efficacy
of phase change material (PCM) thermotherapy as local thermotherapy was proven in
a phase 2 clinical trial in Cameroon to be a highly effective, simple, inexpensive, and
safe treatment for M. ulcerans disease. PMC involves applying temperature from 39°C to
42°C to the skin surface. It has potential as a home-based remedy for lesions suspected
of being Buruli ulcers at the community level, where laboratory confirmation is not
available (251, 298, 310). Phototherapy and UV therapy are sometimes used to treat
human skin diseases, such as psoriasis or eczema, but rarely in infectious disease and
may be a therapeutic solution for the treatment of Buruli ulcer (68).

It has been established that the standard first-line treatment for tropical ulcers is a
combination of penicillin and metronidazole (311). Antibiotics such as beta-lactams
(penicillin, ampicillin, cefuroxime, cefixime, flucloxacillin), macrolides (erythromycin,
clarithromycin), aminoglycosides (amikacin, gentamicin), quinolones (ciprofloxacin),
cyclines (tetracycline), phenicol (chloramphenicol), and sulfamethoxazole-trimethoprim
(co-trimoxazole) have been used for the treatment of Buruli ulcer secondary infections,
which are often thought to be responsible for the severe complications in Buruli ulcer
(283, 284). The role of Staphylococcus aureus has recently been investigated (312) with
the alternative hypothesis that paradoxical inflammation is causing severe complica-
tions.

Traditional Medicine

Traditional treatments remain the first option for poor populations in Africa, who
may have restricted access to synthetic products due to their cost and accessibility (313,
314). However, the use of traditional treatment as first-line therapy, lay perception, and
self-medication contribute to longer delays in diagnosis and treatment (315, 316). Such
treatment is considered devastating, expensive, and ineffective in some cases (317).
According to a socio-anthropological study conducted in Benin, the main steps in tradi-
tional treatment were diagnosis, removal of necrotic tissue, wound care, and exorcism
(314). In the history of the development of new therapeutic molecules, plants have always
occupied a preponderant place as sources for new pharmacological molecules (318). In
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Africa, much effort is spent in the pharmacological study of medicinal plants used in
traditional medicine for the treatment of Buruli ulcer. Ricinus communis, Cyperus cyperoides,
Nicotiana tabacum, Mangifera indica, Solanum rugosum, Carica papaya, and Moringa oleifera
have demonstrated clinical efficacy (319). Another study in West Africa showed that active
extracts from 10 plant species (Alstonia boonei, Annona reticulata, Annona senegalensis,
Bridelia ferruginea, Carica papaya, Eucalyptus globulus, Polyalthia suaveolens, Sorindeia jug-
landifolia, Spathodea campanulata, and Zanthoxylum zanthoxyloides) and one extract from
Cleistopholis showed activity against M. ulcerans (320). These plants were from different
families, namely, Annonaceae, Apocynaceae, Bignoniaceae, Caricaceae, Compositae,
Euphorbiaceae, Myrtaceae, Phyllanthaceae, and Rutaceae (320). These medications are
used as decoctions, infusions, powders, pomade, and macerations and taken orally or
applied to wounds (319). Further studies are required to isolate and characterize the
active ingredients in the extracts of these plants. In a study conducted in Benin, it was
proven that the extract from aerial parts of Holarrhena floribunda had significant
antimycobacterial activity against M. ulcerans (318). Natural products represent poten-
tial alternatives to standard therapies for use as curative medications for M. ulcerans
disease (319). Plants with medicinal potential should be scrutinized for biologically
active compounds by the bioassay-guided fractionation approach to provide new
insights for finding novel therapeutics for Buruli ulcer control (319). Given that tradi-
tional healers represent a parallel point of entry into the health system to support
people suffering from Buruli ulcer with products that have often proven their effec-
tiveness, there is a need for health authorities to better supervise this area. However,
the involvement of plants and the possible role of local herbal therapies are not
evidence based; it is rather opinion based and speculative and requires special atten-
tion by authorities and scientists.

Medical Prevention

There is no proven effective primary prevention of M. ulcerans infection. Never-
theless, our partial knowledge of the sources and transmission of environmental M.
ulcerans does suggest some measures of prevention, the efficacy of which remains
to be measured, that are, to date, the most effective methods to reduce disease
transmission. Indeed, mandatory early detection through active case finding, early
laboratory-confirmed diagnosis, and early initiation of treatment to prevent long-term
sequelae do not prevent additional cases of noncontagious Buruli ulcer (321, 322).

Due to the significant reduction in the quality of life of patients presenting with
extensive tissue scarring, a Buruli ulcer vaccine would be greatly beneficial to the
worldwide community (323). Despite the efforts for the development of vaccines
against Buruli ulcer disease, there is still no effective preventive vaccine for Buruli
ulcer (324–329). Antibodies to surface antigens of M. ulcerans do not seem to have a
protective effect (330). BCG vaccination status provides relatively short-term immune
protection from M. ulcerans infection and prevents osteomyelitis (31, 331). Preliminary
data suggest that BCG effectively serves as a vehicle to M. ulcerans antigens, warranting
further studies to improve efficacy (323). Since prevention is not possible in the absence
of either an effective vaccine or a clear understanding of the mode of transmission, a
major control strategy for Buruli ulcer consists in early detection and treatment,
depending on effective laboratory confirmation of suspected cases (270). Currently,
preventive measures include clothing in the course of pastoral work, the quick disin-
fection of wounds after an injury with running water and soap (30), and a swimming
prohibition in the presence of an open wound, as well as the use of insecticides and
impregnated mosquito nets in homes.

Buruli Ulcer Prevalence in the Population

Before 2010, the prevalence of Buruli ulcer was increasing in West Africa and Central
Africa (34, 35, 332–335). The resurgence of Buruli ulcer in the world has led the scientific
community to a better understanding of the disease, including its reservoirs and modes
of transmission, as well as risk factors. The most affected countries are in West Africa,
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with Côte d’Ivoire being among the most affected countries in the world (19, 336,
429) (Fig. 10; Table 1). In 2014, 1,736 of 2,151 (80.7%) cases of Buruli ulcer reported
to the WHO by African countries were from West Africa (Table 1). At the beginning
of 2014, 12 of the 15 countries regularly reporting data to the WHO reported nearly
2,200 new cases, which represents a decrease of about 50% compared to the
number in 2009, when 5,000 cases were reported. Except in a couple of countries
(Japan, Australia), the number of cases has declined since 2010 in most areas of
endemicity. The exact cause of this decline is unknown, but it may be a positive side
effect of the fight against coreservoirs and covectors of other targeted infections in
the tropics (232).

Epidemiology of Buruli Ulcer

More than half of the new cases of Buruli ulcer reported annually around the world
are from West Africa (Fig. 2). Among 15 West African countries, countries along the Gulf
of Guinea, including Benin (17, 337), Côte d’Ivoire (197, 334), Nigeria (338), Ghana (24,
339, 340), Sierra Leone (341), Togo (342), and Guinea (343), are reporting new cases to
the WHO (Fig. 10; Table 1). Eight West African countries declared 83.6% (range, 80.89%
to 86.30%) of the total number of cases over the past 10 years (Fig. 2) (34, 35, 332–335,
344), with Côte d’Ivoire being among the most affected countries in the world (19, 336)
(Fig. 10; Table 1). Côte d’Ivoire, Ghana, Benin, Togo, Guinea, and Nigeria (343) (Fig. 1 and
10; Table 1) have regularly reported new cases to the WHO during the last 2 decades,
and these countries have the highest prevalence of the disease (20 to 158 cases per
100,000) (Fig. 10). Mali is a new potential African country where the disease is endemic,
with a recent report of cases (345). Notably, Buruli ulcer has never been reported in
Niger, Cabo Verde, Sao Tome, Principe, Chad, and Guinea-Bissau.

In Côte d’Ivoire and Ghana, Buruli ulcer is the second leading cause of mycobacterial
infection after tuberculosis (23, 24). Affected populations live in rural areas, and children
less than 15 years of age account for about 70% of cases (25, 63). The first probable case

FIG 10 Countries reporting Buruli ulcer to the WHO and prevalence of Buruli ulcer, 2002 to 2015.
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of Buruli ulcer in Ghana was reported in the Greater Accra Region in 1971, and more
than 2,000 cases were reported between 1991 and 1997 (24). In Côte d’Ivoire, the first
detection of Buruli ulcer occurred in 1981, but the number of cases clearly increased in
1987 and then became a national public health problem (334). In Nigeria, Buruli ulcer
cases were first reported from Benue in 1967 (346).

In central Africa, Buruli ulcer foci have been reported in Gabon, Cameroon, Congo,
the Democratic Republic of the Congo, South Sudan, Angola, the Central African
Republic, and Equatorial Guinea (347–350) but never in Sao Tome, Principe, or Chad. In
Cameroon, the first case of Buruli ulcer was reported in 1969 (351), in 1950 in the
Democratic Republic of the Congo (352), and in 1998 in Angola (353).

In East Africa during the 1960s, many cases of Buruli ulcer were reported in Uganda,
especially in Buruli County, which eventually provided the name for this disease (2).
Cases of Buruli ulcer were reported in other countries of East Africa, such as Kenya (354)
and Sudan (131). In South Africa, the first cases of Buruli ulcer were reported in 2001 in
Malawi (355).

The true-incidence data of the disease in each of the West, Central, East, and South
African countries are difficult to collect because not all patients attend health facilities
(because of the lack of information about the disease, because of the lack of financial
means, or because of the social stigma associated with chronic wounds), surveillance
measures are poor, and there is a lack of case confirmation in health facilities (13, 356).
All the African countries where Buruli ulcer is endemic do not necessarily have a
systematically organized health system for monitoring and reporting Buruli ulcer cases.
Programs are often put in place, but they do not work efficiently in some countries.

In Oceania, Bairnsdale ulcer (Buruli ulcer) was first reported in 1935 as a series
of unusual painless ulcers in a patient from Southeast Australia (3). Since 1991, its
incidence has progressively increased in Australia (18). However, elderly patients com-
prise a significant proportion of Buruli ulcer patients in Australian populations (18, 230,
231, 357). In continental Asia, the first reported case of M. ulcerans infection in China
was described in 2000 (358). In eastern Asia, the first reported culture-documented case
occurred in Japan in 1980 (359). An M. ulcerans isolate was recovered from a 19-year-old
girl (360). These isolates were distinguished (on the basis of mycolic acid patterns) from
previous M. ulcerans isolates and were reported to form a subcluster named M. ulcerans
subsp. shinshuense (M. ulcerans ATCC 33728) (360). M. ulcerans subsp. shinshuense was
confirmed to be the etiologic agent of Buruli ulcer in Japan (361). The first cases of
Buruli ulcer in Malaysia in Southeast Asia were described in 1958 (362) and in 1983 in
Kiribati, which is located in the Central Pacific region (363). Subsequently, Buruli ulcer
was considered an emerging disease in Papua New Guinea (364).

In the Americas, Buruli ulcer has been diagnosed in South America, in Mexico since
1953 (352), and in French Guiana (112, 365) and Peru (366) since 1969. The first Brazilian
case was reported in 2007 (367). French Guiana was qualified as the only area in the
Americas where Buruli ulcer is endemic, with an average incidence of 2.09/100,000
(368). From 1969 until 2007, only 11 cases of Buruli ulcer were reported in Peru, but no
countrywide survey has been conducted to evaluate its true prevalence there (366).
Indeed, in Peru, Buruli ulcer is probably both infrequent and underreported and may
often be misdiagnosed as leishmaniasis, which is more prevalent and better known
(366).

Geography of Buruli Ulcer

Buruli ulcer is not a ubiquitous infection but is rather located in some large
geographic areas scattered in 1 of the 33 countries which report cases to the WHO in
Australia, Asia, Africa, and the Americas (Fig. 1). In each country where Buruli ulcer is
endemic, there is a distinct geographical distribution, depending on environmental
factors. In all these countries, Buruli ulcer occurs in specific discrete foci, suggesting
a space-confined distribution pattern (369). To create an overview of the common
characteristics of countries where Buruli ulcer is endemic, we observed that most of
these countries are located within a belt limited by latitudes 10°N and 10°S (Fig. 10) and
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in moderate, nontropical climate areas, including Australia and Japan (233). In Australia,
where the disease and the agent were first described, the incidence of Buruli ulcer has
progressively risen since 1991 (18). Although Buruli ulcer is usually regarded as a
disease of tropical and subtropical climates, an increasing number of cases have been
recorded in temperate southeastern Australia (18, 370). Areas of endemicity include
mainly coastal Victoria, particularly the Mornington Peninsula and Bellarine Peninsula,
northern Queensland near Mossman, the Capricorn Coast of Queensland near Yep-
poon, and the tropical northern coast near Darwin (370). Buruli ulcer has moved as far
in as Melbourne’s southeast suburbs, including Bentleigh, Hampton, and Cheltenham
(27), but no case has been linked to Tasmania, South Australia, or southern Western
Australia. There have been cases in southern New South Wales near the border with
Victoria (27). In Australia, environmental factors associated with Buruli ulcer prevalence
included a low elevation with forested land cover (371). Likewise, in Côte d’Ivoire (372)
and Benin (32), areas of endemicity are characterized by a high density of forest cover
and low density of urban cover.

In continental Asia, the reported case of M. ulcerans infection in China had occurred
at the highest latitudes in the Northern Hemisphere and was caused by M. ulcerans
subspecies shinshuense (358). In Japan, the majority of cases are distributed in typically
temperate, mountainous regions located between latitudes 34°N and 38°N, mountain-
ous terrains at an altitude of 2,000 m in the case of the mountain ranges of Hida, Kiso,
and Akaishi on Honshu, and 1,400 m in the cases of Hidaka on Hokkaido (358, 361, 373).

We reviewed the characteristics of these foci in West Africa, which occupies approx-
imately one-fifth of the continent. The vast majority of this region is composed of plains
rising to 300 m above sea level, but the northern section is composed of a semiarid
terrain known as the Sahel, a transitional zone between the Sahara and the savannahs
and forests of western Sudan (374) (Fig. 10). In West Africa, regions with reported cases
of Buruli ulcer are all characterized by their proximity to a river, which connects the
coast to mountains of �1,500 m that are less than 500 km away from the coast. In
Benin, it was observed that the mean prevalences of Buruli ulcer significantly correlated
inversely with elevation, from 60.7 cases/10,000 inhabitants in villages with an elevation
below 50 m to 10.2/10,000 inhabitants in villages with an elevation between 50 and 100
m to 5.4/10,000 inhabitants in villages with an elevation above 100 m (144, 375).
However, cases were reported at a minimum distance of 15 km from the coast of the
Atlantic Ocean and a maximum distance of 18 km in a study conducted in Benin (144).
In a study conducted in Benin by Portaels et al., an inverse relationship between the
prevalence of the disease and the distance that a patient lived from a river was found.
The prevalence gradually increased from 0.6 to 32.6/1,000 inhabitants when the
distance from a river was less than 10 km (131). This observation correlates with our
recent report that M. ulcerans tolerates a degree of salinity above 20 g/liter (186). In
West Africa, where the disease is most prevalent, a dramatic increase in the incidence
of Buruli ulcer has been reported by countries mostly along the Gulf of Guinea (17,
197, 334–342, 376). In all these countries, Buruli ulcer occurs in specific discrete foci,
suggesting a space-confined distribution pattern (369). We reviewed the characteristics
of these foci in West Africa, which occupies approximately one-fifth of the continent.
The vast majority of this region is composed of plains lying at 300 m above sea level
(374) (Fig. 10).

Seasonal factors may affect the epidemiology of M. ulcerans. In Cameroon, M.
ulcerans dynamics are largely driven by seasonal climatic factors (188). In Ghana, the
incidence of Buruli ulcer peaked at the end of the rainy season in September and
October (333). It was recently shown in Ghana that the proportion of positive M.
ulcerans samples recorded was higher during the months with higher rainfall levels
(11%) than during the dry season months (3%) (210). This demonstrates that there is a
seasonal pattern to the presence of M. ulcerans in the environment, which may be
related to recent rainfall or water in the soil (210). In Cameroon, M. ulcerans dynamics
are largely driven by seasonal climatic factors (188). In the United States (Louisiana), the
environmental investigation of M. ulcerans DNA by IS2404 qPCR revealed seasonal
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variations in the prevalences of M. ulcerans, with a notable decrease in prevalence
in the samples collected during autumn every year in the areas between latitude
30.003537 and longitude 92.021235 (147). No cases of human Buruli ulcer have been
reported in Louisiana, suggesting that the environmental distribution of M. ulcerans is
not limited to areas where Buruli ulcer is endemic and that infections caused by
M. ulcerans are not limited to humans (147).

In Central Africa, it was shown that cases of Buruli ulcer peaked in March, suggesting
that the risk is highest during the rainy season (377). In Cameroon, in the Nyong River
distance model, the risk of Buruli ulcer decreased when the distance to the river
increased, with a dose-response relationship (378). In Japan, there is a dynamic seasonal
appearance of M. ulcerans in the environment, which may contribute to the seasonal
variation of Buruli ulcer occurrence (108).

Outbreaks of Buruli ulcer have been attributed in many cases to environmental
disturbances, such as flooding, agricultural deforestation, increases in the sizes of
irrigated areas for cultivation, and construction of dams or damming of rivers (31, 33,
34, 347, 370). It also was shown that the areas where Buruli ulcer is highly endemic are
located most often in lowland areas (375). Environmental factors, such as climate, soil,
geology, and geochemistry, may indirectly influence or contribute to M. ulcerans
infection (379). Several screenings of M. ulcerans in environmental samples have
been done (Table 3). In countries with a constantly high incidence of Buruli ulcer,
temperature and humidity generally follow the same trends, with average temper-
atures ranging between 22°C and 33°C, which is the optimum temperature required
for the growth and survival of M. ulcerans (23, 94–97). The average relative humidity
is 85% in the southern areas of these countries and 71% in the north. The annual
sunshine duration varies with the seasons, and the average has been estimated at
1,762 h (249, 250).

In Japan, it was proven that there is a dynamic seasonal appearance of M. ulcerans
in the environment, which may contribute to the seasonal variation of Buruli ulcer
occurrence (108). In Central Africa, it was shown that the cases of Buruli ulcer peaked
in March, suggesting that the risk is at its highest during the rainy season (377). In each
country of endemicity, there is a distinct geographical distribution, depending on
environmental factors.

Buruli ulcer, which is rampant in foci of endemicity and scattered, but limited, in
general in marshes, floodplains, and close to lakes or rivers, is an ancient disease and
widespread in the world and seems to have currently reached a new level through the
extension of its usual foci and impact. Man-made changes in the environment may
provide new opportunities for ecological niches for M. ulcerans and new opportunities
for contact between populations and these niches.

Descriptive Epidemiology of Buruli Ulcer
Age. M. ulcerans infection affects primarily children between 5 and 15 years of age

(233).
Children less than 15 years of age represent approximately 42% of the overall

population in West Africa. This proportion is approximately 41% in countries with a
high prevalence of Buruli ulcer (Côte d’Ivoire, Ghana, Benin, Guinea, Togo, Nigeria) and
43% in countries with a lower prevalence or in which it is not endemic (Burkina Faso,
Sierra Leone, Senegal, Guinea Bissau, Liberia, Mali) (P � 0.05). In 10 independent studies
conducted in Ghana, Côte d’Ivoire, Benin, and Nigeria (23, 26, 155, 226, 235, 241, 242,
244, 253, 380), 50.7% of patients were less than 15 years old, and the median age was
18 years (Fig. 11). The peak age group in West Africa studies was 5 to 15 years, although
Buruli ulcer can affect any age group (334, 340, 380). The highest detection rates were
found sometimes in 75- to 79-year-old patients in West Africa, probably due to the
reactivation of disease from a latent infection of M. ulcerans (380). It was proven in
Africa that children less than 5 years old rarely develop antibody responses to the
18-kDa small heat shock protein (shsp) of M. ulcerans and thus seem to be considerably
less exposed to the pathogen than older children (381, 382). As Buruli ulcer is not
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known to be an immunizing infection, this may reflect a greater exposition to sources
and vectors (381, 382).

Sex ratio. In West Africa, the female population represents about 49.52% of the
overall population, with a sex ratio of 1.02. This proportion is approximately 49.87% in
six countries with a high prevalence of Buruli ulcer (Côte d’Ivoire, Ghana, Benin, Guinea,
Togo, Nigeria), while it is 50.99% in countries with a lower prevalence or in which it is
not endemic (Burkina Faso, Sierra Leone, Senegal, Guinea Bissau, Liberia, Mali) (P �

0.05). The sex ratio is 1.01 in countries where Buruli ulcer is endemic and 0.96 in the
other countries. In 10 studies conducted in the countries of endemicity of West Africa
(23, 26, 155, 226, 235, 241, 242, 244, 253, 380), the global calculated sex ratio for Buruli
ulcer patients (male to female) was 0.97 (0.90 to 1.04) (Fig. 11).

Farming Activities in Swampy Areas as a Risk Factor for Buruli Ulcer

In West Africa, the emergence and distribution of Buruli ulcer cases are clearly linked
to aquatic ecosystems, and recent data suggest that different modes of transmission
occur in specific areas and epidemiological settings (110, 150, 235, 347). Since the
1970s, some authors have formulated the hypothesis that patients may be infected
through minor wounds or skin abrasions via contact with water containing M. ulcerans
or by insect bites (99, 150, 383). Prior to recent studies, it was difficult to establish the
epidemiological and ecological evidence linking the source of M. ulcerans to swamps
and slow-flowing water (379). Past epidemiological studies have associated Buruli ulcer
with human activity near, or within, slow-flowing or still bodies of water that have been
created or disturbed by humans. This postulate was considered because there is strong
epidemiological evidence linking the source of M. ulcerans to swamps and slow-flowing
water or stagnant water (379). Residence near an aquatic environment has been
identified as a consistent risk factor for M. ulcerans infection in Africa (155, 192, 334,
384). The proximity to rivers and water reservoirs has long been implicated in the

FIG 11 Numbers of patients by age class (A) and sex (B) in studies conducted in West Africa (A) and the sex ratio of patients (B).
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emergence of Buruli ulcer in West African countries and, particularly in rural areas,
especially in children less than 15 years old (63). In Côte d’Ivoire and Ghana, infections
were reported to occur near rivers (198, 385, 386). The increased incidence of Buruli
ulcer in Côte d’Ivoire was very much related to areas around dammed rivers and
corroborates the first reported case of M. ulcerans infection in Côte d’Ivoire, a young
patient living near the artificial Kossou Lake in the center of the country (386, 387).
Irrigated rice and banana fields and deforested irrigation and aquaculture installations
are zones for high-risk Buruli ulcer in Côte d’Ivoire (372); Buruli ulcer has also emerged
in some communities (20, 153). Cases described in Nigeria were associated with the
Benue River Valley in 1967 or a small artificial lake (338, 346). Similarly, in Liberia, cases
were reported after dam construction following the introduction of swamp rice to
replace upland rice (rice grown on dry soil) (341, 388). In Ghana, cases have clustered
along the Densu River (385). The proximity of villages to rivers was a risk factor for
contracting Buruli ulcer in Benin and Ghana (155, 389), and the link between a watery
ecosystem and the emergence of Buruli ulcer was proven. In West Africa, Buruli ulcer
afflicts primarily rural farmers in swampy environments. Also, it is thought that the use
of river water for domestic purposes may contribute to the high prevalence of Buruli
ulcer in settings of endemicity (389, 390). Another epidemiological study in Benin
showed that foci of endemicity are organized primarily around the valley of the Ouémé
and Kouffo Rivers. The communes of Lalo, Ouinhi, Bonu, Adjohoun, and Ze are the most
affected (246). The first two reported patients with Buruli ulcer in Togo established a
geographical continuum of the disease in all countries bordering the Gulf of Guinea
(342). Cases reported in Burkina Faso (335) and Sierra Leone (391) were also related to
an aquatic environment. A study conducted in Ghana suggested that swimming or
activities on riverbanks were risk factors for contracting Buruli ulcer (192). Three at-risk
areas for M. ulcerans disease were identified in Togo: the Laguna coastal area, marshy
inland areas where market crops and rice are cultivated, and river valley areas (244). The
foci of the disease are associated with environmental changes due to logging and
mining and the creation or the extension of swampy areas, such as the construction of
dams or lakes for the development of agriculture by irrigation, and are associated with
exposure to river areas and sometimes with flooding (25, 155, 338).

The exposed skin of farmers and their activities in rural areas may facilitate the
transmission of the pathogen (155). It has been demonstrated that there is a link
between a watery ecosystem and the emergence of Buruli ulcer; preventive public
health programs based on strategies that provide protected water supply systems to
villages must be developed to reduce the frequency of the disease (389) (Fig. 4).

Raghunathan et al. identified wading in a river and streams in tropical climates as a
risk factor for Buruli ulcer (155). A recent case-control study in Ghana showed that the
risk factors for Buruli ulcer are contacts with wetland, insect bites in water, use of
adhesive when injured, and bathing in the river (235). Other risk factors in Ghana were
exposure to river areas, the presence of arsenic in the environment, exposed skin, use
of water from rivers and ponds for drinking, and being between 2 and 14 years old (155,
191, 192). In Côte d’Ivoire, farming near the river was a risk factor (334). Another study
in Côte d’Ivoire showed that regular contacts with unprotected surface water and the
absence of protective equipment during agricultural activities were identified as the
main factors associated with the risk of contracting Buruli ulcer (23). The contact with
water was due mainly to agricultural activities (e.g., rice farming, market gardening, and
fishing) and washing/bathing/swimming activities (23). The same conclusions about
risk factors in Côte d’Ivoire were obtained previously by Ahoua et al. and Marston et al.,
and they concluded that young children and women having daily water-related
activities were most at risk (253, 334). In Nigeria, the area of endemicity in Ogun state
is divided into two drainage basins, the Yewa and Ogun Rivers, which are considered
to be risk areas for Buruli ulcer (26). In Togo, three risk areas in swampy areas were
identified: the Laguna coastal area, marshy inlands where market crops and rice are
cultivated, and river valleys (244). Risk factors identified in Benin were the use of water
from swamps, agricultural activities, being �15 years old or �49 years old, BCG
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vaccination status, and improper wound care (30, 33, 380). The greatest risk factors for
acquiring Buruli ulcer included residing in an area of endemicity, close proximity to
specific bodies of water, and being less than 15 years old (20) (Fig. 4). A fundamental
research study conducted in Ghana with Buruli ulcer patients and control patients
showed that a genetic polymorphism in the SLC11A1 gene played a role in the
susceptibility to Buruli ulcer, with an estimated 13% population-attributable risk (392).

Protective Factors

Raghunathan et al. found that wearing a shirt while farming, sharing indoor living
space with livestock, and bathing with toilet soap appeared to be protective (155).
Covering limbs during farming and the use of alcohol after insect bites were also found
to be protective factors against Buruli ulcer in Ghana (235). Wearing long pants was
protective against M. ulcerans infection in Côte d’Ivoire and Australia (18, 334). N=k-
rumah et al. found that wearing protective equipment before being in contact with
surface water was a protective factor against Buruli ulcer (23) (Fig. 4). In Benin, the use
of mosquito bed nets was considered to be a protective factor (30). In Australia, Quek
et al. showed that immediately washing a wound received outdoors was found to
decrease the odds of disease (18). In Ghana, it was proven that patients with Buruli ulcer
who had received BCG vaccination had a shorter duration of the ulcer than those who
were not vaccinated (333). A further study in Uganda showed that any protective effect
was of short duration (393). Minimizing contact with water or soil around regions where
Buruli ulcer is endemic, particularly in the presence of cuts or abrasions, had a
protective effect.

Coepidemiology of Buruli Ulcer with Prevalent Infections

In an attempt to narrow the spectrum of potential reservoirs and vectors for M.
ulcerans, we created a map of 10 infectious diseases that are prevalent in the same
geographical belt as Buruli ulcer, with a focus on their vectors and reservoirs. We then
focused on four infections in the tropics with significant overlap of Buruli ulcers.

Malaria

Malaria is the most important insect-transmitted human disease, and progress in its
control has been slow, especially in Africa, where approximately 90% of cases occur
(394, 395). Sub-Saharan Africa is home to localities with the highest global malaria
transmission levels and, hence, high malarial morbidity and mortality. Human malarial
protozoa are transmitted by mosquitoes of the genus Anopheles, including A. arabiensis,
A. gambiae, A. melas, and A. merus. Anopheles arabiensis is considered mostly zoophilic
compared to the highly anthropophilic A. gambiae but still plays a very important role
in malaria transmission (394). The transmission of malaria in the coastal areas of West
Africa is almost constant throughout the year. Further north, transmission varies from
1 month to 11 months of the year. While the role of mosquitoes in the transmission of
M. ulcerans has not been demonstrated in West Africa, M. ulcerans DNA has been
detected in mosquitoes (Aedes camptorhynchus, Coquillettidia linealis, Anopheles annu-
lipes, Culex australicus, Aedes notoscriptus) trapped in Australia (19). Experimentally,
mosquito larvae (Aedes aegypti, A. albopictus, Ochlerotatus triseriatus, Culex restuans
larvae) can ingest wild-type M. ulcerans and M. marinum and remain infected through-
out larval development (396). Evidence that implicates mosquitoes in the transmission
of M. ulcerans in southeastern Australia has been established (18). The role of mosqui-
toes in transmission in Africa remains controversial. In particular, mosquito bites do not
explain the unequal left-right distributions of lesions reported in some studies (308,
340). However, the past 15 years have seen unprecedented progress in malaria pre-
vention and control by scaling up vector control interventions, particularly in sub-
Saharan Africa (397, 398). Faced with the heavy burden of malaria, African countries
decided in 2000 at the Abuja Summit to pay special attention to the fight against this
disease (399). In 2005, they decided that at least 60% of the people who were most
vulnerable to this disease, especially children under 5 years of age and pregnant
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women, should benefit from the best possible combination of personal and community
protective measures, such as mosquito nets impregnated with insecticides, long-lasting
insecticidal nets (LLINs), and other existing and available interventions to prevent
infection and disease. This target was set at 80% for 2010 by the Organization of African
Unity (OAU), currently replaced by the African Union (AU) (397–399). The insecticide-
treated net kills or keeps away mosquitoes and other insects, such as head lice, bed
bugs, and fleas. Numerous types of insecticide are used to treat the net: deltamethrin,
lambda-cyhalothrin, alpha-cypermethrin, cyfluthrin, etofenprox, and permethrin (397).
The WHO Global Malaria Program (WHO GMP) recommends three primary interventions
for effective malaria control: the diagnosis and treatment of patients, the use of
insecticide-treated nets (ITNs), and indoor residual spraying (IRS) (398). To strengthen
the fight against malaria, African countries have benefited from Global Fund grants and
technical support from other partners. The main aim was to contribute to the reduction
of morbidity and mortality due to malaria between 2008 and 2014. Among the
objectives of the application to the Global Fund is increasing the ITN utilization rate to
at least 80% for people exposed to malaria, particularly pregnant women and children
under 5 years of age. This mass distribution campaign has complemented LLIN distri-
bution between 2008 and 2009 in most sub-Saharan countries. IRS is a major interven-
tion for malaria control. There are currently 12 insecticides recommended for IRS,
including dichlorodiphenyltrichloroethane, pyrethroids, and carbamates, which were
used efficiently against vectors of malaria by national malaria programs to scale up
global malaria control and elimination (400). Given the incertitude as the role of
mosquitoes in the transmission of M. ulcerans in Africa, the fact that these preventive
measures caused a decrease in Buruli ulcer cases in Africa remains controversial.

Filariasis

In Africa, lymphatic filariasis or elephantiasis is a neglected tropical disease (401).
The environmental conditions for lymphatic filariasis transmission occur around the
forest and savannah regions of West Africa (401). Lymphatic filariasis is caused by the
filarial worms Wuchereria bancrofti, Brugia malayi, and Brugia timori, which are endemic
in 55 countries (401–403). The transmission of lymphatic filariasis in Africa is predicted
to appear across much of the coastal and savannah areas of West Africa (401), thus, in
the same areas as Buruli ulcer. In Ghana, lymphatic filariasis caused by W. bancrofti
nematodes is found in several regions where Buruli ulcer is endemic (258). Approxi-
mately 80% of the people living in areas that require preventive chemotherapy to stop
the spread of infection live in the following 10 countries: Angola, Cameroon, Côte
d’Ivoire, the Democratic Republic of the Congo, India, Indonesia, Mozambique, Myan-
mar, Nigeria, and the United Republic of Tanzania (402). Culex species mosquitoes are
the major vectors of W. bancrofti (404). The major Anopheles vectors in West Africa are
A. gambiae sensu lato and the Anopheles funestus group (405). The World Health
Assembly resolution WHA50.29 (406) encourages eliminating lymphatic filariasis. In
response, the WHO launched its Global Programme to Eliminate Lymphatic Filariasis
(GPELF) in 2000 (401). In 2012, the WHO’s neglected tropical diseases roadmap recon-
firmed the target date for achieving elimination by 2020 (402). Between 2000 and 2014,
5.63 billion treatments were delivered to more than 1 billion people at least once in 63
countries, considerably reducing transmission in many places. Recent research data
showed that the transmission of lymphatic filariasis in at-risk populations has dropped
by 43% since the beginning of the GPELF (402). Depending on the parasite vector
species, measures such as insecticide-treated nets, indoor residual spraying, and per-
sonal protection measures may help protect people from infection. Vector control has,
in specific settings, contributed to the elimination of lymphatic filariasis in the absence
of large-scale preventive chemotherapy (402). Between 2000 and 2009, nine of the
West African countries achieved full coverage of their entire at-risk populations after
the launch of the GPELF with the mass drug administration (MDA) of a single dose of
diethylcarbamazine or ivermectin plus albendazole (403, 407). In West African coun-
tries, due to the fact that onchocerciasis is coendemic with lymphatic filariasis, iver-
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mectin plus albendazole in a single dose per year was used for MDA (407). In addition
to interrupting transmission, MDA provides significant collateral health benefits, such as
reduced morbidity from intestinal worms and ectoparasites (291, 402, 407). Vector
control to reduce mosquito populations was one of the WHO GPELF priorities for the
interruption of transmission by the recommended use of techniques such as
insecticide-treated bed nets and curtains as well as residual spraying as effective vector
control tools (403). Insecticide resistance among the vectors of lymphatic filariasis in
Africa has been reported. The kdr mutation responsible for resistance to pyrethroids has
been found in the M and S forms of A. gambiae sensu stricto (408). The GPELF is based
on the MDA, but the vector control activities of the Roll Back Malaria campaign have a
significant capacity to eliminate the risk of transmission of W. bancrofti in areas of
coendemicity (408). We have formulated the following postulate, which states that the
annual decrease in the number of cases of Buruli ulcer since 2010s in the world, and
particularly in West Africa, is due to the associated benefit of the WHO GPELF program
by the MDA (including ivermectin) to all populations at risk. This assumption is
reinforced by two recent studies in which experiments demonstrated that two aver-
mectins could inhibit the growth and kill M. ulcerans strains from both Africa and
Australia (289, 290) (Table 5).

Schistosomiasis

Schistosomiasis, also known as bilharziosis, is caused by several species of parasitic
platyhelminthes of the genus Schistosoma, which can infect the urinary tract or the
intestines of hosts. Of the 207 million estimated cases of schistosomiasis worldwide,
93% occur in sub-Saharan Africa. Schistosoma haematobium and Schistosoma mansoni
are endemic throughout the continent. Transmission is usually associated with poor
socio-economic conditions. Compared to the other schistosomes, S. haematobium is
responsible for approximately two-thirds of the schistosomiasis cases in sub-Saharan
Africa. S. haematobium infection is highly endemic in many Buruli ulcer foci in West
Africa, with a striking increase in transmission after river dams were constructed (409).
Approximately 76% of the population lives near rivers, lakes, and other bodies of water
contaminated with snail intermediate hosts (410), which are also incriminated as
potential reservoirs of M. ulcerans. The infection has been associated with water
resource development projects, such as dams and irrigation projects, and slow-flowing
or stagnant water, where the snail, an intermediate host of the parasite, breeds (410,
411). The disease is essentially an infection of rural and agricultural communities, where
the way of life promotes contamination of inland water with human excreta (412).
Schistosomiasis and Buruli ulcer have increased rapidly in the tropical wetlands of West
and Central Africa since the 1980s, particularly after irrigation and dam construction
(413, 414). Whether schistosomiasis was a risk factor for Buruli ulcer by driving the host
immune response toward a predominantly Th2 pattern (409) has been disputed (413,
414). The highest prevalence and intensities of human schistosomiasis occur in school-
aged children, adolescents, and young adults (410), as with Buruli ulcer. The control
strategies include control of the intermediate snail host, use of molluscicides, chemo-
therapy, and improved sanitation and health education (412). The WHO strategy for
schistosomiasis control focuses on reducing the disease using periodic, targeted treat-
ments with praziquantel through large-scale treatment of affected populations (407).

Cutaneous Leishmaniasis

Leishmaniasis in HIV-coinfected patients is a significant yet neglected public health
problem in West Africa (415). It is a vector-borne parasitic disease of humans and
mammals caused by cell-infecting flagellate protozoa of the genus Leishmania, trans-
mitted by female phlebotomine sand flies (415, 416). In most African countries, the
disease is typically caused by one of two species, Leishmania major or Leishmania
tropica (410). The areas of endemicity of leishmaniasis are governed by the presence of
the sand fly vector, their dietary preferences, and their ability to promote the internal
development of specific Leishmania species (417). Sand fly species of the genera
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Phlebotomus and Sergentomyia are two putative vectors in the transmission of Leish-
mania in West Africa (418). In South America, Leishmania braziliensis, Leishmania
guyanensis, and Leishmania panamensis are responsible for cutaneous ulcers (259, 419).
One case of M. ulcerans and L. braziliensis coinfection in a European traveler in South
America raised the question of possible cotransmission of the two pathogens (259).

Areas of Uncertainties and Perspectives
Sources of infection. M. ulcerans has been detected in soil, biofilms, aquatic insects,

fish, amphibia, and wildlife, confirming the epidemiologic evidence linking Buruli ulcer
to aquatic and marshy environments. This is illustrated by the clear colocalization
between rice fields and regions in Côte d’Ivoire where Buruli ulcer is endemic (372).
However, the exact biotopes where M. ulcerans resides and which constitute sources of
infection remain unknown. Amoebae are natural hosts of several microbial pathogens,
such as certain mycobacteria (Mycobacterium smegmatis, M. marinum, Mycobacterium
simiae, Mycobacterium avium) (420). Other studies showed that M. shottsii, M. pseudo-
shottsii, and M. marinum bacilli were internalized by A. polyphaga trophozoites (421–
424). Therefore, amoebae can be a serious niche for the investigation of environmental
strains of M. ulcerans in settings where Buruli ulcer is endemic. In a recent
high-throughput carbon substrate profile of M. ulcerans in our laboratory, we found
a significant association between the M. ulcerans core biologome and bacteria, fungi,
algae, and mollusks. We concluded that environmental M. ulcerans research should
increase its focus on fungi, algae, and mollusks, because they contain the nutrients
necessary for the survival of M. ulcerans (211).

In addition, the route of transmission remains enigmatic. Current hypotheses re-
garding the role of mosquito and water bug bites are not supported by the current
distribution of the disease in human populations. However, a mosquito bite might be
one form of skin lesion among others giving the opportunity to M. ulcerans to penetrate
the skin. Consequently, further laboratory studies may clarify the role of mosquitoes in
the transmission of M. ulcerans to people from the local environment or wildlife.

Variations in the incidence of Buruli ulcer. Buruli ulcer is an infectious pathology
related to ecosystems in areas of endemicity, and the incidence of Buruli ulcer is driven
mainly by variations in the ecosystems, but significant variations are unpredictable. For
example, it could not be anticipated that in Ghana, soil arsenic is significantly associ-
ated with the persistence of the disease in specific areas contaminated by this mineral
(191).

Targeted interventions against Buruli ulcer. Early detection and treatment of the
disease has been implemented by national Buruli ulcer control programs to reduce
the morbidity and disability associated with the disease. Multifaceted activities at the
community level are organized for the early detection of cases, with information,
education, and communication campaigns in communities and schools, training of
village health workers, and strengthening of community-based surveillance systems.
Since the creation of national programs with WHO support in the fight against Buruli
ulcer in the 2000s by health authorities of the countries concerned, valuable efforts
have been made to control and fight this disease (425, 426).

CONCLUSIONS

M. ulcerans is a prototype of an opportunistic inoculated pathogen, and Buruli ulcer
is a prototype for ecosystem pathology. However, the exact ecosystems in which M.
ulcerans resides are still unknown, as are the sources of infection for the populations in
areas of endemicity and the exact circumstances of transmission. Efforts must be made
to unravel exact sources of infection by substituting isolation and culture of environ-
mental specimens with an exclusive PCR-only-based approach. Active and continuous
surveillance in countries at risk of Buruli ulcer is needed for mapping the areas of
endemicity in order to implement targeted control actions. An effective strategy
to reduce the incidence of Buruli ulcer should involve compliance with protective
equipment during agricultural activities, avoidance of contact with surface water, and
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community capacity building through training and sensitization. It is necessary to
improve the means of prevention through ongoing identification of the most at-risk M.
ulcerans infection factors in areas of high endemicity. Preventive public health policies
for protecting water supply systems in villages must be implemented to reduce the
frequency of this infectious disease. Educational programs should especially target the
population groups at risk. A better understanding of the ecology of M. ulcerans and its
route of transmission is very important for enhanced knowledge of disease epidemi-
ology in order to establish control and prevention strategies. Given the current decline
in the incidence of Buruli ulcer since 2010, it is necessary to conduct thorough
investigations to better understand the factors involved in the decreased incidence to
improve Buruli ulcer control strategies for each setting where Buruli ulcer is endemic.
The search for efficient, natural, and active products against M. ulcerans should be
encouraged in resource-limited settings, because they are part of the natural heritage
of these populations. They are financially affordable and can be used at the earliest
stage.

In conclusion, elucidating the sources of contamination and the modes of transmis-
sion by tentative isolation of M. ulcerans from environmental samples is a priority for
efficient guiding of the fight against this neglected “tropical” disease.
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