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AVANT PROPOS

Le format de présentation de cette thése correspond a une
recommandation a la spécialit¢ Pathologie Humaine, Maladies
infecticuses, a I’intérieur du Master des Sciences de la Vie et de la
Santé qui dépend de I’Ecole Doctorale des Sciences de la Vie de

Marseille.

Le candidat est amené a respecter les régles qui lui sont imposées et
qui comportent un format de thése utilisé dans le Nord de I’Europe
et qui permet un meilleur rangement que les théses traditionnelles.
Par ailleurs, la partie introduction et bibliographie est remplacée par
une revue envoyée dans un journal afin de permettre une évaluation
extérieure de la qualité de la revue et de permettre a I’étudiant de
commencer le plus tot possible une bibliographie sur le domaine de

cette thése.

Par ailleurs, la thése est présentée sur article publi¢, accepté, ou
soumis associ¢ d’un bref commentaire donnant le sens général du
travail. Cette forme de présentation a paru plus en adéquation avec
les exigences de la compétition internationale et permet de se
concentrer sur des travaux qui bénéficieront d’une diffusion

internationale.

Professeur Didier RAOULT



Résumé

L'ulcére de Buruli est une maladie infectieuse tropicale présente dans
des foyers endémiques et atteigant surtout les populations pauvres en
zones rurales. En 1997, I’Organisation Mondiale de la Santé¢ (OMS) a
reconnu ’ulcére de Buruli comme une maladie ré-émergente et en
1998, un programme mondial de lutte contre cette infection (Global
Buruli Ulcer initiative « GBUI ») a été mis en route lors de la
Conférence de Yamoussoukro en Cote d’Ivoire. Cette infection
essentiellement cutanée est causée par Mycobacterium ulcerans,
dérivé d’un ancétre commun avec Mycobacterium marinum, et est la
troisieme mycobactériose la plus prévalente dans le monde, apres la
tuberculose et la Iepre. M. ulcerans produit la toxine mycolactone qui
est responsable du pouvoir pathogéne du bacille. Cependant, M.
ulcerans est un pathogéne opportuniste dont le réservoir est
environnemental. Notre revue de la littérature a répertori€ les sources
et hotes potentiels de cette mycobactérie avec une proéminence du
réservoir hydro-tellurique. L’ADN de M. ulcerans a été détecté dans
le sol, I’eau, les biofilms, les végétaux, les mousses, les féces ainsi que
chez les mollusques d’eau, les punaises d’eau, les poissons d’eau
douce, la tortue, les crevettes , les batraciens et les petits mammiferes.
L’ADN a été détecté également chez le chat, le cheval, le chien,
I’alpacas, les possums et le koala. Cependant, seulement cinq souches
de M. ulcerans ont ¢été isolées a partir de prélévements de
I’environnement en zones d’endémie de 1’ulcére de Buruli et I’absence
d’une large collection de souches est un frein important a
I’investigation des sources et vecteurs de cette mycobactérie. Nous
avons montré qu’il existe une corrélation inverse entre réchauffement
climatique dans les pays endémiques et incidence de l’ulceére de
Buruli, peut-étre liée a la sensibilité intrinséque de M. ulcerans aux
variations de température et de la lumicre, ou bien a des modifications
de son écosysteme. Dans la perspective d’améliorer les protocoles
d’isolement et de culture de M. ulcerans a partir de 1’environnement,
nous avons entrepris une analyse phénotypique a haut débit des
substrats carbonés métabolisés par M. ulcerans et le profil obtenu nous
a orientés apres une recherche bibliographique des principales sources

6



environnementales de ces substrats, vers des interactions plus
spécifiques de M. ulcerans avec les autres bactéries, les algues, les
mollusques et les champignons. Les résultats de ce premier travail ont
servi de base pour la mise au point de milieux de culture innovants qui,
combinés a une méthode originale de décontamination par la
chlorhexidine, nous ont permis d’isoler pour la premicre fois, une
microcolonie de M. ulcerans a partir de feces d’agouti collectés en
Cote d’Ivoire. Cette microcolonie a été correctement identifiée par
amplification de séquences spécifiques et par analyse de son profil
peptidique par spectrométrie de masse grace a un protocole développé
au cours de notre thése. Egalement, nous avons mis au point une
méthode de lecture automatisée des échantillons colorés par la
coloration de Ziehl-Neelsen a la recherche des mycobactéries, dans
une perspective de lecture haut-débit. Notre travail de theése a produit
des protocoles qui ont pour objectif d’étre mis en ceuvre dans les pays
d’endémie Africains dont le Burkina Faso dont nous sommes
originaires, pour préciser les sources et modes de transmission de
M. ulcerans aux populations, par une approche basée sur I’isolement,
la culture et la caractérisation des souches.

Mots clés : Ulcere de Buruli, Mycobacterium ulcerans,
Mycobacterium  marinum, réchauffement climatique, sources
carbonées, culture, agouti, environnement, sources.



Summary

Buruli ulcer is a tropical infectious disease present in
endemic foci and mostly affects poor populations in rural
areas. In 1997, the World Health Organization (WHO)
recognized Buruli ulcer as a re-emerging disease and in
1998 a global program to combat this infection (Global
Buruli Ulcer initiative « GBUI ») was launched at the
Yamoussoukro Conference in Cote d’Ivoire. This mainly
cutaneous infection is caused by Mycobacterium ulcerans,
which has a common ancestor with Mycobacterium
marinum, and is the third most prevalent mycobacterial
disease in the world after tuberculosis and leprosy.
M. ulcerans produces mycolactone toxin which is
responsible for the pathogenicity of the bacillus. However,
M. wulcerans 1s an opportunistic pathogen from the
environment. Our literature review has listed the potential
sources and hosts of this mycobacterium with a prominence
of the hydro-telluric reservoir. The DNA of M. ulcerans was
detected in soil, water, biofilms, plants, mosses, faeces as
well as in water molluscs, water bugs, freshwater fish, turtle,
shrimp, amphibians and small mammals. DNA was also
detected in cat, horse, dog, alpacas, possums and koala.
However, only five strains of M. ulcerans have been isolated
from environmental sampling in endemic areas of Buruli
ulcer and the absence of a large collection of strains is a
major obstacle to investigation of the sources and vectors of
this mycobacterium.



We have shown that there is an inverse correlation between
global warming in endemic countries and incidence of
Buruli ulcer, possibly related to the intrinsic sensitivity of
M. ulcerans to temperature and light changes, or to changes
in its ecosystem. In order to improve the isolation and
culture protocols of M. ulcerans from the environment, we
conducted a high-throughput phenotypic analysis of the
carbon substrates metabolized by M. ulcerans and the
profile obtained oriented us afterwards a bibliographic
search of the main environmental sources of these
substrates, towards more specific interactions of M. ulcerans
with other bacteria, algae, molluscs and fungi. The results of
this first work served as a basis for the development of
innovative culture media which, combined with an original
method of chlorhexidine decontamination, allowed us to
isolate for the first time a microcolony from feces of agouti
collected in Coéte d'Ivoire. This microcolony was correctly
identified by amplification of specific sequences and by
analysis of its peptide profile by mass spectrometry through
to a protocol developed during our thesis. We also
developed a method for automated reading of samples
stained by Ziehl-Neelsen staining for mycobacteria in a
high-throughput reading perspective. Our thesis work has
produced protocols that are intended to be implemented in
African endemic countries, including Burkina Faso, in order
to clarify the sources and modes of transmission of
M. ulcerans to populations, an approach based on the
1solation, culture and characterization of strains.

Keywords: Buruli ulcer, Mycobacterium ulcerans,
Mycobacterium marinum, global warming, carbon sources,
culture, agouti, environment, sources.
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Introduction

Buruli ulcer is an infectious disease caused by
Mycobacterium ulcerans which releases mycolactone, a
cytotoxine and the major factor responsible for the
pathogenicity of the bacillus. The disease was first identified
in 1897 by Sir Albert Cook, a British physician working at
Mengo Hospital in Kampala (1) and formally described in
Australia in 1935 and named after the Buruli county in
Uganda (now called Nakasongola) where many cases
occurred in the 1960s (2). MacCallum and his colleagues in
Australia were the first scientists to identify M. ulcerans as
the pathogen causing Buruli ulcer in 1948 (3). Buruli ulcer
is a World Health Organization (WHO)-notifiable disease
which has been reported in 33 countries over the last twelve
years. The infection occurs in well-defined areas throughout
the world, mostly in tropical and sub-tropical countries.

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 (4). Between 5,000 -6,000 cases
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have been reported every year by 15 of the 33 declarant
countries, predominantly in rural regions across West and
Central Africa (5). The incidence of Buruli ulcer is highest
in Africa especially in coastal countries of West Africa
where the emergence of the disease has rapidly escalated
since the 1980s, though cases also occur in Asia, South
America, Papua New Guinea and Australia. However
starting in 2010, the incidence of Buruli ulcer has been
regularly falling without a definitive explanation for that
favourable trend.

M. ulcerans is an environmental mycobacterium and the
related disease is usually found in communities near rivers,
swamps and wetlands (ponds, swamps, marshes,
impoundments, backwaters), especially in areas prone to
human-made disturbance and flooding (6, 7).

Currently available diagnostic laboratory tests include
operator-dependant microscopic examination, culture,
molecular detection and histopathological analysis (8-10).
By contrast and despite the frequent detection of M. ulcerans
short DNA sequences in environmental samples, isolation of

M. ulcerans from environmental specimens remains tedious

12



and the first isolation of M. ulcerans from the environment
was obtained by Portales and colleagues in 2008 after a
laborious 24-month work (11). The intrinsic fastidious
growth of M. ulcerans with a 3.3 = 0.56 days
doubling time observed in currently available culture media
(18) and the rapid overgrowth of contaminants have been
pointed as two limits to be overpassed in order to improve
the culture-based investigation of environmental M.
ulcerans.

Since 2004, Buruli ulcer has been treated with eight weeks
of intramuscular injection of streptomycin and oral
rifampicin according to the WHO protocol of treatment with
antibiotics plus surgical excision and skin grafting (12).
The compliance to the recommended eight-week treatment
is difficult to maintain, 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 acces to health care facilities; and
potentially expose patients to toxicity and injection-borne
infections. A fully oral intermittent regimen avoiding

intramuscular injections would greatly simplify Buruli ulcer
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treatment on the field and facilitating supervision by health
workers (13). The current definitive treatment of Buruli
ulcer with antibiotics makes the issue of antimicrobial
drug resistance an unavoidable one. This is as a result of
drug misuse by health personnel and patients'
noncompliance to treatment regimen (14). There is a need of
alternative oral antimicrobials treatment to existing
treatment against Buruli ulcer. Parenteral and potentially
toxic streptomycin-rifampicin is to be replaced by oral
clarithromycin  or fluoroquinolone combined with
rifampicin. Recent developments toward a fully oral
therapy, not including a quinolone but rather a combination
of rifampicin and clarithromycin, were presented at the
WHO Buruli ulcer meeting in March 2017. The oral regimen
with rifampicin and clarithromycin is already recommended
by the WHO and regularly administered in West African
countries.

It was shown that unbreached skin was impermeable to
M. ulcerans. The pathogen has to be inoculated through
previously breached skin or biting and it has been recently

shown that 2.6 colony-forming units.small inoculums of M.
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ulcerans 1s sufficient to provoke the disease in experimental
model (15). Several insects harboring M. ulcerans have been
proposed as potential vectors, some of which being
acknowledged vectors of other pathogens (16,17). In a
recent study, it was noticed in Benin an absence of
M. ulcerans at both pupae and adult stages, certainly
revealing the low ability of infected or colonized
mosquitoes to vertically transmit the bacteria to their
offspring (19) It follows that the mosquitoes play much
more a role of formation of breaches on the skin which will
then be entrance doors for M. ulcerans. Alternatively, an
animal model showed that the mechanical disruption of
M.ulcerans-contaminated skin allowed for the development
of Buruli ulcer (15). However, no studies have been
carried-out on the skin carriage of M. ulcerans in healthy
subjects in endemic and non-endemic regions to understand

the ultimate modes of transmission of the pathogen.

All these facts led us to orient our thesis work according to
the following key points: (i) a contribution to the elucidation

of the spectrum of potential reservoirs by studying the main
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carbons substrates metabolized by M. ulcerans strains by
high-throughput carbon substrate profiling; (ii) the
development of growth promoters’ media and
decontamination method in order to improve the culture-
based detection of M. ulcerans from environmental sources
(i11) the molecular detection of M. ulcerans in environmental
samples (agouti feces, water, water plants debris) collected
in Cote d’Ivoire; (iv) the Matrix-Assisted Laser
Desorption/lonization Time-of-Flight Mass-Spectrometry
(MALDI-TOF MS) identification of M. ulcerans and other
mycobacteria ;(v) the automated Ziehl Neelsen detection of
mycobacteria by virtual microscopie; (vi) the study of
M. ulcerans dormancy; and (vii) Skin carriage of
M. ulcerans in healthy subjects.
Thus, this Thesis manuscript is composed by five chapters
presented as following:
o Chapter I: This section was devoted to:
1. Article 1 (in revision), a review entitled « Buruli
ulcer: a prototype for ecosystem-related
infection, caused by Mycobacterium

ulcerans » and;



2. Article 2 (in review), entitled “Global warming
correlates with decreasing incidence of Buruli
ulcer in Africa”

Chapter II: We present in this chapter, the use of
the Biolog Phenotype MicroArray (Biolog Inc.) for
the high-throughput carbon substrate profiling of
Mycobacterium ulcerans and elucidation of the
spectrum of potential reservoirs of the bacillus
(Article 3)

Chapter III: In this chapter, we described new
growth promoter media for M. ulcerans culture of
environmental samples in which M. ulcerans DNA
were detected by Real-Time-PCR (I1S2404, 1S2606,
KR-B) (Article 4). “A protocol for culturing
environmental strains of the Buruli ulcer agent,
Mycobacterium ulcerans”

Chapter IV: In this chapter we present the use of
MALDI-TOF-MS for direct identification of
mycobacteria from colonies. The Article S untiltled
“Direct matrix-assisted laser desorption ionisation

time-of-flight mass spectrometry identification of
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mycobacteria from colonies ““. This work led us to
the writing one short communication on the subject.
The Article 6 untitled “Emerging of Matrix-assisted
laser desorption ionization-time of flight mass
spectrometry for identification of mycobacteria in a
clinical microbiological laboratory” is a review that
discusses the various technical approaches used for
the identification of mycobacteria by MALDI-TOF.
Chapter V: In this chapter, we present the results of
automated reading of smears stained by the Ziehl-
Nielsen method for the detection of acid fast bacilli
(AFB). Virtual microscopy for the detection and
automatic counting of acid fast bacilli by the Zeiss
Axio Z1 microscope has been developed (Article 7
(in review)Automatic microscopic numeration of

mycobacteria in sputum: a proof-of-concept)
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Review:

Article 1 (in revision): “Buruli ulcer: a prototype for
ecosystem-related infection, caused by
Mpycobacterium ulcerans.”

Bairnsdale ulcer or Buruli ulcer is a chronic, indolent,
necrotizing, debilitating subcutaneous skin, soft tissue and
rarely bone disease that can lead to disfigurement and
disability. The ulcers usually appear on the legs or arms.
Buruli ulcer is listed among the neglected tropical diseases
by World Health Organization. It’s caused by mycolacton
toxin-producing mycobacteria, Mycobacterium ulcerans. At
least 33 countries with tropical, subtropical and temperate
climates have reported Buruli ulcer in Africa, South
America and Western Pacific regions. The majority of cases
are reported from West and Central Africa, including Cote
d’Ivoire, Ghana, Benin, Cameroon and Democratic
Republic of the Congo. Australia has been reporting a higher
number of cases during the last decade. Since 2010 the
incidence of the disease has decreased in Africa. The exact
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cause of decline is unknown. Buruli ulcer is the third
mycobacteriosis after tuberculosis and leprosy. Most Buruli
ulcer patients are children aged less than 15 years old. The
cases of the disease are endemic around the marshy areas
and the rice fields. Buruli ulcer rages in a hydrotelluric
ecosystem of tropical and subtropical countries.
Mycobacterium ulcerans needs a temperature between 28—
33 °C and a low 2.5% oxygen concentration to grow. We
have shown in this review that lesions of the disease in
specific areas of the human body are correlated with body
temperature.

M. ulcerans is an environmental mybacteria; the exact mode
of transmission is unknown but may initially be confused
with insect bite, wound and contact with the mud. There is
no prevention treatment against the disease. Early diagnosis
and curative treatment are the main strategy to minimize
morbidity, costs and prevent long-term disability. In this
review we have done a history of the epidemiology of Buruli
ulcer in the world since its first descriptions in the 1940s. A

summary of the M. ulcerans DNA detection studies and
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attempts to culture the bacteria from the environmental
samples was done. A well-supplied listing of the potential
reservoirs of M. ulcerans was conducted, taking into account
certain factors related to their chitin content. This review
also shows in a somewhat exhaustive way the investigative
pathways of M. ulcerans in the environment, the risk factors
of the Buruli ulcer and leads to a significant questonner
which i1s whether there is a carriage of M. ulcerans in

apparently healthy subjects.
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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 Iincreasing 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-
rifarpin is to be replaced by oral darithromycin or fluoroquinclone 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
AEA 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

Fl affected (Fig. 1) (14, 19, 20). Between 5000 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-commen 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

FaTl (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).
Und iding the epidemiclogical 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
sources, as corroborated by several studies (30). Epidemiological studies have linked
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FIG 1 Global map rep ing ¢ that have reported cases of Burull ulcer disease as of 2014 {344),

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 19805 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 sociceconomic 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 arder to invent new protocols to
fight Buruli ulcer. With this in mind, we herein review the current state of knowledge
on Buruli ulcer in regions of endemicity and the management and environmental

— World
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~—— East Africa
5000 = Oceania/lapan
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FIG 2 Cases of Buruli ulcer (BU) reported in major areas of the world during the last decade. The
carrelation between Buruli ulcer cases in the world and in West Africa is 0.97.
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TABLE 1 New cases of Burull ulcer reported from 2002 to 2015 by countries where Buruli ulcer is endemic®

No. of new cases of Buruli ulcer in:

Country 2015 2014 2013 2012 2011 2010 2009 2008 2007 2006 2005 2004 2003 2002
Australia 10 89 74 105 143 42 35 40 61 72 47 34 14 3z
Benin 31 330 378 365 492 572 674 857 1203 1,195 1,045 925 722 565
Cote divoire 549 827 1039 1,386 1,659 2533 2679 2242 2191 1872 1,564 1,153 768 750
Cameroon 133 126 133 160 256 287 323 312 230 271 265 914 223 132
Conge ND ND ] 38 56 107 147 126 59 37 53 235 180 102
Democratic Republic of the Conge 234 192 214 284 209 136 172 260 340 74 51 487 118 17
Equaterial Guinea ND ND ND ND a D ND ND ND ND 3 ND ND ND
Gabon 40 47 59 45 59 65 41 53 iz 54 N 43 ND ND
Ghana 275 443 550 632 an 1,048 853 986 668 109 1,005 1157 737 853
Guinea 72 46 96 82 59 24 61 80 ND 279 208 146 157 ND
Japan 3 7 10 4 1o 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 13 65 23 40 4 7 24 ND ND 9 ND NI ND ND
Papua New Guinea 11 3 ND N 8 5 a8 24 26 ND ND 3 18 13
Sierra Leone ND ND ND ND 28 ND D 1 ND ND ND ND ND  ND
South Sudan ND ND ND ND ND 4 5 3 8 38 24 4 360 568
Togo a1 67 37 51 52 &7 52 95 141 40 a7 800 38 96
Uganda ND ND ND ND ND ND 3 24 3 5 72 7 10 17

“Diata are from reference 344, ND, not determined.

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 Burull 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
demagraphic 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 lecations 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, (i) it has been isolated in pure
culture, (jii} 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
closest neighbor Mycobacterium marinum diverged by 470,000 to 1,200,000 years ago
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(46). M. ulcerans should therefore be regarded as a member of an M, marinum complex,
also comprising Mycobacterium ulcerans subsp. shinshuense, Mycobacterium pseudo-
shottsii solated 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 (152404) 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 phiMUO1, 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, phiMUD2 is probably nonfunc-
tional due to the proliferation of the 152606 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 farmation of M.
ulcerans but not M. marinum. However, plaque formation was not specific to M.
uleerans, as plaque formation was also observed in Mycobacterium tuberculosis and
Mycobacterium bovis bacillus Calmette-Guérin (BCG). Furthermore, this study showed
that M. ulicerans 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 pMUMDO1, which is required for the synthesis of the
major virulence factor mycolactone toxin (51). The replication site of this plasmid is
maore 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 165
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 geagraphic
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 claser 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
jsolates may have arisen in the past 18,000 years (46). Restriction fragment length
polymorphism (RFLP) followed by 152404 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, South 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 study
showed that isolates from West Africa {Cote d'lvoire, Ghana, Togo, Benin) and Central
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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 nuclectide 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. uicerans 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. uicerans 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 Cote d'lvoire {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 isol. the A lian 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 pMUMOO1 plasmid, misA1 and mis42, encoding the mycolactone
care-producing PKS, and mfsB, 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 biclogical activity. On the other hand, mycolactone preserves its structure and
cytotoxic effects even after being heated at 100°C for 6 h. Qutside 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 Secé1 translocation, which is responsible for protein
translocation to the endoplasmic reticulum. This affects 30 to 50% of mammalian
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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 abserved in Buruli ulcer results from the activation of the angiotensin [l
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

AQ:B 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 (68, 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

AQiC lipopolysaccharide (LPS)-dependent proinflammatory mediators p riptionally
(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 neurclogical 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
mycolactanes 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 bloed 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 51 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
54018), 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 ribosemal operon,
classifying M. wleerans 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

ARD 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 vive
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 Middlebraok 7H9 broth, Middlebrook 7H10, and Middlebrook 7H11 agar media with
oleic acid-albumin-dextrose-catalase (OADC) enrichment and Lowenstein-Jensen {LJ)
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medium. The addition of chitin to 7H% 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 L) medium slants with
glycerol or inoculation in the same L) 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 L) 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, LI medi
supplemented with PANTA and mycobactin J best supported the growth of myco-
bacteria, including M. ulcerans, compared to isoniazid- or ethambutol-
supplemented L) madium (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 51). 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-
renment (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 LI 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. wicerans is its inability to
penetrate intact skin and its inability to infect abraded skin, as demonstrated in an
experimental infection of gquinea 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
“biclogical 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
inflammatary response. Injection of mycolactone in guinea pig skin resulted in exten-
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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 treatrment 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 mycolactane (117).

M. ulcerans probably escapes phagocytes during its first steps after intradermal
inoculation, behaving as an extracellular pathogen, as observed mainly in cutanecus
and subcutaneous lesions (118, 119); this is in opposition to what occurs in XTC2 cells
and mice macrophage medels, 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 I
(MHC 1) 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-a) and the transforming
growth factor 2 (TGF-B) 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 demoenstrate 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-v) at the infection sites of experimentally infected mice (125).
Also, IFN-y-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-y-deficient and wild-type
mice was noted when they were infected by the highly virulent strain, suggesting that
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the highly virulent strain of M. ulcerans has an adverse effect on the protective activity
of IFN-v on infected macrophages. Accordingly, by using bone marrow-derived mac-
rophages, activated or not with IFN-y, the authors showed that IFN-y 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-y-deficient mice; in contrast, nothing unusual was observed in wild-type mice
after 5 weeks of infection (118). Histopathological analysis showed that IFN-y-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-vy 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, ie, specialization (14,
136-138). Accordingly, genomic analysis has suggested that M. ulcerans may reside
inside one or several hosts (14), in agreement with previous observations (22). However,
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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 lang 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
TuAGE specimens are summarized in Table 2. As for molecular targets, the insertion sequence
152404 used in previous studies (98, 140, 141) was detected in other MPM (142, 143).
The conventional 152404 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
(152404, 152606} and a multicopy sequence encoding the ketoreductase B domain

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

Presence of:
Mycobacterium 152404 sequence [52606 seq e KR-B gene Plasmid type
Mycobacterium ulcerans Yes Yes Yes pMUMoO1
Mycobacterium liflandii Yes Yes Yes pMUMOD2Z
Mycobacterium pseudoshotisii Yes Yes Yes pMUMBDO3
Mycobacterium marinum No/yes Yes Yes pMM23
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FIG 4 Buruli ulcer risk factors and M. ulcerans reservoirs with chitin sources around paddy fislds and swampy areas.

(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,
maolecular 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 152404 and KR-B genes, M. ulcerans
was detected in stagnant water specimens, soil, water filtrate residues, and plants in
Cote d'lvoire, thereby confirming that water is a reservoir of M. ulcerans in areas of
endemicity of Cote d'lvoire (106, 146). Bodies of water act as vehicles for disseminating
M. ulcerans strains (Fig. 4). Recently, Aboagye and collaborators detected M, ulcerans
DMNA in moss from Ghana, and then obtained a positive culture of M. ulcerans from this
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).
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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 Maucoridae 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 Céte d'lvoire, 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 aguatic Hemiptera insect collected in Benin, and it was
the first isolation of M. ulcerans after cultivation (91). It was detected in aquatic insects
(Belostomatidae, Maucoridae, Corixidae, Ranatridae, and Nepidae) and in the saliva of
Diplonychus sp. in Céte d'lvoire (109) and in Benin (141), In Ghana, M. ulcerans was
detected in Belostomatidae, Naucoridae, and Nepidae (150), and 152404 PCR and VNTR
analysis were used to detect M. ulcerans or M. lifiandii 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). Aguatic 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 aguatic 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

. £ bl

mosquitoes (Mansonia africana, Culex nebulosus, Culex quing iatus, A
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 linealls, 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 Céte d'lvoire. This led to the use
of Crinum calamistratum, Eriocephalus africanus, Vicia nana, and Vicia torta for the
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

T3agF  and might even play a central role in biofilm formation (Fig. 4; Table 3).
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. TABLE 3 Detection and isolation of M. ulcerans strains from environmental samples around the world®

Reference Country(ies) Typels) of ! llected Reservoir(s) Method(s) used

207 Ghana Fecal specimens of domestic animals Nene qPCR (152404, KR-B)

39 Ghana Soil, water, fungi, snails, moss, vegetation  Soil, moss Ziehl-Neelsen, culture,
heat shock protein
65, 152404, 152606,
rpol, ketoreductase
gene

150 Ghana Biting water bugs (Hemiptera: Naucoridae, Belostomatidae, Naucoridae, Nepidae  Amplification of the

Belostomatidae, Nepidae) ER domain in misA
13 Ghana Macroinvertebrate/vertebrate, water Anura order, Araneae, Coleoptera, ER PCR and 152404

filtrate, soil, biofilm Diptera, Ephemeroptera, PCR, VNTR-PCR,

G poda, Hemi Hirudi DNA ing

Lepidoptera, Odenata,

Oligochaeta, Osteichthyes,

Ostracoda, Basommatophora,

Bivalva, Diptera, soil, water filtrate,

biofilm, fish

145 Ghana Environmental samples (water, detritus, Water RT-PCR (152404,

trunk biofilm, plant biofilm) 152606, KR-B)

63 Ghana Soil, water filtrands, detritus, biofilm, small  Biofilm, soil, flter, detritus, small 152404, ER analysis,

mammals mammal (Mastomys), mouse 165 rRNA and VNTR
analysis,
sequencing

29 Ghana FLA from collected aerosols, biofilm plant, 152404 detected in FLA from biofilm  RT-PCR (152404,

biofilm trunk, detritus, water plant, biofilm trunk, water, 152606, KR-B}
detritus, aerosols

151 Ghana Water, fish, amphibians Amphibian, fish ER analysis, VNTR

145 Ghana Environmental samples, organs of small Water Real-time PCR

mammals

428 Ghana Fish Fish Nested 152404 PCR

139 Ghana, Benin Plants from swamps areas, insects of Insects (cyperus, panicum, Culture, nested 152404

plants roots eichharnia, Naucoridae) PCR

141 Benin Belostomatidae (Appasus sp.), Dytiscidae,  Belostomatidae, Hydrophilidae, Nested 152404 PCR

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

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

149 Benin Aquatic insects Diplonychus sp. PCR (152404, KR-B)

144 Benin ‘Water filtrand, macrophytes, soil, Water filtrand, well filtrand, pond/ PCR (152404, ER)

excrement, biofilm, aquatic invertebrate river filtrand, cistern filtrand,
taxa, fish, tadpoles biofilm

107 Benin Mosquitoes (adults and larvae), Aquatic insects (Odonatan, qPCR (152404, KR-B)

vertebrates, aquatic insects and plants Hemiptera, Coleoptera, Diptera),
vertebrates (Anura, fish), plants

16 Cote d'lvoire Water bugs Maucoridae Nested 152404 PCR

105 Cote d'lvoire Aquatic plants (Scrophulariaceae) Scrophulariaceas 152404 qPCR, culture

40 Cate d'lvoire Snails (Planorbis sp., Bulinus sp.) Planorbid, bulin PCR

148 Cote d'ivoire

109 Cote d'lvoire Aquatic Heteroptera Dip hus sp. (Bel lag) qPCR (152404, KR-B)

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

64 Cote d'lvoire Small mammals Mastomys natalensis ER analysis, 165 rANA,
152404 PCR,
sequencing

106 Cote d'ivoire Seil, stagnant water, plants, animal feces  Stagnant water, feces of Thryenomys  gPCR (152404, KR-B)

swinderianus (agouti), soil

146 Cote d'lvoire Plant biofilms, water filtrate residues, Plant bicfilms, water filtrate residues, ER analysis, 165 rRNA,

plant detritus, soils

plant detritus, soils

152404-PCR,
MIRU-VNTR
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Reference Country(ies) Type(s) of les collected Reservoir(s) Method(s) used
108 Japan Environmental samples from a water Crayfish Whale-genome
channel in the patient's residence amplification,
touchdown PCR,
DNA sequencing
208 Japan Turtles Turtles PCR, nucleotide
sequence analysis
19 Australia Mosquitoes Aedes comptorhynchus, Coquillertidia  Real-time PCR (152404,
linealis, Anopheles annulipes, Culex 152606, KR}
australicus, Aedes notoscriptus
156 Australia Maosquitoes Anapheles sp. Real-time PCR (152404,
152606, KR)
199 Australia Cats Cats Histological
examination, Ziehl-
Neelsen staining,
PCR
13 Australia Soil, sediment, mosquitos Soil, sediment, mosquitos PCR (152404, 152606,
KR)
200 Australia Horses Horses Ziehl-Neelsen, 52404
PCR
i3] Australia Dogs Dogs Real-time 152404 PCR
202 Australia Alpacas Alpacas (Vicugna pacos) 152404 PCR
204 Australia Koala Koalas (Phascofarctos cinereus)
m Australia Possums Ringtail possums (Pseudocheirus 152404 PCR
peregrinus), brushtail possum
(Trichosurus vulpecula), mountain
brushtail possum (Trichosurus
cunninghami)
12 French Guiana Water, filtered water Water qPCR (152404, KR-B)
{South America)
147 United States (Louisiana) Water, biofilms ‘Water, biofilms 152404 PCR
153 Cameroon Aquatic ¢ ities {vertet and Vertet (Fish, Anura}, Insecta qPCR (152404, KR-B)
small invertebrates) (Odonata, Ephemeroptera,
Hemiptera, Coleoptera, Diptera,
Plecoptera, Lepidopteral, Mollusca,
Crustacea (Decapoda, Cladocera),
Annelida, Arachnida (Acari,
Araneae)
154 Cameroon Diptera, Hemiptera, Coleoptera, Odonata,  Diptera, Hemiptera, Coleoptera, qPCR (152404, KR-B)

Ephemeroptera Odonata, Ephemeroptera

“ER, encyl reductase; FLA, sses.

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 impartant
nutrient source for M. ulcerans. Chitin is the (1—4)-g-linked homopolymer of N-acetyl-
o-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 evelutionary history in some of the groups
(178). The functional importance of each CHS in the growth and development of M.
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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 Mai e of Envi I 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 lonic 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 Céte d'lvoire as an example for West African
countries, especially since M. ulcerans DNA was detected from a soil sample collected
near rice paddy fields in Cate d'lvoire (106, 145). The average salinity of lagoons in Cote
d'lvoire 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, Therefare,
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
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TABLE 4 River and lagoon salinity in Cote d'lvoire, West Africa

Site graphical position(s) Avg salinity pH Reference
Lagune de Fresco 2°50°, 5°25W 15.69 mag/liter 752 179
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 Ebrig 400 -4"10'W, 5°10°-5°20'N; 0.4-6.9%e 71-7.7 181
340 -4°S0W, 5°2°-5" 10N

Estuary zone/Grand-Lahou 4°26'-5"20'N, 4°20°-5°20'W 182

Bac Sicor 12.87%0 775

Groguida 18.95%0 7.74

Kpanda 18.95%0 7.74

Braffedon 18.95%0 7.74
Fleuve Sassandra Basse Cote d'lvoire 0-4% 6.8-74 183
Fleuve Bandama Grand-Lahou (coast of Céte d'lvoire) 0-32%« 184

in freshwater rivers where M. ulcerans DNA was detected in water and biofilms (147).
Salinity is a major prablem 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 socil (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
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, 152404, 152606, 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 perma-
nent 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

ARG approximately 5 mg/kg of soil (194, 195). There are many possible routes of human

exposure to arsenic from both natural and anthropogenic sources (195). Natural
mineralization and activities of microorganisms enhance arsenic mobilization in the
environment, and human intervention has exacerbated arsenic contamination (194). A
study conducted in Ghana to statistically quantify landscape characteristics 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 environ-
ments resulting from the oxidation of arsenic-bearing minerals occurring naturally in
mineral deposits (191, 195). Proximity analyses, carried out to determine spatial rela-
tionships 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
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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 environment 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).

Buruli Ulcer in Animals

Buruli ulcer is by ne means specific for humans, and studying M. uicerans infection
in animals may provide clues to the sources and transmission of the pathogen. In
Ghana, small Is within cc iities of endemicity may be susceptible to M.
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ulcerans infection and act as reservoirs; M. ulcerans Agy 99 was detected in lesions on
Mastomys mouse tails caught in houses (63), In Cote d'lvoire 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 Mastamys, and in the stools of the small mammal
Thryonomys swinderianus in Cote d'lvoire 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; (i)
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
inaculation, 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
(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 (28, 224) (Fig. 7), perhaps by auto-inoculation from an index lesion.
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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 incculation of M. uleerans, 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 |, which consist of lesions <5 cm
at their widest diameter; category ||, which consist of lesions between 5 and 15 em at
their widest diameter; and category lil, 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 Cote d'lvoire,
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
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
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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 (1.79%), 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 Céte d'lvoire,
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%) (242). The first description of a large cohort in
Nigeria found lesions on the lower limbs (56.7%), upper limbs (28.3%), other locations
(5.59%), 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
ulecer 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
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
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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 physiclogical 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
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),
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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 approxi ly 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.
uleerans 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 [HbSSI/sickle cell-hemoglobin C [SC]) were seven times
mare 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

Burull uleer 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 cinical 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 coccidicidomycosis),
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 relles upon PCR targeting the genomic region 152404, 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 technigues, 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. Cote d'lvoire, Ghana, Togo, Benin, Camercon, and the
Democratic Republic of the Congo, as well as Nigeria recently and others) (25, 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-
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).
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Useful Clinical Samples

Fine-needle aspiration and swab samples are usually used for the laboratory diag-
nosis of Buruli ulcer (265). The WHO rec ds that a i 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
palymyxin B, amphatericin B, nalidixic acid, trimethoprim, and azlocillin (Becton Dick-
inson, Sparks, MDY}, oleic acid, albumin, dextrose, catalase (Difco Laboratories, Detroit,
M), 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 turmaround 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 s 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 hod for the lak ory 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 gPCR 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 Cote d'lvoire,
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 152404 PCR
developed by Stinear et al. (142) and has shown an excellent diagnostic sensitivity,
=>95% (261, 265, 274). The WHO recommends 152404 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 gPCR 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).

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 152404 detection-based LAMP assay employs lyophilized
reagents (dry-reagent based, which provides significant advantages for application
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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 152404 PCR, the con-
ventional LAMP assay (83.22%), and 152404 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 far 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 (24),

Wi toloaical Analvsi
L L g Y

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 lonization-Time of Flight Mass Spectrometry

Initially, matrix-assisted laser desorption ionization-time of flight mass spectrometry
{MALDI-TOF M5) 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. i can be sep ly
identified directly from colonies by MALDI-TOF M5 (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
histalogy and PCR (270). More recently, a new molecular method based on detect-
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).
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BURULI ULCER TREATMENT
Medical Treatment

Ciproflaxacin, sparfloxacin, ofloxacin, and amikacin are effective in vitro against M.
ulcerans at a MIC between 0.5 mg/liter and 2 ma/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 ma/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/iter at pH 66 and from
<0125 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 darithromycin 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 milbernycin 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 JKDB049 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,
uicerans 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 (50). 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 fluoroguinolones 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-
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
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TABLE 5 Antibiotic and biacide susceptibility of M. ulcerans®

Drug (generic name) Range MIC,, MICs,
Rifampin 0.12 to 4.0 0.5 20
Streptomycin 01210 1.0 025 05
Amikacin 0.25t0 20 05 20
Maoxifloxacin 001510 05 0.12 05
R207910 (bedaquiline) 0.015 to 0.12 0.03 0.06
Linezolid 0.25 to 4.0 0.5 0
PA-824 (pretomanid) 4.0 to 16 16 =16
Saprofloxacin 0.1to2 ND 05
Offoxacin 0.1to2 ND 2
Ciprofloxacin 0wz ND 1
Clarithromycin 0125 to 4 ND 0.125 to 2
Clofazimine 0.06 to 2 ND 0251005
Ivermectin 0.125 to 64 ND =64
Milbermycin oxime 0.125 to 64 ND T8
Moxidectin 0,125 to 64 ND 16 to =64
Selamectin 0,125 to 64 ND Tto 4
Abamectin 0135 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

MICs are given in grams per liter. ND, not determined.

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 ma/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,
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
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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 affacted 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 souo-anthropoiugh:al sludy conducted in Benin, the main steps in tradi-
tional treatment were di 3 | of necrotic tissue, wound care, and exorcism
(314). In the history of the developmem of new therapeutic molecules, plants have always
occupied a preponderant place as sources for new pharmacological molecules (318). In
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, Sol g Carica papaya, and Moringa oleifera
have demonstrated clinical efficacy (319). Another study in West Africa showed that active
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extracts from 10 plant species (Alstonia boonei, Annona reticulata, Annona senegalensis,
Bridelia ferruginea, Carica papaya, Eucalyptus globulus, Polyalthia suaveolens, Sorindeia jug-
landifolia, Spathodea companulata, and Zanthoxylurn zanthaxyloides) 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 Preval in the Populati

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,
with Cote d'lvoire being among the most affected countries in the world (19, 336)
(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
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FIG 10 Countries reporting Buruli ulcer to the WHO and prevalence of Buruli ulcer, 2002 to 2015,

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), Cote d'lvoire (197, 334), Nigeria (338), Ghana (24,
339, 340), Sierra Leone (241), 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 Cote d'lvoire being among the most affected countries in the world (19, 336)
(Fig. 10; Table 1). Cate d'lvoire, 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 Cote d'lvaire 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
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 Cote d'lvaire, 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).
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In central Africa, Buruli ulcer foci have been reported in Gabon, Camercon, Congo,
the Democratic Republic of the Congo, South Sudan, Angola, the Central African
Republic, and Equatorial Guinea (347-350) but never in 5ao Tome, Principe, or Chad. In
Cameroon, the first case of Buruli ulcer was reported in 1969 (351), in 1950 in the
Demacratic 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 infc jon about the di 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, Burull 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 Pery, Burull 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°5 (Fig. 10} and
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
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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
Victeria (27). In Australia, environmental factors associated with Buruli ulcer prevalence
included a low elevation with forested land cover (371). Likewise, in Cate d'lvoire (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 Hanshu, and 1,400 m in the cases of Hidaka on Hokkaido (358, 361, 373).

We reviewed the characteristics of these fodl 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 54/10,000 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 fodi,
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. wlcerans. 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 seasan in September and
October (332). 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
seasaonal 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 152404 qPCR revealed seasonal
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 92021235 (147). No cases of human Buruli ulcer have been
reported in Louisiana, suggesting that the environmental distribution of M. ulcerans is
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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 (Cote d'lvoire, 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, Céte d'lvaire, 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
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
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six countries with a high prevalence of Buruli ulcer (Cote d'lvoire, 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 epidemiclogical 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. ufcerans 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
emergence of Buruli ulcer in West African countries and, particularly in rural areas,
especially in children less than 15 years old (63). In Cote d'lvoire and Ghana, infections
were reported to occur near rivers (198, 385, 386). The increased incidence of Buruli
ulcer in Cote d'lvoire was very much related to areas around dammed rivers and
corroborates the first reported case of M. ulcerans infection In Céte d'lvaire, a young
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patient living near the artificial Kossou Lake in the center of the country (386, 387).
Irrigated rice and banana fields and deforested irrigation and aguaculture installations
are zones for high-risk Buruli ulcer in Céte d'lvaire (372); Buruli ulcer has also emerged
in some communities (20, 153), Cases described in Migeria 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 Céte d'lvoire, farming near the river was a risk factor (334). Another study
in Cote d'lvoire 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 Cote d'lvoire 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
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
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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 Cote d'lvoire 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 reservairs and vectors for M.
uleerans, we created a map of 10 infectious di 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. gambige 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 menth to 11 months of the year. While the role of mosquitoes in the transmission of
M. uleerans 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 masquitoes in the transmission
of M. vicerans in southeastern Australia has been established (18). The role of mosqui-
toes in transmission in Africa ins controversial. In particular, mosquito bites do not
explain the unegual 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
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
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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 (ITMs), 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 TN utilization rate to
at least 0% for people exposed to malarla, 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

AQ: used efficiently against vectors of malaria by NTP 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 peaple living in areas that require preventive chemotherapy to stop
the spread of infection live in the following 10 countries: Angola, Cameroon, Cote
d'lvoire, 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. gambige sensu lato and the Anopheles funestus group (405). The World Health
Assembly resolution WHAS50.29 (406) encourages eliminating lymphatic filariasis. In
response, the WHO launched its Global Programme te 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
h d that the trar jon 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-
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
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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
contral 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 fq lated the following postul 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 Schistesoma, 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 h bium and Schi: mansoni
are endemic throughout the continent. Transmission is usually associated with poor
socio-economic conditions. Compared to the other schistosomes, 5. haematobium is
responsible for approximately two-thirds of the schistosomiasis cases in sub-Saharan
Africa. 5. 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 reservairs 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 schistosomniasis 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 L i
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

ik

Phlebotomus and S are two putative vectors in the transmission of Leish-
mania in West Africa (418). In South America, Leishmania braziliensis, Leishmania
q is, and Leish ia p is are responsible for cutaneous ulcers (259, 419).
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One case of M, ulcerans and L. brazifiensis 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 Cote d'lvoire where Burull 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. uicerans 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 wildiife.

Variations in the incidence of Buruli ulcer. Buruli ulcer is an infectious pathology
related to ecosysterns 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 interventi gainst 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 20005 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 Burull 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
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.
uleerans infection factors in areas of high endemicity. Preventive public health policies
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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-
olagy 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

AGM

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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Buruli Ulcer, a Prototype for Ecosystem-Related
Infection, Caused by Mycobacterium ulcerans

Dezemon Zingue, Amar Bouam, Roger B. D. Tian, Michel
Drancourt

Summary: Buruli uleer is 2 noncontagious disabling cutaneous and
subcutaneous mycobacteriosis reported by 33 countries in Africa, Asia,
Oceania, and South America. The causative agent, Mycobacterium ulcerans,
derives from Mycobacterium marinum by genomic reduction and acquisition
of a plasmid-borne, nonril | cytotoxin mycolactone, the major
virulence factor, M. ulcerans-specific sequences have been readily detected in
aquatic environments in food chains involving small mammals. Skin
conramlmmon combined with any type of puncture, including insect bites, is
the most plausible route of ion, and skin temperature of <30°C
sngmfn.antly correlates with the topography of lesions. After 30 years of
emergence and increasing prevalence between 1970 and 2010, mainly in
Affrica, 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 poienmlly toxic streptomycin-rifampin is to be replaced by oral

claritk in or flu g i combined with rLfampm In the absence of
proven effective primary pmfentnon. avoiding s'.km contamination by means of
clothing can be impl d in areas of endemicity. Buruli ulcer is a prototype of

ecosystem pal.hnlog) illustrating the impact of human activities on the
environment as a source for emerging tropical infectious diseases.
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From our review, it emerged that since the year 2010, a
regular decrease in the incidence of cases of Buruli ulcer was
noted; this was particularly true in Africa that pays the
heaviest tribe for this disabling disease. Until now, the
causes of this regular decline are unknown. We have asked
ourselves what factors may be responsible for this decrease.
A number of factors have been identified, including the mass
administration of ivermectin in Africa against filariasis,
improvements in the activities of the various Buruli ulcer
control programs, and climate change. The last factor was
all the more attractive because there was some paralleling
between the temperature anomalies and the incidence of
Buruli ulcer. Based on WHO data for Buruli ulcer cases
reported each year for two decades, as well as temperature
anomaly data, we found that there was an inverse correlation
between the two types of data.

Global warming could be a significant cause of the decline
in the incidence of Buruli ulcer and this is all the more
plausible as the growth of M. ulcerans is not optimal from

37 °C and more.
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Abstract

Mycobacterium ulcerans is an environmental mycobacterium responsible of Buruli ulcer, a
World Health Organization-notifiable chronic infection which is mainly reported in tropical
areas in West Africa, Central Africa and certain regions of Australia and Japan. M. ulcerans lives
in aquatic environments and we hypothesized that global warming may affect environmental M.
ulcerans ecological niches and thus the epidemiology of Buruli ulcer. We recovered WHO data

of Buruli ulcer incidence at http://apps.who.int/gho/data/node.main.A1631?lang=en and

temperature trend from 2002 to 2015 in countries where Buruli ulcer is endemic

at https://www.ncdc.noaa.gov/sotc/. Correlations between annual temperature and the incidence

of Buruli ulcer were analyzed by inverse regression. Decrease in the worldwide incidence of
Buruli ulcer began in 2010, from an average of 5,092 cases in 2007-2009 down to 4,043 cases in
2010-2012 and an on-going trend of decreasing incidence curve. Then, the incidence of Buruli
ulcer showed an inverse correlation with temperature trend. This inverse correlation was of 0.30;
0.75 without the 2010 values and of 0.9 without the 2009-2010 values. Warming may affect the
temperature-sensitive survival of M. ulcerans in its reservoirs and vectors, the distribution of
these reservoirs and vectors and the exposure of populations to them. These environmental
factors have to be taken into consideration for the accurate evaluation of public health

interventions in endemic countries.
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INTRODUCTION

Mycobacterium ulcerans is a non-tuberculous mycobacterium causing Buruli ulcer (BU), a
tropical disease classified as a neglected one by the World Health Organization in 1997 during
the Yamoussoukro Conference.' BU is notified to the WHO by a total of 33 countries in Africa,
Oceania, South-East Asia, South America and Western Pacific Regions.” ¢ It occurs in tropical
and sub-tropical areas near stagnant or slowly flowing water and marshlands >’ where infection
develops after inoculation of a four colony-forming units mycobacterial inoculum through the
skin and subcutaneous tissues leading to ulcers on the legs and arms, which can further extend to
other skin regions and soft tissues.*'’ Human-to-human transmission seems rare, suggesting
transmission of M. ulcerans from environmental sources."! However, both environmental
sources and vectors remain elusive.

BU has emerged dramatically since the 1980's,"2 reportedly coupled with rapid
environmental changes in the landscape including deforestation, eutrophication, dam
construction, irrigation, farming, mining and habitat fragmentation.B' 17 Deforestation of the
riverbanks was almost complete in the 1980s, following the rising pressure for agricultural land
and drought-associated fires."®

During the period from 2003 to 2010, the prevalence of BU increased especially in West
and Central Africa ° as illustrated by the outbreak of BU in Céte d’Ivoire (Figure 1).

This outbreak also has been reported to be related to man-made changes in the natural
environment.'> *° The disease has been reported in over 33 countries™ '* 2" ** where 5,000 to
6,000 cases have been notified every year by the 15 most endemic countries, predominantly from
rural regions across West and Central Africa, until 2009.">** Since 2010, a regular decrease in

new cases of Buruli ulcer has been observed in endemic countries of Africa. In 2014, 12 of these
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15 most endemic countries reported 2,251 new cases and 2,037 new cases in 2015, which is less
than half the number of reported cases in 2009;'° and the same trend is now observed
worldwide." The exact cause of this decline in incidence is unknown.”

Here, we observed a significant correlation between the decrease in BU incidence and the

parallel increase in mean temperature in BU endemic regions, questioning the mechanisms of

global warming in the progressive decrease of BU.

METHODS

Decade trends in BU incidence. In order to describe the decade trends in the incidence of BU,
we recovered the incidence data of the WHO at http://apps.who.int/gho/data/node.main.A1631. 19
We then classified the data by year from 2002 to 2015 and expressed them in the form of a trend

figure of BU cases listed in the world and in Africa.

Decade trends in global warming and temperature anomaly. In order to describe the decade
trends in environmental temperature in the geographic areas where BU have been reported, we
recovered the anomaly temperature trend from 2002 to 2015 at

https://www.ncde.noaa.gov/sote/,** https:/data.giss.nasa.gov/gistemp/ ** and expressed them in

the form of a trend figure in the world and in Africa.

Correlation between trends. The land annual temperature and the annual Buruli ulcer cases
data table were analyzed by inverse regression and the chart was drawn. Values of Buruli ulcer

cases in Africa and annual land temperature in Africa were used to estimate the inverse

E
correlation following the formula: ¥ = A+ where “x” refers to Buruli ulcer annual cases and
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[rant)

y” to the land annual anomaly temperature. The guidelines used for interpreting the correlation

coefficient r were: 0.7 <|r|=1 indicates a strong correlation, 0.4 <|r|<0.7 a moderate correlation,

0.2<|r|<0.4 a weak correlation and 0=[r|<0.2 no significant correlation.

RESULTS

Decade trends in BU incidence. Decade trends were assessed by the use of BU annual cases
notified to the WHO by endemic countries. The notified cases between 2002 and 2015 were
considered to establish the total cases in the word and total cases in Africa endemic countries.
The correlation between BU cases in the word and BU cases in Africa was of 0.99. We noted
that 97.78% of BU cases notified to the WHO during this period, were notified by fifteen African

endemic countries'® (Figure 2, Figure 3)

Decade trends in global warming and temperature anomaly. Inland temperatures are
measured by the network of weather stations spread across the world but also by satellites.” In
meteorology and climatology, seasonal average is calculated over periods of 30 years to smooth
the values and avoid variations due to recurrent anomalies.”® The temperature deviation
(anomaly) is established depending on the average temperature over the reference period 1951-
1980. “Best estimate for absolute global mean for 1951-1980 is 14.0 deg-C or 57.2 deg-F, so
add that to the temperature change if you want to use an absolute scale” >’ The ten warmest
years in the 134-year record all have occurred since 1997. The year 2015 ranks as the warmest,
closely followed by 2014 and 2010. A one-degree global change is significant because it takes a
vast amount of heat to warm all the oceans, atmosphere, and land.”® The rate of change in climate
is faster now than in any other period in the past thousand years.29 The African continent

observed its second warmest year, only behind 2010. The year 2010 was marked by several
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notable extreme temperature events. The global land surface temperature for 2010 tied with
2005 as the second warmest on record, with 0.96°C (1.73°F) above the 20™ century average. The
global ocean surface temperature for 2010 tied with 2005 as the third warmest on record, with
0.49°C (0.88°F) above the 20" century average. The temperature of tropical waters has increased
by 1.2 °C over the twentieth century, causing coral reef bleaching *°. Also, global precipitation in
2010 was well above the 1961-1990 average, ranking as the wettest on record since 1900 *°.
Overall, the global annual temperature has increased at an average rate of 0.07°C (0.13°F) per
decade since 1880 and at an average rate of 0.17°C (0.31°F) per decade since 1970.>* The

temperature trend by decade is shown on Figure 2, and Figure 3.

Correlation between trends. Analyzing temperature anomaly and the BU incidence trend
showed an inverse correlation (Figure 2, Figure 3). More precisely, the inverse correlation
between all the trends values was of 0.30 (week correlation), it was of 0.75 (strong correlation)
without the 2010 values and of 0.9 (strong correlation) without the 2009 and 2010 values (Figure
4). This analysis indicated an obvious inverse correlation between land temperature and BU

cases in Africa (Figure 2, Figure 3 and Figure 4).

DISCUSSION

We observed a significant inverse correlation between environmental warming and the incidence
of BU in geographic areas of African endemic countries which have declared BU cases to the
WHO for the last decade. More precisely, we observed that an increase in environmental

temperature correlated with a decrease in the incidence of BU in affected countries.
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Climate changes marked by increasing temperatures across the world are occurring as a
result of the warming of the earth's atmosphere, partially due to human activity generating
excessive amounts of greenhouse gases,” *' a phenomena called global warming.>* Changes in
global climate over the past decades are well documented. The average global surface
temperature, for example, has risen by approximately 0.75°C during the past 100 years (1906—
2005)** due to the El Nifio/Southern Oscillation (ENSO) phenomenon. The ENSO phenomenon,
which originates in the Tropical Pacific and affects global climate, is the strongest internal
climate mode on inter-annual timescales.”” The ENSO is characterized by strong variations of the
eastern and central equatorial Pacific sea surface temperature that reoccur on average every four
years. The El Nifio record of 1997/1998 strongly contributed to the global average record of
surface temperature in 1998.2"3* Since the mid-19" century, human activities have increased the
greenhouse gases production such as carbon dioxide, methane and nitrous oxide in the Earth's
atmosphere, which resulted in an increased average temperature.29

Whether our observation of a decrease in BU incidence correlating with warming in
Africa is resulting from chance or is translating one or several temperature-dependant
phenomenon implied in the epidemiology of BU remains to be established. We do favor the
latter hypothesis as the correlation we discovered was statistically significant and temperature is
already known to influence some parameters potentially implicated in the epidemiology of BU.

At first, the causative agent of BU, M. ulcerans, is highly susceptible to temperature.”® In
particular, its optimal temperature for growth is comprised in a narrow range between 28°C and
33°C.% % Any slight increase in environmental temperature may slow down the growth of M.
ulcerans in its poorly characterized aquatic reservoirs in Africa. Moreover, it has been suggested

that increased temperatures caused microbes to undergo physiological changes that resulted in
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reduced carbon use efficiency. Indeed, we previously reported that M. ulcerans was using a
narrow spectrum of carbon sources.’” *® M. ulcerans is also highly susceptible to ultraviolet light
and sunlight.* ***° This susceptibility is partly driven by the loss of genes encoding for pigments
otherwise present in its parent Mycobacterium marinum, another aquatic environmental non-

: 41
tuberculous mycobacterium.” **

We noticed that climate reports indicated a 0.2°C increase in
mean temperature in BU endemic areas from the same period resulting in an average temperature
of 0.15°C and 0.3°C per decade for 1990 to 2005.** The average global temperature across land
surfaces was of 1.29°C higher than the 20" century average of 12.0°C **. Therefore, clevation in
temperature and the solar exposition would indeed be harmful to M. ulcerans. At last, exposure
to ultraviolet or sunlight results in the rapid photo-degradation of the M. ulcerans plasmid-
encoded mycolactone, which is the main virulence factor of M. ulcerans responsible for skin
lesions characteristic of BU.**

Secondly, the precise reservoirs of M. ulcerans remain doubtful, yet all epidemiological
and microbiological studies point towards stagnant water environments as probable reservoirs in
African countries.** Deforestation and either agricultural or urban intrusion led to a decline in
local trophic niche width, resulting in decreased regional mean vulnerability of taxa, coupled
with a decrease in generality.45 Host taxa, which on average carried a high level of M. ulcerans,
were most abundant at sites where there was a very low level of vulnerability and a midlevel of
generality.” A consequence of the rapid increase in human populations, settlements, and
encroachments is the concomitant rapid decline in biological diversity, with significant shifts in
species community composition and severe disruption to established food webs, which are
directly linked to land-use changes and deforestation.*” *® Estimates suggest that 10,000 to

20,000 freshwater species are under severe threat of extinction.” A severe change in a trophic
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network may have a significant impact on an emerging infectious disease, with promotion or
decline of certain host species in the community network.* It is conceivable that the continuous
warming tends to dry some stagnant water sources in newly conquered fields in affected
countries, leading to a decreased exposure of the populations to waterborne M. ulcerans. This is
endorsed by the work of Morris et al. who stated that, as the diversity of basal organisms begins
to decrease, the abundance of M. ulcerans hosts and the M. ulcerans load then start to increase,
until the number of basal organisms becomes too low, leading again to a decrease in M. ulcerans
abundance.*’ Homogenization is the outcome of three interacting processes: introduction of non-
native species, extirpation of native species and habitat alterations that facilitate these two
processes.*® The homogenization process has generally increased biodiversity in most freshwater
faunas, as the establishment of new species has outpaced the extinction of native species.%

Thirdly M. ulcerans may be passively or actively transmitted by the bite of insects.™ '**/
The global warming may affect species abundance and distribution, as well as temperature-
dependent morphometric traits*® and thus the biting habits and capabilities of vectors; or the
subtle interplay between vectors and M. ulcerans. Indeed, climate changes have an impact on
microbial flora and the animate and inanimate ecology in general. Pathogens transmitted by
vectors are particularly susceptible to climate change because they spend most of their life cycle
in a cold-blooded invertebrate host whose temperature is similar to the environment.?

Climate change is a current global concern and, despite continuing controversy about the
extent and importance of its causes and effects, it seems likely that it will affect the incidence
and prevalence of infections.** *** ! It was shown in several studies that, there is consistent
evidence that foodborne pathogens infection with bacterial pathogens is positively correlated

. . . e 34,49,
with ambient temperature, as warmer temperatures enable more rapid replication.* %
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According to the IPCC (2007) report, climate change will alter patterns of infectious disease
outbreaks in humans and animals.”* However, the effects of global warming on infections is
probably unpredictable, especially for infections for which all the ecological and epidemiological
parameters are not yet understood, such as BU. We argue that, besides targeted interventions

54-59

against BU> > and other interventions, global warming also participates to BU decline in

Africa.

CONCLUSION

The impact of the increasing global temperature in African regions is evident. Efforts are made at
the national and international level to combat global warming. The 2015 Paris Agreement aims
at limiting global warming to 2°C and pursues efforts to even limit it to 1.5°C, relative to pre-
industrial levels.” A warming of 0.5°C leads to significant increases in temperature and extreme
rainfall in most regions.60

Socio-cultural determinants, rainfall and temperature frequently underlie overall

tropical infectious disease prevalence, particularly for vector-borne diseases.”" ! These tropical
diseases have an increased prevalence in tropical as compared to temperate regions.61 As for BU
however, unexpectedly, global warming may act in the same way as the targeted interventions in
public health in Africa , contributing to the drastic decrease in BU incidence. The findings

indicate, however, that higher climate change are important and reinforce the need for further

research.
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Figure legends:

Figure 1: Trend in Buruli ulcer cases notification between 1978 and 2015 in Ivory Coast

Figure 2: Inverse correlation between cases of Buruli ulcer and temperature anomaly in the
world and Africa (2002-2015). The trend in the global number of Buruli ulcer cases was similar
to that in Africa with a correlation of 0.99. Line plot of annual mean global surface temperature

anomaly between 2002 and 2015, calculated in relation to the 1951-1980 average temperatures.

Figure 3: Inverse correlation between cases of Buruli ulcer and temperature anomaly in Africa
(2002-2015). Line plot of annual mean global surface temperature anomaly between 2002 and

2015, calculated in relation to the 1951-1980 average temperatures.

Figure 4: Inverse correlation between the trend of Buruli ulcer annual cases and annual anomaly

temperature in Africa.
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Trend in Buruli ulcer cases notification between 1978 and 2015 in Ivory Coast
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Chapter 2: Phenotype MicroArray (Biolog Inc.) for
the high-throughput carbon substrate profiling of
Mycobacterium ulcerans
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Identification at species level can be performed by using the
Biolog microplate system (Biolog, Hayward, CA, USA)
which was originally developed for the rapid identification
of bacteria by sole-carbon source utilization. The principle
is based on the redox reaction of tetrazolium violet of
substrates in a 96-well microtiter plate. Each well contains a
redox dye, tetrazolium violet that permits colorimetric
determination of the increased respiration that occurs when
cells are oxidizing a carbon source. The micro-plates are
incubated between four and 72 h following inoculation with
a pre-grown isolate according to manufacturer’s
specification. Individual species may be identified by the
specific pattern of color change on the plate, providing an
identifiable metabolic fingerprint.The micro-plate are read
with the Biolog MicroStation TM system and compared to
the Biolog database enabling the rapid identification of
1,449 aerobic/anaerobic bacterial yeast and fungi

species/taxa. For the first time, the Biolog system was used

119



for high-throughput phenotyping of M. ulcerans and M.
marinum strains. We have highlighted in this study the
nutrients used by M. ulcerans strains for their metabolism
and growth. We have learned that there are nutrients that are
used by all M. ulcerans strains regardless of their geographic
origin, whereas the use of certain nutrients depends on the
genotypic family of M. ulcerans. These interesting results
have allowed us to locate in the environment the sources of
these nutrients which by extrapolation provide reservoir and
host research paths of M. ulcerans whose knowledge is an
invaluable asset in the fight against the spread of Buruli
ulcer. This validated high-throughput phenotyping protocol
of M. ulcerans opens the way to the study of other clinical

or environmental mycobacteria.
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Abstract

Background

Mycobacterium ulcerans is a close derivative of Mycobacterium marinum and the agent of
Buruli ulcer in some tropical countries. Epidemiological and environmental studies pointed
towards stagnant water ecosystems as potential sources of M. ulcerans, yet the ultimate
reservoirs remain elusive. We hypothesized that carbon substrate determination may help
elucidating the spectrum of potential reservoirs.

Methodology/Principal findings

In afirst step, high-throughput phenotype microarray Biolog was used to profile carbon sub-
strates in one M. marinum and five M. ulcerans strains. A total of 131/190 (69%) carbon sub-
strates were metabolized by at least one M. ulcerans strain, including 28/190 (15%) carbon
substrates metabolized by all five M. ulcerans strains of which 21 substrates were also
metabolized by M. marinum. In a second step, 131 carbon substrates were investigated,
through a bibliographical search, for their known environmental sources including plants,
fruits and vegetables, bacteria, algae, fungi, nematodes, mollusks, mammals, insects and
the inanimate environment. This analysis yielded significant association of M. ulcerans with
bacteria (p = 0.000), fungi (p = 0.001), algae (p = 0.003) and mollusks (p = 0.007). In a third
step, the Medline database was cross-searched for bacteria, fungi, mollusks and algae as
potential sources of carbon substrates metabolized by all tested M. ulcerans; it indicated
that 57% of M. ulcerans substrates were associated with bacteria, 18% with alga, 11% with
mollusks and 7% with fungi.

Conclusions

This first report of high-throughput carbon substrate utilization by M. ulcerans would help
designing media to isolate and grow this pathogen. Furthermore, the presented data sug-
gest that potential M. ulcerans environmental reservoirs might be related to micro-habitats
where bacteria, fungi, algae and mollusks are abundant. This should be followed by targeted
investigations in Buruli ulcer endemic regions.
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Author Summary

Buruli ulcer is a neglected tropical disease which has been reported in over 33 countries,
mainly located in tropical and subtropical regions. It is caused by Mycobacterium ulcerans,
an environmental pathogen associated to slow-moving water. The sources and reservoirs
of M. ulcerans remain elusive and are still to be discovered. In a first attempt to address
this issue we used high-throughput carbon substrate profiling of M. ulcerans. The reported
results show that some nutrients, naturally available in organisms present in M. ulcerans’
environment, are metabolized by this microorganism. This carbon substrate determina-
tion should help improve the culture of M. ulcerans as well as suggest potential environ-
mental reservoirs in Buruli ulcer endemic regions.

Introduction

Mycobacterium ulcerans is the etiologic agent of Buruli ulcer, a disabling infection of the cuta-
neous and subcutaneous tissues [1-3]. M. ulcerans has been discovered in Bairnsdale, Austra-
lia, where Buruli ulcer was initially described [4,5]. Buruli ulcer is a World Health
Organization notifiable infection and has been reported at least once by 33 countries located
in the rural tropical regions of Africa and South America, in addition to Australia and Japan
[6,7]. Over the past ten years, 83.6% (80.89-86.30) of cases were declared by eight West African
countries [8]. In these highly endemic regions, the exact reservoirs of M. ulcerans remain elu-
sive [6, 9-11]. However, epidemiological studies conducted in West African countries all indi-
cated a significant association between the prevalence of Buruli ulcer and the contact of
populations with stagnant water sources [12-17] through routine activities such as washing,
swimming, fishing and farming [18,19]. A significant progress was recently made by narrow-
ing the possible sources down to contacts with rice fields in Céte d’Ivoire which are sources of
stagnant water [16,18,20,21]. Parallel environmental investigations of stagnant water [20,22],
water insects [23-25], fishes [26,27] and aquatic mammals [12] showed the presence of PCR-
amplified M. ulcerans insertion sequences (IS) 1S2404, 1S2606 and KR-B gene. Furthermore,
M. ulcerans partial DNA coding sequences were also recovered from the soil in the vicinity of
stagnant water [20,22,26,28,29]. This finding was strengthened by an experimental study con-
firming a four-month survival of M. ulcerans in soil [30]. M. ulcerans DNA has been also
detected in water plants [28,31] and in Thryonhuomys swinderianus (agouti), a small mammal
causing damages to rice fields and in close contacts with rural populations in West Africa [20].

Moreover, this compelling amount of information concerning the presence of M. ulcerans
DNA -related sequences found in the environment has been strengthened by the isolation of
five wild strains from those sources [3,32,33].

Here, we propose that a characterization of the metabolic profile of M. ulcerans may give
clues to better define its natural environment including its environmental reservoirs. In this
perspective, we used the Biolog Phenotype MicroArray (Biolog Inc., Hayward, CA) for high-
throughput carbon substrate profiling of M. ulcerans. Indeed, Biolog Phenotype MicroArray
was previously used to classify and characterize heterotrophic microbial communities from
different natural habitats according to their sole-carbon-source utilization profiles [34].
Accordingly, this approach previously unraveled the phenotypic patterns of some Mycobacte-
rium tuberculosis complex mycobacteria [35] and Mycobacterium avium subsp. paratuberculo-
sis [36]. It is used here in the context of unique carbon metabolisms such as chitinase exhibited
by M. ulcerans [37].
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124



@ -PLOS | 1RSHE Biseases

Mycobacterium ulcerans Biolog Profiling

Materials and Methods
M. ulcerans strains

This experimental study investigated M. ulcerans strain CU001 (a gift from Pr V. Jarlier, Paris,
France), a clinical isolate representative of the West African epidemic, M. ulcerans ATCC
19423 isolated in Australia, M. ulcerans ATCC 33728 isolated in Japan, M. ulcerans ATCC
25900 isolated in the USA and Mycobacterium buruli ATCC 25894 isolated in Uganda [38].
These strains were manipulated into a BLS3 laboratory and a clinical isolate of Mycobacterium
marinum was isolated in our laboratory [39]. All strains were cultured at 30°C in Middlebrook
7H10 agar medium supplemented with 10% (v/v) oleic acid/albumin/dextrose/catalase
(OADC) (Becton Dickinson, Sparks, MD, USA) and 0.5% (v/v) glycerol in a microaerophilic
atmosphere for one week for M. marinum and four weeks for M. ulcerans.

Biolog Phenotype microarray

The Biolog Phenotype MicroArray (Biolog Inc.), which consists of 96-well microtiter plates
containing each a defined medium that incorporates a unique carbon source (plates PM1 and
PM2A for 190 different carbon sources) plus a dye indicator of cell respiration was used,
according to the previously reported standard Biolog Inc. protocol [40,41]. M. ulcerans and M.
marinum colonies were removed from Middlebrook 7H10 medium using a cotton swab previ-
ously dipped in 0.1% Tween 80 (WGK Germany, Sigma Aldrich). Mycobacteria were taken
with the wet swab off the agar plate culture by gently sweeping on the surface of the culture
and then rubbed against the wall of a dry glass tube containing glass beads. The cells were then
suspended in GN/GP-IF-0a (Biolog inoculating fluid n*133), the suspension was vigorously
vortexed, passed three times through a 29-gauge needle in order to separate aggregates and
adjusted to 81% transmittance using a turbidimeter (Biolog Inc). The PM-additive solutions
for each plate were prepared according to Table 1. The inoculating fluid (Table 2) consisted of
20 mL of IF-0a GN/GP (1.2 x), 0.24 mL of dye mix G (100x) and 2.0 mL of PM additive (12x)
added to the M. ulcerans or M. marinum suspension in IF-0a GN/GP (1.76 mL). Each PM
plate was then inoculated in duplicate with 100 pL of inoculating fluid. The PM plates were
incubated in the OmniLog PM System (Biolog Inc.) which measures the growth of mycobacte-
ria every fifteen minutes for eight days at 30°C. In each well the substrate was reduced to a pur-
ple color which was directly proportional to the growth of the mycobacteria. The intensity of
the purple color was recorded as dye reduction value, which was then plotted as area under the
curve (AUC) by Biolog’s parametric software. Negative control wells containing non-inocu-
lated additive solutions in each PM1 and PM2 plates were run at the same time as a quality
control element. The threshold separating the wells which exhibited a positive reaction from
those with a negative reaction was set for each plate according to the value of the area under
the curve (AUC) of the negative control Well (NCW). We defined moderately positive grow-
ing wells (MPW) and highly positive growing wells (HPW) as follows: MPW is when the AUC

Table 1. Composition and preparation of 12 x PM additive solutions.

Ingredient Final Conc. 120x Conc. Formula Weight Grams/ 100 ml PM1 PM2
MgCly, 6H,0 2mM 240mM 203.3 4.88 10mL 10mL
CaCl,, 2H,0 1mM 120mM 147.0 1.76

Tween 80 0.01% 1.2% - 1.2 10mL 10mL
D-glucose 5mM 600mM 180.2 10.8 - -

Sterile water 80 mL 80 mL
Total 100 mL 100 mL
doi:10.1371/journal.pntd.0005303.t001

3/12
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Table 2. Recipe for 1x PM inoculating fluids from stock solutions.

PM Stock Solution PM1 PM2
IF-0a GN/GP (1.2x) 20 mL 20
PM additive (12x) 2mL 2
Dye mix G (100x) 0.24 mL 0.24
cells (13.64x) 1.76 mL 1.76
Total 24 mL 24

doi:10.1371/journal.pntd.0005303.t002

value of the well is equal to or lower than 1.25 times the AUC value of the negative control
well, and HPW is when the AUC value of the well is equal to or higher than 1.50 times the
AUC value of the negative control. PM plates were further examined visually at the end of
each incubation period to ensure an independent verification of the results.

Environmental sources of substrates metabolized by all tested M.
ulcerans strains

In order to find the potential environmental origin of the carbon substrates metabolized by M.
ulcerans, we used the PubMed database to obtain information on the environmental sources
for each of the 190 carbon substrates present in the PM1and PM2 plates. The environmental
sources were organized in 10 categories (plants, fruits and vegetables, bacteria, algae, fungi,
nematodes, mollusks, mammals, insects and the inanimate environment). The Chi-square test
was used to compare the proportion of each category for substrates not metabolized by M.
ulcerans versus substrates metabolized by all tested M. ulcerans strains; a P value < 0.05 was
used as the criterion for statistical significance. We then used the PubMed database to match
each substrate, used as a key-word, with all environmental sources significantly associated
with substrates metabolized by all tested M. ulcerans strains, used as the second key-word (e.g.,
D-glucosamine and fungi). We calculated the number of hits obtained in this research and
compared it to the number of hits obtained by searching only for the key word corresponding
to the environmental sources (e.g., fungi).

Results
Carbone substrate profiling in M. marinum and M. ulcerans

The negative control wells remained negative in all the PMs plates, and results obtained with
the five M. ulcerans strains and the M. marinum strain were duplicated. A total of 131/190
(69%) carbon substrates were metabolized by at least one of the five M. ulcerans strains, includ-
ing 28/190 (15%) carbon substrates common to the five M. ulcerans strains and 16/190 (8%)
carbon substrates metabolized by only one M. ulcerans strain (Table 3). A total of 21/28 (75%)
substrates metabolized by all tested M. ulcerans strains were also metabolized by M. marinum
(Table 3). In detail, 17/95 (18%) carbon sources in PM1 plates were metabolized by all M.
ulcerans strains and comprised D-glucose-6-phosphate, D-ribose, L-asparagine, uridine, D-
fructose-6-phosphate, adenosine, inosine, acetoacetic acid, methyl pyruvate, L-malic acid, D-
psicose, L-lyxose, glucuronamide, pyruvic acid, L-galactonic acid-g-lactone, D-galacturonic
acid and phenylethylamine. Six of these substrates exhibited a strong positive reaction (D-
ribose, L-malic acid, L-lyxose, glucuronamide, pyruvic acid and D-galacturonic acid). Then,
11/95 (11.5%) carbon sources in PM2 plates metabolized by all M. ulcerans strains comprised
D-raffinose, butyric acid, D-glucosamine, a-keto-valeric acid, 5-keto-D-gluconic acid, oxalo-
malic acid, sorbic acid, L-isoleucine, L-lysine, putrescine and dihydroxyacetone. Five of these
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Table 3. Carbone substrates metabolized by at least one of the five tested M. ulcerans strains compared with carbon substrates metabolized by
Mycobacterium marinum on Biolog PM1 & PM2 plates.

Substrates Cu001 ATCC 25900 ATCC 33728 ATCC 19423 ATCC 25894

XX | XX | X

Fumaricacid
Tricarballylicacid
L-Serine
L-Threonine

L-Alanine
L-Alanine-Glycine
N-Acetyl-B-D-Mannosamine
Glycyl-L-Proline
2-Aminoethanol
3-Methylglucose
B-Methyl-D-Xyloside
N-Acetyl-D-Glucosaminitol
Citramalicacid
Malonicacid
Succinamicacid
3-Hydroxy-2-butanone
D-Tartaricacid
L-Tartaricacid

|

1

(Continued)
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Table 3. (Continued)

Cu001

Substrates

A

L-Arginine

Glycine

L-Histidine

L-Homoserine

Hydroxy-L-Proline

L-Leucine

L-Methionine

L-Ornithine

L-Phenylalanine

ATCC 25900 ATCC 33728

ATCC 19423

atcc 2ssos  |lRaHAURINN

L-Pyroglutamicacid

L-Valine

D,L-Carnitine

sec-Butylamine

D,L-Octopamine

2,3-Butanediol

2,3-Butanedione

Itaconicacid

D-Lactic acid Methyl Ester

Melibionicacid

Oxalicacid
Quinicacid
D-Ribono-1,4-Lactone

Sebacicacid

Salicin

Sedoheptulosan

L-Sorbose

Stachyose

D-Tagatose

Turanose

Xylitol

y-Amino-N-Butyric acid

5-Amino Valeric acid
Capricacid
Caproicacid

4-Hydroxybenzoic acid

B-Hydroxybutyricacid

y-Hydroxybutyricacid
Pectin
N-Acetyl-D-Galactosamine

N-Acetyl-Neuraminicacid

B-D-Allose

D-Arabinose

2-Deoxy-D-Ribose

3-O-B-D-Galactopyranosyl-D-Arabinose

Gentiobiose

L-Glucose

(Continued)
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Table 3. (Continued)

Substrates cuoo1 ATCC 25900 ATCC 33728 ATCC 19423 ATCC 25894
D-Lactitol
D-Melezitose
Mattitol
a-Methyl-D-Glucoside
2-Deoxyadenosine
Glycyl-L-Aspartic acid
Citricacid
Bromosuccinicacid
Propionicacid
Mucicacid
Glycolicacid
Glyoxylicacid
D-Cellobiose
Glycyl-L-Glutamic acid
Mono-Methylsuccinate
D-Malicacid
Tyramine
D-Asparticacid
1,2-Propanediol
Tween 40
a-Ketoglutaricacid
a-Ketobutyricacid
L-Glutamine
Tween 80
a-Hydroxybutyric acid

B-Methyl-D-Glucoside
Adonitol
Maltotriose
Dulcitol
D-Serine
D-Galactonic acid-y-Lactone
DL-Malicacid
Tween 20
L-Rhamnose
D-Fructose
Aceticacid
a-D-Glucose
Thymidine
Carbone substrates metabolized by at least one of the five tested M. ulcerans strains.
carbon substrates metabolized by only one of the five tested M. ulcerans strains.
carbon substrates metabolized by all testedM. ulcerans strains.
Moderately positive wells
Highly positive wells
X Carbon substrates which are not metabolized by M. marinum and metabolized by all tested M. ulcerans
strains.
doi:10.1371/journal.pntd.0005303.t003
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substrates exhibited a strong positive reaction (D-glucosamine, 5-keto-D-gluconic acid, oxalo-
malic acid, sorbic acid and dihydroxyacetone). A total of 21/28 carbon substrates were also
metabolized by M. marinum leaving D-galacturonic acid, uridine, methyl pyruvate, a-keto-
valeric acid, L-isoleucine, L-lysine and putrescine as the only substrates specific to M. ulcerans
(Table 3).

Environmental sources for substrates metabolized by all tested M.
ulcerans strains

Comparing the potential environmental sources in search of substrates metabolized by all
tested M. ulcerans strains versus non-metabolized substrates, we found a significant associa-
tion between M. ulcerans metabolized substrates and bacteria (p = 0.000), fungi (p = 0.001),
algae (p = 0.003) and mollusks (p = 0.007). The differences were not significant for plants

(p = 0.535), fruits and vegetables (p = 0.870), mammals (p = 0.064), insects (p = 0.234) and the
inanimate environment (p = 0.477). No carbon source was found to be associated with nema-
todes. Further MedLine research incorporating bacteria, fungi, algae and mollusks as keywords
disclosed that 16/28 (57%) metabolized substrates were associated with bacteria, 5/28 (18%)
were associated with alga, 3/28 (11%) were associated with mollusks and 2/28 with fungi. Dis-
carding bacteria because of a potential bias since Biolog was designed for the study of bacterial
metabolism, 15/28 (54%) metabolized substrates were associated with fungi whereas 6/28
(21%) were associated with the algae and 6/28 (21%) with mollusks (Table 4).

Discussion

We determined that five different strains of M. ulcerans could use 28 different substrates as
sources of carbon. These results were authenticated by the negativity of the negative controls
introduced in every plate and the reproduction of data over two replicates. Moreover, stringent
criteria were used to ensure the predictive value of the positive results. However, only seven of
these 28 substrates were found to be specifically used by M. ulcerans and not by the phyloge-
netically closest species M. marinum. Three of these seven carbon sources indeed contain
indispensable amino-acids.

The carbon sources here determined for M. ulcerans may by incorporated in culture media
in the perspective of enhancing the isolation and culture of this pathogen. Indeed, M. ulcerans
is a slow-growing mycobacterium and the availability of an improved method for its culture
would improve the diagnosis of Buruli ulcer patients and the quest for environmental reser-
voirs [32]. As an example, it has been shown that the incorporation of chitin into the Middleb-
rook 7H9 broth enhances the growth of M. ulcerans [37]. Accordingly, our study points
towards a possible association of M. ulcerans with fungi as a potential source of chitin, a poly-
saccharide possibly degraded by M. ulcerans’ genome-encoded chitinase [42]. Likewise, the
other carbon sources here disclosed should be tested for their potential to increase the cultiva-
tion of M. ulcerans.

Moreover, our analyses suggested that M. ulcerans may have found some sources of carbon
in microbial communities including alive and dead bacteria, fungi and algae. As for bacteria, it
has been previously reported that M. ulcerans was isolated in environments where 17 other
mycobacteria species were also isolated, including M. fortuitum as a constant co-inhabitant [3,
32, 33]. These results suggest cross-feeding between various bacterial complexes including
mycobacteria, for the acquisition of carbon. Likewise, green algae extracts have been shown to
halve the in vitro doubling time of M. ulcerans and promote the formation of biofilm [31]. We
observed that M. ulcerans metabolizes D-galacturonic acid, the main component of pectin
contained in the primary cell walls of terrestrial plants, and putrescine, a foul-smelling
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Table 4. Cross-search of the Medline database (May, 2016) for fungi, mollusks and algae as potential sources of carbon substrates; and sub-
strates metabolized by all tested M. ulcerans strains. The total number of hits for fungi, mollusks and algae is indicated into brackets. Each cell contains
the number of cross-hits and green cells indicate the higher relative hit for each carbon source.

Algae (19292) fungi (1392904) Molluscs (52885) Bacteria (1934745)
D-ribose 24/19292 2571/1392904 114/52885
Glucuronamide 0/19292 4/1392904 0/52885
D-Galacturonicacid 0/19292 , 79/1392904 3/52885
D-Glucosamine 8/19292 498//1392904 28/52885
Oxalomalic acid 0/19292 0/1392904 0/52885 0/1934745
Sorbic acid 0/19292 2/52885 411/1934745
Dihydroxyacetone 294/1392904 3/52885 504/1934745
L-Galactonic acid-g-Lactone 0/19292 0/1392904 0/52885 0/1934745
D-Raffinose 3/19292 4/52885 728/1934745
Butyric acid 26/19292 3089/1392904 5689/1934745
Putrescine 17/19292 1174/1392904
Phenylethylamine 10/19292 683/1392904 908/1934745
D-Psicose 1/19292 14/1392904 0/52885
L-Malicacid 1/19292 107/1392904 0/52885
L-Lyxose 0/19292 4/1392904 0/52885
Pyruvic acid o o2 686/1392904 19/52885 1484/1934745
5-Keto-D-Gluconic acid 0/19292 5/1392904 0/52885
Inosine 2/19292 999/1392904 37/52885
D-Glucose-6-Phosphate 57/1392904 2/52885 94/1934745
Adenosine 182/19292 14109/1392904 27257/1934745
L-Asparagine 17/19292 1980/1392904 37/52885
D-Fructose-6-Phosphate 7/1392904 0/52885 92/1934745
Acetoacetic acid 0/19292 20/1392904 1/52885
a-Keto-Valeric acid 0/19292 2/1392904 0/52885
L-Isoleucine 4119292 1400/1392904 40/52885
L-Lysine 65/19292 6989/1392904 254/52885
Methyl pyruvate 4/1392904 0/52885 7/1934745
Uridine 30/19292 3408/1392904 112/52885

doi:10.1371/journal.pntd.0005303.t004

chemical derived from the decomposition of dead plants, which indicates that M. ulcerans may
live in assemblages of dead aquatic plants. This finding is reinforced by the observation that M.
ulcerans’s genome encodes five putative cutinases. Cutinases are mainly produced by phyto-
pathogenic fungi to hydrolyze cutin (a main component of the cuticle which covers the aerial
surfaces of plants) during plant colonization process [43].

Green algae are among the main food of freshwater mollusks pointed out in our study; mol-
lusks are herbivores like other species of the freshwater snail family [44]. The principal genera
of mollusks met in freshwater in West Africa are Bulinus, Planorbis, Pila, Lanistes, Melania,
Bithynia, Lymnaea, Biomphalaria, Mutela, Aspatharia and Sphaerium [23,45]. Previous molec-
ular investigations reported the detection of specific M. ulcerans DNA sequences in Bulinus
spp. [23,46], in Planorbis spp. [23] and in mollusks of different Gastropoda order, Bivalvia
order and Basommatophora order [26]. Furthermore, the experimental infection of Pomacea
canaliculata (Ampullariidae) and Planorbis planorbis (Planorbidae) by plants contaminated by
M. ulcerans- showed through optic microscopy digestive tract observation that snails remained
infected by viable mycobacteria up to 25 days [23]. Small mollusks are also known to be a prey
for water bugs which are involved in the transmission of M. ulcerans in Buruli ulcer endemic
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regions [3]. In West Africa, approximately 76% of the population lives next to rivers, lakes,
and other water bodies contaminated with intermediate hosts such as snails [47].

In conclusion, our study is suggesting paths to improve culture media for the enhanced iso-

lation of M. ulcerans by mimicking the natural ecosystem of M. ulcerans which is probably liv-
ing in microbial communities with other bacteria, fungi and algae. These data support the
recent hypothesis that mollusks could be part of a larger food chain including several hosts giv-
ing appropriate shelters to M. ulcerans, as recently reported [48]. Small mollusks should be fur-
ther investigated using culture-based appropriate methods in the search for M. ulcerans.

Acknowledgments

The authors acknowledge Pablo Gluschankof for his fruitful discussion of the manuscript’s

content.

Author Contributions

Conceptualization: MD.

Methodology: DZ AB.

Software: MM.

Validation: DZ AB MM.

Writing - original draft: DZ AB MD.

References

1.

Doig KD, Holt KE, Fyfe JAM, Lavender CJ, Eddyani M, Portaels F, et al. On the origin of Mycobacterium
ulcerans, the causative agent of Buruli ulcer. BMC Genomics 2012; 13, 258. doi: 10.1186/1471-2164-
13-258 PMID: 22712622

Josse R, Guedenon A, Darie H, Anagonou S, Portaels F, Meyers WM. [Mycobacterium ulcerans cuta-
neous infections: Buruli ulcers]. Medecine tropicale: revue du Corps de sante colonial 1995; 55(4),
363-373.

Portaels F, Meyers WM, Ablordey A, Castro AG, Chemlal K, de Rijk P, et al. First Cultivation and Char-
acterization of Mycobacterium ulcerans from the Environment. PLoS Negl Trop Dis. 2008; 2(3), e178.
doi: 10.1371/journal.pntd.0000178 PMID: 18365032

Portaels F, Fonteyene PA, de Beenhouwer H, de Rijk P, Guedenon A, Hayman J, et al. Variability in 3’
end of 16S rRNA sequence of Mycobacterium ulcerans is related to geographic origin of isolates. J Clin
Microbiol. 1996; 34(4), 962-965. PMID: 8815117

Maccallum P, Tolhurst JC, Buckle G, Sissons HA A new mycobacterial infection in man. J Pathol Bac-
teriol. 1948; 60(1), 93—-122.

Johnson PD, Azuolas J, Lavender CJ, Wishart E, Stinear TP, Hayman JA, et al. Mycobacterium ulcer-
ans in mosquitoes captured during outbreak of Buruli ulcer, southeastern Australia. Emerg Infect Dis.
2007; 13(11), 1653—1660. doi: 10.3201/eid1311.061369 PMID: 18217547

Stinear TP, Seemann T, Pidot S, Frigui W, Reysset G, Garnier T, et al. Reductive evolution and niche
adaptation inferred from the genome of Mycobacterium ulcerans, the causative agent of Buruli ulcer.
Genome Res. 2007; 17(2), 192—-200. doi: 10.1101/gr.5942807 PMID: 17210928

WHO. World: Distribution of buruli ulcer, 2014 WHO Annual meeting on Buruli ulcer 2015.

Benbow ME, Williamson H, Kimbirauskas R, McIntosh MD, Kolar R, Quaye C, et al. Aquatic inverte-
brates as unlikely vectors of Buruli ulcer disease. Emerg Infect Dis. 2008; 14(8), 1247-1254. doi: 10.
3201/eid1408.071503 PMID: 18680648

Garchitorena A, Ngonghala CN, Texier G, Landier J, Eyangoh S, Bonds MH, et al. Environmental trans-
mission of Mycobacterium ulcerans drives dynamics of Buruli ulcer in endemic regions of Cameroon.
Sci Rep. 2015; 5, 18055. doi: 10.1038/srep18055 PMID: 26658922

Kenu E, Nyarko KM, Seefeld L, Ganu V, Kaser M, Lartey M, et al. Risk Factors for Buruli Ulcer in Ghana
—A Case Control Study in the Suhum-Kraboa-Coaltar and Akuapem South Districts of the Eastern
Region. PLoS Negl Trop Dis. 2014; 8(11), €3279. doi: 10.1371/journal.pntd.0003279 PMID: 25411974

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005303 Ja2n4u%ry 17,2017 10/12

132



@ -PLOS | 1RSHE Biseases

Mycobacterium ulcerans Biolog Profiling

-

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

2.

Narh CA, Mosi L, Quaye C, Dassi C, Konan DO, Tay SCK, et al. Source Tracking Mycobacterium ulcer-
ans Infections in the Ashanti Region, Ghana. PLoS Negl Trop Dis. 2015; 9, €0003437. doi: 10.1371/
journal.pntd.0003437 PMID: 25612300

Addo P, Adu-Addai B, Quartey M, Abbas M, Okang |, Owusu E, et al. Clinical and Histopathological Pre-
sentation of Buruli Ulcer in Experimentally Infected Grasscutters (Thryonomys swinderianus). Intern J
Trop Med. 2006; 3(2).

Mensah-Quainoo EK. A study of the magnitude and determinants of Buruli ulcer disease in the Ga Dis-
trict of Ghana. International Conference on Buruli ulcer Control and Research; 6-8 July 1998; Yamous-
soukro, Cote d’lvoire 1998.

Peraudin ML, Herrault A, Desbois JC Ulcére cutanée a Mycobacterium ulcerans (ulcére de Buruli).
Annales de Pédiatrie 1980; 27(10), 687-692. PMID: 7212557

Brou T, Broutin H, Elguero E, Asse H, Guegan JF Landscape diversity related to Buruli ulcer disease in
Cote d'lvoire. PLoS Negl Trop Dis. 2008; 2(7), 0000271.

Johnson RC, Makoutodé M, Sopoh GE, Elsen P, Gbovi J, Pouteau LH, et al. Buruli Ulcer Distribution in
Benin. Emerg Infect Dis. 2005; 11(3), 500-501. doi: 10.3201/eid1103.040597 PMID: 15789490

N’krumah RTAS, Koné B, Tiembre I, Cissé G, Pluschke G, Tanner M, et al. Socio-Environmental Fac-
tors Associated with the Risk of Contracting Buruli Ulcer in Tiassalé, South Céte d'lvoire: A Case-Con-
trol Study. PLoS Negl Trop Dis. 2016; 10(1), €0004327. doi: 10.1371/journal.pntd.0004327 PMID:
26745723

Aiga H, Amano T, Cairncross S, Domako JA, Nanas OK, Coleman S Assessing water-related risk fac-
tors for Buruli ulcer: a case-control study in Ghana. Am J Trop Med Hyg. 2004; 71(4), 387-392. PMID:
15516631

Tian RB, Niamke S, Tissot-Dupont H, Drancourt M. Detection of Mycobacterium ulcerans DNA in the
Environment, Ivory Coast. PLoS One 2016; 11(3): 0151567 doi: 10.1371/journal.pone.0151567
PMID: 26982581

Ahoua L, Guetta A, Ekanza E, Bouzid S, N'Guessan R, Dosso M Risk factors for Buruli ulcer in Cote
d'lvoire: Results of a cas-control study, August 2001. Afr J Biotechnol. 2009; 8, 536-546.

Vandelannoote K, Durnez L, Amissah D, Gryseels S, Dodoo A, Yeboah S, et al. Application of real-time
PCR in Ghana, a Buruli ulcer-endemic country, confirms the presence of Mycobacterium ulcerans in
the environment. FEMS Microbiol Lett. 2010; 304(2), 191-194. doi: 10.1111/j.1574-6968.2010.01902.
x PMID: 20146745

Marsollier L, Severin T, Aubry J, Merritt RW, Saint Andre JP, Legras P, et al. Aquatic snails, passive
hosts of Mycobacterium ulcerans. Appl Environ Microbiol. 2004; 70(10), 6296—-6298. doi: 10.1128/
AEM.70.10.6296-6298.2004 PMID: 15466578

Marsollier L, Robert R, Aubry J, Saint Andre JP, Kouakou H, Legras P, et al. Aquatic insects as a vector
for Mycobacterium ulcerans. Appl Environ Microbiol. 2002; 68(9), 4623-4628. doi: 10.1128/AEM.68.9.
4623-4628.2002 PMID: 12200321

Konan KL, Doannio JM, Coulibaly NG, Ekaza E, Marion E, Asse H, et al. [Detection of the 1IS2404 inser-
tion sequence and ketoreductase produced by Mycobacterium ulcerans in the aquatic Heteroptera in
the health districts of Dabou and Tiassale in Cote d'lvoire]. Med Sante Trop. 2015; 25(1), 44-51. doi:
10.1684/mst.2014.0363 PMID: 25499000

Williamson HR, Benbow ME, Nguyen KD, Beachboard DC, Kimbirauskas RK, McIntosh MD, et al. Dis-
tribution of Mycobacterium ulcerans in buruli ulcer endemic and non-endemic aquatic sites in Ghana.
PLoS Negl Trop Dis. 2008; 2(3), €205. doi: 10.1371/journal.pntd.0000205 PMID: 18365034

Zogo B, Djenontin A, Carolan K, Babonneau J, Guegan J-F, Eyangoh S, et al. A Field Study in Benin to
Investigate the Role of Mosquitoes and Other Flying Insects in the Ecology of Mycobacterium ulcerans.
PLoS Negl Trop Dis. 2015; 9(7), €0003941. doi: 10.1371/journal.pntd.0003941 PMID: 26196901

Amissah NA, Gryseels S, Tobias NJ, Ravadgar B, Suzuki M, Vandelannoote K, et al. Investigating the
Role of Free-living Amoebae as a Reservoir for Mycobacterium ulcerans. PLoS Negl Trop Dis. 2014; 8
(9), €3148. doi: 10.1371/journal.pntd.0003148 PMID: 25188535

Williamson HR, Benbow ME, Campbell LP, Johnson CR, Sopoh G, Barogui Y, et al. Detection of Myco-
bacterium ulcerans in the Environment Predicts Prevalence of Buruli Ulcer in Benin. PLoS Negl Trop
Dis. 2012; 6(1), e1506. doi: 10.1371/journal.pntd.0001506 PMID: 22303498

Tian RD, Lepidi H, Nappez C, Drancourt M Experimental Survival of Mycobacterium ulcerans in Watery
Soil, a Potential Source of Buruli Ulcer. Am J Trop Med Hyg. 2016; 94(1), 89-92. doi: 10.4269/ajtmh.
15-0568 PMID: 26526927

Marsollier L, Stinear T, Aubry J, Saint André JP, Robert R, Legras P, et al. Aquatic Plants Stimulate the
Growth of and Biofilm Formation by Mycobacterium ulcerans in Axenic Culture and Harbor These Bac-
teria in the Environment. App Environm Microbiol. 2004; 70(2), 1097—1103.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005303 Ja2n4u%ry 17,2017 11/12

133



@ -PLOS | 1RSHE Biseases

Mycobacterium ulcerans Biolog Profiling

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42.

43.

44,

45.

46.

47.

48.

Aboagye SY, Danso E, Ampah KA, Nakobu Z, Asare P, Otchere ID, et al. Isolation of Nontuberculous
Mycobacteria from the Environment of Buruli Ulcer Endemic Communities in Ghana. App Environ
Microbiol. 2016; 6, 2016.

Marsollier L, Aubry J, Saint-andré J, Robert R, Legras P, Manceau A. Ecology and transmission of
Mycobacterium ulcerans. 2003; 51:490-5.

Garland JAYL, Mills AL. Classification and Characterization of Heterotrophic Microbial Communities on
the Basis of Patterns of Community-Level Sole-Carbon-Source Utilization. 1991; 57(8):2351-9.

Khatri B, Fielder M, Jones G, Newell W, Abu-Oun M, Wheeler PR High Throughput Phenotypic Analysis
of Mycobacterium tuberculosis and Mycobacterium bovis Strains’ Metabolism Using Biolog Phenotype
Microarrays. PLoS ONE 2013; 8(1), €52673. doi: 10.1371/journal.pone.0052673 PMID: 23326347

Chen J-W, Scaria J, Chang Y-F Phenotypic and Transcriptomic Response of Auxotrophic Mycobacte-
rium avium subsp. paratuberculosis leuD Mutant under Environmental Stress. PLoS ONE 2012; 7(6),
e37884. doi: 10.1371/journal.pone.0037884 PMID: 22675497

Sanhueza D, Chevillon C, Colwell R, Marion E, Marsollier L. Chitin promotes Mycobacterium ulcerans
growth. J er. 2016; 2010(October 2015):1-6.

Schordder K. H. Investigation into the relatioship of M. ulcerans to M. burili and other mycobacteria.
American review of resperatory disease 1975; 111, 559-562.

Bouricha M, Castan B, Duchene-Parisi E, Drancourt M Mycobacterium marinum infection following con-
tact with reptiles: vivarium granuloma. Int J Infect Dis. 2014; 21, 17-18. doi: 10.1016/j.ijid.2013.11.020
PMID: 24530276

Bochner BR Global phenotypic characterization of bacteria. Fems Microbiol Rev. 2009; 33(1), 191—
205. doi: 10.1111/j.1574-6976.2008.00149.x PMID: 19054113

Bochner BR, Gadzinski P, Panomitros E Phenotype MicroArrays for High-Throughput Phenotypic Test-
ing and Assay of Gene Function. Genome Res. 2001; 11(7), 1246-1255. doi: 10.1101/gr.186501
PMID: 11435407

Stinear TP, Seemann T, Pidot S, Frigui W, Reysset G, Garnier T, et al. Reductive evolution and niche
adaptation inferred from the genome of Mycobacterium ulcerans, the causative agent of Buruli ulcer.
Genome Res. 2007; 17(2):192-200. doi: 10.1101/gr.5942807 PMID: 17210928

Cotes K, Bakala N'Goma JC, Dhouib R, Douchet I, Maurin D, Carriére F, et al. Lipolytic enzymes in
Mycobacterium tuberculosis. Appl Microbiol Biotechnol. 2008; 78(5):741-9. doi: 10.1007/s00253-008-
1397-2 PMID: 18309478

El-Assal FM, Shanab SMM, Abou-El-Hassan AA, Mahmoud KMA. Effect of some algal species on the
snail intermediate hosts of schistosomiasis in Egypt Il. Growth, infection and mortality rates. Egypt J
Phycol. 2005; 6(1), 93—-110.

Thiam N, Diallo A Intégration de la biodiversité d’eau douce dans le processus de développement en
Afrique: Module de formation des formateurs sur Le suivi des Mollusques d’eau douce. Wetlands Inter-
national Afrique [serial on the Internet]. 2010. https:/cmsdata.iucn.org/downloads/module_
mollusques_fr.pdf.

Kotlowski R, Martin A, Ablordey A, Chemlal K, Fonteyne P-A, Portaels F One-tube cell lysis and DNA
extraction procedure for PCR-based detection of Mycobacterium ulcerans in aquatic insects, molluscs
and fish. J Med Microbiol. 2004; 53(9), 927-933.

Hotez PJ, Kamath A Neglected Tropical Diseases in Sub-Saharan Africa: Review of Their Prevalence,
Distribution, and Disease Burden. PLoS Negl Trop Dis. 2009, 3(8), e412. doi: 10.1371/journal.pntd.
0000412 PMID: 19707588

Morris AL, Guégan J, Andreou D, Marsollier L, Carolan K, Le Croller M, et al. Deforestation-driven food-
web collapse linked to emerging tropical infectious disease, Mycobacterium ulcerans. 2016;1-7.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005303 Ja2n4uiry 17,2017 12/12

134



Chapter3: Improving culture-based detection of
Mycobacterium ulceransfrom environnemental

sources

135






M. ulcerans 1s a slow-growing mycobacterium. Its
cultivation from clinical specimens is very tedious. And it
takes about nine months to decide the negative result of a
bacterial culture. The main limitation is the culture of this
pathogen from environmental sources. The culture of
M. ulcerans from environmental samples is even more
tedious and the attempts of their culture have generally led
to failures despite the detection of their DNA in these same
samples. Nowadays, only one environmental M. ulcerans
isolate has been firmly confirmed after two years of hard
work by Francoise Portaels and colleagues. The
development of improve methods of environmental
samples decontamination and innovate culture media is of
major interest for research on Buruli ulcer disease, This
study is timely and very important to go further with the
understanding of M. ulcerans ecology, evolution and
transmission, which is still a puzzling question today.

This paper describes new decontamination and culture
methods in order to improve the growth of M. ulcerans
clinical strains but also to allow the isolation of this

pathogen from environmental sources (i.e. water, plant
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debris, agouti faeces). The approach for the composition of
the innovative medium is based on the results of high
throughput phenotyping of M. ulcerans strains by Biolog
System as presented in Chapter 2 combined with data issued
from published genome sequences. This work is the first one
to really develop a new experimental protocol for the
specific isolation and culture of M. ulcerans
environmentally-persistent strains. We shown that the
combination of 1% chlorhexidine-decontaminated samples
followed by their culture on DZ medium enhanced the
growth of clinical strains compared to the classic
Middlebrook 7h10 media and allowed the isolation of a
unique colony from faeces of a single agouti. Whilst the
developed protocol constitutes a first step in the culture of
M. ulcerans from the environment samples, the sub-culture
of this colony failed and future studies will thus have to
focus on this limitation.

The possible role of wild animals in the chain of
transmission of Buruli ulcer in Africa should be study on a
large scale based on isolation and culture in complement to

molecular detection.
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ABSTRACT

Contaminations and fastidiousness of M. ulcerans may have both hamper isolation of strains
from environmental sources. We aimed to optimize decontamination and culture of
environmental samples to circumvent both limitations. Three strains of M. ulcerans cultured
onto Middlebrook 7H10 at 30°C for 20 days yielded a significantly higher number of colonies
in micro-aerophilic atmosphere compared to ambient atmosphere, 5% CO, and anaerobic
atmosphere. In a second step, we observed that M. ulcerans genome uniquely encoded
chitinase, fucosidase and A-D-GlcNAc-diphosphoryl polyprenol A-3-L-rhamnosyl transferase
giving M. ulcerans the potential to metabolize chitine, fucose and N-acetyl galactosamine
(NAG), respectively. A significant growth-promoting effect of 0.2 mg/mL chitin (p <0.05),
0.01 mg/mL N-acetyl galactosamine (p <0.05), 0.01 mg/mL fucose (p <0.05) was observed
with M. ulcerans; leading to the present design of the DZ-medium (Middlebrook 7H10
medium containing chitin (0.2%), NAG (0.01%) and fucose (0.01%)) . Finally, the protocol
combining 1% chlorhexidine decontamination with micro-aerophilic incubation on the DZ-
medium and auto-fluorescence detection of colonies allowed for the isolation of one firmly
identified M. ulcerans strain from Thryonomys swinderianus (aulacode) feces specimens
collected near the Kossou Dam, Cote d’Ivoire. We propose that incubation of chlorhexidine-
decontaminated environmental specimens on the DZ-medium under micro-aerophilic
atmosphere at 30°C may be used for the tentative isolation of M. ulcerans strains from

potential environmental sources.
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Introduction

Buruli ulcer is a World Health Organization (WHO)-notifiable, yet neglected infection of the
cutaneous and subcutaneous tissues caused by the nontuberculous Mycobacterium ulcerans .
This pathogen emerged from a common ancestor with the environmental

Moycobacterium marinum, after genomic reduction and the acquisition of a 174-kb pMUMO001
plasmid encoding a macrolide mycolactone toxin, the major virulence factor for M. ulcerans *
4. M. ulcerans was initially isolated from sub-cutaneous lesions in patients in Bairnsdale,
Australia, where Buruli ulcer (Bairnsdale ulcer) was initially described 5. For more than 70
years, Buruli ulcer cases have been notified in patients residing in 33 countries mainly in the
rural and tropical regions of Africa, significantly less in South America, in addition to
Australia and Japan '. For an example, in 2014, 2,200 new cases were notified by 12 countries
and most of the patients were children under 15 years '. The laboratory diagnostic of Buruli
ulcer is made by microscopy, histopathology and PCR-based detection of M. ulcerans-
specific sequences, including the 1S2404, 1S2606 and ketoreductase-B domain of the
mycolactone polyketide synthase genes "%, Successful isolation and culture of M.

ulcerans from clinical lesions depends on several parameters, including the exact sampled site
(most bacilli are in the deepest areas of the skin), or the type of decontamination method or
culture medium and culture conditions used *''. Whilst M. ulcerans grows on similar culture
media as Mycobacterium tuberculosis, i.e. on Léwenstein-Jensen medium, Brown and Buckle
or Ogawa medium, microaerophilic atmosphere and optimal temperature of 28-33°C are

8-11

required for this pathogen . In a clinical diagnostic laboratory, primary cultures are usually

positive within a 6-12-week incubation, but a much longer incubation period of up to nine
months may be necessary to obtain isolates, illustrating the fastidiousness of this microbe "',

The fact that thousands M. ulcerans isolates have been made from clinical sources

sharply contrasts with the fact that several attempts to culture M. ulcerans from many
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specimens of flora and fauna remained unsuccessful 1314 However, numerous PCR-based
investigations indicated that potential reservoirs or host carriers were localized in aquatic
environments where M. ulcerans may be able to colonize different ecological niches
eventually scattered along a food chain '>'°. Culture of M. ulcerans from environmental
samples is tedious and understanding the ecology of M. ulcerans has been severely hampered
by the extreme difficulty of culturing the organism directly from the environment'****!,
Cultures of collected diverse samples (water, soil, fish, rodents, biting flies, reptiles) from
Buruli ulcer endemic areas failed to yield M. ulcerans a long time ago °, though testing of
samples by molecular biology found M. ulcerans DNA "***_ Finally, only one environmental
M. ulcerans (M. ulcerans 00-1441 from a Buruli ulcer endemic area in Benin, West Africa)
isolate has been firmly confirmed on Lowenstein-Jensen medium after 15-day of incubation
in BACTEC 12b broth and three successive passages in mouse footpad P1, P2 and P3 for nine
months, six months and 12 months, followed by culture on Lowenstein-Jensen for two
months *'. Three additional reported strains included two 1S2404-PCR positive strains from
two samples of aquatic plants and two wild aquatic insects collected in a Buruli ulcer endemic

31,32 . [P 33
% and two M. ulcerans strains from moss and soil in Ghana *”. None of

area of Céte d'Ivoire
these strains have been deposited in public collection.

The fact that only a few environmental isolates have been made after such a long
experiment, suggests that contamination by fast-growing bacteria or mycobacteria and
fungi of the environmental samples along with poorly appropriate culture media limited
the isolation of M. ulcerans from environmental sources. Also when contaminants are
present in the sample, they limit and inhibit the growth of M. ulcerans. Contaminants not
eliminated by the decontamination method eventually rot or transferring the culture

medium rendering impossible the incubation of cultures on a long period necessary for the

isolation of M. ulcerans. There is thus a need to develop new protocols and innovative
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media to improve the recovery of M. ulcerans in primary culture from environmental
sources in order to assess the viability of the pathogen in these sources 3% The availability
of the complete genome sequence of M. ulcerans is a boon to better known metabolic
activities which could support the development of innovative culture media, as previously
reported for some other fastidious pathogens **.

In the perspective of achieving a culture-based field investigation of M. ulcerans, we
aimed at improving the decontamination of samples along with the composition of culture
media in order to optimize the chance of recovering additional environmental M. ulcerans

isolates.

RESULTS

Effect of atmosphere in culturing M. ulcerans onto Middlebrook 7H10. We observed an
enhanced growth of M. ulcerans under micro-aerophilic atmosphere at day 20 post-incubation
on Middlebrook 7H10 medium at 30°C. The number of colonies of M. ulcerans CU001 was
significantly higher in micro-aerophilic atmosphere (133 + 6 CFUs) than under ambient
atmosphere (65 + 14 CFUs; p=0.002) or 5% CO, atmosphere (36 +14 CFUs; p=0.002) or
anaerobic atmosphere (10 + 5 CFUs; p<0.001); likewise, M. ulcerans ATCC25900 yielded
125 + 18 CFUs in micro-aerophilic atmosphere compared to 49 + 1.7 CFUs (p=0.002) under
ambient atmosphere, 45 + 11 CFUs (p=0.003) under 5% CO, atmosphere and (44 = 7 CFUs;
p=0.002) in anaerobic atmosphere; and M. ulcerans ATCC33728 yielded 195 + 13 CFUs
under micro-aerophilic atmosphere compared to 53 £ 6 CFUs (p=0.0001) in ambient
atmosphere , 64 + 32 CFUs (p=0.003) under 5% CO2 atmosphere and 99 + 11 CFUs; p=0.001
in anaerobic atmosphere (Figure 1).

Cultures at 37 ° C. remained negative during the same period of incubation.
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Effect of growth promoters on culturing M. ulcerans strains. We incorporated chitin,
fucose and N-acetylgalactosamine into Middlebrook 7H10 medium in order to experimentally
test their growth-promoting effect on M. ulcerans. The experimental data were authenticated
by the negativity of the negative controls used in every experiment and the reproducibility of
data over three different M. ulcerans strains and three independent experiments.
Incorporation of 0.1 mg/mL fucose or 0.1 mg/mL N-acetyl galactosamine into Middlebrook
7H10 base yielded no significant difference in the growth of M. ulcerans until day 15.
However, from day 15 to day 40, the number of colonies was significantly higher on
Middlebrook 7H10 medium enriched with 0.1 mg/mL N-acetyl galactosamine (1,485 + 275
CFUs for M. ulcerans CU001, 340 + 28 CFUs for M. ulcerans ATCC25900, 788 + 125 CFUs
for M. ulcerans ATCC33728) or Middlebrook 7H10 enriched with 0.1 mg/mL fucose (1,770
+ 241 CFUs for M. ulcerans CU001, 770 £ 9 CFUs for M. ulcerans ATCC25900, 516 = 11
CFUs for M. ulcerans ATCC33728) than in standard Middlebrook 7H10 medium (359 + 16
CFUs for M. ulcerans CU001, 129 + 8 CFUs for M. ulcerans ATCC25900, 278 + 9 CFUs for
M. ulcerans ATCC33728) (p<0.05) (Figure 2).

Furthermore, the number of colonies was significantly higher on Middlebrook 7H10 medium
enriched with 0.01 mg/mL N-acetyl galactosamine (1,054 = 84 CFUs for M. ulcerans CU0O1,
920 + 7 CFUs for M. ulcerans ATCC25900, 967 + 40 CFUs for M. ulcerans ATCC33728) or
Middlebrook 7H10 enriched with 0.01 mg/mL fucose (871 + 102 CFUs for M. ulcerans
CUO001, 784 + 53 CFUs for M. ulcerans ATCC25900, 821 + 56 CFUs for M. ulcerans
ATCC33728) or Middlebrook 7H10 enriched with 0.2 mg/mL chitin (802 + 82 CFUs for M.
ulcerans CU001, 741 + 42 CFUs for M. ulcerans ATCC25900, 655 + 25 CFUs for M.
ulcerans ATCC33728) than in standard Middlebrook 7H10 medium (67 = 1 CFUs for M.
ulcerans CU001, 97 + 2 CFUs for M. ulcerans ATCC25900, 80 + 2 CFUs for M. ulcerans

ATCC33728) (p <0.05) (Figure 3).

146



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

REVISED VERSION

The number of colonies was significantly higher on Middlebrook 7H10 medium enriched
with a mix of the three growth promoters called DZ medium ( 0.01 mg/mL N-acetyl
galactosamine, 0.01 mg/mL fucose and 0.2 mg/mL chitin) (936 +21 CFUs for M. ulcerans
CUO001, 927 + 57 CFUs for M. ulcerans ATCC25900, 1087 + 82 CFUs for M. ulcerans
ATCC33728) than in standard Middlebrook 7H10 medium (67 + 1 CFUs for M. ulcerans
CU001, 97 + 2 CFUs for M. ulcerans ATCC25900, 80 + 2 CFUs for M. ulcerans
ATCC33728) (p <0.05) (Figure 3). The doubling time of M. ulcerans was measured at 2.95 +
0.98 days with chitin, 1.3 + 0.23 days with NAG, 1.31 £ 0.28 days for fucose, 2.37 +.0.41
days with chitin/NAG/Fucose and 5.96 + 2.99 days with the control Middlebrook 7H10

medium.

Chlorhexidine decontamination of river freshwater artificially inoculated with M.
ulcerans strains. Direct seeding without decontamination of river freshwater sample onto

5 % sheep-blood Columbia agar combined with MALDI-TOF-MS identification of colonies
yielded Acinetobacter baumannii, Acinetobacter baylyi, Acinetobacter junii, Acinetobacter
nosocomialis, Aeromonas caviae, Aeromonas ichthiosmia, Aeromonas hydrophila,
Aeromonas veronii, Brevibacterium luteolum, Brevibacterium paucivorans, Escherichia coli,
Klebsiella pneumoniae and Serratia marcescens within 48 hours of incubation.

After 1% chlorhexidine decontamination of freshwater sample, the culture onto sheep-blood
Columbia agar remained sterile without contamination. The same freshwater sample mocked-
inoculated with M. ulcerans strain (CU001 and ATCC33728 separately) and chlorhexidine-
decontaminated yielded autofluorescent colonies of M. ulcerans, starting at day 15 after
inoculation onto the chitin, fucose and NAG growth promoters media. Colony counting was
done on day 30 (Figure 4). Several colonies obtained during this step were confirmed by RT-

PCR targeting specific genomic regions of M. ulcerans (1S2404,1S2606, KR-B) in order to
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confirm M. ulcerans colonies . RT-PCR results where positive for all 1S2404, 1S2606 and

KR-B targets.

Detecting M. ulcerans DNA in environment samples, Cote d’Ivoire. Mycolactone-
producing mycobacteria (MPM) DNAs were detected by RT-PCR in the environmental
samples collected in Cote d’Ivoire, while the negative controls remained negative and all the
samples were free of PCR inhibition. Five of the 12 water without plant debris (41.66%) were
positive for KR-B gene, insertion sequence IS2404 and 1S2606; five (41.66%) were positive
for KR-B and 1S2404, ten (83.33%) were positive for KR-B gene and IS2606. Among the
eight water with plants debris, two (25%) were positive for KR-B and IS2404. No
Thryonomys swinderianus’s aulacode feces were definitely found positive according to our
criteria while two of 11 feces samples (18.18%) were positive for [IS2404 (Table 1). Further,
the calculated values for ACt (IS2606-1S2404) from MPM-PCR positive environmental
samples were <3.32 (95% CI=0.43—-1.70), suggesting that all the sequences detected were
attributable to M. ulcerans which typically give higher ACt values than the other MPM, as

previously reported’.

Culturing M. ulcerans micro-colony in environment samples, Cote d’Ivoire.

The culture of the 31 samples decontaminated with 1% chlorexidine yielded one auto-
fluorescent micro-colony isolated from one IS2404-positive aulacode feces sample after 45-
day incubation on the DZ medium at 30°C under a micro-aerophilic atmosphere condition.
This unique micro-colony yielded Ziehl-Neelsen -positive bacilli identified as a MPM after
the RT-PCR positivity for KR-B, 1S2404 and 1S2606 in the presence of negative controls
(Figure 5). Further, calculated value for ACt (IS2606-1S2404) of 2. 97 (ACt <3.32) indicated

that it was more likely a colony of M. ulcerans according to previously described criteria’.
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Sub-culturing onto the DZ medium of the micro-colony material remaining after identification

failed.

DISCUSSION

We here report on a culture protocol for the recovery of viable M. ulcerans mycobacteria
from environmental sources and we successfully applied it to the first isolation of micro-
colonies from aulacode feces collected in Cote d’Ivoire.

Temperature of incubation is a crucial point for the culture of mycobacteria as
previously reported *°. Indeed, M. ulcerans strains have optimal growth between 28- 32°C;
they are very sensitive to higher temperatures, a temperature of 41°C over a period of 24
hours kills more than 90 % of the bacilli '*. This observation gives indications for the storage
of environmental samples for M. ulcerans culture in endemic countries where the ambient
temperature may reach values in-between 37°C-45°C, suggesting that samples should be
stored at lower temperatures into any appropriate transport medium before inoculation. We
then observed that growth of the M. ulcerans strains here investigated was significantly more
rapid in micro-aerophilic atmosphere than in ambient atmosphere and in a 5% CO,-enriched
atmosphere. It was previously suggested that M. ulcerans is capable of growth under aerobic
but not anaerobic conditions® and to survive anaerobic conditions *. During our experiment
we observed a significant growth of the three strains of M. ulcerans cultured under anaerobic
conditions after day 20 of incubation. Indeed, breaking anaerobic atmosphere may occur
during which a suitable atmospheric condition for the growth of mycobacteria was created
during colonies count and / or pocket replacement every five days. Further, a possible activity
of the cydA locus in M. ulcerans may sustain the ability of this strains to survive under low-

e 37
oxygen conditions .
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To develop an innovative culture medium for improve isolation and growth of M. ulcerans,
we thought that comparative genome analysis reveal unique metabolic features and clues to
enrich a Middlebrook 7H10 medium. Indeed, this approach has been successfully used to
design a new culture medium for the fasditious pathogen Tropheryma whipplei, another
Actinobacterium **. Accordingly, we incorporated chitin, fucose and N-acetylgalactosamine
into a Middlebrook 7H10 medium in order to experimentally test their effect on the growth
of M. ulcerans. The experimental data were authenticated by the negativity of the negative
controls used in every experiment and the reproducibility of data over three different M.
ulcerans strains culture and triplicate experiments. Chitin is the second most abundant organic
and renewable source in nature, after cellulose **. This linear homopolymer can be hydrolyzed
at B-1,4-linkages by the enzymatic action of glycoside hydrolase enzymes, the chitinases
(E.C. 3.2.1.14) and the N-acetylglucosaminidases (E.C. 3.2.1.52) 3940 Chitin is found in the
structure of fungi, crustaceans (crabs, lobsters), insects, mollusks, cephalopods, fishes such as
zebrafish (Danio rerio) and amphibians *'**. The derivatives of chitin play a crucial role in
the interaction between higher plants and symbiotic bacteria; suggesting that chitin synthesis
may serve roles other than the production of skeletal material **. N-acetyl galactosamine has
been recognized as a minor sugar component covalently-bound amino sugar component of the
cell wall of some slow-growing mycobacteria and orthologs of polyprenyl-phospho-N-acetyl-
galactosaminyl synthase (ppgS), which are found in the genomes of slowly-growing
mycobacteria including M. bovis, M. bovis BCG, M. leprae, M. marinum and M. avium subsp.
paratuberculosis, as well as in M. abscessus; but not in the genomes of other rapidly

growing Mycobacterium species such as Mycobacterium smegmatis ****.

Chitinases are chitin-degrading enzymes belonging to the glycoside hydrolase family 18
(GH18) and 19 (GH19) ¥ (www.cazy.org). They act in a synergistic to perform the complete

enzymatic hydrolysis of chitin to N-acetylglucosamine ***’. The GH18 family is widely
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distributed in all kingdoms, including viruses, bacteria, plants, fungi and animals 38 Bacterial
chitinases and chitin-binding proteins (CBPs) play a fundamental role in the degradation of
the ubiquitous biopolymer chitin, and the degradation products serve as an important nutrient
source for marine- and soil-dwelling bacteria ***'. M. ulcerans genomes encode for a GH18
compatible with a putative chitinase activity . N-acetylglucosaminidases belong to glycoside
hydrolase family 20 (GH20) **. a-1-Fucosidases are enzymes involved in metabolism of a-1-
fucosylated molecules , compounds with a fundamental role in different life essential
processes including development *2. These enzymes play a fundamental role in the
degradation of the ubiquitous biopolymer ***®**. The degradation products serve as an
important nutrient source for bacteria in the nature >'. M. ulcerans may obtain energy and
carbon from the degradation of plant saccharides which were demonstrated to stimulate M.
ulcerans growth in vitro "> It was recently shown that chitin promoted growth of M.
ulcerans **. Fucose was here tested after we observed that M. ulcerans contained an alpha-L-
fucosidase cytoplasmic protein involved in carbohydrate transport and metabolism®.

It was proved that some green algae extracts stimulate the growth of M. ulcerans’™. In a
later study however, the growth of M. ulcerans was indirectly observed by using quantitative

PCR kinetics, instead of the simple observation of growing colonies as reported here®.

The doubling time obtained with the culture of M. ulcerans strains onto each growth
promoter was less than two days and was in agreement with previously reported values. The
doubling time was estimated to be of approximately 36 h #12 days * and 3.3 £ 0.56 days
' In the Dubos medium (a liquid medium) , the doubling time was less than 48 hours at 33°C
%6 and 44 hours in the Dubos medium without serum *’. A doubling time estimated to be
between three and four days has been reported **. In mice, the doubling time was

approximately 3.5 days **°'. The discrepancy may be first due to the strain of M. ulcerans,
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secondly to the calculation method ¥ or the type of culture medium. In contrast, M.
marinum has a doubling time of 6-11 h .

Culture onto 5 % sheep-blood Columbia agar of freshwater sample after chlorhexidine
decontamination remained sterile so, we deduced that the chlorhexidine decontamination
method has been effective. Culture onto growth promoters media of chlorhexidine
decontaminated freshwater sample mocked- inoculated with M. ulcerans strains allowed to

isolate M. ulcerans colonies confirmed by RT-PCR.

M. ulcerans DNA were detected by RT-PCR in water, plants debris and aulacodes
feces, all collected in Cote d’Ivoire. M. ulcerans’s DNA has been detected previously in two
feces from the aulacode collected in Cote d'Ivoire 22 and in small mammal (Mastomys) in
Ivory Coast % suggesting that these animals may shelter and vehicle M. ulcerans. In our
study, several strains yielded 1S2404 region but not KR-B region detection. It may suggest
that such environmental M. ulcerans strains did not produce mycolactone or were
mycolactone-deficient strain of M. ulcerans or other mycobacteria such as M. marinum. Other
several strains had KR-B but not IS2404. It may suggest that these strains were not M.
ulcerans, but had mycolactone-producing gene.

Growth promoters allow the isolation of micro-colony which was positive for IS2404,
1S2606 and KR-B. However, direct sub-culture onto the growth-promoters for more
biological material failed. This failure could be explained by the very low inoculum
remaining for the culture after we realized Zielh-Neelsen staining and the RT-PCR for the
identification of the micro-colony. Our samples were collected in a Buruli ulcer endemic
region in the centre of Cote d’Ivoire, closely related but different from a site where we
previously PCR-amplified M. ulcerans DNA in the feces of aulacodes *. However, the

isolation of one M. ulcerans micro-colony from one feces sample does not prove that
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aulacodees constitute one reservoir for M. ulcerans in Cote d’Ivoire. Indeed, only one of 11
tested aulacode feces samples produced only one single viable micro-colony of M. ulcerans,
which could have arose by chance or natural contamination in the environment. Moreover, the
aulacode could have fed upon some infected organic materials, thus having M. ulcerans into
its digestive tract, acting thus as host spreaders, instead of being the natural host reservoirs.
Therefore, this interesting yet limited observation warrants further field studies for

confirmation.

Conclusions

A 1% chlorhexidine decontamination and addition of appropriate concentration of chitin, N-
acetyl galactosamine and fucose to the standard Middlebrook 7H10 culture medium (an
innovative medium here reported as DZ medium named after its inventor) promoted the
growth of M. ulcerans under microaerophilic atmosphere at 30°C. This protocol allowed for
the discovery of the first M. ulcerans isolate from the aulacode feces collected in a Buruli
ulcer endemic region in Cote d’Ivoire. This protocol is proposed as a first-line protocol for the
tentative isolation of additional M. ulcerans strains during field campaigns in Buruli ulcer

endemic areas.

METHODS

Ethics statement. The study has been conducted with collection references strains of M.
ulcerans and no experiment or test has been performed on patients or/and animals.

M. ulcerans strains. Three strains of M. ulcerans isolated from different geographic origins
were used throughout the study. M. ulcerans strain Cu001 (a gift from Prof Vincent Jarlier,
Centre National de Référence des Mycobactéries, Paris France) was from Cote d’Ivoire 2 M.

ulcerans ATCC 33728 isolated from Japan and M. ulcerans ATCC 25900 belongs to the
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Borstel collection (Schroder 5392) and was probably isolated in Africa. The identification of
these three strains were ensured by rpoB gene sequence analysis prior to experiments . M.
ulcerans strains were sub-cultured at 30°C onto Middlebrook 7H10 agar medium
supplemented with 10% (v/v) oleic acid/albumin/dextrose/catalase (OADC) (Becton
Dickinson, Sparks, MD, USA) and 0.5% (v/v) glycerol (Sigma-Aldrich, Lyon, France) in a
microaerophilic atmosphere until we have enough colonies to prepare inoculum. Then, a
mycobacterial suspension was prepared by placing a loopful of colonies in a tube containing
sterile phosphate buffered saline (PBS, pH 6.5) and sterile glass beads. The tube was
vigorously vortexed in order to separate any bacterial aggregates and adjusted with PBS in
setting the mycobacterial concentration of inoculum to 0.5 McFarland standards in order to
obtain a final suspension containing 10’ acid-fast bacteria (AFB)/mL using a turbidimeter
(Biolog Inc., Hayward, U.S.A). This suspension was shown to be free of clumps by
microscopic examination after Ziehl-Neelsen staining. Then, a 10° AFB/mL working
suspension was prepared.

In all further experiments, colonies were observed and count by using a MZ-FLIII
fluorescence microscope (Leica, Nanterre, France) equipped with a GFP filter and an ICA
digital camera (Leica) to detect mycobacterial auto-fluorescence as previously described o4,
Counting of fluorescent colonies was performed using the Leica Application Suite software
(Leica). The identification of colonies was confirmed by matrix assisted laser desorption
ionization time of flight mass spectrometry (MALDI-TOF-MS) (Bruker Daltonics, Bremen,

Germany) as previously described *°

Testing atmosphere conditions for culturing M. ulcerans.

The first step consisted in the culture of M. ulcerans under different conditions. For each

M. ulcerans strain, a 100 pL-volume of a 10> AFB/mL suspension corresponding to 10* AFB
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was cultured in triplicate onto Middlebrook 7H10 medium supplemented with 10% (v/v)
OADC and 0.5% (v/v) glycerol then, incubated at 30°C under four different atmospheric
conditions. The atmospheric growing conditions were artificially created by the use of sealed
plastic pouch that can hold ten Middlebrook 7H10 medium poured in 55-mm diameter Petri
dishes. The conditions of culture to produce standard, microaerophilic (5% oxygen),
anaerobic (total absence of free oxygen and 8%-14% CO,) and 5% CO; rich atmosphere
conditions with a 15% final concentration of oxygen, all in closes pouch were made
respectively by simple culture method, microaerophilic condition using CampyGen Compact
(OXOID Ltd, Basingstoke, Hampshire, England), Anaerobie Poche System/AnaeroGen
Compact (OXOID Ltd, Basingstoke, Hants RG24 8PW, UK) and CO, Rich atmosphere using
CO; Gen Compact (OXOID Ltd). All inoculated cultures and negative control inoculated with
sterile PBS were incubated at 30°C. In parallel, we cultured onto Middlebrook 7H10 medium
supplemented with 10% (v/v) OADC and 0.5% (v/v) glycerol, the three strains of M. ulcerans
(10* AFB per Petrish dish), incubated at 37°C . Cultures were all examined at day 5, day 10,
day 15, day 20 and day 30 by a MZ-FLIII fluorescence microscope. Counting of fluorescent

colonies was performed using the Leica Application Suite software.

Growth-promoters. In a second step, we searched for genes encoding chitinase, N-
acetyl galactosaminase (NAG) and fucosidase in completely sequenced Mycobacterium
genomes (NCBI Gene Bank, last accessed in February 2016). To estimate the copy number of
these genes, we considered protein functional description of the respective strains as
documented in the gff files of NCBI Gene Bank bacterial genome repository. In each
completely sequenced Mycobacterium genome, we counted the number of genes using the

LLINTS

key terms “chitinase”, “cellulase”, “fucosidase” in their protein functional annotation column.
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A total of 109 Mycobacterium genomes were screened in this analysis. The presence of one of
these three genes was detected in 70 genomes and the presence of the three genes at once was
detected only in the M. ulcerans genome.

Therefore, these three substances were tested as growth promoters for M. ulcerans. N-
acetylgalactosamine (Sigma-Aldrich) and fucose (Sigma-Aldrich) were dissolved in sterile
distilled water (Sigma-Aldrich) at a concentration of 1 mg/mL. They were then prepared on
Middlebrook 7H10 agar medium supplemented with 10% (v/v) OADC and 0.5% (v/v)
glycerol (Sigma) at a concentration of 0.1 mg/mL in the first step followed by a preparation
with a final concentration of 0.01 mg/mL in a second step. These media were poured into 55-
mm Petri dishes (Gosselin, Borre, France). Solubilization of chitin (Sigma-Aldrich) was
achieved as previously described with few modifications by slowly dissolving chitin in 37%
concentrated hydrochloric acid “HCI” (Sigma-Aldrich) ° (Supplementary material). The
obtained colloidal chitin was then dissolved into Middlebrook 7H10 medium supplemented
with 10% (v/v) OADC and 0.5% (v/v) glycerol at a concentration of 0.2 mg/mL and this
medium was poured into 55-mm Petri dishes. The purity of chitin, fucose and NAG delivered
by Sigma-Aldrich was controlled by MALDI-TOF-MS before incorporation into the enriched
culture media. For each of the three reagents, one microliter of the supernatant was spotted
per spot onto the polished-steel MSP 96 target plate (Bruker Daltonics) and allowed to dry at
room temperature. Each dry spot was then overlaid with 1pL of matrix solution (saturated o-
cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid) (Bruker
Daltonics). The plate was air-dried for 5 minutes and loaded for manual processing into the
MALDI-TOF mass spectrometer (delay: 170 ns; ion source 1 (IS1) voltage: 20 kV; ion source
2 (IS2) voltage: 16.65 kV; lens voltage: 7.20 kV; mass range: 0 kDa to 1 kDa) taking into
account the known molar mass of reagents. Molar mass was identified by the m/z

(mass/charge) parameter on spectra. The specific peaks were obtained for chitin (molar mass
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0f 627.59 g/mol), N-acetyl galactosamine (molar mass of 221. 20 g/mol) and fucose (molar

mass of 164.15 g/mol) confirming the presence and purity of the reagents.

Testing growth-promoters for M. ulcerans culture. For each one of the M. ulcerans strains
under study, a 100 uL-volume of a 10° AFB/mL suspension and PBS as negative control were
cultured in parallel in triplicate onto each of the three enriched media and onto Middlebrooks
7H10 reference medium supplemented with 10% (v/v) OADC and 0.5% (v/v) glycerol. We
seeded an inoculum of 10* AFB by Petri dish rather that a greater concentration of AFB in
order to minimize bias of counting because in bacterium kinetic, population growth strongly
depends on initial conditions. The 55-mm plates were incubated at 30°C in microaerophilic
atmosphere. Five days, ten days, fifteen days, twenty days and thirty days after inoculation,
colonies were observed by a MZ-FLIII fluorescence microscope (Leica, Nanterre, France)
equipped with a GFP filter and an ICA digital camera (Leica) to detect mycobacterial
autofluorescence *. Counting of fluorescent colonies was performed using the Leica
Application Suite software (Leica) ®. Identification of colonies was confirmed by MALDI-

TOF-MS as previously described ®*7 and by 7poB gene sequence analysis *.

Decontamination of river freshwater experimentally inoculated with M. ulcerans strains.
Freshwater obtained from the Huveaune River, a small river of southern France was used. In
first time, we analyzed without decontamination formerly direct cultured samples of the river
freshwater on 5 % sheep-blood Columbia agar (COS, bioMérieux, La Balme-Les-Grottes,
France) and after two days of culture we identified by MALDI-TOF-MS the growth bacterial
colonies. The direct culture aimed to list bacteria and fungi contained in the native
freshwater for the differential appreciation of germs between direct culture and culture after

chlorhexidine decontamination. Secondarily, we decontaminated the freshwater of Huveaune
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River with 1% chlorhexidine and culture the pellet onto 5 % sheep-blood Columbia agar. The
decontamination was processed as previously described .

The next step consisted of on the chlorhexidine decontamination of freshwater
experimentally inoculated with M. ulcerans suspension. Briefly, in 50mL Corning Falcon
conical centrifuge tubes (Becton Dickinson) containing 5 mL of river freshwater
experimentally inoculated with one milliliter of 10" AFB/mL of each M. ulcerans Cu001 and
M. ulcerans ATCC25900, the chlorhexidine decontamination was done as previously
described . Then, a 100-uL volume of pellet was inoculated in parallel on 5 % sheep-blood
Columbia agar, in triplicate on each of the growth-promoting media (chitin, N-acetyl
galactosamine, fucose) and on the standard Middlebrook 7H10 medium. The negative control
was consisted of seeding 100 pL of sterile PBS onto 5 % sheep-blood Columbia agar,
standard Middlebrook 7H10 medium and onto each of the growth-promoting media. Cultures
and negative controls were examined at day 3, day 7 to appreciate the quality of the
decontamination method and quality of the cultures. Colonies were counted at day 15 and day

30 using the Leica Application Suite software as described above.

Isolation of M. ulcerans from environmental samples, Cote d’Ivoire. Tentative isolation of
M. ulcerans was done on 12 water samples without plant debris (40-45mL), 8 water samples
with plant debris (40-45 mL) and 11 aulacode (Thryonomys swinderianus) feces collected
around the Kossou dam near the village of Kongouanou, an endemic area of Buruli ulcer in
the district of Yamoussoukro located in the centre of Céte d’Ivoire. The feces of aulacodes
which are easy to recognize have been collected with the support of professional hunters
around Kossou dam. All the samples were collected onto SOmL Corning Falcon conical

centrifuge tubes.
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For the treatment of samples for seeding, water samples without and with plants debris were
concentrated by centrifugation at 1,700 g for 15 min and the supernatants were removed. The
resulting pellets from water without plant debris were suspended in PBS before
decontamination. The resulting pellets from water with plant debris were suspended in PBS
and mechanically disrupted with silica beads (0.5 mm diameter) and the obtained suspensions
were transferred into 50mL Corning Falcon conical centrifuge tubes before decontamination .
500 mg aulacode feces added into 50mL Corning Falcon conical centrifuge tubes containing 5
mL of PBS were mechanically disrupted with silica beads (0.5 mm diameter) and the obtained
suspensions were transferred into another 50mL Corning Falcon conical centrifuge tubes
before decontamination. Then, each sample was decontaminated using 1% chlorhexidine as
previously described . 100 pL of decontaminated pellet were seeded onto the chitin
medium, NAG medium, fucose medium and DZ medium (Middlebrook 7H10 medium
containing chitin (0.2%), NAG (0.01%) and fucose (0.01%)) and incubated for 24 weeks at
30°C under a micro-aerophilic atmosphere condition using CampyGen Compact. 100uL of
sterile PBS was seeded in each media as negative controls and incubated in the same
conditions. Colonies were screened with auto-fluorescence three times a month and the
obtained colonies were identified by Real-Time PCR (RT-PCR) incorporating three
independent gene targets, 1S2404, 1S2606 and KR-B, within the M. ulcerans genome "*>%7
and internal positive control to determine the level of inhibition as previously described ".
The presence of M. ulcerans DNA in environmental samples was analyzed by RT-PCR. We
used the three primers (KR-B, 1S2404 and 1S2606) to improve the specificity of the M.

ulcerans DNA detection in the environmental samples 7"

. Primers and probes from
Applied Biosystems that were selected from regions of the sequences for 1S2404, 1S2606 and
KR present on the plasmid pMUMO01 were used ’. Probes IS2404TP and KR-BTP were

labelled with the fluorescent dye 6-carboxyfluorescein (FAM) at the 5’ end and a non-
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fluorescent quencher at the 3’ end. Probe IS2606TP was labelled with the fluorescent dye
VIC at the 5" end and a non-fluorescent quencher at the 3’ end ’ (Table 2). Total DNA was
extracted from feces using the QITAmp® DNA Stool kit according to the manufacturer’s
instructions (Qiagen, Stochach, Germany); total DNA was extracted from plant debris and
sediment water using the NucleoSpin Tissue Kit (Macherey-Nagel, Hoerdt,

France). M. ulcerans Cu001 DNA was extracted using a commercial Nucleospin Tissue kit
(Macherey-Nagel, Hoerdt, France) which was used as a positive control in PCR-based
identification of micro-colonies while distilled water was used as a negative control. The PCR
inhibition was assessed by adding 10 pL of internal control into 190 pL of sample, as
previously described ™. Each 1S2404, IS2606 and KR real-time PCR mixtures contained 5 pl
of DNA or negative control, 20 uM of each primer, 5 pM of probe, 3.5 pL of sterile water and
10 pL of mastermix (Eurogentec) in a total volume of 20 ul. The RT-PCR program comprised
one cycle at 50°C for two minutes and 40 cycles at 95°C for 15 seconds and 60°C for one
minute %, amplification was done in a CFX 96™real time PCR thermocycler and detection
system (BIO-Rad, Marnes-la-Coquette, France). Two negative controls were incorporated
into each PCR run. All samples were tested in triplicate. A specimen was considered as
positive for the detection of M. ulcerans when both the insertion sequences IS2606 and/or
1S2404 and the KR-B detection were positive (Ct < 40 cycles) in > 2/3 replicates. The Ct cut-
off value was chosen in order to increase the sensitivity of the detection as previously

described 2.

Statistics
The results of growth kinetics were expressed as mean value + standard error of the mean
(SEM) of counted colonies. The Student's T—test was used to compare the number of colonies

growing in the media with growth promoters versus standard media. P values lower than 0.05
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(p < 0.05) were considered significant. The doubling time was determined by calculating the

average slope of the mycobacterial replication curve during the early phase of culture.
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Table 1. Real-time PCR (RT-PCR) results of M. ulcerans DNA detection in aulacode feces

(FAG), water (EAU) and water containing plant debris (VEG) by using detection of KR-B

gene and insertion sequences 1S2404 and IS2606.

The green boxes are the positive results for the corresponding primer and CT values.

KON-FAG 1

KON-FAG 2

KON-FAG 3

KON-FAG 4

KON-FAG 5

KON-FAG 6

KON-FAG 7

KON-FAG 8

KON-FAG 9

KON-FAG 10

KON-FAG 11

KON-EAU1

KON-EAU 2

KON-EAU 3

KON-EAU 4

KON-EAU 5

KON-EAU 6

KON-EAU 7

KON-EAU 8

KON-EAU 9

KON-EAU 10

KON-EAU 11

KON-EAU 12

KON-VEG 1

KON-VEG 2

KON-VEG 3

162



499

500

501

KON-VEG 4

KON-VEG 5
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Table 2. Primers and probes designed for real-time PCR detection of M. ulcerans by targeting

1S2404,1S2606, and KR-B gene.

Target Prime or Neof | Amplico Sequences (5'-3") Nucleotide | No. of copies of
sequence Probe * bases n size positions " amplicon per
plasmid/chromo
some
1S2404 | 1S2404 TF 19 59 AAAGCACCACGCAGCA | 27746-27762 4/201
TCT
1S2404 | 1S2404 TR 18 AGCGACCCCAGTGGAT | 27787-27804
TG
1S2404 | 1S2404 TP 6FAM- 27768-27781
CGTCCAACGCGATC-
MGBNFQ
1S2606 | 1S2606 TF 21 58 CCGTCACAGACCAGGA | 28912-28932 8/82
AGAAG
1S2606 | 1S2606 TR 21 TGCTGACGGAGTTGAA | 28947-28969
AAACC
182606 | 1S2606 TP VIC- 28933-28946
TGTCGGCCACGCCG-
MGBNFQ
KRB KR-BTF 18 65 TCACGGCCTGCGATAT | 3178-3195 15/0
CA
KR-B KR-BTR 21 TTGTGTGGGCACTGAA | 3222-3242
TTGAC
KR-B KR-BTP 6FAM- 3199-3212
ACCCCGAAGCACTG-
MGBNFQ
24
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Figure legends.

Figure 1. Triplicate culture of 10* bacilli of M. ulcerans CU001 (A), M. ulcerans ATCC25900
(B) and M. ulcerans ATCC33728 (C) in Middlebrook 7H10 under different atmospheres
(ambient atmosphere, and microaerophilic, anaerobic and 5% CO»-enriched atmosphere).

Microaerophilic atmosphere yielded the optimal growth of M. ulcerans (red line).

Figure 2. Growth of M. ulcerans (10* bacilli) onto Middlebrook 7H10 enriched with high
concentration of N-acethyl galactosamine (0.1 mg/mL, 0.5 mg/mL) and fucose (0.1 mg/mL,
0.5 mg/mL) versus growth onto standard Middlebrook 7H10 (p<0.05 after Day 15 of
incubation). A. M. ulcerans CU001; B. M. ulcerans ATCC25900; C. M. ulcerans

ATCC33728

Figure 3. Improved growth of M. ulcerans strains (10* bacilli) by N-acetyl galactosamine
(NAG) (0.01 mg/mL), fucose (0.01 mg/mL), chitin (0,2mg/mL) and DZ medium (NAG (0.01
mg/mL), fucose (0.01 mg/mL), chitin (0,2mg/mL)) versus growth onto Middlebrook 7H10
(p<0.05). A. M. ulcerans CU001; B. M. ulcerans ATCC25900; C. M. ulcerans

ATCC33728

Figure 4. Growth count at day 30 of 10* bacilli of M. ulcerans CU001 and M. ulcerans
ATCC33728 colonies after 1% chlorhexidine decontamination of river freshwater artificially
inoculated with M. ulcerans strains and cultured onto growth promoters and Middlebrook
7H10. Blue column: Mycobacterium ulcerans CU001; Red column: Mycobacterium ulcerans

ATCC33728
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Figure 5. Culturing one aulacode feces sample collected in Cote d’Ivoire on Middlebrook
7H10 enriched with growth promoters yielded one micro-colony observed by
autofluorescence (arrow) (left panel). Right panel exhibits Ziehl-Neelsen staining of the micro
colony further identified as M. ulcerans by positive RT-qPCR for KR-B gene, 1S2404 and

1S2606.
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Microcolony of AL, ulcerans obtained from aulacode feces Ziehl-Neelsen staining of the obtained microcolony (AFB+)
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Supplement 1: Supplementary information

Chitin dissolution protocol

Ten grams of chitin were slowly dissolved in 400 ml of 37% concentrated HCI in a 1000 ml
beaker. The HCI was added slowly with continuous stirring with the use of a glass pipette for
5 minutes, followed by stirring for 1 minute at an interval of every 5 minutes for 60 minutes
in a chemical fume hood at room temperature (25 © C). The mixture was incubated in a water
bath at 37°C until viscosity decreased. The chitin- HCI mixture was then passed through 8
layers of cheesecloth to remove large chitin chunks. The clear filtrate obtained (100 ml) was
then treated with 2 liters of ice cold sterile distilled water to allow precipitation of colloidal
chitin. This was incubated overnight under static conditions at 4°C to facilitate better
precipitation of colloidal chitin. This was later passed through two layers of coffee filter
paper, housed in a Buchner funnel (130 mm) seated in a vacuum filtration flask under
vacuum. Approximately 3 liters of tap water (pH of ~8.0) were passed through the colloidal
chitin cake using this filter assembly, until the pH of the filtrate had risen to 7.0 (estimated by
pH paper). The colloidal chitin obtained was pressed between coffee filter papers (to remove
additional moisture), and then placed in a 100 ml glass beaker covered with two layers of
aluminum foil and sterilized by autoclaving at standard temperature and pressure (STP) (15
psi, 20 minutes, 121 ° C). The autoclaved colloidal chitin was stored at 4°C until further use.

The colloidal chitin we obtained had a soft cake-like texture.
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Chapter 4: MALDI-TOF-MS for the identification of
cultured mycobacteria
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There are more than 170 recognized species and subspecies
of mycobacteria. Some of them are clinically relevant and
cause disease in humans, animals while others are
environmental — microorganisms.  Several  diagnostic
methods, such as biochemical, sequencing, and molecular
methods, are used for mycobacterial identification. The
current gold standard for the identification of mycobacteria
is DNA sequencing with several targets including the 16S
rRNA gene, rpoB, secA, and hsp65. In the last few years,
matrix-assisted laser desorption ionization—time of flight
mass spectrometry (MALDI-TOF MS) has been shown to
be a reliable and rapid technique for the identification of
tuberculous and nontuberculous mycobacteria through the
recognition of specific proteins using specifique database as
Mycobacteria Library version. MALDI-TOF-MS is a
famous device which has a low operating cost with speed
and reliability quality of identification for bacteria and it 1s
based upon the detection of highly abundant proteins in a
mass range between 2 and 20 kDa by computing their mass

(m) to charge (z), m/z values. However, the identification of
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mycobacteria by MALDI-TOF-MS is done after a long
trifluoroacetic acid and acetonitrile protein extraction
procedure. In this study, we developed a rapid method for
the 1identification of mycobacteria by MALDI-TOF-MS
directly from colonies obtained on solid medium, without a
protein extraction step (article 5). Currently this protocol is
used routinely in our Clinical Microbiology laboratory for

the identification of mycobacteria.

182



Article 5: “Direct matrix-assisted laser desorption
ionisation time-of-flight mass spectrometry
identification of mycobacteria from colonies “

Zingue D, Flaudrops C, Drancourt M, 2016. Direct matrix-
assisted laser desorption ionisation time-of-flight mass
spectrometry identification of mycobacteria from colonies.
European Journal of Clinical Microbiology & Infectious
Diseases: 1-5.
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Abstract Matrix-assisted laser desorption ionisation time-
of-flight mass spectrometry (MALDI-TOF-MS) identifica-
tion of mycobacteria requires a standard acetonitrile/formic
acid pre-MALDI-TOF-MS. We prospectively compared
this standard protocol with direct deposit with matrix for
the identification of mycobacteria cultured on solid media.
We first verified that Mycobacterium tuberculosis was
killed after it was mixed with matrix. Then, 111
Mycobacterium isolates previously identified by partial
rpoB gene sequencing were tested in parallel by the two
protocols. An identification score >1.7 was obtained in 86/
111 (77.5 %) isolates after protein extraction versus 97/111
(87.4 %) isolates after direct deposit (p =0.039, Chi-
squared test). In a third step, we determined that direct
deposit achieved identification for as few as 2.10*
M. tuberculosis organisms. In a fourth step, we evaluated
direct deposit of one colony for 116 solid medium-cultured
clinical isolates finally identified as representative of 12
species (63.8 % M. tuberculosis). For 114/116 (98.3 %)
isolates with an identification score >1.2, the MALDI-
TOF-MS identification was in complete agreement with
the reference rpoB gene sequencing identification. One
isolate with a MALDI-TOF-MS identification score of
1.22 for M. fortuitum was identified as M. avium by partial
rpoB gene sequencing. One other isolate with a MALDI-
TOF-MS identification score of 1.22 for M. tuberculosis

b4 M. Drancourt
michel.drancourt @univ-amu.fr

' Aix-Marseille Université, INSERM, CNRS, IRD, URMITE,
Marseille, France
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was identified as M. tuberculosis by genotyping. All the
original MALDI-TOF-MS spectra reported here have been
deposited in a public database. Direct deposit of one colo-
ny on a MALDI-TOF-MS plate allows for an accurate
identification of mycobacteria for an identification
score >1.3.

Introduction

Mycobacterial infections, including tuberculosis and non-
tuberculous mycobacterioses, are a major public health con-
cern, despite the efforts of health authorities at national and
international levels [1-4]. Mycobacterium strains are routinely
identified by traditional microbiological identification
methods as well as by various molecular biology methods
[5, 6]. These methods are expensive, time consuming and
require trained laboratory personnel [7].

During the last decade, the development of matrix-
assisted laser desorption ionisation time-of-flight mass
spectrometry (MALDI-TOF-MS) has vastly increased the
possibilities for the rapid identification of bacteria in clin-
ical laboratories [8]. Indeed, MALDI-TOF-MS has
emerged as an effective, inexpensive, innovative and rapid
method for the identification of bacteria and fungi in the
clinical laboratory [9]. For mycobacteria, progress has
been slower, and several protocols have been specifically
designed for the MALDI-TOF-MS identification of tuber-
culous and non-tuberculous mycobacteria [1]. All of these
protocols include pre-MALDI-TOF-MS processing of the
isolate [1, 6, 10-12]. Processing includes suspension in
water and alcohol for partial inactivation, heat inactivation,
mechanical disruption with silica beads followed by
acetonitrile/formic acid for mycobacterial protein
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extraction, spotting suspension onto a MALDI-TOF target
and cover with matrix solution (saturated «-cyano-4-
hydroxycinnamic acid, 50 % acetonitrile, 2.5 %
trifluoroacetic acid) [1, 6, 10-12]. This procedure is mainly
justified by the toughness of the Mycobacterium cell wall
[13, 14]. This is in contrast with the identification of non-
mycobacterial bacteria, which is easily achieved after a
simple deposit of solid culture medium-grown colonies
on the MALDI-TOF-MS target [15]. It is noteworthy that
all these protocols have been designed for mycobacteria
isolates in broth cultures, such as those incorporated in
automated broth cultures [1, 16-18].

In the meantime, we have renewed interest in the isolation
and culture of mycobacteria grown in solid culture media with
improved qualities compared to broth culture [7, 19, 20]. We,
therefore, investigated whether the same simple protocol
could be used for the rapid MALDI-TOF-MS identification
of solid medium-grown mycobacteria.

We here report that the simple deposit of one colony on a
MALDI-TOF-MS plate is sufficient for its rapid and accurate
identification, using an updated database and scores.

Materials and methods
Mycobacterial strains

The following mycobacterial strains, kept in our URMITE
laboratory collection at Aix-Marseille University, France, were
used in this study. This collection of mycobacterial isolates was
composed of one strain each of Mycobacterium xenopi,
Mycobacterium setense, Mycobacterium marinum [21],
Mycobacterium neworleansense and Mycobacterium kansasii;
two strains each of Mycobacterium mageritense,
Mycobacterium boenickei, Mycobacterium chelonae and
Mycobacterium ulcerans; three strains each of
Mycobacterium bolletii, Mycobacterium bovis,
Moycobacterium canettii, Mycobacterium intracellulare and
Mycobacterium senegalense; four strains each of
Mycobacterium simiae and Mycobacterium smegmatis; six
strains of Mycobacterium fortuitum, eight strains of
Mycobacterium avium, ten strains of Mycobacterium
porcinum, 11 strains of Mycobacterium abscessus and 40
strains of Mycobacterium tuberculosis, including the
M. tuberculosis H37Rv reference strain. The identification of
all mycobacteria isolates was previously confirmed by partial
rpoB gene sequencing, as previously described [22]. All the
isolates were sub-cultured onto a previously described solid
medium MOD9 [7] or on a Middlebrook 7H10 medium
(Becton Dickinson, Franklin Lakes, NJ, USA) at 37 °C. The
M. marinum and M. ulcerans strains were grown in
Middlebrook 7H10 medium at 30 °C in an atmosphere
enriched in 5 % CO,.
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MALDI-TOF-MS preparation
Reference proteins extraction protocol (protocol 1)

We used a previously published protocol incorporating
protein extraction by acetonitrile and formic acid, with a
few modifications, as a reference protocol [23]. A loopful
of mycobacterium biomass was collected into a 1.5-mL
screw-top microcentrifuge tube (VWR International,
Radnor, PA, USA) containing 300 uL of HPLC-grade
water (Sigma-Aldrich, St. Louis, MO, USA). Then,
900 pL of 70 % ethanol was added, vortexed and incu-
bated for 10 min at room temperature. The suspension
was then centrifuged for 2 min at 13,000 x g and the
supernatant was discarded. The pellet was suspended in
500 uL of HPLC-grade water and centrifuged for 2 min at
13,000 x g. The supernatant was discarded and the pellet
was suspended in 50 pL of HPLC-grade water, heat-
inactivated for 30 min at 95 °C and then cooled for 2
min. A 1200-uL volume of absolute ethanol pre-cooled
at =20 °C was added and vortexed for a few seconds and
then centrifuged for 2 min at 13,000 x g. The supernatant
was discarded and the pellet was allowed to dry for 5 min
at room temperature. Silica beads (0.5 mm in diameter)
and 25 pL of pure acetonitrile (Sigma-Aldrich) were
added and vortexed for 1 min. The same volume of
70 % formic acid (Sigma-Aldrich) was added, the mixture
was vortexed thoroughly for 1 min and then centrifuged
for 2 min at 13,000 x g. The supernatant was used for
MALDI-TOF-MS. One microlitre of the supernatant was
spotted per spot onto the polished-steel MSP 96 target
plate (Bruker Daltonics, Bremen, Germany) and allowed
to dry at room temperature. Each dry spot was then over-
laid with 1 pL of matrix solution (saturated o-cyano-4-
hydroxycinnamic acid in 50 % acetonitrile and 2.5 %
trifluoroacetic acid) (Bruker Daltonics). The plate was
air-dried for 5 min and loaded for processing into the
MALDI-TOF mass spectrometer as described below. The
overall procedure took 70 min for one sample to be
completed.

Direct deposit protocol (protocol 2)

The direct deposit protocol consisted in picking a portion
of a mycobacterial colony grown from solid media by
using the tip of a sterile 200-pL tip (Sigma Aldrich),
and the collected biomass was applied directly on a
ground-steel MALDI target plate using a circular motion
at each spot in order to obtain a translucent layer. One
microlitre of a matrix solution (saturated «-cyano-4-
hydroxycinnamic acid in 50 % acetonitrile and 2.5 %
trifluoroacetic acid) (Bruker Daltonics) was used to over-
lay the sample and allowed to co-crystallise at room
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temperature for 5 min. The plate was then loaded for
processing into the MALDI-TOF mass spectrometer, as
described below. The overall procedure took 10 min to
complete.

MALDI-TOF-MS analysis

Measurements were performed with a Microflex LT (Bruker
Daltonics) mass spectrometer laser. Spectra were recorded in
the positive linear mode (delay: 170 ns; ion source 1 (IS1)
voltage: 20 kV; ion source 2 (IS2) voltage: 16.65 kV; lens
voltage: 7.20 kV; mass range: 2 kDa to 20 kDa). Each spec-
trum was obtained after 6 x 40 shots (240 shots) in automatic
mode at a variable laser power, and the acquisition time
ranged from 60 to 120 s per spot. All signals with resolu-
tion >400 were automatically acquired using AutoXecute ac-
quisition control in flexControl software version 3.0 and the
identifications were obtained by MALDI Biotyper software
version 3.0 with the Mycobacteria Library v2.0 (2014) data-
base, which contains 313 main spectrum profiles representing
128 species. An identification score was given using Biotyper
software version 3.1 (Bruker Daltonics).

Evaluation of the sensitivity

To estimate the minimal number of Mycobacterium organisms
required to achieve a valid identification, colonies of
M. tuberculosis H3TRv strain were taken off the solid medium
and added to the test tube (20 mm/150 mm) containing
phosphate-buffered saline (PBS) and sterile 0.5-mm glass
beads. The tube was vortexed and the suspension was passed
once through a 29-gauge needle in order to separate aggre-
gates. This suspension was calibrated in McFarland (MF)
units by measuring its turbidity (Biolog, Inc., Hayward, CA,
USA) in the presence of a negative control tube containing
PBS. Suspensions of mycobacteria were prepared and adjust-
ed with PBS at MF 0.5. In order to confirm the equivalence
between MF and the actual concentration of mycobacteria,
serial 1:10 dilutions were prepared in PBS starting from an
MEF 0.5 suspension (equivalent to 107 bacteria/mL) to obtain
5.10% 4.10° 3.10°% 2.10° and 1.10° bacteria/mL. Then,
100 pL of each suspension was stained by Ziehl-Neelsen
staining and microscopically examined to count the number
of bacilli per field (1 bacillus per field corresponds to 10*
mycobacteria/mL, 10 mycobacteria per field corresponds to
10° mycobacteria/mL). In parallel, the suspensions were used
to perform the MALDI-TOF-MS identification by using pro-
tocol 1, as reported above.

Killing of M. tuberculosis by matrix

In order to assess that matrix incorporating 2.5 % trifluoroacetic
acid killed M. tuberculosis, 10* to 10° M. tuberculosis H3TRv
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were mixed with matrix for 10 min and spread on Middlebrook
7HI10 for a 21-day incubation at 37 °C in a 5 % CO, atmo-
sphere. A non-treated suspension was manipulated in parallel.
Plates were inspected by naked eye for the presence of
colonies.

Routine identification of mycobacterial isolates

From January 2015 to April 2016, all clinical Mycobacterium
strains prospectively isolated in our Mycobacteria Reference
Laboratory, Institut Hospitalier Universitaire Méditerranée
Infection, Marseilles, were analysed using ‘protocol 2 as pre-
sented above for the MALDI-TOF-MS identification, using
the default settings and MALDI Biotyper software version 3.0
with the Mycobacteria Library v2.0 (2014) database.
Identification of these isolates was confirmed by either real-
time polymerase chain reaction (PCR) GeneXpert MTB/RIF
(Cepheid, Sunnyvale, CA, USA) [24] as for M. tuberculosis or
partial rpoB gene sequencing [22] as for non-tuberculous
isolates.

Statistical analysis

The x? test with Yates’ correction was used to analyse quali-
tative variables. The alpha level was set at 0.05, in which
p<0.05 was considered statistically significant.

Results and discussion

We evaluated the rapid identification of solid medium-grown
Mycobacterium isolates by using direct deposit, without any
processing of the colony on a MALDI-TOF-MS plate.

In a first step, we compared this basic protocol 2 with a
standard, reference protocol 1, on a 111-strain collection rep-
resentative of 20 Mycobacterium species. By using a conven-
tional log score of 1.7 for identification, 86 isolates (77.5 %)
were identified after protein extraction (protocol 1) and 97
isolates (87.4 %) were identified after direct deposit onto the
MALDI target (protocol 2) (p=0.039) (Table 1). The
MALDI-TOF-MS spectra for these 111 strains have been de-
posited into our freely available Mediterranée Infection
Institute website database (http://www.mediterranee-
infection.com/article.php?laref=256&titre=urmsdatabase) to
assist other scientists with their identification work.

In a second step, we measured that it was possible to
achieve an identification score >1.7 for the M. tuberculosis
H37Rv strain after protein extraction of a minimal number
of 2.10° organisms, while direct deposit of 2.10* organisms
allowed for an accurate identification with a score >1.7
(Fig. 1). This result indicated that direct deposit of mycobac-
terial biomass on the MALDI-TOF plate was a hundred times
more sensitive than the extraction protocol for the MALDI-
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Table 1 Comparative matrix-
assisted laser desorption
ionisation time-of-flight mass
spectrometry (MALDI-TOF-MS)
identification of clinical isolates

Identification after protein Direct identification

of mycobacteria by two colony
processing methods

extraction (method 1) (method 2)

Score >1.7 Score >2.0 Score >1.7 Score >2.0
Number (percentage) of identified isolates 86 (77.5 %) 34 (30.63 %) 97 (87.4 %) 42 (37.84 %)
Chi-squared of global result 3.111
p-Value 0.039 (<0.05)

TOF-MS identification of M. tuberculosis. Moreover, we en-
sured that 10* to 10° M. tuberculosis H37Rv mixed with ma-
trix were dead. This observation allowed performing MALDI-
TOF-MS identification of mycobacteria in a BLS2 laboratory.

In a third step, we evaluated the routine use of ‘protocol 2’
over a 16-month period. For this, 116 clinical isolates cultured
on MOD?9 solid medium were prospectively identified by de-
positing one colony on the MALDI-TOF-MS plate. The final
identification, as confirmed by appropriate molecular analysis,
was 74 M. tuberculosis isolates (63.8 %), 12 M. avium (10 %),
seven M. simiae (6 %), six M. abscessus (5 %), six
M. intracellulare (5 %), two M. chelonae (2 %), two
M. chimaera (2 %), two M. mageritense (2 %), two
M. xenopi (2 %), one M. colombiense (1 %), one
M. fortuitum (1 %) and one M. kansasii (1 %). For these 116
isolates, the MALDI-TOF-MS identification score using pro-
tocol 2 was 1.22 to 2.41. For the 114/116 (98.3 %) isolates
with an identification score >1.3, MALDI-TOF-MS identifi-
cation was in complete agreement with that of molecular iden-
tification. One M. tuberculosis was correctly identified with an
identification score of 1.22, and one isolate with a MALDI-
TOF-MS identification score of 1.22 for M. fortuitum was
identified as M. avium by partial rpoB gene sequencing. The
MALDI-TOF-MS spectra for the 115 clinical isolates with an
exact MALDI-TOF-MS identification have been deposited
into our freely available Mediterranée Infection Institute
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website database (http://www.mediterranee-infection.
com/article.php?laref=256&titre=urmsdatabase).

Conclusions

The data here reported indicate that the routine matrix-assisted
laser desorption ionisation time-of-flight mass spectrometry
(MALDI-TOF-MS) identification of mycobacteria of medical
interest can be done by the direct deposit of one piece of
colony on the MALDI-TOF-MS target. The positive predic-
tive value of the identification is 100 % for an identification
score >1.3. Recently, the identification of colonies of
Mycobacterium fortuitum directly deposited on a MALDI-
TOF-MS plate after this isolate had been misidentified as
Corynebacterium jeikeium by phenotypic tests was reported
[25]. Indeed, mycobacteria do not behave differently from the
other organisms routinely isolated in the clinical microbiology
laboratory in respect to their MALDI-TOF-MS identification.
The simplicity and rapidity of the protocol further argues for
isolating mycobacteria of medical interest on a solid medium
such as the MOD9 reported here rather than using broth. We
are now using protocol 2 described in this paper for the routine
MALDI-TOF-MS identification of mycobacterial colonies
grown on solid medium.
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Fig. 1 Mycobacterium tuberculosis spectra and identification scores obtained at different McFarland (MF) values
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Article 6: Emerging of Matrix-assisted laser
desorption ionization-time of flight mass
spectrometry for identification of mycobacteria in a
clinical microbiological laboratory
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This mini-review provides a brief history of the
development of MALDI-TOF-MS until it is used in research
and diagnostic laboratories for the identification of
mycobacteria strains. The various protocols for extracting
the proteins of mycobacteria developed for identification by
MALDI-TOF-MS have been described in this review.
MALDI-TOF-MS has a great ability to identify
mycobacteria and would be a great asset for the diagnosis of
mycobacterial diseases in resource-limited countries where
it is not always easy to make a differential diagnosis between

different strains of mycobacteria
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Abstract:

The diagnosis of mycobacterium infections is routinely
based on microscopy, culture, phenotypic assays and
molecular biology assays. Matrix-Assisted Laser
Desorption lonization-Time of Flight Mass Spectrometry
(MALDI-TOF-MS) has emerged as an alternative method to
microbiological identification and several studies showed
that this technology was fast, efficient and less expensive for
its use in diagnostic laboratories for the identification of
microorganisms. In this review, we describe and discuss the
use of this technology for identification and typing
mycobacterium strains. Herein, we discuss also the

advantages and disadvantages of this method.

Keywords: Mycobacterium tuberculosis-Non tuberculosis
mycobacterium-protein profile-MALDI-TOF-MS
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INTRODUCTION

Tuberculosis (TB) caused by Mycobacterium tuberculosis
complex (MTBC), remains a major problem of public health
worldwide (1). TB ranks as the second leading cause of
death from an infectious disease after human
immunodeficiency virus (HIV) infection (2). It’s actually
high incidence is strongly associated with the emergence of
M. tuberculosis Beijing lineage associated with the increase
of drug resistance worldwide (2-6). During the recent two
decades, it has been observed the emergence of pulmonary
infections and other mycobacterial infections due to
nontuberculous mycobacteria (NTM) (7-10). The NTM are
ubiquitous organisms, highly prevalent in the environment
then and recognized as human pathogens in 1950s (11). The
incidence of diseases caused by NTM has gradually
increased (12). Over 150 species of NTM have been
described (7), more than 172  mycobacterial
species/subspecies are listed in the Genus Mycobacterium
database http://www .bacterio.cict.fr/m/mycobacterium

html; accessed on 13 August 2015). Recognition of the
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potential pathogenic of NTM has lagged behind recognition
of the potential pathogenic of M. tuberculosis (13, 14). The
correct identification of mycobacteria by conventional
methods 1s not always conclusive (15). Currently, the
conventional smear microscopy with the Ziehl-Neelsen
stain is the main method used in microbiology laboratory for
the detection of acid-fast bacilli. The problem is that this
method can't distinguish M. tuberculosis complex and NTM
(16). In the best equipped laboratories, the conventional
biochemical tests and molecular tools are used but, they are
time-consuming and expensive (9, 12, 17, 18). Rapid and
accurate diagnostic tools for the identification of
mycobacterial species are essential for optimal management
of mycobacterial infections. So, there is an urgent need to
develop  alternative,  cost-effective  methods  for
mycobacteria infections diagnosis. In 1998, the whole
genome of M. tuberculosis H37 Rv was sequenced, bringing
enough information and knowledge in the fields of “omics”
(19). Many studies in genomics areas have shown that TB is

caused by several genotypic families of M. tuberculosis
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according to the presence or absence of specific genetic
markers (20-22). The recent advances in proteomics have
resulted in the ability to separate and identify individual
proteins or peptides from complex biological samples,
provide an opportunity for the identification of
M. tuberculosis complex and NTM (23). The field of
proteomics has made significant advances using a variety of
techniques for identification and quantification of proteins
(24). Identification of complex protein mixtures have been
facilitated by mass spectrometry-based quantitative
proteomic techniques (24, 25). Matrix-assisted laser
desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF-MS) instrument emerged as novel, cost-
effective, rapid and reliable proteomic tool of
microorganisms identification by analysis of protein profiles
(26). MALDI-TOF MS showed promising results for
reducing the time of identification of mycobacteria
compared to conventional methods (27). Until
recently, MALDI-TOF MS was unappropriated for the

identification of whole mybacteria. However, it can be used
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from either disrupted cells or intact bacterial cells (26). The
application of MALDI-TOF MS for bacterial identification
i1s a major advance in the field of medical bacteriology. It
has been successfully applied as an identification method in
clinical microbiology and has been widely used in routine
laboratory practice during the last decade. This review
provides an overview of the literature of the applications of
MALDI-TOF MS for mycobacteria identification in
microbiological diagnostics facility. It also explores the
progress on the area of MALDI-TOF-MS development for

the identification of mycobacterium strains

Study selection and search strategy

We conducted a review of published literature in English
concerning identification of mycobacteria by MALDI-TOF-
MS. A paper was included if it provided protein profile
results of the identification of mycobacteria by MALDI-
TOF and the software used for the analyses.

Literature was identified from electronic databases. Only

PUBMED/MEDLINE and google scholar databases were
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searched for articles based on MALDI-TOF-MS studies of
mycobacterial. The following search terms were used:
"Mycobacterium", and "MALDI-TOF-MS". In addition to
this search procedure, we used the reference lists of the
identified publications to find further relevant articles. In
addition, we searched the reference lists of some primary
studies and several previously published reviews on

proteomics of mycobacterium proteins characterization by

MALDI-TOF-MS.

e Mycobacteria cell envelope
Mycobacteria are aerobic and non-motile bacteria that are
characteristically acid fast bacilli. The cell envelope
of mycobacteria is a thick, complex structure. Its
components include a plasma membrane, a cell wall core
built of peptidoglycan, arabinogalactan and mycolic acids
and a polysaccharide capsule-like material. Surrounding this
core is a capsule-like outer structure of non-covalently
linked glycan, lipids and proteins (5, 28). The unique

composition of the mycobacterial cell wall allows the
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bacterium to adapt to its intracellular environment and
promote its survival and pathogenicity within an infected
host cell. The cell function is directly regulated through
proteins but not through genes. Analysis of the proteins
coded for by these genes has traditionally been performed
on a single protein at a time (29). The mycobacterial cell
wall is compound of an inner layer and an outer layer that
surround the plasma membrane (30). The cell envelope
of mycobacteria is a thick, complex structure (31, 32). These
bacteria are generally classified as high G + C positive
Gram, but their cell envelope present characteristics of both
Gram-positive and Gram-negative bacteria (31). The cell
wall of mycobacteria is comprised of three covalently
linked macromolecules which are peptidoglycan,
arabinogalactan and mycolic acids (33). The cell wall of
mycobacteria contains lipids and glycolipids that
contribute to extreme hydrophobicity to the outer surface.
These lipids which include mycolic acids, phosphatidyl
inositol mannosides, phthiocerol dimycocerosates and

lipoglycans such as lipomannan and lipoarabinomannan
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play important roles in maintaining integrity of the cell
envelope (34, 35). Its components include a plasma
membrane, a cell wall core built of peptidoglycan covalently
attached via a linker unit to a linear galactofuran in turn
attached to several strands of a highly branched
arabinofuran, in turn attached to mycolic acids (30, 34).
Surrounding this core is a capsule-like outer structure of
non-covalently linked glycan, lipids and proteins (5, 28).

The M. tuberculosis membrane is rich in antigens that are
potential targets for diagnostics and the development of new
vaccines (36). Proteome research permit to have information
about specific proteins present in the different steps of TB
infection, TB post infection and the actual physiological
status of the bacilli in the host and sets the basis for
development of novel diagnostic targets and drug designs (5,
28). Research on the cell membrane of pathogen
mycobacteria is encouraged because it contains ingredients
of diagnostic and therapeutic protein targets which need to
be screened (37). The low permeability of the mycobacterial

cell wall, with its unusual structure, is known to be a major
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factor in this resistance (32). The mycobacterial cell wall is
a rigid structure that enables the bacilli to survive under
unfavorable intracellular environment (34). The highly
complex cell wall of mycobacteria is implicated for its
resistance to various anti-mycobacterial drugs and

environmental stressors (32).

Proteomics of Mycobacterium

Evaluation of protein abundance in both qualitative and
quantitative terms offers important information on different
aspects of cell physiology and biology with implications in
medicine, infectious diseases and cell development (38,
39). Proteins are the main components of these models and
the analysis of proteomes of diverse biological organisms
represents one of the challenges in the post-genome era and
is a rich source of biological information because they carry
out most of the fundamental processes in the cell (39, 40).
In 1996, the term “proteome” was defined as the protein
composition of a cell, organism, organelle, tissue, or body

fluid at a given time (41). The proteome describes the
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protein compliment expressed by the genome. It is the entire
set of proteins encoded by the genome and proteomics is the
study of this global set of proteins and their expression,
function and structure.(42). Proteomics is defined as the
large-scale study of proteins within a system. Proteomics,
the global analysis of the proteins expressed in a cell or
tissue, provides a very promising approach for the large
scale identification of proteins, their complexes, and their
functions(37). Proteomics encompasses a group of
technologies that attempt to separate, identify and
characterize a global set of proteins. It provides information
about abundance, location, chemical modification and
protein-protein interactions that is not available from
genomic technologies (29). Proteomic technologies are
improving and developing rapidly. These techniques will be
valuable tools to develop markers for disease, identify and
evaluate proteins as drug targets and understand renal
physiology at the protein level. The US Food and Drug
Administration (FDA) defines a biomarker as, “A

characteristic that is objectively measured and evaluated as
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an indicator of normal biologic processes, pathogenic
processes, or pharmacologic responses to a therapeutic
intervention”. Quantification of changes in biological
systems in response to certain treatments is an important but
challenging task in proteomics. The proteomic analysis of
M. tuberculosis strains is critical for an understanding of the
molecular basis of its virulence and pathogenicity(37).
Herein, we described MALDI-TOF-MS use to identify

mycobacterium.

Matrix-assisted laser desorption ionization-time-of-
flight mass spectrometry

Thomson built mass spectrometry prototype, an analytical
technique in which chemical compounds are ionized into
charged molecules to measure mass/charge (m/z) ratio of
electron and it awarded Nobel Prize in 1906 (43). The first
use of mass spectrometry in microbiology began in the
1970s (44). The evolution of ionization techniques such as
Matrix-assisted laser desorption ionization (MALDI) and

electrospray ionization developed in the late 1980s made
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possible analysis by MS of large biomolecules such as intact
proteins (45). The “MALDI” term was first used in 1985 by
Franz Hillenkamp and Michael Karas which used the mass
spectrometry to ionize high molecular weight compounds,
then it was used for the first trial in microbiology (45-52).
Matrix-assisted laser desorption ionization-time-of-flight
mass spectrometry (MALDI-TOF-MS) was developed in
the 1988 by Franz Hillemkamp and a group of his assistants
at the University of Munster at Germany (45, 47-52).
MALDI-TOF-MS has been widely used in research settings
since 1990s (53, 54), then in diagnostic microbiological
laboratories and recently it was implemented for the
identification of mycobacteria strains by protein profiling (9,
50, 52, 55). MALDI-TOF-MS instrument emerged recently
as novel, cheap, rapid and reliable proteomic tool of
microorganisms identification by analysis of protein profiles
and characterization based upon the detection of proteins in
a mass of molecules range (56). The method can be used
from either disrupted cells or intact bacterial cells and

represents a cornerstone of proteomic (26). It is a new
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approach used for identification and typing of
microorganisms, rapid screening of pathogenic strains and
species, detection of unique proteins and biomarkers(57).
Obtaining a spectrum characteristic or "fingerprint spectral
"of particular species is the basis for the use of mass
spectrometry in microbial identification. It is a real
revolution in clinical microbiology laboratories (44, 58).
MALDI-TOF-MS has been widely used in diagnostic
microbiological laboratories. It was implemented for the
identification of mycobacteria strains by protein profiling
after its first used to characterize protein profile in 1996
then, in 2006. by the use of intact germs (9, 50, 52, 55, 59,
60). Unlike other bacteria, the identification of mycobacteria
by MALDI-TOF-MS had to go through a critical step of
inactivation and extracting their protein, due to the fact of
the toughness of their membrane. El Khéchine et al.
developed an original protocol for the identification of
mycobacteria by MALDI-TOF-MS after extraction by bead
method of the mycobacterium protein (9) and then, others

modified and simple procedures were developed (51, 61-
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63). Actually, MALDI-TOF-MS is currently used in routine
for diagnosis of bacteria, fungi, inactivated clinical isolates
of M. tuberculosis and NTM (9, 50, 51, 55). The protocol
using heat inactivation with sonication and cell disruption
with glass beads result permit the characterization of
mycobacterial isolates at species and genus level with
MALDI-TOF-MS (64). As for mycobacteria, progresses
were slower and several protocols have been specifically
designed for the MALDI-TOF-MS identification of
tuberculous and non-tuberculous mycobacteria (65). The
introduction of MALDI-TOF-MS in mycobacteriology
laboratories is improving the diagnosis of infections caused
by mycobacterial strains. With continued research in mass
spectrometry, MALDI-TOF could be used henceforth for
identification of the different genotypes of mycobacterium
strains as well as cases of resistant M. tuberculosis strains
by the development of a new adequate database (66). All
these protocols include pre-MALDI-TOF-MS processing of
isolate (65, 67-70). Processing included suspension in water

and alcohol for partial inactivation, heat inactivation,
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mechanically disruption with silica beads followed by
acetonitrile/formic acid for mycobacterial protein
extraction, spotting suspension onto MALDI-TOF target
and cover with matrix solution (saturated o cyano-4-
hydroxycinnamic acid, 50% acetonitrile, 2.5% TFA) (65,
67-70). This procedure has mainly justified by the toughness
of the Mycobacterium cell wall (71, 72). It is in contrast with
the identification of non-mycobacterial bacteria easily
achieved after a simple deposit of solid culture medium-
grown colonies on the MALDI-TOF-MS target (73).
Noteworthy, all these protocols have been designed for
mycobacteria isolates in broth cultures such us the ones
incorporated in automates

(65, 74-76).

However, the identification of mycobacterium strains by
MALDI-TOF-MS can only be done after an adequate
protein extraction method due to the toughness of their cell
membrane and the use of the corresponding database (77).
Bruker in vitro diagnostics (IVD) matrix-assisted laser

desorption/ionization (MALDI) Biotyper and the VITEK
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MS from bioM¢érieux are MALDI-time of flight (ToF)-mass
spectrometry based platform for the identification of
bacterial and yeast which obtained the US Food and Drug
Adminsitration (FDA) clearance in 2013 (44). These two
MALDI-TOF-MS methods and other mass spectrometry
techniques were widely used into clinic laboratories for
microorganisms identification. During the last decade, the
development of matrix assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) vastly
increased the possibilities for the rapid identification of
bacteria in clinical laboratories (78). As for mycobacteria,
progresses were slower and several protocols have been
specifically  designed for the MALDI-TOF-MS
identification of tuberculous and non-tuberculous
mycobacteria (65). All these protocols include pre-MALDI-
TOF-MS processing of isolate (65, 67-70). Processing
included suspension in water and alcohol for partial
inactivation, heat inactivation, mechanically disruption with
silica beads followed by acetonitrile/formic acid for

mycobacterial protein extraction, spotting suspension onto
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MALDI-TOF target and cover with matrix solution
(saturated o cyano-4-hydroxycinnamic acid, 50%
acetonitrile, 2.5% TFA) (65, 67-70). This procedure has
mainly justified by the toughness of the Mycobacterium cell
wall (71, 72). It is in contrast with the identification of non-
mycobacterial bacteria easily achieved after a simple deposit
of solid culture medium-grown colonies on the MALDI-
TOF-MS target (73). Noteworthy, all these protocols have
been designed for mycobacteria isolates in broth cultures
such us the ones incorporated in automates (65, 74-76).

Today, MALDI-TOF-MS is currently used in routine for
diagnosis of bacteria, yeast, arthropod, inactivated clinical
isolates of Mpycobacterium tuberculosis and Non-
tuberculosis mycobacteria (9, 50, 51, 55, 79, 80). The
identification of bacteria other than mycobacteria is directly
done from the deposit of colonies onto the MALDI-TOF
target and covered by the matrix. This is not the case with
mycobacteria which must be extracted beforehand proteins
to their deposition on the target (68-70). Since 2010s, it was

developed original protocol for the identification of
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mycobacteria by MALDI-TOF-MS after extraction of
mycobacteria protein by the bead method (9).In MALDI
analysis, samples are prepared by mixing the samples with
a matrix which results in the crystallization of the sample
within the matrix. The main used matrice in
mycobacteriology  laboratories is  o-cyano-  4-
hydroxycinnamic acid (CHCA). In mycobacteriology, the
protocol using heat inactivation with sonication and cell
disruption with glass beads result permit the characterization
of mycobacterial isolates at species and genus level with
MALDI-TOF-MS (64). The introduction of MALDI-TOF-
MS in mycobacteriology laboratories is improving the
diagnosis of infections caused by mycobacterial strains.
With continued research in mass spectrometry, MALDI-
TOF could be used henceforth for identification of M.
tuberculosis genotype Beijing as well as cases of resistant
M. tuberculosis strains by the development of a new

adequate database (66).
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Principle of MALDI-TOF-MS

The development of devices, miniaturization as well as the
emergence of new ionization techniques, have made this
method of chemical analysis which has the largest scope.
Mass spectrometer is composed of three main units which
are the ion source to ionize and transfer sample molecules
ions into a gas phase, the mass analyser that separate ions
according to their mass-to-charge ratio (m/z), and the
detection device to monitor separated ions.

Several ionization methods have been developed including
chemical ionization (CI), atmospheric pressure CI,
electrospray (ESI), and MALDI. The method of ionization
is determined according to the nature of the sample and the
goal of the MS analysis, but ESI and MALDI are soft
ionization techniques that allow ionization and vaporization
of large nonvolatile biomolecules such as intact proteins
(81).

MALDI-TOF uses a laser ionization source assisted by a
matrix and a time of flight analyzer (TOF). Co-crystallized

sample with a donor template electron will be bombarded by
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a laser. Being desorbed from the inert plate, the ionized
particles are then accelerated in an electric field by printing
their time of flight in a pipe where a high vacuum is
maintained. The adsorbed molecule is projected onto a
detector and flight time will be proportional to the mass ratio
(m) of charge (z) (m/z). Proteins and peptides are separated
by increasing mass. Particles are detected at the top of the
TOF analyzer This flight time obtained from whole bacteria
is measured and allows obtaining a mass spectrum by a
generation of a pattern of characteristic peaks “spectrum”.

Each controller comes with control software, a database and
an expert system for the identification. The identification of
microorganism based on the analysis of the spectrum
generated by the mass spectrometer. Dedicated software

analyzes mass spectra against library of stored spectra.

e Identification of mycobacterium by MALDI-TOF-
MS
The discovery of suitable matrices, analyzing of

microorganisms in the mass range (m/z) of 2,000 to
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20,000Da, followed by the availability of the dedicated
databases for germs identification has made MALDI-TOF
MS an alternative method for microorganisms identification
in microbiology laboratories. For successful identification
of mycobacteria strains by MALDI-TOF-MS , certain
conditions must be met for optimal results : work with fresh
mycobacterial cultures(82), using a validate protein
extraction protocol for obtaining high quality spectra, spot
the freshly obtained protein extracts on the MALDI-TOF-
MS target using the validated matrix for mycobacteria, use
the dedicated database to mycobacteria identification.
Different mycobacterial culture media (solid media and
liquid media) were used in several studies to implement the
identification of mycobacterium by MALDI- TOF-MS. The
solid media as Lowenstein-Jensen medium (LJ),
Middlebrook 7H11 (Remel, Lenexa, KS, USA).

Middlebrook 7H10/7H11 plates (Becton, Dickinson
Microbiology Systems, Cockeysville, MD) and 5% sheep
blood-agar (BioM¢érieux, La Balme-les-Grottes,

France) were successful used in different studies with
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MALDI-TOF-MS (9, 12, 17, 18, 62, 82-84) as soon as the
use of liquid media as liquid media mycobacterium growth
indicator tube (MGIT) (Becton Dickinson Microbiology
Systems, Cockeysville, MD), MBBacT ALERT 3D bottles
(9, 12, 18, 83). Some studies showed that there is no
significant differences between MALDI-TOF-MS results
obtained from solid and liquid medi a(12, 83). Unlike
previous authors, some authors have found smaller
identification score with the use of liquid media (17, 18, 77).
It has been also shown that when mycobacterial cultures are
old , the more the identification scores are low (61). But this
should not impact negatively on the care of patients because
the diagnosis must be made as soon as possible in order to
provide the best care. In our lab, the directly identification
of mycobacterium biomass without extraction procedure
was done (Result not publish) with successful identification
results by MALDI-TOF mass spectrometer (Brucker
Daltonik GmbH, Bremen, Germany). The method consist
to peak mycobacterium colony and smear on target slide

then, overlaid by CHCA matrix and load to the MALDI-
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TOF-MS system. The directly applied of mycobacterium
biomass (MTBC, NTM) for MALDI-TOF-MS
identification was found to be an accurate, rapid, and cost-
effective system for identification of mycobacteria species
than the identification after protein extraction. Obtaining
encouraging preliminary results could be explained by the
improvement of Bruker database.

To date, there are few studies in the field of mycobacterium
resistance for diagnosing resistant forms of mycobacterium.
But increasingly , researchers are interested in the
development of MALDI-TOF-MS for the diagnosis of
resistance of mycobacterium strains and their demonstrated
that MALDI-TOF MS is a relevant tool for the detection of
antibiotic resistance (85). But, it's necessary to release
several studies to standardize the method for accuracy

results.

220



MALDI-TOF-MS and Library of stored spectra
developed for mycobacterium strains

Since the use of MALDI-TOF-MS, multiple versions of
software containing mycobacteria reference spectra which
are termed “Main Spectra Projection” (abbreviated as
MSPs) have been developed taking into account the
maximum of tuberculosis or atypical mycobacterium and
named "Mycobacterial Library". In parallel, dedicated
software were developed to analyze mass spectra against
library of stored spectra of mycobacterium. Prior to the
development of a specific database to mycobacteria
belonging to the first spectra forty mycobacteria were
contained only in the general database containing the
reference spectra of several microorganisms and then, study
was permit to include others Mycobacterium species in the
MALDI-TOF database to improve it with home-made
databases (9). In the case of the Bruker Microflex LT
MALDI-TOF MS (Bruker), the first independent version of
mycobacteria database was the library v3.0.2.0, which

contained 18 species of mycobacterium comprising 18
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strains(12). Then, there was the improvement of the
Mycobacterial database by the addition of new spectra of
other mycobacterium to give the version of Mycobacterial
database named Mycobacteria Library v1.0. (Bruker
Daltonik, Bremen, Germany) which contains 173
mycobacterial main spectrum profiles representing 94
species (12, 86) was released in 2012. The second version of
the database is the Mycobacteria Library v 2.0 (Bruker
Daltonik, Bremen, Germany) which contained 313 main
spectrum profiles from 128 species of mycobacterium was
released in 2014. The last version is the Mycobacterium
library V3.0 (Bruker Daltonik, Bremen, Germany) which
contained 853 main spectrum profile from 149 species of
mycobacterium was released in 2015 (figure 1). With this
version, Mycobacterium africanum could be identified as
soon as M. salmoniphilum and others atypical
mycobacterium. So, MALDI-TOF MS has been used
successfully for mycobacteria typing and identification at
the subspecies level, demonstrating that MALDI-TOF-MS

for taxonomical classification.
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Although the latest version of the database takes into
account a greater number of mycobacteria strains, work
remains to consent to the Bruker enricher base further. The
third version as the second does not allow for a differential
diagnosis of all species of the Mycobacterium tuberculosis
complex except M. tuberculosis, M. bovis and M. africanum.
The ability to identify M. africanum lineages (M. africanum
West African 1 and M. africanum West African 2) by
MALDIT -TOF. However, it is a clear advance and a great
contribution to the management of tuberculosis in West
Africa, where the strain is ubiquitous in TB cases (87).
Further studies are still required to enable the development
of the database for the diagnosis of other species of M.
tuberculosis complex (ie. M. pinnipedii, M. microti, M.
caprae and M. canettii) and genetic families of M.
tuberculosis us Beijing genotype due to its worldwide
expanding, LAM, T, Haarlem, Ural, Manu2 (88, 89). The
whole contained of the two last versions of mycobacterium
database are summarized in the figure 1. Each

mycobacteriology can regularly augment the commercial
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database with an in-house database containing others
clinical Mycobacterium strains. Database upgrades and
sample enrichment are essential elements to refine
the MALDI-TOF MS technique, allowing the method to
increase its power. However, it is essential to conduct
multicenter evaluations whenever a new database is created
in order to better assess their diagnostic performance.

The brief history of MALDI-TOF-MS development is

summarized on figure 1.

Evolution of mycobacterium protein extraction and
standardization of protocol
Mycobacteriums are rigid microorganisms and their

identification by MALDI-TOF-MS need a special protein
extraction step of their protein to obtain high quality spectra
and valid identification results. The total microbial proteins
are analyzed to identify mycobacterium. Since the main
study by El Khéchine et al (9) which develop different
inactivation and protein extraction protocols of
mycobacterium strains to retain in fine the first original
protocol, many extraction methods have been developed
without the mycobacteria aggregate dissociation step to
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simplify the previous during the implementation of MALDI-
TOF-MS in the clinical microbiology laboratories(1, 9, 51,
61-64, 77, 84). The identification of mycobacterium outside
biocontainment facilities requires that the organisms first be
rendered inactive (71, 90) For the majority of the extraction
protocols, strains inactivation and vortexing with silica
beads to optimize the quality of the extracts for the obtain of
bests spectra were used. All the simplified protein extraction
protocols described in this review are easy to use for
identifying commonly encountered Mycobacterium species.
The mains steps of the successful mycobacterium sample
preparation are summarized on biomass inactivation, cell
disruption by aid of small beads and protein extraction with
acetonitrile and formic acid. Actually, these protocols are
standardized by the MALDI-TOF-MS manufactures after a
synthesis of results of the different studies. The time to
release the different steps to the identification of
mycobacterium is approximately 1 to 2 hours. Some
mycobacteria protein extraction protocols are summarized

in the table 1.
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Advantages and limitations of MALDI-TOF-MS for the
identification of mycobacterium

Several studies have proved that MALDI-TOF MS is a
promising tool for the rapid identification of mycobacterium
isolates. The main advantage of this technique in
mycobacteriology consists in a short-time analysis of fresh
culture and the high discriminatory power of the MALDI-
TOF-MS for disitinguishing among mycobacterium genus
on the basis of the protein profiles of the severals species of
mycobacterium. Although, With the introduction of more
protein spectra of mycobacterium strains into the
mycobacterium database, this device can now be used for
the rapid identification of several strains of mycobacterium
in a clinical microbiology laboratories as a routine activity.
The new library update, Mycobacterium library V3.0
(Bruker Daltonik, Bremen, Germany) is able to identify 149
species of mycobacterial isolates. The database can also be
continiously enhanced by the testing laboratory by adding
new spectra when additional Mycobacterium species are

encountered for which there is no identified good match.

226



MALDI-TOF-MS is now a boon to clinical microbiology
laboratories with low levels of laboratory infrastructure and
trained personnel to slightly raise the level of support
infectious diseases within their coverage area. The cost of
identification by MALDI-TOF MS is significantly less
compared to other methods. Also, it generates less waste
than other methods that are based on molecular and
biochemical tests that use many disposable materials (12).
The transfer of this technology in resource-limited countries
where health insurance is still at an embryonic stage would
significantly raise the quality of care for patients and at
lower cost. Excluding the purchase cost of MALDI-TOF-
MS device, the cost of identification is significantly less
compared to other methods, including genomic sequencing
and biochemical techniques (57). Actually, MALDI-TOF-
MS is successful used in combination with genomic and
conventional phenotyping (Culture and biochemical
characteristics) to describe and characterize new species of
mycobacterium in research laboratories(91-93). MALDI-

TOF MS remains, however, limited by the previous time-
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consuming culture steps, and is not suited for strain typing
in epidemic contexts (81). The main advantages and
disadvantages of the use of MALDI-TOF-MS are

summarized in table 3.

CONCLUSION

Research of mycobacterial biomarker is the cornerstone and
one the of the most challenging in the development of new
diagnostic tools, drug targets and new TB vaccines. The
actual multiple tools used in proteomics area permitted the
discover of several intesting biomarkers. This review
summarized the use of MALDI-TOF in the diagnosis of
mycobacteria, and showed us, that this tools is regularly
used to improve the detection of the mycobacteria. For
successful identification of mycobacteria , it is important to
use the same method of inactivation and protein extraction
that was used to create the spectra library of the databse used
by the MALDI-TOF-MS system . Always work with fresh
cultures of mycobacteria for better identification and

optimal management of patients. The short turn-around time
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and expandability of the database demonstrate that this is a
suitable first-line test for the identification of yeasts in the
routine clinical microbiology laboratory.

Actually, MALDI-TOF-MS is currently used in routine for
diagnosis of bacteria, fungi, inactivated clinical isolates of
Mycobacterium  tuberculosis and  Non-tuberculosis

mycobacteria (9, 50, 51, 55).
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Figure 1: Schematic diagram showing the work-flow in a MALDI-TOF MS. (A) MALDI-TOF-
MS identification of mycobacteria after protein extraction, (B) Direct MALDI-TOF-MS
identification of mycobacteria from colony
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Tableau 1:Mycobacteria inactivation and protein extraction protocols used prior to identification by MALDI-TOF MS

Steps | Protocol 1 Protocol 2 Protocol 3 Protocole 4 Protocol 5 Protocol 6 Protocol 7 Protocol 8 Protocol 9 Protocol 10
(first original extraction protocol)
Ref. ©9) (82) (62) (84) (64) (63) (63) (12,77) (61) (94)
1. Collected biomass or pellet from liquid media culture (obtained after centrifugation) Colon
2. In a screw-cap transfer in Resuspended in | Add 300 ul Suspend Resuspend In screw-cap Into a 1.5-ml In screw-top
Eppendorf tube Eppendorf 500 wl of 70% HPLC-grade | organismsin | in500 plof | containing 500 screw-cap microcentrifu
containing 500 ul of tube with ethanol into a H20 500 ul of 70% ml of 70% microcentrifug ge tube
HPLC-grade water 300 pL of sterile screw- distilled ethanol. ethanol and 200 ¢ tube containing
and 0.5% Tween-20 water (HPLC cap 2-ml water in a ml of 0.5-mm containing 300 300 pl of
grade) microcentrifuge 1.5-ml glass beads ul of distilled water and
tube containing screw-cap wate 200 pl of 1-
0.2 ml of sterile tube mm silica
0.5-mm glass beads
beads
3. Heat at 95°C/1H Heat at 95°C/ 10-min Add 900 pl Heat to Heat 30 Vortex for 15 Add 900ul of Heat at
30min exposure to of absolute 95°C/30 min | minat 95°C | min 100% ethanol 95°C/30 min
70% EtOH at ethanol +5°C
room
temperature
Wash twice the Centrifuge at mechanically Vortex Vortex Centrifuge Incubate at Vortex Add 900pl of
suspensions with 500 | 13.000- disruption at briefly at 18,000 room absolute
N pL of HPLC-grade 15.000 rpm/2 2,500 x g/2 min temperature for ethanol
« water and min oscillations/min 10 min
centrifugation at for 5 min
13,000xg/10 min.
Remove supernatant Remove centrifuge 10 min Centrifuge Discard Vortex for 5 to Centrifuge at Vortex for 10
supernatant incubation at 13,000 supernatant 10s 13,000 rpm/2 min
at room rpm/2 min min
temperature
Add 500 pL of Add 300 L Centrifuge Remove Wash Transfer Discard Transfer the
HPLC-grade water of water at 13,000 supernatant pellet, suspension to an | supernatant liquid to a
and 0.3 g acid- (HPLC grade) rpm/ 2min disperse empty new 1.5-ml
washed glass beads with water microcentrifuge snap-top
tube with care microcentrifu
to avoid the ge tube
transfer of any
bead
Vortex in a FastPrep | Mix the removal of the Remove the Wash pellet | Centrifuge Discard the Resuspend the Centrifuge at
at full speed/3 min. sediment ethanol supernatant with 300 pl at 18,000 supernatant pellet in 500 pl 13,000 x g for
carefully supernatant of distilled x g/2 min of distilled 2 min
water water
Centrifuge at Add 900 pL Reconstitute Wash the Centrifuged Discard Resuspend the Vortex Remove
13,000xg/10 min of 100% the pellet with pellet at 13,000 supernatant pellet in 10 ul of supernatant
ethanol 10ul of 70%




formic and rpm for 2 70% formic
10pl of min acid
acetonitrile
Resuspend the pellet Vortex Centrifuge suspended Remove Wash Incubate for 2 to | Centrifuge at Allow pellet
in 5-50 pl 70% the pellet supernatant pellet, 5 min at room 13,000 rpm/2 to air dry for
formic acid and and into 500 ul disperse temperature min 10 min.
5-50 ul acetonitrile H20 with water
Centrifuge at Centrifuge Use the Centrifuge Suspend Sonication Add 10pl of Discard the Resuspend the
11,000xg/1 min 13,000— supernatant for (13,000 pelletin 1.2 15 min acetonitrile supernatant pellet in 10 pl
15,000 rpm/2 analysis rpm/ 2 min) ml of 70% of 70% formic
min ethanol acid
Remove Remove vortex Centrifuge Centrifuge at Resuspend the Add 10 pl of
supernatant supernatant briefly at 18,000 10,000 x g/ 2 pellet in 50 pl 98%
% g/10 min min of water acetonitrile
Resuspend the Resuspend Centrifuge Remove the heat inactivate Vortex for 20
pellet in pellet into at 13,000 supernatant at 100°C/30 s
500 pL of 50 ul H20 rpm for 2 min
water (HPLC min
grade)
Centrifuge Heat Discard Resuspend Allow to cool Centrifuge at
13,000~ inactivation supernatant the pellet at room 10,000xg/Imi
15,000 rpm/2 95°C/30 min was in Sul temperature/2 n
o min of 85% min
S formic acid
Remove the Cool Brief spun Centrifuge Add 1.2 ml of
supernatant samples at the pellet in at 15,000 precooled
room the x g/1 min 100% ethanol
temperature centrifuge
Resuspend the Add 1.2 ml Add 50pl of | Add 5ul of Vortex
pellet in 50 uL precooled 70% formic acetonitrile
of water absolute acid &100
(HPLC grade) ethanol to 200 pl of
0.1-mm-
diameter
glass beads
Heat it for 10 Centrifuge Vortex for Centrifuge Centrifuge at
min at 95°C at 13,000 10 min at 15,000 13,000 rpm/2
rpm/2 min x g/1 min min
Cool at room Vitek MS Remove Add 50 pl of Discard the
temperature system supernatant 100% supernatant
(bioMérieux, acetonitrile
Marcy I'Etoile,
France)
Add 1200 uL air dry pellet | Vortex for Allow the
of absolute for 10 min 10 min pellet to dry at
alcohol room




previously temperature/2-
cooled 3 min
(-18°C/—20°C

)

10. Centrifuge Add 0.5mm Centrifuge Suspend the
13,000— silica bead for 2 min at pellet in 10-50
15,000 rpm/2 and 10 to 50 13,000 rpm ul of
min ul acetonitrile and

acetonitrile 50-100 0.5-
mm-diameter
glass beads

11. Remove Vortex Bruker Vortex 1min
supernatant vigorously Microflex

at maximum | LT

speed for 2 bioMérieux

to 5 min. Vitek MS
IVD system.

12. Leave the Add 10 to Add 70%
pellet to dry 50 pl 70% formic acid
for 5 minutes formic acid

13. Add silica Vortex for 5 Vortex 1min
beads (0.5 mm s

o beads) and
& 20 pL of pure
acetonitrile

14. Bruker Centrifuge Centrifuge at
Microflex LT (13,000 13,000 rpm/2
Biotyper rpm/2 min) min
system
(Bruker
Daltonics,

Bremen,
Germany)

15. Mix well for
one minute

16. Add 20 pL of
70% formic
acid

17. Centrifuge

18. Spot 1 to 1.5ul of supernatant on target slides and allow to dry Spot colony

19. Overlaid with 1 to 1.5 pl of matrix solution HCCA (saturated a cyano-4-hydroxycinnamic acid, 50% acetonitrile, 2.5% TFA)

20. MALDI-TOF-MS analysis







Chapter 5: Improve automated microscopy for
mycobacteria detection
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Lung disease and suspected mycobacterial infections are
diagnosed by the detection of acid-fast bacilli in sputum
smears or in related samples by the Ziehl-Neelsen method,
which is commonly used in laboratories around the world
due to its simplicity and low cost. Microscopy Ziehl-
Neelsen method has a low sensitivity (20-53%) and a low
specificity because it cannotdistinguish tuberculosis
mycobacteria from non-tuberculosis ones. Since Ziehl-
Neelsen method was first described in the 1800s by the
bacteriologist Franz Ziehl and the pathologist Friedrich
Neelsen, several modifications have been attempted to
improve its sensitivity, even attempts to automate the
method have been done. Recently, the Slide Scanner ZEISS
Axio Scan.Zlautomate was introduced on the market for
automatic reading of slides but to date, there are no
publications about its performance for the diagnosis of
mycobacteria infections after Ziehl-Neelsein staining. Slide
Scanner ZEISS Axio Scan.Z1 is a highly automated and
simple to operate and we developped protocol for its use of
Ziehl-Neelsen staining slide for routine diagnosis of

mycobacteria.
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In our study performed on a large number of samples, the
Slide Scanner ZEISS Axio Scan.Z1 showed a sensitivity of
97.06 % [84.67%- 99.93%].
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ABSTRACT

The laboratory diagnosis of lung mycobacterioses including
tuberculosis comprises microscopic examination of sputum
smear after appropriate staining such as Ziehl-Neelsen
staining to observe acid-fast bacilli. This standard procedure
is operator-dependant and its sensitivity depends on the
duration of observation. We developed and evaluated an
operator-independent microscopic examination of sputum
smears for the automated detection and enumeration of acid-
fast bacilli using a ZEISS Axio Scan.Z1 microscope. The
sensitivity, specificity, positive predictive value, negative
predictive values and accuracy were calculated using
standard formulations by comparison with standard
microscopic examination. After in-house parameterization
of the automatic microscope and the counting software, the
limit of detection evaluated by seeding negative sputa with
Mycobacterium bovis BCG or Mycobacterium tuberculosis
H37Rv (10°-10° bacilli/mL) was 10* bacilli/mL of sputum
with a 100% positivity rate. Then, the evaluation of 93
sputum specimens including 34 smear-positive and 59

smear-negative specimens yielded a sensitivity of 97.06 %
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[84.67%- 99.93%], a specificity of 86.44 % [73.01%-
92.78%], a positive predictive value of 80.49% [65.99%-
89.76%] and a negative predictive value of 98.04%
[87.85%-99.71%]. Up to 100 smear slides could be stocked
for reading in the microscope hotel and results were
exportable into the laboratory information system. Based on
these preliminary results, we are implanting this automatic
protocol in the routine workflow so that only smears
detected positive are confirmed by standard microscopic

examination.

Keywords : Mycobacterioses, tuberculosis, diagnosis,

microscopic examination, Ziehl Neelsen staining.
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INTRODUCTION

Life-threatening lung tuberculosis is of public health
concern in several regions in the world after the World
Health Organization reported 10.4 million new cases and 1.4
million deaths in 2016 worldwide (95). In all affected
countries, the laboratory diagnosis of lung tuberculosis is
one important component of the fight against lung
tuberculosis, by assisting the medical management of
patients including the isolation of contagious patients (96).
For that purpose, microscopic observation of tubercle bacilli
in sputum smears, invented more than 100 years ago (95, 97)
remains the corner-stone of the laboratory diagnosis of lung
tuberculosis, infirming or confirming the diagnosis and
contributing to assess the contagiousness of the patient (98,
99). In some remote arecas across low- and middle income
countries, microscopic examination of sputum smear is the
only tool available for the laboratory diagnosis of lung
tuberculosis  (100-102). Microscopic examination is
performed after appropriate staining of mycobacteria and
the Ziehl-Neelsen staining is used worldwide for that

purpose, staining in purple red acid-fast bacilli (103).
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However, it is an operator-dependant technique of
diagnosis, requiring specifically trained personnel (96).
Indeed, it is a time-consuming technique as the observation
of at least 100 microscopic fields for at least 15 minutes is
recommended (104). Following this recommendation
results in the fact that one laboratory personal can examine
only a limited number of slides per one day (104); and
routine observation may not be optimum resulting in
variable sensitivity of 60% to 70% compared to culture (105,
106). Moreover, results of the observation are manually
reported, exposing to the risk of miss-reporting (107). In
countries with a high-prevalence of lung tuberculosis, it has
been noted that the demands on technicians lead to overload
and fatigue resulting in reduced quality of microscopy (108).

Therefore, developing an operator-independent,
automated reading of stained sputum spears to ensure the
reproducibility of the observations may be of value (109).
Accordingly, previous studies have been conducted to
automatize the microscopic detection of mycobacteria in
Ziehl-Neelsen-stained sputum smears or fluorescent

auramine stained smears (96, 98, 104, 110-115). Aims of
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automation were to speed-up the screening process to cope
efficiently with large numbers of smears (98, 110), to
improve sensitivity and to reduce reliance on technicians
(98). However, none of these automated techniques readily
replaced the standard microscopic examination in routine
(116).

In France where our laboratory is operating, the
prevalence of lung tuberculosis is low at 5.1 cases per 10°
inhabitants (117, 118). We thought that in this specific
context, a first step of automated microscopic detection of
acid-fast bacilli would complement standard microscopic
detection by sorting negative smears with a high predictive
value, so to spare valuable technical work time. We here
present a proof-of-concept of this approach which may assist
other laboratories in their decision to implement automated

smear reading in the routine workflow.
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MATERIALS AND METHODS

Clinical specimens. Sputum specimens collected as part of
the routine diagnosis activity of our clinical microbiology
laboratory (Institut Hospitalier Universitaire- Méditerranée
Infection, Marseille, France) were prospectively included in
this investigation. This study using anonymous, left-over
routine specimens which have not been collected
specifically for this study, received the agreement of the
Institut Hospitalier Universitaire Méditerranée Infection,
Marseille, France (CE 2016-025). Sputum specimens were
collected into a sterile, dry container and processed 24-72
hours after collection. Microscopic detection of AFB was
done as detailed below and chlorexidine-decontaminated
sputum specimens were inoculated onto MOD9 culture
medium as previously reported (119, 120). Colonies were
detected by combining naked-eye detection and scanning
detection as previously described (121). Colonies were
identified as Mycobacterium tuberculosis by using matrix-
assisted laser desorption ionisation time-of-flight mass

spectrometry as previously described (122).
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Microscopic examinations. As for microscopy, sputum
were used to prepare duplicate smears per sample which
were air dried, heat fixed and stained using a commercially-
available kit featuring Ziehl-Neelsen staining (kit Cold ZN,
RAL, Toulouse, France). Standard microscopic observation
was routinely done by the laboratory technicians using an
Olympus BX40 light microscope (New York Microscope
Co., USA) under oil immersion at x100 magnitude.
Quantification of detected AFB was done according to
international laboratory guidelines (107). Automated
microscopic detection was done using a Zeiss Axio Scan.Z1
Digital Slide Scanner (Carl Zeiss Microscopy, Marly-le-
Roi, France). This automated microscope is featuring a 100-
slide hotel, a LED light source, a Hitachi HV-F202SCL
color camera with tri CCD 1,800 x 1,200 pixels, a plan
apochromat 20X/0.8 objective comprising a 18,000 X
12,000-pixel microscopic field. Axio Scan.Z1 employs fast
filter wheels and can change channel in less than
50 milliseconds. Using 3-band and 4-band filter sets with
Colibri.2 as a fluorescence light source, Axio Scan.Z1

makes millisecond-fast switches. The wavelength range is
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400 nm to 700 nm and a resolution of 10X (0.44 pm/pixel),
20X (0.22 pm/pixel), 40X (0.11 pm/pixel).

Axio Scan.Z1 allows to scan the samples and to create
virtual slide allowing retrieving a record of all virtual
microscopy operations at the click of a button (Figure 1).
The software module ZEN slidescan is capturing high
volume quantitative image of 100 slides for 28 mm x 48 mm
slides and the Scan time is four minutes by slide. Each slide
can be equipped with a barcode for recognition and
archiving of the digitalized slides. Acquired images are
saved in Jpeg or Tiff format and data could be accessed
anywhere by documenting and storing specimens as virtual
slides and view them on iPad with the free ZEN browser
app. The results of reading and counting the number of acid-
fast bacilli found in a smear by the two methods of
microscopy were graded according to the WHO and

recommendation [UATLD (103).
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Parameterization of the Zeiss Slide Scanner and
software.
The particular application of detecting AFB required a

specific parameterization of the Zeiss Slide Scanner.
MetaMorph® Microscopy Automation & Image Analysis
Software (Molecular Devices Sunnyvale, Californie, USA)
(https://www.moleculardevices.com/systems/metamorph-

research-imaging/metamorph-microscopy-automation-and-
image-analysis-software) were used for the treatment of
image and AFB counting. The procedure is described in

supplementl. Five fields were acquired per slide (Figure 1).

Limit of detection by automated microscopy.

In order to determine the limit of detection of AFB by using
the Zeiss Slide Scanner, two AFB-negative sputum
specimens were inoculated with either Mycobacterium bovis
BCG strain Pasteur (Collection de I’Institut Pasteur, Paris,
France) or with Mycobacterium tuberculosis H37Rv
(Collection de I’Institut Pasteur) at inoculum concentration
of 0, 10° 10',10%, 10% 10% 10° mycobacteria/mL; then
stained as described above and read by the Zeiss Slide
Scanner without immersion oil.
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Performances of automated microscopy.

The performances of automated microscopy were
established by prospectively analyzing 34 AFB positive
from 15 patients and 59 AFB negative sputum specimens
collected as part of the routine diagnosis activity of the
laboratory. The sensitivity (Se), specificity (Sp), positive
predictive value (PPV) and negative predictive values
(NPV) were calculated by comparison with the results of
standard microscopic examination of the same sputum

specimens used as the reference method.

Statistical analysis.

The statistical software used was MedCalc Statistical
Software Version 17.6 (MedCalc Software bvba, Ostend,
Belgium). Performance of the method was estimated by the
intrinsic and extrinsic characteristics: sensibility, specificity,
positive / negative predictive values, prevalence and
likelihood ratio. The confidence intervals of the percentage
calculations were calculated at the risk o at 0.05 of the
binomial distribution and the performance results were

expressed with 1C95%.

264



Results

Limit of the detection by automated microscopy.

The acquisition / analysis combination detects AFB in
sputum inoculation at a concentration of 10*/mL and the
detection is even more tangible with an inoculum of 10°/mL.
For an inoculum of 10'/mL, there is no detection of AFB by
the ZEISS Axio Scan.Z1 Digital Slide Scanner. Each of the
five fields analyzed contains approximately 11,000 x 7,500

points.

Performances of automated microscopy.

Among 93 sputum smear slides read by standard
microscopy, 34/93 (36.56%) were positive by standard
microscopy examination; automated microscopy detected
97% (33/34) of these slides as positive in addition to eight
slides which had not been detected by standard microscopy.
The resulting set includes 295 critical negative images from
59 healthy subjects without lung disease caused by
mycobacteria and 170 positive images from 34 positive
sputum specimens. These data yielded calculated values for

four above mentioned performance parameters of Zeiss
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automated method were 97.06 % [84.67%- 99.93%], 86.44
% [73.01%-92.78%], 80.49% [65.99%-89.76%] and
98.04% [87.85%-99.71%] respectively for the sensitivity
(Se), specificity (Sp), positive predictive value (PPV) and
negative predictive value (NPV). The accuracy was 90.32.
The Youden Index was 0.82, the Yule coefficient was 0.99,
the X? (Chi square) value was 58.28 (p < 0.001) and area
under the ROC curve (AUC) was 0.91 [0.83-0.96].

As for the 33 slides detected positive in common by
standard and automated microscopy, numeration of AFB
grading according WHO and IUATLD recommendation
yielded the same scale grade in 23/33 (68.6%) of slides. One
positive slide with standard microscope was negative with
automate microscope.

The types of images obtained from positive smears by the
two methods are illustrated in figure 2 (Figure 1). All the 34
slides detected positive by standard microscopy were culture
positive including 27 M. tuberculosis isolates, four
Mycobacterium intracellulare/ chimeara isolates and three
Mycobacterium simiae complex isolates. Eight sputum

specimens detected negative by standard microscopy and
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positive by automated microscopy remained sterile in
culture. Further microscopic observation indicated that
false-positivity was due to clusters of red dyes left on the

slides after washing (Figure 3).

Discussion

We developed an original protocol for the automated
microscopic detection of AFB in sputum specimens with the
aim of sorting negative smears and confirming only positive
smears by the standard microscopic examination. We
compared the two procedures of microscopy as the very
same sputum specimens were prospectively examined in
parallel by the routine standard microscopic examination
and the challenger automated microscopy; with both
analyses performed by independent operators blind one to
each other.

Attempts to automate the reading of the slides after ZN
staining were carried out with little success for their routine
use for the detection of mycobacteria (96, 98, 104, 110-115).
Indeed, these studies were limited by the small number of

samples used resulting in preliminary results. The present
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study of microscopy automation is the first of its kind to be
successfully conducted on a large number of samples. We
proceeded step by step to allow us to determine the
minimum threshold of AFB in a sample required to have a
positive result, the focusing in a second step on achieving a
negative predictive value as high as possible in order to
fulfill our aim.

The automated microscopic detection here reported
required a specific parameterization of the automated
microscope and software in order to overcome unanticipated
problems. In particular, we encountered problems when
analyzing slides that had some black debris; and thick
smears which retained dye clumps and staining artifacts; all
initially read as AFB which yielded false positive results.
These obstacles were overcome by focusing on the quality
of smear preparation and careful washing of the slide; and
repeated adjustments of the controller parameters to avoid
debris counting. However, the algorithm used with Zeiss
axio analyzes all the pixels in equal parts and makes it
possible to detect all the bacilli present colored by ZN and
to quantify them. ZEISS Axio Scan.Z1 Digital Slide
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Scanner, in addition to giving qualitative values for the
diagnosis also allows quantifying the AFB which is a
parameter of monitoring of the effectiveness of the
treatment. The detection of mycobacteria by the new
algorithm proved to be an effective test with a Youden index
close to 1.

False positive results were not annoying in our study
as we have decided that all the smears automatically
detected as positive, had to be confirmed by standard
microscopic examination. More interestingly, this proof-of-
concept study of automated microscopy yielded a negative
predictive value of 98.04%, indicating that one slide that
was read negative by automated microscopy had not to be
controlled by standard microscopy.

Potential benefits of automated screening for mycobacterial
lung disease are rapid and accurate, diagnosis, increased
screening of the population, and reduced health risk to staff
processing slides (123). When screening AFBs under an
optical microscope at a convenient speed, a human observer
may fail to observe bacilli, especially when the sample is

paucibacillary. One of the main advantages of the automate
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zeiss axio 1s the ability to read more than five fields per slide
to increase its sensitivity. However, the playback time

increases with increasing the number of fields.

Conclusions

In the specific context of a low prevalence of lung
tuberculosis, automated microscopic detection of AFB using
a Zeiss Axio Slide Scanner and home-adapted protocol for
microscopy and software analyses, achieved a high
predictive negative value. This performance allowed us to
the on-going implementation of automated microscopic
detection of AFB in the routine workflow of the laboratory
to sort negative slides and control positive slides by the
standard microscopy. Additional advantages are a 100-slide
hotel and digitalization of data for direct exporting in the
laboratory  information system, further optimizing
workflow. We therefore propose that automated
microscopic detection of AFB could already be used as a
first-line microscopy diagnosis of lung tuberculosis in low
prevalence countries. Further improvements in the

specificity of the detection are required in order to

270



progressively implement automated microscopy for the
laboratory diagnosis of lung tuberculosis in high prevalence

countries where it is most needed.
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Figure 5: Automatically store metadata of virtual slides
obtained by ZEN imaging software from Carl Zeiss,
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Figure 6: A M. tuberculosis-positive smear slide obtained with
standard light microscope (up) and Zeiss Axio microscope
(below).
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Figure 7: Example of two slides read as false positive by the
Zeiss Axio scan microscope and negative by standard

microscopy
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Supplement 1:data analyzing

Five fields per slide (The number of fields to be read per slide
can be decreased or increased at will)

Analyze with MetaMorph software (Molecular Device)
https://www.moleculardevices.com/systems/metamorph-
research-imaging/metamorph-microscopy-automation-and-
image-analysis-software

The procedure is described below:
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1. Opening the file:
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2. Channel separation in three simple channels: Red,

Green, Blue
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3. Arithmetic Operations:

e Red - blue + 256 = substract

e Green - blue + 256 = substract 2
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e Substract?2 — substract+128= substract 3
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4. Counting:
e Filter Settings Values:
Pixel area: Dispaly on; Filter on, between 5.0 and 300.0
Standard: Diplay on; Filter off, Value set to 50 pixels per
bacterium

Average intensity: Display on; Filter on, between 70 and 90

]

e Counting on : substract 3

Automatically repeated on all fields and on all slides
The software automatically generates an Excel file that will

display the name of the slide, the measured values and the
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count of detected bacteria. This value is given for information

only. A second verification will be necessary

5. Focus:

We realized images on negative slides and multiply these
acquisitions to refine our values of filters so that a negative
sample is systematically negative after analysis via software

The retained values are such that an isolated BK is detected but
sometimes epithelial cells are marked when the Ziehl Armand
staining.These represent a block of BK we preferred to eliminate
them according to their size. It is unlikely that there are only
clusters of BK without at least one isolated BK. This choice

makes it possible to have false positives and not the reverse.
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6. ZEISS Axio Scan.Z1 Digital Slide Scanner

This automat can recognize a write or barcode. The lights are
LED (light emitting diode). It can save all acquired images in
order to re-visualize them and / or re-analyze them. The analysis
can be redone on acquisitions
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Conclusions and perspectives

This thesis work allowed us to set-up specific methods
aimed to improve the diagnosis of Buruli ulcer and the
detection of the causative Mycobacterium ulcerans in the
environment of affected populations in rural regions of
western Africa and other countries. Initially, we have
developed innovative culture media for the isolation of
Mycobacterium ulcerans from clinical and environmental
samples which decreases the doubling time to less than two
days. The innovative culture media combined to a new
decontamination protocol allowed the first ever isolation of
M. ulcerans from Thryonomys swinderianus (agouti) feces
obtained from western Africa. This observation is in line
with recent report from Australia indicating that agouti
could be part of the natural chain of transmission of
M. ulcerans and a potential source of infection for the
populations. The high-throughput phenotyping previously
performed on M. ulcerans strains has allowed us to have a
good view on the environmental substrates used by
M. ulcerans strains for their metabolism and, by

extrapolation, for their growth and survival in nature. This
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work gave us crucial information on the enrichment
pathways of M. ulcerans culture media and also guided us
on the range of potential reservoirs of M. ulcerans in the
environment.

In a second step, the identification of mycobacteria by
MALDI-TOF-MS was markedly improved. From now on, it
is possible to identify the mycobacteria directly from
microcolonies taken on a solid culture medium without a
step of proteins extraction. This method is currently used
routinely for the identification of mycobacteria in our NSB3
laboratories. This innovation is in line with the goal of
detecting microcolonies of M. ulcerans on our innovative
culture medium.These two studies enabled us to
considerably reduce the cultivation time of M. ulcerans and
also the time of identification of mycobacteria.

A third study allowed us to develop a protocol for the
automatic reading of the Ziehl Neelsen slides and the
counting of the AFB by the ZEISS Slide Scanner Axio
Scan.Z1, an automatic system. Once again, this innovation
could be applied to the high throughput microscopic

detection of M. ulcerans in environmental samples after
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conventional staining or specific fluorescence in situ
hybridization.

As a continuation of the development of culture media for
M. ulcerans, it 1s in the interest of the entire scientific
community to continue this research by testing new
components derived from the high-phenotyping of
M. ulcerans. New crop areas need to be evaluated in larger
studies in endemic countries of Buruli ulcer.

To date, important links in the epidemiology of Buruli ulcer
are missing, such as the prevalence of skin carriage of
M. ulcerans in healthy subjects exposed or not to endemic
areas. The study of dermal carriers of M. ulcerans in healthy
subjects should be conducted as part of a multicentre study
in endemic areas of Buruli ulcer.

Likewise, the techniques developed during this three-year
thesis will be applied to the quest for environmental isolates
of M. ulcerans in endemic countries, including French

Guyane and western Africa countries and Burkina Faso.
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Annexe:

SKkin carriage of Mycobacterium ulcerans project

299
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I. CONTEXTE ET JUSTIFICATION
L'ulcére de Buruli qui fait partie des maladies tropicales les plus négligées, est une infection

essentiellement cutanée causée par Mycobacterium ulcerans, une bactérie de la méme famille
que celles responsables de la tuberculose et de la lepre [1]. Apres la tuberculose et la Iépre,
I’infection par M. ulcerans est la troisiéme des mycobactérioses les plus courantes chez le
sujet immunocompétent [1-6]. L'ulcére de Buruli sévit dans les régions tropicales en foyers
endémiques et atteint surtout les populations pauvres en zones rurales [7] . L'ulcére de Buruli
a été décrit pour la premiére fois en 1948 par Mac Callum [8]. Le nom « ulcére de Buruli »
vient du district ougandais ot I’on a notifi¢ un grand nombre de cas dans les années 1950 [9,
10]. L'ulcére de Buruli sévit en foyers endémiques disséminés, en général situés dans des
zones de marais, inondables, a proximité de lacs ou de cours d'eau semble connaitre depuis les
années 1980 une extension de ses foyers habituels et son incidence. Depuis cette période, elle
prend en Afrique de 1'Ouest, une expansion telle qu'elle est considérée comme une maladie
émergente, malgré sa trés faible contagiosité [11]. En 1997, I’Organisation Mondiale de la
Santé (OMS) I’a reconnue comme une maladie ré-émergente et en 1998, a Yamoussoukro, un
programme de lutte mondiale contre cette affection (Global Buruli Ulcer initiative « GBUI »)
a été mis en route par I’OMS [12] . La maladie survient souvent chez les populations vivant a
proximité des riviéres ou des nappes d’eau stagnante [13]. Les modifications apportées par
I'homme a l'environnement comme la construction de systémes d’irrigation ou de digues,
pourraient augmenter la probabilité des contacts des populations avec la mycobactérie et
semblent avoir joué un réle dans la résurgence de cette maladie.

L'infection a M. ulcerans entraine une destruction étendue de la peau et des tissus mous avec
la formation d'ulceres, se localisant en général au niveau des jambes et des bras. L’infection
peut méme atteindre 1’0os provoquant ainsi une ostéomyélite [14-17]. En l'absence de
traitement précoce, la maladie peut laisser des incapacités fonctionnelles durables, comme des
restrictions des mouvements articulaires ou des problémes esthétiques trés apparents. La
précocité du diagnostic et du traitement est cruciale pour éviter ces incapacités.

Au Burkina Faso la prévalence de l'ulcere de Buruli reste difficile a établir de fagon précise
malgré des cas déja notifiés, car ne disposant pas de données épidémiologiques suffisantes sur
l'ulcére de Buruli [13, 18] . L'OMS et les autorités sanitaires de chaque pays endémique sont
profondément préoccupées par la propagation de l'ulcére de Buruli, notamment chez les
enfants, et par ses répercutions sanitaires et socio-économiques sur les communautés rurales

défavorisées. Les pays frontaliers du Burkina Faso comme la Cote d’Ivoire, le Ghana, le Togo
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et le Bénin sont fortement endémiques de 1’ulcére de Buruli qui est souvent classée en 2°m°

position aprés la tuberculose relegant la Iepre a la 3°™ place parmi les mycobactérioses [19,
20]. Le Burkina Faso entretien avec ces pays de forte endémicité de 1’ulcére de Buruli des
mouvements de populations intenses. Aussi le Burkina Faso est caractérisé dans sa moiti¢ Sud
par un climat humide avec des galeries forestiéres ; sa moiti¢ Nord est chaude et séche, avec
une savane herbeuse et arbustique [13]. Il convient alors au Burkina Faso d’apprécier
I’ampleur de cette infection par des enquétes épidémiologiques afin de mettre en place une
stratégie de prise en charge appropriée [13]. Aussi en 2004 la Fondation Hymne aux enfants
qui s’engage en Suisse et au Burkina Faso dans la lutte contre la maladie du Noma a pris en
charge des cas d’ulcére de Buruli [21]. Il existe de nombreux moyens diagnostiques qui sont
entre autres la recherche de bacilles acido-alcoolo-résistants (BAAR) a I’examen direct,
I’examen histologique, la culture, I’inoculation a la souris ainsi que la biologie moléculaire
[22-28]. En absence de recherches épidémiologiques et biologiques de grandes envergures sur
l'ulcére de Buruli au Burkina, il nous parait important de faire une étude sur les aspects
épidémiologiques ainsi que sur les différentes techniques biologiques susceptibles d'aider au
dépistage des cas dans les districts sanitaires du Sud, Sud-Ouest et Ouest, hébergeant
probablement les principales zones endémiques de la maladie ainsi qu’au détours des grands
barrages aménagés pour 1’agriculture et la production de 1’électricité. Les zones privilégiées
de I’étude seront celles a proximité des marécages ou celles ou le réseau hydrographique
naturel a été modifié pour les besoins de ’agriculture ainsi que dans les zones rizicoles. Pour
mieux cartographier 1’aspect épidémiologique de cette pathologie des études clinico-
épidémiologiques rétrospectives et prospectives seront d’une importance capitale. Bien que le
taux de mortalité soit faible, I’ulcére de Buruli entraine fréquemment des incapacités et les
cotits du traitement et de la réadaptation sont prohibitifs dans les régions les plus touchées
[29, 30]. M. ulcerans est une mycobactérie environnementale détectée dans le sol, I’eau, les
biofilms [31-39], dans les mollusques d’eau [5, 6, 33, 36, 40], les mousses[36] ; les végétaux
[35, 36], dans des punaises d’eau [6, 33, 40-45] , chez les petites mammiféres et leur féces
[35, 37, 46, 47], les poissons d’eau douce [6, 32, 48], chez la tortue, les crevettes [49, 50] et
les grenouilles [51]. L’ADN de M. ulcerans a été détecté également chez le chat [52], le
cheval [53], le chien [54], I’alpacas [55], les possums [56] et le koala [57-59]. Les petits
mammiféres vivant a proximité immédiate des étres humains ainsi que les animaux
couramment chassés, les lapins et les rats pourraient é&tre des réservoirs potentiels de M.
ulcerans [47].

Chez ’homme, M. ulcerans est couramment détecté et isolé chez les patients atteints de

l’ulcére de Buruli [2-6, 60-62]. La peau dispose d’une protection naturelle contre la
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pénétration de bactéries pathogenes, et il est reconnu que M. ulcerans infecte I’homme par
suite d’une plaie, d’une effraction cutanée. Le mode de transmission le plus plausible chez
I’homme est la pénétration dans la peau de M. ulcerans aprés un traumatisme [15, 63, 64] et
implique un contact direct avec 1’environnement contaming, les aérosols d’eau et la faune
aquatique [5].

A ce jour, aucune donnée existante ne permet de dire qu’il y a un portage cutané¢ a M.
ulcerans chez les sujets apparemment sains. Une bonne connaissance du portage cutané de M.
ulcerans permettrait de mieux comprendre 1I’épidémiologie de cette maladie, de mieux cibler
les sujets et milieux a risques en vue d’entreprendre des mesures d’information, d’éducation
et de prévention.

Cette ¢tude a pour but d’évaluer le portage cutané de M. ulcerans chez les enfants et adultes

sains des zones a risque probable de la maladie au Burkina Faso.

II.  OBJECTIFS

1. Objectif général
Etudier I’épidémiologie du portage cutané de M. ulcerans chez des sujets sains au Burkina
Faso.

2. Objectifs spécifiques

1. Déterminer la prévalence du portage cutané chez les enfants et adultes sains en zones
rurales de I’Ouest et Sud-Ouest du Burkina Faso

2. Déterminer la répartition des cas de portage cutané en fonction des facteurs intrinséques
(age, sexe, provenance géographique)

3. Comparer la prévalence du portage cutané entre les populations vivant en zone d’endémie
potentielle de 1’ulcére de Buruli et les populations vivant hors zones d’endémie.

III. METHODOLOGIE

1. Hypothése de recherche
Nous émettons I’hypothése qui stipule qu’il y a un portage cutané de M. ulcerans chez les
sujets sains vivant en zones a risques de 1’ulcére de Buruli.

2. Cadre d’étude

2.1.Champ (lieu) d’étude

Les prélévements par écouvillonnage de la peau se dérouleront dans les régions sanitaires des
Hauts-Bassins, du Sud-Ouest, des Cascades et du Centre Ouest (zone temoin) et ce, dans les
villages situés prés des cours d’eau (zones marécageuses, retenues d’eau...).

Les deux derniéres régions sanitaires sont frontaliéres au Ghana et au Togo qui sont deux pays
ou sévit I’ulcere de Buruli.

306



Le Centre MURAZ est le Centre coordonnateur de 1’étude ou se déroulera les activités de
diagnostic, isolement et identification des espéces mycobactériennes en cause.

LES 13 REGIONS DU BURXINA FASO

Figure 1: Sites de 1'étude Portage cutané

2.2.Population d’étude
La population d’étude sera constituée des sujets sains, enfants et adultes sans symptome
connu de "ulcére de Buruli tous sur une période de un mois.

3. Type d’étude
C’est une ¢tude prospective du portage cutané de M. ulcerans dans les trois régions sanitaires

4. Echantillonnage

4.1.Méthodes d’échantillonnage
Nous allons procéder a un échantillonnage exhaustif de tous les volontaires sains consentants
durant la période de 1’¢tude.

4.2.Critéres d’inclusion
Tout volontaire, enfants et adultes sains ayant donné leur consentement éclairé au cours de la
période de I’étude.

4.3.Critéres de non inclusion
Sujets ayant une plaie chronique ou sujets ne résidants pas dans la zone de 1’étude.
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4.4.Nombre de sujets
Un total de 800 sujets sera recruté; équivalent a 200 participants dans chaque direction

régionale de la santé.

5. Procédure de collecte et de traitement des échantillons
Les prélevements seront faits par écouvillonnage cutané, une méthode non invasive. Un
questionnaire sera administré pour collecter les données épidémiologiques.

5.1.Collecte des informations épidémiologiques
Les données épidémiologiques : dge, sexe, village de résidence, contact avec le milieu
aquatique, types de travaux agricoles,....).

5.2.Prélévement et traitement des échantillons biologiques

Prélévements
Les prélévements seront limités aux seuls écouvillonnages chez les sujets sains.

Transport des échantillons destinés a la biologie moléculaire

Les écouvillons seront mis seront identifiés et placés dans une glaciére contenant des ice box
bien emballé avec du scotch et expédiés au Centre Muraz ou des colis spéciaux seront faits
pour leur envoi a I'IHU-Méditerranée Infection ou seront réalisés les tests de biologie
moléculaires par Mr ZINGUE Dezemon. .

Réalisation de la PCR en temps réel a ’IHU-Méditerranée infection a Marseille/France
Les écouvillons recus a Marseille seront repris dans du tampon qui sera utilisé pour
I’extraction d’ADN par "automate EZ1 en utilisant le kit commercial Nucleospin Tissue kit
(Macherey-Nagel, Hoerdt, France).

L’amplification de I’ADN sera réalisée grace au systeme CFX 96™real time PCR (BIO-Rad,
Marnes-la-Coquette, France).

Examen bacilloscopique

Des frottis seront effectués a partir d’une goutte du tampon utilisé pour la récupération du
matériel de chaque écouvillon puis une coloration de Ziehl-Neelsen et 1’observation
microscopique a I’objectif 100 & immersion.

6. Variables de I’étude

- Age

—  Sexe

— Zone de résidence

— Contact avec I’cau des riviéres

7. Procédures d’assurance qualité
Le questionnaire standardisé fera I’objet d’un test préliminaire. Les agents des services de
santé des régons sanitaires sites seront informés sur la méthode d’échantillonnage et sur les
outils de collecte des données.

8. Durée de ’étude
Calendrier des activités.
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2017

Activités jan Fév

Revue de la
littérature

Elaboration du
protocole

Comité
d’éthique

Collecte
analyse des
échantillons

Recueil et
analyse des
données

Interprétation
des résultats

Elaboration du
rapport final-
valorisation

9. Considérations éthiques et démarches administratives
Le protocole sera soumis au comité d’éthique pour la recherche en santé et le comité
d’éthique institutionnel du Centre MURAZ pour examen. On s’assurera que le consentement
éclairé des enquétés soit obtenu avant I’administration du questionnaire. La confidentialité des
données recueillies sera garantie.

10. Traitement et analyse des données

Les données seront saisies et analysées en utilisant le logiciel Epi info 3.5.1, le traitement et la
mise en forme des résultats a ’aide d’Excel 2007.

IV. RESULTATS ATTENDUS
Notre étude nous permettra de déterminer :
- Laprévalence du portage cutané de M. ulcerans au Burkina Faso;
- Répartition de cette prévalence en fonction de facteurs intrinséques (age, sexe,
région) ;
- Autres mycobactéries environnementales autre que M. ulcerans retrouvées sur la peau
- Transfert de compétence et de méthodes de diagnostic au Burkina Faso
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V.  EQUIPE PARTICIPANT A L'ETUDE ET PARTENAIRES
- Centre Muraz (Bobo-Dioulasso)

- DRS Hauts-Bassins, Sud-Ouest et Cascades
- IHU-Méditerranée Infection
- MINISTERE DE LA SANTE/BURKINA FASO

VI BUDGET PREVISIONNEL

1. Nature des dépenses

Budget prévisionnel

FCFA €

1.1 Ecouvillons stériles, Boite de 100 (*10) 144320 220
1.2 Gants d'examen latex non poudrés Robé, Boite de 100 (*10) 65600 100
1.3 Fourniture administrative et Reprographie 100000 | 152,439024
1.4 Comité d’Ethique 100000 | 152,439024
1.5 Recrutement de 600 participants 350000| 533,536585
1.6 Transfert de prélévements 200000 | 304,878049
1.7 Fonctionnement 3000000 | 4573,17073
1.8 Missions et déplacements 600000 | 914,634146
1.9 Vacations toute charge comprise 1000000 | 1524,39024
1.10 Autres dépenses de fonctionnement 940080 | 1433,04878
Total 6500000 | 9909

VII. I1.13. DIFFUSION DES RESULTATS
- Theése

- Communications a des conférences scientifiques

Note de politique au Ministere de la santé

VIII. PERSPECTIVES

Publications d’articles scientifiques a comité de lecture

- Recherche de M. ulcerans dans des prélévements environnementaux

- Enquéte épidémiologique et séro-épidémiologique de 1’ulcére de Buruli au Burkina

Faso

- Cartographie de I’ulcére de Buruli au niveau national

- Développement des capacités opérationnelles des labortoires
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ANNEXES 15

FICHE D’ACCOMPAGNEMENT DES PRELEVEMENTS

Expéditeur

00
Localité/province/REION SANItaire. . ... ....ouvuvnuiniiiriiiieiieeene e
Date:/..../..../...../

Participant inclus

Nom (les trois premiéres lettres):/..../...../...../

Prénom (les deux premiéres lettres):/..../...../

Age: i

Sexe: FoMo

Ville/Village/Province/RéZIon Sanitaire. .........oovvueeieieeeieniiieiiieeaneannns

Contact régulier
e avec I’eau des riviéres/marigot Oui o Non O
e avec les riziéres Oui 0 Non O
e les marécages Oui 0 Non O
AULTES (PIECISET) L uvttt ettt ettt ettt et e e e e et et et e e eneee

Prélévement
Date du préléevement :.../.... /...
Ecouvillonnages cutanés réalisés : Oui o Non O

Contexte épidémiologique
- Provenance géographique actuelle du participant

- Provenance d’une zone ayant fait I’objet d’une transmission active :
Ouio Non O
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NOTICE D’INFORMATION

« Etude du portage cutané de Mycobacterium ulcerans dans les zones a risque de I’ulcére
de Buruli au Burkina Faso »

Promoteur
IHU - Méditerranée Infection
19 Boulevard Jean Moulin, 13005 Marseille

Investigateurs coordinateurs
ZINGUE Dezemon (Centre Muraz, Bobo Dioulasso, Burkina Faso)
Pr DRANCOURT Michel (IHU - Méditerranée Infection, Marseille, France)

e MI/MIME/MILE ..ottt et enas (NOM, Prénom)
AUGIESSC ..ttt ns
1 m’a proposé

de participer a une recherche organisée par le Centre MURAZ afin d'évaluer la prévalence du
portage cutané de Mycobactérium ulcerans chez les sujets saints au Burkina Faso.

Nous vous informons que M. ulcerans est une mycobactérie appartement a la méme famille
que les mycobactéries responsables de la tuberculose « sogo-sogo gbé en langue bambara » .
la mycobactérie que nous voulons rechercher sur la peau saine est responsable de la maladie
qu’on appelle ulcére de Buruli. L ulcére de Buruli se manifeste par des plaies chroniques sur
les membres supérieurs et inférieurs, le tronc, le coup, la téte et peut méme se manifester sous
forme de plaies chroniques disséminées a différents endroits du corps. Cette maladie dont les
plaies peuvent durer sur I’homme si elle n’est pas soignée de fagon adéquate peut entrainer
des situations invalidantes.

Chaque année, pres de 5000 a 6000 personnes sont atteintes de cette maladie et pres de 80%
des malades se situent en Afrique de 1’Ouest. Nos voisins de la Cote d’Ivoire et du Ghana sont
les plus atteints dans le monde par cette maladie invalidante qu’est I’ulcere de Buruli.

Au Burkina Faso, ce type de plaies chroniques n’est pas suffisamment étudié. En prélude a
des études de plus grandes envergures au Burkina Faso, nous voulons d’abords comprendre
certains facteurs de risques de cette maladie. Comme c’est une maladie de la peau et des tissus
mous, ce qui veut dire que la mycobactérie peut étre sur la peau avant de s’y introduire et de
provoquer cette plaie chronique.

Comme c’est une mycobactérie de ’environnement, nous pensons que les malades la
contractent apres des contacts repétés avec les eaux de rivicres, dans les riziéres ou contact
avec tout échantillon environnemental contaminé.

objectif de l'étude : Cette étude a pour but d’évaluer le portage cutané de M. ulcerans chez les
enfants et adultes sains des zones a risque probable de la maladie au Burkina Faso.

Lieu de [’étude -

L’étude se déroulera au dans quatre régions sanitaires du Burkina Faso que sont les régions
sanitaires des Hauts-Bassins, du Sud-Ouest, des Cascades et du Centre-Ouest.

Le Centre MURAZ est le centre coordonnateur de 1’étude.

Centre MURAZ, Avenue Mamadou KONATE, Porte 2006 — Lot 218 — 01 B.P. 390
Bobo-Dioulasso 01

Nombre de sujets participant a [’étude : 800 (200 sujets par région sanitaire)
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Durée de l'étude : 06 mois

Déroulement de l'étude :

Les échantillons seront collectés par écouvillonnage sur la peau au niveau des membres
supérieurs et inférieurs a raison de deux écouvillons par sujet. Un écouvillon au niveau du
bras et un autre au niveau de la jambe.

C’est une méthode non invasive, pas de prélévements sanguins ni de piqure quelconque.

Les préléevements seront faits dans vos villages respectifs sous controle médical par des
infirmiers ou des technologistes biomédicaux de chaque zone. Ensuite ces écouvillons seront
envoyés au Centre MURAZ a partir de chaque site de prélévements. Le Centre MURAZ sera
chargé des colis qui seront ensuite envoyés a I’Institut Hospitalo-Universitaire-Méditerranée
Infection a Marseille/France. Dans les laboratoires de Marseille, il sera réalisé sur les
prélévements la détection de M. ulcerans par une technique de Biologie moléculaire.

Bénéfices de [’étude : Cette étude est a bénéfice individuel direct et permettra de savoir si
I’agent causal de I’ulcére de Buruli peut se retrouver sur une peau saine. Ainsi des mesures
préventives pourront étre entreprises en vue d’empécher que M. ulcerans présent sur la peau
ne puisse provoquer la maladie chez I’homme.

Effets indésirables possibles :
Il n’y a pas d’effets indésirables, car le prélévement est fait par une méthode non invasive
qu’est le prélévement par écouvillonnage.

Impératifs pour participer a cette étude :

Les adultes et les enfants de plus de 5 ans apreés leur assentiment et le consentement de leur
parent ou tuteur seront inclus dans cette étude. Les résultats de détection de M. ulcerans sur
les écouvillons seront communiqués sauf avis contraire émanant de vous-méme par le biais
du personnel de santé relevant de votre département.

CEI:
Le protocole de cette étude a été soumis au Comité d’Ethique Institutionnel du Centre
MURAZ et a regu un avis favorable lors de sa séance du

Il m’a été spécifié(e) que cette recherche sera menée conformément a la loi Huriet (loi n°88-
1138 modifiée) et conformément a la législation Burkinabé sur le code de la santé publique.

Indemnité compensatrice pour transport
Chaque sujet inclus recevra une compensation de 500 FCFA en cas de déplacement.

Confidentialité des données :

Certaines informations personnelles sur le sujet inclus (les trois premiéres lettres de son nom
patronymique, les deux premiéres lettres de son prénom, seront enregistrées sur un registre de
laboratoire et sur un fichier automatisé. Les données relatives le concernant sont détruites a
l'issue d'un délai de 12 mois suivant le début de la dernieére participation a une recherche, sous
réserve que la période d'exclusion fixée pour cette recherche soit achevée.

Je peux vérifier aupres du titulaire de l'autorisation de lieux de recherche 1'exactitude des
données présentes dans le fichier. Je peux également vérifier la destruction de ces données au
terme du délai.
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11 est prévu que ’analyse de cette recherche biomédicale soit effectuée France et ensuite il y
aura un transfert de compétences et de technologies au Burkina Faso pour mieux screener en
temps réel les problémes de santé liés a 1’ulcére de Buruli. Les résultats de 1’étude pourront
étre publiés dans des revues médicales, toujours sans que les sujets inclus ne puisse étre
identifiés.

Données nominatives :

Le fichier informatique utilisé pour réaliser la présente recherche fait I'objet d'une
confidentialit¢ au sein de 1’équipe de recherche. J'ai ¢été informé(e) de la nature des
informations transmises (les trois premieres lettres de mon nom patronymiques, les données
sur mon lieu de résidence, mes activités clés). J’ai été informé(e) de la finalité du traitement
des données (statistiques, analyses des résultats), des personnes physiques ou morales
destinataires de ces données (le Promoteur) ainsi que, le cas échéant, les Autorités Sanitaires
habilitées. J’ai été informé(e) de mon droit d'accés et de rectification a ces données soit
directement, soit indirectement par l'intermédiaire d'un personnel de santé de traitement des
données ne pourra permettre mon identification directe ou indirecte.

J'ai été avisé(e) de ce que le Mr Zingué Dezemon a été spécialement désigné par le
responsable de la recherche en vue de veiller a la sécurit¢ des informations et de leur
traitement ainsi qu'au respect de la finalité de celui-ci.

Assurance :
Vu la spécificité de ce mini-projet, cette étude n’a pas été couverte par une assurance
souscrite par le Promoteur.

Participation :

Si, apres avoir lu les informations ci-dessus et discuté (e) avec les investigateurs, je décide de
ma participation ou de celle de mon enfant a cette recherche biomédicale, je devrai signer le
formulaire de consentement et parapher chaque page afin de certifier que j’ai compris les
informations regues.

La participation de mon enfant a cette recherche biomédicale est libre et volontaire et ce,
aprés son assentiment et votre autorisation. Je peux refuser d’y participer ou d’y laisser
participer mon enfant ou me (le) retirer de la recherche biomédicale a tout moment, et ce, sans
aucun préjudice d’aucune nature et sans nécessairement, si je le souhaite, en motiver la raison.
Il est important que j’informe I’investigateur impliqué dans cette recherche biomédicale de
mon éventuel retrait ou refus de participation des que possible.

Le Promoteur de la recherche biomédicale peut également décider d’arréter la recherche
biomédicale a tout moment et ce, sans mon consentement.

Coordonnées des Investigateurs :

Dezemon ZINGUE

Adresse : Centre MURAZ ; Avenue Mamadou KONATE, Porte 2006 — Lot 218 — 01 B.P. 390
Bobo-Dioulasso 01

Téléphone : 20970102

est & ma disposition pour toute information complémentaire que je jugerai utile aussi bien
avant que pendant la recherche biomédicale.

Résultats de l'étude :
J'ai été informé(e) que les résultats globaux de 1'étude me seront communiqués a votre
demande par I’investigateur.
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CONSENTEMENT ECLAIRE

« Etude du portage cutané de Mycobacterium ulcerans dans les zones a risque de I’ulcére

Apres lecture du formulaire d'information, je déclare :

1.

de Buruli au Burkina Faso) ».

Avoir été informé(e) par Mr
de la nature du projet de
recherche et de ses buts conformément a la
déclaration de Helsinki (1964) modifice a
Edimbourg (2000).
Avoir regu toutes les réponses souhaitées a
mes questions.
Avoir not¢ que cette étude est réalisée
conformément a la législation burkinabé et
conformément aux  Bonnes  Pratiques
Cliniques.
Avoir noté que cette étude a regu un avis
favorable du Comité d’Ethique Institutionnel
du Centre MURAZ de Bobo Dioulasso lors de
sa séance du .
Accepter de faire subir a moi-méme ou a mon
enfant un prélévement par écouvillonnage sur
la peau.
Avoir noté que ma participation ou celle de
mon enfant & cette étude est entiérement
volontaire et que je suis libre de refuser la
participation. Avoir noté que si je décide de
participer ou que mon enfant participe, je dois
signer ce consentement pour indiquer que
j’accepte que mon enfant participe a cette
étude. Avoir été informé(e) que je peux me
retirer ou retirer a tout moment mon enfant de
cette étude sans préjudice d'aucune nature et
que, j’informerai [I’investigateur de ma
décision.
Avoir noté que toute nouvelle information
survenant en cours d’étude et, susceptible de
remettre en cause ma participation ou la
participation de mon enfant, me sera
communiquée dés que possible.
Avoir noté les coordonnées de I’investigateur:
Mr Dezemon ZINGUE
Adresse : Centre MURAZ ; Avenue Mamadou
KONATE, Porte 2006 — Lot 218 — 01 B.P. 390
Bobo-Dioulasso 01
T¢éléphone : 20970102

Avoir accepté que les données enregistrées a
l'occasion de cette recherche puissent faire
l'objet d'un traitement informatisé par le
Promoteur. Je pourrais exercer mon droit de
rectification aupres de I’investigateur.

Les données me concernant ou concernant
mon enfant enregistrées dans le fichier
automatisé prévu sont détruites a l'issue d'un
délai de 12 mois suivant le début de la
derniére participation a une recherche, sous
réserve que la période d'exclusion fixée pour
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13.

14.

cette recherche soit achevée. Je peux vérifier
aupres du titulaire de l'autorisation de lieux de
recherche l'exactitude des données concernant
mon enfant présentes dans le fichier. Je peux
également vérifier la destruction de ces
données au terme du délai prévu a l'article.
Accepter que les informations collectées par
les personnes accréditées du
Promoteur puissent étre traitées, transférées et
utilisées de fagon strictement confidentielle
dans un autre pays partenaire de ’étude et
sous la responsabilit¢ du Promoteur. Il est
prévu que I’analyse de cette recherche
biomédicale soit réalisée au Burkina Faso et
en France.

Avoir ¢ét¢ informé(e) que je recevrai une
compensation de 500 FCFA comme frais de
transport au cas ou votre participation
demande un déplacement.

Avoir été informé(e) que des représentants du
Promoteur ou les autorités de tutelle locales
ou étrangeres peuvent &tre amenés a mes
données de maniére confidentielle pour
vérifier les données rapportées. En signant ce
document, je confirme mon accord pour cette
consultation de mes données.

Avoir été¢ informé qu’a I’issue de 1’étude, les
résultats me seront communiqués.



J’ACCEPTE MA PARTICIPATION ET/OU « LA PARTICIPATION DE MON ENFANT » A
CETTE RECHERCHE DANS LES CONDITIONS PRECISEES CI-DESSUS

Fait en double exemplaires (un remis au volontaire, un pour I’investigateur)

Nom : Prénom :
Numéro de sélection du sujet dans 1'étude: I I
Date :

Signature du participant adulte ou du parent ou du représentant légal de I’enfant (a défaut I’empreinte de
votre index droit):
(Précédée de la mention "lu et approuvé")

Je confirme avoir personnellement expliqué la nature, I’objectif, la durée, ainsi que les effets de I’étude a la
personne dont le nom figure ci-dessus.

Nom : Prénom :

Date :

Signature de I’investigateur:
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Résumé

L'ulcére de Buruli est une maladie infecticuse tropicale présente dans des foyers endémiques et atteigant surtout les
populations pauvres en zones rurales. En 1997, 1’Organisation Mondiale de la Sant¢ (OMS) a reconnu I’ulcére de Buruli
comme une maladie ré-émergente et en 1998, un programme mondial de lutte contre cette infection (Global Buruli Ulcer
initiative « GBUI ») a ¢ét¢ mis en route lors de la Conférence de Yamoussoukro en Cote d’Ivoire. Cette infection
essentiellement cutanée est causée par Mycobacterium ulcerans, dérivé d’un ancétre commun avec Mycobacterium marinum,
et est la troisiéme mycobactériose la plus prévalente dans le monde, aprés la tuberculose et la Iépre. M. ulcerans produit la
toxine mycolactone qui est responsable du pouvoir pathogéne du bacille. Cependant, M. ulcerans est un pathogéne
opportuniste dont le réservoir est environnemental. Notre revue de la littérature a répertorié les sources et hdtes potentiels de
cette mycobactérie avec une proéminence du réservoir hydro-tellurique. L’ADN de M. ulcerans a été détecté dans le sol, I’eau,
les biofilms, les végétaux, les mousses, les féces ainsi que chez les mollusques d’eau, les punaises d’eau, les poissons d’eau
douce, la tortue, les crevettes , les batraciens et les petits mammiferes. L’ADN a été détecté également chez le chat, le cheval,
le chien, I’alpacas, les possums et le koala. Cependant, seulement cinq souches de M. ulcerans ont été isolées a partir de
prélévements de I’environnement en zones d’endémie de I’ulcére de Buruli et I’absence d’une large collection de souches est
un frein important a I’investigation des sources et vecteurs de cette mycobactérie. Nous avons montré qu’il existe une
corrélation inverse entre réchauffement climatique dans les pays endémiques et incidence de 1’ulcére de Buruli, peut-étre liée a
la sensibilité intrinséque de M. ulcerans aux variations de température et de la lumicre, ou bien & des modifications de son
écosystéme. Dans la perspective d’améliorer les protocoles d’isolement et de culture de M. ulcerans a partir de
I’environnement, nous avons entrepris une analyse phénotypique a haut débit des substrats carbonés métabolisés par M.
ulcerans et le profil obtenu nous a orientés apres une recherche bibliographique des principales sources environnementales de
ces substrats, vers des interactions plus spécifiques de M. ulcerans avec les autres bactéries, les algues, les mollusques et les
champignons. Les résultats de ce premier travail ont servi de base pour la mise au point de milieux de culture innovants qui,
combinés a une méthode originale de décontamination par la chlorhexidine, nous ont permis d’isoler pour la premiére fois, une
microcolonie de M. ulcerans a partir de féces d’agouti collectés en Cote d’Ivoire. Cette microcolonie a été correctement
identifiée par amplification de séquences spécifiques et par analyse de son profil peptidique par spectrométrie de masse grace a
un protocole développé au cours de notre thése. Egalement, nous avons mis au point une méthode de lecture automatisée des
échantillons colorés par la coloration de Ziehl-Neelsen a la recherche des mycobactéries, dans une perspective de lecture haut-
débit. Notre travail de thése a produit des protocoles qui ont pour objectif d’étre mis en ceuvre dans les pays d’endémie
Africains dont le Burkina Faso dont nous sommes originaires, pour préciser les sources et modes de transmission de M.
ulcerans aux populations, par une approche basée sur I’isolement, la culture et la caractérisation des souches.
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carbonées, culture, agouti, environnement, sources.

Summary

Buruli ulcer is a tropical infectious disease present in endemic foci and mostly affects poor populations in rural areas. In 1997,
the World Health Organization (WHO) recognized Buruli ulcer as a re-emerging disease and in 1998 a global program to
combat this infection (Global Buruli Ulcer initiative « GBUI ») was launched at the Yamoussoukro Conference in Cote
d’Ivoire. This mainly cutaneous infection is caused by Mycobacterium ulcerans, which has a common ancestor with
Mycobacterium marinum, and is the third most prevalent mycobacterial disease in the world after tuberculosis and leprosy.
M. ulcerans produces mycolactone toxin which is responsible for the pathogenicity of the bacillus. However, M. ulcerans is an
opportunistic pathogen from the environment. Our literature review has listed the potential sources and hosts of this
mycobacterium with a prominence of the hydro-telluric reservoir. The DNA of M. ulcerans was detected in soil, water,
biofilms, plants, mosses, faeces as well as in water molluscs, water bugs, freshwater fish, turtle, shrimp, amphibians and small
mammals. DNA was also detected in cat, horse, dog, alpacas, possums and koala. However, only five strains of M. ulcerans
have been isolated from environmental sampling in endemic areas of Buruli ulcer and the absence of a large collection of
strains is a major obstacle to investigation of the sources and vectors of this mycobacterium.

We have shown that there is an inverse correlation between global warming in endemic countries and incidence of Buruli
ulcer, possibly related to the intrinsic sensitivity of M. ulcerans to temperature and light changes, or to changes in its
ecosystem. In order to improve the isolation and culture protocols of M. ulcerans from the environment, we conducted a high-
throughput phenotypic analysis of the carbon substrates metabolized by M. ulcerans and the profile obtained oriented us
afterwards a bibliographic search of the main environmental sources of these substrates, towards more specific interactions of
M. ulcerans with other bacteria, algae, molluscs and fungi. The results of this first work served as a basis for the development
of innovative culture media which, combined with an original method of chlorhexidine decontamination, allowed us to isolate
for the first time a microcolony from feces of agouti collected in Cote d'Ivoire. This microcolony was correctly identified by
amplification of specific sequences and by analysis of its peptide profile by mass spectrometry through to a protocol developed
during our thesis. We also developed a method for automated reading of samples stained by Ziehl-Neelsen staining for
mycobacteria in a high-throughput reading perspective. Our thesis work has produced protocols that are intended to be
implemented in African endemic countries, including Burkina Faso, in order to clarify the sources and modes of transmission
of M. ulcerans to populations, an approach based on the isolation, culture and characterization of strains.
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