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Abstract

Background

Mycobacterium ulcerans is a close derivative ofMycobacterium marinum and the agent of

Buruli ulcer in some tropical countries. Epidemiological and environmental studies pointed

towards stagnant water ecosystems as potential sources ofM. 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 a first step, high-throughput phenotype microarray Biolog was used to profile carbon sub-

strates in oneM.marinum and fiveM. ulcerans strains. A total of 131/190 (69%) carbon sub-

strates were metabolized by at least oneM. ulcerans strain, including 28/190 (15%) carbon

substrates metabolized by all fiveM. ulcerans strains of which 21 substrates were also

metabolized byM.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 ofM. 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 testedM. ulcerans; it indicated

that 57% ofM. 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 byM. ulcerans would help

designing media to isolate and grow this pathogen. Furthermore, the presented data sug-

gest that potentialM. 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 byMycobacterium ulcerans,

an environmental pathogen associated to slow-moving water. The sources and reservoirs

ofM. ulcerans remain elusive and are still to be discovered. In a first attempt to address

this issue we used high-throughput carbon substrate profiling ofM. ulcerans. The reported

results show that some nutrients, naturally available in organisms present inM. ulcerans’

environment, are metabolized by this microorganism. This carbon substrate determina-

tion should help improve the culture ofM. 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 ofM. ulcerans remain elu-

sive [6, 9–11]. However, epidemiological studies conducted inWest 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 Côte 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-

amplifiedM. ulcerans insertion sequences (IS) IS2404, IS2606 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 ofM. 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 ofM. 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 ofM. ulceransmay 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 ofM. 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 someMycobacte-

rium tuberculosis complex mycobacteria [35] andMycobacterium avium subsp. paratuberculo-

sis [36]. It is used here in the context of unique carbon metabolisms such as chitinase exhibited

byM. ulcerans [37].

Mycobacterium ulcerans Biolog Profiling
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Materials and Methods

M. ulcerans strains

This experimental study investigatedM. 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 andMycobacterium buruli ATCC 25894 isolated in Uganda [38].

These strains were manipulated into a BLS3 laboratory and a clinical isolate ofMycobacterium

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 forM.marinum and four weeks forM. 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 andM.

marinum colonies were removed fromMiddlebrook 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 theM. ulcerans orM.marinum suspension in IF-0a GN/GP (1.76 mL). Each PM

plate was then inoculated in duplicate with 100 μL 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 PM 1 PM 2

MgCl2, 6H2O
Ca Cl2, 2 H2O

2mM
1mM

240mM
120mM

203.3
147.0

4.88
1.76

10 mL 10 mL

Tween 80 0.01% 1.2% - 1.2 10 mL 10 mL

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

Mycobacterium ulcerans Biolog Profiling
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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 testedM.
ulcerans strains

In order to find the potential environmental origin of the carbon substrates metabolized byM.

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 byM.

ulcerans versus substrates metabolized by all testedM. 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 testedM. 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 inM.marinum andM. ulcerans

The negative control wells remained negative in all the PMs plates, and results obtained with

the fiveM. ulcerans strains and theM.marinum strain were duplicated. A total of 131/190

(69%) carbon substrates were metabolized by at least one of the fiveM. ulcerans strains, includ-

ing 28/190 (15%) carbon substrates common to the fiveM. ulcerans strains and 16/190 (8%)

carbon substrates metabolized by only oneM. ulcerans strain (Table 3). A total of 21/28 (75%)

substrates metabolized by all testedM. ulcerans strains were also metabolized byM.marinum

(Table 3). In detail, 17/95 (18%) carbon sources in PM1 plates were metabolized by allM.

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 allM. ulcerans strains comprised

D-raffinose, butyric acid, D-glucosamine, -keto-valeric acid, 5-keto-D-gluconic acid, oxalo-

malic acid, sorbic acid, L-isoleucine, L-lysine, putrescine and dihydroxyacetone. Five of these

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) 2 mL 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

Mycobacterium ulcerans Biolog Profiling
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Table 3. Carbone substrates metabolized by at least one of the five testedM. ulcerans strains compared with carbon substrates metabolized by
Mycobacteriummarinum on Biolog PM1 & PM2 plates.

Substrates CU001 ATCC 25900 ATCC 33728 ATCC 19423 ATCC 25894 M.marinum

D-Ribose

L-Malicacid

L-Lyxose

Glucuronamide

Pyruvic acid

D-Galacturonicacid X

D-Glucosamine

5-Keto-D-Gluconic acid

Oxalomalic acid

Sorbic acid

Dihydroxyacetone

Inosine

L-Galactonic acid-g-Lactone

D-Raffinose

Butyric acid

Putrescine X

Phenylethylamine

D-Glucose-6-Phosphate

Adenosine

L-Asparagine

D-Fructose-6-Phosphate

Acetoacetic acid

D-Psicose

-Keto-Valeric acid X

L-Isoleucine X

L-Lysine X

Methylpyruvate X

Uridine X

Fumaricacid

Tricarballylicacid

L-Serine

L-Threonine

L-Alanine

L-Alanine-Glycine

N-Acetyl- -D-Mannosamine

Glycyl-L-Proline

2-Aminoethanol

3-Methylglucose

-Methyl-D-Xyloside

N-Acetyl-D-Glucosaminitol

Citramalicacid

Malonicacid

Succinamicacid

3-Hydroxy-2-butanone

D-Tartaricacid

L-Tartaricacid

(Continued )

Mycobacterium ulcerans Biolog Profiling
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Table 3. (Continued)

Substrates CU001 ATCC 25900 ATCC 33728 ATCC 19423 ATCC 25894 M.marinum

Acetamide

L-Arginine

Glycine

L-Histidine

L-Homoserine

Hydroxy-L-Proline

L-Leucine

L-Methionine

L-Ornithine

L-Phenylalanine

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

-Amino-N-Butyric acid

-Amino Valeric acid

Capricacid

Caproicacid

4-Hydroxybenzoic acid

-Hydroxybutyricacid

-Hydroxybutyricacid

Pectin

N-Acetyl-D-Galactosamine

N-Acetyl-Neuraminicacid

-D-Allose

D-Arabinose

2-Deoxy-D-Ribose

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

Gentiobiose

L-Glucose

(Continued )

Mycobacterium ulcerans Biolog Profiling
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Table 3. (Continued)

Substrates CU001 ATCC 25900 ATCC 33728 ATCC 19423 ATCC 25894 M.marinum

D-Lactitol

D-Melezitose

Maltitol

-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

-Ketoglutaricacid

-Ketobutyricacid

L-Glutamine

Tween 80

-Hydroxybutyric acid

-Methyl-D-Glucoside

Adonitol

Maltotriose

Dulcitol

D-Serine

D-Galactonic acid- -Lactone

DL-Malicacid

Tween 20

L-Rhamnose

D-Fructose

Aceticacid

-D-Glucose

Thymidine

Carbone substrates metabolized by at least one of the five testedM. ulcerans strains.

carbon substrates metabolized by only one of the five testedM. ulcerans strains.

carbon substrates metabolized by all testedM. ulcerans strains.

Moderately positive wells

Highly positive wells

X Carbon substrates which are not metabolized byM.marinum and metabolized by all testedM. ulcerans
strains.

doi:10.1371/journal.pntd.0005303.t003

Mycobacterium ulcerans Biolog Profiling
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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 byM.marinum leaving D-galacturonic acid, uridine, methyl pyruvate, -keto-

valeric acid, L-isoleucine, L-lysine and putrescine as the only substrates specific toM. ulcerans

(Table 3).

Environmental sources for substrates metabolized by all testedM.
ulcerans strains

Comparing the potential environmental sources in search of substrates metabolized by all

testedM. ulcerans strains versus non-metabolized substrates, we found a significant associa-

tion betweenM. ulceransmetabolized 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 ofM. 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 byM. ulcerans and not by the phyloge-

netically closest speciesM.marinum. Three of these seven carbon sources indeed contain

indispensable amino-acids.

The carbon sources here determined forM. ulceransmay 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 ofM. ulcerans [37]. Accordingly, our study points

towards a possible association ofM. ulcerans with fungi as a potential source of chitin, a poly-

saccharide possibly degraded byM. ulcerans’ genome-encoded chitinase [42]. Likewise, the

other carbon sources here disclosed should be tested for their potential to increase the cultiva-

tion ofM. ulcerans.

Moreover, our analyses suggested thatM. ulceransmay 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 thatM. ulcerans was isolated in environments where 17 other

mycobacteria species were also isolated, includingM. 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 ofM. ulcerans and promote the formation of biofilm [31]. We

observed thatM. ulceransmetabolizes D-galacturonic acid, the main component of pectin

contained in the primary cell walls of terrestrial plants, and putrescine, a foul-smelling

Mycobacterium ulcerans Biolog Profiling
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chemical derived from the decomposition of dead plants, which indicates thatM. ulceransmay

live in assemblages of dead aquatic plants. This finding is reinforced by the observation thatM.

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 specificM. 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 ofM. ulcerans in Buruli ulcer endemic

Table 4. Cross-search of the Medline database (May, 2016) for fungi, mollusks and algae as potential sources of carbon substrates; and sub-
stratesmetabolized by all testedM. 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 5133/1934745

Glucuronamide 0/19292 4/1392904 0/52885 7/1934745

D-Galacturonicacid 0/19292 79/1392904 3/52885 218/1934745

D-Glucosamine 8/19292 498//1392904 28/52885 4499/1934745

Oxalomalic acid 0/19292 0/1392904 0/52885 0/1934745

Sorbic acid 0/19292 357/1392904 2/52885 411/1934745

Dihydroxyacetone 7/19292 294/1392904 3/52885 504/1934745

L-Galactonic acid-g-Lactone 0/19292 0/1392904 0/52885 0/1934745

D-Raffinose 3/19292 646/1392904 4/52885 728/1934745

Butyric acid 26/19292 3089/1392904 266/52885 5689/1934745

Putrescine 17/19292 1174/1392904 27/52885 2226/1934745

Phenylethylamine 10/19292 683/1392904 225/52885 908/1934745

D-Psicose 1/19292 14/1392904 0/52885 77/1934745

L-Malicacid 1/19292 107/1392904 0/52885 301/1934745

L-Lyxose 0/19292 4/1392904 0/52885 28/1934745

Pyruvic acid 19/19292 686/1392904 19/52885 1484/1934745

5-Keto-D-Gluconic acid 0/19292 5/1392904 0/52885 21/1934745

Inosine 2/19292 999/1392904 37/52885 1540/1934745

D-Glucose-6-Phosphate 1/19292 57/1392904 2/52885 94/1934745

Adenosine 182/19292 14109/1392904 1029/52885 27257/1934745

L-Asparagine 17/19292 1980/1392904 37/52885 3428/1934745

D-Fructose-6-Phosphate 2/19292 7/1392904 0/52885 92/1934745

Acetoacetic acid 0/19292 20/1392904 1/52885 62/1934745

a-Keto-Valeric acid 0/19292 2/1392904 0/52885 10/1934745

L-Isoleucine 4/19292 1400/1392904 40/52885 3296/1934745

L-Lysine 65/19292 6989/1392904 254/52885 11894/1934745

Methyl pyruvate 7/19292 4/1392904 0/52885 7/1934745

Uridine 30/19292 3408/1392904 112/52885 6435/1934745

doi:10.1371/journal.pntd.0005303.t004
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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 ofM. ulcerans by mimicking the natural ecosystem ofM. 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 toM. ulcerans, as recently reported [48]. Small mollusks should be fur-

ther investigated using culture-based appropriate methods in the search forM. 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 ABMM.

Writing – original draft:DZ ABMD.

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. BMCGenomics 2012; 13, 258. doi: 10.1186/1471-2164-
13-258 PMID: 22712622

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

3. Portaels F, MeyersWM, 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

4. 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

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

6. 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

7. 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

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

9. BenbowME,Williamson H, Kimbirauskas R, McIntoshMD, 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

10. 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
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18. 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 Côte d’Ivoire: A Case-Con-
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Contaminations and fastidiousness of M. ulcerans may have both hamper isolation of strains 23 

from environmental sources. We aimed to optimize decontamination and culture of 24 

environmental samples to circumvent both limitations. Three strains of M. ulcerans cultured 25 

onto Middlebrook 7H10 at 30°C for 20 days yielded a significantly higher number of colonies 26 

in micro-aerophilic atmosphere compared to ambient atmosphere, 5% CO2 and anaerobic 27 

atmosphere. In a second step, we observed that M. ulcerans genome uniquely encoded 28 

chitinase, fucosidase and A-D-GlcNAc-diphosphoryl polyprenol A-3-L-rhamnosyl transferase 29 

giving M. ulcerans the potential to metabolize chitine, fucose and N-acetyl galactosamine 30 

(NAG), respectively. A significant growth-promoting effect of 0.2 mg/mL chitin (p <0.05), 31 

0.01 mg/mL N-acetyl galactosamine (p <0.05), 0.01 mg/mL fucose (p <0.05) was observed 32 

with M. ulcerans; leading to the present design of the DZ-medium (Middlebrook 7H10 33 

medium containing chitin (0.2%), NAG (0.01%) and fucose (0.01%)) . Finally, the protocol 34 

combining 1% chlorhexidine decontamination with micro-aerophilic incubation on the DZ-35 

medium and auto-fluorescence detection of colonies allowed for the isolation of one firmly 36 

identified M. ulcerans strain from Thryonomys swinderianus (aulacode) feces specimens37 

collected near the Kossou Dam, Côte d’Ivoire. We propose that incubation of chlorhexidine-38 

decontaminated environmental specimens on the DZ-medium under micro-aerophilic 39 

atmosphere at 30°C may be used for the tentative isolation of M. ulcerans strains from 40 

potential environmental sources. 41 
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47 

• Buruli ulcer is a World Health Organization (WHO)-notifiable, yet neglected infection of the 48 

cutaneous and subcutaneous tissues caused by the nontuberculous Mycobacterium ulcerans 
1
. 49 

This pathogen emerged from a common ancestor with the environmental 50 

Mycobacterium marinum, after genomic reduction and the acquisition of a 174-kb pMUM001 51 

plasmid encoding a macrolide mycolactone toxin, the major virulence factor for M. ulcerans 
2-

52 

4
. M. ulcerans was initially isolated from sub-cutaneous lesions in patients in Bairnsdale, 53 

Australia, where Buruli ulcer (Bairnsdale ulcer) was initially described 
5
. For more than 70 54 

years, Buruli ulcer cases have been notified in patients residing in 33 countries mainly in the 55 

rural and tropical regions of Africa, significantly less in South America, in addition to 56 

Australia and Japan 
1
. For an example, in 2014, 2,200 new cases were notified by 12 countries 57 

and most of the patients were children under 15 years 
1
. The laboratory diagnostic of Buruli 58 

ulcer is made by microscopy, histopathology and PCR-based detection of M. ulcerans-59 

specific sequences, including the IS2404, IS2606 and ketoreductase-B domain of the 60 

mycolactone polyketide synthase genes 
1,6-8

. Successful isolation and culture of M.61 

ulcerans from clinical lesions depends on several parameters, including the exact sampled site 62 

(most bacilli are in the deepest areas of the skin), or the type of decontamination method or 63 

culture medium and culture conditions used 
8-11

. Whilst M. ulcerans grows on similar culture 64 

media as Mycobacterium tuberculosis, i.e. on Löwenstein-Jensen medium, Brown and Buckle 65 

or Ogawa medium, microaerophilic atmosphere and optimal temperature of 28-33°C are 66 

required for this pathogen 
8-11

. In a clinical diagnostic laboratory, primary cultures are usually 67 

positive within a 6-12-week incubation, but a much longer incubation period of up to nine 68 

months may be necessary to obtain isolates, illustrating the fastidiousness of this microbe 
11,12

.  69 

 The fact that thousands M. ulcerans isolates have been made from clinical sources 70 

sharply contrasts with the fact that several attempts to culture M. ulcerans from many 71 
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specimens of flora and fauna remained unsuccessful 
13,14

. However, numerous PCR-based 72 

investigations indicated that potential reservoirs or host carriers were localized in aquatic 73 

environments where M. ulcerans may be able to colonize different ecological niches  74 

eventually scattered along a food chain 
15-19

. Culture of M. ulcerans from environmental 75 

samples is tedious and understanding the ecology of M. ulcerans has been severely hampered 76 

by the extreme difficulty of culturing the organism directly from the environment
14,20,21

. 77 

Cultures of collected diverse samples (water, soil, fish, rodents, biting flies, reptiles) from 78 

Buruli ulcer endemic areas failed to yield M. ulcerans a long time ago 
13

, though testing of 79 

samples by molecular biology found M. ulcerans DNA 
7,22-30

. Finally, only one environmental 80 

M. ulcerans (M. ulcerans 00-1441 from a Buruli ulcer endemic area in Benin, West Africa) 81 

isolate has been firmly confirmed on Löwenstein-Jensen medium after 15-day of incubation 82 

in BACTEC 12b broth and three successive passages in mouse footpad P1, P2 and P3 for nine 83 

months, six months and 12 months, followed by culture on Löwenstein-Jensen for two 84 

months 
21

. Three additional reported strains included two IS2404-PCR positive strains from 85 

two samples of aquatic plants and two wild aquatic insects collected in a Buruli ulcer endemic 86 

area of Côte d'Ivoire 
31,32

 and two M. ulcerans strains from moss and soil in Ghana 
33

. None of 87 

these strains have been deposited in public collection. 88 

The fact that only a few environmental isolates have been made after such a long 89 

experiment, suggests that contamination by fast-growing bacteria or mycobacteria and 90 

fungi of the environmental samples along with poorly appropriate culture media limited 91 

the isolation of M. ulcerans from environmental sources. Also when contaminants are 92 

present in the sample, they limit and inhibit the growth of M. ulcerans. Contaminants not 93 

eliminated by the decontamination method eventually rot or transferring the culture 94 

medium rendering impossible the incubation of cultures on a long period necessary for the 95 

isolation of M. ulcerans. There is thus a need to develop new protocols and innovative 96 
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media to improve the recovery of M. ulcerans in primary culture from environmental 97 

sources in order to assess the viability of the pathogen in these sources 
34

. The availability 98 

of the complete genome sequence of M. ulcerans is a boon to better known metabolic 99 

activities which could support the development of innovative culture media, as previously 100 

reported for some other fastidious pathogens 
35

.  101 

In the perspective of achieving a culture-based field investigation of M. ulcerans, we 102 

aimed at improving the decontamination of samples along with the composition of culture 103 

media in order to optimize the chance of recovering additional environmental M. ulcerans 104 

isolates.  105 

 106 

107 

M. ulcerans We observed an 108 

enhanced growth of M. ulcerans under micro-aerophilic atmosphere at day 20 post-incubation 109 

on Middlebrook 7H10 medium at 30°C. The number of colonies of M. ulcerans CU001 was 110 

significantly higher in micro-aerophilic atmosphere (133 ± 6 CFUs) than under ambient 111 

atmosphere (65 ± 14 CFUs; p=0.002) or 5% CO2 atmosphere (36 ±14 CFUs; p=0.002) or 112 

anaerobic atmosphere (10 ± 5 CFUs; p<0.001); likewise, M. ulcerans ATCC25900 yielded 113 

125 ± 18 CFUs in micro-aerophilic atmosphere compared to 49 ± 1.7 CFUs (p=0.002) under 114 

ambient atmosphere, 45 ± 11 CFUs (p=0.003) under 5% CO2 atmosphere and (44 ± 7 CFUs; 115 

p=0.002) in anaerobic atmosphere; and M. ulcerans ATCC33728 yielded 195 ± 13 CFUs 116 

under micro-aerophilic atmosphere compared to 53 ± 6 CFUs (p=0.0001) in ambient 117 

atmosphere , 64 ± 32 CFUs (p=0.003) under 5% CO2 atmosphere and 99 ± 11 CFUs; p=0.001 118 

in anaerobic atmosphere (Figure 1).  119 

Cultures at 37 ° C. remained negative during the same period of incubation. 120 



REVISED VERSION 

6 

 

M. ulcerans We incorporated chitin, 121 

fucose and N-acetylgalactosamine into Middlebrook 7H10 medium in order to experimentally 122 

test their growth-promoting effect on M. ulcerans. The experimental data were authenticated 123 

by the negativity of the negative controls used in every experiment and the reproducibility of 124 

data over three different M. ulcerans strains and three independent experiments. 125 

Incorporation of 0.1 mg/mL fucose or 0.1 mg/mL N-acetyl galactosamine into Middlebrook 126 

7H10 base yielded no significant difference in the growth of M. ulcerans until day 15. 127 

However, from day 15 to day 40, the number of colonies was significantly higher on 128 

Middlebrook 7H10 medium enriched with 0.1 mg/mL N-acetyl galactosamine (1,485 ± 275 129 

CFUs for M. ulcerans CU001, 340 ± 28 CFUs for M. ulcerans ATCC25900, 788 ± 125 CFUs 130 

for M. ulcerans ATCC33728) or Middlebrook 7H10 enriched with 0.1 mg/mL fucose (1,770 131 

± 241 CFUs for M. ulcerans CU001, 770 ± 9 CFUs for M. ulcerans ATCC25900, 516 ± 11 132 

CFUs for M. ulcerans ATCC33728) than in standard Middlebrook 7H10 medium (359 ± 16 133 

CFUs for M. ulcerans CU001, 129 ± 8 CFUs for M. ulcerans ATCC25900, 278 ± 9 CFUs for 134 

M. ulcerans ATCC33728) (p<0.05) (Figure 2).  135 

Furthermore, the number of colonies was significantly higher on Middlebrook 7H10 medium 136 

enriched with 0.01 mg/mL N-acetyl galactosamine (1,054 ± 84 CFUs for M. ulcerans CU001, 137 

920 ± 7 CFUs for M. ulcerans ATCC25900, 967 ± 40 CFUs for M. ulcerans ATCC33728) or 138 

Middlebrook 7H10 enriched with 0.01 mg/mL fucose (871 ± 102 CFUs for M. ulcerans 139 

CU001, 784 ± 53 CFUs for M. ulcerans ATCC25900, 821 ± 56 CFUs for M. ulcerans 140 

ATCC33728) or Middlebrook 7H10 enriched with 0.2 mg/mL chitin (802 ± 82 CFUs for M.141 

ulcerans CU001, 741 ± 42 CFUs for M. ulcerans ATCC25900, 655 ± 25 CFUs for M. 142 

ulcerans ATCC33728) than in standard Middlebrook 7H10 medium (67 ± 1 CFUs for M.143 

ulcerans CU001, 97 ± 2 CFUs for M. ulcerans ATCC25900, 80 ± 2 CFUs for M. ulcerans 144 

ATCC33728) (p <0.05) (Figure 3).   145 
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The number of colonies was significantly higher on Middlebrook 7H10 medium enriched 146 

with a mix of the three growth promoters called DZ medium ( 0.01 mg/mL N-acetyl 147 

galactosamine, 0.01 mg/mL fucose and 0.2 mg/mL chitin)  (936 ± 21 CFUs for M. ulcerans 148 

CU001, 927 ± 57 CFUs for M. ulcerans ATCC25900, 1087 ± 82 CFUs for M. ulcerans 149 

ATCC33728) than in standard Middlebrook 7H10 medium (67 ± 1 CFUs for M. ulcerans 150 

CU001, 97 ± 2 CFUs for M. ulcerans ATCC25900, 80 ± 2 CFUs for M. ulcerans 151 

ATCC33728) (p <0.05) (Figure 3). The doubling time of M. ulcerans was measured at 2.95 ± 152 

0.98 days with chitin, 1.3 ± 0.23 days with NAG, 1.31 ± 0.28 days for fucose, 2.37 ±.0.41 153 

days with chitin/NAG/Fucose and 5.96 ± 2.99 days with the control Middlebrook 7H10 154 

medium.  155 

 156 

M.157 

ulcerans Direct seeding without decontamination of  river freshwater sample onto 158 

5 % sheep-blood Columbia agar combined with MALDI-TOF-MS identification of colonies 159 

yielded Acinetobacter baumannii, Acinetobacter baylyi, Acinetobacter junii, Acinetobacter 160 

nosocomialis, Aeromonas caviae, Aeromonas ichthiosmia, Aeromonas hydrophila, 161 

Aeromonas veronii, Brevibacterium luteolum, Brevibacterium paucivorans, Escherichia coli, 162 

Klebsiella pneumoniae and Serratia marcescens within 48 hours of incubation.  163 

After 1% chlorhexidine decontamination of freshwater sample, the culture onto sheep-blood 164 

Columbia agar remained sterile without contamination. The same freshwater sample mocked- 165 

inoculated with M. ulcerans strain (CU001 and ATCC33728 separately) and chlorhexidine-166 

decontaminated yielded autofluorescent colonies of M. ulcerans, starting at day 15 after 167 

inoculation onto the chitin, fucose and NAG growth promoters media. Colony counting was 168 

done on day 30 (Figure 4). Several colonies obtained during this step were confirmed by RT-169 

PCR targeting specific genomic regions of M. ulcerans (IS2404, IS2606, KR-B) in order to 170 
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confirm M. ulcerans colonies . RT-PCR results where positive for all IS2404, IS2606 and 171 

KR-B targets. 172 

 173 

M. ulcerans Mycolactone-174 

producing mycobacteria (MPM) DNAs were detected by RT-PCR in the environmental 175 

samples collected in Côte d’Ivoire, while the negative controls remained negative and all the 176 

samples were free of PCR inhibition. Five of the 12 water without plant debris (41.66%) were 177 

positive for KR-B gene, insertion sequence IS2404 and IS2606; five (41.66%) were positive 178 

for KR-B and IS2404, ten (83.33%) were positive for KR-B gene and IS2606. Among the 179 

eight water with plants debris, two (25%) were positive for KR-B and IS2404. No 180 

Thryonomys swinderianus’s  aulacode feces were definitely found positive according to our 181 

criteria while two of 11 feces samples (18.18%) were positive for IS2404 (Table 1). Further, 182 

the calculated values for Ct (IS2606-IS2404) from MPM-PCR positive environmental 183 

samples were 3.32 (95% CI=0.43– 1.70), suggesting that all the sequences detected were 184 

attributable to M. ulcerans which typically give higher Ct values than the other MPM, as 185 

previously reported
7
. 186 

187 

M. ulcerans188 

The culture of the 31 samples  decontaminated with 1% chlorexidine yielded one auto-189 

fluorescent micro-colony isolated from one IS2404-positive  aulacode feces sample after 45-190 

day incubation on the DZ medium at 30°C under a micro-aerophilic atmosphere condition. 191 

This unique micro-colony yielded Ziehl-Neelsen -positive bacilli identified as a MPM after 192 

the RT-PCR positivity for KR-B, IS2404 and IS2606 in the presence of negative controls 193 

(Figure 5). Further, calculated value for Ct (IS2606-IS2404) of 2. 97 ( Ct 3.32) indicated 194 

that it was more likely a colony of M. ulcerans according to previously described criteria
7
.  195 
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Sub-culturing onto the DZ medium of the micro-colony material remaining after identification 196 

failed.  197 

 198 

199 

We here report on a culture protocol for the recovery of viable M. ulcerans mycobacteria 200 

from environmental sources and we successfully applied it to the first isolation of micro-201 

colonies from aulacode feces collected in Côte d’Ivoire. 202 

Temperature of incubation is a crucial point for the culture of mycobacteria as 203 

previously reported 
36

. Indeed, M. ulcerans strains have optimal growth between 28- 32°C; 204 

they are very sensitive to higher temperatures, a temperature of 41°C over a period of 24 205 

hours kills more than 90 % of the bacilli 
13

. This observation gives indications for the storage 206 

of environmental samples for M. ulcerans culture in endemic countries where the ambient 207 

temperature may reach values in-between 37°C-45°C, suggesting that samples should be 208 

stored at lower temperatures into any appropriate transport medium before inoculation. We 209 

then observed that growth of the M. ulcerans strains here investigated was significantly more 210 

rapid in micro-aerophilic atmosphere than in ambient atmosphere and in a 5% CO2-enriched 211 

atmosphere. It was previously suggested that M. ulcerans is capable of growth under aerobic 212 

but not anaerobic conditions
3
 and to survive anaerobic conditions 

37
. During our experiment 213 

we observed a significant growth of the three strains of M. ulcerans cultured under anaerobic 214 

conditions after day 20 of incubation. Indeed, breaking anaerobic atmosphere may occur 215 

during which a suitable atmospheric condition for the growth of mycobacteria was created 216 

during colonies count and / or pocket replacement every five days. Further, a possible activity 217 

of the cydA locus in M. ulcerans may sustain the ability of this strains to survive under low-218 

oxygen conditions 
37

.  219 
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To develop an innovative culture medium for improve isolation and growth of M. ulcerans,220 

we thought that comparative genome analysis reveal unique metabolic features and clues to 221 

enrich a Middlebrook 7H10 medium. Indeed, this approach has been successfully used to 222 

design a new culture medium for the fasditious pathogen Tropheryma whipplei, another 223 

Actinobacterium 
35

. Accordingly, we incorporated chitin, fucose and N-acetylgalactosamine 224 

into a Middlebrook 7H10   medium in order to experimentally test their effect on the growth 225 

of M. ulcerans. The experimental data were authenticated by the negativity of the negative 226 

controls used in every experiment and the reproducibility of data over three different M.227 

ulcerans strains culture and triplicate experiments. Chitin is the second most abundant organic 228 

and renewable source in nature, after cellulose 
38

. This linear homopolymer can be hydrolyzed 229 

at -1,4-linkages by the enzymatic action of glycoside hydrolase enzymes, the chitinases 230 

(E.C. 3.2.1.14) and the N-acetylglucosaminidases (E.C. 3.2.1.52) 
39,40

.Chitin is found  in the 231 

structure of fungi, crustaceans (crabs, lobsters), insects, mollusks, cephalopods, fishes such as 232 

zebrafish (Danio rerio) and amphibians 
41-43

. The derivatives of chitin play a crucial role in 233 

the interaction between higher plants and symbiotic bacteria; suggesting that chitin synthesis 234 

may serve roles other than the production of skeletal material 
42

. N-acetyl galactosamine has 235 

been recognized as a minor sugar component covalently-bound amino sugar component of the 236 

cell wall of some slow-growing mycobacteria and orthologs of polyprenyl-phospho-N-acetyl-237 

galactosaminyl synthase (ppgS), which are found in the genomes of slowly-growing 238 

mycobacteria including M. bovis, M. bovis BCG, M. leprae, M. marinum and M. avium subsp. 239 

paratuberculosis, as well as in M. abscessus; but not in the genomes of other rapidly 240 

growing Mycobacterium species such as Mycobacterium smegmatis 
44,45

.  241 

Chitinases are chitin-degrading enzymes belonging to the glycoside hydrolase family 18 242 

(GH18) and 19 (GH19) 
39

 (www.cazy.org). They act in a synergistic to perform the complete 243 

enzymatic hydrolysis of chitin to N-acetylglucosamine 
46,47

. The GH18 family is widely 244 
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distributed in all kingdoms, including viruses, bacteria, plants, fungi and animals 
38

. Bacterial 245 

chitinases and chitin-binding proteins (CBPs) play a fundamental role in the degradation of 246 

the ubiquitous biopolymer chitin, and the degradation products serve as an important nutrient 247 

source for marine- and soil-dwelling bacteria 
48-51

. M. ulcerans genomes encode for a GH18 248 

compatible with a putative chitinase activity 
3
. N-acetylglucosaminidases belong to glycoside 249 

hydrolase family 20 (GH20) 
39

. -l-Fucosidases are enzymes involved in metabolism of -l-250 

fucosylated molecules , compounds with a fundamental role in different life essential 251 

processes including development 
52

. These enzymes play a fundamental role in the 252 

degradation of the ubiquitous biopolymer  
39,46,50

. The degradation products serve as an 253 

important nutrient source for bacteria in the nature 
51

. M. ulcerans may obtain energy and 254 

carbon from the degradation of plant saccharides which were demonstrated to stimulate M.255 

ulcerans growth in vitro 
14,53

. It was recently shown that chitin  promoted growth of M.256 

ulcerans 
43

. Fucose was here tested after we observed that M. ulcerans contained an alpha-L-257 

fucosidase cytoplasmic protein involved in carbohydrate transport and metabolism
39

. 258 

It was proved that some green algae extracts stimulate the growth of M.  ulcerans
14

. In a 259 

later study however, the growth of M. ulcerans was indirectly observed by using quantitative 260 

PCR kinetics, instead of the simple observation of growing colonies as reported here
43

. 261 

 262 

The doubling time obtained with the culture of M. ulcerans strains onto each growth 263 

promoter was less than two days and was in agreement with previously reported values. The 264 

doubling time was estimated to be of  approximately 36 h 
54

, 1-2 days 
55

 and 3.3 ± 0.56 days 265 

14
. In the Dubos medium (a liquid medium) , the doubling time was less than 48 hours at 33°C 266 

56
 and 44 hours in the Dubos medium without serum 

57
. A doubling time estimated to be 267 

between three and four days has been reported 
58

. In mice, the doubling time was 268 

approximately 3.5 days 
59-61

. The discrepancy may be first  due to the strain of M. ulcerans, 269 
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secondly to the calculation method 
57

 or the type of culture medium. In contrast, M. 270 

marinum has a doubling time of 6-11 h 
3
.  271 

Culture onto 5 % sheep-blood Columbia agar of freshwater sample after chlorhexidine 272 

decontamination remained sterile so, we deduced that the chlorhexidine decontamination 273 

method has been effective.  Culture onto growth promoters media of chlorhexidine 274 

decontaminated freshwater sample mocked- inoculated with M. ulcerans strains allowed to 275 

isolate M. ulcerans colonies confirmed by RT-PCR. 276 

 277 

M. ulcerans DNA were detected by RT-PCR  in water, plants debris and  aulacodes 278 

feces, all collected in Côte d’Ivoire. M. ulcerans’s DNA  has been detected previously in two 279 

feces from the  aulacode collected in Côte d'Ivoire 
22

 and in small mammal (Mastomys) in 280 

Ivory Coast 
27

 suggesting that these animals may shelter and vehicle M. ulcerans. In our 281 

study, several strains yielded IS2404 region but not KR-B region detection. It may suggest 282 

that such environmental M. ulcerans strains did not produce mycolactone or were 283 

mycolactone-deficient strain of M. ulcerans or other mycobacteria such as M. marinum. Other 284 

several strains had KR-B but not IS2404. It may suggest that these strains were not M.285 

ulcerans, but had mycolactone-producing gene. 286 

 Growth promoters allow the isolation of micro-colony which was positive for IS2404, 287 

IS2606 and KR-B. However, direct sub-culture onto the growth-promoters for more 288 

biological material failed. This failure could be explained by the very low inoculum 289 

remaining for the culture after we realized Zielh-Neelsen staining and the RT-PCR for the 290 

identification of the micro-colony. Our samples were collected in a Buruli ulcer endemic 291 

region in the centre of Côte d’Ivoire, closely related but different from a site where we 292 

previously PCR-amplified M. ulcerans DNA in the feces of   aulacodes 
22

. However, the 293 

isolation of one M. ulcerans micro-colony from one feces sample does not prove that 294 



REVISED VERSION 

13 

 

aulacodees constitute one reservoir for M. ulcerans in Côte d’Ivoire. Indeed, only one of 11 295 

tested  aulacode feces samples produced only one single viable micro-colony of M. ulcerans, 296 

which could have arose by chance or natural contamination in the environment. Moreover, the  297 

aulacode could have fed upon some infected organic materials, thus having M. ulcerans into 298 

its digestive tract, acting thus as host spreaders, instead of being the natural host reservoirs. 299 

Therefore, this interesting yet limited observation warrants further field studies for 300 

confirmation.  301 

  302 

303 

A 1% chlorhexidine decontamination and addition of appropriate concentration of chitin, N-304 

acetyl galactosamine and fucose to the standard Middlebrook 7H10 culture medium (an 305 

innovative  medium here reported as DZ medium named after its inventor) promoted the 306 

growth of M. ulcerans under microaerophilic atmosphere at 30°C. This protocol allowed for 307 

the discovery of the first M. ulcerans isolate from the aulacode feces collected in a Buruli 308 

ulcer endemic region in Côte d’Ivoire. This protocol is proposed as a first-line protocol for the 309 

tentative isolation of additional M. ulcerans strains during field campaigns in Buruli ulcer 310 

endemic areas. 311 

 312 

313 

The study has been conducted with collection references strains of M.314 

ulcerans and no experiment or test has been performed on patients or/and animals.315 

M. ulcerans . Three strains of M. ulcerans isolated from different geographic origins 316 

were used throughout the study. M. ulcerans strain Cu001 (a gift from Prof Vincent Jarlier, 317 

Centre National de Référence des Mycobactéries, Paris France) was from Côte d’Ivoire 
62

, M. 318 

ulcerans ATCC 33728 isolated from Japan and M. ulcerans ATCC 25900 belongs to the 319 
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Borstel collection (Schröder 5392) and was probably isolated in Africa. The identification of 320 

these three strains were ensured by rpoB gene sequence analysis prior to experiments 
63

.  M.321 

ulcerans strains were sub-cultured at 30°C onto Middlebrook 7H10 agar medium 322 

supplemented with 10% (v/v) oleic acid/albumin/dextrose/catalase (OADC) (Becton 323 

Dickinson, Sparks, MD, USA) and 0.5% (v/v) glycerol (Sigma-Aldrich, Lyon, France) in a 324 

microaerophilic atmosphere until we have enough colonies to prepare inoculum. Then, a 325 

mycobacterial suspension was prepared by placing a loopful of colonies in a tube containing 326 

sterile phosphate buffered saline (PBS, pH 6.5) and sterile glass beads. The tube was 327 

vigorously vortexed in order to separate any bacterial aggregates and adjusted with PBS in 328 

setting the mycobacterial concentration of inoculum to 0.5 McFarland standards in order to 329 

obtain a final suspension containing 10
7 
acid-fast bacteria (AFB)/mL using a turbidimeter 330 

(Biolog Inc., Hayward, U.S.A). This suspension was shown to be free of clumps by 331 

microscopic examination after Ziehl-Neelsen staining. Then, a 10
6
 AFB/mL working 332 

suspension was prepared.  333 

In all further experiments, colonies were observed and count by using a MZ-FLIII 334 

fluorescence microscope (Leica, Nanterre, France) equipped with a GFP filter and an ICA 335 

digital camera (Leica) to detect mycobacterial auto-fluorescence as previously described 
64

. 336 

Counting of fluorescent colonies was performed using the Leica Application Suite software 337 

(Leica). The identification of colonies was confirmed by matrix assisted laser desorption 338 

ionization time of flight mass spectrometry (MALDI-TOF-MS) (Bruker Daltonics, Bremen, 339 

Germany) as previously described 
65

 340 

341 

 M. ulcerans   342 

The first step consisted in the culture of M. ulcerans under different conditions. For each 343 

M. ulcerans strain, a 100 L-volume of a 10
5
 AFB/mL suspension corresponding to 10

4
 AFB 344 
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was cultured in triplicate onto Middlebrook 7H10 medium supplemented with 10% (v/v) 345 

OADC and 0.5% (v/v) glycerol then, incubated at 30°C under four different atmospheric 346 

conditions. The atmospheric growing conditions were artificially created by the use of sealed 347 

plastic pouch that can hold ten Middlebrook 7H10 medium poured in 55-mm diameter Petri 348 

dishes. The conditions of culture to produce standard, microaerophilic (5% oxygen), 349 

anaerobic (total absence of free oxygen and 8%-14% CO2) and 5% CO2 rich atmosphere 350 

conditions with a 15% final concentration of oxygen, all in closes pouch were made 351 

respectively by simple culture method, microaerophilic condition using CampyGen Compact 352 

(OXOID Ltd, Basingstoke, Hampshire, England), Anaerobie Poche System/AnaeroGen 353 

Compact (OXOID Ltd, Basingstoke, Hants RG24 8PW, UK) and CO2 Rich atmosphere using 354 

CO2 Gen Compact (OXOID Ltd). All inoculated cultures and negative control inoculated with 355 

sterile PBS were incubated at 30°C. In parallel, we cultured onto Middlebrook 7H10 medium 356 

supplemented with 10% (v/v) OADC and 0.5% (v/v) glycerol, the three strains of M. ulcerans 357 

(10
4
 AFB per Petrish dish), incubated at 37°C . Cultures were all examined at day 5, day 10, 358 

day 15, day 20 and day 30 by a MZ-FLIII fluorescence microscope. Counting of fluorescent 359 

colonies was performed using the Leica Application Suite software. 360 

361 

In a second step, we searched for genes encoding chitinase, N-362 

acetyl galactosaminase (NAG) and fucosidase in completely sequenced Mycobacterium 363 

genomes (NCBI Gene Bank, last accessed in February 2016). To estimate the copy number of 364 

these genes, we considered protein functional description of the respective strains as 365 

documented in the gff files of NCBI Gene Bank bacterial genome repository. In each 366 

completely sequenced Mycobacterium genome, we counted the number of genes using the 367 

key terms “chitinase”, “cellulase”, “fucosidase” in their protein functional annotation column. 368 
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A total of 109 Mycobacterium genomes were screened in this analysis. The presence of one of 369 

these three genes was detected in 70 genomes and the presence of the three genes at once was 370 

detected only in the M. ulcerans genome.  371 

Therefore, these three substances were tested as growth promoters for M. ulcerans. N-372 

acetylgalactosamine (Sigma-Aldrich) and fucose (Sigma-Aldrich) were dissolved in sterile 373 

distilled water (Sigma-Aldrich) at a concentration of 1 mg/mL. They were then prepared on 374 

Middlebrook 7H10 agar medium supplemented with 10% (v/v) OADC and 0.5% (v/v) 375 

glycerol (Sigma) at a concentration of 0.1 mg/mL in the first step followed by a preparation 376 

with a final concentration of 0.01 mg/mL in a second step. These media were poured into 55-377 

mm Petri dishes (Gosselin, Borre, France). Solubilization of chitin (Sigma-Aldrich) was 378 

achieved as previously described  with few modifications by slowly dissolving chitin in 37% 379 

concentrated hydrochloric acid “HCl” (Sigma-Aldrich) 
66

 (Supplementary material). The 380 

obtained colloidal chitin was then dissolved into Middlebrook 7H10 medium supplemented 381 

with 10% (v/v) OADC and 0.5% (v/v) glycerol at a concentration of 0.2 mg/mL and this 382 

medium was poured into 55-mm Petri dishes. The purity of chitin, fucose and NAG delivered 383 

by Sigma-Aldrich was controlled by MALDI-TOF-MS before incorporation into the enriched 384 

culture media. For each of the three reagents, one microliter of the supernatant was spotted 385 

per spot onto the polished-steel MSP 96 target plate (Bruker Daltonics) and allowed to dry at 386 

room temperature. Each dry spot was then overlaid with 1 L of matrix solution (saturated -387 

cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid) (Bruker 388 

Daltonics). The plate was air-dried for 5 minutes and loaded for manual processing into the 389 

MALDI-TOF mass spectrometer (delay: 170 ns; ion source 1 (IS1) voltage: 20 kV; ion source 390 

2 (IS2) voltage: 16.65 kV; lens voltage: 7.20 kV; mass range: 0 kDa to 1 kDa) taking into 391 

account the known molar mass of reagents. Molar mass was identified by the m/z 392 

(mass/charge) parameter on spectra. The specific peaks were obtained for chitin (molar mass 393 
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of 627.59 g/mol), N-acetyl galactosamine (molar mass of 221. 20 g/mol) and fucose (molar 394 

mass of 164.15 g/mol) confirming the presence and purity of the reagents. 395 

 396 

M. ulcerans For each one of the M. ulcerans strains 397 

under study, a 100 L-volume of a 10
5
 AFB/mL suspension and PBS as negative control were 398 

cultured in parallel in triplicate onto each of the three enriched media and onto Middlebrooks 399 

7H10 reference medium supplemented with 10% (v/v) OADC and 0.5% (v/v) glycerol. We 400 

seeded an inoculum of 10
4
 AFB by Petri dish rather that a greater concentration of AFB in 401 

order to minimize bias of counting because in bacterium kinetic, population growth strongly 402 

depends on initial conditions. The 55-mm plates were incubated at 30°C in microaerophilic 403 

atmosphere. Five days, ten days, fifteen days, twenty days and thirty days after inoculation, 404 

colonies were observed by a MZ-FLIII fluorescence microscope (Leica, Nanterre, France) 405 

equipped with a GFP filter and an ICA digital camera (Leica) to detect mycobacterial 406 

autofluorescence 
64

. Counting of fluorescent colonies was performed using the Leica 407 

Application Suite software (Leica) 
64

. Identification of colonies was confirmed by MALDI-408 

TOF-MS as previously described 
65,67

 and by rpoB gene sequence analysis 
63

.   409 

410 

experimentally inoculated M. ulcerans411 

Freshwater obtained from the Huveaune River, a small river of southern France was used. In 412 

first time, we analyzed without decontamination formerly direct cultured samples of the river 413 

freshwater on 5 % sheep-blood Columbia agar (COS, bioMérieux, La Balme-Les-Grottes, 414 

France) and after two days of culture we identified by MALDI-TOF-MS the growth bacterial 415 

colonies. The direct culture aimed  to list  bacteria and fungi contained in the native 416 

freshwater  for the differential appreciation of germs between direct culture and culture after 417 

chlorhexidine decontamination. Secondarily, we decontaminated the freshwater of Huveaune 418 
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River with 1% chlorhexidine and culture the pellet onto 5 % sheep-blood Columbia agar. The 419 

decontamination was processed as previously described 
68

.420 

 The next step consisted of on the chlorhexidine decontamination  of freshwater 421 

experimentally inoculated  with M. ulcerans suspension. Briefly, in 50mL Corning Falcon 422 

conical centrifuge tubes (Becton Dickinson) containing 5 mL of  river freshwater 423 

experimentally inoculated with one milliliter of 10
7
 AFB/mL of each M. ulcerans Cu001 and 424 

M. ulcerans ATCC25900, the chlorhexidine decontamination was done as previously 425 

described 
68

. Then, a 100- L volume of pellet was inoculated in parallel on 5 % sheep-blood 426 

Columbia agar, in triplicate on each of the growth-promoting media (chitin, N-acetyl 427 

galactosamine, fucose) and on the standard Middlebrook 7H10 medium. The negative control 428 

was consisted of seeding 100 L of sterile PBS onto 5 % sheep-blood Columbia agar, 429 

standard Middlebrook 7H10 medium and onto each of the growth-promoting media.  Cultures 430 

and  negative controls were examined at day 3, day 7 to appreciate the quality of the 431 

decontamination method and quality of the cultures. Colonies were counted at day 15 and day 432 

30 using the Leica Application Suite software as described above.  433 

434 

M. ulcerans , Côte d’Ivoire. Tentative isolation of 435 

M. ulcerans was done on 12 water samples without plant debris (40-45mL), 8 water samples 436 

with plant debris (40-45 mL) and 11 aulacode (Thryonomys swinderianus) feces collected 437 

around the Kossou dam near the village of Kongouanou, an endemic area of Buruli ulcer in 438 

the district of Yamoussoukro located in the centre of Côte d’Ivoire. The feces of  aulacodes 439 

which are easy to recognize have been collected with the support of professional hunters 440 

around Kossou dam. All the samples were collected onto 50mL Corning Falcon conical 441 

centrifuge tubes.  442 
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For the treatment of samples for seeding, water samples without and with plants debris were 443 

concentrated by centrifugation at 1,700 g for 15 min and the supernatants were removed. The 444 

resulting pellets from water without plant debris were suspended in PBS before 445 

decontamination. The resulting pellets from water with plant debris were suspended in  PBS 446 

and mechanically disrupted with silica beads (0.5 mm diameter) and the obtained suspensions 447 

were transferred into 50mL Corning Falcon conical centrifuge tubes before decontamination . 448 

500 mg aulacode feces added into 50mL Corning Falcon conical centrifuge tubes containing 5 449 

mL of PBS were mechanically disrupted with silica beads (0.5 mm diameter) and the obtained 450 

suspensions were transferred into another 50mL Corning Falcon conical centrifuge tubes 451 

before  decontamination. Then, each sample was decontaminated using 1% chlorhexidine as 452 

previously described  
68

 . 100 L of decontaminated pellet were seeded onto the chitin 453 

medium, NAG medium, fucose medium and DZ medium (Middlebrook 7H10 medium 454 

containing chitin (0.2%), NAG (0.01%) and fucose (0.01%)) and incubated for 24 weeks at 455 

30°C under a micro-aerophilic atmosphere condition using CampyGen Compact. 100 L of 456 

sterile PBS was seeded in each media as negative controls and incubated in the same 457 

conditions.  Colonies were screened with auto-fluorescence three times a month and the 458 

obtained colonies were identified by Real-Time PCR (RT-PCR) incorporating three 459 

independent gene targets, IS2404, IS2606 and KR-B, within the M. ulcerans genome 
7,22,69,70

 460 

and  internal positive control  to determine the level of inhibition as previously described 
7
.  461 

The presence of M. ulcerans DNA in environmental samples was analyzed by RT-PCR.  We 462 

used the three primers (KR-B, IS2404 and IS2606) to improve the specificity of the M. 463 

ulcerans DNA detection in the environmental samples 
71,72

. Primers and  probes from 464 

Applied Biosystems that were selected from regions of the sequences for IS2404, IS2606 and 465 

KR present on the plasmid pMUM001 were used 
7
. Probes IS2404TP and KR-BTP were 466 

labelled with the fluorescent dye 6-carboxyfluorescein (FAM) at the 5  end and a non-467 
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fluorescent quencher at the 3  end. Probe IS2606TP was labelled with the fluorescent dye 468 

VIC at the 5  end and a non-fluorescent quencher at the 3  end 
7
 (Table 2). Total DNA was 469 

extracted from feces using the QIAmp® DNA Stool kit according to the manufacturer’s 470 

instructions (Qiagen, Stochach, Germany); total DNA was extracted from plant debris and 471 

sediment water using the NucleoSpin Tissue Kit (Macherey-Nagel, Hoerdt, 472 

France). M. ulcerans Cu001 DNA was extracted using a commercial Nucleospin Tissue kit 473 

(Macherey-Nagel, Hoerdt, France) which was used as a positive control in PCR-based 474 

identification of micro-colonies while distilled water was used as a negative control. The PCR 475 

inhibition was assessed by adding 10 L of internal control into 190 L of sample, as 476 

previously described 
73

.  Each IS2404, IS2606 and KR real-time PCR mixtures contained 5 l 477 

of DNA or negative control, 20 M of each primer, 5 M of probe, 3.5 L of sterile water and 478 

10 L of mastermix (Eurogentec) in a total volume of 20 l. The RT-PCR program comprised 479 

one cycle at 50°C for two minutes and 40 cycles at 95°C for 15 seconds and 60°C for one 480 

minute 
22

, amplification was done in a CFX 96™real time PCR thermocycler and detection 481 

system (BIO-Rad, Marnes-la-Coquette, France). Two negative controls were incorporated 482 

into each PCR run. All samples were tested in triplicate. A specimen was considered as 483 

positive for the detection of M. ulcerans when both the insertion sequences IS2606 and/or 484 

IS2404 and the KR-B detection were positive (Ct  40 cycles) in  2/3 replicates. The Ct cut-485 

off value was chosen in order to increase the sensitivity of the detection as previously 486 

described 
22

. 487 

488 

 489 

The results of growth kinetics were expressed as mean value ± standard error of the mean 490 

(SEM) of counted colonies. The Student's T–test was used to compare the number of colonies 491 

growing in the media with growth promoters versus standard media. P values lower than 0.05 492 
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(p < 0.05) were considered significant. The doubling time was determined by calculating the 493 

average slope of the mycobacterial replication curve during the early phase of culture. 494 



REVISED VERSION 

22 

 

Table 1. Real-time PCR (RT-PCR) results of M. ulcerans DNA detection in  aulacode feces 495 

(FAG), water (EAU) and water containing plant debris (VEG) by using detection of KR-B 496 

gene and insertion sequences IS2404 and IS2606. 497 

The green boxes are the positive results for the corresponding primer and CT values. 498 
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Table 2. Primers and probes designed for real-time PCR detection of M. ulcerans by targeting 502 

IS2404, IS2606, and KR-B gene. 503 

 504 

505 

IS2404 IS2404 TF 19 59 AAAGCACCACGCAGCA

TCT 

27746-27762 4/201 

IS2404 IS2404 TR 18  AGCGACCCCAGTGGAT

TG 

27787-27804  

IS2404 IS2404 TP   6FAM-

CGTCCAACGCGATC-

MGBNFQ 

27768-27781  

IS2606 IS2606 TF 21 58 CCGTCACAGACCAGGA

AGAAG 

28912-28932 8/82 

IS2606 IS2606 TR 21  TGCTGACGGAGTTGAA

AAACC 

28947-28969  

IS2606 IS2606 TP   VIC-

TGTCGGCCACGCCG-

MGBNFQ 

28933-28946  

KRB KR-BTF 18 65 TCACGGCCTGCGATAT

CA 

3178-3195 15/0 

KR-B KR-BTR 21  TTGTGTGGGCACTGAA

TTGAC 

3222-3242  

KR-B  KR-BTP  6FAM-

ACCCCGAAGCACTG-

MGBNFQ 

3199-3212  
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506 

Figure 1. Triplicate culture of 10
4
 bacilli of M. ulcerans CU001 (A), M. ulcerans ATCC25900 507 

(B) and M. ulcerans ATCC33728 (C) in Middlebrook 7H10 under different atmospheres 508 

(ambient atmosphere, and microaerophilic, anaerobic and 5% CO2-enriched atmosphere). 509 

Microaerophilic atmosphere yielded the optimal growth of M. ulcerans (red line). 510 

 511 

Figure 2. Growth of M. ulcerans (10
4 
bacilli) onto Middlebrook 7H10 enriched with high 512 

concentration of N-acethyl galactosamine (0.1 mg/mL, 0.5 mg/mL) and fucose (0.1 mg/mL, 513 

0.5 mg/mL) versus growth onto standard Middlebrook 7H10 (p<0.05 after Day 15 of 514 

incubation). M. ulcerans M. ulcerans M. ulcerans 515 

 516 

 517 

Figure 3. Improved growth of M. ulcerans strains (10
4 
bacilli) by N-acetyl galactosamine 518 

(NAG) (0.01 mg/mL), fucose (0.01 mg/mL), chitin (0,2mg/mL) and DZ medium (NAG (0.01 519 

mg/mL), fucose (0.01 mg/mL), chitin (0,2mg/mL)) versus growth onto Middlebrook 7H10 520 

(p<0.05). M. ulcerans M. ulcerans M. ulcerans 521 

 522 

 523 

 524 

Figure 4. Growth count at day 30 of 10
4 
bacilli of M. ulcerans CU001 and M. ulcerans 525 

ATCC33728 colonies after 1% chlorhexidine decontamination of  river freshwater artificially 526 

inoculated with M. ulcerans strains and cultured onto growth promoters and Middlebrook 527 

7H10. Blue column: Mycobacterium ulcerans CU001; Red column: Mycobacterium ulcerans 528 

ATCC33728 529 

 530 

 531 
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Figure 5. Culturing one aulacode feces sample collected in Côte d’Ivoire on Middlebrook 532 

7H10 enriched with growth promoters yielded one micro-colony observed by 533 

autofluorescence (arrow) (left panel). Right panel exhibits Ziehl-Neelsen staining of the micro 534 

colony further identified as M. ulcerans by positive RT-qPCR for KR-B gene, IS2404 and 535 

IS2606.  536 

537 

 538 
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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 2.104

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

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 α-cyano-4-

hydroxycinnamic acid, 50 % acetonitr i le , 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 andMycobacterium kansasii;

two strains each of Mycobacterium mageritense ,

Mycobacterium boenickei, Mycobacterium chelonae and

Mycobac ter ium ulcerans ; th ree s t ra ins each of

Mycobac ter ium bol le t i i , Mycobac ter ium bov i s ,

Mycobacterium 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 % CO2.

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 μL of HPLC-grade

water (Sigma-Aldrich, St. Louis, MO, USA). Then,

900 μL 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 × g and the

supernatant was discarded. The pellet was suspended in

500 μL of HPLC-grade water and centrifuged for 2 min at

13,000 × g. The supernatant was discarded and the pellet

was suspended in 50 μL of HPLC-grade water, heat-

inactivated for 30 min at 95 °C and then cooled for 2

min. A 1200-μL 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 × 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 μL 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 × 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 μL of matrix solution (saturated α-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-μL 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 α-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 × 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 ofMycobacterium organisms

required to achieve a valid identification, colonies of

M. tuberculosisH37Rv 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

MF 0.5 suspension (equivalent to 107 bacteria/mL) to obtain

5.106, 4.106, 3.106, 2.106 and 1.106 bacteria/mL. Then,

100 μL 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 104

mycobacteria/mL, 10 mycobacteria per field corresponds to

105 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, 104 to 106M. tuberculosis H37Rv

were mixed with matrix for 10 min and spread onMiddlebrook

7H10 for a 21-day incubation at 37 °C in a 5 % CO2 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 clinicalMycobacterium

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 andMALDI 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 forM. tuberculosis or

partial rpoB gene sequencing [22] as for non-tuberculous

isolates.

Statistical analysis

The χ2 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 20Mycobacterium 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 2.106 organisms, while direct deposit of 2.104 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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TOF-MS identification of M. tuberculosis. Moreover, we en-

sured that 104 to 106M. tuberculosis H37Rv mixed with ma-

trix were dead. This observation allowed performingMALDI-

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 MOD9 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 74M. tuberculosis isolates (63.8 %), 12M. 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. OneM. tuberculosiswas 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

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.

Fig. 1 Mycobacterium tuberculosis spectra and identification scores obtained at different McFarland (MF) values

Table 1 Comparative matrix-

assisted laser desorption

ionisation time-of-flight mass

spectrometry (MALDI-TOF-MS)

identification of clinical isolates

of mycobacteria by two colony

processing methods

Identification after protein

extraction (method 1)

Direct identification

(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)
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Mycobacterium ulcerans

l’infection par M. ulcerans

où l’on a notifié un grand nombre de cas dans les années 1950 

En 1997, l’Organisation Mondiale de la 

Santé (OMS) l’a reconnue comme une maladie ré

a été mis en route par l’OMS 

nappes d’eau stagnante 

comme la construction de systèmes d’irrigation ou de digues, 

M. ulcerans

L’infection  

l’os provoquant ainsi une ostéomyélite

Les pays frontaliers du Burkina Faso comme la Côte d’Ivoire, le Ghana, le Togo 
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nin sont fortement endémiques de l’ulcère de Buruli qui est souvent classée en 2

Le Burkina Faso entretien avec ces pays de forte endémicité de l’ulcère de Buruli des 

. Il convient alors au Burkina Faso d’apprécier 

l’ampleur de cette infection par des enquêtes épidémi

qui s’engage en Suisse et au Burkina Faso dans la lutte contre

cas d’ulcère de Buruli

à l’examen direct, 

l’ l’

ainsi qu’au détours des grands 

barrages aménagés pour l’agriculture et la production de l’électricité. 

de l’étude seront celles à proximité des marécages ou 

naturel a été modifié pour les besoins de l’agriculture

mieux cartographier l’aspect épidémiologique de cette pathologie des études clinico

d’une importance capitale

taux de mortalité soit faible, l’ulcère de Buruli entraîne fréquemment des incapacités et les 

M. ulcerans l’eau

, dans les mollusques d’eau 

punaises d’eau

, les poissons d’eau douce 

. L’AD M. ulcerans

, l’alpacas 

M.

ulcerans

Chez l’homme, M. ulcerans

l’ulcère de Buruli La peau dispose d’une protection naturelle contre la 
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M. ulcerans infecte l’homme par 

suite d’une plaie, d’une effraction cutanée

l’homme M. ulcerans

un contact direct avec l’environnement contaminé, les aérosols d’eau et la faune 

aucune donnée existante ne permet de dire qu’il y a un portage M. 

ulcerans M.

ulcerans rendre l’épidémiologi

et milieux à risques en vue d’entreprendre des mesures d’information, d’éducation 

a pour but d’ M. ulcerans

1. Objectif général

Etudier l’épidémiologie du portage cutané de M. ulcerans

2. Objectifs spécifiques

rurales de l’Ouest et Sud

d’endémie

potentielle de l’ulcère de Buruli et les populations vivant hors zones d’endémie.

1. Hypothèse de recherche

Nous émettons l’hypothèse qui stipule qu’il y a un portage cutané de M. ulcerans

sujets sains vivant en zones à risques de l’ulcère de Buruli.

2. Cadre d’étude

Champ (lieu) d’étude

situés près des cours d’eau (zones marécageuses, retenues d’eau…).

où sévit l’ulcère de Buruli.
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Le Centre MURAZ est le Centre coordonnateur de l’étude où se déroulera les activités de 

Population d’étud

La population d’étude sera constituée de

connu de l’ulcère de Buruli

3. Type  d’étude

C’est une étude prospective M. ulcerans

4. Echantillonnage

Méthodes d’échantillonnage

durant la période de l’étude.  

Critères d’inclusion

période de l’étude.

Sujets ayant une plaie chronique ou sujets ne résidants pas dans la zone de l’étude.
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5. Procédure de collecte et de traitement des échantillons

travaux agricoles,….).

pour leur envoi à l’IHU

temps réel à l’IHU

l’extraction d’ADN par l’automate EZ1 en utilisant le kit commercial Nucleospin

L’amplification de l’A FX 96™real time PCR 

fectués à partir d’une goutte du tampon utilisé pour la récupération du 

elsen et l’observation 

microscopique à l’objectif 100 à immersion. 

6. Variables de l’étude

Contact avec l’eau des rivières

7. Procédures d’assurance qualité

e questionnaire standardisé  fera l’objet d’un test préliminaire. Les agent

seront informés sur  la méthode d’échantillonn

8. Durée de l’étude
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d’éthique 

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 

nu avant l’administration du questionnaire. La confidentialité des 

10. Traitement et analyse des données

résultats à l’aide d’Excel 2007.

- M. ulcerans 

-

- M. ulcerans 

-
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1. Nature des dépenses

€

220 

100 

152,439024 

Comité d’Ethique 152,439024 

533,536585 

304,878049 

4573,17073 

914,634146 

1524,39024 

1433,04878 

6500000 9909

d’

M. ulcerans

épidémiologique de l’ulcère de Buruli au Burkina 

artographie de l’ulcère de Buruli au niveau national
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D’ACCOMPAGNEMENT DES PRELEVEMENTS

:……………………………………………………………….…………

ité/province/Région sanitaire……………………………………...........

…………………………………………………………………………………

: /.…/…./…../

lettres):/…./…../…../

Prénom (les deux premières lettres):/…./…../

: ………………. 

: F  M 

e/Province/Région sanitaire………………………………………...

……………………………………………………………………………………

avec l’eau des rivières/marigot Oui   Non  

avec les rizières Oui   Non  

les marécages Oui   Non  

tres (préciser) ………………………………………………………….

:…/…. /….

  Non    

-

………………………….

…………………………………………………………………………………

Provenance d’une zone ayant fait l’objet d’une transmission active

Oui             Non 

:…………………………………………………………………………

……………

:…..

……………………………………………………………………………………

……………………………………………………………………………………
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NOTICE D’INFORMATION

Mycobacterium ulcerans dans les zones à risque de l’ulcère 

Mr ……………………………………………………………………………….. m’a proposé 

Mycobactérium ulcerans

M. ulcerans

qu’on appelle ulcère de Buruli. L’ulcère de Buruli se m

’homme si elle n’est pas soignée de façon adéquate peut entrainer 

des malades se situent en Afrique de l’Ouest. Nos voisins de la Côte d’Ivoire et du Ghana sont 

qu’est l’ulcère de Buruli

Au Burkina Faso, ce type de plaies chroniques n’est pas suffisamment étudié. En prélude à 

o, 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 être sur la peau avant de s’y introduire et de 

Comme c’est une mycobactérie de l’environnement, nous pensons que 

jectif de l'étude e étude a pour but d’évaluer le portage cutané de M. ulcerans

Lieu de l’étude

L’étude se déroulera au 

est le centre coordonnateur de l’étude.

Avenue Mamadou KONATE, Porte 2006 – Lot 218 – 01 B.P. 390 

Bobo-Dioulasso 01

Nombre de sujets participant à l’étude 
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Durée de l'étude

Déroulement de l'étude 

C’est une méthode non invasive, pas de prélèvements sanguins ni de 

chargé des colis qui seront ensuite envoyés à l’Institut Hospi

M. ulcerans

Bénéfices de l’étude

l’agent causal de l’ulcère de 

en vue d’empêcher que M. ulcerans

la maladie chez l’homme. 

Effets indésirables possibles 

Il n’y a pas d’effets indésirables, car le prélèvement est fait par une méthode non invasive 

qu’est le prélèvement par écouvillonnage.

Impératifs pour participer à cette étude : 

M. ulcerans

CEI

Le protocole de cette étude a été soumis au Comité d’Ethique I

Il m’a été spécifié(e) que cette recherche sera menée conformément à la loi 

Indemnité compensatrice pour transport

Confidentialité des données :
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ue l’analyse de cette recherche biomédicale soit effectuée 

temps réel les problèmes de santé liés à l’ulcère de Buruli l’étude pourront 

Données nominatives : 

e l’équipe de recherche. J'ai été informé(e) de la nature des 

). J’ai été informé(e) de la finalité du traitement 

habilitées. J’ai été informé(e) de mon droit d'accès et de rectification

Assurance

projet, cette étude n’a pas été  couverte par une 

Participation : 

consentement et parapher chaque page afin de certifier que j’ai compris les 

d’y pa d’y laisser 

aucun préjudice d’aucune nature et sans nécessairement, si je le souhaite, en motiver la raison.

l est important que j’informe l’

Le Promoteur de la recherche biomédicale peut également décider d’arrêter la recherche 

Coordonnées des Investigateurs : 

Avenue Mamadou KONATE, Porte 2006 – Lot 218 – 01 B.P. 390 

Bobo-Dioulasso 01

Résultats de l'étude

demande par l’investigateur
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Mycobacterium ulcerans dans les zones à risque de l’ulcère 

favorable du Comité d’Ethique 

j’accepte que mon enfant  participe à cette

que, j’informerai l’

survenant en cours d’étude et, susceptible de

de l’

Avenue Mamadou

KONATE, Porte 2006 – Lot 218 – 01 B.P. 390 

Bobo-Dioulasso 01

cation auprès de l’investigateur

dans un autre pays partenaire de l’étude et

prévu que l’analyse de cette recherche

informé qu’à l’issue de l’étude



J’ACCEPTE 

laires (un remis au volontaire, un pour l’investigateur

du parent ou du représentant légal de l’enfant (à défaut l’empreinte de 

Je confirme avoir personnellement expliqué la nature, l’objectif, la durée, ainsi que les effets de l’étude à la 

de l’investigateur
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