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The genus of Mycobacterium can be divided in two phylogenetic groups: the rapidgrowing and slow-growing species of which the latter includes most (highly)
pathogenic species such as Mycobacterium tuberculosis and Mycobacterium leprae.
Mycobacteria have a unique thick and lipid-rich cell envelope of which glycolipid
lipoarabinomannan (LAM) is an abundant component. The basic structure of LAM
is conserved among all mycobacteria: a phosphatidylinositol anchor with attached
to it a mannan core and an arabinan domain. However, subtle differences in LAMstructure between Mycobacterium species exist of which a major one is the presence
of caps: additional residues on the non-reducing termini of the arabinan domain.
So far only phospho-inositol capped and non-capped LAM (PILAM and AraLAM,
respectively) have been found in the cell wall of some rapid-growing Mycobacterium
species, and mannose-capped LAM (ManLAM) in several species of the slow-growing
group. The mannose cap of ManLAM consists of one to three α(1,2)-linked mannosyl
residues and has been shown to be essential in various immunomodulating properties
described for LAM. We investigated if the presence of the mannose caps on LAM is
restricted to Mycobacterium species of the slow-growing groups, which can indicate
co-evolution of ManLAM with the emergence of slow-growing species from a common
ancestor and might also a form of host adaption. Unexpectedly, data obtained by two
different methods, immunostaining with a cap-specific monoclonal antibody as well as
chemical analysis, suggested the presence of small amounts of short monomannoside
caps on LAM of several rapid-growing species. However, the presence of the longer
di- and/or trimannoside caps appeared restricted to the slow-growing species with
possibly one exception: LAM of rapid-grower Mycobacterium holsaticum also seems to
be substituted with dimannoside caps, which is in general the most abundant cap motif
on LAM of slow-growing mycobacteria. Further analysis is required to confirm this.
Hence, the biosynthesis of longer di- and trimannoside caps on LAM indeed seems
to have evolved roughly simultaneously with the evolution of the slow-growing group
from the main mycobacterial line.

INTRODUCTION
The genus of Mycobacterium includes several pathogenic species among which the
well-known Mycobacterium tuberculosis, the causative agent of tuberculosis. Other
pathogenic species are Mycobacterium leprae (lepra), Mycobacterium marinum (fishpathogen and causes skin infections in humans), Mycobacterium avium (pathogenic
for cattle and for immunocompromised persons), and Mycobacterium ulcerans (Buruli
ulcer). Originally, the species were divided in two groups: the rapid-growing species,
which show growth within seven days from diluted inocula, and the slow-growing
species which need longer than seven days for visible growth. Later on, all species were
typed on basis of 16S rRNA and, interestingly, the corresponding phylogenetic tree
showed the same division between slow- and rapid-growing species (36, 40).
Mycobacteria have a complex, impermeable cell wall, which cannot be classified
as either gram-positive or gram-negative. Surrounding the periplasmic space, first a
relatively thick layer of peptidoglycan and arabino-galactan can be found, followed
by a second lipid bilayer referred to as the mycobacterial outer membrane (16), and
finally, a capsule consisting of polysaccharides and proteins as outermost layer (2, 6).
Although the composition and thickness of each of the layers varies between species,
the presence of one of the major glycolipids, lipoarabinomannan (LAM), is common
among all Mycobacterium species (2).
LAM basically consists of three segments: a mannosylated phosphatidylinositol
anchor, a mannan core, and a branched arabinan domain (4, 28). With its lipid anchor,
LAM is probably located in either the inner membrane or the mycobacterial outer
membrane (16, 33). One feature of LAM that differs between Mycobacterium species is
the presence or absence of a ‘cap’ on the non-reducing termini of the arabinan domain.
LAM can either be substituted with a mannose cap as reported for many slow-growing
species (ManLAM), or a phospho-inositol cap as reported for rapid-growing species
Mycobacterium smegmatis and Mycobacterium fortuitum (PILAM), or LAM can be
completely devoid of any capping structure as observed for Mycobacterium chelonae
(AraLAM) (4, 20, 28). In particular the mannose cap on ManLAM has been investigated
in the last decades, as it appeared to be a key component of LAM in the interaction of
LAM with the human immune system (reviews: (3, 26, 28)). The mannose cap can
consist of one to three α(1,2)-linked mannosyl residues, but the dimannoside cap has
been shown most abundant on ManLAM of M. tuberculosis (32). The extent of capping
also varies between species of one to ten mannose cap per LAM molecule, but LAM
molecules with different degrees of capping co-exist in the cell wall of one species (28,
32). An overview of current data on mannose-capping of LAM of the Mycobacterium
species that have been examined, is given in Table 1.
The mannose cap is a ligand for host pattern recognition receptors C-type lectins
dendritic cell-specific ICAM3-grabbing non-integrin (DC-SIGN) and the macrophage
mannose receptor (MMR), as both lectins do only bind ManLAM, but not LAM devoid
of mannose caps (12, 25, 41). Although DC-SIGN and the MMR are involved in the
phagocytosis of mycobacteria, the exact role of these receptors is still under debate. By
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Table 1. Reported data on capping motifs of LAM from rapid- and slow-growing
Mycobacterium species.
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Mycobacterium
species

Cap present Most abundant
on LAM
cap motif

M. tuberculosis
H37Ra
H37Rv
Erdman
CSU19
M. bovis BCG
M. marinum
M. leprae

Mannose

M. avium
TMC724
2151 SmT
M. kansasii
M. xenopi
M. smegmatis
ATCC 607
ATCC 14468
ATCC 700084 (=
mc2155)
M. fortuitum
M. chelonae

Dimannoside
Dimannoside
Dimannoside

Mannose
Mannose
Mannose

Dimannoside
Monomannoside
Dimannoside

Mannose

Dimannoside
Mono-/Dimannoside
Monomannoside
Mono-/Dimannoside
Dimannoside

Mannose
Mannose
Phosphoinositol

Phosphoinositol
No cap

Number of
caps per LAM
moleculea
4-8
3-6
7-8
reduced
5-6
5
1
6
10
reduced
4-5
4
4

References
(20, 30)
(20, 30, 32)
(5, 20, 30)
(21)
(20, 30, 32, 43)
(32)
(20) and
unpublished (28)
(32)
(28)
(21)
(32)
(32)
(14, 20)
(14)
(20)
(20)
unpublished (28)
(15)

In ManLAM from M. tuberculosis and M. bovis BCG strains, the capping degree of arabinan
termini in general has been reported to be 40 to 70% (4, 20).

a

binding to DC-SIGN and the MMR, ManLAM modifies the host immune response
(12, 42). Hence, next to being host protective in regulating the immune system
towards a balanced immune response, interaction with DC-SIGN and MMR might
benefit the pathogen as well as it seems to promote latent tuberculosis infection (11,
42). Noteworthy, ManLAM is not the only ligand present in the mycobacterial cell
wall that is recognized by DC-SIGN (1). Furthermore, ManLAM, but not AraLAM or
PILAM, have been reported to have a role in inhibition of phagosome maturation, thus
in supporting intracellular survival of mycobacteria (44, 45).
Currently, the mannose cap has only been detected on LAM of Mycobacterium
species of the slow-growing group, which also harbours most pathogens. However,
presence ManLAM is not the main determining factor of virulence as it can also
be found in relatively avirulent slow-growing species, such as the attenuated M.
tuberculosis strain H37Ra, the vaccine strain M. bovis bacille Calmette-Guérin (BCG)
and M. kansasii, which is hardly pathogenic to healthy people (Table 1). Phylogenetic
analysis using a multigene approach including 16S rRNA sequences, revealed that
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the slow-growing mycobacteria form a monophyletic cluster with a common rapidgrowing ancestor, while the rapid-growing groups forms a polyphyletic cluster (7). This
is in line with earlier studies in which the slow-growing species were suggested to have
evolved more recently as compared to the rapid-growing group (34, 40). Considering
the above mentioned mannose-capped LAM-specific interactions with the immune
system, it can be hypothesized that the synthesis of a mannose cap on LAM evolved
also later on in the evolution of the genus of Mycobacterium and a relation between
host adaptation and the presence of a mannose cap on LAM may exists.
In this study, the distribution of the presence of ManLAM among the species of the
mycobacterial phylogenetic tree is further resolved. Therefore, we examined a large range
of Mycobacterium species to determine if the division between rapid- and slow-growing
species also corresponds with the presence or absence of ManLAM. Surprisingly,
we found clear indications of small amounts of short monomannoside caps on LAM
of several rapid-growing species. The detection of the mannose cap was performed
using two different techniques: 1. immunostaining of mannose caps on LAM by
monoclonal antibodies (mAbs) directed against the cap and against LAM on SDS-PAGE/
immunoblot, and 2. chemical analysis including mannosidase treatment. The advantages
and disadvantages of these techniques are also evaluated and discussed here.
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MATERIALS AND METHODS
Bacterial strains, products, and growth conditions

All Mycobacterium species included in this study are listed and described in Table S1.
Unless indicated otherwise, all mycobacterial strains were grown on Middlebrook
7H10 agar (Difco) with 10% Middlebrook oleic acid/albumin/dextrose/catalase
(OADC) enrichment (BBL) at 37°C (30°C for M. marinum). The growth medium
of M. tuberculosis double auxotroph strain mc26020 (ΔlysAΔpanCD) was further
supplemented with 100 μg mL-1 L-lysine and 25 μg mL-1 D-pantothenic acid (37).
M. paratuberculosis was grown in Watson-Reid medium (no mycobactin, pH<6), M.
ulcerans and M. microti were grown on Lowenstein-Jensen medium, and first heat-killed
before further usage in the study. Purified LAM from M. leprae (batch DC.4.1.07) and
M. leprae irradiated lyophilized whole cells isolated from armadillo liver were provided
by Colorado State University and funded by “Leprosy Research Support” contract N01AI-25469. Escherichia coli strain DH5α was grown on Luria Bertani (LB) agar at 37°C.

Complementation of M. smegmatis with M. gilvum gene Mflv_0468

M. smegmatis strain mc2155 was complemented with M. gilvum gene Mflv_0468
using a modification of the previously described protocol for the complementation
of M. smegmatis with M. marinum gene MMAR_2439 (1). Mflv_0468 was amplified
using Taq polymerase (Fermentas) with forward primer 5'- TCG GAA GTA GGA
ACG TCT CG -3' and reverse primer 5'- GAC GAC AAC GGA ACC ACA -3', and
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the resulting 1897 bp product was cloned into the Eco32I site of vector pSMT3-eGFP
behind egfp (green fluorescent protein) and the heat-shock promoter of hsp60. This
plasmid was introduced into competent E. coli DH5α; transformants were selected
on plates containing 50 μg mL-1 hygromycin. Plasmids were isolated from fluorescent
colonies and the right orientation of Mflv_0468 was checked using a PstI and NotI
digestion. The correct plasmid was introduced into M. smegmatis by electroporation;
complementants were selected on 7H10-agar plates with 50 μg mL-1 hygromycin.

Monoclonal antibodies and HRP-coupled CV-N

MAbs of the IgM class were used. MAb F30-5 was generated using a three-step
immunization protocol (two rounds of immunization followed by one booster) in
BALB/c mice with M. leprae (intact as well as sonicated cells) and Freund’s incomplete
adjuvant followed by hybridoma technology as described previously (22). F30-5 was
provided by Arend Kolk, Royal Tropical Institute, Amsterdam, the Netherlands. MAb
55.92.1a1 was generated by immunizing mice with 0.2 mL of a four-week culture
(OD600 of 1) of live M. paratuberculosis CVI-B854 cells without adjuvant and prepared
as described previously (23). MAb F30-5 recognizes the arabinan domains and binds
both mannose-capped ManLAM and capless LAM, and mAb 55.92.1A1 recognizes
the mannose cap on LAM (1) (exact epitopes for the mAbs had not been determined
previously). CV-N was kindly provided by Carole Bewley, Laboratory of Bioorganic
Chemistry, NIDDK, National Institutes of Health, Bethesda, USA. CV-N was coupled
to horse radish peroxidase (HRP) as described previously (Chapter 6).

Bindings assay using 96-well plates

Polyacrylamide (PAA)-linked glycoconjugates (0.1 µg per well) in PBS were coated
onto Enzyme-Linked ImmunoSorbent Assay (ELISA) plates (Nunc Maxisorp) o/n at
RT. ELISA-plates were washed with PBS + 0.05% (v/v) Tween-80 (PBST). PBS + 0.5%
(w/v) bovine serum albumin (BSA) (Fluka) was added to the wells as blocking buffer,
followed by a titration with the mAbs and incubation at 37°C for three hours. After
washing, incubation with HRP-labeled goat-anti-mouse IgM (American Qualex) and
0.5% Normal Goat Serum (NGS) followed. Binding of the mAbs to the glycoconjugates
was detected using o-phenylenediamine dihydrochloride (OPD; Sigma-Aldrich) as
coloring reagent.

SDS-PAGE/immunoblot

Mycobacterial material from four 7H10-agar plates was collected and resuspended in
1 mL H2O. For M. ulcerans and M. microti heat-killed cell pellets, and for M. leprae
and M. paratuberculosis lyophilized cells (0.66 mg mL-1 and 70 mg mL-1 for M. leprae
and 5 mg mL-1 for M. paratuberculosis) were used and resuspended in H2O. Cell lysates
were made by beadbeating for 5 min, followed by 10 min at 95°C, and used after
centrifugation for 5 min at 13000 rpm. Purified LAM from M. leprae (batch DC.4.1.07
provided by P.J. Brennan, Colorado State University and funded by “Leprosy Research
Support” contract N01-AI-25469) was run on SDS-PAGE/immunoblot using 10 μg per
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lane. The cell lysates were run on a 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel in a glycine buffer for immunostaining with mAbs F30-5
or 55.92.1A1 or with CV-H+HRP. After transfer on a polyvinylidene fluoride (PVDF)
membrane (Millipore), the membrane was incubated in blocking reagent (Boehringer)
followed by a 3h-incubation with the mAbs (8 μg mL-1) in 1:1 v:v blocking reagens and
PBST and a 1h-incubation with HRP-labeled goat-anti-mouse IgM (American Qualex)
and 0.5% Normal Goat Serum (NGS), at 37°C. Membranes probed with CV-N+HRP
were blocked in PBS with 1% BSA (Fluka). Membranes were developed using a mixture
of 4-chloro-1-naphtol (Bio-Rad) and 3,3’-diaminobenzidine.4HCl (Sigma-Aldrich).
Symbols were assigned to the staining intensity as judged visually by at least two
persons and at least once blindly: -, negative / no reaction; +, positive / clear reaction;
++, positive / strong reaction; +/-, reaction not clear / varying. Each cell lysate was
tested at least twice on immunoblot with both mAbs and CV-N+HRP. Results from
staining with mAb 55.92.1A1 and CV-N+HRP were only considered if staining with
mAb F30-5 was unambiguously positive for the particular Mycobacterium strain tested.
M. smegmatis was used a negative control and M. bovis BCG as a positive control for
mAb 55.92.1A1 and CV-N+HRP on each immunoblot membrane.
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Chemical analyses

LAM was purified from pellets of 0.5 L-cultures as described previously (27). LAM was
analyzed for presence of mannose caps by the capillary electrophoresis technique (30).
In short, native or a-mannosidase-treated (31, 39) LAM were partially degraded by
controlled acid hydrolysis (0.1 M HCl for 20 min at 110°C), and the oligosaccharides
liberated tagged with the fluorescent label 8-aminopyrene-1,3,6-trisulfonate (APTS).
During capillary electrophoresis, the labeled oligosaccharides were separated and
peaks were detected by laser-induced fluorescence and migration times compared with
the appropriate controls.

RESULTS
Specificity of LAM- and mannose cap-recognizing antibodies

Mycobacterium species were first screened with monoclonal antibodies (mAbs) for the
presence of a mannose cap on LAM. The mAbs F30-5 and 55.92.1a1 which recognize
LAM and the mannose cap of ManLAM, respectively, have proven useful already in
several studies. These mAbs have been employed in high-throughput screening of a
random transposon mutant library of M. marinum to identify mutants deficient in
the biosynthesis of a mannose cap on LAM, and are easily applicable to SDS-PAGE/
immunoblot analysis to examine LAM-phenotype (1, 9, 10). Therefore, F30-5 and
55.92.1a1 were used in this study as a relatively rapid method to test a large number
of Mycobacterium species. First, the specificity of F30-5 and 55.92.1a1 was explored
in more detail using glycoconjugates coated on 96-well plates (Figure 1). F30-5
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only showed affinity for the structure (ara)6. This structure is an equivalent for the
bifurcating branches of the arabinan domain of LAM which terminates with a nonreducing β-arabinofuranosyl residue and can potentially become mannose-capped in
ManLAM or phospho-inositol-capped in PILAM (Figure 1A). F30-5 did not bind to
a monosaccharide β-arabinofuranose (ara), neither does it recognize mannose cap-like
structures (man)1ara, (man)2ara, and (man)3ara (Figure 1A), hence, F30-5 serves
a control for the presence of LAM regardless of its capping motifs. The preference
of mAb 55.92.1a1 for the glycoconjugates in order from high to low was (man) 1ara
> (man)2ara > (man)3ara, while the arabinose structures were not recognized at
all (Figure 1B). This assay reveals that mAb 55.92.has the highest affinity for the
monomannoside caps (i.e. α-Man-(1-5)-β-Ara-). As the capping motifs on ManLAM
differ between Mycobacterium species (28, 32), mAb 55.92.1a1 would likely bind less
well to ManLAM on which trimannoside caps are the most abundant motif as compared
to ManLAM bearing mainly mono- and dimannoside cap. To prevent possible false
negatives, a third compound for the detection of the mannose cap was also included
in the study: cyanovirin-N (CV-N). CV-N is a lectin for which it recently has been
shown to recognize the mannose cap of ManLAM as well (Chapter 6). In contrast with
55.92.1a1, CV-N has a high and similar affinity for di- and trimannoside caps, but does
not recognize the short monomannoside caps (Chapter 6). Thus, by supplementing the
SDS-PAGE/immunoblot using mAbs with CV-N, the screen will cover the detection of
short as well as long mannose caps.

Screening of LAM from slow- and rapid-growing Mycobacterium
species on SDS-PAGE/immunoblot

Of both groups, the slow-growing and the rapid-growing Mycobacterium species, strains
were collected and examined for the LAM cap-phenotype. The first technique applied

Figure 1. Recognition of PAA-coupled glycoconjugates by mAbs F30-5 (A) and 55.92.1a1 (B). The
structure ara6, consisting of six arabinosyl residues, is an equivalent for the bifurcating branches
of the arabinan domain of LAM, which can become mannose capped. Ara is a monosaccharide
β-arabinose coupled to PAA. Glycoconjugates (man)1ara, (man)2ara, and (man)3ara, are similar
in structure and α1,2-linkage to the mono-, di-, and trimannoside caps, respectively, as present
on ManLAM. The glycoconjugates were coated on ELISA-plates and probed with serial dilutions
of the mAbs.
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was probing cell lysates on SDS-PAGE/immunoblot with mAbs F30-5 and 55.92.1a1,
and HRP-coupled CV-N (CV-N+HRP) (Figure 2 and Table 2). All species were found
positive with anti-LAM F30-5 (Table 2). Next, the cell lysates were judged for reactivity
with both mAb 55.92.1a1 and CV-N+HRP. In general most slow-growing species
reacted well with 55.92.1a1 and CV-N+HRP, suggesting the presence of ManLAM
substituted with both monomannoside caps and longer di- and/or trimannoside caps
(Table 2 and M. bovis BCG lysate sample 6 in Figure 2). None of the rapid-growing
species showed clear staining with CV-N+HRP suggesting no di- or trimannoside caps
were present on LAM from these strains (Table 2 and lysate samples 1 to 5 in Figure 2).
Strikingly, several rapid-growing strains did show clear staining with mAb 55.92.1a1
(Table 2 and lysate samples 3 and 4 in Figure 2) implying presence of short mannose
cap on their LAM.

4

Mannose capping of LAM in slow-growing species

Two slow-growing species differed in staining with mAbs 55.92.1a1 and lectin
CV-N+HRP from the other slow-growing species tested: M. leprae and M. ulcerans
(Table 2). Cell lysate from M. leprae showed very low or no staining with mAb 55.92.1a1,
while staining with mAbs F30-5 (control for presence of LAM) and CV-N+HRP
was always observed (Table 2). Even with highly concentrated lysate (up to 3.5 mg
lyophilized cells prepared in 50 μL volume) or with purified LAM (10 μg per slot),
M. leprae-LAM did not show consistent staining with mAb 55.92.1a1 (data not shown).
With about one cap per LAM molecule, M. leprae-LAM is significantly less mannose-

Figure 2. Presence of mannose cap on LAM in cell
lysates determined by SDS-PAGE/immunoblot. Cell
lysates from 1. M. neoaurum, 2. M. komossense ATCC
33013, 3. M. fortuitum subsp. fortuitum DSM 46621,
4. M. gilvum PYR-GCK, 5. M. smegmatis mc2155, and
6. M. bovis BCG Copenhagen, were probed on a 10%
SDS-PAGE/immunoblot o/n with F30-5 [anti-LAM],
55.92.1a1 [anti-(man)1ara], or CV-N+HRP [anti(man)2/3ara]. A complete overview of all Mycobacterium
spp. tested using this method is provided in Table 2.
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Table 2. Cell lysates from a range of rapid- and slow-growing Mycobacterium spp. were probed
at least two times on SDS-PAGE/immunoblot with mAb 55.92.1a1 [anti-(man) 1ara] and
CV-N+HRP [anti-(man)2ara/(man)3ara]. As a control for the presence of LAM on the blot, the
cell lysates were simultaneously tested with anti-LAM mAb F30-5. Only results in which F30-5
reacted positive were included. Each blot contained M. smegmatis as negative control and M.
bovis BCG a positive control for mAb 55.92.1a1 and CV-N+HRP.
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Mycobacterium speciesa
rapid-growing

reactionb reactionb
with
with
55.92.1a1 CV-N

M. abcessus

-

-

M. alvei / setense
M. chelonae
M. chlorophenicolum
M. elephantis / pulveris
M. fluoroanthenivorans
/ frederiksbergense
M. fortuitum
subsp. fortuitum
DSM 46621
ITM-031816
M. fortuitum
ITM-091066
M. gilvum
PYR-GCK
M.gadium/gilvumc

+
-

-

++
++

-

++

Mycobacterium
speciesa
slow-growing

reactionb reactionb
with
with
55.92.1A1 CV-N

M. avium
Red Opaque
White Opaque
M. bovis BCG
M. gastri / kansasii
M. haemophilum
M. interjectum
M. intracellulare

++
++
++
++
++
++
++

++
++
++
++
++
++
++

M. leprae

+/-

++

-

M. malmoense

++

++

++

-

M. marinum

++

++

+/-

-

M. holsaticum
M. komossense
M. neoaurum
M. parafortuitum
M. peregrinum
/ septicum
M. petroleophilum

-d
+/-d
++

+/-

M. microti
CIDC 556
CIDC 837
M. paratuberculosis
M. scrofulaceum
M. szulgai
M. triviale
M. tuberculosis

++
++
++
++
++
++
++

++
++
++
++
++
++
++

-

-

M. phlei
M. porcinum
M. smegmatis
M. sphagni

++
-

-

M. ulcerans
5142
5151
M. xenopi

++
++

+/++
+

See supplementary Table S1 for details on Mycobacterium species (strain numbers, providing
institute, typing or reference). Strain number is only indicated in Table 2 if two different strains
of one species have been tested. b Reaction: -, negative / no reaction; +, positive / clear reaction;
++, positive / strong reaction; +/-, reaction not clear / varying between multiple tests. c Straintype under investigation. d In contrast to LAM in cell lysates from cultures grown on agar plates,
LAM purified from M. holsaticum and M. parafortuitum 0.5 L-cultures reacted positive on
SDS-PAGE/immunoblot with mAb 55.92.1a1 (data not shown).
a
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capped as compared to ManLAM from other slow-growing species, which has been
hypothesized to might be caused by the way this strain is cultured: in vivo instead of
in vitro (28). The low capping-degree in combination with the dimannoside cap being
the dominant cap on M. leprae-LAM (20), might be responsible for the low reactivity
with mAb 55.92.1a1. The recognition of M. leprae-LAM by CV-N+HRP confirms that
the caps present are probably di- or trimannoside caps and not monomannosides. Also
in the case of M. ulcerans one of the two strains -5142- showed no reactivity with mAb
55.92.1a1 and reduced (+/-) reactivity with CV-N+HRP (Table 2). LAM from both
M. ulcerans strains was also subjected to chemical analysis including mannosidase
treatment (Figure 3 and S1A). LAM of M. ulcerans 5151 was found to be capped with all
three possible cap lengths of which the dimannoside motif was the most abundant, and
further only capped slightly less than ManLAM of M. bovis BCG (Figure 3 and S1A).
Mannosidase treatment of LAM prior to analysis led to the disappearance of the peaks
in the spectra, confirming these belong to mannose caps (Figure S1A). Interestingly,
LAM of M. ulcerans 5142 showed, in line with the SDS-PAGE/immunoblot results,
a clearly lower degree of mannose capping as compared to M. ulcerans 5151 (Figure
3 and S1A). Trimannoside caps in this strain appeared completely absent, but small
amounts of mono- and dimannoside caps could be identified by chemical analysis.
Importantly, these caps were not detected by mAb 55.92.1a1.

4

Figure 3. Chemical analysis (capilary electrophoresis) of extracted LAM. LAM was treated
with mannosidase to confirm that the peaks belong to mannose caps. Strains are indicated in
figure. AM, a-Manp-(1→5)-b-Ara-APTS (monomannoside cap); AMM, a-Manp-(1→2)-aManp-(1→5)-b-Ara-APTS (dimannoside cap); AMMM, a-Manp-(1→2)-a-Manp-(1→2)-aManp-(1→5)-b-Ara-APTS. X-axis shows migration time; Y-axis fluorescence. See Table 3 for an
overview of all results obtained with chemical analysis. LAM from M. tuberculosis H37Rv was
used as control.
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Mannose capping of LAM in rapid-growing species
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Strikingly, LAM of several rapid-growing Mycobacterium species reacted with mAb
55.92.1a1: M. fortuitum subsp. fortuitum, M. alvei/setense, M. peregrinum/septicum,
M. porcinum, and M. gilvum PYR-GCK (Table 2). To validate if this positive reaction
with 55.92.1a1 is indeed due to the presence of short mannose caps on the LAM of
these rapid-growing species, these strains as well as some 55.92.1a1-negative strains
were examined by chemical analysis (Table 3). The rapid-growing strains which reacted
positive with mAb 55.92.1a1 showed a peak for monomannoside caps, although
in small amounts (Figure S1B for M. alvei/setense, M. peregrinum/septicum, and
M. porcinum, and Figure 3 for M. fortuitum subsp. fortuitum and M. gilvum PYR-GCK).

Table 3. Purified LAM extracted from the Mycobacterium species listed below was examined
for the presence of a mannose cap by chemical analysis (capillary electrophoresis). Part of all
tracks measured is shown in Figure 3 and in Figure S1.
Mycobacterium
speciesa

Number
of tests Detection of a monomannoside (AM-)peakb

M. alvei / setense

2

+

M. fortuitum
subsp. fortuitum
DSM 46621
M. gilvum
PYR-GCK
M.gadium/gilvumc
M. holsaticum

1

+

1

+/- AM-peak in noise (Figure 3). Monomannoside cap?

1
3

+

M. komossense
M. parafortuitum

1
3

M. peregrinum /
septicum
M. porcinum
M. ulcerans
5142
5151

1

No mannose cap (Figure S1C).
All tests showed presence of AM-peak, monomannoside
cap; two out of three tests showed presence of
dimannoside (AMM-)peak (in two independent LAMbatchesd) (Figure S1C).
No mannose cap (Figure S1C).
+/- Two out of three tests showed presence of AM-peak (in
two independent LAM-batches d); one test was negative
for the AM-peak (Figure S1B).
+
Monomannoside cap (Figure S1B).

1

+

2
3

+
+

First test AM-peak in noise (Figure S1B);
second test clear single AM-peak (data not shown).
Monomannoside cap.
Monomannoside cap (Figure 3).

Monomannoside cap (Figure S1B).
One batch of LAM was tested for each strain.
Strain 5142: similar amounts of mono- and dimannoside
caps, but no trimannoside caps (Figure 3 and S1A).
Strain 5151: all caps motifs present, dimannoside cap
most abundant, higher capping-degree as compared to
5142 (Figure 3 and S1A-B).

See supplementary Table S1 for details on Mycobacterium species (strain numbers, providing
institute, typing or reference). Strain number is only indicated in Table 2 if two different strains
of one species have been tested. b Confirmed by disappearance of AM-peak after a-mannosidase
treatment. c Strain-type under investigation. d LAM extracted from two independently grown
cultures.

a
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Importantly, these peaks disappeared after mannosidase treatments of LAM, indicating
that small amounts of the short monomannoside cap are present on LAM of these
specific rapid-growing species. LAM of 55.92.1a1-inconclusive strains M. gadium/
gilvum and M. komossense, did not show similar monomannoside peaks (Table 3 and
Figure S1C). Importantly, data obtained with chemical analysis on LAM extracted
from M. parafortuitum and M. holsaticum seemed to contradict the negative result in
immunostaining with mAb 55.92.1a1 (Table 2 and 3). Chemical analysis revealed the
presence of monomannoside caps on LAM of M. holsaticum (Table 3 and Figure S1C)
and possibly also on LAM of M. parafortuitum (Table 3 and Figure S1B). Furthermore,
two out of three test showed the presence of a dimannoside cap on M. holsaticumLAM (Table 3 and Figure S1C). However, current data is inconclusive and has yet to be
confirmed by MS analysis (24). The purified LAM, which was extracted from pellets of
0.5 L-cultures, was tested again on SDS-PAGE/immunoblot, and in contrast to the cell
lysates, the extracted LAM of both M. holsaticum and M. parafortuitum gave a positive
reaction (++ and +, respectively) with mAb 55.92.1a1 (data not shown). The same
results –mAb 55.92.1a1-negative cell lysates, but mAb 55.92.1a1-positive extracted
LAM– were obtained in a second independent experiment with freshly grown M.
holsaticum and M. parafortuitum cultures.

4

Complementation of M. smegmatis with potential mannose
capping-gene from M. gilvum PYR-GCK

Screening of rapid-growing Mycobacterium species with both mAb 55.92.1a1
and chemical analysis for the presence of a mannose cap on their LAM, gave clear
indications of small amounts of monomannoside cap on LAM of several of these
strains (Table 2). The gene responsible for the addition of the first mannosyl residue
of a mannose cap to LAM in slow-growing mycobacteria is known: Rv1635c (capA)
(1, 8). This mannosyltransferase is absent in M. smegmatis, which produces PILAM
instead of ManLAM. Previous research has shown that the complementation of
M. smegmatis with the M. marinum capA-gene (MMAR_2439) results in the production
of LAM with monomannoside caps which are detectable with both chemical analysis
and on SDS-PAGE/immunoblot with mAb 55.92.1a1 (Figure 4) (1). Therefore, we
tried to identify a possible homologue for Rv1635c in the genome of the mannose cappositive rapid-growers which is able to produce the same phenotype in M. smegmatis as
the M. marinum capA-gene. The genome of M. gilvum PYR-GCK has been completely
sequenced and performing a standard BLAST search (blastp) with Rv1635c resulted
in one hit: Mflv_0468 (identity score 38%; positives 51%). However, M. smegmatis
complemented with Mflv_0468 did not result in a positive reaction with mAb 55.92.1a1
(Figure 4) as seen with M. gilvum PYR-GCK (lane 4 in Figure 2). Possibly, Mflv_0468 is
not the responsible gene in M. gilvum for the addition of monomannoside caps, or not
functional in M. smegmatis in contrast to MMAR_2439.
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Figure 4. Presence of mannose cap on
LAM in cell lysates from complemented
M. smegmatis mc2155 determined by
SDS-PAGE/immunoblot with 55.92.1a1
and F30-5. Shown are: 1. M. smegmatis
complemented with the empty vector
(wild-type phenotype), 2. M. smegmatis
complemented with capA from M. marinum
E11 (MMAR_2439), and 3. M. smegmatis
complemented with M. gilvum PYR-GCKgene Mflv_0468.

4

DISCUSSION
Many immunomodulating properties have been described for the mannose-capped
version of the glycolipid lipoarabinomannan, ManLAM (3, 26, 29). So far, ManLAM
has only been found in the cell wall of Mycobacterium species of the slow-growing
group, which also harbours most pathogens (Table 1). However, LAM of many rapidand slow-growers has not been examined for the presence of a mannose cap yet. Hence,
the question if the presence of a mannose cap on LAM is exclusively restricted to
the slow-growing Mycobacterium species was still left unanswered. We tested a large
number of mycobacterial strains for the presence of a mannose cap on their LAM.
Cell lysates from the various strains were first screened on SDS-PAGE/immunoblot
with mannose cap-specific antibody 55.92.1a1 and lectin CV-N+HRP (Table 2 and
Figure 2). MAb 55.92.1a1 has a high affinity for the monomannoside cap (Figure
1). Previous studies already showed that mAb 55.92.1a1 does neither recognize the
mannan core of LAM and lipomannan (LM) which consist of a α-(1,6)-linked mannan
core substituted with single α-(1,2)-linked mannosyl residues (1), nor does it reacts
with phosphatidylinositol mannosides (PIMs) which also contain α-(1,2)- and α-(1,6)linked mannosyl residues as is reminiscent of the mannose cap (1, 10). CV-N+HRP,
which also only recognizes to the mannose cap part of the ManLAM structure, prefers
binding to di- and trimannoside caps (Chapter 6). Unexpectedly, mAb 55.92.1a1 (but
not CV-N+HRP) bound to LAM in cell lysates from several rapid-growing species
(Table 2), including M. fortuitum (lysate sample 3 in Figure 2), for which up until
now, only phospho-inositol caps had been discovered by 31P-NMR analysis (28). This
prompted us to look into this in more detail.
Chemical analysis of LAM suggested the presence of small amounts of
monomannoside caps on LAM extracted from the rapid-growers M. fortuitum subsp.
fortuitum, M. alvei/setense, M. peregrinum/septicum, M. porcinum, and M. gilvum
PYR-GCK (Table 3). Indeed, mild acid hydrolysis of LAM and capillary electrophoresis
analysis of the released oligosaccharides showed the presence of a peak with a migration
time that corresponded to single mannose caps. Accordingly, this peak disappeared
when LAM were previously digested by a-mannosidase. However, for most of
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the LAM analyzed, this peak is of very weak intensity, just over the background, and its
definitive assignment has to be performed by MS analysis (24).
At first sight, some discrepancies in the results between the two techniques used to
detect a mannose cap, SDS-PAGE/immunoblot and chemical analysis, seem to exist.
Chemical analysis revealed the presence of a monomannoside cap on LAM of M.
holsaticum and possibly also on LAM of M. parafortuitum (Table 3), while their cell
lysates did not show reactivity with mAb 55.92.1a1. Furthermore, mAb 55.92.1a1 was
not able to detect the mannose cap in cell lysates from slow-growing species M. ulcerans
5142 and M. leprae, while mannose caps are present (Tables 1 to 3). Importantly,
when retesting LAM from M. holsaticum and M. parafortuitum after extraction from
pellets of 0.5 L-cultures (as used for chemical analysis), M. holsaticum-LAM reacted
unambiguously positive in SDS-PAGE/immunoblot with mAb 55.92.1a1 and also M.
parafortuitum-LAM gave positive, albeit weak, reaction. Hence, the differences in mAb
55.92.1a1-reactivity between probing cell lysates and extracted LAM might be due to
relatively low concentrations of LAM in the cell lysates or a low number of caps per
LAM-molecule. A second option for the lack of reactivity of mannose capped-LAM with
mAb 55.92.1a1, could be subtle variations in LAM-structure between species (4, 28),
e.g. regarding the branching of the arabinan domain and accessibility of the mannose
cap. This latter option may explain the puzzling observation that mAb 55.92.1a1 can
detect the small amounts of monomannoside caps in some of the rapid-growing
species such as M. fortuitum (around < 0.1 cap per LAM molecule), but not the more
abundant mannose caps of M. holsaticum and M. ulcerans 5142. These possibilities
need further investigation, for example by probing the extracted LAM of M. holsaticum
with CV-N+HRP to test if staining on immunoblot turns positive as seen with mAb
55.92.1a1 and extracted M. holsaticum-LAM. Hence, although probing cell lysates with
mAb 55.92.1a1 on SDS-PAGE/immunoblot appeared a rapid and sensitive technique
as for the first time mannose caps on LAM of rapid-growing Mycobacterium species
was identified, the method also resulted in at least two false-negatives.
The presence of ManLAM with di- and trimannoside caps appears to be restricted
to, and also conserved among slow-growing Mycobacterium species, with maybe one
exception: M. holsaticum (Figure S2). However, M. holsatium can be regarded as the
rapid-growing species most closely related to the slow-growing Mycobacterium species.
M. holsaticum forms an ‘outsider’ in the group of rapid-growing species, as it is the only
rapid-growing species of which its 16S rRNA shows large similarity with the 16S rRNA
of the slow-growing species, in particular with the 16S rRNA of M. tuberculosis (35).
Of note, if presence of dimannoside caps on LAM of M. holsaticum will be confirmed,
this does not necessarily designate M. holsaticum as (closely related to) the common
ancestor of the slow-growing Mycobacterium group as this strains might also obtained
the required genes via horizontal gene transfer (17).
By use of different techniques, small amounts of short monomannoside caps were
discovered on LAM from several rapid-growing species: M. alvei/setense, M. fortuitum
subsp. fortuitum, M. gilvum PYR-GCK, M. peregrinum/septicum, and M. porcinum
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(Table 2). Interestingly, several of the cap-positive rapid-growing strains show
some clustering in a phylogenetic tree based on 16S rRNA gene sequencing (7, 13)
(Figure S2). Hence, the very first steps towards substitution of the arabinan domain
of LAM with mannosyl residues might have evolved earlier than the divergence of the
slow-growing mycobacteria, but potential gene(s) in the genomes of rapid-growing
involved in this, could not be identified. Complementation with M. gilvum gene
Mflv_0468 does not produce a functional mannose capping enzyme in M. smegmatis
(Figure 4), while M. marinum gene MMAR_2439 does (1). Unfortunately, we were
unable to identify other possible homologues of Rv1635c in the genomes of the other
mannose cap-positive rapid-growers, as genome sequences are not available yet.
ManLAM structure and more specifically capping degree, has been reported to not
only differ between species, but also within one species as seen for different clinical
isolates of M. tuberculosis and M. avium (21). Although the presence or absence of
a mannose cap seems not the determining virulence factor (1), production of ManLAM
evidently forms an advantage for pathogenic Mycobacterium species: ManLAM is one
of the mycobacterial antigens that promotes mycobacterial infection by being a ligand
for specific host pattern recognition receptors and by inducing phagosome maturation
arrest for which both the mannose cap is the key component (26, 38, 42).
The gene involved in elongation of the monomannoside cap with a second and
third mannosyl residues is Rv2181 (19). Interestingly, this gene is also present in rapidgrowing species such as M. smegmatis. But in contrast to the slow-growers in which
mannosyltransferase Rv2181 has a dual function, its homolog in M. smegmatis only
substitutes the mannan core of LAM with single mannoses (18), while it does not
elongate the monomannoside cap of M. smegmatis complemented with M. marinumcapA (1).
Concluding, the production of the longer di- and trimannosides caps on LAM seems
to have co-evolved with the evolution of the slow-growing group of Mycobacterium
species from a common ancestor in which the mannosyltransferase Rv2181 gained
an extra function in elongation of the mannose cap.
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SUPPLEMENTARY MATERIAL
Table S1. List of Mycobacterium strains used in the study.

4

Mycobacterium species
Rapid-growing
M. abcessus

Providing institutea
& local strain
number
Additional information or reference

RIVM
RIVM 1010700511
M. alvei / setense
ITM
ITM-082364
M. chelonae
RIVM
RIVM 1010700496
M. chlorophenicolum
ITM
ITM-084131
M. elephantis / pulveris
ITM
ITM-9011
M. fluoroanthenivorans
ITM
/ frederiksbergense
ITM-9137
M. fortuitum subsp. fortuitum DSMZ
DSM 46621 = ATCC 6841
DSM 46621
= CIP 104534
M. fortuitum subsp. fortuitum ITM
ITM-031816
M. fortuitum
ITM
ITM-091066
M. gilvum
NCTR
PYR-GCK = ATCC 700033
PYR-GCK
M.gadium/gilvum
ITM
(NCTC 10942)
ITM-M6995
M. holsaticum
RIVM
RIVM 1010601271
M. komossense
ITM
ATCC 33013
ITM-1828
M. neoaurum
IPBS
M. parafortuitum
ITM
NCTC 10411
ITM-M6999
M. peregrinum / septicum
ITM
ITM-010086
M. petroleophilum
ITM
ITM-M10119
M. phlei
RIVM
RIVM 1010601174
M. porcinum
ITM
ITM-052847
AECOM
M. smegmatis
mc2155
mc2155 = ATCC 700084
M. sphagni
ITM
ATCC 33026
ITM-1830

100

Patient isolate from sputum
Identification with Reversed Line Blotb
Isolated from human
Based on 16S rRNA gene alignment
Patient isolate
Identification with Reversed Line Blotb
Isolated from human
Based on 16S rRNA gene alignment
Isolated from human
Based on 16S rRNA gene alignment
Isolated from human
Based on 16S rRNA gene alignment
Isolate from cold abscess, human
Based on 16S-23S rDNAc
Isolated from human
Based on 16S rRNA gene alignment
Isolated from human
Based on 16S rRNA gene alignment
(7)
Based on 16S rRNA gene alignment
Strain under investigation
Patient isolate from sputum
Based on 16S rRNA gene alignment
Based on 16S rRNA gene alignment
Based on 16S rRNA gene alignment
Based on 16S rRNA gene alignment
Isolated from human
Based on 16S rRNA gene alignment
Isolated from animal
Based on 16S rRNA gene alignment
Patient isolate from sputum
Based on 16S rRNA gene alignment
Isolated from human
Based on 16S rRNA gene alignment
(11)
Based on 16S rRNA gene alignment

Table S1. Continued
Slow-growing
M. avium isolate
HMC02-RO, Red Opaque
M. avium isolate
HMC02-WO, White Opaque
M. bovis BCG
Copenhagen
M. gastri / kansasii
M. haemophilum
M. interjectum
M. intracellulare
M. leprae
NHDP-98
M. malmoense
M. marinum
E11
M. microti
M. microti
M. paratuberculosis

M. scrofulaceum
M. szulgai
M. triviale
M. tuberculosis
double auxotroph mc26020
M. ulcerans
5142 = ATCC 19423
M. ulcerans
5151
M. xenopi

SBRI
HMC02-RO
SBRI
HMC02-WO
RIVM
VUmc
VUMC 852
RIVM
RIVM 1010700384
RIVM
RIVM 1010601893
VUmc
VUMC 941
CSU batch
BDA6.20.2007
RIVM
RIVM 1010700043
VUmc
E11
CVI
556
CVI
837
CVI
CVI (IDDLO) B854

(3, 4)
(3, 4)
(1)

4

Based on 16S rRNA gene alignment
Patient isolate from lymph node in neck
Identification with Reversed Line Blotb
Patient isolate from sputum
Based on 16S rRNA gene alignment
Based on 16S rRNA gene alignment
Isolated from armadillo liver 4I78
Patient isolate from sputum
Identification with Reversed Line Blotb
(8)

Field isolate (otter)
Spoligotype SB0432 (SIT641)d
Field isolate (pig)
Spoligotype SB0118 (SIT539)d
Field isolate (cow)
Mycobactin-dependence; positive for
insertion element IS900; negative for large
sequence polymorphism LSPA 18e
RIVM
Patient isolate from sputum
RIVM 1010600526 Identification with Reversed Line Blotb
VUmc
Based on 16S rRNA gene alignment
VUMC 361
RIVM
Source unknown
RIVM St5
Identification with biochemical tests
AECOM
(9)
mc26020
ITM
Patient isolate
5142
PCR positive for IS2404, IS2606, kr
DNA-fingerprinting (MIRU-VNTR)f :
Australia-Victoria type
ITM
Patient isolate
5151
PCR positive for IS2404, IS2606, kr
DNA-fingerprinting (MIRU-VNTR)f :
Atlantic Africa type
RIVM
Patient isolate from cerebrospinal fluid
RIVM 1010700367 Identification with Reversed Line Blotb

Institutes:
VU university medical center (VUmc), Amsterdam, The Netherlands: Department of Medical
Microbiology and Infection Control
a
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Central Veterinary Institute (CVI), part of Wageningen UR, Lelystad, the Netherlands:
Department of Bacteriology & TSEs
National Institute for Public Health and the Environment (RIVM), Bilthoven, the Netherlands:
National Mycobacteria Reference Laboratory
Institute of Tropical Medicine (ITM), Antwerpen, Belgium: Mycobacteriology Unit
Institut de Pharmacologie et de Biologie Structurale CNRS (IPBS), Toulouse, France: Départment
Mécanismes Moléculaires des Infections Mycobactériennes
Colorado State University (CSU), Colorado, USA: Dept. of Microbiology, Immunology and
Pathology; Supported by National Institutes of Health, NIAID, “Leprosy Research Support”,
contract NO1-AI-25469
Howard Hughes Medical Institute and Albert Einstein College of Medicine (AECOM), New
York, USA: Department of Microbiology and Immunology
National Center for Toxicological Research (NCTR), Food and Drug Administration, Jefferson,
USA: Division of Microbiology
Deutsche Sammlang von Mikroorganismen und Zellkulturen (DSMZ) GmbH, Braunschweig,
Germany
Seattle Biomedical Research Institute (SBRI), Seattle, USA
Methodology:
b
Reversed line blot, (13)
c
16S-23S internal transcribed spacer rDNA sequence analyses, (6)
d
Spoligotyping, (2)
e
Large sequence polymorphisms, (10)
f
BU MIRU-VNTR, (12)

4

Figure S1. Chemical analysis (capilary electrophoresis) of extracted LAM. LAM was treated with
mannosidase to confirm that the peaks belong to mannose caps. Shown are the profiles of LAM
purified slow-growing Mycobacterium species (A) and rapid-growing Mycobacterium species (B
and C). Strains are indicated in figure. AM, α-Manp-(1→5)-β-Ara-APTS (monomannoside cap);
AMM, α-Manp-(1→2)-α−Manp-(1→5)-β-Ara-APTS (dimannoside cap); AMMM, α-Manp(1→2)-α-Manp-(1→2)-α−Manp-(1→5)-β-Ara-APTS. X-axis shows migration time; Y-axis
fluorescence. Strain M. gilvum/gadium is being typed. M. bovis BCG (A and C) or M. ulcerans
5151 (B) were used as positive control for all cap motifs.
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Figure S2. Figure modified
from Devulder et al., 2005 (5):
phylogenetic tree of Mycobacterium
species based on 16S rRNA gene
sequences rooted using N. abscessus
DSM 44432T. M. holsaticum is a
rapid-growing strain, but due to
its 16S rRNA sequence similarity
to the 16S rRNA of M. tuberculosis,
clustered in the slow-growing
group. Strain-type M. gadium has
yet to be confirmed.

Symbols were added to the tree:
++ mannose cap present; positive with mAb 55.92.1a1 / CV-N+HRP, chemical analysis and/or
shown by previous data (Table 1)
+ monomannoside cap detected; both with mAb 55.92.1a1 and by chemical analysis
– no mannose cap detected with mAb 55.92.1a1; chemical analysis not performed
– – no mannose cap detected with mAb 55.92.1a1 neither by chemical analysis
– + no mannose cap detected with mAb 55.92.1a1 on cell lysate, but positive for cap with mAb
55.92.1a1 on extracted LAM and by chemical analysis

4
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