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Members 5 and 6 of the Candida albicans BMT family
encode enzymes acting speciﬁcally on β-mannosylation
of the phospholipomannan cell-wall glycosphingolipid
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A family of nine genes encoding proteins involved in the
synthesis of β-1,2 mannose adhesins of Candida albicans
has been identiﬁed. Four of these genes, BMT1–4, encode
enzymes acting stepwise to add β-mannoses on to cell-wall
phosphopeptidomannan (PPM). None of these acts on
phospholipomannan (PLM), a glycosphingolipid member
of the mannose-inositol-phosphoceramide family, which
contributes with PPM to β-mannose surface expression.
We show that deletion of BMT5 and BMT6 led to a dramatic reduction of PLM glycosylation and accumulation
of PLM with a truncated β-oligomannoside chain, respectively. Disruptions had no effect on sphingolipid biosynthesis and on PPM β-mannosylation. β-Mannose surface
expression was not affected, conﬁrming that β-mannosylation is a process based on speciﬁcity of acceptor molecules,
but liable to global regulation.
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Introduction
Recent studies have highlighted the role of glycolipids, including sphingolipids, in the development of fungi and
fungal-induced pathogenesis (Mille et al. 2004; Heung et al.
2006; Bozza et al. 2009). Sphingolipids are primary structural
components of cell membranes and are bioactive molecules
that act as second messengers in growth regulation (Dickson
et al. 1990) and mediate activities as diverse as responses to
stress (Dickson et al. 1997; Jenkins et al. 1997) and cell-wall
integrity (Dickson et al. 2006). Our knowledge of fungal
sphingolipid biosynthetic pathways has increased as a result
of studies on antifungal drugs targeting these molecules
(Mandala and Harris 2000; Stock et al. 2000; Zhong et al.
2000; Thevissen et al. 2005). In the yeast Candida albicans, a
prominent opportunistic fungal pathogen in developed countries, a series of studies has characterized a glycosphingolipid
(GSL) named phospholipomannan (PLM) which is present at
the cell-wall surface and is shed in contact with host cells
(Trinel et al. 1993, 1999; Jouault et al. 1998; Poulain et al.
2002). The role of PLM in C. albicans biology is unknown,
but it is not essential since inactivation of the MIT1 gene
involved in its upstream biosynthetic pathway does not affect
viability or growth (Mille et al. 2004). In contrast, the absence
of PLM appears to affect virulence of C. albicans in animal
models. This effect was, at least partly, attributed to the lack
of expression of β-mannose (β-Man) residues which are a speciﬁc feature of C. albicans PLM. The structure, distribution,
biological activities and immunological properties of β-Mans
as speciﬁc C. albicans attributes and vaccine candidates have
generated extensive literature (Jouault et al. 1995, 2000; Dalle
et al. 2003). However, much is unknown about the biosynthesis of β-Mans and how they are associated with different
C. albicans molecules. The discovery of the genes BMT1–9
encoding enzymes involved in β-Man transfer (Mille et al.
2008) is useful for deciphering a process which appears to be
unexpectedly complex due to the apparent homogeneous
linear structure of the residues. In a previous study, it was
established that β-mannosyltransferases (Bmts) 1–4 act sequentially in the addition of β-Man to C. albicans phosphopeptidomannan (PPM). This molecule, termed “mannan” by
physicians and immunologists, is a complex repertoire of αand β-Man epitopes that sometimes have opposite effects on
the host. β-Man epitopes are distributed in the acid-stable fraction of PPM where their synthesis is under the control of
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Fig. 1. (A) Schematic representation of Bmt1–4 activities on C. albicans cell-wall PPM. PPM contains oligomannosides linked via a phosphodiester bond that
can be released by acid hydrolysis. These oligomannosides correspond to the PPM acid-labile fraction, whereas the remaining PPM fraction is called acid-stable.
(B) Detailed structure and biosynthetic pathway of C. albicans PLM with Bmt5–6 activities deduced from this study. The arrows indicate where the enzymes act
and which β-mannose is added.

Bmts 1,3 and in the acid-labile fraction ( phosphodiester-linked,
also designated as phosphomannan) where their synthesis is
under the control of Bmts 2–4 (Figure 1A). Surprisingly, none
of these Bmts acts on PLM β-mannosylation despite the striking structural homology between acceptors represented
by PPM and PLM phosphomannans (Figure 1A and B). There
are two differences in the distribution of β-Man residues in
C. albicans serotypes A and B. These differences in antibody
recognition, sometimes related to differences in pathogenic
potential, are associated with the absence of β-Man in the PPM
acid-stable fraction of serotype B strains (Shibata et al. 1985;
Kobayashi et al. 1990, 1992). Further studies showed that a
second phenotypic character of serotype B strains was the presence of a truncated PLM (Trinel et al. 2005).
Here, knowledge gained from PLM structural analysis and
biosynthetic pathways was used to characterize members of
the BMT gene family acting on PLM β-mannosylation.

Results
Identiﬁcation of two members of the Bmt family involved
in the PLM biosynthetic pathway
In a previous study (Mille et al. 2008), a family of nine genes
was described in C. albicans, termed BMTs according to their
homology with Pichia pastoris BMT genes encoding Bmts.
Sequence homology between the nine Bmts and different glycosyltransferase families clustered the different mannosyltransferases according to their enzyme activities (Figure 2).
The different BMT genes were disrupted using a polymerase chain reaction (PCR)-based method (Gola et al. 2003).
This generated a set of strains carrying disruptions of a single
or both alleles of each gene in the parental strain, BWP17
(Mille et al. 2008) (Table I). Using these mutants, it was
established that four of the nine genes, BMT1–4, encode
enzymes with a speciﬁc role in β-mannosylation of PPM,
either on its acid-labile or acid-stable moiety (Mille et al.
2008) (Figure 1A). This study focused on genes whose

deletion had an effect on PLM β-mannosylation (Figure 3A)
and which corresponded to orf19.1464 and orf19.5602 in the
Candida genome database (http://www.candidagenome.org/).
These genes were named BMT5 and BMT6. As shown in
Figure 3A, no signiﬁcant reduction in β-Man epitopes on
other manno-glycoconjugates was observed after deletion of
these genes. This deletion had no effect on surface expression
of β-Man epitopes as analyzed by immunoﬂuorescence or on
growth or morphogenesis in vitro (data not shown).
BMT5 and BMT6 deletions have no effect on sphingolipid
biosynthesis
It was previously shown that PLM biosynthesis follows the
sphingolipid biosynthetic pathway up to mannose-inositolphosphoceramide (MIPC) and then diverges by the addition
of Man-P to MIPC instead of the addition of inositolphosphate, leading to M(IP)2C (Trinel et al. 2002; Mille et al.
2004) (Figure 1B). To analyze whether BMT5 and BMT6
deletions speciﬁcally affect PLM β-mannosylation or act upstream on phospho-inositol-sphingolipid biosynthesis, sphingolipids were extracted and analyzed. Sphingolipids from the
mutant strain mit1Δ, which is blocked upstream of MIPC synthesis (Figure 1B), were used as negative controls. Thin-layer
chromatography (TLC; Figure 4A) using puriﬁed PLM as a
standard showed alterations of PLM biosynthesis among
GSLs extracted from bmt5Δ and bmt6Δ compared with
BWP17. As shown in Figure 4B, electrospray mass spectra of
GSLs isolated from BWP17, bmt5Δ and bmt6Δ showed the
presence of signals at m/z 678, 953, 1115 and 1357 in all
strains, corresponding to M(IP)2C, IPC and MIPC
(Figure 1B). As reported previously (Trinel et al. 2002), each
of these sphingolipids displays the same heterogeneity as four
peaks that arise from the various combinations of C18 or C20
phytosphingosine with C24, C25 or C26 hydroxylated fatty
acids in the ceramide moiety of these molecules. Mass spectra
of BWP17 and bmt5Δ strains did not show any signiﬁcant differences in the sphingolipid range, whereas the spectrum of
1333
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Fig. 2. Neighbor-joining phylogenetic tree of different C. albicans mannosyltransferases. This tree, based on the entire enzyme sequences, illustrates the
relatedness of the Bmts and reveals a cluster of Bmts according to the β-mannosylation step and common acceptor (also see Figure 1).

the bmt6Δ strain showed two additional major signals at m/z
826.3 and 840.3 attributed to tri-mannosylated PLM, as previously established for NIH-B strain (Trinel et al. 2005)
(Figure 4B). Altogether, mass spectroscopy analyses demonstrated that the modiﬁcation of PLM biosynthesis in bmt5Δ
and bmt6Δ did not result from the upstream absence of MIPC
but from a modiﬁcation of β-Man synthesis.
Bmt5 and Bmt6 are involved in β-1,2 mannose
transfer on PLM
Alteration of PLM β-mannosylation was assessed by western
blot analysis with speciﬁc monoclonal antibodies (mAbs). As
shown in Figure 3B, the reactivity of mAb 5B2, speciﬁc for
β-Mans with mannobiose as a minimal epitope (Trinel et al.
1992; Collot et al. 2008), to bmt5Δ PLM was dramatically
1334

reduced, whereas bmt6Δ PLM had a lower molecular weight
than BWP17 and bmt5Δ PLMs, presumably due to a lower
degree of β-Man polymerization. Matrix-assisted laser desorption/ionization-time of ﬂight (MALDI-TOF) mass spectrometry analysis of puriﬁed PLM from the different strains
revealed a single signal at m/z 1703, corresponding to
Man3-P-MIPC, in bmt6Δ PLM, whereas BWP17 and bmt5Δ
PLMs gave a broader range of mass spectrometry peaks representing PLM forms with different degrees of β-Man polymerization (Table II). The lower degree of polymerization of
bmt6Δ PLM was conﬁrmed by western blot analysis with
mAb B6.1 which recognizes only serotype B strain PLM with
a predominant form, Man3-P-MIPC (Trinel et al. 2005). This
mAb, which binds only to β-1,2 tri- or tetra-Man (Han et al.
1997) (Figure 1C) detected both bmt6Δ and NIH-B PLMs
(Figure 3C), although recognition of the latter was less than
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bmt6Δ PLM as it contains, in addition to Man3-P-MIPC,
other forms of PLM with higher degrees of polymerization
(Trinel et al. 2005). The weak bmt5Δ PLM β-mannosylation
(Figure 3B) could be associated with the presence of
Man-P-MIPC that cannot be differentiated from M(IP)2C in
TLC and mass spectrometry analysis. Oligomannosides were
then released from PLM by acid hydrolysis and separated by
electrophoresis (Figure 5). As expected, mannosides with a
high degree of polymerization were mainly seen in BWP17
Table I. C. albicans strains used in this study
Strain

Parental
strain

BWP17
AL79
AL88
AL98

BWP17
AL79
AL88

AL78
AL87
AL97

BWP17
AL78
AL87

Genotype

Reference

arg4::hisG/arg4::hisG;his1::hisG/his1::
hisG;ura3Δ::λimm434/
ura3Δ::λimm434
bmt5Δ::ARG4/BMT5
bmt5Δ::ARG4/bmt5Δ::HIS1
bmt5Δ::ARG4/bmt5Δ::HIS1, RPS10::
CIp10-BMT5-URA3
bmt6Δ::ARG4/BMT6
bmt6Δ::ARG4/bmt6Δ::HIS1
bmt6Δ::ARG4/bmt6Δ::HIS1, RPS10::
CIp10-BMT6-URA3
C. albicans serotype B

Wilson et al.
(1999)

NIH-B
792
mit1Δ

CAF2

mit1Δ::hisG/mit1Δ::hisG

bmt1Δ

BWP17

bmt1Δ::ARG4/bmt1Δ::HIS1

bmt2Δ

BWP17

bmt2Δ::ARG4/bmt2Δ::HIS1

bmt3Δ

BWP17

bmt3Δ::ARG4/bmt3Δ::HIS1

This study
This study
This study
This study
This study
This study
Shibata et al.
(1985)
Mille et al.
(2004)
Mille et al.
(2008)
Mille et al.
(2008)
Mille et al.
(2008)

PLM, whereas a mannotriose was detected in bmt6Δ PLM.
Although the signal was weaker, as for BWP17 PLM,
high-molecular-weight β-Mans were revealed in bmt5Δ PLM.
Interestingly, an accumulation of mannose was detected in
bmt5Δ PLM compared with BWP17 and bmt6Δ PLMs. The
increase in mannose content after acid hydrolysis shows that
Man-P-MIPC, but not M(IP)2C, accumulates in the bmt5Δ
strain. Altogether, detailed analysis of PLM-derived molecules
from bmt5Δ and bmt6Δ strongly suggests that Bmt5 and Bmt6
are involved in the transfer of the ﬁrst and the third β-Man
residues, respectively, on nascent PLM. The BMT6/bmt6Δ
deletion strain synthesizes an intermediate-sized PLM
(Figure 3B) which suggests that both BMT6 alleles are needed
for correct PLM β-mannosylation. Reintroduction of a single
copy of the BMT6 gene did not completely restore the
wild-type phenotype, in accordance with this hypothesis
(Figure 3B). In contrast, BMT5 activity appeared more permissive since reintroduction of a single copy restored the
phenotype of the null mutant (Figure 3B) for which the presence of some β-Mans with a high degree of polymerization
(Figure 5, Table II) suggested that another Bmt may partially
fulﬁll the defect of BMT5 deletion.
Bmt5 and Bmt6 are homologous to Bmt1–2 and Bmt4,
respectively, both acting on PPM, but deletion of their genes
had no effect on β-mannose transfer in PPM
Cluster analysis of the nine Bmts classiﬁed the enzymes
into groups depending on their involvement in the
β-mannosylation steps and, more particularly, on their acceptor molecule (Figures 1 and 2). Bmt1, Bmt2 and Bmt5, which
display at least 42% sequence identity (61% homology), are
involved in the addition of the ﬁrst β-Man to the PPM acid-

Fig. 3. Analysis of β-1,2 mannosylation of C. albicans glycoconjugates. Western blots of whole-cell extracts were stained with anti-β-1,2 oligomannoside
monoclonal antibodies: 5B2, speciﬁc for β-Mans with mannobiose as a minimal epitope (A, B) and B6.1, speciﬁc for β-1,2 mannotriose (C). The PLM is
indicated by an arrow. Parts B and C focused only on PLM. BWP17 ( parental strain, serotype A); BMT5/bmt5Δ (AL79); bmt5Δ (AL88); bmt5Δ + BMT5 (AL98);
BMT6/bmt6Δ (AL78); bmt6Δ (AL87); bmt6Δ + BMT6 (AL97); NIH-B (C. albicans serotype B).
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Fig. 4. Analysis of sphingolipids extracted from deletion strains. (A) TLC revealed PLM in bmt5Δ and bmt6Δ strains which showed different migration to that of
the wild-type strain. Lane 1: PLM puriﬁed from BWP17; lanes 2–5: sphingolipids puriﬁed from BWP17, mit1Δ, bmt5Δ and bmt6Δ, respectively. (B) Electrospray
mass spectrometry analysis of sphingolipids extracted from parental and deletion strains. Spectra mainly displayed (M-H) and/or (M-2H)/2 molecular-related ions
of compounds. In all strains, mass spectra of sphingolipid extracts revealed groups of peaks corresponding to the major membrane sphingolipids (IPC, MIPC and
M(IP)2C). Peaks within each group arose from various compositions of the ceramide moiety of the sphingolipids as demonstrated previously.

stable fraction, PPM acid-labile fraction or PLM, respectively,
and therefore act on α-linked mannose residues (Figure 1A
and B). Bmt4 and Bmt6, which also display 41% sequence
identity (62% homology), are involved in the addition of the
third β-Man either to PPM or PLM, with β-linked mannose as
an acceptor (Figure 1A and B). Despite the striking structural
homology between PLM and the acid-labile fraction of PPM
(Figure 1A and B), deletion of the BMT1–4 genes had no
effect on PLM β-1,2 mannosylation and Bmt1–4 displayed
substrate speciﬁcity for PPM (Mille et al. 2008). According to
these data, we investigated whether the converse was true (i.e.
if deletion of BMT5 and BMT6 had an effect on PPM biosynthesis). For this purpose, puriﬁed PPM from bmt5Δ and
bmt6Δ was analyzed by western blot (Figure 6A) using mAb
B9E, speciﬁc for β-Mans of the PPM acid-stable fraction
(Figure 1) and β-Mans released by acid hydrolysis from the
1336

PPM acid-labile fraction by ﬂuorophore-assisted carbohydrate
electrophoresis (FACE; Figure 6B). In contrast to bmt1–4Δ
(Mille et al. 2008), no modiﬁcation of β-mannosylation of the
PPM acid-stable (Figure 6A) and acid-labile (Figure 6B) fractions, respectively, was observed in the bmt5Δ and bmt6Δ
strains. This shows that Bmt5 and Bmt6 had no activity on
PPM and that these two enzymes also exhibit substrate
speciﬁcity.

Discussion
Yeast sphingolipids participate in bilayer stability, protein
sorting, organization of the cortical actin cytoskeleton and
endocytic uptake and cell signaling via membrane rafts
(Wachtler and Balasubramanian 2006). C. albicans
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Table II. Negative-ion MALDI-TOF mass spectrometry of PLMs from
parental and deleted strains
Composition

Man3-P-MIPC
Man7-P-MIPC
Man8-P-MIPC
Man9-P-MIPC
Man10-P-MIPC
Man11-P-MIPC
Man12-P-MIPC
Man13-P-MIPC
Man14-P-MIPC
Man15-P-MIPC
Man16-P-MIPC

Measured average m/z value
BWP17

bmt5Δ

bmt6Δ

1703.2
2351.4
2513.5
2675.6
2837.7
2999.7
3161.8
3323.9
3485.9
3649.0
3811.0

nd
nd
2513.9
2676.0
2838.1
3000.1
3162.3
3325.4
3486.5
3649.0
3810.7

1703.3
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

Groups of peaks (arising from variability of the lipid moiety) spaced by 162
mass units were detected. They correspond to [M + Na − 2H]− adduct ions.
Major peak values reported were attributed to PLM predominant forms with
C20 phytosphingosine and C24 hydroxylated fatty acid. nd: not detected.

Fig. 5. Analysis of β-Mans released from puriﬁed PLM. Oligomannosides
released by acid hydrolysis from puriﬁed PLMs were analyzed by FACE.
Different carbohydrate standards were used to evaluate the monomer number
in the oligomannoside chains: M1, mannose; M2, β-mannobiose; M3,
β-mannotriose.

sphingolipids are essential for survival of the yeast, as
revealed by its sensitivity to aureobasidin A, an IPC synthase
inhibitor (Sugimoto et al. 2004). C. albicans can derive one
class of its sphingolipids, MIPC, from a speciﬁc biosynthetic
pathway that adds β-Man after mannosylphosphorylation to

generate a complex GSL called PLM (Trinel et al. 2002)
(Figure 1B). This molecule is, at least partly, present at the
cell-wall surface, a localization that facilitates its interaction
with host components, namely through its shedding in contact
with host cells (Jouault et al. 1998; Poulain et al. 2002). It
induces tumour necrosis factor alpha secretion from cells of
macrophage lineage via a target lesson revascularization
(TLR-2)-dependent pathway (Jouault et al. 1994, 2003) and
macrophage apoptosis via upstream modulation of the ERK
pathway (Ibata-Ombetta et al. 2001, 2003) following ingestion
of yeasts. However, the regulation of C. albicans PLM expression remains largely unknown (Trinel et al. 1996; Poulain
et al. 2002). Furthermore, its glycan moiety, mainly β-Man
degrees of polymerization, is variable, as shown in serotype B
strains that display a truncated PLM compared with serotype
A strains (Trinel et al. 2005).
GSLs are known virulence factors in different pathogens,
sometimes in relation to subtle changes in their structure
(Toledo et al. 2007). With regard to the role of glycolipids
in fungal virulence, a recent study based on homozygous
deletion has identiﬁed a glucosylceramide as the ﬁrst small
molecule synthesized by C. albicans to be speciﬁcally
required, albeit independently from morphogenesis (Noble
et al. 2010). Furthermore, studies concentrating on dimorphic fungi with mAbs against different moieties of GSLs have
shown close structure/activity relationships (Toledo et al.
2010). Up to six GSLs were puriﬁed and characterized
from the mycelium of the opportunistic fungus Aspergillus
fumigatus (Simenel et al. 2008). Among these, a study investigating the speciﬁcity of the human T-cell repertoire
against these mould antigens identiﬁed a member of the
GSL family containing galactofuranose in its glycan moiety
which strongly promoted activation of the pathogenic Th17
response (Bozza et al. 2009).
Regarding the biological activity of C. albicans PLM, the
biosynthetic pathway from MIPC to PLM has to be elucidated. Addition of β-Man residues is not speciﬁc to PLM as
other C. albicans cell-wall molecules such as the outer layer
PPM carry these particular oligomannosides that confer speciﬁc adhesive (Li and Cutler 1993; Fradin et al. 1996, 2000;
Dromer et al. 2002; Dalle et al. 2003) and immunomodulatory
(Han and Cutler 1995; Jouault et al. 1995, 1997;
Ibata-Ombetta et al. 2001, 2003) properties. The β-1,2 mannosylation pathway of PPM has recently been elucidated, and
nine members of a new family of Bmts have been discovered.
Four of these enzymes, Bmt1–4, are involved in PPM biosynthesis (Mille et al. 2008). Here, the activity of two other
members of the Bmt family was also characterized. β-Man
epitope mapping of bmt5Δ and bmt6Δ single null mutants
compared with the parental strain clearly shows that these two
mutants are affected in their PLM β-mannosylation. Mass
spectrometry of bmt5Δ and bmt6Δ PLMs revealed that Bmt5
and Bmt6 are speciﬁcally involved in the later stages of PLM
biosynthesis, β-1,2 mannosylation, and that their deletion has
no impact on complex sphingolipid (IPCs, MIPCs and M
(IP)2Cs) biosynthesis. Results of combined western blot, mass
spectrometry, FACE and TLC analyses lead to the conclusion
that Bmt5 and Bmt6 are involved in the addition of the ﬁrst
and third β-Mans to PLM, respectively (Figure 1B).
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Fig. 6. Analysis of PPM acid-stable and acid-labile fractions. (A) Western blots of puriﬁed PPMs from different bmtΔ mutants and their parental strain were
stained with mAb B9E, speciﬁc for β-Mans at the nonreducing end of the acid-stable fraction of C. albicans serotype A strains (antigenic factor 6, see Figure 1A
and C). PPM from NIH-B (C. albicans serotype B) was used as a negative control. (B) Oligomannosides released by acid hydrolysis from puriﬁed PPMs were
analyzed by FACE. Different carbohydrate standards were used to evaluate the monomer number in the oligomannoside chains: M1, mannose; ΣM2, synthetic
β-mannobiose; M2, puriﬁed β-mannobiose; M4, puriﬁed β-mannotetraose.

It was not possible to identify the Bmt that adds the second
β-Man to PLM glycan. Although Bmt3 initially appeared to
be a good candidate because it adds the second β-Man to
PPM (Figure 1A), its deletion had no effect on the PLM
structure, similar to BMT7–9 single deletions. It is therefore
assumed that Bmt5 can add both the ﬁrst and the second
β-Mans to PLM glycan such as Mnt1 and Mnt2 that are able
to add both the ﬁrst and the second α-1,2 Mans to mannoprotein O-glycans (Munro et al. 2005). It is also suggested that
Bmt4 and Bmt6 are responsible for the addition of the fourth
and further β-Mans to PPM and PLM, respectively. To date,
analyses concentrating on PPM and PLM have enabled us to
deﬁne the functions of six Bmts out of nine. The putative
functions of Bmts 7–9 remain elusive mainly because, in addition to PPM and PLM, a large number of C. albicans molecules could also be β-mannosylated, which comprises most C.
albicans cell-wall mannoproteins, whatever is their mode of
anchorage in the cell wall (soluble, β-1,6 and β-1,3 glucan
linked) (Fradin et al. 2008).
Comparison of phylogenetic analyses of the nine Bmt
sequences with potential functions (Figure 2) shows that the
strongest sequence homologies for Bmt5 and Bmt6 were
found with Bmt2 and Bmt4, respectively. The results from
this analysis are coherent when considering the structural
similarities between PLM and PPM. As shown in Figure 1,
both Bmt5 and Bmt2 add a β-Man to an α-Man linked to a
phosphate group, whereas Bmt6 and Bmt4 add a β-Man to a
1338

β-1,2 mannobiose. An intriguing question is why C. albicans
needs two different sets of related enzymes for identical
stages of β-mannosylation with preferential substrates, PPM
or PLM. These overlapping activities are advantageous for the
yeast as they can prevent the deleterious effect of gene loss to
the cell wall. PLM could be indeed partly β-mannosylated in
the bmt5Δ strain. On the other hand, speciﬁc β-mannosylation
processes between the two pathophysiologically relevant
molecules facilitate differential β-Man expression on these
manno-glycoconjugates, which is coherent with previous
observations showing different β-mannosylation processes for
PPM and PLM (Trinel et al. 1996).
Considering the immunological evidence for the importance of β-Man interactions with both innate receptors
(Poulain and Jouault 2004; Jouault et al. 2006; Jawhara et al.
2008) and effectors of adaptive immunity (Han et al. 1998;
Xin et al. 2008), further studies are necessary to assess how
this speciﬁc trait of unforeseen complexity, namely in terms
of regulation (Trinel et al. 1996; Mille et al. 2004), and high
entropy is related to C. albicans adaptation to the human host.
Deﬁnition of C. albicans GSLs is part of this challenge.
Materials and methods
Strains and growth conditions
The C. albicans strains used in this study are listed in Table I.
Strains were grown in YPD-Arg-His-Urd medium (1% yeast
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extract, 2% peptone, 2% dextrose, 20 mg/L arginine, 20 mg/L
histidine, 20 mg/L uridine) at 37°C for 16 h. Escherichia coli
strains TOP10 or DH5α were used for recombinant DNA
work. All procedures for manipulating DNA were performed
using standard procedures (Sambrook et al. 1989).
Monoclonal antibodies
5B2 is a rat-mouse IgM with β-1,2 mannobiose as a minimal
epitope (Trinel et al. 1992). B6.1 is a mouse IgM speciﬁc for
a β-1,2 mannotriose (Han et al. 1997). B9E, a mouse IgM, is
speciﬁc for β-1,2 Mans present on the nonreducing end of
α-1,2 chains of the PPM acid-stable fraction (Ponton et al.
1993) (Figure 1A).
Deletion of BMT genes
The two C. albicans open reading frames (ORFs), orf19.1464
and orf19.5602, were deleted sequentially from strain BWP17
by PCR-based gene targeting (Gola et al. 2003) (Table I).
Two plasmids were used to release selectable markers,
CaARG4 and CaHIS1, by NotI digest. Each marker was ampliﬁed by PCR using primers including the ﬁrst and the last
100 bp of gene-speciﬁc sequences. The generated disruption
cassettes were used to transform BWP17 by the lithium
acetate method (Sanglard et al. 1996). First, the selectable
marker CaARG4 was used to generate independent heterozygous strains on synthetic dextrose plates supplemented with
20 mg/L histidine and 20 mg/L uridine. Correct insertion of
the marker was veriﬁed by PCR. A second round of transformation was performed to delete the second allele with the
CaHIS1 marker by the same method. Homologous integration
was veriﬁed by PCR.
Reintroduction of BMTs into null strains
BMT5 and BMT6 ORFs, with 500-bp upstream and downstream nucleotides, were ampliﬁed by PCR using AccuPrime
Pfx DNA polymerase (Life technologies, Saint Aubin,
France). The ampliﬁed fragment was cloned into the
pCRII-TOPO vector (Life technologies, Saint Aubin, France).
The BMT gene was then excised by digestion with SacI and
NotI, and ligated into SacI- and NotI-digested CIp10 (Murad
et al. 2000) to obtain the reintegration vector. The bmtΔ null
strains were transformed with StuI- or NcoI-digested reintegration vector. Transformants were screened by PCR to check the
reintroduction of the BMT gene at the RPS10 locus.
Whole-cell protein extraction and western blot analysis
Strains were grown at 37°C in YPD-Arg-His-Urd and were
extracted by alkaline extraction under reducing conditions
(Trinel et al. 1992). Brieﬂy, cells were incubated on ice in
1.85 M NaOH and 5% β-mercaptoethanol. Proteins and glycoconjugates were then extracted in sodium dodecyl sulfate
(SDS) for 5 min at 100°C. Extracts were adjusted to the same
protein concentration and analyzed by SDS–polyacrylamide
gel electrophoresis (PAGE; Laemmli 1970) on a 5–20% acrylamide gel slab. Membranes were probed with mAbs 5B2
diluted 1:1000 and B6.1 diluted 1:1000 and then incubated
with a 1:1000 dilution of alkaline phosphatase-conjugated
anti-rat IgM or anti-mouse IgM, respectively.

Analysis of sphingolipids
Strains were grown at 37°C in YPD-Arg-His-Urd and washed
in phosphate-buffered saline (PBS). Cells were then broken
with a French press (Aminco, SLM Instruments, Inc.) at
20,000 psi, dialysed and lyophilized. Sphingolipids were then
extracted and puriﬁed by successive extractions with chloroform/methanol and chloroform/methanol/water mixtures (Trinel
et al. 1999) except that care was taken to avoid micelle formation in order to improve PLM solubility (Trinel et al. 2002).
The different supernatants were pooled, analyzed by TLC on
10 × 5 cm silica gel 60 plates (Merck, Lyon, France) using a
butanol/acetic acid/water (20/8/17) solvent system and revealed
with an orcinol stain. The sphingolipid extracts were ﬁnally analyzed by mass spectrometry. Electrospray mass measurements
were carried out in negative-ion mode on a triple quadrupole instrument (Micromass Ltd., Altrincham, UK) ﬁtted with an atmospheric pressure ionization electrospray source. A mixture of
polypropylene glycol was used to calibrate the quadrupole mass
spectrometer. The samples were dissolved into dimethyl sulfoxide and further diluted in methanol to obtain a ﬁnal concentration of 0.25 µg/µL. Solutions were infused using a Harvard
syringe pump at a ﬂow rate of 3 µL/min. The quadrupole was
scanned from 500 to 2000 Da with a scan duration of 6 s and a
scan delay of 0.1 s. The samples were sprayed using a 3.5 kV
needle voltage and the declustering cone was set at 70 V.
PLM puriﬁcation
Sphingolipids were extracted as described in the section
Analysis of sphingolipids, dried and then submitted to extensive butanol/water partitions of the chloroform/methanol/water
(10/10/3) extracts. Sphingolipids in the water phase were
ﬁnally puriﬁed on phenyl-sepharose using increasing concentrations of ethanol (1–40%) for elution. Puriﬁcation and
control of PLM fractions were checked and analyzed by TLC
using a butanol/acetic acid/ water (20/8/17) solvent system
and visualized with orcinol reagent.
Analysis of PLM by mass spectrometry
MALDI-TOF mass spectra were acquired on a Voyager Elite
DE-STR mass spectrometer (Perspective Biosystems,
Framingham, MA) equipped with a pulsed nitrogen laser
(337 nm) and a gridless delayed extraction ion source. The
spectrometer was operated in negative reﬂectron mode by
delayed extraction with an accelerating voltage of 20 kV, a
pulse delay time of 200 ns and a grid voltage of 66%.
Samples were prepared by mixing 0.5 µL of PLM solution in
water (0.02 µG/µL) with 0.5 µL of 2,5-dihydroxybenzoic acid
matrix solution (10 mg/mL in methanol/water, v/v) directly on
the target. The samples were allowed to dry for about 5 min
at room temperature. Between 100 and 150 scans were
acquired for each spectrum.
PPM extraction
PPM from cells grown in YPD-Arg-His-Urd medium was
extracted by autoclaving in citrate buffer at pH 7.0 (Faille
et al. 1992). Brieﬂy, cell pellets were suspended in 20 mM
citrate buffer and autoclaved at 125°C for 90 min.
Suspensions were harvested, and Fehling’s solution was
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added to the supernatant to precipitate PPM. The PPM was
then washed in methanol/acetic acid (8/1) and dried in a
Speed Vac concentrator. Sugar concentrations were estimated
by the sulfuric-phenol colorimetric method (Dubois et al.
1951). PPM was analyzed by SDS–PAGE as described in the
section Whole-cell protein extraction and western blot
analysis. Membranes were probed with mAb B9E diluted
1:750.
Face analyses of B-Mans released from PLM and PPM
Previously extracted PLM or PPM was hydrolyzed in 20 mM
HCl for 1 h AT 100°C to release B-oligomannosides. After
neutralization, hydrolysates were then dried and tagged with
0.15 M 8-amino-naphthalene-1,3,6-trisulfonate (ANTS) and
1 M sodium cyanoborohydride for 16 h at 37°C (Goins and
Cutler 2000). The dried samples were resuspended in glycerol/water (1/4). Electrophoresis of ANTS-labeled oligomannosides was performed on 35% (w/v) acrylamide separating
gels. Acid-hydrolyzed dextran and synthetic or puriﬁed oligosaccharides were also tagged with ANTS and used as carbohydrate standards. Gels were dried and images were acquired
with the Gel Doc 2000 image analysis apparatus from Biorad
equipped with a 365 nm UV-transilluminator.
Phylogenetic analysis
The phylogenetic tree of mannosyltransferases was calculated
using clustalW software and the resulting tree was plotted
using the NJplot software. The tree is based on the entire sequence of proteins and includes other glycosyltransferases
involved in cell-wall biosynthesis than BMT genes.

Funding
This work was supported by the “Agence Nationale de la
Recherche” [ANR 06 ERA NET PAHO 006 02] and
[ANR-09-MIE-031-01]; the “Fonds commun interministériel
de Recherche et Développement”-LEVACI “Produits à base
de levure pour l’amélioration du confort intestinal” [LINT
CO592-3]; and the European project “AllFun” from the 7th
Framework programme-Health [260338].
The mass spectrometry facility used in this study was
funded by the European Community (FEDER); the Région
Nord-Pas de Calais (France); the CNRS; and the Université
des Sciences et Technologies de Lille.
Acknowledgements
We gratefully acknowledge Prof. J. Cutler (Research Institute
for Children, New Orleans, USA), Prof. J. Pontón
(Universidad del País Vasco, Bilbao, Spain) and
Prof. A. J. P. Brown (Department of Molecular and Cell
Biology, Aberdeen, UK) for providing B6.1, B9E and CIp10,
respectively. We thank Dr. V. Hopwood for help in preparing
the manuscript.
Conﬂict of interest
None declared.
1340

Abbreviations
ANTS,
8-amino-naphthalene-1,3,6-trisulfonate;
β-Man,
β-1,2-linked oligomannoside; BMTs, β-mannosyltransferase
genes; Bmts, β-mannosyltransferases; FACE, ﬂuorophoreassisted carbohydrate electrophoresis; GSL, glycosphingolipid; IPC, inositol-phosphoceramide; mAb, monoclonal
antibody; MALDI-TOF, matrix-assisted laser desorption/
ionization-time
of
ﬂight;
MIPC,
mannose-inositolphosphoceramide; PBS, phosphate-buffered saline; PCR,
polymerase chain reaction; PLM, phospholipomannan; PPM,
phosphopeptidomannan; SDS–PAGE, sodium dodecyl
sulfate–polyacrylamide gel electrophoresis; TLC, thin-layer
chromatography.
References
Bozza S, Clavaud C, Giovannini G, Fontaine T, Beauvais A, Sarfati J,
D’Angelo C, Perruccio K, Bonifazi P, Zagarella S, et al. 2009. Immune
sensing of Aspergillus fumigatus proteins, glycolipids, and polysaccharides
and the impact on Th immunity and vaccination. J Immunol.
183:2407–2414.
Collot M, Sendid B, Fievez A, Savaux C, Standaert-Vitse A, Tabouret M,
Drucbert AS, Danze PM, Poulain D, Mallet JM. 2008. Biotin sulfone as a
new tool for synthetic oligosaccharide immobilization: Application to multiple analysis proﬁling and surface plasmonic analysis of anti-Candida
albicans antibody reactivity against alpha and beta (1→2) oligomannosides. J Med Chem. 51:6201–6210.
Dalle F, Jouault T, Trinel PA, Esnault J, Mallet JM, d’Athis P, Poulain D,
Bonnin A. 2003. Beta-1,2- and alpha-1,2-linked oligomannosides mediate
adherence of Candida albicans blastospores to human enterocytes in vitro.
Infect Immun. 71:7061–7068.
Dickson RC, Nagiec EE, Skrzypek M, Tillman P, Wells GB, Lester RL. 1997.
Sphingolipids are potential heat stress signals in Saccharomyces. J Biol
Chem. 272:30196–30200.
Dickson RC, Sumanasekera C, Lester RL. 2006. Functions and metabolism
of sphingolipids in Saccharomyces cerevisiae. Prog Lipid Res.
45:447–465.
Dickson RC, Wells GB, Schmidt A, Lester RL. 1990. Isolation of mutant
Saccharomyces cerevisiae strains that survive without sphingolipids. Mol
Cell Biol. 10:2176–2181.
Dromer F, Chevalier R, Sendid B, Improvisi L, Jouault T, Robert R, Mallet
JM, Poulain D. 2002. Synthetic analogues of beta-1,2 oligomannosides
prevent intestinal colonization by the pathogenic yeast Candida albicans.
Antimicrobial Agents Chemother. 46:3869–3876.
Dubois M, Gilles K, Hamilton JK, Rebers PA, Smith F. 1951. A colorimetric
method for the determination of sugars. Nature. 168:167.
Faille C, Wieruszeski JM, Michalski JC, Poulain D, Strecker G. 1992.
Complete 1H- and 13C-resonance assignments for D-mannooligosaccharides
of the beta-D-(1→2)-linked series released from the phosphopeptidomannan of Candida albicans VW.32 (serotype A). Carbohydr Res. 236:17–27.
Fradin C, Jouault T, Mallet A, Mallet JM, Camus D, Sinay P, Poulain D.
1996. Beta-1,2-linked oligomannosides inhibit Candida albicans binding
to murine macrophage. J Leukoc Biol. 60:81–87.
Fradin C, Poulain D, Jouault T. 2000. Beta-1,2-linked oligomannosides from
Candida albicans bind to a 32-kilodalton macrophage membrane protein
homologous to the mammalian lectin galectin-3. Infect Immun.
68:4391–4398.
Fradin C, Slomianny MC, Mille C, Masset A, Robert R, Sendid B, Ernst JF,
Michalski JC, Poulain D. 2008. Beta-1,2 oligomannose adhesin epitopes
are widely distributed over the different families of Candida albicans cell
wall mannoproteins and are associated through both N- and
O-glycosylation processes. Infect Immun. 76:4509–4517.
Goins TL, Cutler JE. 2000. Relative abundance of oligosaccharides in
Candida species as determined by ﬂuorophore-assisted carbohydrate electrophoresis. J Clin Microbiol. 38:2862–2869.
Gola S, Martin R, Walther A, Dunkler A, Wendland J. 2003. New modules
for PCR-based gene targeting in Candida albicans: Rapid and efﬁcient
gene targeting using 100 bp of ﬂanking homology region. Yeast.
20:1339–1347.

β-Mannosylation of phospholipomannan

Han Y, Cutler JE. 1995. Antibody response that protects against disseminated
candidiasis. Infect Immun. 63:2714–2719.
Han Y, Kanbe T, Cherniak R, Cutler JE. 1997. Biochemical characterization
of Candida albicans epitopes that can elicit protective and nonprotective
antibodies. Infect Immun. 65:4100–4107.
Han Y, Morrison RP, Cutler JE. 1998. A vaccine and monoclonal antibodies
that enhance mouse resistance to Candida albicans vaginal infection.
Infect Immun. 66:5771–5776.
Heung LJ, Luberto C, Del Poeta M. 2006. Role of sphingolipids in microbial
pathogenesis. Infect Immun. 74:28–39.
Ibata-Ombetta S, Idziorek T, Trinel PA, Poulain D, Jouault T. 2003. Candida
albicans phospholipomannan promotes survival of phagocytosed yeasts
through modulation of bad phosphorylation and macrophage apoptosis.
J Biol Chem. 278:13086–13093.
Ibata-Ombetta S, Jouault T, Trinel PA, Poulain D. 2001. Role of extracellular
signal-regulated protein kinase cascade in macrophage killing of Candida
albicans. J Leukoc Biol. 70:149–154.
Jawhara S, Thuru X, Standaert-Vitse A, Jouault T, Mordon S, Sendid B,
Desreumaux P, Poulain D. 2008. Colonization of mice by Candida albicans is promoted by chemically induced colitis and augments inﬂammatory
responses through galectin-3. J Infect Dis. 197:972–980.
Jenkins GM, Richards A, Wahl T, Mao C, Obeid L, Hannun Y. 1997.
Involvement of yeast sphingolipids in the heat stress response of
Saccharomyces cerevisiae. J Biol Chem. 272:32566–32572.
Jouault T, Bernigaud A, Lepage G, Trinel PA, Poulain D. 1994. The Candida
albicans phospholipomannan induces in vitro production of tumour necrosis factor-alpha from human and murine macrophages. Immunology.
83:268–273.
Jouault T, Delaunoy C, Sendid B, Ajana F, Poulain D. 1997. Differential
humoral response against alpha- and beta-linked mannose residues associated with tissue invasion by Candida albicans. Clin Diagn Lab Immunol.
4:328–333.
Jouault T, El Abed-El Behi M, Martinez-Esparza M, Breuilh L, Trinel PA,
Chamaillard M, Trottein F, Poulain D. 2006. Speciﬁc recognition of
Candida albicans by macrophages requires galectin-3 to discriminate
Saccharomyces cerevisiae and needs association with TLR2 for signaling.
J Immunol. 177:4679–4687.
Jouault T, Fradin C, Trinel PA, Bernigaud A, Poulain D. 1998. Early signal
transduction induced by Candida albicans in macrophages through shedding of a glycolipid. J Infect Dis. 178:792–802.
Jouault T, Fradin C, Trinel PA, Poulain D. 2000. Candida albicans-derived
beta-1,2-linked mannooligosaccharides induce desensitization of macrophages. Infect Immun. 68:965–968.
Jouault T, Ibata-Ombetta S, Takeuchi O, Trinel PA, Sacchetti P, Lefebvre P,
Akira S, Poulain D. 2003. Candida albicans phospholipomannan is sensed
through toll-like receptors. J Infect Dis. 188:165–172.
Jouault T, Lepage G, Bernigaud A, Trinel PA, Fradin C, Wieruszeski JM,
Strecker G, Poulain D. 1995. Beta-1,2-linked oligomannosides from
Candida albicans act as signals for tumor necrosis factor alpha production.
Infect Immun. 63:2378–2381.
Kobayashi H, Shibata N, Nakada M, Chaki S, Mizugami K, Ohkubo Y,
Suzuki S. 1990. Structural study of cell wall phosphomannan of Candida
albicans NIH B-792 (serotype B) strain, with special reference to 1H and
13
C NMR analyses of acid-labile oligomannosyl residues. Arch Biochem
Biophys. 278:195–204.
Kobayashi H, Shibata N, Osaka T, Miyagawa Y, Ohkubo Y, Suzuki S. 1992.
Structural study of cell wall mannan of a Candida albicans (serotype A)
strain. Phytochemistry. 31:1147–1153.
Laemmli UK. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature. 227:680–685.
Li RK, Cutler JE. 1993. Chemical deﬁnition of an epitope/adhesin molecule
on Candida albicans. J Biol Chem. 268:18293–18299.
Mandala SM, Harris GH. 2000. Isolation and characterization of novel inhibitors of sphingolipid synthesis: Australifungin, viridiofungins, rustmicin,
and khafrefungin. Methods Enzymol. 311:335–348.
Mille C, Bobrowicz P, Trinel PA, Li H, Maes E, Guerardel Y, Fradin C,
Martinez-Esparza M, Davidson RC, Janbon G, et al. 2008. Identiﬁcation of
a new family of genes involved in beta-1,2-mannosylation of glycans in
Pichia pastoris and Candida albicans. J Biol Chem. 283:9724–9736.
Mille C, Janbon G, Delplace F, Ibata-Ombetta S, Gaillardin C, Strecker G,
Jouault T, Trinel PA, Poulain D. 2004. Inactivation of CaMIT1 inhibits
Candida albicans phospholipomannan beta-mannosylation, reduces

virulence, and alters cell wall protein beta-mannosylation. J Biol Chem.
279:47952–47960.
Munro CA, Bates S, Buurman ET, Hughes HB, Maccallum DM, Bertram G,
Atrih A, Ferguson MA, Bain JM, Brand A, et al. 2005. Mnt1p and Mnt2p
of Candida albicans are partially redundant alpha-1,2-mannosyltransferases
that participate in O-linked mannosylation and are required for adhesion
and virulence. J Biol Chem. 280:1051–1060.
Murad AM, Lee PR, Broadbent ID, Barelle CJ, Brown AJ. 2000. CIp10, an
efﬁcient and convenient integrating vector for Candida albicans. Yeast.
16:325–327.
Noble SM, French S, Kohn LA, Chen V, Johnson AD. 2010. Systematic
screens of a Candida albicans homozygous deletion library decouple morphogenetic switching and pathogenicity. Nat Genet. 42:590–598.
Ponton J, Marot-Leblond A, Ezkurra PA, Barturen B, Robert R, Senet JM.
1993. Characterization of Candida albicans cell wall antigens with monoclonal antibodies. Infect Immun. 61:4842–4847.
Poulain D, Jouault T. 2004. Candida albicans cell wall glycans, host receptors
and responses: Elements for a decisive crosstalk. Curr Opin Microbiol.
7:342–349.
Poulain D, Slomianny C, Jouault T, Gomez JM, Trinel PA. 2002.
Contribution of phospholipomannan to the surface expression of
beta-1,2-oligomannosides in Candida albicans and its presence in cell wall
extracts. Infect Immun. 70:4323–4328.
Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular Cloning: A Laboratory
Manual. Plainview, NY: Cold Spring Harbor Laboratory Press.
Sanglard D, Ischer F, Monod M, Bille J. 1996. Susceptibilities of Candida
albicans multidrug transporter mutants to various antifungal agents and
other metabolic inhibitors. Antimicrob Agents Chemother. 40:2300–2305.
Shibata N, Ichikawa T, Tojo M, Takahashi M, Ito N, Okubo Y, Suzuki S.
1985. Immunochemical study on the mannans of Candida albicans NIH
A-207, NIH B-792, and J-1012 strains prepared by fractional precipitation
with cetyltrimethylammonium bromide. Arch Biochem Biophys.
243:338–348.
Simenel C, Coddeville B, Delepierre M, Latge JP, Fontaine T. 2008.
Glycosylinositolphosphoceramides in Aspergillus fumigatus. Glycobiology.
18:84–96.
Stock SD, Hama H, Radding JA, Young DA, Takemoto JY. 2000.
Syringomycin E inhibition of Saccharomyces cerevisiae: Requirement for
biosynthesis of sphingolipids with very-long-chain fatty acids and
mannose- and phosphoinositol-containing head groups. Antimicrob Agents
Chemother. 44:1174–1180.
Sugimoto Y, Sakoh H, Yamada K. 2004. IPC synthase as a useful target for
antifungal drugs. Curr Drug Targets Infect Disord. 4:311–322.
Thevissen K, Francois IE, Aerts AM, Cammue BP. 2005. Fungal sphingolipids as targets for the development of selective antifungal therapeutics.
Curr Drug Targets. 6:923–928.
Toledo MS, Levery SB, Bennion B, Guimaraes LL, Castle SA, Lindsey R,
Momany M, Park C, Straus AH, Takahashi HK. 2007. Analysis of glycosylinositol phosphorylceramides expressed by the opportunistic mycopathogen Aspergillus fumigatus. J Lipid Res. 48:1801–1824.
Toledo MS, Tagliari L, Suzuki E, Silva CM, Straus AH, Takahashi HK. 2010.
Effect of anti-glycosphingolipid monoclonal antibodies in pathogenic
fungal growth and differentiation: Characterization of monoclonal antibody
MEST-3 directed to Manpalpha1→3Manpalpha1→2IPC. BMC Microbiol.
10:47.
Trinel PA, Borg-von-Zepelin M, Lepage G, Jouault T, Mackenzie D, Poulain
D. 1993. Isolation and preliminary characterization of the 14- to
18-kilodalton Candida albicans antigen as a phospholipomannan containing beta-1,2-linked oligomannosides. Infect Immun. 61:4398–4405.
Trinel PA, Cantelli C, Bernigaud A, Jouault T, Poulain D. 1996. Evidence for
different mannosylation processes involved in the association of beta-1,2linked oligomannosidic epitopes in Candida albicans mannan and phospholipomannan. Microbiology. 142(Pt 8):2263–2270.
Trinel PA, Delplace F, Maes E, Zanetta JP, Mille C, Coddeville B, Jouault T,
Strecker G, Poulain D. 2005. Candida albicans serotype B strains synthesize a serotype-speciﬁc phospholipomannan overexpressing a beta-1,2linked mannotriose. Mol Microbiol. 58:984–998.
Trinel PA, Faille C, Jacquinot PM, Cailliez JC, Poulain D. 1992. Mapping of
Candida albicans oligomannosidic epitopes by using monoclonal antibodies. Infect Immun. 60:3845–3851.
Trinel PA, Maes E, Zanetta JP, Delplace F, Coddeville B, Jouault T, Strecker
G, Poulain D. 2002. Candida albicans phospholipomannan, a new

1341

C Mille et al.

member of the fungal mannose inositol phosphoceramide family. J Biol
Chem. 277:37260–37271.
Trinel PA, Plancke Y, Gerold P, Jouault T, Delplace F, Schwarz RT, Strecker
G, Poulain D. 1999. The Candida albicans phospholipomannan is a family
of glycolipids presenting phosphoinositolmannosides with long linear
chains of beta-1,2-linked mannose residues. J Biol Chem.
274:30520–30526.
Wachtler V, Balasubramanian MK. 2006. Yeast lipid rafts?—An emerging
view. Trends Cell Biol. 16:1–4.

1342

Wilson RB, Davis D, Mitchell AP. 1999. Rapid hypothesis testing with
Candida albicans through gene disruption with short homology regions.
J Bacteriol. 181:1868–1874.
Xin H, Dziadek S, Bundle DR, Cutler JE. 2008. Synthetic glycopeptide
vaccines combining beta-mannan and peptide epitopes induce protection
against candidiasis. Proc Natl Acad Sci USA. 105:13526–13531.
Zhong W, Jeffries MW, Georgopapadakou NH. 2000. Inhibition of inositol
phosphorylceramide synthase by aureobasidin A in Candida and
Aspergillus species. Antimicrob Agents Chemother. 44:651–653.

